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The apurinic/apyrimidinic endodeoxyribonuclease 1 (APE1),
the main AP-endonuclease of the DNA base excision repair
pathway, is a key molecule of interest to researchers due to its
unsuspected roles in different nonrepair activities, such as: i)
adaptive cell response to genotoxic stress, ii) regulation of gene
expression, and iii) processing of microRNAs, which make it an
excellent drug target for cancer treatment. We and others
recently demonstrated that APE1 can be secreted in the
extracellular environment and that serum APE1 may represent
a novel prognostic biomarker in hepatocellular and non-small-
cell lung cancers. However, the mechanism by which APE1 is
released extracellularly was not described before. Here, using
three different approaches for exosomes isolation: commercial
kit, nickel-based isolation, and ultracentrifugation methods
and various mammalian cell lines, we elucidated the mecha-
nisms responsible for APE1 secretion. We demonstrated that
APE1 p37 and p33 forms are actively secreted through extra-
cellular vesicles (EVs), including exosomes from different
mammalian cell lines. We then observed that APE1 p33 form is
generated by proteasomal-mediated degradation and is enzy-
matically active in EVs. Finally, we revealed that the p33 form
of APE1 accumulates in EVs upon genotoxic treatment by
cisplatin and doxorubicin, compounds commonly found in
chemotherapy pharmacological treatments. Taken together,
these findings provide for the first time evidence that a func-
tional Base Excision Repair protein is delivered through exo-
somes in response to genotoxic stresses, shedding new light
into the complex noncanonical biological functions of APE1
and opening new intriguing perspectives on its role in cancer
biology.

The base excision repair (BER) pathway is responsible
for repairing DNA lesions caused by alkylation damage or
oxidative stress conditions due to endogenous or exoge-
nous sources, including chemotherapy treatments (1, 2).
The apurinic/apyrimidinic endodeoxyribonuclease 1
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(APE1) is the main endonuclease that participates in the
BER pathway and recognizes abasic sites on DNA and
RNA in human cells (3, 4). In DNA, abasic sites can be
generated by the action of glycosylases, such as OGG1,
which are responsible for the recognition of modified ba-
ses and the hydrolysis of the N-glycosidic bond between
the damaged base and the deoxyribose (5). Upon the ac-
tion of APE1, a nick on the DNA backbone is introduced
at the 5’ of the abasic site, generating an abasic dRP,
which is subsequently processed by the downstream BER
pathway enzymes, including Polβ, XRCC1, Polδ, and li-
gases (6). The generation of abasic sites in RNA is still a
matter of debate, but its occurrence has been associated
with profound biological consequences (7).

Besides its crucial role in the BER pathway, APE1 exerts
several nonrepair functions, which have been characterized in
the last 20 years (2, 8), such as: i) the redox regulation of
transcription factors; ii) the control of redox homeostasis; and
iii) the activity in metabolism and stability on coding and
noncoding RNAs (ncRNAs) (9).

The multifunctional activity of APE1 depends on a modular
structure characterized by three functional subregions: i) the
N-terminal region, including the first 33–35 unstructured
amino acidic residues, which is mainly involved in the stabi-
lization of protein–protein or protein–RNA interaction (10);
ii) the central region of the protein, comprising amino acid 35
to amino acid 127, which exerts the nonrepair activities based
on redox mechanisms; and iii) the C-terminal domain, which
entails the AP-endonuclease activity responsible for DNA
repair (11). Interestingly, the 33–35 unstructured domain can
be cleaved off by proteasomal-mediated mechanisms (12, 13),
representing a mechanism to modulate APE1 different
functions.

Biological evidence for the multifunctional activities of
APE1 is supported by omics data, obtained in APE1 knock-
down HeLa cells, showing significant variations in the
expression of hundreds of genes, associated with: i)
mitochondrial-mediated apoptosis; ii) dysregulation of the
intracellular redox state, and iii) generation of membrane
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ruffling, as a consequence of a modification of the cytoskeleton
(10).

APE1 can act as a coactivator or as a corepressor of gene
transcription through redox-dependent (for this reason, APE1
is also called Ref-1, redox effector factor 1) and redox-
independent mechanisms (14). In the redox-based mecha-
nism, which involves cysteine residues susceptible to redox
regulation (14–16), APE1 promotes the activation of tran-
scription factors (such as NF-κB, AP1, HIF-1α, and STAT3)
involved in chemoresistance responses, by modulating their
redox state and promoting their activation upon different
stimuli (10, 17).

More intriguingly, and largely unexplored yet, is the un-
suspected role of APE1 in RNA metabolism, which plays a
significant impact on microRNAs (miRNAs) expression
(10, 18). We recently demonstrated that APE1 is involved in
controlling miRNAs stability and regulation, during oxidative
stress conditions, through the interaction with DROSHA (18).
An alteration of miRNAs expression profile was observed in
human osteosarcoma cells upon APE1 knock-down (19).
Analysis of promoters regulating a list of miRNAs affected by
APE1 downregulation and involved in cell growth, cell
signaling, and cancer development clearly showed the pres-
ence of putative binding sites for transcription factors, such as
NF-κB, p53, HIF-1α, AP1, and c-Myc, redox-regulated by
APE1. These observations suggested that APE1 could indi-
rectly regulate gene expression through miRNAs transcrip-
tional control of target genes (19). It is also emerging that the
different functions of APE1 are modulated by distinct inter-
actomes, which redirect the protein activities to different
substrates (20).

These findings provided the molecular basis for considering
APE1 as a prognostic factor in several tumors such as: ovarian,
hepatic, pulmonary, and neurologic cancers (8, 9, 21, 22), in
which the protein is often overexpressed in both the nuclear
and cytoplasmic compartments. For all these reasons, it can be
hypothesized that a dysregulation of APE1 expression may
contribute to tumor development and progression through
mechanisms independent from the canonical DNA repair
function (18). APE1 is also emerging as an important predic-
tive factor being associated with chemoresistance phenomena
due to its positive role in expression of cancer resistance genes,
such as MDR1 and others (23, 24).

Interestingly, APE1’s presence in the extracellular milieu is a
novel unsuspected biological aspect of the protein, yet poorly
characterized (25–27). The link between APE1 amount in sera
and tumor progression and chemoresistance was proved in a
previous study performed on non-small-cell lung cancer
(NSCLC) patients, in which the levels of serum APE1 (sAPE1)
resulted significantly more elevated than in healthy controls
and were associated with a worse progression-free survival
(28). Therefore, sAPE1 is actually considered as a novel
biomarker for the prognosis of NSCLC (28). Confirmatory
results, along these lines, were recently obtained by our labo-
ratory in a cohort of hepatocellular carcinoma (HCC) patients
(29), in which we found that sAPE1 levels correlated with poor
prognosis and were able to discriminate between cancer
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patients and cirrhotic or healthy donors (29). The presence of
this protein in sera of patients is not solely restricted to cancer
diseases but also in inflammatory models, such as coronary
artery disease (30) and endotoxemia (31).

The biological function of secreted APE1 is still completely
unknown. An intriguing hypothesis considers that it might act
as a paracrine molecule in triggering cell-to-cell communica-
tion, important for the local tissue microenvironment in-
flammatory response (25–27, 29).

Also evidences on the mechanisms responsible for APE1
secretion are lacking, even though the importance of the
acetylation, occurring on specific lysine residues sited in the
first 33 N-terminal portion of the protein, has been highlighted
in cells treated with the histone deacetylase inhibitor trichos-
tatin A (TSA) (25). However, it seems reasonable that APE1
secretion might derive from extracellular vesicle formation via
endosomal sorting complex (ESCRT), due to the protein
lacking of a classic secretory signal peptide (28). This pathway
is responsible for the biogenesis and maturation of multi-
vesicular bodies (MVBs), composed of many intraluminal
vesicles (ILVs), which are released in the extracellular milieu as
exosomes. ILVs formation can occur through several mecha-
nisms, and information about the regulation of these processes
and the possible differences between the promoted cargo se-
lection is still missing (32).

In this work, by using different biochemical techniques and
several tumor and nontumor cell lines, it was demonstrated
that secreted APE1 is exosome-associated. We also found that
APE1 secretion is an active mechanism, exacerbated by gen-
otoxic treatments, and that the secreted protein is enzymati-
cally active. Altogether, these findings add new light in
understanding the complex biological roles of APE1 in
mammalian cells.
Results

APE1 protein is secreted through exosomes in EVs from HCC
cancer cell line

Recent evidence obtained from human monocytes, upon
inflammatory challenges, indicated the presence of APE1 in
the extracellular milieu and possibly associated with EVs (26).
In our previous work, we found that APE1 may be released in
sera of HCC patients, with significantly higher levels in com-
parison to healthy donors (29). Thus, we evaluated whether
APE1 could be secreted through small EVs, e.g., exosomes,
using the JHH-6 HCC cell line.

First, we isolated EVs from JHH-6 serum-free media using
Exosome isolation kit (Invitrogen) and characterized the
quality of the preparations obtained, as indicated in Material
and Methods. JHH-6 cells were kept in culture for 24h under
serum starvation conditions and then EVs were isolated. Pu-
rified particles were analyzed by Dynamic Light Scattering
(DLS), using the NanoSight instrument, and nanoparticle
tracking analysis (NTA). Figure 1A shows a representative
distribution of vesicles with a mean concentration of 1.39e +
09 ± 0.00e + 00 particles/ml, with a mode of 149.5 nm and an
average of 237 nm, ranging from �50 to �550 nm of the main



Figure 1. EVs characterization and APE1 protein content analysis in JHH-6 cells: A, average size distribution curve determined by NTA of EVs derived
from JHH-6 conditioned medium. The average concentration of vesicles was plotted against their size. The mean mode sizes and standard deviations are
reported nearby the curve. B, western blotting analysis performed in JHH-6 WCE and EXE for APE1 detection (predicted molecular weight 37 kDa). APE1 p37
and p33 forms were observed in EXE. WCE were used as a positive APE1 control (lower panel). Golgi apparatus protein GM130 (apparent molecular weight
130 kDa) was assayed as exosome negative marker, Alix (apparent molecular weight 95 kDa) and Syntenin (apparent molecular weight 32 kDa) were
assayed as exosome positive markers. C, AlphaScreen assay titrating the recombinant rGST-APE1 protein using Glutathione Donor beads and Protein A/G
Acceptor beads in the presence of anti-APE1 antibody. The signal of the recombinant protein was detected in NBI-isolated vesicles upon a 95 �C heating
step. The specific fluorescence counts, indicating a high signal to background ratio, were normalized to background after subtraction of the aspecific
binding when considered at two EV concentrations in the scatter plot.
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populations. The morphology of the recovered EVs, which
peaked at 150 nm in size, was assessed by Transmission
Electron Microscopy, confirming the presence of round-
shaped vesicles with a mean diameter around 80 nm (data
not shown). Then, we performed a protein analysis of exoso-
mal markers. Western blot analysis of EVs (EXE) confirmed
the presence of Syntenin and Alix proteins, luminal markers of
EVs from endosomal origin, in contrast to the Golgi apparatus
protein GM130, used as negative control (33–35) (Fig. 1B).
Therefore, this preliminary characterization confirmed that
EVs included exosomes.

Furthermore, we analyzed the presence of APE1 in EVs. As
shown in Figure 1B, EXE from JHH-6 cells confirmed the
presence of a specific band of 37 kDa (APE1 p37) corre-
sponding to the full-length APE1 protein, as well as a faint
band corresponding to the truncated form of APE1 at 33 kDa,
indicated as APE1 p33. Notably, by using an antibody specific
for the N-terminal region of APE1, we demonstrated that this
truncated form corresponded to the NΔ33 one (Fig. S1 and
data not shown), which loses the first 33 amino acid residues as
a consequence of proteolysis, as already described in previous
papers (29, 36, 37).

To quantify APE1 protein levels in EVs, we used an EV
isolation procedure recently published (38), i.e., nickel-based
isolation (NBI), allowing to minimize particle aggregation in
solution and suitable for combination with homogeneous as-
says (39). We applied NBI to the media of JHH-6 cells to
isolate EVs and then combined an amplified luminescence
proximity homogeneous assay (alpha). We designed the alpha
assay using purified and quantified recombinant Glutathione
S-transferase-APE1 (rGST-APE1WT) (Fig. S2). The alpha assay
was performed using Glutathione-Donor beads and Protein G-
Acceptor beads recognizing the anti-APE1 antibody. We
tested the detection of the recombinant protein by titrating the
purified rGST-APE1WT protein, protein lysates from JHH-
6 cells, and purified GST alone as further control (Fig. 1C). We
then exploited the recombinant protein as a reference sub-
strate in the alpha assay. In this setting, we sensitively and
J. Biol. Chem. (2021) 296 100569 3



Figure 2. APE1 is associated to exosomes isolated by ultracentrifugation: A, workflow of the processing of cell-conditioned medium by
ultracentrifugation-based technique. B, size distribution of sEV/exo crude pellet was performed by nanoparticle tracking analysis (NTA). Numbers on the
graph represent the mode (most often occurring dimension). Note that the main peak corresponds to a mode of 126 nm. C, Western blotting analysis of
APE1 in iodixanol gradient fractions; exosomes (60 μg) obtained by ultracentrifugation of CM (48 h) from JHH-6 cells were loaded at the bottom of iodixanol
gradient and subjected to ultracentrifugation for 19 h. An equal volume of each fraction was analyzed for APE1 and Alix expression. The molecular mass
(MW), expressed in kDa, is shown on the left side of the image. Horizontal black line in correspondence to 70 kDa indicates the cutting site carried out for
blotting the membrane respectively with Alix (high) and APE1 antibodies. Fraction densities were determined by refractometry. D, flow cytometry analysis
of Hela- Dendra2 (left dot plot) and Hela-APE1-Dendra2 (right dot plot) transfected cells. The Dendra2 positive cells were identified by plotting fluorescence
at 525/540 nm versus side scatter channel. The Dendra2 positive cells were determined comparing the mock-transfected HeLa cells negative for Dendra2
expression (data not shown). E, flow cytometry analysis of APE1-Dendra2 in exosomes. Exosomes isolated by ultracentrifugation from CM of cells described
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specifically detected the rGST-APE1WT in the low nanomolar
range compared with GST alone (Fig. 1C). In Fig. 1C, 100 nM
of rGST-APE1WT represents the hook point (Fig. S3). Subse-
quently, we isolated vesicles from JHH-6 cells by NBI (38) and
applied the alpha assay using a range of 102–105 vesicles, as
determined by the Tunable Resistive Pulse Sensing (TRPS)
technology and qNANO instrument with an NP250 nanopore
(the applied stretch gave a size window of approximately
100–800 nm for the majority of vesicle subpopulations
recovered). We only detected specific signals using EVs
exposed to 90 �C denaturation for 5 min before titrating them
(Fig. 1C), indicating that recombinant rGST-APE1 is enclosed
within vesicles. According to the standard curve, obtained
using the purified rGST-APE1, we calculated the remarkable
amount of 1.27 ng of protein every 103 EVs having a size range
between 100 and 700 nm, shown in Fig. S4, and a recovery in
the range of 109 vesicles/ml.

To definitively assess whether the association of APE1 to
EVs was ascribable to exosomes, we combined biochemical
and cytofluorometric approaches on EVs isolated using an
ultracentrifugation-based protocol (40) (Fig. 2A), which rep-
resents a gold standard procedure to isolate small vesicles
including exosomes. The crude pellet was first characterized
for size distribution by using the Nanosight technology. The
results showed the presence of a main population with a mode
of 127 nm and a mean value of 164, 4 nm in accordance with
the expected exosome size (Fig. 2B). In the biochemical
approach, we evaluated the co-occurrence of density and dis-
tribution of APE1 and the exosome specific marker, i.e., Alix,
on an iodixanol gradient. Thus, cell-conditioned medium was
subjected to ultracentrifugation and the resulting pellet was
loaded onto 10–40% iodixanol gradient and centrifuged. The
obtained fractions were then analyzed for APE1 and Alix
content by western blotting. Results indicated the effective
codistribution of APE1 and Alix in fractions with a density
comprised between 1.08 and 1.18 g/ml, corresponding to the
one specific for exosomes (39) (Fig. 2C). The mobility of APE1
and Alix proteins in SDS PAGE was altered by iodixanol’s
presence.

In the final cytofluorometric approach, we took advantage
from an engineered cell line expressing the fluorescent APE1-
Dendra2 construct available in the Lab (41). Cells were first
analyzed for APE1-Dendra2 and Dendra2 expression, which
showed similar fluorescence (Fig. 2D). Then, we evaluated, by a
direct cytofluorometric analysis, the presence of APE1-
Dendra2 in isolated exosomes. Results showed the presence
of a single fluorescent population (Fig. 2E lower panel), with a
minimal background noise on 520/40 channel, as observed
under PBS condition (Fig. 2E upper panel). Interestingly, in the
control exosomes secreted from cells expressing Dendra2,
similarly to PBS condition, only few events could be registered
(Fig. 2E middle panel), thus indicating the specific association
of APE1 with exosomes. A final ultrastructural analysis by
in (D) were resuspended with same volume of PBS. The number of events re
analyzed to establish the amount of background noise. The dot plot columns on
micrographs of exosomes obtained from HeLa-Dendra2 cells (F) and HeLa AP
scanning electron microscopy confirmed that in both exosome
samples analyzed by FACS, intact round-shaped vesicles of
50–100 nm size were present (Fig. 2, F and G).

Overall, these data indicate that APE1 is present in EVs in
association with exosomes.

p37 and p33 APE1 forms are secreted in exosomes of different
mammalian cell lines

In order to test whether the secretion of APE1 through
exosomes is a common feature of different mammalian cell
lines, we performed EXE analysis in lymphocyte mouse
isogenic cell lines, i.e., the non-tumor CH12F3Δ/+/+ and
CH12F3Δ/Δ/Δ, expressing or not APE1 through genetic dele-
tion, respectively (42). The use of these isogenic cell lines was
also instrumental to further demonstrate the identity of the
APE1 band recognized by the antibodies used in our study.
Using these two cell lines, we found that APE1 was indeed
exclusively present in the exosomes obtained from the
CH12F3Δ/+/+ cells expressing APE1, with a significant pres-
ence of the p33 form (Fig. 3A). Moreover, these data suggested
that the release of APE1 in exosomes was not exclusively
limited to JHH-6 cells. Indeed, testing exosomes obtained
from: A549 lung tumor cell line, HCT116p53+/+ and
HCT116p53-/- colon carcinoma isogenic cell lines confirmed
the general nature of this phenomenon (Fig. 3A). Moreover, in
order to confirm that the secretion of APE1 is common in
vesicles from non-cancer cell lines, we used two mouse em-
bryonic fibroblast (MEF) cell lines expressing or not Nucleo-
phosmin 1 (NPM1) (43), a known APE1–protein interacting
partner (44). Data obtained (Fig. 3B) enforced the presence of
APE1 in exosomes as a general occurrence in all mammalian
cell lines tested. Interestingly, we observed that the amount of
the p37 and p33 protein forms was different between cell lines
tested. These data clearly demonstrated that both the p37 and
p33 forms of the APE1 protein may be released, to different
extents and ratios, in exosomes of mammalian cell lines of
different origin.

Based on our previous characterization of the p33 form in
cancer cells from hematopoietic origin, i.e., acute myeloid
leukemia (36), we tested the distribution of APE1 in EXE of
OCI-AML3 (expressing the mutated NPM1c+ protein) and
OCI-AML2 control cells (45). These two cell lines represent a
suitable model for this analysis, as OCI-AML2 cells show
normal subcellular expression of APE1 protein with a promi-
nent nuclear distribution and no significant trace of theAPE1
p33 form (36). Interestingly, the OCI-AML3 cell line harbors a
driver mutation of the NPM1 gene, called NPM1c+, which
causes APE1 cytoplasmic localization and consequent BER
impairment (36). In OCI-AML3 cells, the APE1 protein is
relocalized within the cytoplasm, where it undergoes proteo-
lytic degradation of the first 33 amino acids at the N-terminal
sequence (12) (Fig. 3C-left panel). When the APE1 p37 and
p33 protein content in EXE, obtained from OCI-AML2 and
gistered in 60 μl is shown in the histogram column (left). PBS (60 μl) was
the left show forward and side scatter of the acquired exosomes. F, electron
E1-Dendra2 cells (G). Bars, 200 nm.
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Figure 3. APE1 EVs secretion in a panel of mammalian cell lines: A, western blotting analyses for APE1 detection carried out in EXE of JHH-6, A549,
HCT116P53+/+, HCT116p53-/-, CH13F3Δ/+/+, and CH12F3Δ/Δ/Δ cells. Both APE1 p37 and p33 forms have been detected. Alix was used as a loading control. WCE
were analyzed as a positive control of APE1 expression. The molecular mass (MW) expressed in kDa is shown on the left side of the image. B, western
blotting analyses for APE1 detection carried out in EXE of MEFNPM1+/+ and MEFNPM1-/- cells. Both APE1 p37 and p33 forms have been detected. Alix was used
as a loading control. WCE were analyzed as a positive control of APE1 expression and β-Tubulin (apparent molecular weight 52 kDa) was detected as
loading control. Western blotting analysis for NPM1 detection was carried out as a control for cells genotype. The molecular mass (MW) expressed in kDa is
shown on the left side of the image. C, western blotting analyses for APE1 detection in WCE and EXE derived from OCI-AML2 and OCI-AML3 cell lines. β-
Tubulin (apparent molecular weight 52 kDa) and Alix (apparent molecular weight 95 kDa) detection was carried out as loading controls. APE1 p37 and p33
are indicated by arrows. The molecular mass (MW) expressed in kDa is shown on the left side of the image. The percentages of exosomal APE1 p37 and p33
forms in OCI-AML2 and OCI-AML3 cell lines are indicated in the scatter plot on the right panel and in Fig. S5. Data are expressed as mean ± SD of three
independent replicas.
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OCI-AML3 cells, was examined, we observed that either of
forms is released by both cell lines, as shown in Figure 3C
(middle panel). In particular, in the OCI-AML2 cells, the
amount of total secreted APE1 (comprising both the p37 and
p33 APE1 forms) was higher than that secreted by the OCI-
AML3 cells. Interestingly, the ratio between the p37 and p33
APE1 forms was comparable between EXE of both cell lines
(Fig. 3C right panel and Fig. S5). These experiments indicate
that while the OCI-AML2 cells, in contrast to the OCI-AML3
cells, do not show any p33 protein form in WCE, as previously
observed (36), the p33 form was present in the vesicle extracts
of both cell lines at comparable levels. These data could sug-
gest that the secretion efficiency of the APE1 p33 form by
OCI-AML2 is higher than that of the OCI-AML3. Alterna-
tively, this data could indicate that a common proteolytic
6 J. Biol. Chem. (2021) 296 100569
event, which is absent in the cytoplasm of the OCI-AML2
cells, may also occur in exosomes.

APE1 p33 form in exosomes is generated through
proteasomal-mediated degradation

Recent published data from our lab clearly demonstrated
that the cleavage of APE1 N-terminal region, giving rise to the
p33 form of the protein, is, at least in part, caused by cyto-
plasmic proteasomal complex activity (12). In order to evaluate
whether the proteasomal pathway can be also involved in the
accumulation of the p33 form in exosomes, we blocked the
proteasome-mediated degradation with MG-132 inhibitor (46)
in JHH-6 cells. Figure 4A and Fig. S6 show a significant
reduction of the p33 form only upon MG-132 treatment,
demonstrating that the APE1 truncated form, accumulated in



Figure 4. APE1 proteolytic activity characterization in exosomes: A, western blotting analyses for APE1 p37 and p33 detection in EVs derived from JHH-6
MG-132 treated cells and the respective untreated CTR cells (left panel). Alix (apparent molecular weight 95 kDa) was used as loading control. The per-
centage of exosomal APE1 p37 and p33 forms in both CTR and MG-132 JHH-6 cells has been obtained by densitometry analysis, and it is indicated in the
scatter plot (middle panel) and in Fig. S6. Western blotting analysis for IκB-α (apparent molecular weight 38 kDa) detection was performed in CTR and MG-
132 treated JHH-6 WCE as a confirmation of proteases inhibition. The molecular mass (MW), expressed in kDa, is shown on the left side of the image. Data
are expressed as mean ± SD of three independent replicas. B, EVs possess proteases able to cleave rGST-APE1 protein. In vitro proteolytic activity exerted by
EXE (0.1 μg) upon rGST-APE1WT (0.2 μg) (apparent molecular weight 65 kDa). The reactions were performed at 37 �C for the indicated times and the
substrates (A) and the products (AA) of reactions have been detected by Western blotting using APE1 antibody (left panel). rGST (0.2 μg) (apparent
molecular weight 29 kDa) indicated as (�) has been detected by western blotting using GST antibody. C, graph illustrating the comparison of EXE cleavage
activity upon rGST-APE1WT and rGST-APE1K4pleA. Data are expressed as mean ± SD of three independent technical replicas. *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001.
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the exosomes, is substantially contributed by an intracellular
proteasomal activity. The efficacy of MG-132 treatment was
proved by evaluating the accumulation of IκB-α (47) in WCE,
as shown in Figure 4A, right panel.

Proteasomal components can be actively secreted in exo-
somes (48–50). We therefore tested whether exosomes could
contribute to APE1 N-terminal cleavage. For this purpose,
JHH-6 EXE was tested for its proteolytic activity using rGST-
APE1WT protein, as a substrate, in kinetics experiments. The
reactions were carried out for different times at 37 �C. rGST
was used as an additional control of gel migration. Upon
reaction, the samples were denatured and separated on
SDS-PAGE. As shown in Figure 4B, JHH-6 EXE showed a
considerable time-dependent cleavage activity on rGST-
APE1WT protein, as demonstrated by western blot analysis
with an antibody specific for APE1 protein (Fig. 4B). Moreover,
analysis of the blot with an antibody specific for the GST
protein (Fig. S7) showed that exosomes’ proteolytic activity
was able to remove the GST tag from the rGST-APE1WT

fusion protein used as a substrate in these assays, considering
that the obtained products showed the expected molecular
weight of the p37 form. In order to demonstrate the occur-
rence of cleavage at the N-terminal region of APE1, we used a
purified recombinant APE1 mutant (Fig. S2) bearing four Lys
(K27, 31,32, 35) substituted with Ala to abolish the sites
essential for APE1 proteasomal cleavage, as previously
demonstrated (12). Figure 4C, data not shown, and Fig. S7
clearly show that Lys to Ala substitution significantly
hampered the proteolytic activity by exosomes, demonstrating
that the observed activity occurs at the level of the region
31–35 of APE1, as previously demonstrated within cells. These
data indicate that APE1 cleavage involves the 33N-terminal
region of the protein and implies a role of the proteasome in
the cleavage step.

APE1 protein from exosomes extracts is enzymatically active

We then tested whether exosomal-APE1 was enzymatically
active on different kind of DNA substrates (51) bearing an
abasic deoxyribonucleotide in dsDNA mimicked by a tetra-
hydrofuran residue (ds_dF:dC), an abasic ribonucleotide
embedded in DNA (ds_rF:dC), and an r8oxoG embedded in
DNA (ds_r80x0G:dC), as depicted in Figure 5A. For this
J. Biol. Chem. (2021) 296 100569 7



Figure 5. APE1 in exosomes is enzymatically active: A, schematic representation of dsDNA 25-mer substrates generated by annealing of ss_dC com-
plementary oligonucleotide (5’-GTTCAGGCCTAACACTACCGGATCC-3’) with IRDye fluorophore labelled ssDNA oligonucleotide (5’-GGATCCGGTAGTGT-
TAGGCCTGAAC-3’), where the G in the 13th position is modified in deoxy-tetrahydrofuran (dF) (light purple) or ribo-tetrahydrofuran (rF) (light blue) or
oxidized ribo-guanosine (r8oxoG) (pink). The 50 and 30 ends of each DNA strand are indicated. B, JHH-6 EXE-containing APE1 possesses endonucleolytic
activity on the canonical abasic dsDNA substrate. Representative denaturing polyacrylamide gel of EXE incision on ds_dF:dC oligonucleotide. The quantity
of EXE used, expressed in ng, is shown on the top of the figure. The reaction was performed for 15 min. Data are the mean of three independent technical
replicas. C, representative denaturing polyacrylamide gel of EXE (250 ng) incision on ds_dF:dC oligonucleotide for 15 min following pretreatment of EXE at
different concentrations (μM) of APE1 inhibitor #3 for 15 min. Different concentrations of DMSO (%) were used as control. The mean cleavage activity
expressed in percentage is indicated below the panel. Data represent the mean of three independent technical replicas. D, JHH-6 EXE-containing APE1
possesses endonucleolytic activity on abasic ribonucleotides embedded in dsDNA. Representative denaturing polyacrylamide gel of EXE incision on
ds_rF:dC oligonucleotide. The quantity of EXE used, expressed in ng, is shown on the top of the figure. The reaction was performed for 15 min. ds_dF:dC
oligonucleotide was used as positive control. In parallel, representative denaturing polyacrylamide gel of EXE incision on ds_dF:dC oligonucleotide is shown
in the right panel. Data represent the mean of three independent technical replicas and the mean cleavage activity expressed in percentage is indicated
below panels. E, JHH-6 EXE-containing APE1 possesses a weak endo- and exo-nucleolytic activity on oxidized ribo- G embedded in dsDNA. Representative
denaturing polyacrylamide gel of EXE incision on ds_r8oxoG:dC oligonucleotide. The amount of EXE used, expressed in ng, is shown on the top of the
figure. The EXE-containing APE1 activity was compared with the recombinant APE1 (rAPE1) activity on the same substrate at the indicated dose. The
reaction was performed for 30 min. The mean cleavage activity expressed in percentage is indicated below the panel. Data represent the mean of three
independent technical replicas.

APE1 endonuclease is secreted through exosomes
purpose, we used increasing amount of EXE to test the APE1
endonuclease activity. First of all, we checked exosomal APE1
activity on canonical ds_dF:dC (Fig. 5B) by using classical
endonuclease assay (51). Results demonstrated that APE1 from
EXE was competent to process the canonical substrate
ds_dF:dC in a dose-dependent manner (Fig. 5B). Then, in
order to demonstrate whether the enzymatic activity of EXE
was exclusively ascribed to APE1, an endonuclease assay was
performed after treating EXE with different doses of com-
pound #3, a specific inhibitor of APE1 endonuclease activity
(44, 52) (Fig. 5C). This experiment confirmed that APE1 ac-
tivity in the EXE is the only endonuclease activity on abasic
8 J. Biol. Chem. (2021) 296 100569
dsDNA present within exosomes. Next, we tested whether
APE1 was able to process an abasic ribonucleotide embedded
in dsDNA (ds_rF:dC), similarly to what we recently found for
nuclear APE1 (51). Enzymatic assays clearly showed that
exosomal APE1 was able to efficiently process this substrate,
showing an activity even higher than that of the one observed
for the ds_dF:dC (Fig. 5D). Then, we tested the EXE activity on
a noncanonical substrate through an NIR activity, resembled
by a dsDNA of the same sequence as above, but containing an
oxidized ribonucleotide embedded in dsDNA in the middle
(ds_r8oxoG:dC), as we recently showed (51). As positive
controls of the incision on this substrate, we used recombinant



Figure 6. Genotoxic stresses cause the modulation of APE1 p37 and p33 forms in EVs: A, cell viability analyses carried out in JHH-6 cell line treated for
24, 48, 72 h with the indicated doses of Doxorubicin, expressed in μM and the respective untreated cells indicated as CTR. Data are expressed as mean ± S.D
of two independent replicas. B, analysis of APE1 accumulation and study of p37 and p33 distributions in JHH-6 EXE after treatments with sublethal
concentration of Doxo at the indicated time points. JHH-6 cells were treated with 0.25 μM of Doxo for 24, 48, and 72 h. Media were collected and processed
for obtaining EXE. EXE derived from JHH-6 untreated cells was analyzed as control (CTR). APE1 p37 and APE1 p33 patterns were analyzed by western
blotting. Alix and β-Tubulin were detected as loading controls. Densitometry analysis was performed and the percentage of secreted APE1 p33 fraction was
plotted in the scatter plot on the right. Row data of the percentage of APE1 p37 and p33 fractions are shown in Fig. S9. Data are expressed as mean ± SD of
three independent replicas. C, cell viability analyses carried out in A549 cell line treated for 24, 48, 72 h with the indicated doses of CDDP and the respective
untreated cells indicated as CTR. Data are expressed as mean ± S.D of two independent replicas. D, analysis of APE1 accumulation and study of p37 and p33
distributions in A549 EXE after treatments with sublethal concentration of CDDP at the indicated time points. A549 cells were treated with 6.25 μM of CDDP
for 24, 48, and 72 h. Media were collected and processed for obtaining EXE. EXE derived from A549 untreated cells was analyzed as control (CTR). APE1 p37
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APE1 (rAPE1), to have a simultaneous evaluation of the ex-
pected products, and also Escherichia coli rRNase HII, which
possesses a stronger 5’ endonuclease activity on this substrate
(53). Data obtained (Fig. 5E) showed that APE1 from EXE
displays a weak NIR activity, similarly to recombinant purified
protein, as we previously demonstrated (51). Overall, these
experiments proved that exosomal APE1 is able to fully exert
its enzymatic activities on different DNA substrates containing
both canonical abasic sites and noncanonical (r8oxoG)
substrates.

Secretion of APE1 p33 form is stimulated by doxorubicin
treatment in the JHH-6 cell line and by cisplatin treatment in
A549 cells

We then wanted to test whether genotoxic stress may affect
APE1 release through exosomes. Doxorubicin (Doxo) is an
intercalating agent used in the treatment of HCC (54, 55). To
evaluate whether APE1 release could be affected by genotoxic
damage, we analysed APE1 secretion upon Doxo treatment.
First, we determined the proper treatment conditions, repre-
sented by sublethal doses of drug, in order to correlate the
effect of the treatment on EVs APE1 content with the viability
of JHH-6 cells. As shown in Figure 6A, the treatment with
Doxo, at the dose of 0.25 μM, was considered ideal because of
exerting low toxicity upon 24 h of treatment and a toxicity of
50% after 48 and 72 h of treatment. Then, JHH-6 cells were
treated for 24, 48, 72 h with Doxo at the concentration of
0.25 μM and the exosomes were isolated, as indicated before.
In parallel, the analysis of WCE (Fig. S8) clearly demonstrated
that Doxo treatment affected neither the expression of APE1
nor that of the Alix proteins. Interestingly, when we compared
the expression of APE1 in exosomes, upon Doxo treatment, we
noticed that the accumulation of the p33 form was increased
with respect to control cells, as quantified in the scatter plot, in
particular after 24 and 48 h of treatment (Fig. 6B right panel
and Fig. S9).

In order to check if this trend was only related to a specific
effect of Doxo treatment on exosomes release of APE1 or
whether it was common to other genotoxic treatments, JHH-
6 cells were treated with Cisplatin (CDDP), a DNA-cross-
linking agent commonly used in the treatment of NSCLC
(56, 57). Similar results were obtained using CDDP (data not
shown), confirming that different genotoxic agents may pro-
mote the release of higher amounts of the APE1 p33 form
compared with the p37 one in JHH-6 cells.

In order to have a more comprehensive view and extend the
observation to other cancer cell lines, we repeated the exper-
iment of CDDP treatment in the A549 lung cancer cell line.
We chose the concentration of 6.25 μM, as shown in
Figure 6C, because CDDP treatment at this concentration
caused low toxicity at 24 h and a toxicity of about 50% upon 48
and 72 h of treatment, similarly to what we observed for
JHH-6 cells. Then, we performed exosomes isolation from
and p33 patterns were analyzed by western blotting. Alix was detected as loa
secreted APE1 p33 fraction was plotted in the scatter plot on the right. Row d
Data are expressed as mean ± SD of three independent replicas. *p < 0.05, *
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A549-conditioned media after 24, 48, 72 h of CDDP treatment,
and we analyzed the amount of the APE1 p33 and p37 forms in
WCE and EXE. Similarly to JHH-6 cells, no differences of the
two APE1 protein forms were observed in WCE from A549,
treated with CDDP, compared with untreated control cells
(Fig. S10). Interestingly, we observed an accumulation of APE1
p33 form in EXE, compared with the p37 form, upon CDDP
treatment of A549 cells (Figs. 6D and S11). Coomassie blue
staining was carried out for A549 EXE loading control
(Fig. S12).

Altogether, these findings corroborate the hypothesis
that chemotherapeutic drugs may induce an exosomal accu-
mulation of the APE1 p33 form compared with the p37 pro-
tein in different cancer cell lines, possibly suggesting the
existence of different functions absolved by the p33 and p37
forms in EVs.

Discussion

APE1 is a multifunctional protein that participates in DNA
repair and in the regulation of gene expression. We have
recently demonstrated its role in RNA processing, as a major
AP endonuclease on abasic RNA (18, 24, 51) and on abasic
ribonucleotides embedded in DNA (24, 51). Noteworthy, this
unexpected activity on RNA possibly plays an important role
in miRNAs processing, modulating gene expression under
genotoxic stress conditions (18). Interestingly, elevated levels
of APE1 protein in sera of different tumors, such as HCC and
NSCLC, have been described (28, 29) and extracellular APE1
contribution in promoting chemoresistance, by affecting cell
sensitivity to chemotherapy, was suggested (28, 58), allowing
to hypothesize that sAPE1 could be considered as a prognostic
and predictive biomarker in cancer. Whether sAPE1 could
exert its biological function in association with extracellular
vesicles was not fully addressed, yet. Indeed, APE1 was found
associated, under basal conditions to EVs in human monocytes
(26), but studies focusing on the constitutive vesicles associa-
tion of APE1 in tumor cells, as well as a biochemical charac-
terization of a secreted form, were completely lacking.

Our study was aimed at addressing this issue, and we
demonstrated that, using several mammalian cell lines and
different orthogonal assays, APE1 is secreted through EVs,
particularly exosomes, and is enzymatically active. EVs repre-
sent a heterogeneous population comprising vesicles of
different biogenesis, such as exosomes from the endosomes
and microvesicles from plasma membrane budding. These can
overlap in size and protein composition, thus rendering their
specific analysis very difficult (59). In order to clearly establish
the exosomal association of APE1 within the bulky vesicular
population, we analyzed the physical characteristics of the EVs
(e.g., size and/or density ranges) and positivity to protein
markers, as indicated (60). Through combined biochemical
and different technological approaches (flow cytometry and
electron microscopy), we assessed the specific expression of
ding control. Densitometry analysis was performed and the percentage of
ata of the percentage of APE1 p37 and p33 fractions are shown in Fig. S11.
*p <0.01, ***p < 0.001, ****p < 0.0001.
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APE1 in small EVs presenting density (1.08–1.18 mg/ml) and
dimension (120 nm) typical of exosomes.

The biological function exerted by APE1 through exosomes
remains to be elucidated. A recent study suggested a role of
sAPE1 in HCC as a paracrine proinflammatory molecule,
modulating the inflammatory status in cancer microenviron-
ment (29) and in human monocytes (26). Several studies re-
ported a role for secreted APE1 in inducing an apoptotic
signaling in triple-negative breast cancer (TNBC) cells through
RAGE receptor binding (61), whereas same interaction
observed in monocytic cells triggered signaling cascade
involved in inflammatory response (26). We can hypothesize
similar biological functions for exosome-associated APE1. In
addition, our finding on the vesicular-enclosed topology of
APE1 suggests the existence of a novel RAGE-independent
mechanism, which deserves further studies actually ongoing
in our laboratory. The extracellular release of APE1, not only
through exosomes, but also as soluble protein, cannot be
excluded, at present. Moreover, it was observed that APE1
extracellular release could be mediated by acetylation occur-
ring on the N-terminal region of the protein (61), but no clear
evidence about either the extracellular APE1 biological func-
tion or the mechanism responsible for its release has been
elucidated, yet. Other evidence claims that extracellular APE1
can control TNF-α-induced inflammatory response, modu-
lating the activation status of TNFR receptor through its redox
activity (27). Additional data suggest that exogenous APE1 can
participate in the early phases of the inflammation process, by
inducing the activation of IL-8 and IL-6 gene expression
through NF-κB (27). All these observations, together with our
findings about the effects of genotoxic treatments on APE1
release, could suggest that APE1 may act as a novel unsus-
pected damage associated molecular pathway (DAMP) factor.
This may indicate a novel noncanonical APE1 function as a
paracrine molecule, possibly involved in the inflammatory
response in tumor microenvironment (62) and in tumor
growth.

The sorting of APE1 to exosomes opens a new perspective
on the molecular mechanisms involved in APE1 secretion,
unknown so far. The APE1 protein lacks the classical secretory
signal even if its secretion was already described in several
works (25, 31). Although the route followed by APE1 in ves-
icles association is unknown, we can speculate that APE1
could follow the exosome packaging regulated through various
signaling networks. In particular, the biogenesis of exosomes
does occur within endosomes, later developing toward MVBs,
whose maturation is mainly driven by an ESCRT-dependent
mechanism. In support of this, ESCRT proteins, which are
crucial for packing MVBs, were found within exosomes (63).
However, several studies reported evidence for an ESCRT-
independent biogenesis (64, 65) and a role for the sphingoli-
pid ceramide, highly enriched in exosome membranes (66).
This sphingolipid together with high cholesterol level and
other sphingolipids forms lipid rafts inside endosomal mem-
branes, which force the coalescence of small into larger
microdomains, ultimately inducing budding and formation of
ILVs, later secreted as exosomes. Additional biochemical
characterization, actually ongoing in our lab, will clarify the
route followed by APE1 in vesicles association and secretion.

Regarding the mechanism responsible for APE1 sorting
into the exosomes, we found that the APE1-exosome
secretion process is a general mechanism in mammalian
cells and that APE1 can be found either as single p37 protein
form or as p33/p37 forms within exosomes due, at least in
part, to proteosomal activity. However, at present, we cannot
exclude that proteolytic events acting on APE1-N-terminal
region could preferentially occur at intracellular level or
within EVs upon secretion. Recently, some works high-
lighted that EVs could contain different kind of proteases,
including component of the proteasome (48, 49), some of
which were exposed to the EVs membrane and contributing
to the remodeling of extracellular matrix promoting tumor
invasiveness and sustaining inflammation processes (48, 49).
We observed that APE1 can undergo proteolytic cleavage,
within cells (this paper and (12)) and exosomes and that this
activity increased under genotoxic stress conditions (not
shown), but additional work is needed along these lines to
clarify the relevance of this phenomenon regulating APE1
sorting and its function within exosomes. Moreover, a
possible relevance of additional posttranslational modifica-
tions in regulating these phenomena cannot be excluded, at
present. The enhanced release of exosome-APE1 p33 form
upon different genotoxic stresses, specifically Doxo and
CDDP treatments used in the present study, is in line with a
previous study showing an increased release of exosomes of
nuclear origin deriving from micronuclei instability after
genotoxic damage in cancer cells (67). It is conceivable that
these vesicles might be highly shuttled between cells within
tumor mass and deliver their content within target cells. This
process may fulfill the cancer cells requirement of high
amount of APE1 to counteract the DNA damage inferred by
drugs in a paracrine manner, suggesting that APE1 secretion
could represent a novel DAMP mechanism, which deserves
further in-depth study. Importantly, these data provide the
rationale to investigate APE1 p33 accumulation in exosomes
from a liquid biopsy to monitor patients subjected to gen-
otoxic drugs.

In conclusion, we here demonstrated that APE1 is highly
secreted through exosomes from cancer cells after genotoxic
stress in different functional forms and that it is endowed with
enzymatic activity, possibly representing a novel DAMP factor.
These data add new light in the complex biological functions
of APE1 that could play important roles in chemoresistance
processes and tumor development.
Experimental procedures

Cell culture and treatments

JHH-6, an undifferentiated HCC cell line, was grown in
William’s medium E (Sigma-Aldrich, Milan, Italy), supple-
mented with 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin,
100 μg/ml streptomycin (Euroclone, Milan, Italy). A549, hu-
man epithelial lung cell line and mouse embryonic fibroblast
(MEF) expressing (MEF NPM1+/+) or not NPM1 (MEF
J. Biol. Chem. (2021) 296 100569 11
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NPM1−/−) (43) were grown in RPMI 1640 supplemented with
10% FBS, 2 mM L-glutamine, 100 U/ml penicillin, 100 μg/ml
streptomycin (Euroclone). HCT116 p53+/+ and HCT116 p53−/−,
human epithelial colon cancer cell lines, were grown in Dul-
becco’s Modified medium (DMEM) supplemented with 10%
FBS, 2 mM L-glutamine, 100 U/ml penicillin, 100 μg/ml
streptomycin (Euroclone). Acute myeloid leukemia cell lines
OCI-AML2, and OCI-AML3, the last one characterized by
having a mutation on the third helix of the C-terminal domain
(h3 mutA and H3 mutE) of NPM1 protein (36, 68), were
grown in α-MEM with ribonucleosides, 20% FBS, 2 mM L-
glutamine, 100 U/ml penicillin, 100 μg/ml streptomycin
(Euroclone). CH12F3Δ/+/+, murine B cell line, biallelic for ape1
gene, and CH12F3Δ/Δ/Δ murine B cell line, allelic null for ape1,
were grown in RPMI 1640 medium supplemented with 10%
FBS, nonessential amino acids (Thermo Fisher Scientific,
Waltham, MA, United States), 1 mM sodium pyruvate, 50 μM
β-mercaptoethanol, 25 mM HEPES, 2 mM L-glutamine, 100
U/ml penicillin, 100 μg/ml streptomycin (Euroclone). HeLa,
human adenocarcinoma cells, were previously engineered for
APE1-Dendra2 and Dendra2 (41), and were grown in DMEM
high glucose (DMEM) supplemented with 10% FBS, 2 mM L-
glutamine, 100 U/ml penicillin, 100 μg/ml streptomycin
(Euroclone). Cells were free from mycoplasma contamination.
The test was carried out using N-GARDE Mycoplasma PCR
Reagent (Euroclone).

Viability assay

JHH-6 or A549 was seeded at the density of 4*103 cells in
96-well plates. The day after seeding, cells were treated for 24,
48, and 72 h with the following genotoxic agents: Doxorubicin
hydrochloride (Sigma Aldrich), dissolved in UltraPure DNase/
RNase-Free Distilled Water (Invitrogen, Thermo Fisher Sci-
entific) or with cis-Diammineplatinum (II) dichloride (CDDP)
(Sigma Aldrich), dissolved in dimethylformamide (DMF), at
the indicated concentrations. The cellular viability was assayed
by using CellTiter 96 AQueous One Solution Cell Proliferation
Assay (Promega, Milan, Italy). Absorbance at 490 nm, indic-
ative of cellular metabolic activity, was measured with EnSpire
2300 Multilabel reader, (PerkinElmer, Waltham, MA, United
States). Each treatment was performed in two biological rep-
licates, and for each experiment a technical quadruplicate was
performed. Each absorbance value registered was standardized
with the absorbance value obtained from wells containing only
medium.

Exosomes isolation

Exosomes were isolated from medium supplemented with
10% FBS exosome-depleted (Thermo Fisher Scientific), 100 U/
ml penicillin, 100 μg/ml streptomycin (Euroclone), using Total
Exosome Isolation kit (Thermo Fisher Scientific), according to
the manufacturer’s instructions. Polydisperse EVs in the range
of 80–800 nm were obtained by NBI (38). Briefly, nickel-
charged beads were added to the media to capture EVs dur-
ing 30 min incubation at room temperature in shaking, then
EVs from recovered beads were eluted using a pH 7.4 elution
12 J. Biol. Chem. (2021) 296 100569
buffer containing EDTA and sodium citrate as chelating
agents.

Exosomes were also obtained by ultracentrifugation-based
method (40). Briefly, cell culture conditioned medium
(24–48 h) was subjected to serial centrifugation steps at 4 �C.
The first one was at 700 x g for 10 min. The collected super-
natant was subjected to 2,000 x g for 20 min to remove protein
aggregates, and super was syringe-filtered (0.2 micron). Sam-
ples were then centrifuged at 15,000 x g for 20 min. Smaller
vesicles containing exosomes were isolated by high-speed ul-
tracentrifugation (100,000 x g for 3 h). Pellet was washed with
PBS without resuspension at 100,000 x g for 3 h.

Optiprep gradient centrifugation

We carried out a discontinuous iodixanol gradient floatation
as described in (69). Briefly, solutions of 40, 30, 10% iodixanol
were made by mixing appropriate amounts of a homogeniza-
tion buffer (0.25 M sucrose, 1 mM EDTA, 10 mM Tris-HCl
pH 7.4) and an iodixanol working solution (0.25 M sucrose,
6 mM EDTA, 60 mM Tris pH 7.4 plus stock solution of
Optiprep 60% (w/v), (Axis-Shield PoC, Norway). Exosomes
isolated with the ultracentrifugation-based method were
resuspended in PBS (260 μl) and added to 1 ml of 60% Opti-
prep and placed at the bottom of a polyallomer tube. The
gradient was formed by layering 0.5 ml of 40%, 0.5 ml of 30%,
1.8 ml of 10% solutions on top of each other and centrifuged
for 17 h at 192,000 × g in a SW60 rotor (Beckman Coulter,
Cassina de’ Pecchi, MI, Italy). Thirteen fractions (330 μl) were
collected from the top of the tube. The refractive index of each
fraction was assessed with a refractometer (Carl Zeiss, Ober-
kochen, Germany), and the relative density was calculated
using the linear relationship between the refractive index and
the density (70).

Exosome quantification and characterization

Exosomes range size analysis and quantification were
assayed by performing the nanoparticle tracking analysis
(NTA) with the Nano-Sight instrument, version NTA 3.2 Dev
Build 3.2.16, and for samples obtained by ultracentrifugation
with the Nano-Sight NS300 (Malvern, Worcestershire, UK).
EVs isolated by NBI were characterized by TRPS technology,
using qNANO instrument (IZON Science, Oxford, United
Kingdom) and NP250 nanopores. Stretch conditions and
quality of acquisitions were assessed based on CPC200 cali-
bration beads (IZON Science).

Amplified luminescent proximity homogeneous assay (alpha)

Glutathione-Donor beads (PerkinElmer, #6765300) and
Protein G-Acceptor beads (PerkinElmer, #AL102 C) were used
in saturation binding experiments to detect and quantify the
secreted, recombinant APE1 protein. Briefly, a mix of Donor
and Acceptor beads, at final concentration of 10 mg/ml each,
was added to 3 nM of APE1 antibody (13B8E5C2, Novus,
Colorado, USA) preincubated with increasing concentration of
rGST-APE1WT or GST to reach hooking point (38). In case of
EV experiments, aliquots of vesicles were denatured or not at
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90 �C for 5 min and equilibrated at RT before adding the alpha
mix of beads plus antibody (40). All the reactions were per-
formed in 20 μl as final volume in 384-Optiplates (Perki-
nElmer) and incubated for 1 h at RT before acquiring the
results with an Enspire Plate Reader (PerkinElmer). Curves
were analyzed by GraphPad Prism software v.5.

Whole-cell extracts preparation (WCE)

Cells were harvested, centrifuged at 1,200 rpm for 3 min,
washed with PBS, and resuspended with lysis buffer (50 mM
Tris HCl pH 7.5, 150 mM NaCl, 1 mM EDTA pH 8.0, 1%
Triton X-100) supplemented with 1 mM protease inhibitor
cocktail (Sigma), 0.5 mM phenylmethylsulfonyl fluoride
(PMSF). After 20 min of incubation on ice, the lysate was
centrifuged at 13,000 rpm to remove debris, and the whole-cell
extract (WCE) was collected and kept at –80 �C.

Exosome extracts preparation (EXE)

Once the EVs were obtained, laemmli sample buffer (2%
SDS, 10% Glycerol, 0.5 M Tris-HCl pH 6.8, 3.5% β-mercap-
toethanol, bromophenol blue) was added to shatter the vesicles
and to denature their protein content. The samples were later
boiled for 5 min at 95 �C and kept on ice until use.

Western blot analysis

Protein extracts were suitably quantified with Bradford so-
lution (Biorad, California, USA), according to the manufac-
turer’s instructions, loaded in 10% gel (SureCast Acrylamide
Solution (40%), Invitrogen), and transferred to nitrocellulose
membrane (Amersham, Little Chalfont, UK). Western blot
analyses were executed using the listed antibodies: anti-APE1
(13B8E5C2, Novus), anti-APE1 (N-terminus aa 1–14)
(NB100–897, Novus), anti-β-Tubulin (T0198, Sigma-Aldrich),
anti-Alix (1A12) (SC-53540, Santa Cruz, Texas, USA), anti-
GM130 (B-10) (SC-55591, Santa Cruz), anti-Syntenin
(EPR8102) (ab133267, Abcam), and anti-GST (ab19256,
Abcam). After incubation with primary antibodies, membranes
were washed three times with PBS 0.1% Tween-20, (Sigma
Aldrich), incubated for 1 h at room temperature with the
appropriate IRDye800/IRDye600 labeled secondary antibodies
(diluted to 1:2000). The acquisition of the images and the
quantifications analyses were achieved using Odyssey CLx
Infrared Imaging system (LI-COR GmbH, Germany).

FACS analysis of APE1-Dendra2

HeLa cell lines stably transfected with APE1-Dendra2 and
Dendra2 constructs (41) were cultured for 48 h with medium
supplemented with 10% FBS, exosome-depleted (Thermo
Fisher Scientific). Exosomes were obtained with ultracentri-
fugation method. The presence of fluorescent events in exo-
somal pellet was assessed by flow cytometry analysis as
reported (71) with minor modifications. Isolated exosomes
were resuspended with PBS (200 μl), then analyzed and
counted with CytoFLEX LX flow cytometer (Beckman
Coulter). The analysis was performed by plotting fluorescence
at 525/540 nm (FL1) versus log scale side scatter to determine
the fluorescence threshold value able to exclude the back-
ground noise. The instrument, calibrated to delivery sample
for absolute cell counts without using beads, was set at stop-
ping gate of 60 μl and fluorescence events in 595/540 nm
channel were recorded. To ensure the instrument resolution
and reliability, commercially available size standard fluorescent
beads (green fluorescent 505/515 flow cytometry submicron
particle size reference kit (Life Technologies)) were used.

Electron microscopy

Exosomes isolated by ultracentrifugation were analyzed by
scanning electron microscopy (SEM). Briefly, exosomes were
left to adhere on polylysine-treated round glass coverslips
(Ø10 mm) at room temperature. Then samples were fixed with
2.5% glutaraldehyde in 0.1 M Na-cacodylate buffer for 30 min
and post-fixed with 1% OsO4 in 0.1 M sodium cacodylate
buffer for 1 h. After fixation, samples were dehydrated through
a graded series of ethanol solutions (from 30 % to 100%). After
dehydratation, absolute ethanol was gradually substituted by a
1:1 solution of hexamethyldisilazane (HMDS)/absolute ethanol
and then by pure HMDS (72). Dried samples were mounted on
stubs, coated with 10 nm gold, and analyzed in a GeminiSEM
450 (Carl Zeiss).

Coomassie brilliant blue staining

Coomassie staining (0.05% Coomassie brilliant blue, 5%
acetic acid, 50% methanol) was carried out for 15 min, then the
10% polyacrylamide gels were incubated for 30 min in
destaining solution (25% methanol, 7% acetic acid). The
acquisition of the image was achieved using Odyssey CLx
Infrared Imaging system (LI-COR GmbH, Germany).

Recombinant proteins

Expression of human recombinant APE1 (rAPE1) was
produced as explained in (73–75).

E. coli RNase HII and bovine pancreas RNase A were pur-
chased from New England BioLabs Inc (Milan, Italy) and from
Sigma (Milan, Italy), respectively.

Proteolytic activity in exosomes

Extracellular vesicles were disrupted with 0.1% of PBS-
Triton X-100 (Sigma Aldrich) and their protein content was
later quantified with Bradford solution (Biorad). Different
concentrations of EVs proteins (0.1, 0.5, 1 μg) were incubated
with 200 ng of rGST-APE1WT, rGST-APE1K4pleA proteins, and
the reactions were performed at 37 �C for 4 h. The reactions
were stopped adding Laemmli sample buffer. Samples were
later boiled for 5 min at 95 �C. Each sample was loaded into
10% polyacrylamide gel, SDS PAGE was carried out, and finally
western blot was executed.

Enzymatic activity assays

To measure enzymatic activity of EXE on different
modified DNA substrates (25 nM), each reaction was pre-
pared following different concentration of the extract,
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expressed in ng, as specified in the legend of each panel.
Reactions were performed in a buffer containing 20 mM
Tris-HCl pH 7.4, 25 mM KCl, 4 mMMgCl2, 0.1% BSA, 0.01%
Tween20, for the indicated time at 37 �C. To measure
enzymatic activity of EXE on modified RNA substrate
(250 nM), each reaction was prepared following different
concentrations of the extract in a buffer containing 10 mM
Tris-HCl pH 7.4, 25 mM KCl, 1 mM MgCl2, for the indicated
time at 37 �C. Final volume for each reaction was 10 μl. At
the end of all reactions, samples were blocked with a stop
solution, containing 99.5% v/v Formamide (Sigma-Aldrich,
Milan, Italy), supplemented with 10X Orange Loading Dye
(LI-COR Biosciences, Milan, Italy) and heated at 95 �C for
5 min. Then, all samples were loaded onto a 7 M denaturing
20% polyacrylamide gel in TBE buffer pH 8.0 and run at 4 �C
at 300V for 1 h. Then, the non-incised substrate (S) and the
incision product (P) bands were quantified using Image
Studio software (LI-COR GmbH, Germany).

Statistical analysis

Statistical analyses were performed by using the Student’s t-
test in GraphPad Prism software. When p < 0.05, data were
considered as statistically significant.

Data availability statement

All data are contained within the article and in supporting
information file.

Supporting information—This article contains supporting
information.

Acknowledgments—The authors thank the Tell laboratory for
constructive feedbacks during the development of this work.
They thank Daniela Cesselli and Federica Caponnetto for assistance
in the NTA analysis on JHH-6 cell line.

Author contributions—G. T. designed and conceived the study and
supervised the experiments with contribution from V. G. D. and I.
P.; G. M. performed most of the experiments, analyzed the data, and
critically contributed to the interpretation of the results; K. C.
prepared the recombinant proteins and performed the experiments
with A549 cells; M. C. M. performed the enzymatic assays; J. C., M.
S., A. P. contributed to the experiments on exosome characteriza-
tion; G. M., I. P., V. G. D., and G. T. mainly wrote the article. All the
authors critically read and approved the final version of the article.

Funding and additional information—This work was supported by
a grant from Associazione Italiana per la Ricerca sul Cancro (AIRC)
[grant number IG19862] to G. T.

Conflict of interest—The authors declare that no conflict of interest
exists, except for V. G. D. for a patent application (P019950W0) on
NBI method.

Abbreviations—The abbreviations used are: alpha, amplified lumi-
nescence proximity homogeneous assay; AML, acute myeloid leu-
kemia; APE1/Ref1, apurinic/apyrimidinic endodeoxyribonuclease 1/
redox factor1; BER, base excision repair; CDDP, cisplatin; CM,
conditioned medium; DAMP, damage-associated molecular
14 J. Biol. Chem. (2021) 296 100569
pattern; DDR, DNA damage response; Doxo, doxorubicin;
ds_dF:dC, abasic deoxyribonucleotides in dsDNA; ds_r8oxoG:dC,
oxidized ribonucleotide embedded in dsDNA; ds_rF:dC, abasic
ribonucleotide embedded in dsDNA; DSB, double-strand breaks;
ESCRT, endosomal sorting complex required for transport; EVs,
extracellular vesicles; EVs/exo, EVs containing exosomes; EXE, EVs
extract; GM130, Golgi apparatus protein; HMDS, hexamethyldisi-
lazane; hnRNP A2/B1, heterogeneous nuclear ribonucleoprotein
A2/B1; HCC, hepatocellular carcinoma; ILVs, intraluminal vesicles;
miRNA, microRNA; MVBs, multivesicular bodies; NBI, nickel-
based isolation; NCE, nuclear cell extracts; ncRNA, noncoding
RNA; NPM1, nucleophosmin 1; NSCLC, nonsmall-cell lung cancer;
NTA, nanoparticle tracking analysis; RAGE, receptor for advanced
glycation end product; rAPE1WT, recombinant APE1WT protein;
rGST-APE1K4pleA, recombinant GST APE1K4pleA protein; rGST-
APE1NΔ33, recombinant GST APE1NΔ33 protein; rGST-APE1WT,
recombinant GST APE1WT protein; rGST, recombinant GST;
sAPE1, serum APE1; SASP, senescence-associated secretory
phenotype; SEM, scanning electron microscopy; TNBC, triple-
negative breast cancer; TRPS, tunable resistive pulse sensing; TSA,
trichostatin A; WCE, whole-cell extract.

References

1. Antoniali, G., Malfatti, M. C., and Tell, G. (2017) Unveiling the non-repair
face of the base excision repair pathway in RNA processing: A missing
link between DNA repair and gene expression? DNA Repair (Amst.) 56,
65–74

2. Antoniali, G., Malfatti, M. C., and Tell, G. (2021) Chapter 17. Emerging
concepts on the early steps of base excision repair pathway with a focus
on gene expression. In: DNA Damage, DNA Repair Dis. Vol. 2, Royal
Society of Chemistry, London, UK: 24–47

3. Wilson, D. M., and Barsky, D. (2001) The major human abasic endonu-
clease: Formation, consequences and repair of abasic lesions in DNA.
Mutat. Research/DNA Repair 485, 283–307

4. Berquist, B. R., McNeill, D. R., and Wilson, D. M. (2008) Characterization
of abasic endonuclease activity of human Ape1 on alternative substrates,
as well as effects of ATP and sequence Context on AP site incision. J. Mol.
Biol. 379, 17–27

5. Wallace, S. S. (2014) Base excision repair: A critical player in many games.
DNA Repair (Amst) 19, 14–26

6. Prasad, R., Beard, W. A., Batra, V. K., Liu, Y., Shock, D. D., and Wilson, S.
H. (2011) A review of recent experiments on step-to-step ‘hand-off’ of the
DNA intermediates in mammalian base excision repair pathways. Mol.
Biol. (Mosk.) 45, 586–600

7. Simms, C. L., and Zaher, H. S. (2016) Quality control of chemically
damaged RNA. Cell Mol. Life Sci. 73, 3639–3653

8. Tell, G., Quadrifoglio, F., Tiribelli, C., and Kelley, M. R. (2009) The many
functions of APE1/Ref-1: Not only a DNA repair enzyme. Antioxid. Redox
Signal. 11, 601–620

9. Tell, G., and Demple, B. (2015) Base excision DNA repair and cancer.
Oncotarget 6, 584–585

10. Vascotto, C., Cesaratto, L., Zeef, L. A., Deganuto, M., D’Ambrosio, C.,
Scaloni, A., Romanello, M., Damante, G., Taglialatela, G., Delneri, D.,
Kelley, M. R., Mitra, S., Quadrifoglio, F., and Tell, G. (2009) Genome-wide
analysis and proteomic studies reveal APE1/Ref-1 multifunctional role in
mammalian cells. Proteomics 9, 1058–1074

11. Antoniali, G., Lirussi, L., Poletto, M., and Tell, G. (2014) Emerging roles
of the nucleolus in regulating the DNA damage response: The nonca-
nonical DNA repair enzyme APE1/Ref-1 as a paradigmatical example.
Antioxid. Redox Signal. 20, 621–639

12. Lirussi, L., Antoniali, G., Scognamiglio, P. L., Marasco, D., Dalla, E.,
D’Ambrosio, C., Arena, S., Scaloni, A., and Tell, G. (2020) Cleavage of the
APE1 N-terminal domain in acute myeloid leukemia cells is associated
with proteasomal activity. Biomolecules 10, 531

http://refhub.elsevier.com/S0021-9258(21)00347-1/sref1
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref1
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref1
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref1
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref2
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref2
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref2
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref2
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref3
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref3
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref3
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref4
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref4
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref4
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref4
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref5
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref5
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref6
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref6
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref6
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref6
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref7
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref7
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref8
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref8
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref8
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref9
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref9
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref10
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref10
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref10
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref10
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref10
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref11
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref11
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref11
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref11
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref12
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref12
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref12
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref12


APE1 endonuclease is secreted through exosomes
13. Scott, T. L., Wicker, C. A., Suganya, R., Dhar, B., Pittman, T., Horbinski,
C., and Izumi, T. (2017) Polyubiquitination of apurinic/apyrimidinic
endonuclease 1 by Parkin: Parkin DEPENDENT APE1 degradation. Mol.
Carcinog. 56, 325–336

14. Bhakat, K. K., Mantha, A. K., and Mitra, S. (2009) Transcriptional
regulatory functions of mammalian AP-endonuclease (APE1/Ref-1),
an essential multifunctional protein. Antioxid. Redox Signal. 11, 621–
638

15. Luo, M., Zhang, J., He, H., Su, D., Chen, Q., Gross, M. L., Kelley, M. R.,
and Georgiadis, M. M. (2012) Characterization of the redox activity and
disulfide bond formation in apurinic/apyrimidinic endonuclease.
Biochemistry 51, 695–705

16. Su, D., Delaplane, S., Luo, M., Rempel, D. L., Vu, B., Kelley, M. R., Gross,
M. L., and Georgiadis, M. M. (2011) Interactions of apurinic/apyrimidinic
endonuclease with a redox inhibitor: Evidence for an alternate confor-
mation of the enzyme. Biochemistry 50, 82–92

17. Antoniali, G., Lirussi, L., D’Ambrosio, C., Dal Piaz, F., Vascotto, C.,
Casarano, E., Marasco, D., Scaloni, A., Fogolari, F., and Tell, G. (2014)
SIRT1 gene expression upon genotoxic damage is regulated by APE1
through nCaRE-promoter elements. Mol. Biol. Cell 25, 532–547

18. Antoniali, G., Serra, F., Lirussi, L., Tanaka, M., D’Ambrosio, C., Zhang, S.,
Radovic, S., Dalla, E., Ciani, Y., Scaloni, A., Li, M., Piazza, S., and Tell, G.
(2017) Mammalian APE1 controls miRNA processing and its interactome
is linked to cancer RNA metabolism. Nat. Commun. 8, 797

19. Dai, N., Zhong, Z. Y., Cun, Y. P., Qing, Y., Chen, C., Jiang, P., Li, M. X.,
and Wang, D. (2013) Alteration of the microRNA expression profile in
human osteosarcoma cells transfected with APE1 siRNA. Neoplasma 60,
384–394

20. Ayyildiz, D., Antoniali, G., D’Ambrosio, C., Mangiapane, G., Dalla, E.,
Scaloni, A., Tell, G., and Piazza, S. (2020) Architecture of the human
Ape1 interactome Defines novel cancers Signatures. Sci. Rep. 10, 28

21. Codrich, M., Comelli, M., Malfatti, M. C., Mio, C., Ayyildiz, D., Zhang, C.,
Kelley, M. R., Terrosu, G., Pucillo, C. E. M., and Tell, G. (2019) Inhibition
of APE1-endonuclease activity affects cell metabolism in colon cancer
cells via a p53-dependent pathway. DNA Repair 82, 102675

22. Malfatti, M. C., Gerratana, L., Dalla, E., Isola, M., Damante, G., Di Loreto,
C., Puglisi, F., and Tell, G. (2019) APE1 and NPM1 protect cancer cells
from platinum compounds cytotoxicity and their expression pattern has a
prognostic value in TNBC. J. Exp. Clin. Cancer Res. 38, 309

23. Sengupta, S., Mantha, A. K., Mitra, S., and Bhakat, K. K. (2011) Human
AP endonuclease (APE1/Ref-1) and its acetylation regulate YB-1-p300
recruitment and RNA polymerase II loading in the drug-induced acti-
vation of multidrug resistance gene MDR1. Oncogene 30, 482–493

24. Malfatti, M. C., Antoniali, G., Codrich, M., Burra, S., Mangiapane, G.,
Dalla, E., and Tell, G. (2020) New perspectives in cancer biology from a
study of canonical and non-canonical functions of base excision repair
proteins with a focus on early steps. Mutagenesis 35, 129–149

25. Choi, S., Lee, Y. R., Park, M. S., Joo, H. K., Cho, E. J., Kim, H. S., Kim, C.
S., Park, J. B., Irani, K., and Jeon, B. H. (2013) Histone deacetylases in-
hibitor trichostatin A modulates the extracellular release of APE1/Ref-1.
Biochem. Biophys. Res. Commun. 435, 403–407

26. Nath, S., Roychoudhury, S., Kling, M. J., Song, H., Biswas, P., Shukla, A.,
Band, H., Joshi, S., and Bhakat, K. K. (2017) The extracellular role of DNA
damage repair protein APE1 in regulation of IL-6 expression. Cell. Signal.
39, 18–31

27. Park, M. S., Choi, S., Lee, Y. R., Joo, H. K., Kang, G., Kim, C. S., Kim, S. J.,
Lee, S. D., and Jeon, B. H. (2016) Secreted APE1/Ref-1 inhibits TNF-α-
stimulated endothelial inflammation via thiol-disulfide exchange in TNF
receptor. Sci. Rep. 6, 23015

28. Zhang, S., He, L., Dai, N., Guan, W., Shan, J., Yang, X., Zhong, Z., Qing,
Y., Jin, F., Chen, C., Yang, Y., Wang, H., Baugh, L., Tell, G., Wilson, D.
M., 3rd, et al. (2016) Serum APE1 as a predictive marker for platinum-
based chemotherapy of non-small cell lung cancer patients. Oncotarget
7, 77482–77494

29. Pascut, D., Sukowati, C. H. C., Antoniali, G., Mangiapane, G., Burra, S.,
Mascaretti, L. G., Buonocore, M. R., Crocè, L. S., Tiribelli, C., and Tell, G.
(2019) Serum AP-endonuclease 1 (sAPE1) as novel biomarker for hepa-
tocellular carcinoma. Oncotarget 10, 383–394
30. Jin, S.-A., Seo, H. J., Kim, S. K., Lee, Y. R., Choi, S., Ahn, K. T., Kim,
J. H., Park, J. H., Lee, J. H., Choi, S. W., Seong, I. W., Jeon, B. H., and
Jeong, J. O. (2015) Elevation of the serum apurinic/apyrimidinic
endonuclease 1/redox factor-1 in coronary artery disease. Korean Circ.
J. 45, 364

31. Park, M. S., Lee, Y. R., Choi, S., Joo, H. K., Cho, E. J., Kim, C. S., Park, J. B.,
Jo, E. K., and Jeon, B. H. (2013) Identification of plasma APE1/Ref-1 in
lipopolysaccharide-induced endotoxemic rats: Implication of serological
biomarker for an endotoxemia. Biochem. Biophys. Res. Commun. 435,
621–626

32. Bebelman, M. P., Smit, M. J., Pegtel, D. M., and Baglio, S. R. (2018)
Biogenesis and function of extracellular vesicles in cancer. Pharmacol.
Ther. 188, 1–11

33. Gurunathan, S., Kang, M.-H., Jeyaraj, M., Qasim, M., and Kim, J.-H.
(2019) Review of the isolation, characterization, biological function, and
Multifarious Therapeutic approaches of exosomes. Cells 8, 307

34. Kalimuthu, S., Gangadaran, P., Rajendran, R. L., Zhu, L., Oh, J. M., Lee,
H. W., Gopal, A., Baek, S. H., Jeong, S. Y., Lee, S. W., Lee, J., and Ahn, B.
C. (2018) A new approach for loading Anticancer drugs into Mesen-
chymal Stem cell-derived exosome Mimetics for cancer therapy. Front
Pharmacol. 9, 1116

35. Friand, V., David, G., and Zimmermann, P. (2015) Syntenin and syndecan
in the biogenesis of exosomes: Syndecan-syntenin pathway in exosome
biogenesis. Biol. Cell 107, 331–341

36. Vascotto, C., Lirussi, L., Poletto, M., Tiribelli, M., Damiani, D., Fabbro, D.,
Damante, G., Demple, B., Colombo, E., and Tell, G. (2015) Functional
regulation of the apurinic/apyrimidinic endonuclease 1 by nucleo-
phosmin: Impact on tumor biology. Oncogene 34, 3482

37. Bhakat, K. K., Sengupta, S., Adeniyi, V. F., Roychoudhury, S., Nath, S.,
Bellot, L. J., Feng, D., Mantha, A. K., Sinha, M., Qiu, S., and Luxon, B.
A. (2016) Regulation of limited N-terminal proteolysis of APE1 in
tumor via acetylation and its role in cell proliferation. Oncotarget 7,
22590–22604

38. Notarangelo, M., Zucal, C., Modelska, A., Pesce, I., Scarduelli, G.,
Potrich, C., Lunelli, L., Pederzolli, C., Pavan, P., la Marca, G., Pasini, L.,
Ulivi, P., Beltran, H., Demichelis, F., Provenzani, A., et al. (2019) Ul-
trasensitive detection of cancer biomarkers by nickel-based isolation of
polydisperse extracellular vesicles from blood. EBioMedicine 43, 114–
126

39. Colombo, M., Raposo, G., and Théry, C. (2014) Biogenesis, secretion, and
Intercellular interactions of exosomes and other extracellular vesicles.
Annu. Rev. Cell Dev. Biol. 30, 255–289

40. Théry, C., Amigorena, S., Raposo, G., and Clayton, A. (2006) Isolation and
characterization of exosomes from cell culture supernatants and biolog-
ical Fluids. Curr. Protoc. Cell Biol. 30, 3.22.1–3.22.29

41. Tell, G., Di Piazza, M., Kamocka, M. M., and Vascotto, C. (2013)
Combining RNAi and in vivo confocal microscopy analysis of the pho-
toconvertible fluorescent protein Dendra2 to study a DNA repair protein.
BioTechniques 55

42. Masani, S., Han, L., and Yu, K. (2013) Apurinic/apyrimidinic endonu-
clease 1 is the essential nuclease during immunoglobulin class switch
recombination. Mol. Cell. Biol. 33, 1468–1473

43. Colombo, E., Marine, J.-C., Danovi, D., Falini, B., and Pelicci, P. G. (2002)
Nucleophosmin regulates the stability and transcriptional activity of p53.
Nat. Cell Biol. 4, 529–533

44. Poletto, M., Malfatti, M. C., Dorjsuren, D., Scognamiglio, P. L., Marasco,
D., Vascotto, C., Jadhav, A., Maloney, D. J., Wilson, D. M., 3rd, Simeo-
nov, A., and Tell, G. (2016) Inhibitors of the apurinic/apyrimidinic
endonuclease 1 (APE1)/nucleophosmin (NPM1) interaction that display
anti-tumor properties. Mol. Carcinog. 55, 688–704

45. Falini, B., Nicoletti, I., Martelli, M. F., and Mecucci, C. (2007) Acute
myeloid leukemia carrying cytoplasmic/mutated nucleophosmin (NPMc+
AML): Biologic and clinical features. Blood 109, 874–885

46. Sun, F., Zhang, Y., Xu, L., Li, S., Chen, X., Zhang, L., Wu, Y., and
Li, J. (2018) Proteasome inhibitor MG132 Enhances cisplatin-
induced apoptosis in osteosarcoma cells and inhibits tumor
growth. Oncol. Res. Featuring Preclinical Clin. Cancer Ther. 26,
655–664
J. Biol. Chem. (2021) 296 100569 15

http://refhub.elsevier.com/S0021-9258(21)00347-1/sref13
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref13
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref13
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref13
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref14
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref14
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref14
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref14
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref15
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref15
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref15
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref15
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref16
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref16
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref16
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref16
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref17
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref17
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref17
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref17
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref18
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref18
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref18
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref18
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref19
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref19
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref19
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref19
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref20
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref20
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref20
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref21
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref21
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref21
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref21
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref22
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref22
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref22
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref22
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref23
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref23
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref23
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref23
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref24
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref24
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref24
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref24
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref25
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref25
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref25
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref25
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref26
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref26
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref26
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref26
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref27
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref27
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref27
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref27
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref28
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref28
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref28
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref28
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref28
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref29
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref29
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref29
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref29
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref30
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref30
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref30
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref30
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref30
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref31
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref31
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref31
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref31
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref31
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref32
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref32
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref32
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref33
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref33
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref33
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref34
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref34
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref34
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref34
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref34
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref35
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref35
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref35
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref36
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref36
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref36
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref36
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref37
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref37
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref37
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref37
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref37
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref38
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref38
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref38
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref38
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref38
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref38
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref39
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref39
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref39
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref40
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref40
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref40
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref41
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref41
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref41
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref41
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref42
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref42
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref42
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref43
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref43
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref43
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref44
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref44
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref44
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref44
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref44
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref45
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref45
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref45
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref46
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref46
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref46
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref46
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref46


APE1 endonuclease is secreted through exosomes
47. Nakajima, S., Kato, H., Takahashi, S., Johno, H., and Kitamura, M. (2011)
Inhibition of NF-κB by MG132 through ER stress-mediated induction of
LAP and LIP. FEBS Lett. 585, 2249–2254

48. Sanderson, R. D., Bandari, S. K., and Vlodavsky, I. (2019) Proteases and
glycosidases on the surface of exosomes: Newly discovered mechanisms
for extracellular remodeling. Matrix Biol. 75–76, 160–169

49. Shimoda, M., and Khokha, R. (2013) Proteolytic factors in exosomes.
Proteomics 13, 1624–1636

50. Ageta, H., and Tsuchida, K. (2019) Post-translational modification and
protein sorting to small extracellular vesicles including exosomes by
ubiquitin and UBLs. Cell Mol. Life Sci. 76, 4829–4848

51. Malfatti, M. C., Balachander, S., Antoniali, G., Koh, K. D., Saint-
Pierre, C., Gasparutto, D., Chon, H., Crouch, R. J., Storici, F., and
Tell, G. (2017) Abasic and oxidized ribonucleotides embedded in DNA
are processed by human APE1 and not by RNase H2. Nucleic Acids
Res. 45, 11193–11212

52. Rai, G., Vyjayanti, V. N., Dorjsuren, D., Simeonov, A., Jadhav, A., Wilson,
D. M., 3rd, and Maloney, D. J. (2012) Synthesis, biological evaluation, and
structure-activity relationships of a novel class of apurinic/apyrimidinic
endonuclease 1 inhibitors. J. Med. Chem. 55, 3101–3112

53. Malfatti, M. C., Henneke, G., Balachander, S., Koh, K. D., Newnam, G.,
Uehara, R., Crouch, R. J., Storici, F., and Tell, G. (2019) Unlike the
Escherichia coli counterpart, archaeal RNase HII cannot process ribose
monophosphate abasic sites and oxidized ribonucleotides embedded in
DNA. J. Biol. Chem. 294, 13061–13072

54. Speth, P. A. J., van Hoesel, Q. G. C. M., and Haanen, C. (1988) Clinical
Pharmacokinetics of doxorubicin. Clin. Pharm. 15, 15–31

55. Ye, P.-J., Huang, C., Yang, S., Gao, P., Li, Z. P., Tang, S. Y., Xiang, Y.,
Liu, Y. F., Chen, Y. P., He, D. X., and Yu, C. Y. (2018) Facile fabrication
of a novel hybrid nanoparticles by self-assembling based on pectin-
doxorubicin conjugates for hepatocellular carcinoma therapy. Artif.
Cell Nanomed. Biotechnol. 46, S661–S670

56. Rossi, A., and Di Maio, M. (2016) Platinum-based chemotherapy in
advanced non-small-cell lung cancer: Optimal number of treatment cy-
cles. Expert Rev. Anticancer Ther. 16, 653–660

57. Shu, X., Xiong, X., Song, J., He, C., and Yi, C. (2016) Base-resolution
analysis of cisplatin-DNA Adducts at the Genome scale. Angew. Chem.
Int. Ed. Engl. 55, 14246–14249

58. Shin, J. H., Choi, S., Lee, Y. R., Park, M. S., Na, Y. G., Irani, K., Lee, S. D.,
Park, J. B., Kim, J. M., Lim, J. S., and Jeon, B. H. (2015) APE1/Ref-1 as a
serological biomarker for the detection of Bladder cancer. Cancer Res.
Treat 47, 823–833

59. Greening, D. W., and Simpson, R. J. (2018) Understanding extracellular
vesicle diversity – current status. Expert Rev. Proteomics 15, 887–910

60. Théry, C., Witwer, K. W., Aikawa, E., Alcaraz, M. J., Anderson, J. D.,
Andriantsitohaina, R., Antoniou, A., Arab, T., Archer, F., Atkin-Smith, G.
K., Ayre, D. C., Bach, J. M., Bachurski, D., Baharvand, H., Balaj, L., et al.
(2018) Minimal information for studies of extracellular vesicles 2018
(MISEV2018): A position statement of the International Society for
extracellular vesicles and update of the MISEV2014 guidelines. J.
Extracell. Vesicles 7, 1535750

61. Lee, Y. R., Kim, K. M., Jeon, B. H., and Choi, S. (2015) Extracellularly
secreted APE1/Ref-1 triggers apoptosis in triple-negative breast cancer
cells via RAGE binding, which is mediated through acetylation. Onco-
target 6, 23383–23398

62. Li, B., Song, T. N., Wang, F. R., Yin, C., Li, Z., Lin, J. P., Meng, Y. Q.,
Feng, H. M., and Jing, T. (2019) Tumor-derived exosomal HMGB1
16 J. Biol. Chem. (2021) 296 100569
promotes esophageal squamous cell carcinoma progression through
inducing PD1+ TAM expansion. Oncogenesis 8, 17

63. Théry, C., Zitvogel, L., and Amigorena, S. (2002) Exosomes: Composition,
biogenesis and function. Nat. Rev. Immunol. 2, 569–579

64. Kajimoto, T., Okada, T., Miya, S., Zhang, L., and Nakamura, S. (2013)
Ongoing activation of sphingosine 1-phosphate receptors mediates
maturation of exosomal multivesicular endosomes. Nat. Commun. 4,
2712

65. Stuffers, S., Sem Wegner, C., Stenmark, H., and Brech, A. (2009) Mul-
tivesicular endosome biogenesis in the absence of ESCRTs. Traffic 10,
925–937

66. Trajkovic, K., Hsu, C., Chiantia, S., Rajendran, L., Wenzel, D., Wieland, F.,
Schwille, P., Brügger, B., and Simons, M. (2008) Ceramide triggers
budding of exosome vesicles into multivesicular endosomes. Science 319,
1244–1247

67. Yokoi, A., Villar-Prados, A., Oliphint, P. A., Zhang, J., Song, X., De Hoff,
P., Morey, R., Liu, J., Roszik, J., Clise-Dwyer, K., Burks, J. K., O’Halloran,
T. J., Laurent, L. C., and Sood, A. K. (2019) Mechanisms of nuclear
content loading to exosomes. Sci. Adv. 5, eaax8849

68. Scognamiglio, P. L., Di Natale, C., Leone, M., Cascella, R., Cecchi, C.,
Lirussi, L., Antoniali, G., Riccardi, D., Morelli, G., Tell, G., Chiti, F., and
Marasco, D. (2016) Destabilisation, aggregation, toxicity and cytosolic
mislocalisation of nucleophosmin regions associated with acute myeloid
leukemia. Oncotarget 7, 59129–59143

69. Boussadia, Z., Lamberti, J., Mattei, F., Pizzi, E., Puglisi, R., Zanetti, C.,
Pasquini, L., Fratini, F., Fantozzi, L., Felicetti, F., Fecchi, K., Raggi, C.,
Sanchez, M., D’Atri, S., Carè, A., et al. (2018) Acidic microenvironment
plays a key role in human melanoma progression through a sustained
exosome mediated transfer of clinically relevant metastatic molecules. J.
Exp. Clin. Cancer Res. 37

70. Graham, J. (2002) Formation of self-generated gradients of iodixanol.
ScientificWorldJournal 2, 1356–1360

71. Coscia, C., Parolini, I., Sanchez, M., Biffoni, M., Boussadia, Z., Zanetti, C.,
Fiani, M. L., and Sargiacomo, M. (2016) Generation, quantification, and
tracing of Metabolically labeled fluorescent exosomes. In: Federico, M.,
ed., Lentiviral Vectors and Exosomes as Gene and Protein Delivery Tools
(vol. 1448,. Springer, NY: 217–235

72. Hazrin-Chong, N. H., and Manefield, M. (2012) An alternative SEM
drying method using hexamethyldisilazane (HMDS) for microbial cell
attachment studies on sub-bituminous coal. J. Microbiol. Methods 90, 96–
99

73. Fantini, D., Vascotto, C., Marasco, D., D’Ambrosio, C., Romanello,
M., Vitagliano, L., Pedone, C., Poletto, M., Cesaratto, L., Quad-
rifoglio, F., Scaloni, A., Radicella, J. P., and Tell, G. (2010) Critical
lysine residues within the overlooked N-terminal domain of human
APE1 regulate its biological functions. Nucleic Acids Res. 38, 8239–
8256

74. Burra, S., Marasco, D., Malfatti, M. C., Antoniali, G., Virgilio, A., Espo-
sito, V., Demple, B., Galeone, A., and Tell, G. (2019) Human AP-
endonuclease (Ape1) activity on telomeric G4 structures is modulated
by acetylatable lysine residues in the N-terminal sequence. DNA Repair
(Amst) 73, 129–143

75. Erzberger, J. P., and Wilson, D. M. (1999) The role of Mg2+ and specific
amino acid residues in the catalytic reaction of the major human abasic
endonuclease: New insights from EDTA-resistant incision of acyclic
abasic site analogs and site-directed mutagenesis. J. Mol. Biol. 290, 447–
457

http://refhub.elsevier.com/S0021-9258(21)00347-1/sref47
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref47
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref47
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref48
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref48
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref48
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref49
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref49
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref50
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref50
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref50
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref51
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref51
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref51
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref51
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref51
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref52
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref52
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref52
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref52
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref53
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref53
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref53
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref53
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref53
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref54
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref54
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref55
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref55
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref55
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref55
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref55
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref56
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref56
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref56
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref57
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref57
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref57
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref58
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref58
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref58
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref58
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref59
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref59
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref60
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref60
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref60
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref60
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref60
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref60
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref60
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref61
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref61
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref61
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref61
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref62
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref62
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref62
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref62
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref63
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref63
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref64
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref64
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref64
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref64
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref65
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref65
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref65
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref66
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref66
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref66
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref66
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref67
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref67
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref67
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref67
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref68
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref68
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref68
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref68
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref68
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref69
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref69
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref69
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref69
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref69
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref69
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref70
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref70
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref71
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref71
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref71
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref71
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref71
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref72
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref72
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref72
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref72
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref73
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref73
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref73
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref73
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref73
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref73
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref74
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref74
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref74
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref74
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref74
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref75
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref75
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref75
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref75
http://refhub.elsevier.com/S0021-9258(21)00347-1/sref75

	Enzymatically active apurinic/apyrimidinic endodeoxyribonuclease 1 is released by mammalian cells through exosomes
	Results
	APE1 protein is secreted through exosomes in EVs from HCC cancer cell line
	p37 and p33 APE1 forms are secreted in exosomes of different mammalian cell lines
	APE1 p33 form in exosomes is generated through proteasomal-mediated degradation
	APE1 protein from exosomes extracts is enzymatically active
	Secretion of APE1 p33 form is stimulated by doxorubicin treatment in the JHH-6 cell line and by cisplatin treatment in A549 ...

	Discussion
	Experimental procedures
	Cell culture and treatments
	Viability assay
	Exosomes isolation
	Optiprep gradient centrifugation
	Exosome quantification and characterization
	Amplified luminescent proximity homogeneous assay (alpha)
	Whole-cell extracts preparation (WCE)
	Exosome extracts preparation (EXE)
	Western blot analysis
	FACS analysis of APE1-Dendra2
	Electron microscopy
	Coomassie brilliant blue staining
	Recombinant proteins
	Proteolytic activity in exosomes
	Enzymatic activity assays
	Statistical analysis

	Data availability statement
	Author contributions
	Funding and additional information
	References


