'.) Check for updates

Cancer Science WI L E Y

| oRIGINAL ARTICLE CEIEED

APE1 Attenuates ALK Tyrosine Kinase Inhibitors
Sensitivity in NPM1-ALK Positive Anaplastic Large
Cell Lymphoma

Zheng Liu'? | Xinming Jing! | Dong Li?® | Lingbo Bao? | YiLiu® | Ruyi Hang! | Xunjie Kuang! | Ziqi Jiang! |
Xiaoyan Dai' | Xueling Tong! | Gianluca Tell* | Mengxia Li!

!Cancer Center, Daping Hospital & Army Medical Center of PLA, Army Medical University (Third Military Medical University), Chongging,
China | 2Department of Oncology, The General Hospital of Western Theater Command, Chengdu, China | *Department of Hypertension and
Endocrinology, Center for Hypertension and Metabolic Diseases, Daping Hospital, Army Medical University (Third Military Medical University),
Chongging, China | “Laboratory of Molecular Biology and DNA Repair, Department of Medicine, University of Udine, Udine, Italy

Correspondence: Mengxia Li (limengxia@tmmu.edu.cn)
Received: 31 January 2025 | Revised: 18 April 2025 | Accepted: 9 July 2025

Funding: This work was supported by Postgraduate Research & Practice Innovation Program of Chongqing Province, CYB240289; National
Natural Science Foundation of China; the Talent Innovation and Capacity Building Program (Organized Research) of Army Medical Center of PLA,
ZXYZZKYO07.

Keywords: ALCL | ALK-TKI | APE1 | NPM1-ALK | TKI sensitivity

ABSTRACT

Anaplastic lymphoma kinase (ALK), a tyrosine kinase receptor of the RTK insulin superfamily, was named after its initial
identification in anaplastic large cell lymphoma (ALCL). Following a reciprocal chromosomal translocation with nucleo-
phosmin 1 (NPM1), ALK protein is abnormally expressed, promoting the malignant transformation of T cells into a more
aggressive lymphoma. The inhibition of ALK activity could therefore benefit ALK+ ALCL patients. Despite the market avail-
ability and success of ALK tyrosine kinase inhibitors (TKIs), real-world ALK+ ALCL patients exhibit significant heteroge-
neity in terms of disease stage at first diagnosis, tumor progression, and responses to medication. This indicates a need for
more detailed differentiation of ALK+ ALCL patients in clinical practice. Here, we discovered that apurinic/apyrimidinic
endonuclease-reduction/oxidation factor 1 (APE1/REF1), an interacting partner of NPM1, could stabilize NPM1-ALK fusion
protein oligomers and enhance ALK tumor-promoting activity and growth, decreasing cell sensitivity to ALK-TKIs. Our re-
sults also reveal that disruption of the interaction weakens cell growth and augments the therapeutic efficacy of crizotinib and
alectinib, ALK-TKIs, against ALK+ ALCL. Thus, high expression of APE1 indicates a faster growth of ALK+ ALCL; targeting
this interaction may potentially achieve improved therapeutic outcomes, providing a reference for more precise treatment of
ALK+ ALCL patients in clinical practice.

Abbreviations: ALCL, anaplastic large cell lymphoma; ALK, anaplastic lymphoma kinase; APE1, apurinic/apyrimidinic endonuclease 1; BER, base excision repair;
NPM1, Nucleophosmin 1; TKI, tyrosine kinase inhibitor.
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1 | Introduction

Anaplastic large cell lymphoma (ALCL) is an aggressive mature
T-cell tumor frequently found in children and young adults, with
about 50%-80% of cases expressing anaplastic lymphoma kinase
(ALK) [1]. ALK is, in fact, named for its initial identification in
ALCL [2]. Wild-type ALK is normally expressed at a low level in
neural cells of the cerebral cortex, hypothalamus, and cerebellum,
etc. [3] Chromosomal abnormalities, namely translocations and
inversions, can result in the expression of ALK protein fused with
additional factors, such as nucleophosmin-1 (NPM1), echinoderm
microtubule-associated protein-like-4 (EML4), and tropomyosin-3
(TPM3) across different tumor types [4-6]. In ALCL, the most
frequently observed event is fusion of Alk on chromosome 2 with
Npm1 on chromosome 5, genetically defined as t(2;5) (p23;q35),
creating a fusion gene, NpmlI-alk. Oligomerization molecular
chaperone (amino acids 1-116) of the NPM1 segment mediates
dimerization of the NPM1-ALK fusion protein [7, 8]. As a gen-
eral cancer-driving protein, ALK activates downstream growth
pathways, such as the PI3K/Akt, ERK1/2, and JAK/STAT, pro-
moting tumor occurrence and development [9-12]. Inhibition of
ALK benefits ALCL patients, with some clinical trials finished
[13-15] and several clinical studies ongoing (ChiCTR2000029373,
NCT03505554, etc.). ALK+ ALCL is categorized as a distinct dis-
ease in the 2008 WHO classification system, with a higher sur-
vival rate than ALK— ALCL patients [16]. Despite being classified
separately, ALK+ ALCL patients show significant heterogeneity
in disease stages at initial diagnosis, progression, and responses to
medication, underscoring the need for the identification of novel
patient-specific factors that inform target classification and thera-
peutic strategies [17, 18].

Apurinic/apyrimidinic endonuclease-1 (APE1), a crucial en-
zyme in DNA damage repair pathways and cellular responses,
participates in base excision repair (BER), transcriptional reg-
ulation, redox reactions, RNA metabolism, and various other
cellular processes [19, 20]. Recently, the role of APE1 in tumors
has gained attention [21], with some studies finding that APE1
plays a significant role in tumor development and sensitivity to
radiotherapy and chemotherapy in many cancers [22-25]. The
N-terminal region of APE1 mediates many of its protein-pro-
tein interactions, as well as its subcellular localization and post-
translational modifications [26-29]. Moreover, prior studies have
indicated an interaction of APE1 and NPM1 in the rRNA quality
control process, suggesting a possible link between the repair
protein and the NPM1-ALK fusion protein [20]. In light of the
importance of APEL in cancer biology, as well as its association
with NPM1, we were wondering what role this multifunctional
protein plays in ALK+ ALCL.

2 | Material and Methods
2.1 | Reagents

Antibodies against APE1 were purchased from Abcam (MA,
USA); NPM1, NPM-C were purchased from Santa Cruz
(Shanghai, China); ALK, phospho-ALK, Stat3, ERK1/2, Akt,
phospho-p44/42 (Thr202/Tyr204), phospho-Akt, phospho-
Stat3 (Tyr705), and normal rabbit IgG were purchased from
Cell Signaling Technology (Danvers, MA, USA). Crizotinib

and alectinib were obtained from MedChemExpress (Shanghai,
China).

2.2 | Cell Culture and Treatments

All cells were purchased from Biospes (Chongging, China) in
September 2020 and were authenticated by STR in November
2020. SU-DHL-1 and Karpas-299 cells were maintained in RPMI
1640 medium (Procell, China), supplemented with 10% fetal bo-
vine serum and 1% penicillin-streptomycin; 293 T cells were
maintained in DMEM. Passaging of the cells was performed
with 0.25% trypsin-EDTA (Procell). All cell lines were tested
for mycoplasma contamination at regular intervals and results
always showed negative. Protein knockdown (KD) or overex-
pression (OE) experiments were conducted using lentivirus or
plasmid. The methods that lentivirus was packaged, transfec-
tion, and verification were stated before [30].

2.3 | IHC

Acquisition of all samples in this research was approved by the
Ethics Committee of Daping Hospital. Briefly, the formalin-
fixed and paraffin-embedded (FFPE) ALCL clinical specimen
sections were obtained from the Department of Pathology,
Daping Hospital. Xenograft sections were prepared with an in-
telligent program-controlled automatic hydroextractor (Taiva
Technology, Hubei, China). After dewaxing, heat-induced epi-
tope retrieval (HIER) was conducted with EDTA (pHS8.0) or
slightly acidic buffer citrate (pH6.0). After 10min of incuba-
tion at room temperature with endogenous peroxidase blocker
(MXB, China), sections were incubated with specific antibodies
at 4°C overnight. The next day, sections were incubated with
HRP-coupling second antibody at 37°C for 30min and stained
with DAB. Nuclear was stained with hematoxylin. The expres-
sion of in the dicated protein was evaluated with ImageJ based
on the H Score criteria (H Score =1 X percentage contribution of
Low Positive +2 X percentage contribution of Positive +3X per-
centage contribution of High Positive).

2.4 | Westernblot

Cells and xenograft tissue were homogenized in T-PER Tissue
Protein Extraction Reagent (Thermo Fisher, USA), supple-
mented with a proteinase and phosphatase inhibitor mixture
(Thermo), then mixture was incubated at 4°C for 20 min and cen-
trifuged for 15min at 18000 g after ultrasonication to get whole-
cell extraction. The protein levels in the extracts were quantified
using NanoDrop One Microvolume UV-Vis Spectrophotometer
(Thermo). For the preparation of a 10% separating gel (15mL
total volume), combine 6 mL of ddH,0, 4.95mL of acrylamide
mix (30% acrylamide solution and 2% bis-acrylamide solution at
29:1 ratio), 3.75mL of 1.5M Tris-HCI (pH8.8), 0.15mL of 10%
SDS, 0.18 mL of 10% APS, and 12uL. TEMED. Mix thoroughly
and pour into the gel-casting apparatus to polymerize. For the
4% stacking gel (3mL total volume), combine 2.1 mL of ddH,0,
0.5mL of the same acrylamide mix, 0.38mL of 0.5M Tris-
HCI (pH6.8), 0.03mL of 10% SDS, 50uL of 10% APS, and 5uL
TEMED. For western blotting, whole-cell extracts (25-30ug/
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lane) were resolved on wells and run it by electrophoresis
at 110V until the dye front reaches the bottom of the gel. For
membrane transfer: 100V for 90-120min, proteins were trans-
ferred to a nitrocellulose membrane (0.2 um; Bio-Rad, CA, USA)
in 25mM Tris-base, 190mM glycine and 20% methanol with
a semidry blotter. 4%-20% gradient gels were purchased from
ACE (ACE Biotechnology, China). Membranes were blocked
with 5% bovine serum albumin (BSA) or defatted milk for 1.5h,
then incubated with a primary antibody (suggested dilution
rate) and secondary antibody sequentially. Protein bands were
detected using a clarity max western ECL substrate (Bio-Rad),
and light emission was captured on a chemidoc touch imaging
system (Bio-Rad).

2.5 | CO-Immunoprecipitation

Whole-cell extracts were prepared with Cell lysis buffer for IP
(Beyotime, China) without ultrasonication and incubated with
a particular antibody or normal rabbit IgG and A/G magnetic
beads at 4°C temperature for 12-16h. Magnetic beads were col-
lected with a magnetic rack. After washing with PBST for five
times, beads were homogenized with SDS-PAGE sample loading
buffer and boiled for 5min in a metal bath at 95°C. Next steps
were conducted as WB.

2.6 | Immunofluorescence

Before the experiment, ALCL cells were washed 3 times with
PBS and maintained on glass bottom cell culture dishes (NEST,
China), then centrifuged the dishes for 5min at 750g in a re-
frigerated centrifuge (Shuke, Sichuan, China). After fixation in
methanol at room temperature for 2h, cells were permeabilized
with 0.02% Triton X-100 for 15min, and then blocked with goat
serum for 1h. Then cells were incubated with the correspond-
ing primary antibody overnight at 4°C in a humidity chamber.
The next day, cells were incubated with the secondary antibodies
(1:1000), which were conjugated to relevant Alexa Fluor fluores-
cent dye for 1h at room temperature. Nuclear was counterstained
with 4,6-diamidino-2-phenylindole (DAPI) (Roche, Switzerland)
for 5min. Dishes were visualized for immunofluorescence with a
laser scanning confocal microscope (Zeiss, Germany).

2.7 | FLOW Cytometry

Cell apoptosis was measured by an Annexin V-PE/7-AAD
Apoptosis Detection Kit (Bestbio, China). Briefly, cells were
plated in 6-well plates; after 72h of treatment, cells were har-
vested and washed with PBS. All steps were conducted under
the guidance of the kit. Apoptotic cells were determined by flow
cytometry (Beckman Coulter, USA); 10,000 events were re-
corded for analysis with CytExpert 2.6 software.

2.8 | Multiplex Immunohistochemistry
MIHC staining was performed on 2 um histologic tumor sections

from FFPE tumor samples with the 7-Color mIHC Kit (Panovue,
China). The IF markers were grouped into the panel consisting

of ALK (1:500), APE1 (1:2000), pALK (1:200), pSTAT3 (1:200),
and pERK (1:300). Briefly, all steps are conducted following the
specifications of the 7-Color mIHC kit. The deparaffinized and
epitope retrieval procedures were the same as IHC. Only one
antigen was incubated each round, followed by epitope retrieval
and protein blocking again. After nucleus staining, slides were
visualized using the phenoimager Fusion (Akoya Biosciences).

2.9 | PLA

Proximity Ligation assay (PLA) was performed following Duolink
PLA manufacturer's instructions (Sigma, USA). Cells were plated
on glass bottom cell culture dishes 1day before experiments. After
fixation and permeabilization (the same as IF), cells were incu-
bated with rabbit ALK antibody, mouse APE1 antibodies, or no
antibody overnight at 4°C, followed by incubation with second-
ary antibodies conjugated with PLA probe at 37°C for 1h. Then,
ligation and amplification were performed following construction
(Sigma, USA). 293T cells uninfected by NPM1-ALK lentivirus
were used as a biological negative control to detect the specific-
ity of primary antibodies; technical negative control (NC) was set
with no primary antibody used during the experiment to exclude
background signals. Lastly, imaging was conducted with a confo-
cal microscopy (TCS SP5, Leica, Germany).

2.10 | Xenograft Studies

Three-to-four-week-old male NCG mice (T001475) were pur-
chased from GemPharmatech (Jiangsu, China). All mice
were maintained in a temperature-controlled (22°C-25°C),
pathogen-free environment and had free access to food and
water in Animal Centre of Daping Hospital. Mice were ran-
domly divided into four groups when they reached the age of
4weeks and an average body weight of 25g. For subcutane-
ous xenografts, 5x 10° SU-DHL-1 APE1 wt or APE1X4PIeA (the
Lys27/31/32/35 of APE1 were replaced by Ala) cells in 100 uL
of PBS were injected subcutaneously into mice respectively
after grouping. From the 7th day post-injection, mice body
weight and tumor dimensions were assessed and documented
every other day. When tumor volume reached 200 mm?3, mice
were treated with crizotinib (50 mg/kg) or a placebo; crizotinib
was administrated by intragastric administration every day.
Placebo consisted of saline and PEG300 in a 1:1 configuration.
Maximum and minimum values within the group were ex-
cluded. All mice were euthanized, and tumors were surgically
dissected at a humane endpoint.

2.11 | Statistical Analysis

Statistical data were expressed as mean+ SD. All of the statis-
tical analyses were assessed by GraphPad Prism 9.5.1 software
and ggpubr package with R 4.3.2; comparisons among groups
were done by chi-square test, the independent sample two-sided
Student ¢ test, and one-way ANOVA test. *p<0.05, **p<0.01,
***p <0.001, ****p <0.0001, ns represents no statistical differ-
ences. According to previous experience in the laboratory, we
chose pre-specified effect sizes considered to be biologically sig-
nificant. No blind analysis was performed in this study.
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3 | Results

3.1 | APE1Is Highly Correlated With Later
Lugano Stage and NPM1-ALK Activation in
ALK+ALCL Patients

To identify candidate novel determinants, we first employed
immunoprecipitation (IP) with ALK antibodies and used
proteomic studies to determine proteins bound to the NPM1-
ALK fusion protein from SU-DHL-1 cell extracts. We found
that NPM1-ALK captured the multifunctional protein APE1
(Figure 1A). We next collected pathological sections of ALCL
patients from our center between 2012.07 and 2023.08, of which
35 of 44 had available pathological specimens (Table 1). Then
THC staining was performed for APE1 and NPM1-ALK; rep-
resentative pictures were shown (Figure 1B), and NPM1-ALK
expression was validated by a specified antibody (Figure S1A).
Combined with the patients' clinical characteristics, we found
that in patients with high expression of APE1, there was a sig-
nificant association with a later clinical stage at initial diag-
nosis, while there was no such trend observed in ALK- ALCL
(Figure 1C). Furthermore, we observed that tumors with high
APELI expression exhibited correspondingly elevated Ki-67 ex-
pression, and serum LDH levels in these patients also trended
higher (Figure 1C). Interestingly, NPM1-ALK appears to reside
more in the nucleus in APE1-high expressing patient samples
compared to APE1-low expressing material, which may be help-
ful to its better performance of function (Figure S1B). Details
of the APE1 IHC H Score are listed in Table S1. Meanwhile,
mIHC was introduced on ALK+ ALCL paraffin sections from
patients; APE1, NPM1-ALK, and its downstream proteins were
stained, and NPM1-ALK was used to distinguish tumor tissue.
Results showed that patients with high APE1 expression also
have higher expression of pALK as well as its downstream
signaling proteins pSTAT3 and pERK. Focusing on a single
sample, we differentiated ALK+ ALCL cells by APE1 stain-
ing intensity index; results showed the same trend in intratu-
mor heterogeneity (Figure 1D-F). These strongly suggest that
APE1 plays a crucial role in NPM1-ALK+ ALCL.

3.2 | APEI1 OE Activates NPM1-ALK and Reduces
ALK-TKI Sensitivity

To figure out what happens in ALK+ ALCL, we overex-
pressed (OE) APE1 in ALK+ ALCL cell lines (SU-DHL-1 and
Karpas-299) using a lentivirus system. Specifically, we found
that infection of the APE1-FLAG OE lentiviral particle, but not
the negative control virus (NC), resulted in an increased cell
growth velocity (Figure 2A). Then a series of biological end-
points were assessed by WB, and it showed an overactivation
trend (Figure 2B).

Since APE1 activates NPM1-ALK, we determined the effect of
APE1 OE on ALK activation in the presence of an ALK-TKI, that
is, crizotinib, alectinib, which were used to control ALK activ-
ity for ALK+ ALCL patients clinically in China, Japan, and the
USA. Increasing concentrations of each inhibitor were added,
and cell viability was assessed by a cell counting kit. Results
showed that the IC50 of APE1 OE cells was significantly higher
than NC in two cell lines, especially crizotinib (Figure 2C).

NPM1-ALK positive ALCL cells were treated with 300 nM crizo-
tinib or 100nM alectinib, and then cell viability was evaluated
by CCK-8 Kit at different time points (0, 24, 48, and 72 h). Results
showed that OE of APEL1 significantly weakened the inhibitory
effect of ALK-TKIs. ALK-related downstream cascades showed
the same tendency (Figure 2E). After that, the ALK-TKI concen-
tration gradient was set; although phosphorylation of ALK was
inhibited by crizotinib, OE of APE1 resulted in a 30% dampened
inhibitory effect at a concentration of 300nM (Figure S2), in-
dicating impaired efficacy of the therapeutic inhibitors in the
presence of higher APE1.

Previous studies of ALK revealed that oligomerization of the
ALK fusion protein is vital for its activation, such that monomer-
ization of the ALK intracellular domain via an inducible system
inhibited ALK phosphorylation [31]. Interestingly, we observed
that, while APE1 OE associated with increased oligomerization
of the ALK fusion protein, knockdown of APE1 had the op-
posite effect (Figure 2F). Notably, we found that the oligomer-
monomer equilibrium of NPM1-ALK is dynamically regulated
by APE1, which stabilizes its oligomeric conformation. Upon
APE1 knockdown (KD), a marked decline in NPM1-ALK oligo-
mers was accompanied by a proportional rise of NPM1-ALK
monomers. Quantitative immunoblotting confirmed these re-
ciprocal changes, with relative levels of both oligomeric and
monomeric NPM1-ALK explicitly quantified (Figure 2F). These
findings indicate that APE1 likely regulates NPM1-ALK activity
via stabilization of the NPM1-ALK oligomer.

3.3 | APEI1 Interacts With NPM1-ALK Fusion
Protein in Nucleus

Given the previously described interaction between the ALK
fusion partner NPM1 and APE1 [20], we therefore examined
whether APE1 was consistently observed in a NPM1-ALK fu-
sion protein complex in ALCL. Specifically, we performed CO-
IP experiments using SU-DHL-1 and Karpas-299 cell extracts
with anti-APE1 or anti-ALK antibody, followed by immunoblot-
ting (IB). Both cell lines were found to possess a robust com-
plex connection between the two proteins (Figure 3A,B). To
further confirm the interaction, we repeated the experiment
in 293T cells using APE1 and NPM1-ALK protein-expressing
lentivirus systems, obtaining the same results (Figure 3C and
Figure S3A). After knocking down APE1 (Figure S3B), we re-
expressed an APE1 variant lacking the 33N-terminal residues
(NA33APE1) and mutants APE1X4PleA where the replacement
of the Lys27/31/32/35 by Ala residues was believed to disrupt
the interaction sites while neutralizing the positive charges of
the side chains [32]. After that, we no longer observed the robust
interaction between APE1 and NPM1-ALK (Figure 3A-C), in
accord with mapping studies of the APE1 and NPM1 binding
requirements [20]. Meanwhile, we also used inhibitors target-
ing the APE1 redox region (E3330) and endonuclease region
(CRT0044876 and inhibitor III), which were located after the
N-terminal; results showed no influence on ALK-related down-
stream pathways (Figure S4).

Double immunofluorescent detections revealed co-localization
of APE1 and NPM1-ALK proteinsin SU-DHL-1 and Karpas-299
cells in both the cytoplasm and nucleus, whereas antibodies
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FIGURE1 | APElishighly correlated with later Lugano stage and NPM1-ALK activation in ALK+ALCL patients. (A) LC-MS/MS results of pro-
tein outcomes after immunoprecipitation with ALK antibody in SU-DHL-1 cells showing APE1 and NPM1. (B) Representative immunohistochemi-
cal staining with APE1, NPM1-ALK, or Ki-67 antibody in ALK+ALCL samples. Scale bars, 20 um. (C) APE1 and Ki-67 expression were quantified by
immunostaining, and their H score was assigned. Samples above average APE1 H score were defined as APE1-high, and vice versa. The clinical char-
acteristics of the patients were based on the Lugano Revised Staging System (2014). Ki-67 H scores and serum LDH of patients were counted between
APEl-low and APE1-high groups. ALK+ ALCL, n=11; ALK- ALCL, n=24. (D, E) APE1, NPM1-ALK, pALK, and pSTAT3 expression levels were
visualized by multiplex immunofluorescence (mIHC). APE1 is highly expressed in (E), lower expressed in (F). Scale bars, 20 um. (F) Phenochart and

QPATH software were introduced to evaluate the intensity of fluorescence in each channel based on single cells. Statistical analysis and visualization
were conducted by the ggpubr package with R 4.3.2. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001.

TABLE1 | Clinical characteristics of ALCL patients.

Patients
All, (No. %) ALK positive ALK negative

Characteristic 35 11 24
Patients

Median age, years (range) 54 (23-70) 39 (23-68) 66 (31-70)
Sex

Male 26 (74) 9 (82) 17 (71)

Female 9 (26) 2(18) 7 (29)
Smoking history

Never 20 (57) 6 (55) 14 (58)

Remote former smoker 3(9) 1(9) 2(8)

Current smoker 12 (34) 4 (36) 8 (33)
Drink history

Never 27 (77) 10 (91) 17 (71)

Light 4(11) 0 4(16)

Heavy 4(11) 109 3(13)
Stage at diagnosis (Lugano 2014)

Limited (I and IT) 15 (43) 4(36) 11 (46)

Advanced (IIT and IV) 20 (57) 7 (64) 13 (54)
IPI score

0 4(11) 2(18) 2(8)

1 10 (29) 3(27) 7(29)

2 12 (34) 4(36) 8(33)

3 7 (20) 1(9) 6 (25)

4 2(6) 109 1(4)

against the unique C-terminal region of NPM1 revealed only
nucleolar localization of the endogenous (non-fusion) pro-
tein (Figure 3D). Lastly, APE1 wt and APE1X*Pl*A were re-
expressed in APE1 knocked-down HEK 293 T cell lines using
a lentivirus system; PLA studies confirmed that the interac-
tion between NPM1-ALK and APE1 wt (wild-type) happens
in the nucleus. APE1X4PleA showed a significantly fewer and
weakened Duolink complexes (Figure 3E); statistical analysis
of PLA is shown.

3.4 | Interaction Site Mutation of APE1
Attenuated Phosphorylation of NPM1-ALK
and Enhanced Tumor Inhibitory Effect of ALK-TKI

To figure out what happened when this interaction was weak-
ened, we evaluated cell viability using a CCK-8 assay; results
showed that in both ALK4+ALCL cell lines, the APE1K4pleA
group grew clearly slower than the APE1 wt group (Figure 4A).
Mutation of APE1 led to a reduction in NPM1—ALK oligomers
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FIGURE 2 | APEI1 OE activates NPM1-ALK and reduces ALK-TKI sensitivity in ALK+ ALCL. (A) APE1 was overexpressed in SU-DHL-1 and
Karpas-299 cells with a lentivirus system. Cell viability was evaluated by a CCK-8 kit at the specified time points. (B) WB analysis performed on
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sessed by WB in APE1 OE and NC ALK+ ALCL cells. (F) WB analysis on ALK oligomerization in APE1 OE, NC, and KD ALK+ALCL cells.
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FIGURE 3 | APE1 interacts with NPM1-ALK in the nucleus. (A-C) Co-immunoprecipitation (CO-IP) with APE1, NPM1-ALK antibodies,
NA33APE1 and APE1X4PleA in SU-DHL-1, Karpas-299 and HEK-293 T cells. (D) Immunofluorescence in ALK+ ALCL cells with APE1, NPM1-ALK
and NPM1-C terminal antibody. Scale bar: 5um. (E) PLA of NPM-ALK wt and APE1X¥4P'*A shows the interaction happens in the nucleus of HEK 293 T
cells. 293 T cells uninfected by NPM1-ALK lentivirus were used as biological negative control (Biological NC) to detect the specificity of primary
antibodie; technical negative control (Technical NC) was set with no primary antibody used during the experiment to exclude background signals.
Scale bar: 5pm. Statistical analysis was performed by comparing the data with that of the control group using ordinary one-way ANOVA. *p <0.05,

#%p < 0.01, ***p < 0.001, ****p < 0.0001.

by WB in NPM1-ALK+ ALCL; the ratio of monomer and oligo-
mer NPM1-ALK is labeled (Figure 4B). The WB assay showed
an attenuated phosphorylation of the NPM1-ALK and its down-
stream signaling pathways in SU-DHL-1 and Karpas-299 cells
(Figure 4C). In consideration of the weakened NPM1-ALK oligo-
mers after the mutation at the interaction sites between APE1
and NPM1-ALK, we believe that APE1 Lys27/31/32/35 partic-
ipates in and assists in the stabilization of NPM1-ALK oligo-
mers, which play an important role in the ALK phosphorylation
events. After that, we explored ALK-TKI sensitivity between the
APE1¥4Pl*A and APE1 wt groups. Increasing concentrations of
each inhibitor were added, and cell viability was assessed by
CCK-8. Results show that the IC50 of the APE1¥#PleA group was
significantly lower than that of the APE1 wt group in two cell
lines, especially crizotinib (Figure 4D). We also observed that in
SU-DHL-1 cells, the APE1¥4PIeA group appeared to have a higher
apoptotic rate compared to the APE1 wt group under 100nM
crizotinib treatment for 72 h; apoptosis was quantified by a flow
detection kit (Figure 4E). WB also showed a diminished phos-
phorylation of NPM1-ALK in the APE1¥*PleA group (Figure 4F).

3.5 | Mutant APE1X4PleA Causes Decreased
Tumor Growth and Increased Drug Sensitivity
of NPM1-ALK+ ALCL In Vivo

To validate the translational relevance of our findings in vivo,
APE1 wt and APE1X4Pl*A ALK+ALCL subcutaneous graft ani-
mal models were constructed. A schematic representation of the
in vivo experiment was shown in Figure 5A. Injections of SU-
DHL-1 cells at NCG mice resulted in subcutaneous nodules by
day 5-7; tumor dimensions were assessed and documented every
other day. The growth and drug responsiveness of APE1 wt and
APE1X4PleA NPM1-ALK+ ALCL were evaluated in xenograft tu-
mors with crizotinib or placebo. Representative tumors before
and after dissection from the placebo and crizotinib groups at
the end of experiments are shown in Figure 5B. Body weight
and tumor volume changes of mice were shown (Figure 5C,D);
we found that xenografts grew slower in the APE1¥4P'A groups.
After treatment with crizotinib, a more significant tumor re-
gression was achieved in the APE1X4Pl*A groups, in accord with
our in vitro experiments. After dissection of xenografts, THC
staining of pALK and APE1 and WB of NPM1-ALK, pALK, and
APE1 showed the same phenomenon (Figure 5E,F).

4 | Discussion
In this paper, we identified a novel factor affecting ALK-driven

activity and ALK-TKI sensitivity. Our data suggest that APE1,
an interacting protein of the ALK fusion partner NPM1, sustains

survival and proliferation signals and reduces ALK-TKI sensitiv-
ity of ALK+ ALCL cells through its N-terminal Lys27/31/32/35.
In clinical samples, ALK+ ALCL patients with higher APE1
expression levels in tumors were significantly associated with
elevated serum LDH levels and more advanced clinical stages
at initial diagnosis; their tumors also showed a higher Ki-67 ex-
pression and higher ALK-downstream gene activation. To con-
firm this, we overexpressed APEI in vitro and found that OE of
APE1 promotes the survival and growth of ALK+ ALCL cells,
reduces ALK-TKI sensitivity by interacting with NPM1-ALK,
and the destruction of the interaction attenuated phosphoryla-
tion of NPM1-ALK and enhanced ALK-TKI sensitivity.

With the increasingly understanding of various ALK-fusion as-
sociated malignancies, the so-called ALKoma, we are just in-
creasingly aware of the vital role of ALK oligomerization in its
activation [33]. In NSCLC, EML4-ALK fusion protein requires
ALK dimerization via trimeric coiled-coil domains present in
the amino-terminal of EML4 for constitutive ALK activation
[34]. Interestingly, we observed a concerted trend of NPM1-ALK
oligomer blots with APE1; CO-IP and PLA assay confirmed this
interaction. Previous studies have identified the interacting sites
of APE1 and NPM1 [32]. Here, we verified for the first time that
APELI interacts with NPM1-ALK fusion protein in the nucleus
through its N-terminal Lys27/31/32/35. Afterwards, we found
that APE1X4Pl*A and not APE1 wt, resulted in a suppressed cell
growth and enhanced drug sensitivity, suggesting a role for
APEL1 signaling in the tumor growth process. These findings
explained the heterogeneity of ALCL patients on disease stages
at initial diagnosis, progression, and responses to medication.

Therefore, despite most attention being paid to the ALK kinase
region [35], we believe the key to controlling ALK phosphory-
lation events hides in its fusion partners as they play an indis-
pensable role. Here, we verified that the stability of NPM1-ALK
oligomerization directly affects ALK activation in ALCL. These
findings also have the potential to extend into a broader mech-
anism of ALK regulation; there must be natural factors in the
huge protein interaction network of ALK fusion partners, which
can cause steric hindrance through interaction with ALK fusion
partners and affect the formation and stability of ALK oligom-
erization. Targeting fusion partners to affect ALK activation
may become a new strategy, not only offering another possible
therapeutic approach to ALKoma patients, but also overcoming
resistance to ALK-TKIs potentially. As the efficacy of ALK in-
hibitors may be substantially influenced by mutations, different
variants, and gene copy number alterations, focusing on fusion
partners could potentially solve these problems [6, 35-37].

Human APE1 N-terminal region is especially conserved in mam-
mals, in charge of nuclear localization and post-translational
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FIGURE 4 | Interaction site mutation of APE1 attenuated phosphorylation of NPM1-ALK and enhanced tumor inhibitory effect of ALK-TKI.
(A) Cell viabilities of APE1 wt and APE1X¥PleA were evaluated by a CCK-8 kit at the specified time points. (B) WB on APE1 wt and APE1X4PleA cells,
NPM1-ALK oligomer, APE1 was assessed. The amount of monomer and oligomer NPM1-ALK is quantified and labeled. (C) WB on APE1 wt and
APE1X¥4PleA ALK+ALCL cell lines, ALK and its downstream biological end-points were assessed. Bands were normalized on Histone H3. (D) ALK-

TKI IC50 of APE1 wt and APE1¥4PleA ALK+ALCL cells is evaluated using a CCK-8 k

it. Cells were treated with crizotinib or alectinib for 72h. (E)

APE1 wt and APE1X4PleA group were treated with 100nM crizotinib for 72h in SU-DHL-1 cell; apoptosis was quantified by an apoptosis detection
kit, followed by flow cytometry assay. Representative pictures are shown. (F) Phosphorylated NPM1-ALK after crizotinib treatment was assessed by

WB. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001.

modification and protein—protein interactions [38, 39]. Our data
suggest a novel fusion protein NPM1-ALK. It is Lys27/31/32/35
of APE1, but not the redox region or endonuclease region, that

Previous

help sustain NPM1-ALK oligomers and activate the ALK axis.

clinical study has certified the antitumor activity of

crizotinib in patients with ALK+ ALCL [13]. Hirokazu Nagai
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et al. also identified impressive antitumor activity and safety of =~ Historically, in NPM1-ALK-positive ALCL, as well as other
alectinib clinically [14]. Our study suggests a better curative effi- ALKoma, downstream signaling pathways, such as ERK, AKT,
cacy for ALK+ ALCL patients with low APE1 expression. and STAT3 are predominantly driven by ALK signaling [40],
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FIGURE5 | Legend on next page.
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FIGURE 5 | Mutant APE1¥P*A causes decreased tumor growth and increased drug sensitivity of NPM1-ALK+ ALCL in vivo. (A) Schematic
representation of the in vivo experiment. Male NCG mice were implanted with SU-DHL-1 cells after 3 days of acclimatization. When tumor volume
reached 200mm?3, mice were treated with crizotinib (50 mg/kg) or a placebo by intragastric administration every day for a week. Mice were eutha-
nized and tumors were surgically dissected at a humane endpoint. 6 mice per group, maximum and minimum tumors within the group were exclud-
ed. (B) Representative pictures of tumors from each group before and after dissection. (C, D) Body weight and tumor volume of mice, which were
measured every other day. (E) Representative images of immunohistochemical staining of APE1 and pALK of the xenografts. Scale bars, 50 um. The
statistical analysis was presented following images. (F) WB analysis performed on xenografts different group, NPM1-ALK, pALK, and APE1 were
assessed. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001.
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FIGURE 6 | Schematicdiagram of APE1 affecting the NPM1-ALK fusion protein in ALK+ ALCL. (A) NPM1's interaction protein APE1 improves
cell proliferation and reduce ALK-TKI sensitivity in NPM1-ALK ALCL by stabilizing its oligomerization, and APE1¥*P'*A could enhance cytotoxic

effects of ALK-TKI in ALK+ ALCL.

APE1 help strengthen this signal through interaction with
NPM1-ALK. While secondary regulators (e.g., RAS/BCAP for
AKT; JAK/Src for STAT3) may contribute to baseline pathway
activation and were intermittently activated, their influence is
minimal in this context and cannot be entirely excluded. The pri-
mary mechanism of action of ALK-TKI involves direct suppres-
sion of ALK kinase activity, thereby attenuating downstream
PAKT/pSTAT3 signaling; this aligns with the established role
of NPM1-ALK as the central oncogenic driver in this subtype
of ALCL. That explains why high concentrations of ALK-TKIs
might inhibit the activation of ALK downstream pathways even
in the condition of overexpressed APE1l. Meanwhile, a cer-
tain phenomenon has been observed by IC-50 assay that OE of
APEL1 could reduce ALK-TKI sensitivity. It is well known that
in NPM1-ALK-positive ALCL, higher ALK activity signifies

stronger tumor-driven activity, leading to enhanced cellular
proliferation. Interestingly, this study also found that in clini-
cal samples, tumors with higher APE1 expression exhibited el-
evated Ki-67 expression levels, and patients were more likely to
present with advanced-stage disease at initial diagnosis. These
findings further validate the critical role of APE1 in NPM1-
ALK-driven tumors.

Many ongoing clinical researches have focused on the hetero-
geneity of ALK+ NSCLC patients [41, 42]. However, currently,
there remains a lack of large-scale prospective clinical data on
the heterogeneity of ALK+ ALCL patients. The study herein
offers a step in this direction and employs more precise identi-
fication and therapeutic strategies for ALCL patients. Notably,
the clinical application of these approaches still faces some
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challenges in China, where ALK-TKIs are not yet approved for
first-line treatment of NPM1-ALK+ ALCL. Consequently, clin-
ical data on their application in this specific subtype remain
unavailable. Our future research will focus on elucidating the
influences of APE1 on ALK-TKIs and the therapeutic responses
clinically.

In summary, this paper demonstrated that NPM1's interaction
protein APE1 improves cell growth and reduce ALK-TKI sen-
sitivity in NPM1-ALK ALCL by stabilizing its oligomerization,
and APE1¥*PleA could enhance cytotoxic effects of ALK-TKI in
ALK+ ALCL (Figure 6A). By focusing on the steric hindrance
effect of natural proteins that can form stable structures with
ALK fusion partners on the formation of ALK fusion proteins,
we can control ALK phosphorylation events more effectively
and identify patients more accurately.
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