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Cytoplasmic TP53INP2 acts as an apoptosis =

partner in TRAIL treatment: the synergistic effect
of TRAIL with venetoclax in TP53INP2-positive
acute myeloid leukemia
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Lisha Tang', Jiayuan Hu', Xingyu Wei', Xinyi Chen', Zihao Yuan', Zesong Yang?, Yanmeng Chen'" and
Ling Zhang'"

Abstract

Background Acute myeloid leukemia (AML) is a hematopoietic malignancy with poor outcomes, especially in older
AML patients. Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) is considered a promising anticancer
drug because it selectively induces the extrinsic apoptosis of tumor cells without affecting normal cells. However,
clinical trials have shown that the responses of patients to TRAIL are significantly heterogeneous. It is necessary

to explore predictable biomarkers for the preselection of AML patients with better responsiveness to TRAIL. Here, we
investigated the critical role of tumor protein p53 inducible nuclear protein 2 (TP53INP2) in the AML cell response

to TRAIL treatment.

Methods First, the relationship between TP53INP2 and the sensitivity of AML cells to TRAIL was determined by bio-
informatics analysis of Cancer Cell Line Encyclopedia datasets, Cell Counting Kit-8 assays, flow cytometry (FCM)

and cell line-derived xenograft (CDX) mouse models. Second, the mechanisms by which TP53INP2 participates

in the response to TRAIL were analyzed by Western blot, ubiquitination, coimmunoprecipitation and immunofluo-
rescence assays. Finally, the effect of TRAIL alone or in combination with the BCL-2 inhibitor venetoclax (VEN) on cell
survival was explored using colony formation and FCM assays, and the effect on leukemogenesis was further investi-
gated in a patient-derived xenograft (PDX) mouse model.

Results AML cells with high TP53INP2 expression were more sensitive to TRAIL in vitro and in vivo. Gain- and loss-of-
function studies demonstrated that TP53INP2 significantly enhanced TRAIL-induced apoptosis, especially in AML cells
with nucleophosmin 1 (NPM1) mutations. Mechanistically, cytoplasmic TP53INP2 maintained by mutant NPM1 func-
tions as a scaffold bridging the ubiquitin ligase TRAF6 to caspase-8 (CASP 8), thereby promoting the ubiquitination
and activation of the CASP 8 pathway. More importantly, simultaneously stimulating extrinsic and intrinsic apoptosis
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signaling pathways with TRAIL and VEN showed strong synergistic antileukemic activity in AML cells with high levels

of TP53INP2.

Conclusion Our findings revealed that TP53INP2 is a predictor of responsiveness to TRAIL treatment and supported
a potentially individualized therapeutic strategy for TP53INP2-positive AML patients.

Keywords Acute myeloid leukemia, TRAIL, TP53INP2, Venetoclax, Nucleophosmin 1

Background

Acute myeloid leukemia (AML) is a heterogeneous dis-
ease characterized by genetic abnormalities and epige-
netic changes [1]. The identification of recurrent genetic
alterations, such as FLT3-ITD, NPM1 and CEBPA, has
helped refine individual prognosis and guide manage-
ment [2-4]. Despite advances in supportive care, the
primary treatment for AML remains a combination of
cytarabine and anthracycline followed by allogeneic stem
cell transplantation [5]. Notably, most elderly patients are
often unable to tolerate such strategies, and their prog-
noses are particularly poor [6, 7]. Thus, it is important to
optimize treatment regimens to improve the outcomes
for this population.

Tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL) is a member of the tumor necrosis fac-
tor (TNF) family of death ligands, and it binds to death
receptor 4/5 (DR4/5) to selectively initiate caspase-8
(CASP 8)-dependent extrinsic apoptosis in tumor cells
without affecting normal cells [8, 9]. Currently, TRAIL is
being tested in clinical trials as a novel drug for cancer
treatment [10]. However, the outcomes of using TRAIL
therapy have been disappointing due to the development
of resistance to TRAIL in certain AML cells [11-13]. To
address the clinical dilemma of TRAIL treatment, many
sensitization strategies have been developed, includ-
ing combination with traditional chemotherapy drugs,
microRNA regulation or targeted small molecules such
as the BCL-2 inhibitor venetoclax (VEN) [14-16]. Nota-
bly, the sensitivity of cancer cells to TRAIL-induced
apoptosis may vary among different types of cells. AML
patients exhibit high biological and clinical heterogene-
ity [17]. Therefore, identifying suitable biomarkers for the
preselection of patients responsive to TRAIL appears to
be an attractive option for the precise treatment of AML.

A rapidly increasing number of studies have focused
on the mechanisms involved in the regulation of TRAIL-
mediated cell death pathways. Roberts et al. [18] reported
that the SCF®*? ubiquitin ligase complex modulates the
response to TRAIL by promoting the ubiquitination and
degradation of FLICE-like inhibitory protein in colon
cancer cells. In another study, the downregulation of
choline kinase alpha (CHKA) was shown to overcome
TRAIL resistance in ovarian cancer cells by specifically
increasing the expression of DR5 [19]. Recently, tumor

protein p53-inducible nuclear protein 2 (TP53INP2), an
autophagic factor, was reported to be correlated with
TRAIL-induced apoptosis in breast cancer [20]. Of note,
our previous findings revealed that TP53INP2 plays
a pivotal oncogenic role in AML [21]. Thus, whether
TP53INP2 affects TRAIL-induced cell apoptosis in AML
remains to be defined.

In this study, we identified TP53INP2 as a crucial regu-
lator of the response of AML cells to TRAIL treatment.
Mechanistically, cytoplasmic TP53INP2 modulated by
mutant NPM1 functions as a cooperating partner for
TRAIL-mediated apoptosis by potentiating the activa-
tion of CASP 8 ubiquitination in a tumor necrosis factor
(TNF) receptor-associated factor 6 (TRAF6)-dependent
manner. In addition, TRAIL showed synergistic antileu-
kemic effects with VEN in AML cells with high levels of
TP53INP2 in vitro, a result that was further confirmed
using an AML patient-derived xenograft (PDX) model.
Our findings reveal that TP53INP2 may serve as a poten-
tial biomarker for the selection of AML patients who
respond better to TRAIL alone or in combination with
VEN therapy, which provides a potentially individual-
ized therapeutic strategy for TP53INP2-positive AML
patients.

Methods

Cell culture

The human myeloid leukemia cell lines OCI-AML2,
OCI-AML3 and OCI-AML5 were obtained from
Deutsche Sammlung von Mikroorganismen und Zellkul-
turen GmbH (Braunschweig, NI, Germany). The human
myeloid leukemia cell lines KG-1, NB4, THP-1, HL-60,
and U937 and the human embryonic kidney cell line
HEK293T were obtained from the American Type Cul-
ture Collection (Manassas, VA, USA). The AML cell
lines used in this study were authenticated using short
tandem repeat profiling. These myeloid leukemia cells
were cultured in RPMI-1640 medium (Gibco, USA)
supplemented with 10% fetal bovine serum (Gibco,
USA), 100 pg/mL streptomycin and 100 U/mL penicil-
lin (Beyotime, China). HEK293T cells were maintained
in Dulbecco’s modified Eagle’s medium (Gibco, USA)
supplemented with 10% fetal bovine serum, 100 pg/mL
streptomycin and 100 U/mL penicillin. All the cells were
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incubated at 37 °C in a humidified incubator supple-
mented with 5% CO,.

The cells were cultured in medium supplemented with
recombinant human TRAIL (Peprotech, NJ, USA), the
proteasome inhibitor MG-132 (Topscience, Shanghai,
China), or the BCL-2 inhibitor venetoclax (MCE, Mon-
mouth Junction, NJ, USA) and then collected for analysis.

siRNA, plasmids, and cell transfection

The sequences of the lentivirus-based short hairpin RNAs
(shRNAs) used were as follows: shTP53INP2#1, 5-CCGG
TCCAAGAACCAGAGCAG-3’; shTP53INP2#2, 5-CGC
CTTCGTGTCGGAGGAGGA-3’; shNPM1#1, 5-GCC
GACAAAGATTATCACTTT-3; shNPM1#2: 5-AGCA
AGGTTCCACAGAAAA-3; and shTRAF6: 5'-GCG
CTGTGCAAACTATATATC-3. Scramble shRNA was used
as negative control (shNC), shRNAs were synthesized by
Genechem Biotech Company (Shanghai, China). Flag-NPM1-
wt and Flag-NPM1-mA plasmids were kindly provided by
Dr. C.J. Sherr (Genetics and Tumor Cell Biology, St., Jude
Children’s Research Hospital, Memphis, TN, USA). Plasmids
encoding His-Ub-K63/48 and Flag-TRAF6 were obtained
from Dr. HK. Lin (Department of Molecular and Cellular
Oncology, The University of Texas MD Anderson Cancer
Center, Houston, TX, USA). pcDNA3.1-TP53INP2-HA,
pcDNA3.1-CASP 8-Flag, and the empty vector pcDNA3.1
were constructed by Genecreate Biotech Company (Wuhan,
China). For transfection, cells were seeded in a 6-well plate
and transfected with the corresponding plasmids using
Lipofectamine”™ 2000 (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions.

Clinical samples

Bone marrow samples were collected from 20 AML
patients at the First Affiliated Hospital of Chongging
Medical University and the Chongqing University Cancer
Hospital. The clinical characteristics of the AML patients
are shown in Additional file 1: Table S1. Approval was
obtained from the ethics committee of Chongqing Medi-
cal University. This study was performed in compliance
with the Declaration of Helsinki. Mononuclear cells were
extracted by Ficoll Lymphocyte Separation Solution
(TBD Science, Tianjin, China) according to the manu-
facturer’s instructions. Briefly, the samples were diluted
with equal volumes of phosphate-buffered saline (PBS).
The blood suspensions were mixed with Ficoll Lympho-
cyte Separation Solution and centrifuged to form a dis-
crete layer. The mononuclear cell layers were collected
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and washed twice with PBS. Finally, total RNA from the
mononuclear cells was isolated for analysis.

Bioinformatics analysis

Gene profiling data for AML cells were downloaded
from the Cancer Cell Line Encyclopedia (https://sites.
broadinstitute.org/ccle) database. AML cells were divided
into TRAIL-sensitive (Sen) and TRAIL-resistant (Res)
groups according to the IC,; against TRAIL. Differentially
expressed genes (DEGs) were selected with |log2(fold-
change)|> 1, p<0.05 and other default parameters using
the R package limma (version 3.60.2). Gene expression
volcano plot and heatmap was plotted by a website
(https://www.bioinformatics.com.cn), an online plat-
form for visualization. Gene profiling data from 461
AML patients and 33 healthy donors were obtained
from the Beat AML database (http://vizome.org/addit
ional_figures_BeatAML.html). TP53INP2 mRNA levels were
compared between groups.

Colony formation assay

A methylcellulose clonogenic assay was carried out by
seeding 1 x 10 cells per well in triplicate in 24-well plates,
and the cells were cultured in medium supplemented
with methylcellulose and 20% fetal bovine serum (FBS)
at 37 °C for 7 ~ 14 days. Colony-forming units, defined as
cell clusters consisting of more than 5 cells, were counted
using an inverted microscope (Nikon, Japan).

Cell proliferation and apoptosis assays

Cell viability was assessed using the Cell Counting
Kit-8 (CCK-8) Kit (Solarbio, Beijing, China). Cells were
seeded in a 96-well plate at a density of 5x 10~ 1x10%/
well. After adding 10 uL of CCK-8 solution, the cells
were incubated for 2 ~3 h at 37 °C in the dark. Then, the
absorbance was measured at 450 nm using a microplate
reader (BioTek, CA, USA). The data are presented as the
mean + standard deviation (SD) of three independent
experiments (n=3). The IC,, of TRAIL was determined
using GraphPad Prism 8.0.2 with log(inhibitor) vs. nor-
malized responses.

Cell apoptosis was assessed using Annexin V FITC-PI
staining assays. Briefly, cells were harvested and washed
with PBS. Apoptosis staining was performed using an
Annexin V FITC-PI Apoptosis Detection Kit (BD Bio-
sciences, Piscataway, NJ, USA) according to the manufac-
turer’s instructions. The stained cells were analyzed using
a FACSCalibur™ flow cytometer (FCM, BD Biosciences,
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USA) and CytExpert software (version 2.5). Cells that
were incubated in drug-free medium and infected with
shNC or vector plasmid served as the negative controls.
The data are presented as the mean +SD of three inde-
pendent experiments (17 =3).

Immunohistochemistry (IHC)

Cells were seeded on slides, treated with 3% H,O,
(ZSGB-BIO, Beijing, China) for 10 min, and blocked with
5% goat serum (ZSGB-BIO, Beijing, China) for 30 min.
Then, the cells were incubated with primary antibodies at
4. °C overnight, treated with the corresponding secondary
antibody for 1 h at room temperature, and stained with
diaminobenzidine (ZSGB-BIO, Beijing, China). Finally,
the cells were visualized by an inverted microscope
(Nikon, Japan).

RNA extraction and quantification

Total RNA was extracted using RNAiso Plus reagent
(TaKaRa, Japan). cDNA was synthesized using a Prime-
Script™ RT Reagent Kit (TaKaRa, Japan) according to the
manufacturer’s protocol. TP53INP2 mRNA was amplified
using 2XSYBR Green Master Mix (TaKaRa, Japan). The
levels of TP53INP2 mRNA were calculated by the 2744
method with B-actin as an internal control. The sequences
of primers used were F: 5-CCTCCCCTTCTCCTCCAG
TAAA-3 and R: 5-AGCCCAAAATTCAGTCTCACCA-3!

Immunofluorescence (IF)

Cells grown on coverslips were fixed with 4% paraformal-
dehyde (Sigma—Aldrich, USA) for 20 min, permeabilized
with 0.3% Triton X-100 (Beyotime, China) for 15 min,
and then blocked with 5% goat serum for 25 min at room
temperature. Next, the cells were incubated at 4 °C over-
night with primary antibodies, treated with Alexa Fluor
488- or 555-conjugated secondary antibodies (Beyo-
time, China) for 1 h at room temperature, and treated
with 4”,6-diamino-2-phenylindole (Beyotime, China) for
nuclear counterstaining. Images were taken with a fluo-
rescence microscope (Nikon, Japan). Quantification of

(See figure on next page.)
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fluorescence co-localization was performed using Image]
software (version 1.8.0).

Western blot

The cells were lysed in RIPA lysis buffer (Beyotime,
China) containing protease inhibitor cocktails (Bimake,
Houston, TX, USA). The proteins were separated by
SDS-PAGE and transferred to a polyvinylidene fluoride
(PVDF) membrane (Bio-Rad, USA). The membranes
were blocked with 5% nonfat milk for 1 h at room tem-
perature and incubated with the indicated primary anti-
bodies at 4 °C overnight. The following antibodies were
used in the study: anti-TP53INP2 (LS-C743322, Lifespan
Biosciences, USA), anti-NPM1-mA (PA1-46,356, Thermo
Fisher Scientific, USA), anti-Caspase-3 (9662, Cell Sign-
aling Technology, USA), anti-Caspase-8 (4927, Cell
Signaling Technology, USA), anti-BID (2002, Cell Signal-
ing Technology, USA), anti-DR4 (42,533, Cell Signaling
Technology, USA), anti-DR5 (8074, Cell Signaling Tech-
nology, USA), anti-TRAF6 (8028, Cell Signaling Technol-
ogy, USA), and anti-B-actin (20,536—1-AP, Proteintech,
USA). After treatment with a secondary antibody (ZSGB-
BIO, Beijing, China) for 1 h, the protein bands were vis-
ualized using an enhanced chemiluminescence (ECL)
substrate (Bio-Rad, USA). Cells that were incubated
in drug-free medium and infected with shNC or vec-
tor plasmid served as the negative controls. p-Actin was
used as a loading control. Protein bands were quantified
using Image] software.

Coimmunoprecipitation (Co-IP)

Total protein from cells was extracted using IP lysis
buffer (Beyotime, China), followed by centrifugation at
13,300 rpm at 4 °C for 30 min. Aliquots (1/10 volume) of
the supernatant were analyzed by Western blot to assess
protein expression using the indicated antibodies. The
remaining supernatant was incubated with protein A/G
beads (Bimake, USA) for immunoprecipitation with the
indicated primary antibodies or normal immunoglobulin
G (IgG) at 4 °C overnight. IgG with the same species and

Fig. 1 The association between TP53INP2 and the sensitivity of AML cells to TRAIL treatment was identified by high-throughput library screening.
aThe ICs, was estimated by CCK-8 with the concentration of TRAIL that resulted in 50% cell viability for 8 AML cells. The AML cells were divided
into TRAIL-Sen and TRAIL-Res cells according to the ICg, against TRAIL. b Volcanic plot of the DEGs between TRAIL-Sen and TRAIL-Res AML cells. ¢
Heatmap of the top 20 DEGs between TRAIL-Sen and TRAIL-Res AML cells. d Comparison of TP53INP2 mRNA levels in AML patients and healthy
donors in Beat AML databases. @ Comparison of TP53INP2 mRNA levels in various subtypes of AML patients in Beat AML databases. f-g gRT-PCR

(f) and IHC staining (g) analyses of TP53INP2 levels in primary AML blasts and healthy donors (Scale bar: 50 um). The upper, center, and lower line
of the boxplot indicates 75%, 50%, and 25% quantile, respectively. Healthy donors served as controls in (d-g). h The expression of TP53INP2 in AML
cells from the Cancer Cell Line Encyclopedia database. The ratio of TP53INP2/B-actin in OCI-AML3 cells was set to 1.0. i Pearson’s correlation analysis
of TP53INP2 expression and the ICs, against TRAIL in AML cells. j FCM analysis (j, upper) and quantification (j, lower) of apoptotic cells in OCI-AML3
and KG-1 cells treated with 0-0.4 ug/ml TRAIL for 48 h. The cells incubated in drug-free medium served as controls. k Western blot analysis

of the indicated apoptosis-related proteins. 3-actin was used as a loading control. The quantification of protein levels was shown below the protein
bands. The data are representative of at least three independent experiments. * p < 0.05, ** p<0.01, *** p<0.001, ns, not significant
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subtype as the primary antibody was used as the isotype
control. The immunocomplexes were washed with PBS-T
three times and boiled in 2 X SDS-PAGE Sample Loading
Buffer (Beyotime, China). The immunoprecipitated pro-
teins were then analyzed by Western blotting.

Ubiquitination assay

Cells were transfected with the indicated plasmids for 48 h
and treated with 20 pM MG-132 for 8 h before harvesting.
The cells were lysed on ice for 25 min using IP lysis buffer.
The lysates were centrifuged at 13,300 rpm at 4 °C for
30 min. Using a portion of the supernatant, the expression
of the indicated proteins was assessed by Western blot-
ting. Then, the remaining supernatant was incubated with
protein A/G beads. The mixture and primary antibodies
or normal IgG were incubated at 4 °C overnight. 1gG was
used as the isotype control. The beads were washed three
times with PBS-T buffer and boiled in 2 X SDS-PAGE sam-
ple loading buffer. The immunoprecipitated proteins were
then analyzed by Western blotting with an anti-ubiquitin
antibody (3936, Cell Signaling Technology, USA).

AML xenograft mouse model

For the cell line-derived xenograft (CDX) model, NCG mice
(5 to 6 weeks old, 8 individuals per group, female) were
injected intravenously with 2x10° OCI-AML3 or KG-1
cells carrying green fluorescent protein (GFP) and luciferase
(Luc). Three weeks after injection, leukemia induction was
confirmed via peripheral blood smear. Then, the mice were
randomly divided into two groups and treated with TRAIL
(5 mg/kg) or an equal amount of vehicle once every two
days from week 4 to week 7 for 14 injections in total.

For patient-derived xenograft (PDX) models, 5x10°
freshly obtained bone marrow mononuclear cells from
AML patient #3 with NPM1 mutation type A (NPM1-
mA) or AML patient #2 with NPM1 wild type (wt) were
injected into NCG mice through the tail vein to construct
P1 PDX mice. After 5 weeks, P2 PDX mice were estab-
lished by the intravenous injection of 2x10° bone mar-
row mononuclear cells from P1 xenograft mice. Then, the
P2 PDX mice were randomly injected with TRAIL (5 mg/
kg), VEN (50 mg/kg), the TRAIL/VEN combination or
vehicle. Mice in the vehicle group were used as controls.

(See figure on next page.)
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Body weight was measured daily. The drugs were admin-
istered once every two days for 4 weeks in total. Some
of the mice in each group were sacrificed after the end
of the 4th week of treatment; bone marrow, liver and
spleen were obtained for flow analysis and H&E staining.
The remaining mice in each group were monitored until
death to generate Kaplan—Meier (K-M) curves. Human
CD45* cells from bone marrow were analyzed using a
FACSCalibur™ flow cytometer (BD Biosciences). The
number of immature bone marrow cells was evaluated
via Wright’s staining (Solarbio, Beijing, China), and the
infiltration of leukemic cells into the liver and spleen was
analyzed via H&E staining (Solarbio, Beijing, China).

Statistical analysis

Statistical analysis was conducted using GraphPad Prism
(version 8.0.2) or SPSS (version 28.0.1). The normality of
the data was determined using the Shapiro—Wilk test.
Homogeneity of variance was analyzed using the Lev-
ene test. Normally distributed data with homogeneous
variances are presented as the mean +SD. Comparisons
between two groups were conducted using unpaired Stu-
dent’s t tests. Comparisons among multiple groups were
evaluated using one-way ANOVA with Tukey’s post hoc
test. Data with a nonnormal distribution or heterogene-
ous variances are presented as the median (interquartile
range). Comparisons between two groups were con-
ducted using the Mann—Whitney U test, and compari-
sons among multiple groups were conducted using the
Kruskal-Wallis test. Correlations were examined using
Pearson’s correlation coefficient. K-M estimation and the
log-rank test were used to compare survival differences.
p<0.05 was considered to indicate statistical significance
(p<0.05, "p<0.01, "p<0.001).

Results

The association between TP53INP2 and the sensitivity

of AML cells to TRAIL treatment was identified

by high-throughput library screening

To explore the potential mechanism underlying TRAIL
resistance, we first evaluated the viability of AML cells
exposed to different doses of TRAIL by CCK-8 assays.
TRAIL-Sen and TRAIL-Res cells were divided according

Fig. 2 AML cells with high TP53INP2 expression were more sensitive to TRAIL in a CDX mouse model. a The schematic depiction of experiments
in the CDX mouse models constructed with OCI-AML3 and KG-1 cells. b Representative images of bioluminescence in mice constructed

with OCI-AML3 cells (b, left) and KG-1 cells (b, right). ¢ FCM analyses (n=3) of hCD45" in OCI-AML3 cells (c, left) and KG-1 cells (¢, right). d Wright's
staining of bone marrow immature cells (Scale bar: 100 um). The red arrow indicates the immature cells. e Images of spleen appearance in mice
with OCI-AML3 cells (e, upper) and KG-1 cells (e, lower). f H&E staining liver and spleen in mice with OCI-AML3 cells (f, upper) and KG-1 cells

(f, lower) (Scale bar: 50 um). g Kaplan—-Meier survival curve of mice with OCI-AML3 cells (g, upper) and KG-1 cells (g, lower). The mice treated

with an equal amount of vehicle were used as controls. The data are representative of at least three independent experiments. BM, bone marrow. *

p<0.05,**p<0.01, ns, not significant
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to the IC, of TRAIL (Fig. 1a). Moreover, a total of 1,711
DEGs were identified from the Cancer Cell Line Encyclope-
dia database (Fig. 1b). Among the top 20 DEGs, TP53INP2
was identified as a candidate gene (Fig. 1c), as our previous
study revealed that TP53INP2 plays a pivotal oncogenic
role in AML [21]. Next, by analyzing datasets involv-
ing AML patients and healthy individuals from the Beat
AML database, we found that TP53INP2 mRNA expres-
sion was considerably higher in AML patients, especially
in AML-M4 and AML-MS5 patients, than in healthy donors
(Fig. 1d-e). The relatively high expression of TP53INP2 in
primary AML blasts was subsequently confirmed by qRT-
PCR (Fig. 1f), Western blot (Additional file 2: Figure Sla),
and IHC (Fig. 1g) analyses. However, the TP53INP2 levels
differed among the AML cell lines (Fig. 1h). Pearson’s cor-
relation analysis revealed that TP53INP2 mRNA was nega-
tively correlated with the IC;, of TRAIL (r=-0.736, p<0.05;
Fig. 1i). Next, the colony formation assay showed that
TRAIL treatment reduced the number of colonies formed
by OCI-AMLS3 cells but had little effect on the number of
colonies formed by KG-1 cells (Additional file 2: Figure
S1b). Consistent with these findings, TRAIL treatment sig-
nificantly increased the cell apoptotic rate and the levels
of the cell apoptosis-related proteins cleaved BID (t-BID),
cleaved caspase-8 (CASP 8), and cleaved caspase-3 (CASP
3) and decreased the levels of BID, CASP 8 and CASP 3 in
a concentration-dependent manner in OCI-AML3 cells,
whereas few apoptotic KG-1 cells were observed (Fig. 1j-
k). Moreover, there was no significant difference in DR4/5
expression between the two cell lines (Additional file 2: Fig-
ure Slc-e). These data suggested that TP53INP2 expression
is positively correlated with the sensitivity of AML cells to
TRAIL treatment.

AML cells with high TP53INP2 expression were more
sensitive to TRAIL in a CDX mouse model

To further investigate the relationship between TP53INP2
expression and TRAIL sensitivity in AML cells in vivo,
a CDX mouse model was generated. Briefly, 2 x 10°

(See figure on next page.)
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OCI-AML3 and KG-1 cells carrying GFP/Luc were
injected into NCG mice via the tail vein. After confirma-
tion of leukemia induction by peripheral blood smear,
the mice were treated with TRAIL for 4 weeks (Fig. 2a).
In mice injected with OCI-AMLS3 cells, TRAIL treatment
significantly reduced the bioluminescence signal (Fig. 2b),
the proportion of hCD45" cells (Fig. 2c) and the number
of leukemic cells (Fig. 2d) in bone marrow. Furthermore,
TRAIL treatment resulted in decreased spleen weight
(Fig. 2e). H&E staining revealed that fewer leukemia cells
infiltrated the liver and spleen tissues (Fig. 2f). In line with
these results, TRAIL treatment substantially prolonged
the median survival of the mice (Fig. 2g). As shown in
Fig. 2b-g, similar effects were not observed in the mice
injected with KG-1 cells followed by TRAIL treatment.
Collectively, these data demonstrated that AML cells
with high TP53INP2 expression were more sensitive to
TRAIL in vivo.

TP53INP2 is a crucial regulator of the AML cell response

to TRAIL treatment

To address the role of TP53INP2 in regulating the sen-
sitivity of AML cells to TRAIL treatment, endogenous
TP53INP2 was knocked down by a shTP53INP2 lentivi-
rus in OCI-AML3 cells (Fig. 3a). TP53INP2 knockdown
significantly reduced the vulnerability of the cells to
TRAIL, as indicated by increased cell viability (Fig. 3b),
increased number of colonies (Fig. 3c), decreased num-
ber of apoptotic cells (Fig. 3d) and decreased levels of
cleaved CASP 8 and cleaved CASP 3 (Fig. 3e). Subse-
quently, the TP53INP2 protein was overexpressed in
KG-1 cells (Fig. 3f). TP53INP2 overexpression increased
the sensitivity of AML cells to TRAIL, decreasing cell via-
bility (Fig. 3g), reducing the number of colonies (Fig. 3h),
increasing the number of apoptotic cells (Fig. 3i) and
increasing the levels of cleaved CASP 8 and cleaved
CASP 3 (Fig. 3j). These findings indicated that TP53INP2
is a crucial regulator of AML cell sensitivity to TRAIL
treatment.

Fig. 3 TP53INP2 is a crucial regulator of AML cell response to TRAIL treatment. a Western blot analysis of TP53INP2 in OCI-AML3 cells infected
with two sh RNAs targeting TP53INP2. b CCK-8 analysis (n=3) of cell viability in the OCI-AML3 cells treated with 100 ng/ml TRAIL for 0-72 h. ¢
Colony formation assay was performed in the OCI-AML3 cells (Scale bar: 50 um). The representative images and quantitative data from three
independent experiments were shown in (¢, left) and (¢, right), respectively. d FCM analysis (d, left) and quantification (d, right) of apoptotic cells
in the OCI-AML3 cells. e Western blot analysis of the indicated apoptosis-related proteins in the OCI-AML3 cells. The cells infected with sh NC
(scramble shRNA) served as controls in (a-e). f Western blot analysis of TP53INP2 in KG-1 cells transfected with the HA-TP53INP2 plasmids. g CCK-8
analysis (n=3) of cell viability in the KG-1 cells treated with 100 ng/ml TRAIL for 0-72 h. h Colony formation assay was performed in the KG-1
cells. The representative images and quantitative data from three independent experiments were shown in (h, left) and (h, right), respectively.
(Scale bar: 50 um). i FCM analysis (i, left) and quantification (i, right) of apoptotic cells in the KG-1 cells. j Western blot analysis of the indicated
apoptosis-related proteins in the KG-1 cells. The cells transfected with vectors served as controls in (f-j). In (a, e, f, j), B-actin was used as a loading
control, and the quantification of protein levels was shown below the protein bands. The data are representative of at least three independent

experiments. * p <0.05, ** p<0.01, *** p<0.001
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The effect of TP53INP2 on TRAIL sensitivity is regulated

by mutant NPM1

Given that OCI-AML3 cells naturally carrying NPM1-
mA exhibit increased TP53INP2 levels and increased
sensitivity to TRAIL treatment and that NPM1 muta-
tions are recognized as AML-initiating lesions [22], we
investigated whether NPM1-mA is involved in regu-
lating the effect of TP53INP2 on TRAIL sensitivity.
OCI-AML3 cells with stable NPM1 knockdown were
successfully generated (Fig. 4a). NPM1-mA deple-
tion significantly reduced the vulnerability of the cells
to TRAIL (Fig. 4b), increased the number of colo-
nies (Fig. 4c), decreased the number of apoptotic cells
(Fig. 4d), and decreased the levels of cleaved CASP 8
and cleaved CASP 3 (Fig. 4e). Subsequently, the NPM1-
mA and NPM1-wt plasmids were transfected into KG-1
cells (Additional file 3: Figure S2a). We found that the
expression of NPM1-mA, but not that of NPM1-wt,
increased the sensitivity of AML cells to TRAIL (Addi-
tional file 3: Figure S2b-e). Notably, elevated TP53INP2
was also detected in NPM1-mutated AML samples in
the Beat AML datasets (Fig. 4f). The silencing of NPM1-
mA reduced the TP53INP2 level (Fig. 4g-h), while
NPM1-mA overexpression resulted in the upregulation
of TP53INP2 expression (Fig. 4i). Furthermore, a rescue
experiment revealed that TP53INP2 overexpression par-
tially reversed the reduction in TRAIL-induced apop-
tosis caused by NPM1-mA knockdown (Fig. 4j-k). Our
results support the notion that mutant NPM1 contrib-
utes to the effect of TP53INP2 on TRAIL sensitivity.

Cytoplasmic TP53INP2 maintained by mutant NPM1
functions as a scaffold linking TRAF6 and CASP 8

to promote the ubiquitination and activation of CASP 8
Next, we investigated the potential mechanism underlying
how ectopic TP53INP2 contributes to TRAIL-induced
apoptosis. The ubiquitination-mediated activation of CASP
8 is an initiator of extrinsic apoptosis signaling in cancer
cells [23]. We explored whether TP53INP2 participates

(See figure on next page.)
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in the regulation of CASP 8 activation upon TRAIL
treatment. First, the interaction between endogenous
TP53INP2 and CASP 8 was assessed by co-IP analysis
(Fig. 5a-b). The co-localization of TP53INP2 and CASP
8 in the cytoplasm of OCI-AML3 cells was analyzed by
IF, and the fluorescence intensity was further quantified
using Image] software (Fig. 5¢, r=0.92, which indicates
that the two proteins were colocalized). Second, ubiq-
uitination experiments revealed that TP53INP2 knock-
down reduced the ubiquitination of CASP 8 (Fig. 5d).
Considering the important role of cytoplasmic TP53INP2
maintained by NPM1-mA in AML cells [21], we further
tested whether the subcellular localization of TP53INP2
influences CASP 8 ubiquitination. KPT-330, a selective
CRM-1/exportin-1 (XPO-1) inhibitor, was used to relo-
calize cytoplasmic NPM1-mA and its partner TP53INP2
to the nucleus (Fig. 5e and Additional file 4: Figure S3a),
resulting in a decrease in the level of ubiquitinated CASP
8 (Fig. 5f). Ubiquitin chain linkages such as K48 and K63
have been used for CASP 8 ubiquitination [24, 25]. There-
fore, we explored whether K48- or K63-linked ubiquitina-
tion of CASP 8 occurs via TP53INP2. As shown in Fig. 5g,
TP53INP2 increased the K63 but not the K48-linked
ubiquitination of CASP 8. Third, we sought to determine
the E3 ubiquitin ligase responsible for inducing the ubiq-
uitination of CASP 8 in the presence of TP53INP2. A
TRAF6-interacting motif in the TP53INP2 protein was
mapped using Molecular Evolutionary Genetics Analysis
(MEGA, https://www.megasoftware.net/) (Fig. 5h). The
co-IP and IF results confirmed that TP53INP2 interacted
with TRAF6 (Fig. 5i-j and Additional file 4: Figure S3b)
and that TRAF6 also interacted with CASP 8 (Fig. 5k-1
and Additional file 4: Figure S3c) in OCI-AML3 cells,
indicating that TP53INP2, CASP 8 and TRAF6 may be
located in the same complex (Additional file 4: Figure
$3d). TRAF6 deficiency decreased CASP 8 ubiquitination
(Fig. 5m). In addition, TRAF6-mediated CASP 8 ubiquit-
ination was enhanced by TP53INP2 expression (Fig. 5n).
Taken together, these data indicated that cytoplasmic

Fig. 4 The effect of TP53INP2 on TRAIL sensitivity may be regulated by the mutant NPM1. a Western blot analysis of NPM1-mA in OCI-AML3

cells infected with two sh RNAs targeting NPM1. b CCK-8 analysis (n=3) of cell viability in the cells treated with 100 ng/mI TRAIL for 0-72 h. c
Colony formation assay was performed in OCI-AML3 cells. The representative images and quantitative data from three independent experiments
were shown in (c, left) and (¢, right), respectively. (Scale bar: 50 um). d FCM analysis (d, left) and quantification (d, right) of apoptotic cells

in the cells. @ Western blot analysis of the indicated apoptosis-related proteins. f TP53INP2 levels in NPM1-mutated AML patients, compared

with NPM1-unmutated AML patients, were identified from Beat AML databases. g gRT-PCR analysis of TP53INP2 mRNA levels in NPM1-mA-silenced
OCI-AML3. h Western blot analysis of TP53INP2 and NPM1-mA in OCI-AML3 cells with two sh NPM1. i Western blot analysis of TP53INP2

and NPM1-mA in KG-1 cells with the NPM1-wt and NPM1-mA plasmids. j Western blot analysis of TP53INP2 and NPM1-mA. In (a, e, h-g),

B-actin was used as a loading control, and the quantification of protein levels was shown below the protein bands. k FCM analysis (k, left)

and quantification (k, right) of apoptotic cells in OCI-AML3 cells with sh NPM1 before transfection with the HA-TP53INP2 plasmids. The cells
transfected with shNC or vectors served as controls. The data are representative of at least three independent experiments. * p <0.05, ** p<0.01, ***

p<0001
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TP53INP2 acts as a scaffold to promote the ubiquitination
and activation of CASP 8 in a TRAF6-dependent manner.

TRAIL shows synergistic effect in combination

with the BCL-2 inhibitor venetoclax in the presence

of TP53INP2 in vitro

Based on the evidence of TRAIL-mediated CASP
8-dependent extrinsic apoptosis in AML cells with
highTP53INP2 expression, we evaluated whether the
addition of the BCL-2 inhibitor venetoclax (VEN)
enhanced TRAIL sensitivity in AML cells in vitro.
First, TRAIL and VEN alone or in combination were
added to OCI-AML3 cells and primary blasts with
high TP53INP2 expression, and synergistic inhibi-
tory scores for TRAIL in combination with VEN were
calculated using a dose—response matrix with Syn-
ergyFinder (https://synergyfinder.fimm.fi) (Fig. 6a).
Notably, the synergy scores for the combination treat-
ment were calculated by applying the zero interaction
potency (ZIP) independence model in SynergyFinder,
with a ZIP synergy score of 14.388 for OCI-AML3 cells
and 11.873 for primary blasts (Fig. 6b-c, Zip scores less
than -10 suggest an antagonistic effect, while scores
greater than 10 suggest synergy). Moreover, compared
to TRAIL or VEN alone, the TRAIL/VEN combination
substantially reduced the number of colonies (Fig. 6d)
and increased the number of AML apoptotic cells
(Fig. 6e-g), with no significant effect on normal blood
cells from healthy donors (Fig. 6h-i). These data indi-
cated that the combination of TRAIL and VEN in the
presence of TP53INP2 had a synergistic effect in vitro.

The TRAIL/venetoclax combination reduces tumor burden
and prolongs survival in a PDX mouse model of AML

To determine whether TRAIL and VEN alone or in
combination are effective against AML cells express-
ing TP53INP2 in vivo, a PDX mouse model was gener-
ated by injecting mice with leukemic cells from AML
patient #3 carrying NPM1-mA. After leukemia induc-
tion was confirmed by a peripheral blood smear, the

(See figure on next page.)
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mice were treated with TRAIL and/or VEN for 4 weeks
(Fig. 7a). The weights of all the mice were measured
before and after drug treatment (Fig. 7b). The TRAIL/
VEN combination considerably decreased the pro-
portion of hCD45" cells (Fig. 7c) and the number of
leukemic blasts in bone marrow (Fig. 7d). In addition,
the TRAIL/VEN combination treatment effectively
reduced the weight of the spleen (Fig. 7e), and leuke-
mic cells infiltrated the liver and spleen (Fig. 7f). IHC
analyses showed that the TRAIL/VEN combination
increased the expression levels of cleaved CASP 8 and
cleaved CASP 3 (Fig. 7g). Most importantly, mice that
received the TRAIL/VEN combination treatment had
a longer median survival than did those that received
the vehicle or a single drug (Fig. 7h). Notably, similar
effects were not observed on a PDX mouse model gen-
erated from AML patient #2 with NPM1 wt followed
by the TRAIL/VEN combination treatment (Addi-
tional file 5: Figure S4a-g). Collectively, these results
demonstrated that the TRAIL/VEN combination regi-
men is highly effective in a NPM1 mutant PDX mouse
model.

Discussion
Although TRAIL induces selective apoptosis in cancer
cells, the clinical application of TRAIL has been rather
limited [26-28]. Exploring suitable biomarkers for the
selection of patients responsive to TRAIL is pivotal
for devising rational individualized therapy regimens.
Herein, we demonstrated that AML cells with high
TP53INP2 expression were more sensitive to TRAIL and
that cytoplasmic TP53INP2 modulated by mutant NPM1
functioned as a scaffold linking the ubiquitin ligase
TRAF6 and CASP 8 to promote the ubiquitination and
activation of CASP 8. On this basis, simultaneously stim-
ulating extrinsic and intrinsic apoptosis signaling path-
ways with TRAIL and the BCL-2 inhibitor VEN resulted
in synergistic antileukemic activity (Fig. 8).

TP53INP2, defined as an autophagic protein, promotes
autophagosomal formation and activates autophagic flux
in different cell lines [29, 30]. We previously reported

Fig. 5 Cytoplasmic TP53INP2 maintained by mutant NPM1 functions as a scaffold linking TRAF6 and CASP 8 to promote the ubiquitination
activation of CASP 8. a-b Co-IP analysis of CASP 8 and TP53INP2 in OCI-AML3 cells. c IF analysis of endogenous TP53INP2 (green) and CASP 8

(red) co-localization in OCI-AML3 cells (Scale bar: 5 um). Quantification of fluorescence co-localization was performed using ImageJ software.
r=0.92 indicated that the two proteins were co-located. d Ubiquitination analysis of the ubiquitinated CASP 8 level in the shTP53INP2 OCI-AML3
cells. e IF analysis of TP53INP2 localization in OCI-AML3 cells treated with 2 uM KPT-330 for 10 h (Scale bar: 5 um). f Ubiquitination analysis

of the ubiquitinated CASP 8 level in OCI-AML3 cells treated with 2 uM KPT-330 for 10 h. g Ubiquitination assay of the ubiquitinated CASP 8 level

in HEK293T cells co-transfected with HA-TP53INP2, Flag-CASP 8, His-Ub-K48 and His-Ub-Ké3. h Schematic presentation of the TRAF6 interaction
motif in TP53INP2 protein. i-j Co-IP analysis of TP53INP2 and TRAF6 in OCI-AML3 cells. k-1 Co-IP assay of CASP 8 and TRAF6 in OCI-AML3 cells. m
Ubiquitination analysis of the ubiquitinated CASP 8 level in the TRAF6-knockdown OCI-AML3 cells. n Ubiquitination assay of the ubiquitinated CASP
8 level in HEK293T cells co-transfected with Flag-CASP 8, Flag-TRAF6 and HA-TP53INP2. IgG was used as an isotype control in (a-b, i-l)
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that TP53INP2 plays a critical oncogenic role in AML
[21]. A recent study showed that high levels of TP53INP2
are correlated with TRAIL-triggered cell death in breast
cancer [20]. Consistent with those findings, the results of
our study indicated that AML cells with high TP53INP2
expression were more sensitive to TRAIL in vitro and
in CDX mouse models and that the suppression of
TP53INP2 expression significantly reduced vulnerabil-
ity to TRAIL. Our study is the first to demonstrate that
TP53INP2 has the same effect on regulating the TRAIL
response in AML.

Numerous studies have focused on the mechanisms
involved in the regulation of TRAIL-mediated cell death
pathways. Cho DH and colleagues [31] reported that
ATG6 is a substrate for caspases and that the down-
regulation of ATG6 expression sensitizes HeLa cells to
TRAIL-triggered cell death. In another study, X-linked
inhibitor of apoptosis protein (XIAP) was highly
expressed in various leukemia cells, and the inhibition
of XIAP restored TRAIL sensitivity in resistant cells and
primary blasts [32]. Herein, we revealed an unexpected
function of TP53INP2 as an apoptosis partner in regu-
lating TRAIL efficacy in the treatment of AML. Notably,
we observed that OCI-AML3 cells that naturally car-
ried NPM1-mA exhibited greater TP53INP2 levels and
greater sensitivity to TRAIL treatment than did other
AML cells, prompting us to speculate whether NPM1-
mA is involved in regulating the effect of TP53INP2 on
TRAIL activity. As anticipated, NPM1-mA depletion
reduced TRAIL susceptibility, an effect that was partially
reversed by the overexpression of TP53INP2, indicating
that NPM1-mA is potentially upstream of TP53INP2 in
the regulation of TRAIL activity. However, the associa-
tion between TP53INP2 and TRAIL activity should be
further validated in clinical samples from AML patients
with NPM1 mutations.

Next, we focused on the molecular mechanism under-
lying TP53INP2-regulated TRAIL sensitivity in AML.
Ubiquitination and activation of CASP 8 is an initiator
of TRAIL-induced extrinsic apoptosis signaling in can-
cer cells [33]. In the present study, TP53INP2 colocalized

(See figure on next page.)

Page 14 of 20

with CASP 8 in the cytoplasm and promoted K63 ubiqui-
tination, suggesting that TP53INP2 participates directly
in CASP 8 activation in AML cells. Indeed, TP53INP2
is a multifunctional protein whose subcellular locali-
zation is a key determinant of its functional switching
[34]. A previous study demonstrated that when nutri-
ents are depleted, MTORC1 is the master upstream
regulator controlling the distribution of TP53INP2 in
the cytoplasm [35]. Similarly, TGF-B2 can facilitate
TP53INP2 translocation from the nucleus to the cyto-
plasm in human lens epithelial cells [36]. Our previous
data revealed that NPM1-mA maintains the cytoplas-
mic localization of TP53INP2 in AML cells. In the pre-
sent study, KPT-330, a nuclear export inhibitor, was used
to relocalize cytoplasmic NPM1-mA and its partner
TP53INP2 to the nucleus, resulting in a decrease in the
level of ubiquitinated CASP 8. In addition, we further
explored the molecular mechanism by which TP53INP2
regulates CASP 8 ubiquitination. Notably, TP53INP2 is
not an E3 ubiquitin ligase, which prompted us to sub-
sequently identify which E3 ubiquitin ligase is responsi-
ble for the ubiquitination of CASP 8. Given our earlier
findings that the E3 ubiquitin ligase TRAF6 mediates
the K63 ubiquitination of ULK1 in leukemia cells [37]
and the results of MEGA analysis in this work showing
a TRAF6-interacting motif in the TP53INP2 protein,
we analyzed the potential regulatory effect of TRAF6 on
CASP 8 ubiquitination in the presence of TP53INP2. The
results of our experiments confirmed that TP53INP2,
TRAF6, and CASP 8 interact with each other and that
TP53INP2 enhances TRAF6-mediated CASP 8 ubiq-
uitination. These observations suggest that TP53INP2
could act as a scaffold protein bridging TRAF6 to CASP
8 to promote the ubiquitination and activation of CASP
8 in AML cells. This finding was supported by recent
evidence showing that cytoplasmic TP53INP2 contrib-
utes to autophagosome biogenesis by acting as a scaffold
mediating the LC3-ATG7 protein interaction in HeLa
cells [38]. In fact, in addition to TRAF6, two more E3
ubiquitin ligases, HECTD3 [39] and cullin-3 [40], have
been reported to promote the ubiquitination of CASP 8

Fig. 6 TRAIL shows a synergistic effect in combination with the BCL-2 inhibitor venetoclax in the presence of TP53INP2 in vitro. a The schematic
depiction of experiments about drug treatment. b-c CCK-8 analysis (n=3) of cell viability in the OCI-AML3 cells (b) and primary blasts (c) treated
with TRAIL and VEN, alone or incombination for 48 h. SynergyFinder was used to evaluate the ZIP synergy score. d Colony formation assay

was performed in the OCI-AML3 and AML#3 cells (Scale bar: 50 um). The representative images and quantitative data from three independent
experiments were shown in (d, left) and (d, right), respectively. e FCM analysis (e, left) and quantification (e, right) of apoptotic cells in the OCI-AML3
and AML#3 cells treated with TRAIL and VEN, alone or in combination for 48 h. f-g Quantification of apoptotic cells by FCM (n=3) in the AML#5 cells
(f) and AML#6 cells (g) treated with TRAIL and VEN, alone or in combination for 48 h. h-i CCK-8 assay (n=3) of cell viability (h) and quantification

of apoptotic cells (i) in the mononuclear cells from healthy donors. The cells incubated in a drug-free medium served as controls. The data are
representative of at least three independent experiments. * p <0.05, ** p<0.01, *** p<0.001, ns, not significant
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Fig. 7 The TRAIL/venetoclax combination reduces tumor burden and prolongs survival in a PDX mouse model of AML. a The schematic depiction
of experiments about the PDX mouse model constructed with bone marrow leukemic cells from AML#3 patient with NPM1 mutant. b The weights
of all the mice were recorded during the experiment. ¢ Quantification of hCD45.* leukemic cells from PDX mice by FCM (n=3). d Wright's staining
of bone marrow immature cells (Scale bar: 100 um). The red arrow indicates the immature cells. @ Images of spleen appearance. f H&E staining

of liver (f, upper) and spleen (f, lower) from one representative mouse in each group (Scale bar: 50 um). g IHC staining of cleaved CASP 8 (g, upper)
and cleaved CASP 3 (g, lower) expression in the spleen. h Kaplan-Meier survival curve of mice in each group. The mice treated with an equal
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as a potential predictive biomarker for the selection of AML patients for TRAIL alone or in combination with VEN therapy

during death receptor-induced apoptosis. Thus, further
studies are needed to explore the significance of other E3
ubiquitin ligases for CASP 8 ubiquitination in AML.
Apoptosis can be triggered through either an intrin-
sic or extrinsic pathway [41]. Accumulating evidence
has corroborated that concurrently targeting the two

apoptosis signaling pathways may lead to more dura-
ble antitumor activity [42]. VEN, a selective inhibitor
of BCL-2 that effectively induces the intrinsic apopto-
sis of tumor cells, has attracted considerable attention
[43-45]. Recently, VEN-based therapies were approved
by the Food and Drug Administration (FDA) for the



Ren et al. J Exp Clin Cancer Res (2024) 43:176

treatment of AML patients who cannot receive inten-
sive chemotherapy or who are older than 75 years of age
[46, 47]. Numerous studies have shown that the antileu-
kemic activity of VEN is limited to combination thera-
pies [48, 49]. In this work, the combinatorial activity
of TRAIL and VEN was assessed in AML cell lines and
patient samples with high levels of TP53INP2, and this
activity was validated in a PDX mouse model. In clinical
practice, TP53INP2 is an independent predictor of dis-
ease prognosis in AML [21]. Thus, it would be interest-
ing to explore the expression of TP53INP2 in AML cells
for the selection of AML patients for TRAIL alone or in
combination with VEN therapy. A recent study reported
that combination therapy with the TRAIL receptor ago-
nist eftoza and VEN enhanced TRAIL receptor activ-
ity in AML cell lines and patient-derived ex vivo/in
vivo models [50]. Encouragingly, the eftoza/VEN com-
bination therapy in patients with relapsed/refractory
AML showed more-durable antileukemic activity in a
phase I clinical trial. In combination cohorts, the over-
all response rate (ORR) was 30% with median duration
of response>7 months; the objective response rate was
26%, with 17% achieving a complete response (CR) and
9% achieving a CR with incomplete blood count recovery
(CRi). As a comparison, venetoclax therapy in a similar
setting reported 19% CR/CRi rate with median duration
of response <4 months [51]. In addition, treatment with
eftoza/VEN combination therapy was acceptably toler-
ated in these patients, which aligned with those expected
from VEN therapy [50]. In another study, the authors
revealed that the TRAIL-mediated extrinsic apoptotic
pathway is a target for overcoming VEN resistance [52].
From a clinical point of view, the TRAIL/VEN combina-
tion may be potentially efficacious, supporting further
clinical evaluations of this combination in TP53INP2-
positive AML patients. Notably, the specific mechanisms
of this combination need to be verified in future studies.

Conclusion

In summary, our results revealed an unexpected func-
tion of TP53INP2 as an apoptosis partner in the regula-
tion of TRAIL activity in AML, especially in AML cells
with NPM1 mutations. Importantly, this finding indicates
that TP53INP2 might serve as a biomarker to predict
AML patient response to TRAIL therapy and provides
a reasonable basis for devising individualized therapy
regimens.
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{-actin was used as a loading control, and the quantification of protein
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and lower) treated with 0-0.4 ug/ml TRAIL for 48 h (Scale bar: 50 pm). The
representative images and quantitative data from three independent
experiments were shown in (b, middle) and (b, right), respectively. The
cells incubated in a drug-free medium served as controls. c-e Western blot
(0), FCM (d), and IF (e) analyses of DR4 and DR5 levels in the OCI-AML3
and KG-1 cells. The data are representative of at least three independent
experiments. * p<0.05, ** p<0.01, ns, not significant.

Additional file 3: Figure S2. NPM1-mA expression, but not the NPM1-wt,
rendered AML cells more sensitive to TRAIL. a Western blot analysis of
NPM1-mA in KG-1 cells transfected with the NPM1-wt and NPM1-mA
plasmids. b CCK-8 analysis (n =3) of cell viability in the cells treated with
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KG-1 cells (Scale bar: 50 um). The representative images and quantitative
data from three independent experiments were shown in (c, left) and (c,
right), respectively. d FCM analysis (d, left) and quantification (d, right)
of apoptotic cells in the cells. The cells transfected with vector plasmid
served as controls. e Western blot analysis of the indicated apoptosis-
related proteins. In (a, ), B-actin was used as a loading control, and the
quantification of protein levels was shown below the protein bands.
The data are representative of at least three independent experiments. *
p<0.05, ** p<0.01, ns, not significant.

Additional file 4: Figure S3. Cytoplasmic TP53INP2 functions as a scaffold
linking TRAF6 with CASP 8. a Western blot analysis of TP53INP2 and
NPM1-mA levels in the cytoplasm and nucleus of OCI-AML3 cells treated
with 2 uM KPT-330 for 10 h. GAPDH was used as a loading control in the
cytoplasm and Histone was used as a loading control in the nucleus. b IF
analysis of endogenous TP53INP2 (green) and TRAF6 (red) co-localization
in OCI-AML3 cells (Scale bar: 5 um). ¢ IF analysis of endogenous CASP 8
(green) and TRAF6 (red) co-localization in OCI-AML3 cells (Scale bar: 5 um).
Quantification of fluorescence co-localization was performed using Image
J software, and r of 0.5~1.0 means that the two proteins are co-located in
(b-c). d The schematic depiction of TP53INP2 linking TRAF6 and CASP 8 to
promote the ubiquitination activation of CASP 8.
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Additional file 5: Figure S4. The effect of TRAIL/VEN combination on

PDX generated with NMP1 wt AML. a The weights of all the mice were
recorded during the experiment. b Quantification of hCD45+ leukemic
cells from PDX mice by FCM (n=3). c Wright's staining of bone marrow
immature cells (Scale bar: 100 um). The red arrow indicates the immature
cells. d Images of spleen appearance. e H&E staining of liver (e, upper)
and spleen (e, lower) from one representative mouse in each group (Scale
bar: 50um). f IHC staining of cleaved CASP 8 (f, upper) and cleaved CASP 3
(f, lower) expression in the spleen. g Kaplan-Meier survival curve of mice
in each group. The mice treated with an equal amount of vehicle were
used as controls. The data are representative of at least three independent
experiments. BM, bone marrow. ns, not significant.

Additional file 6: The STR profile reports for AML cell lines.
Additional file 7: The full (not cropped) Western blot gel figures.

Acknowledgements
Not applicable.

Authors’ contributions

LZ, JR and JH conceived the idea and designed the experiments. JR, JH and
MS conducted the experiments and drafted the manuscript. JY, CL and FJ con-
tributed techniques and commented on the manuscript. YL, LT and XW per-
formed data analysis. JH, XC, ZY and YC assisted with revising the manuscript.
ZY and ZY provided clinical assistance. All authors reviewed the manuscript.

Funding

This work was supported by National Natural Science Foundation of China
(Grant No: 82072353; 82102377); Natural Science Foundation of CQ CSTC
(Grant No: cstc2021jcyj-msxmX0363); Graduate Scientific Research and Inno-
vation Project of Chongging (Grant No: CYS20204); Outstanding Postgraduate
Fund of Chongging Medical University (Grant No: BJRC202210).

Availability of data and materials
All data generated or analyzed during this study are included in this published
article [and its supplementary information files].

Declarations

Ethics approval and consent to participate

Ethical approval was given by the Medical Ethics Committee of Chongging
Medical University. All the mice were raised by the Laboratory Animal Center
of Chongging Medical University and approved by the Animal Ethics Commit-
tee of Chongqing Medical University. All animal work was conducted accord-
ing to the approved protocols and the institutional animal welfare guidelines.

Consent for publication
All authors are aware of and agree to the content of the paper and their being
listed as a co-author of the paper.

Competing interests
The authors declare that they have no competing interests.

Author details

"Key Laboratory of Laboratory Medical Diagnostics, Ministry of Education,
College of Laboratory Medicine, Chongging Medical University, Chong-

qing 400016, China. “Department of Hematology-Oncology, Chongging Key
Laboratory of Translational Research for Cancer Metastasis and Individualized
Treatment, Chongging University Cancer Hospital, Chongging 400030, China.
3Department of Hematology, The First Affiliated Hospital of Chongqging Medi-
cal University, Chongging 400016, China.

Received: 30 March 2024 Accepted: 11 June 2024
Published online: 22 June 2024

Page 19 of 20

References

1.

2.

20.

21.

22.

23.

24,

DiNardo CD, Erba HP, Freeman SD, Wei AH. Acute myeloid leukaemia. Lan-
cet. 2023;401(10393):2073-86.

Daver N, Schlenk RF, Russell NH, Levis MJ. Targeting FLT3 muta-

tions in AML: review of current knowledge and evidence. Leukemia.
2019;33(2):299-312.

Falini B. NPM1-mutated acute myeloid leukemia: new pathoge-

netic and therapeutic insights and open questions. Am J Hematol.
2023;98(9):1452-64.

Kayser S, Levis MJ. The clinical impact of the molecular landscape of
acute myeloid leukemia. Haematologica. 2023;108(2):308-20.
Shimony S, Stahl M, Stone RM. Acute myeloid leukemia: 2023 update
on diagnosis, risk-stratification, and management. Am J Hematol.
2023;98(3):502-26.

Bhansali RS, Pratz KW, Lai C. Recent advances in targeted therapies in
acute myeloid leukemia. J Hematol Oncol. 2023;16(1):29.

Short NJ, Konopleva M, Kadia TM, Borthakur G, Ravandi F, DiNardo CD,
et al. Advances in the treatment of acute myeloid leukemia: new drugs
and new challenges. Cancer Discov. 2020;10(4):506-25.

Montinaro A, Walczak H. Harnessing TRAIL-induced cell death for
cancer therapy: a long walk with thrilling discoveries. Cell Death Differ.
2023;30(2):237-49.

Maji A, Paul A, Sarkar A, Nahar S, Bhowmik R, Samanta A, et al. Signifi-
cance of TRAIL/Apo-2 ligand and its death receptors in apoptosis and
necroptosis signalling: implications for cancer-targeted therapeutics.
Biochem Pharmacol. 2024;221: 116041.

. Snajdauf M, Havlova K, Vachtenheim J Jr, Ozaniak A, Lischke R, Bartunkova

J,etal. The TRAIL in the treatment of human cancer: an update on clinical
trials. Front Mol Biosci. 2021;8: 628332.

. Dianat-Moghadam H, Heidarifard M, Mahari A, Shahgolzari M, Keshavarz

M, Nouri M, et al. TRAIL in oncology: from recombinant TRAIL to nano-
and self-targeted TRAIL-based therapies. Pharmacol Res. 2020;155:
104716.

. Deng D, Shah K. TRAIL of hope meeting resistance in cancer. Trends

Cancer. 2020;6(12):989-1001.
Thapa B, Kc R, Uludag H. TRAIL therapy and prospective developments for
cancer treatment. J Control Release. 2020;10(326):335-49.

. Wong SHM, Kong WY, Fang CM, Loh HS, Chuah LH, Abdullah S, et al. The

TRAIL to cancer therapy: hindrances and potential solutions. Crit Rev
Oncol Hematol. 2019;143:81-94.

Fayyaz S, Javed Z, Attar R, Faroogi AA, Yaylim I, Ahmad A. MicroRNA regu-
lation of TRAIL mediated signaling in different cancers: control of micro
steering wheels during the journey from bench-top to the bedside.
Semin Cancer Biol. 2019;58:56-64.

Lincoln FA, Imig D, Boccellato C, Juric V, Noonan J, Kontermann RE, et al.
Sensitization of glioblastoma cells to TRAIL-induced apoptosis by IAP-
and Bcl-2 antagonism. Cell Death Dis. 2018,9(11):1112.

Ediriwickrema A, Gentles AJ, Majeti R. Single-cell genomics in AML:
extending the frontiers of AML research. Blood. 2023;141(4):345-55.
Roberts JZ, Holohan C, Sessler T, Fox J, Crawford N, Riley JS, et al. The SCF-
Skp2 ubiquitin ligase complex modulates TRAIL-R2-induced apoptosis by
regulating FLIP(L). Cell Death Differ. 2020;27(9):2726-41.

Rizzo A, Satta A, Garrone G, Cavalleri A, Napoli A, Raspagliesi F, et al.
Choline kinase alpha impairment overcomes TRAIL resistance in ovarian
cancer cells. J Exp Clin Cancer Res. 2021;40(1):5.

Ivanova S, Polajnar M, Narbona-Perez AJ, Hernandez-Alvarez MI, Frager

P, Slobodnyuk K, et al. Regulation of death receptor signaling by the
autophagy protein TP53INP2. EMBO J. 2019;38(10): €99300.

Huang J, Sun M, Tao Y, Ren J, Peng M, Jing Y, et al. Cytoplasmic expres-
sion of TP53INP2 modulated by demethylase FTO and mutant NPM1
promotes autophagy in leukemia cells. Int J Mol Sci. 2023;24(2):1624.
Falini B, Brunetti L, Sportoletti P, Martelli MP. NPM1-mutated acute
myeloid leukemia: from bench to bedside. Blood. 2020;136(15):1707-21.
Fritsch M, GUnther SD, Schwarzer R, Albert MC, Schorn F, Werthenbach
JP et al. Caspase-8 is the molecular switch for apoptosis, necroptosis and
pyroptosis. Nature. 2019;575(7784):683-7.

Roberts JZ, Crawford N, Longley DB. The role of ubiquitination in apopto-
sis and necroptosis. Cell Death Differ. 2022;29(2):272-84.



Ren et al. J Exp Clin Cancer Res (2024) 43:176

25.

26.

27.

28.

29.

30.

31

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Lim MCC, Maubach G, Sokolova O, Feige MH, Diezko R, Buchbinder J,

et al. Pathogen-induced ubiquitin-editing enzyme A20 bifunctionally
shuts off NF-kB and caspase-8-dependent apoptotic cell death. Cell
Death Differ. 2017;24(9):1621-31.

Kelland E, Patil MS, Patel S, Cartland SP, Kavurma MM. The prognostic,
diagnostic, and therapeutic potential of TRAIL signalling in cardiovascular
diseases. Int J Mol Sci. 2023;24(7):6725.

Kundu M, Greer YE, Dine JL, Lipkowitz S. Targeting TRAIL death receptors
in triple-negative breast cancers: challenges and strategies for cancer
therapy. Cells. 2022;11(23):3717.

Thang M, Mellows C, Mercer-Smith A, Nguyen P, Hingtgen S. Current
approaches in enhancing TRAIL therapies in glioblastoma. Neurooncol
Adv. 2023;5(1):vdad047.

Nowak J, lovanna JL. TP53INP2 is the new guest at the table of self-eating.
Autophagy. 2009;5(3):383-4.

Sebastian D, Beltra M, Irazoki A, Sala D, Aparicio P, Aris C, et al. TP53INP2-
dependent activation of muscle autophagy ameliorates sarcopenia and
promotes healthy aging. Autophagy. 2024:1-10. https://doi.org/10.1080/
15548627.2024.2333717.

Cho DH, Jo YK, Hwang JJ, Lee YM, Roh SA, Kim JC. Caspase-mediated
cleavage of ATG6/Beclin-1 links apoptosis to autophagy in Hela cells.
Cancer Lett. 2009;274(1):95-100.

Saraei R, Soleimani M, Movassaghpour Akbari AA, Farshdousti Hagh M,
Hassanzadeh A, Solali S. The role of XIAP in resistance to TNF-related
apoptosis-inducing ligand (TRAIL) in Leukemia. Biomed Pharmacother.
2018;107:1010-9.

Mandal R, Barrén JC, Kostova |, Becker S, Strebhardt K. Caspase-8: the
double-edged sword. Biochim Biophys Acta Rev Cancer. 2020;1873(2):
188357.

Xu'Y, Wan W. The bifunctional role of TP53INP2 in transcription and
autophagy. Autophagy. 2020;16(7):1341-3.

Xu'Y, Wan W, Shou X, Huang R, You Z, Shou Y, et al. TP53INP2/DOR, a
mediator of cell autophagy, promotes rDNA transcription via facilitating
the assembly of the POLR1/RNA polymerase | preinitiation complex at
rDNA promoters. Autophagy. 2016;12(7):1118-28.

CuiY,Yang H, Shi S, Ping X, Zheng S, Tang X, et al. TP53INP2 Contributes to
TGF-B2-induced autophagy during the epithelial-mesenchymal transition
in posterior capsular opacification development. Cells. 2022;11(15):2385.
Tang Y, TaoY,Wang L, Yang L, Jing Y, Jiang X, et al. NPM1 mutant maintains
ULK1 protein stability via TRAF6-dependent ubiquitination to promote
autophagic cell survival in leukemia. FASEB J. 2021;35(2): €21192.

You Z, XuY, Wan W, Zhou L, Li J, Zhou T, et al. TP53INP2 contributes

to autophagosome formation by promoting LC3-ATG7 interaction.
Autophagy. 2019;15(8):1309-21.

LiY,KongY, Zhou Z, Chen H, Wang Z, Hsieh YC, et al. The HECTD3 E3
ubiquitin ligase facilitates cancer cell survival by promoting K63-linked
polyubiquitination of caspase-8. Cell Death Dis. 2013;4(11): €935.
Gonzalvez F, Lawrence D, Yang B, Yee S, Pitti R, Marsters S, et al. TRAF2 Sets
a threshold for extrinsic apoptosis by tagging caspase-8 with a ubiquitin
shutoff timer. Mol Cell. 2012;48(6):888-99.

Carneiro BA, El-Deiry WS. Targeting apoptosis in cancer therapy. Nat Rev
Clin Oncol. 2020;17(7):395-417.

Dittmann J, Haydn T, Metzger P, Ward GA, Boerries M, Vogler M, et al.
Next-generation hypomethylating agent SGI-110 primes acute myeloid
leukemia cells to IAP antagonist by activating extrinsic and intrinsic
apoptosis pathways. Cell Death Differ. 2020,27(6):1878-95.

Diepstraten ST, Anderson MA, Czabotar PE, Lessene G, Strasser A, Kelly
GL. The manipulation of apoptosis for cancer therapy using BH3-mimetic
drugs. Nat Rev Cancer. 2022;22(1):45-64.

Eichhorst B, Niemann CU, Kater AP, Firstenau M, von Tresckow J, Zhang C,
et al. First-line Venetoclax combinations in chronic lymphocytic leukemia.
N EnglJ Med. 2023;388(19):1739-54.

Kumar S, Kaufman JL, Gasparetto C, Mikhael J, Vij R, Pegourie B, et al.
Efficacy of venetoclax as targeted therapy for relapsed/refractory t(11;14)
multiple myeloma. Blood. 2017;130(22):2401-9.

Wei AH, Strickland SA Jr, Hou JZ, Fiedler W, Lin TL, Walter RB, et al.
Venetoclax combined with low-dose cytarabine for previously untreated
patients with acute myeloid leukemia: results from a phase Ib/Il study. J
Clin Oncol. 2019;37(15):1277-84.

Page 20 of 20

47. DiNardo CD, Pratz K, Pullarkat V, Jonas BA, Arellano M, Becker PS, et al.
Venetoclax combined with decitabine or azacitidine in treatment-naive,
elderly patients with acute myeloid leukemia. Blood. 2019;133(1):7-17.

48. GaurT, Poddutoori R, Khare L, Bagal B, Rashmi S, Patkar N, et al. el covalent
CDK?7 inhibitor potently induces apoptosis in acute myeloid leukemia
and synergizes with Venetoclax. J Exp Clin Cancer Res. 2023;42(1):186.

49. Fooks K, Galicia-Vazquez G, Gife V, Schcolnik-Cabrera A, Nouhi Z, Poon
WWL, et al. EIF4A inhibition targets bioenergetic homeostasis in AML
MOLM-14 cells in vitro and in vivo and synergizes with cytarabine and
venetoclax. J Exp Clin Cancer Res. 2022;41(1):340.

50. Tahir SK, Calvo E, Carneiro BA, Yuda J, Shreenivas A, Jongen-Lavrencic M,
et al. Activity of eftozanermin alfa plus venetoclax in preclinical models
and patients with acute myeloid leukemia. Blood. 2023;141(17):2114-26.

51. Konopleva M, Pollyea DA, Potluri J, Chyla B, Hogdal L, Busman T, et al.
Efficacy and biological correlates of response in a phase Il study of
venetoclax monotherapy in patients with acute myelogenous leukemia.
Cancer Discov. 2016;6(10):1106-17.

52. Thomalla D, Beckmann L, Grimm C, Oliverio M, Meder L, Herling CD,
et al. Deregulation and epigenetic modification of BCL2-family genes
cause resistance to venetoclax in hematologic malignancies. Blood.
2022;140(20):2113-26.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1080/15548627.2024.2333717
https://doi.org/10.1080/15548627.2024.2333717

	Cytoplasmic TP53INP2 acts as an apoptosis partner in TRAIL treatment: the synergistic effect of TRAIL with venetoclax in TP53INP2-positive acute myeloid leukemia
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Background
	Methods
	Cell culture
	siRNA, plasmids, and cell transfection
	Clinical samples
	Bioinformatics analysis
	Colony formation assay
	Cell proliferation and apoptosis assays
	Immunohistochemistry (IHC)
	RNA extraction and quantification
	Immunofluorescence (IF)
	Western blot
	Coimmunoprecipitation (Co-IP)
	Ubiquitination assay
	AML xenograft mouse model
	Statistical analysis

	Results
	The association between TP53INP2 and the sensitivity of AML cells to TRAIL treatment was identified by high-throughput library screening
	AML cells with high TP53INP2 expression were more sensitive to TRAIL in a CDX mouse model
	TP53INP2 is a crucial regulator of the AML cell response to TRAIL treatment
	The effect of TP53INP2 on TRAIL sensitivity is regulated by mutant NPM1
	Cytoplasmic TP53INP2 maintained by mutant NPM1 functions as a scaffold linking TRAF6 and CASP 8 to promote the ubiquitination and activation of CASP 8
	TRAIL shows synergistic effect in combination with the BCL-2 inhibitor venetoclax in the presence of TP53INP2 in vitro
	The TRAILvenetoclax combination reduces tumor burden and prolongs survival in a PDX mouse model of AML

	Discussion
	Conclusion
	Acknowledgements
	References


