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Abstract: Autophagy, a highly regulated lysosome-dependent catabolic pathway, has garnered increasing atten-
tion because of its role in leukemia resistance. Among the S100 family of small calcium-binding proteins, S100P
is differentially expressed in various tumor cell lines, thereby influencing tumor occurrence, invasion, metastasis,
and drug resistance. However, the relationship between S100P and autophagy in determining chemosensitivity in
leukemia cells remains unexplored. Our investigation revealed a negative correlation between S100P expression
and the clinical status in childhood leukemia, with its presence observed in HL-60 and Jurkat cell lines. Suppression
of S100P expression resulted in increased cell proliferation and decreased chemosensitivity in leukemia cells,
whereas enhancement of S100P expression inhibited cell proliferation and increased chemosensitivity. Additionally,
S100P knockdown drastically promoted autophagy, which was subsequently suppressed by S100P upregulation.
Moreover, the p53/AMP-activated protein kinase (AMPK)/mammalian target of rapamycin (mTOR) pathway was
found to be functionally associated with S100P-mediated autophagy. Knockdown of S100P expression led to a
decrease in p53 and p-mTOR levels and an increase in p-AMPK expression, ultimately promoting autophagy. This
effect was reversed by administration of Tenovin-6 (a p53 activator) and Compound C (an AMPK inhibitor). The find-
ings of our in vivo experiments provide additional evidence supporting the aforementioned data. Specifically, S100P
inhibition significantly enhanced the growth of HL-60 tumor xenografts and increased the expression of microtubule-
associated protein 1 light chain 3 and p-AMPK in nude mice. Consequently, it can be concluded that S100P plays
a regulatory role in the chemosensitivity of leukemia cells by modulating the p53/AMPK/mTOR pathway, which
controls autophagy in leukemia cells.

Keywords: S100P, autophagy, leukemia, chemosensitivity, p53

Introduction

Acute leukemia (AL) is a neoplastic disorder
characterized by the presence of undifferenti-
ated hematopoietic stem cells. This condition
can be further classified into acute myeloid leu-
kemia (AML) and acute lymphoblastic leuke-
mia (ALL). Among pediatric cases of AL, ALL
accounts for approximately 80%, while AML
represents 15-20%. Advancements in chemo-
therapy regimens and the introduction of more
precise treatments have led to notable improve-
ments in survival rates. Currently, the estimat-
ed survival rate for pediatric patients with ALL

is approximately 90%, whereas the long-term
survival rate for children with AML is 70% [1, 2].
However, some children continue to receive
conventional chemotherapy, which leads to the
development of chemoresistance and subse-
quent disease recurrence [3]. Furthermore, the
prognosis of children experiencing refractory
relapse is exceedingly poor, with a 5-year
overall survival rate of less than 10% [4].
Accumulating evidence suggests a significant
correlation between chemoresistance and re-
duced drug absorption, increased drug efflux,
mutations in drug targets, and enhanced DNA
damage repair capabilities [5-7]. However, the
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precise molecular mechanisms underlying drug
resistance in AL are yet to be fully elucidated.

Autophagy is a cellular process involving the
transfer of proteins and aging organelles into
vesicles that merge with lysosomes to create
autophagolysosomes for the digestion and deg-
radation of ingested substances. Autophagy
has been implicated in various human diseas-
es, such as neurodegenerative diseases, can-
cer, and immune disorders [8-10]. Emerging
evidence has suggested that altered autopha-
gy is associated with these conditions. Auto-
phagy plays a dual role in the development of
cancer. On the one hand, it can impede tumor
growth through autophagy-induced cell death.
On the other hand, autophagy protects cancer
cells from the detrimental effects of radia-
tion therapy, chemotherapy, and nutrient defi-
ciency during tumor development [10-12].
Numerous signaling pathways are believed
to participate in the regulation of autophagy.
Among these, the AMP-activated protein kina-
se (AMPK)/mammalian target of rapamycin
(MTOR) has been acknowledged as a pivotal
pathway in regulating autophagy [13, 14]. Our
previous research showed that inhibiting mTOR
activation can induce autophagy in leukemia
cells, thereby promoting their survival [15].
Additionally, the induction of autophagy has
been associated with survival response during
chemotherapy, which diminishes treatment
effectiveness [10, 11, 14]. Although autophagy
plays a crucial role in pediatric AL chemoresis-
tance, the precise mechanism remains unclear.

Human S100P is a calcium-binding protein
belonging to the S100 protein family. It is locat-
ed on chromosome 4 (chromosome 4pl6).
Similar to other S100 proteins, S100P possess-
es two consecutive EF-hands containing Ca?*
binding sites that play a role in various biologi-
cal processes [16]. Additionally, S100P has
both intracellular and extracellular functions
[17, 18]. S100P interacts with the extracellular
receptor for advanced glycation end products
and engages in various intracellular associa-
tions, including ezrin-paladin and o7-integrin,
promoting multiple cell survival pathways, pro-
liferation, and invasion [17-19]. S100P expres-
sion correlates with drug resistance and metas-
tasis in several other cancers, including colon,
ovarian, breast, lung, nasopharyngeal, and cer-
vical cancers [19, 20]. A growing body of evi-
dence indicates that autophagy is a cellular
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survival mechanism in response to the stress
induced by cancer treatment. In a previous
study, we demonstrated that S100A8, a mem-
ber of the calbindin S100 family, plays a crucial
role as an autophagy-promoting protein that
enhances leukemia cell survival and regulates
drug resistance [21]. A previous report suggest-
ed that the efficacy of leukemia chemotherapy
could be enhanced by the involvement of the
S100 calcium-binding protein in autophagy.
However, the mechanism by which S100P-
mediated autophagy promotes chemoresis-
tance in leukemia remains unclear.

This study demonstrates a negative correlation
between S100P expression in pediatric AL and
the clinical status of patients, specifically in pri-
mary bone marrow mononuclear cells (BMMCs)
from patients with pediatric AL, as shown in
this study. The study also reveals that the over-
expression of S100P inhibits autophagy in-
duced by Hank’s Balanced Salt Solution (HBSS)
and enhances the sensitivity of leukemia cells
to chemotherapeutic drugs. Conversely, the
downregulation of S100P expression by shRNA
silencing resulted in the opposite effects.
Additionally, our findings indicate a functional
association between the p53/AMPK/mTOR
pathway and S100P-induced autophagy and
chemosensitivity. These findings support the
notion that S100P could potentially be target-
ed for therapeutic interventions in leukemia
treatment.

Materials and methods
Reagents and cell culture

3-Methyladenine (3-MA), Cytarabine (Ara-C),
adriamycin (ADM), Tenovin-6, Compound C and
lysosomal protease inhibitors E64d, pepstatin
A [22] were purchased from GlpBio (Montclair,
CA, USA); AML cell lines (MV4-11, THP-1, HL-60,
KASUMI1) and ALL cell lines (NALM-6, MOLT4,
Jurkat) from Xiangya School of Medicine Type
Culture Collection (Changsha, China). All the
cells were cultivated in RPMI-1640 medium
(GIBCO, Gaithersburg, USA), and grown in a
humidified incubator at 37°C with 5% CO,
(Thermo Fisher Scientific Inc., USA).

Patients and specimen collection
The Hospital’s Ethics Committee approved the

study protocol, and all participants provided
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written informed consent before the clinical
samples were used. Based on May-Grunwald
Giemsa-stained bone marrow smears and cyto-
chemistry, AL was diagnosed using the French-
American-British group criteria. Primary dis-
ease, complete remission (CR), refractory dis-
ease, and bone marrow relapse were defined
per the National Cancer Institute guidelines.
With informed consent, BMMCs were obtained
from the bone marrow samples of pediatric
patients with AL. In our study, we enrolled 45
patients with ALL (23 in the primary phase, 6 in
relapse, and 16 in CR), 26 patients with AML
(16 in the primary phase, 4 in relapse, and 6 in
CR). Using Ficoll density gradient centrifuga-
tion, BMMCs were isolated. Patients were divid-
ed into median S100P low and high-expression
groups based on BMMC mRNA levels in patients
with primary AL. Diagnoses and risk stratifica-
tion of ALL were based on the Chinese Children’s
Cancer Group study ALL-2015 (CCCG-ALL-2015)
[23, 24], and diagnoses and risk stratification
of AML were based on the Children’s Cancer
and Leukemia Group study AML-2015 (CCLG-
AML-2015) [25].

RNA interference and lentivirus transfection

Lentiviruses expressing S100P and S100P
short hairpin RNA (shRNA) were purchased
from Shanghai GeneChem Co. According to the
manufacturer’s instructions, S100P shRNA len-
tiviral knockdown or control shRNA were pack-
aged in an HIV-based packaging mix (Gene-
Chem Inc.) to infect HL-60/Jurkat cells and pro-
mote the constitutive repression of S100P.
HL-60/Jurkat cells were transduced with len-
tiviral particles encoding S100P-GFP or GFP
alone. Stable clones were selected using puro-
mycin. The shRNA sequences for S100P were
as follows: S100P shRNA1: 5-CCGGCTGTCAC-
AAGTACTTTGAGAACTCGAGTTCTCAAAGTACTTG-
TGACAGTTTTTT-3; S100P shRNA2: 5-CCGG-
GCTCAAGGTGCTGATGGAGAACTCGAGTTCTCCA-
TCAGCACCTTGAGCTTTTT-3’; S100P shRNAS3:
5-CCGGAATGGAGATGCCCAGGTGGACCTCGAG-
GTCCACCTGGGCATCTCCATTTTTTT-3". Non-sil-
encing shRNA (control shRNA) was used as
mock-transfected controls (target sequence):
5-TTCTCCGAACGTGTCACGT-3’. S100P expres-
sion was verified using qRT-PCR and western
blotting. Two S100P shRNAs (S100P shRNA1
and S100P shRNA?2) that proved to be the most
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effective for the knockdown of gene expression
were selected.

Quantitative real-time polymerase chain reac-
tion (QRT-PCR)

Total RNA was isolated from BMMCs and differ-
ent cells using Trizol reagent following manu-
facturer’s instructions and cDNA was synthe-
sized according to the procedures described
previously via PrimeScript™ RT master mix
(Yeasen Biotech Co., Ltd., Shanghai, China). A
7900 Real-Time PCR System (Applied Bio-
systems, Foster City, CA) with Hieff® gqPCR SYBR
Green Master Mix (Low Rox Plus Yeasen Biotech
Co., Ltd., Shanghai, China) was used to perform
quantitative PCR (gPCR). To standard relative
MRNA expression, the forward primer was con-
structed using 5-CTGGAACGGTGAAGGTGACA-
3’, and reverse primer was constructed using
5-CGGCCACATTGTGAACTTTG-3'. In our resear-
ch, primers were used as follows: S100P for-
ward 5-GGAGATGCCCAGGTGGACTT-3’ and re-
verse 5-TACTTGTGACAGGCAGACGTGAT-3. In
terms of cycling conditions, 95°C for 5 min, fol-
lowed by 40 cycles of 95°C for 10 sec, and
60°C for 30 sec. In triplicate, samples were
examined with the 2-AACq [26] method to cal-
culate relative gene expression.

Antibodies and western blot

Antibodies from the following companies were
used in our study: rabbit anti-S100P (#A147-
80), rabbit anti-B-actin (#AC026), rabbit anti-
Tubulin (#AC0O08), rabbit anti-Fibrillarin (#A13-
490), rabbit anti-LC3B (#A19665), rabbit anti-
p62 (#A19700), rabbit anti-CDK2 (#A0094),
rabbit anti-cyclinD1 (#A19038), rabbit anti-
Bcl-2 (#A19693) were obtained from ABclonal
(Wuhan, China); rabbit antibodies against
phospho(p)-mTORS2448 (#AF3308), mTOR
(#AF6308), pb53 (#AF0879), p-AMPKaT172
(#AF3423), AMPKa (#AF6423), from Affinity
Biosciences (Changzhou, China), horseradish
peroxidase (HRP)-conjugated goat anti-rabbit
IgG (#AS014) from ABclonal (Wuhan, China);
After rinsing cells with PBS, they were collected
and resuspended in lysis buffer (Beyotime,
Beijing, China) for 15 minutes. They were then
fractionated with the nuclear cytoplasm frac-
tion kit (Beyotime, Beijing, China). Using BCA
assay (Beyotime, Beijing, China) to measure
the extracted protein concentrations. SDS-
PAGE was used to resolve proteins and PVDF
membranes (Millipore, USA) were electropho-
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retically transferred after the reactions. A vari-
ety of primary antibodies were incubated
overnight at 4°C on the membrane after block-
ing. By using enhanced chemiluminescence
reagents (Zen-Bioscience, Chengdu, China),
hybridization was detected after 1 hour at room
temperature of incubation with different sec-
ondary antibodies. In order to quantify and ana-
lyze the specific bands on western blots, a BIO-
RAD ChemiDocTM MP Imaging System was
employed.

Cell viability assay

Cell viability was determined using the cell
counting kit-8 (CCK-8; #K1018, APExBIO
Technology LLC, USA). Briefly, cells (1 x 10%/
well/100 uL) were plated in 96-well plates and
treated with ADM or Ara-C at various doses for
the indicated times according to the manufac-
turer’s instructions. The absorbance of each
well was measured with a microplate reader
after adding 10 uL of CCK-8 solution to each
well and incubated at 37°C for another 2 h.
For cell proliferation assay in vitro, cell suspen-
sion (5 x 103/well/100 pL) was inoculated in
a 96-well plate. After incubating for O, 1, 2, 3,
and 4 days, each well was put in 10 yL of CCK8
and incubated for 2 h at 37°C.

EdU assay

EdU Cell Proliferation Kit (Meilunbio, Dalian,
China) was adopted to inquire the cell prolifera-
tion ability. Cells were seeded at a cell density
of 1 x 10%/well in 12-well plates. Incubate with
20 pM EdU buffer for 1 hour at 37°C, fix with
formaldehyde for 30 minutes, and permeabilize
with 0.1% Triton X-100 for 15 minutes. After
incubation, EdU solution was added and cell
nucleus were stained with DAPI. The results
were then observed under fluorescence micro-
scope. Image j software was used to count
EdU-positive cells.

Colony formation assay

Cells were seeded at a density of 1 x 10%/well
in 6-well plates and reconditioned to be filled
with a 2-mL medium-agar mixture that consist-
ed of two layers of 1.2 and 0.6% agar in the
medium. The stock agar solution comprised
100 mL of distilled water and 6 g agar. After
that, it was sterilized in an autoclave. After it
became tepid, it was fractioned into two solu-

1124

tions using the medium. The bottom layer
(1.2%) was left without cells, whereas the sec-
ond layer contained cells cultured on 0.6% agar
medium. While preparing each layer, it was nec-
essary to solidify the plates for 10 or 15 min
after pouring the agar solution into the wells.
After the plates were incubated for two weeks,
the colonies were photographed.

Measurements of S100P release

Serum from different groups of patients and
normal healthy subjects were collected to mea-
sure S100P concentrations. Serum S100P
release was measured using an enzyme-linked
immunosorbent assay (ELISA) kit provided by
Enzyme Biotechnology Co., Ltd. (Shanghai,
China), evaluated according to the manufactur-
er’s instructions.

Immunofluorescence analysis

The cells were immobilized in 4% formaldehyde
at 20°C for half an hour before being permeabi-
lized with 0.3% Triton X-100 at 4°C for 10 min-
utes. As soon as the samples had been satu-
rated with goat serum for 1 h at room tempera-
ture, anti-LC3B antibody (#A19665, ABclonal),
Alexa Fluor 488-conjugated immunoglobulin,
and DAPI (Sigma) were used for immunofluores-
cence. Images were gathered with Leica TCS
SP8 confocal microscope.

Electron microscopy

After collecting the cells, they were fixed in
2.5% glutaraldehyde for two hours. The sam-
ples were cut into 0.12-mm sections after
embedding. A transmission electron micro-
scope, H7500 (Hitachi, Tokyo, Japan), was used
to examine the ultrathin sections.

Tumor cell xenograft model

From the Xiangya Medical College Animal
Laboratory (Changsha, China), 16 specific
pathogen-free-grade male BALB/c nude mice
(aged 4 to 6 weeks) were purchased. The
Animal Ethics Committee of Xiangya Medical
College approval was obtained for all animal
experiments. Four groups of mice were ran-
domly divided in the experiment: (1) control
shRNA grope taking PBS (vehicle); (2) control
shRNA grope taking ADM; (3) S100P shRNA
grope taking PBS (vehicle); and (4) S100P
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shRNA grope taking ADM. Subcutaneous injec-
tions of control shRNA HL-60 cells and S100P
shRNA HL-60 cells (1 x 107 cells/mouse) were
administered to nude mice (weight, approxi-
mately 20 g) on the right flank. A tumor volume
of 100 mm?® was recorded at O days after 3-4
weeks. Then mice were intraperitoneally inject-
ed with ADM (2 mg/kg, every three days) for
three weeks. The tumor volume (length x width
x width x 11/6) and body weight of the mice
were monitored every three days. After treat-
ment, mice were sacrificed, their tumors
removed, imaged, weighted, and analyzed via
IHC.

Immunohistochemistry

Tumors were fixed in 4% formaldehyde.
Following dehydration and paraffin embedding,
microtomes (Leica, Wetzlar, Germany) were
used to slice specimens into 5-mm thick sec-
tions. The expressions of S100P, LC3B, p53,
p-AMPK, and p-mTOR were examined via
Immunohistochemistry. In order to unmask
antigens, deparaffinized and rehydrated sec-
tions were pressure-cooked for 2 minutes in an
antigen retrieval buffer (0.01 M citrate buffer,
pH 6.0). After incubating with rabbit anti-S100P,
LC3B, p53, p-AMPK and p-mTOR antibodies
(1:200) overnight at 4°C, the sections were
treated with biotinylated goat anti-rabbit IgG
secondary antibodies for 1 hour at 37°C fol-
lowed by streptavidin-HRP.

Statistical analysis

Statistical analysis included independently
repeating each experiment at least three times
and presenting the results as means and stan-
dard deviations. SPSS (version 19.0; IBM
Corp., Armonk, NY, USA) and GraphPad Prism 7
(GraphPad Software Inc., San Diego, CA, USA)
were used to analyze the quantitative results.
Student’s t-tests were used to compare two
groups, and chi-square tests were used to com-
pare S100P expression with clinicopathological
features. P<0.05 was considered statistically
significant.

Results

Correlation between S100P expression and
clinical status in childhood AL

In this study, we used seven AL cell lines, name-
ly MV4-11, THP-1, HL-60, KASUMI1, NALM-6,
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MOLT4, and Jurkat, to assess the expression of
S100P via gRT-PCR and western blot analysis.
Our results revealed varying levels of S100P
expression in AL cells (Figure 1A, 1B). The clini-
cal relevance of S100P expression was further
evaluated using qRT-PCR and enzyme-linked
immunosorbent assay in BMMCs. Samples
were collected from 45 patients diagnosed
with ALL (23 in the primary phase, 6 in relap-
se, and 16 in CR), 26 patients with AML (16 in
the primary phase, 4 in relapse, and 6 in CR),
and eight healthy individuals serving as the
control group. Higher levels of S100P expres-
sion were detected in individuals who achieved
CR of leukemia and in healthy individuals
(Figure 1C, 1D), whereas lower levels were
found in patients with primary and relapsed
leukemia (Figure 1C, 1D). These data suggest a
correlation between S100P levels and the clini-
cal status of childhood AL.

Subsequently, we investigated the potential
association between S100P expression and
clinical characteristics. Using the BMMC mRNA
levels of 23 patients with ALL and 16 patients
with AML, we employed the median value to
categorize individuals into low- and high-
expression groups. The results showed that the
white blood cell count and risk classification
were inversely correlated with S100P expres-
sion in patients with primary AL (Tables 1, 2).
Conversely, no significant relationship was
observed between S100P expression and sex,
age, platelet count, or hemoglobin levels
(Tables 1, 2). Thus, S100P reflects different
clinical features of childhood AL.

S100P regulates leukemia cell proliferation
and chemosensitivity

To investigate the potential role of S100P in
regulating leukemic cell death, target shRNA
against S100P or control shRNA were trans-
fected into HL-60 and Jurkat cells (Figures 2A,
2B, S1A, S1B). Our findings indicated that ADM
and Ara-C induced growth inhibition in a dose-
dependent manner in both control shRNA and
vector groups (Figures 2C, S1C). Knockdown of
S100P resulted in increased drug resistance in
leukemia cells compared with that in the con-
trol (Figure 2C). In contrast, regulating S100P
expression in leukemia cells made them signifi-
cantly more sensitive to chemotherapeutic
drugs than the vector group (Figure S1C).
Additionally, the findings from cell proliferation,
EdU, and suspended colony formation assays
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Figure 1. S100P was expressed in different cancer cell lines and correlated to the stage of childhood AL. A, B. QRT-
PCR and western blot of S100P and actin in various cell lines hinted at an over-expression of S100P in HL-60 and
Jurkat cell lines; C. Relative mRNA expression levels of S100P in childhood AL. ALL, acute lymphoblastic leukemia;
AML, acute myeloid leukemia; N, normal healthy subject; P, primary; CR, complete remission; R, relapse. *P<0.05
vs. normal subject; **P>0.05 vs. normal subject; #P<0.05 vs. complete remission; D. Expression of SI00P in serum
of different patients and normal healthy subjects. The expression of S100P was significantly lower in primary and
relapse patients than that in the complete remission patients. N, normal healthy subject; P, primary; CR, complete
remission; R, relapse. *P<0.05 vs. normal subject; **P>0.05 vs. normal subject; #P<0.05 vs. complete remission.

demonstrated a significant increase in cell
growth with S100P knockdown and a decrea-
se in cell growth with S100P overexpression
(Figures 2D-F, S1D-F). The expression levels of
proliferation-related proteins, including cyclin
D1, cyclin-dependent kinase 2, and B-cell lym-
phoma 2, were assessed in HL-60 and Jurkat
cells. These proteins are upregulated in S100P-
ablated cells and downregulated in S100P-
overexpressing cells (Figures 2G, S1G). These
results prove that S100P plays a crucial role in
regulating the proliferation and chemosensitiv-
ity of leukemia cells.

S100P regulates autophagy in leukemia cells

The role of autophagy in chemotherapy resis-
tance in hematological malignancies has
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become increasingly evident. To investigate the
direct activation of autophagy by S100P and its
regulation of the autophagic flux, the expres-
sion of microtubule-associated protein 1 light
chain 3 (LC3) and SQSTM1/sequestosome 1
(p62) was determined using immunoblot analy-
sis. LC3-Il and p62 are widely used to monitor
autophagy. A standard marker of autophago-
somes, LC3-ll, is generated by conjugating
cytosolic LC3-I to phosphatidylethanolamine
on nascent autophagosome surfaces [27]. The
scaffold protein p62 serves as a substrate for
autophagy, facilitating the transportation of
ubiquitinated proteins for proteasomal degra-
dation [27]. In the presence of S100P shRNA,
classical autophagic stimuli in HBSS increased
LC3-1l expression and decreased p62 expres-
sion compared with the control group (Figure

Am J Cancer Res 2024;14(3):1121-1138
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Table 1. Association between S100P expression and clinicopathological characteristics in pediatric
patients with ALL

Clinicopathologic features Low expression (n=12) (%) High expression(n=11) (%) p-value?
Age at diagnosis (years) P=0.32
<10 8 (66.7%) 10 (90.9%)
>10 4 (33.3%) 1 (9.1%)
Gender P=0.09
Male 5 (41.7%) 9 (81.8%)
Female 7 (58.3%) 2 (18.2%)
WBCs (x 10%/1) at diagnosis 88.2 (15.6-576.9)° 17.4 (1.3-354.1) P=0.04
Hb (g/1) at diagnosis 64 (3-97) 82 (43-133) P=0.09
Plt (x 10%/1) at diagnosis 65 (14-208) 69 (2-290) P=0.25
Risk classification P=0.04
Standard risk 1 (8.3%) 6 (54.5%)
Medium risk 9 (75.0%) 5 (45.5%)
High risk 2 (16.7%) 0 (0%)

WBCs, white blood cells; Hb, hemoglobin; Plt, platelet; 2P-value in Mann-Whitney U test and Chi-square test; ®values shown as
median minimum-maximum.

Table 2. Association between S100P expression and clinicopathological characteristics in pediatric
patients with AML

Clinicopathologic features Low expression (n=8) (%) High expression (n=8) (%) p-value?
Age at diagnosis (years) P=1.00
<10 4 (50.0%) 4 (50.0%)
>10 4 (50.0%) 4 (50.0%)
Gender P=1.00
Male 6 (75.0%) 5 (62.5%)
Female 2 (25.0%) 3 (37.5%)
WBCs (x 10%/1) at diagnosis 73.9 (1.7-244.3)° 11.8 (1.8-62.4) P=0.03
Hb (g/1) at diagnosis 77 (42-111) 83 (74-109) P=0.31
Plt (x 10%/1) at diagnosis 45 (11-254) 50 (15-1360) P=0.86
Risk classification P=0.04
Standard risk 0 (0%) 0 (0%)
Medium risk 2 (25.0%) 7 (87.5%)
High risk 6 (75.0%) 1(12.5%)

WBCs, white blood cells; Hb, hemoglobin; PLT, platelet; 2P-value in Mann-Whitney U test and Chi-square test; values shown as
median minimum-maximum.

3A, 3B). Conversely, the overexpression of
S100P through gene transfection led to a sig-
nificant decrease in LC3-Il expression and an
increase in p62 levels (Eigure S2A, S2B).
Additionally, treatment with the lysosomal pro-
tease inhibitors pepstatin A and E64d (PA/
E6G4d) increased LC3-Il and p62 expression,
regardless of the expression level of S100P
(Figures 3B, S2B). This suggests that the
increased LC3-Il was not caused by decreased
degradation of lipidated LC3 but rather by
increased autophagic flux.
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Traditionally, electron microscopy has been
used to quantify autophagosomes. Type |
autophagosomes are characterized by a dou-
ble-membrane structure and contain undigest-
ed cytoplasmic contents that remain separate
from lysosomes. Type Il autophagolysosomes
are hybrid organelles that combine autophago-
somes and lysosomes, each with a single limit-
ing membrane [27]. According to our electron
microscopy analysis, S1I00P shRNA treatment
resulted in higher numbers of autophagosom-
es and autophagolysosomes in leukemic cells
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Figure 2. S100P knockdown increased leukemia cells proliferation and chemosensitivity. A, B. QRT-PCR and western
blot analysis confirmed the downregulation of S100P in HL-60 and Jurkat cells treated with S100P shRNA. *P<0.05
vs. shCtrl group; C. S100P knockdown decreased the sensitivity of leukemia cells to anti-cancer drug. Knockdown
S100P by shRNA in HL-60 and Jurkat cells and then treated with ADM and Ara-C at the indicated doses for 24 h and
48 h respectively. Cell viability was assayed using a CCK-8 kit (n=3, *P<0.05 vs. shCtrl group); D. S100P depletion
increased the proliferation of HL-60 and Jurkat cells. HL-60 and Jurkat cells were transfected with S100P shRNA or
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control shRNA and then cultured for 4 days. OD value was assayed using a CCK-8 kit for every day (n=3, *P<0.05
vs. shCtrl group); E. EdU assays were performed and analyzed. Representative EdU analysis of cell proliferation in
HL-60 and Jurkat cells with S100P shRNA or control shRNA transfection. DAPI (blue) was used to stain nucleus and
EdU (red) showed the incorporated cells. P-values have been calculated using paired Student’s t-test. Scale bar: 50
um (n=3, *P<0.05 vs. shCtrl group); F. S100P depletion enhanced the colony formation of HL-60 and Jurkat cells.
HL-60 and Jurkat cells were transfected with S100P shRNA or control shRNA and then soft agarose colony formation
were performed; G. S100P ablation contributed to increment of Cyclin D1, CDK2 and Bcl-2. HL-60 and Jurkat cells
were transfected with S100P shRNA or control shRNA and then Cyclin D1, CDK2 and Bcl-2 levels were assayed by

western blot.

than in control cells (Figure 3C). LC3 puncta
showed a significant increase following S100P
depletion, as observed using immunofluores-
cence (Figure 3D). In contrast, upregulated
S100P expression was linked to decreased
autophagosome, autophagolysosome, and LC3
puncta formation compared with the vector
group (Figure S2C, S2D). These data demon-
strate that leukemia cells exhibit typical
autophagic reactions to HBSS and that endog-
enous S100P regulates autophagy initiation.

Autophagy is essential for endogenous S100P-
regulated chemoresistance

Based on these findings, it is evident that
S100P can regulate the proliferation of leuke-
mia cells and autophagy. We investigated the
relationship between autophagy and chemo-
sensitivity using S100P. In this study, 3-methyl-
adenine (3-MA), a PI3K inhibitor, was used to
inhibit autophagy by inhibiting autophagy-
dependent protein degradation and preventing
autophagosome formation. Upon the reduction
of S100P expression, the administration of
3-MA significantly suppressed the conversion
of LC3 (LC3-1 to LC3-ll), formation of autopha-
gosomes, and consumption of p62 was induc-
ed by HBSS (Figure 4A, 4B). Additionally, 3-MA
enhanced the effects of S100P overexpression
on autophagy (Figure S3A, S3B). Furthermore,
the application of chemotherapeutic drugs in
conjunction with 3-MA treatment reversed the
drug resistance induced by S100P in the S100P
shRNA groups and further promoted the che-
mosensitivity of leukemia cells by introducing
the S100P vector (Figures 4C, 4D, S3C, S3D).
These findings suggested that endogenous
S100P-mediated chemoresistance in leukemic
cells requires autophagy.

p53/AMPK/mTOR pathway is required for
S100P-mediated autophagy regulating chemo-
sensitivity

The transcription factor p53, a tumor suppres-
sor, is responsive to various cellular stressors,
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such as DNA damage, oncogenesis, oxidative
stress, and hypoxia [28]. Furthermore, p53
plays a crucial role in the regulation of autopha-
gy, as evidenced by studies indicating that its
subcellular localization influences this process
[29]. Nuclear p53 promotes autophagy by
transactivating the target genes, whereas cyto-
plasmic p53 predominantly inhibits autophagy
[30, 31]. Our results showed that endogenous
S100P could regulate autophagy in leukemia
cells; however, it remains unclear whether
S100P affects autophagy by controlling the
cytonuclear trafficking of p53. Our study
showed that S100P overexpression increas-
ed p53 expression, whereas S100P knockdown
suppressed pb53 expression (Figure 5A).
Moreover, we observed that the depletion of
S100P in leukemia cells hindered the translo-
cation of p53 from the nucleus to the cytosol
(Figures 5B, S4). In contrast, the upregulation
of S100P expression boosted p53 transloca-
tion (Figures 5B, S4). To further investigate
whether S100P knockdown promoted autopha-
gy by p53, we activated p53 with Tenovin-6, a
pharmacological p53 activator. Compared with
leukemia cells with S100P depletion, adding
Tenovin-6 to S100P-deficient cells significantly
decreased LC3-Il and increased p62 expres-
sion levels (Figure 5C). These findings indicate
that p53 mediates S100P-regulated autophagy
in leukemia cells.

To investigate the potential regulatory role of
S100P in the p53/AMPK/mTOR pathway in leu-
kemia cells, we subjected these cells to nutri-
ent deprivation by treating them with HBSS,
with or without various activators or inhibitors
of the pathway [32]. Suppression of S100P
expression resulted in a notable reduction in
the levels of p53 and phosphorylated mTOR
(p-mTOR) while concurrently increasing the
phosphorylated AMPK (p-AMPK) level com-
pared with the control group (Figure 5C, 5D).
Administration of Tenovin-6 (a p53 activator)
effectively reversed the alterations in p53,
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sayed by western blot; B. HL-60 and Jurkat cells were transfected with S100P shRNA or control shRNA and then pre-
treated for 1 h with pepstatin A (PA, 10 uM) and E64d (10 uM) as indicated. Cells were subsequently treated for 2 h
with HBSS in continuous presence or absence PA/E64d inhibitors. LC3-I/1l and p62 levels were assayed by western
blot (n=3, *P<0.05 vs. shS100P group); C. Ultrastructural features in HL-60 and Jurkat cells transfected with S100P
shRNA or control shRNA after 2 h treatment of HBSS. More autophagolysosomes were seen in S100P shRNA plus
HBSS-treated cells than in cells treated with control shRNA plus HBSS. Red arrows indicated autophagolysosomes.
Scale bar: 500 nm; D. HL-60 and Jurkat cells were transfected with S100P shRNA or control shRNA and then starved
by HBSS for 2 h and then immunostained with LC3B-specifc antibody (red) and DAPI (blue). Scale bar: 10 uym.
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Figure 5. p53/AMPK/mTOR pathway was required for S1I00P-mediated autophagy regulating chemosensitivity. A.
p53 expression levels were detected in S100P-deficient cells and S100P-overexpression cells by western blot analy-
sis respectively; B. The expressions of nuclear/cytosolic p53 in S100P-deficient cells and S100P-overexpression
cells were assayed by western blot. Fibrillarin was a nuclear fraction control and tubulin was a cytoplasmic fraction
control. C-p53, cytosolic p53; N-p53, nuclear p53; C. HL-60 and Jurkat cells were transfected with S100P shRNA
or control shRNA and then pre-treated with Tenovin-6 (5 uM) for 8 h. Cells were subsequently treated for 2 h with
HBSS, and then LC3-I/Il, p62, p53, p-AMPK, AMPK, p-mTOR, mTOR, and S100P levels were assayed by western blot
(n=3, *P<0.05 vs. shS100P group, #P>0.05 vs. shS100P group); D. HL-60 and Jurkat cells were transfected with
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S100P shRNA or control shRNA and then pre-treated with Compound C (20 uM) for 6 h. Cells were subsequently
treated for 2 h with HBSS, and then LC3-I/1l, p62, p53, p-AMPK, AMPK, p-mTOR and mTOR levels were assayed by
western blot. CC, Compound C (n=3, *P<0.05 vs. shS100P group, #P>0.05 vs. shS100P group); E. HL-60 and Jurkat
cells were transfected with S100P shRNA or control shRNA and then pre-treated with Tenovin-6 (5 uM) for 8 h. Cells
were subsequently treated for 24 h with ADM (0.2 ug/ml) or 48 h with Ara-C (4 uM), then cell viability was assayed
using a CCK-8 kit (n=3, *P<0.05 vs. shS100P group); F. HL-60 and Jurkat cells were transfected with S100P shRNA
or control shRNA and then pre-treated with Compound C (20 uM) for 6 h. Cells were subsequently treated for 24 h
with ADM (0.2 ug/ml) or 48 h Ara-C (4 uM), then cell viability was assayed using a CCK-8 kit. CC, Compound C (n=3,
*P<0.05 vs. shS100P group); G. HL-60 and Jurkat cells were transfected with S100P shRNA or control shRNA and
then pre-treated with Tenovin-6 (5 pM) for 8 h. Cells were subsequently treated for 24 h with ADM (0.2 pg/ml), then
active caspase-3 levels were assayed by western blot; H. HL-60 and Jurkat cells were transfected with S100P shRNA
or control shRNA and then pre-treated with Compound C (20 uM) for 6 h. Cells were subsequently treated for 24 h

with ADM (0.2 pg/ml), and then active caspase-3 levels were assayed by western blot.

p-AMPK, and p-mTOR expression induced by
S100P knockdown, indicating that p53 acts as
a downstream signaling molecule of S100P
(Figure 5C). Compound C, an AMPK inhibitor,
inhibited the expression of p-AMPK and pro-
moted the expression of p-mTOR. There was no
significant effect on p53 levels, suggesting that
AMPK is downstream of the S100P/p53 path-
way (Figure 5D). Furthermore, compared with
leukemia cells with S100P depletion, the addi-
tion of Compound C to S100P-deficient cells
also significantly decreased LC3-ll and increas-
ed p62 expression levels (Figure 5D), suggest-
ing that S100P mediates autophagy through
the p53/AMPK/mTOR pathway.

To ascertain the significance of p53 and AMPK
in the chemosensitivity of leukemia cells medi-
ated by S100P, the viability of cells treated with
chemotherapeutic drugs was assessed in the
presence or absence of Tenovin-6 or Com-
pound C. The reduction of S100P expression
through knockdown decreased the chemosen-
sitivity of leukemia cells treated with ADM and
Ara-C, as treated leukemia cells compared
with the control group (Figure 5E, 5F). Further-
more, the assessment of active caspase-3 lev-
els provided evidence that administering che-
motherapeutic drugs, preceded by Tenovin-6
or Compound C pretreatment, partially mitigat-
ed the reversed S100P-induced drug resis-
tance in the S100P shRNA groups (Figure 5G,
5H). This finding suggests that the p53/AMPK/
mTOR pathway plays a crucial role in the
S100P regulation of chemosensitivity in leuke-
mia cells influenced by S100P.

Knockdown of S100P expression inhibits the
anticancer activity of ADM in vivo

The aforementioned studies demonstrate that
S100P-mediated autophagy plays a role in reg-
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ulating chemosensitivity in AL cells in vitro. To
assess the impact of S100P in vivo, we subcu-
taneously injected S100P shRNA and control
shRNA HL-60 cells (1 x 107 cells/mouse) into
nude mice and subsequently conducted animal
experiments. In the treatment group, an intra-
peritoneal injection of ADM (2 mg/kg every
three days) was given when subcutaneous
tumors were measurable at 100 mm?3 for the
subsequent three weeks. A significant reduc-
tion in tumor size and weight was observed in
the control shRNA model treated with ADM
compared with the S100P shRNA model treat-
ed with ADM (Figure 6A-C). Similar to the find-
ings of the in vitro experiments, the knockdown
of S100P expression enhanced the expression
of LC3B and p-AMPK and decreased the
expression of p53 and phosphorylated mTOR
(p-mTOR) in nude mice (Figure 6D), indicat-
ing an antitumor effect via S100P-mediated
autophagy through the p53/AMPK/mTOR pa-
thway.

Discussion

There is a growing body of evidence suggesting
a potential correlation between S100 proteins
and disease progression and prognosis various
tumor types, such as breast, head, neck, lung,
colorectal, melanoma, and hematological
malignancies, may be associated with S100
proteins [19, 33-36]. Several proteins associ-
ated with AML, namely S100A4, S100A6,
S100A8, S100A9, S100A10, and S100P, have
been reported to play crucial roles [37, 38]. Our
previous study showed that S100A8-driven
autophagy promotes chemoresistance in leu-
kemia cells [38]; however, endogenous S100P
expression and its function in mediating
autophagy and regulating chemoresistance in
leukemia remain unclear. This study demon-
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Figure 6. Knockdown of S100P expression inhibited anticancer activity of ADM in vivo. A-C. BALB/c nude mice were
injected subcutaneously with S100P shRNA HL-60 cells (1 x 107 cells/mouse). After 3-4 weeks, adriamycin (ADM 2
mg/kg, every three days) were intraperitoneally injected into the mice for 3 weeks. Tumor volumes were measured
every three days. At the termination of the experiments, all xenografts were removed, imaged and weighted (n=4
mice/group, *P<0.05, **P<0.05, #P>0.05); D. Inmunohistochemical staining of S100P, LC3B, p53, p-AMPK and
p-mTOR were performed with an isolated tumor at the termination of the experiments. All experiments were con-
ducted in triplicate. Scale bar: 100 pm (n=3, *P<0.05 vs. shS100P group).
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strated the abundant expression of S100P in a
diverse range of blood and non-blood cancer
cell lines. Moreover, a negative correlation was
observed between S100P expression and clini-
cal status in childhood leukemia. These find-
ings suggest that S100P negatively regulates
autophagy and chemosensitivity in leukemia
cells, potentially via the p53/AMPK/mTOR-
dependent pathway. These results have signifi-
cant implications for developing novel thera-
peutic approaches for patients with AL.

Chemoresistance, a multifaceted phenomenon
affecting the efficacy of chemotherapeutic
agents, is responsible for the mortality of over
90% of cancer patients. Successful treatment
of leukemia is progressively challenging owing
to the emergence of drug resistance. Sub-
stantial evidence suggests that S100P is close-
ly linked to chemoresistance in various carcino-
mas, such as those affecting the pancreas,
prostate, stomach, and breast [39-42]. This
study showed that elevated S100P expression
in leukemia cells resulted in increased suscep-
tibility to ADM and Ara-C while impeding
cell proliferation. In contrast, suppression of
S100P expression decreased the sensitivity
of leukemia cells to these chemotherapeutic
agents and facilitated cell proliferation. Con-
sequently, S100P exerts a substantial influ-
ence on the chemoresistance of leukemia
cells. The available data indicate that autopha-
gy can serve as a protective mechanism that
confers resistance to chemotherapy, induces
autophagic cell death, and enhances sensiti-
vity to chemotherapy [43, 44]. We previously
found that autophagy plays a crucial role in leu-
kemic pathogenesis and chemotherapeutic
resistance [11, 15, 21, 45]; however, little is
known about its association with endogenous
S100P. In this study, we demonstrated a sig-
nificant reduction in HBSS-induced autophagy
as a result of S100P upregulation. However,
through targeted modulation of S100P, we suc-
cessfully enhanced starvation-induced autoph-
agy and effectively suppressed it using the
autophagy inhibitor 3-MA. Consequently, this
intervention increased the susceptibility of leu-
kemia cells to chemotherapy. Moreover, our
observations highlight a robust correlation
between autophagy and chemoresistance in
leukemia cells, underscoring the pivotal role of
endogenous S100P.
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Furthermore, we hypothesized that the pro-
autophagic effects of S100P are mediated
through the p53/AMPK/mTOR pathway. Cancer
prevention and suppression depend on p53, a
transcription activator [46]. It has been shown
that p53 plays a dual role in autophagy regula-
tion. Upon exposure to genotoxic stress or
starvation, p53 is activated, which induces
autophagy [47, 48]. Conversely, inactivating
p53 through deletion, depletion, or inhibition by
pifithrin-a can trigger autophagy. p53 regulates
autophagy depending on its subcellular local-
ization [29]. Autophagy is facilitated by nuclear
p53 through the transactivation of its target
genes, whereas it is primarily suppressed by
cytoplasmic p53 [30, 31]. In this study, we
observed that the depletion of S100P consider-
ably enhanced starvation-induced autophagy
and reduced p53 and cytoplasmic p53 levels.
Moreover, the administration of Tenovin-6, a
p53 activator, impeded the regulation of star-
vation-induced autophagy mediated by S100P.
These findings suggest that S100P induces
autophagy in leukemic cells in the presence of
p53.

Additionally, we propose that the AMPK/mTOR
pathway functions as a downstream signal for
p53 to regulate autophagy via S100P. The
AMPK/mTOR signaling pathway is a pivotal reg-
ulator of cellular autophagy [13, 49]. By sens-
ing energy molecules, AMPK regulates autoph-
agy by downregulating mTOR phosphorylation
to adjust energy metabolism [50]. Our results
suggested that the knockdown of S100P sig-
nificantly increased AMPK phosphorylation and
decreased mTOR phosphorylation. Moreover,
treatment with Tenovin-6 inhibited S100P-
based regulation of HBSS-induced AMPK phos-
phorylation, suggesting that AMPK is a down-
stream gene of p53. In addition, pharmacologi-
cal inhibition of AMPK (Compound C) also inhib-
ited the regulation by S100P of HBSS-induced
phosphorylation of mTOR and autophagy, sug-
gesting that AMPK/mTOR is required for
S100P-mediated autophagy in leukemia cell
chemoresistance. Furthermore, notable enhan-
cements in the dimensions of HL-60 xenog-
rafts and LC3B and AMPK expression levels
were observed in nude mice upon the inhibition
of S100P. Consequently, the presented evi-
dence suggests that S100P-mediated autoph-
agy may be a therapeutic target for leukemia.

Am J Cancer Res 2024;14(3):1121-1138
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Figure 7. Schematic of the mechanism by which
S100P modulates drug resistance by regulating au-
tophagy. Endogenous S100P was overexpressed in
blood cancer cell lines and functions as a negative
regulator of autophagy, which inhibited resistance
to anticancer therapies through p53/AMPK/mTOR
pathway. Pharmacological inhibition (for example,
Tenovin-6 and Compound C) of the p53/AMPK/
mTOR pathway reverses the resistance of S100P ab-
lation’s leukemia cells to chemotherapy.

Endogenous S100P is expressed in blood can-
cer cell lines and functions as a negative regu-
lator of autophagy, thereby inhibiting resistance
to anticancer therapies. As an S100 calcium-
binding protein, S100P regulates p53 expres-
sion and cytoplasmic translocation and affects
the AMPK/mTOR pathway, thereby regulating
leukemia cell autophagy and chemosensitivity
(Figure 7). The findings presented in this study
provide further evidence for the role of endog-
enous S100P in autophagy and chemoresis-
tance in leukemic cells, which may enable more
effective leukemia chemotherapy by affecting
autophagy and modifying leukemic chemo-
resistance.
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Figure S1. Upregulated S100P decreased leukemia cells proliferation and chemosensitivity. A, B. QRT-PCR and
western blot analysis confirmed the up-regulation of S100P in HL-60 and Jurkat cells treated with S100P vector
gene transfection. *P<0.05 vs. vector group; C. Upregulated S100P expression increased the sensitivity of leukemia
cells to anti-cancer drug. Upregulated S100P by gene transfection in HL-60 or Jurkat cells and then treated with



S100P, a tumor suppressor gene in pediatric acute leukemia

ADM and Ara-C at the indicated doses for 24 h and 48 h respectively. Cell viability was assayed using a CCK-8 kit
(n=3, *P<0.05 vs. vector group); D. Upregulated S100P inhibited the proliferation of HL-60 and Jurkat cells. HL-60
and Jurkat cells were transfected with S100P vector or empty vector and then cultured for 4 days. OD value was as-
sayed using a CCK-8 kit for every day (n=3, *P<0.05 vs. vector group); E. EdU assays were performed and analyzed.
Representative EdU analysis of cell proliferation in vector or S100P overexpression HL-60 or Jurkat cells. DAPI (blue)
was used to stain nucleus and EdU (red) showed the incorporated cells. P-values have been calculated using paired
Student’s t-test. Scale bar: 50 ym (n=3, *P<0.05 vs. vector group); F. Upregulated S100P suppressed the colony
formation of HL-60 and Jurkat cells. HL-60 and Jurkat cells were transfected with S100P vector or empty vector and
then soft agarose colony formation were performed; G. Upregulated S100P contributed to reduction of Cyclin D1,
CDK2 and Bcl-2. HL-60 and Jurkat cells were transfected with S100P vector or empty vector and then Cyclin D1,
CDK2 and Bcl-2 levels were assayed by western blot.
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empty vector after 2 h treatment of HBSS. More autophagolysosomes were seen in empty vector plus HBSS-treated
cells than in cells treated with S100P vector plus HBSS. Red arrows indicated autophagolysosomes. Black arrows
indicated autophagosomes. Scale bar: 500 nm; D. HL-60 and Jurkat cells were transfected with S100P vector or
empty vector and then starved by HBSS for 2 h and then immunostained with LC3B-specifc antibody (red) and DAPI
(blue). Scale bar: 10 um.
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Figure S3. Inhibition of autophagy increased upregulated S100P-enhanced chemosensitivity. A, B. Inhibitor of au-
tophagy blocked the initiation of autophagy. Analysis of LC3 and p62 expressions by western blot and number of
autophagosomes by electron microscopy in the presence or absence of 3-MA (10 mM) treatment for 1 h in S100P
vector or empty vector cells, followed by treatment with HBSS for 2 h. Red arrows indicate autophagolysosomes.
Scale bar: 500 nm; C. Inhibition of autophagy increased upregulated S100P-enhanced chemosensitivity. HL-60 and
Jurkat cells were transfected with S100P vector or empty vector and then pre-treated with 3-MA (10 mM) for 1 h.
Cells were subsequently treated for 24 h with ADM (0.2 yg/ml) and 48 h Ara-C (4 uM) respectively, then cell viability
was assayed using a CCK-8 kit (n=3, *P<0.05 vs. S100P group); D. Inhibition of autophagy reversed upregulated
S100P-enhanced cells death. HL-60 and Jurkat cells were transfected with S100P or empty vector and then pre-
treated for 1 h with 3-MA (10 mM) as indicated. Cells were subsequently treated for 24 h with ADM (0.2 ug/ml), then
active caspase-3 levels were assayed by western blot.
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Figure S4. Endogenous S100P regulated p53 cytoplasmic translocation. A. S100P-deficient HL-60 cells and S100P-
overexpression HL-60 cells were starved by HBSS for 2 h, and then immunostained with p53-specific antibody (red)
and DAPI (blue). Scale bar: 10 ym; B. S100P-deficient Jurkat cells and S100P-overexpression Jurkat cells were
starved by HBSS for 2 h, and then immunostained with p53-specific antibody (red) and DAPI (blue). Scale bar: 10
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