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ARTICLE INFO ABSTRACT

Keywords: The persistence of leukemia stem cells (LSCs) is one of the leading causes of chemoresistance in acute myeloid

AML leukemia (AML). To explore the factors important in LSC-mediated resistance, we use mass spectrometry to

Chemoresistance screen the factors related to LSC chemoresistance and defined IFN-y-inducible lysosomal thiol reductase (GILT)

]E;?ET as a candidate. We found that the GILT expression was upregulated in chemoresistant CD34+ AML cells. Loss of

Oxidative stress function studies demonstrated that silencing of GILT in AML cells sensitized them to Ara-C treatment both in vitro
and in vivo. Further mechanistic findings revealed that the ROS-mediated mitochondrial damage plays a pivotal
role in inducing apoptosis of GILT-inhibited AML cells after Ara-C treatment. The inactivation of PI3K/Akt/
nuclear factor erythroid 2-related factor 2 (NRF2) pathway, causing reduced generation of antioxidants such as
SOD2 and leading to a shifted ratio of GSH/GSSG to the oxidized form, contributed to the over-physiological
oxidative status in the absence of GILT. The prognostic value of GILT was also validated in AML patients.
Taken together, our work demonstrated that the inhibition of GILT increases AML chemo-sensitivity through
elevating ROS level and induce oxidative mitochondrial damage-mediated apoptosis, and inhibition of the PI3K/
Akt/NRF2 pathway enhances the intracellular oxidative state by disrupting redox homeostasis, providing a
potentially effective way to overcome chemoresistance of AML.

Introduction critical for AML therapy with curative intent.

Oxidative stress, a condition where relatively excessive production of

Acute myeloid leukemia (AML) is the most common type of hema-
tological malignancy. [1] In addition to the conventional chemotherapy,
the hematopoietic stem cell transplantation (HSCT) also improve clin-
ical outcomes due to the immune-mediated graft-versus-leukemia (GVL)
effect. [2,3] However, high rate of relapse still occurs partially attribu-
tive to the persistence of leukemia stem cells (LSCs), a group of cells that
are generally in quiescence and that respond poorly to chemothera-
peutic agents. [4] Generally, high frequency of LSC present in leukemic
blasts at diagnosis is associated with an increased risk of relapse. [5]
Therefore, there is a growing recognition that eradication of LSCs is

reactive oxygen species (ROS) is beyond cellular antioxidants, plays
crucial roles in the chemotherapy-induced apoptosis of leukemic cells.
[6] The dysregulation of ROS, small molecules that are overproduced
upon stress response such as chemotherapeutic drugs, [7-10] has been
described in many malignant diseases. [11] Large amounts of ROS can
oxidize DNA, protein and lipids, inducing cell death. [12] In fact, cancer
stem cells (CSCs) generally maintain a relatively low ROS level
compared with the bulk cancer cells and the low ROS level in CSC was
related to chemoresistance and disease recurrence. [13] Strikingly,
previous studies found that ROS-low cells have higher engraftment
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potential and are LSC-enriched, indicating that regulation of intracel-
lular ROS is critical for LSC to maintain proliferative capacities. [14-17]
However, whether the low ROS level in LSC was responsible for thera-
peutic resistance and the underlying mechanism have not been fully
investigated. Disruption of cellular redox hemostasis of LSC may provide
a potential way to sensitize them to chemotherapeutic agents.

IFN-y-inducible lysosomal thiol reductase (GILT) encoded by IFI30
gene is known as an enzyme that catalyzes disulfide bond reduction.
[18] The ablation of GILT in fibroblasts and T cells led to oxidative
stress, as evidenced by increased production of ROS with decreased
expression of antioxidants such as SOD2 and reduced glutathione (GSH).
[19-21] In addition, it has been indicated that after treating relapse-
d/refractory AML patients with MEC (mitoxantrone, etoposide, and
cytarabine), GILT showed significantly differential expression between
responding and resistant patients. [22] However, whether GILT plays
roles in the chemoresistance of LSC remains unclear. Although the sur-
face markers of LSC are still controversial, leukemia stem cells have been
found to be enriched in the CD34+ compartment [23-28] and CD34+
LSC are generally served as leukemic progenitors. [29]

In this study, we screened a factor GILT that was upregulated in LSC-
enriched CD34+ chemoresistant AML cells through mass spectrometry.
Our data confirmed that the knockdown of GILT by genetic silencing,
producing a higher level of ROS and resulting in mitochondrial damage
and apoptosis, enhanced the sensitivity of AML cells to Ara-C treatment
both in vitro and in vivo. The PI3K/Akt/NRF2 pathway was remarkably
inhibited in GILT-inhibited cells, which in turn, the antioxidant level
was reduced, and this possibly contributes to this unbalanced redox
state. Finally, we found that low GILT expression at diagnosis is asso-
ciated with a better prognosis of AML.

Materials and methods
Mass spectrometry measurements

Add 500 ul cold RIPA Buffer (ThermoFisher Scientific, Cat#89901,
USA) to the cells, keep on ice for 5 minutes, centrifuge samples at
14,000 x g for 15 minutes to pellet the cell debris. After the concen-
tration of the supernatant was measured, the 50ug protein was precip-
itated. The next steps including sample preparation for data-
independent acquisition (DIA) analysis, sample preparation for spec-
tral library and high-PH reversed-phase fraction were conducted ac-
cording to the method reported by our team previously. [30] Then, the
EASY-nLC1200 liquid chromatography system (ThermoFisher Scientific,
USA) was employed for Liquid chromatography. All samples were
analyzed on Thermo QExactive HF-X (ThermoFisher Scientific, USA). As
for the generation of spectral Library and DIA data Analysis, spectral
libraries were generated with Spectronaut version 14.0 (Biognosys)
using the default parameters. MS/MS spectra were matched against the
human UNIPROT database (only reviewed entries) (human 20,421 en-
tries, downloaded in July 2019). The subsequent procedure of statistical
analysis was referring to previously reported method by our group. [30]

Cell lines, primary human AML cells and culture conditions

The human AML cell lines Kasumi-1, NB4, OCI-AML3, MOLM13,
THP-1, U937 and MV411were purchased from the agent of American
Type Culture Collection (ATCC) in China. All the cell lines have passed
the STR authentication. Cell lines were cultured in RPMI 1640 medium
(ThermoFisher Scientific, Cat#11875093, USA) containing 10% FBS
(ThermoFisher Scientific, Cat#12483020, USA) and 1 x anti-
biotic-antimycotic (ThermoFisher Scientific, Cat#15240096, USA).
Cells were grown at 37°C in a humidified atmosphere with 5% CO2.

The AML patients were diagnosed and treated at the Hematology
Department of Peking University People’s Hospital, Beijing, China. Ac-
cording to the Declaration of Helsinki, informed consent of all patients
in the study was obtained. The study was approved by the local ethics
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review board (Reference number: 2020PHB010-01).

The inclusion criteria for diagnostic sample that must be met are the
following: (i) Patients 16 to 80 years of age who had newly diagnosed
but not therapy related AML in Peking University People’s Hospital
between September 2019 and September 2020; (ii) They had not pre-
viously received antineoplastic therapy beside hydroxyurea therapy that
was allowed for 5 days before. (iii) They are not diagnosed with other
major coexisting illness such as severe kidney and liver insufficiency.
(iv) They have provided written informed consent. We also had an in-
clusion criteria particular for proteome analysis: (i) the patients who
received the first induction chemotherapy “IA protocol” treatment in our
hospital; (ii) In the diagnostic bone marrow sample, the percentage of
CD34+ cells in nucleated cells was more than 20%; The criteria for CR
after AML therapy is defined as: (i) <5% blasts morphologically in bone
marrow; (ii) neutrophil count >1000/pL and platelet count >100,000/
pL in the PB; (iii)without extramedullary AML.

Bone marrow mononuclear cells (BMMCs) were isolated by Ficoll
density gradient centrifugation and cultured with IMDM (Thermo Fisher
Scientific, Cat#12440053, USA) with 10% BIT 9500 (Stem Cell Tech-
nologies, Cat#099500, Canada). Cells were grown at 37°C in a humid-
ified atmosphere with 5% CO2.

Drug compounds

Ara-C (cytarabine), Doxorubicin (DOX), N-acetylcysteine (NAC) and
Tert-butylhydroquinone (tBHQ) were all purchased from Selleck
Chemicals (Selleck, USA).

Lentiviral transduction

MOML13 and U937 cells were transfected with GILT shRNA lenti-
viral particles (Genechem, China) or blank control lentiviral particles
(Genechem, China) using a GV493 system with GFP containing different
shRNA sequences. The target sequences are as follows: shGILT#1: ccA-
GACACTATCATGGAGTGT shGILT#2: ccCTACGGAAACGCACAGGAA
shNC: TTCTCCGAACGTGTCACGT

The AML cells were seeded the day before transduction with the
density of 2 x 10°/mL in the 6-well plates. On next day, the lentivirus
and 8 ug/mL Polybrene (Sigma, TR-1003) were added (multiplicity of
infection (MOI) is equal to 50) to cells. Cells were incubated in 37°C for
8 h, prior to the half removal of the upper-supernatant and refreshed
with complete cell medium. When cells recovered to normal growth
rate, discarding the supernatant and replaced with new medium. Cells
were cultured for about two weeks and then isolated by GFP+ sorting.

Xenotransplantation assays

For the survival curve, forty-two male eight-week-old NOD.Cg-
Prkdcscidll2rgttm1Vst/Vst (NPG) mice (Beijing Vital Laboratory Animal
Technology Company, China) were used in this study, of which thirty-
two were randomly divided into four groups. For the analysis of leu-
kemia burden, another ten mice were randomly divided into two groups
for leukemic burden analysis. Then the mice were transplanted with 5 x
105/ 100pL of MOLM13-shGILT#2 or MOLM13-shNC cells via tail-vein
injection after 100cGy irradiation on Day 1. The mice were monitored
daily for assessment of leukemia. Ara-C (80mg/kg) or PBS were applied
once daily on Day 7, Day 8 and Day 9 intraperitoneally, and mouse
survival was monitored (n=8). Mice were euthanized on Day 23 for the
leukemia burden as green fluorescent protein (GFP)/hCD45-positive
cells by flow cytometry in the bone marrow (n=5) and the assessment of
spleen size and the infiltration in liver, bone marrow and spleen (n=3).
All animal experiments were evaluated and approved by the Animal
Ethics Committee of Peking University People’s Hospital (Reference
number: 2020PHE038) and reporting adhered to the ARRIVE 2.0
guidelines [31]. All the animal experiments were performed in a sterile
environment. Besides, the cages of mice were kept in a SPF-grade
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laboratory animal room. The water, food and bedding were changed
every other day.

Flow cytometry

Apoptosis assay

1 x 10° cells were resuspended with binding buffer (BD Biosciences,
Cat#556454, USA) and stained with Annexin V-APC (BD Biosciences,
Cat#550474, USA) for 15 min at 25°C in the dark for flow cytometry
analysis.

Cellular and mitochondrial ROS staining

The Cellular Reactive Oxygen Species Detection Assay Kit (Abcam,
Cat#ab186029, UK) and MitoSOX (Thermo Fisher Scientific,
Cat#M36008, USA) were used to detect the cellular and mitochondrial
ROS according to the manufacturer’s instructions respectively. Briefly,
cells were treated with or without Ara-C for 48h, and probed with
CellROX for 20min or 5 pM MitoSOX for 15 min at 37°C and then
washed by PBS+0.2% BSA before flow cytometry analysis.

NRF2 and P-Akt staining

Cells were suspended and incubated with fixation/permeabilization
solution (BD Biosciences, Cat#554722, USA) for 30 min at room tem-
perature, washed twice with BD Perm/Wash buffer (BD Biosciences,
Cat#554723, USA) and stained with NRF2-APC (Abcam,
Cat#ab223927, UK) or P-Akt-BV421 (BD Biosciences, Cat#562599,
USA) for 30 min for flow cytometry analysis.

TMRE staining

TMRE Mitochondrial Membrane Potential Assay Kit (Abcam,
Cat#ab113852, UK) was used at 100 nM for 20 minutes at 37°C in
growth media for assessing mitochondrial membrane potential (MMP),
then washed with PBS+0.2% BSA. FCCP (20 mM) treatment was used
for control of TMRE-specific staining.

MitoTracker staining

Cells were stained with 200nM MitoTracker Deep Red (Thermo
Fisher Scientific, Cat#M22426, USA) at room temperature for 15 min
and then analyzed by flow cytometry to assess the mitochondrial mass.

Cell viability assay

Cell viability was determined by CCK-8 assay (Bimake, Cat#B34034,
USA). The cells were seeded in a density of 2 x 10* cells/100pL in a 96-
well plate and incubated at 37°C for 48h. 10uL CCK-8 was added to each
well of the 96-well plate, followed by further incubation for 1 h. The
absorbance was measured at 450nm. The half-maximal inhibitory con-
centration (IC50) was calculated using GraphPad Prism software.

GSH/GSSG assay and NADPH/NADH assay

Ara-C-treated cells were collected and washed twice with PBS. Ac-
cording to the manufacturer’s instructions, the GSH/GSSG ratio and was
evaluated using a GSH/GSSG assay kit (Beyotime Institute of Biotech-
nology, Cat#S0053, China) and the NADPH/NADH ratio was evaluated
using NADPH/NADH assay kit (Beyotime Institute of Biotechnology,
Cat#S0179, China)

Western blot

The procedures of preparing and analyzing total cell lysates were as
described previously. [32] Antibodies were obtained from Santa Cruz
Biotechnology (Santa Cruz, USA) and Cell Signaling Technology (CST,
USA). Antibodies: GILT (Santa Cruz: Cat#SC-393507), Cleaved-Cas-
pase3 (Cell Signaling Technology: Cat#9664, USA), Cleaved-PARP (Cell
Signaling Technology: Cat#5625, USA), SOD2 (Cell Signaling
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Technology: Cat#13141, USA), Actin (Cell Signaling Technology:
Cat#3700, USA), AKT (Proteintech, Cat#60203, China), P-AKT (Pro-
teintech, Cat#66444, China), PI3K (Proteintech, Cat#60225, China),
P-PI3K (Cell Signaling Technology: Cat#4228, USA)

RNA preparation and Q-PCR

Total cellular RNA was extracted using the RNeasy Mini Kit (QIA-
GEN, Cat#74104, Germany) following the manufacturer’s protocol. The
cDNA was synthesized through reverse transcription of 500ng of RNA
using PrimeScript RT reagent Kit with gDNA Eraser (Takara,
Cat#RR047a, Japan).

Only samples of purified RNA with high-quality integrity were used
for cDNA synthesis and qPCR. RNA integrity was evaluated by blot
analysis with clear 28S and 18S rRNA bands at a ratio of ~2:1, and RNA
purification was measured by an A260/280 absorbance ratio of 1.8-2.0.
The quantitative real time RT-PCR was conducted using the 7500 real
PCR System (Applied Biosystems) and complied with the Minimum In-
formation for Publication of Quantitative Real-Time PCR Experiments
(MIQE) guidelines [33]. The RT-PCR amplifications were set up in a
total volume of 20 uL consisting of 1 puL. cDNA, 2 uL primer mix, 7 L of
water, and 10 pL of SYBR Master Mix (Thermo Fisher Scientific,
Cat#A25742, USA). Samples were assayed in triplicate in 96 well plates
(Applied Biosystems) and average Ct values were calculated for ana-
lyses. For each measurement the threshold of amplification curve was
set at 0.1.

Relative gene expression was assessed using the 2724 method, and
average gene transcript levels in control group were used as calibrator
for comparison. The gene transcript levels of patient samples were
determined by absolute quantitation. For each qPCR, a standard curve
was plotted using a series of known cDNA dilutions as the template to
calculate initial concentration of the targets in each sample. The level of
each target was calculated from standard curve using the Ct values.

Sequences of the primer pairs used were as follows: human IFI30:
(NCBI accession number: 10437)

Forward: GAAGTCCAATGCACCGCTTG

Reverse: TGTTCCTGTGCGTTTCCGTA human GAPDH: (NCBI acces-
sion number: 2597)

Forward: CCCATGTTCGTCATGGGTGT

Reverse: GATGGCATGGACTGTGGTCA

Immunohistochemistry

Tissue samples were fixed with 4% paraformaldehyde at room
temperature and incubated with PBS containing 10% goat serum, 0.3 M
glycine, 1% BSA and 0.1% triton for lhour at room temperature to
permeabilize the cells and block non-specific protein-protein in-
teractions. And with 3% H30; at room temperature for 5min. Samples
were incubated with anti-CD45 antibody (Biolegend, Cat#304037,
USA) at 4C overnight and then incubated with horseradish peroxidase-
conjugated anti-mouse secondary antibody, and the antibody binding
was visualized using DAB. Finally, images were taken by light micro-
scope (Eclipse 80i, Japan). Image analysis was conducted with Image-
Pro Plus 6.0 software to determine the mean integrated optical density
(IOD) value (arbitrary units).

Immunofluorescence staining

Cells were fixed with 4% paraformaldehyde and cytospun onto
slides, then permeabilized with Triton 0.1% for 30min and incubated
with primary antibodies anti-NRF2 (Abcam, Cat#62352, UK) followed
by indicated secondary antibodies. Then DAPI was used to label cell
nuclei. Cells were observed using a fluorescence microscope at the same
exposure.
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Fig 1. GILT is upregulated in chemoresistant
CD34+ AML cells

(A) Schematic presentation of our experimental
design. Protein expression levels of LSC-
enriched CD34+ cells were compared between
16 high responders and 8 low responders
(cohort 1). The data-independent acquisition
(DIA) technique was applied for quantitative
proteomics, which was performed by a trapped
ion mobility spectrometry coupled to TOF mass
spectrometry (TIMS-TOF MS) with the parallel
accumulation-serial fragmentation (PASEF)
technique. GSE52919 showed the differential
expressions between Ara-C-resistant and Ara-C-
sensitive leukemic blasts. 44 factors including
33 upregulated factors and 11 downregulated
factors were screened out by analyzing above
two data sets. The quantitative proteomics was
also performed to compare the protein alter-
ations of therapy-free CD34+ cells and post-
chemotherapeutic CD34+ cells, with samples
from three individuals who failed to achieve CR
taken at the time before and after the first in-
duction chemotherapy, respectively (cohort 2).
Seven mediators were validated to show an
overexpressed pattern in chemotherapy-
challenged survival AML cells.

(B) Volcano plot of selected proteins in com-
parison between 16 high responders versus 8
low responders. Fold change >2, fold change
<0.5 and p value (t test) <0.05 were used to
filter differential expression proteins. The y-axis
represents the probability that the protein was
differentially abundant. The red points and blue
points sections represent proteins that were
significantly increased or decreased in low re-
sponders, respectively.

(C) Diagram showed upregulated proteins (red)
and downregulated proteins (green) in the low
responders compared with the high responder
group.

(D) Venn diagram showed significantly upre-
gulated proteins in chemo-insensitive cells were
selected with a fold change >2 and p-value
<0.05 among cohort 1 (blue) and GSE52919
(yellow). 33 factors were overexpressed in both
low responders of cohort 1 and Ara-C-resistant
leukemia blasts of the expression profile
GSE52919 sets.

(E). Heatmap depicting the relative fold change
of 33 altered factors selected in D. Color bar
represents the relative intensity of identified
proteins from —2 to 2.

(F). Q-PCR analysis revealing the fold change of
GILT mRNA level in six paired pre-therapy and
post-therapy CD34+ BMMC samples.

(G). Q-PCR analysis of GILT mRNA level in
sorted CD34+ BMMCs that were obtained from
newly diagnosed AML patients (n=5) treated
with or without Ara-C (2000nM) for 48 hours.
Data represent the mean + SEM. Student’s t-test
was used to determine statistical significance:
*p<0.05. CR, complete remission; BMMC, bone

Gaussian distribution between variables were examined for appropriate

statistical analysis.
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Results
GILT is upregulated in chemoresistant CD34-+ AML cells

Accumulating evidence shows that LSCs are resistant to chemo-
therapy and are responsible for leukemia relapse. [34-36] In order to
investigate the critical factors attributed to LSC-related chemo-
resistance, we collected the bone marrow mononuclear cells (BMMCs)
from 24 AML patients (Table S1) at diagnosis including 16 high re-
sponders and 8 low responders (cohort 1). Patients grouped in high re-
sponders showed CR after the first intensive chemotherapy, with low
responders defined as failing to achieve CR. Then the LSC-enriched
CD34+ progenitors were isolated from BMMCs, followed by compari-
son of the protein levels in CD34+ cells between high and low re-
sponders using proteome analysis (Fig 1A). All the raw data were first
processed using a double boundary Bayes imputation method (Fig

B U937-shGILT#1
Wl U937-shGILT#2

S1A-S1B) and were standardized for further analysis (Fig S2A-S2D). Our
data showed a clear stratification among different cohorts according to
the principal component analysis (Fig S3A-S3B). We identified 6889
proteins in these samples, among which 237 proteins were significantly
upregulated and 184 proteins were downregulated, in low responders
compared with high responders (Fig 1B-1C). Next, we explored the
publicly available database GSE52919, a mRNA expression profile
comparing transcript levels between Ara-C-resistant and Ara-C-sensitive
leukemia blasts, to further find mediators that are associated with che-
moresistance. [37] We found that among 237 upregulated proteins in
low responders, 33 proteins were upregulated in Ara-C resistant
leukemic blasts comparing with Ara-C resistant group (Fig 1D), while 11
among 184 downregulated proteins were found that are overlapped
with factors expressed at higher level in Ara-C resistant group (Fig S4A).
Considering that chemotherapy reshapes the LSCs that alter their
metabolic status to survive, we designed cohort 2 (Fig. 1A), with 3
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patients (Table S1) providing paired samples taken at diagnosis and at
the time of confirmation that fails to achieve CR. Only 3 samples in
cohort 1 met the requirement that more than 20% blasts and at least
20% CD34+ cells present in the BM samples were analyzed in cohort 2.
The protein alterations of LSC-enriched CD34+ cells before (ther-
apy-naive) and after (chemo-reshaped and more resistant) chemo-
therapy were analyzed using the same way (Fig S1C-S1D, FigS3C-S3D)
to identify the changes in LSCs in response to chemotherapy. The dif-
ferential expressions of above-mentioned 33 upregulated and 11
downregulated factors were further validated in cohort 2 by showing a
heatmap (Fig 1D-1E, Fig S4A-4B). No factor among 11 downregulated
proteins was found to show a consistent alteration in cohort 2 (Fig S4B).
Seven among the 33 upregulated factors were screened that were
consistently increased in CD34+ progenitors after chemotherapy,
including CKAP4, ECHDC3, FCGR3A, HMOX1, GNPDA1, NFKB and
IFI30 (Fig 1E). The mRNA levels of these seven upregulated genes were
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Fig 3. GILT knockdown strengthened Ara-C-
mediated apoptosis by triggering ROS-
mediated mitochondrial damage

Modified MOLM13 or U937 cells were treated
with or without 1 pM Ara-C (MOLM13) or 2 uM
Ara-C (U937) for 48 hours.

(A-C) CellROX staining was used to detect the
cellular ROS level before flow cytometry anal-
ysis and shown as histogram (A), and the per-
centage of mean fluorescence intensity (MFI)
relative to untreated MOLM13-shNC cells or
U937-shNC cells was calculated (B, C).

(D-F) MitoSOX staining was used to evaluate
the mitochondrial ROS level before flow
cytometry, the results were depicted as histo-
gram (D), and the percentage of MFI relative to
untreated MOLM13-shNC cells or U937-shNC
cells was illustrated (E, F).

(G-M) Modified MOLM13 or U937 cells were
pretreated with or without 5 mM N-acetyl
cystine (NAC) for 2 hours prior to exposure to 1
uM Ara-C (MOLM13) or 2 uM Ara-C (U937) for
48 hours. Loss of mitochondrial membrane po-
tential (MMP) were determined by TMRE fluo-
rescent probes before flow cytometry analysis
in modified MOLM13 cells (G) and U937 cells
(H, I). Mitochondrial mass was determined by
MitoTracker Deep Red staining before flow
cytometry analysis in modified MOLM13 cells
(J) and U937 cells (K). The percentage of live
cells was measured by flow cytometry in
modified MOLM13 cells (L) and U937 cells (M).
Data represent the mean + SEM. Student’s t-test
was used to determine statistical significance:
*p<0.05. **p<0.01, ****p<0.0001, ns, no sig-
nificance. ROS, reactive oxygen species. MFI,
mean fluorescence intensity; NAC, N-acetyl
cystine; MMP, mitochondrial ~membrane
potential.

U937-shNC
U937-shGILT#2

%

1

P

[ —

B MOLM13-shNC
B MOLM13-shGILT#2

H

—

g 2

3

£
H
B
=
8
g
£
g
£
2
H

U937-shNC
U937-shGILT#2

further validated in six paired samples (Fig 1F and Fig S4C). We next
focused on the role of IFI30-encoded GILT in chemoresistance of AML
since the association of GILT and AML chemoresistance has not yet been
deeply studied. To further confirm that GILT expression is associated
with Ara-C resistance, primary CD34+ cells were cultured with and
without Ara-C in vitro. Consistent with our previous data, GILT was
upregulated in response to Ara-C treatment (Fig 1G). Similar results
were also seen in AML cell lines such as MOLM13 and U937 cells both in
mRNA and protein levels (Fig S5A-S5D). Taken together, these results
strongly revealed that chemoresistant AML CD34+ progenitor cells
elevated GILT expression, indicating that GILT may be a key factor of
LSC to attenuate chemo-cytotoxicity.
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GILT suppression enhances the sensitivity of AML cells in response to
chemotherapy in vitro

To further investigated the function of GILT in chemoresistance, we
examined the IC50 in response to Ara-C and analyzed the protein levels
of GILT across seven AML cell lines. The results showed that the highest
expression of GILT was detected in MOLM13 and U937 cell lines (Fig
2A), and the value of IC50 positively correlated with the GILT level in
cell line (Fig S6A-6B). Consequently, we used lentivirus-transfected
shRNAs to silence the GILT expression in MOLM13 and U937. The two
shRNAs efficiently decreased the GILT level (Fig 2B-2D). Different doses
of Ara-C were added to GILT-deficient AML cells and their negative
control (NC) counterparts, and apoptosis and cell growth assays were
performed. The percentage of viable cells were significantly lower in
cells with GILT deletion than control group, indicating that GILT
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Fig 4. GLT inhibition induces oxidative stress
involved inhibition of PI3K/Akt/NRF2
pathway.

Modified MOLM13 or U937 cells were treated
with or without 1 pM Ara-C (MOLM13) or 2 uM
Ara-C (U937) for 48 hours.

(A-B, E-F) Flow cytometric analysis of the per-
centage of NRF2-positive cells in modified
MOLM13 cells (A, E) and modified U937 cells
(B, F).

(C-D) Flow cytometric analysis of the MFI of P-
AKT (relative to control) in modified MOLM13
cells (C) and modified U937 cells (D).

(G) After exposure to tBHQ (50 pM) and/or
Ara-C (2000nM) for 48h, the proportion of
viable cells were detected using flow cytometry
in modified U937 cells.

(H) Western blot analysis of AKT, phosphory-
lated AKT (p-AKT), PI3K and phosphorylated
PI3K (p-PI3K) expression in modified U937
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with Ara-C for 48h. DAPI was used as a nuclear
counterstain.

(J) Western blot depicted the SOD2 levels in
two modified AML cell lines as indicated.
(K-L) The ratio of GSH/GSSG (upper panel) and
NADPH/NADP (lower panel) was measured by
the corresponding kits, and reduced gluta-
thione/oxidized glutathione (GSH/GSSG) ratios
and NADPH/NADP ratios were analyzed in two
modified AML cell lines.

Data represent the mean + SEM. Student’s t-test
was used to determine statistical significance:
*p<0.05. **p<0.01, ****p<0.0001, ns, no sig-
nificance. AML, acute myeloid leukemia; NRF2,
nuclear factor erythroid 2-related factor 2;
tBHQ, Tert-butylhydroquinone.
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knocking-down enhanced the cellular apoptosis induced by Ara-C
treatment (Fig 2E-2F). Furthermore, knocking down of GILT led to a
significant reduction of 50% inhibitory concentration (IC50) comparing
with the NC group in both cell lines (Fig 2G-2H), implying that deletion
of GILT sensitized AML cells to Ara-C. Concomitant elevation of cleaved
caspase-3 and cleaved PARP, mediators that are activated during
apoptosis, were also detected in GILT-silencing cells by western blot,
which could further confirm our results (Fig 2I). In addition, we also
explored whether the deletion of GILT could enhance the sensitivity to
daunorubicin (DOX), another first line-used chemotherapeutic agent
treating AML. Although there is no significant correlation between the
DOX IC50 and GILT level in AML cell lines (Fig S6C-6D), the cell
apoptosis analysis showed that the GILT deletion could also improve
daunorubicin sensitivity (Fig 2J-2K), confirming the role of GILT in
chemoresistance. Taken together, all these results indicate that GILT
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Fig 5. Silencing of GILT improves overall sur-
vival in a systemic human AML model

(A-D). NOD.Cg-PrkdescidIl2rgttm1Vst/Vst
(NPG) mice were injected with MOLM13-shNC

shNC+Ara-C or MOLM13-shGILT#2 cells (5x10° cells) via

tail vein. Ara-C (80 mg/kg) or PBS were used on

t1¢ 4@

Day 7, Day 8 and Day 9 by intraperitoneal in-
jection. Kaplan-Meier plots for overall survival
is shown in (A) (n=8). At Day 23 (Day 16 post-

Ara-C therapy), the mice were sacrificed, and
the tumor burden was measured by detection of
double-positive (GFP/human CD45) cells in BM
(n=>5) (B). and the spleen size (C) and the tumor
infiltration in BM, spleen and liver (D) of three
mice from the Ara-C treated group were also
assessed after euthanasia. Original magnifica-

MOLM13-shGILT
S e O tionx10 for HE staining (left) and original
magnificationx20 for CD45 staining (right) for
panel D.

(E-G) At Day 23 (Day 16 post-Ara-C therapy),
after the mice were sacrificed, CellROX staining
and MitoSOX staining were used to evaluate the

cellular ROS level (E) and mitochondrial ROS

level (F), loss of MMP was determined by TMRE
fluorescent probes respectively in the leukemia
blasts (CD45"GFP™") extracted from the mouse
bone marrow in shGILT and NC group (n=3).
The MFI was calculated in each of these cells.

Data represent the mean + SEM. Student’s t-test

was used to determine statistical significance:
**p<0.01, ****p<0.0001, ns, no significance.
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knocking-down forces the AML cells more sensitive to chemotherapy.

GILT knockdown strengthened Ara-C-induced apoptosis by triggering ROS-
mediated mitochondrial damage

Previous studies have shown that GILT ablation in fibroblasts and T
cells led to increased production of cellular ROS. [19-21] ROS is well
known to play a crucial role in the regulation and induction of apoptosis
in tumor cells. and modulating ROS levels render leukemia cells more
susceptible to chemotherapy due to the distinct metabolic signatures of
AML LSCs and blast cells compared to their normal counterparts. [15,
38-41] To ask whether inhibition of GILT in AML cells could elevate the
ROS levels in the aim of sensitizing them to Ara-C treatment, the cellular
ROS level were measured by CellROX staining prior to flow cytometry
analysis. The results demonstrated that two AML cell lines with GILT
knockdown increased cellular ROS level upon Ara-C treatment (Fig
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—
© <
x?‘\ é’\\'
& o
N
%o" “O\)'

3A-3C). The cellular ROS levels showed no significantly alteration in the
MOLM13, with a slight elevation in the U937 cell line without addition
of Ara-C (Fig 3A-3C). Moreover, as mitochondria are the main source of
ROS generation, we also used the MitoSOX staining probe to analyze the
mitochondrial ROS levels in the two AML cell lines. The two AML cell
lines with GILT knocking down showed obvious increased mitochondrial
ROS levels relative to the NC group both before and after Ara-C treat-
ment (Fig 3D-3F), indicating that the elevation of cellular ROS level is
perhaps mainly derived from mitochondria. Next, considering that
mitochondria are also the primary targets of ROS damage, tetramethyl
rhodamine ethyl ester (TMRE) was added to judge the mitochondrial
membrane potential (MMP) and the MitoTracker probe was used to
detect the mitochondrial mass upon Ara-C stimulation. Our data showed
that compared with the NC group, loss of MMP and mitochondrial mass
was more apparent in GILT-deleted cells with Ara-C treatment (Fig
3G-3I, Fig 3J-3K). Then we pretreated the AML cells with the N-acetyl
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A B Fig 6. GILT is a potential prognostic marker of
AML
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cysteine (NAC), which has been recognized as an ROS scavenger, prior
to Ara-C treatment. NAC prevented the Ara-C induced loss of MMP,
indicating that GILT down-expression could cause ROS-mediated mito-
chondrial damage, and this could be rescued by ROS inhibitor (Fig
3G-3I). We next investigated whether loss of MMP caused by excessive
ROS generation could further induce the cell apoptosis. In line with the
mitochondrial performance, GILT deficiency led to increased apoptosis
in the context of Ara-C, and NAC pretreatment reversed the enhanced
apoptosis induced by GILT suppression, illustrating that NAC inhibited
the ROS-mediated pro-apoptotic effects by Ara-C (Fig 3L-3M). It is worth
to point out that NAC alone was unable to influence apoptosis of AML
cells as there was no significantly different apoptotic rate between the
two groups with and without NAC pretreatment (Fig 3L-3M). Taken
together, in the face of Ara-C, AML cells devoid of GILT over-produce
ROS, and excessive ROS damage mitochondrial membrane potential,
which in turn, promotes cell death.

GILT inhibition induces oxidative stress involved inhibition of PI3K/Akt/
NRF2 pathway

Normal cells rewire the transcriptional networks to precisely regu-
late the production and metabolism of ROS, and pathways involved in
these two processes act in unison to maintain the redox homeostasis.
[42] The level of NRF2 is considered as a major mediator of ROS elim-
ination by regulating the expressions of several antioxidants. [43] In this
context, we expected to find that NRF2 is activated to neutralize
over-produced ROS, in the aim of relieving cellular oxidative stress.
Surprisingly, our results showed a decreased level of NRF2 in the GILT
ablation group compared with the NC group with and without Ara-C
treatment, reflecting the impaired antioxidant capacity after GILT
ablation (Fig 4A-4B, 4E-4F and 4I). What’s more, we treated NC and
GILT-knockdown cells with Ara-C and NRF2 activator

40 60

Time (month)

Tert-butylhydroquinone (tBHQ) [44], finding that activation of NRF2
could partially rescue the GILT mediated AML chemoresistance (Fig 4G).
In addition, the PI3K/Akt signaling pathway has been reported to be
essential for NRF2 transcriptional activation [45] Therefore, we next
examined the activation of PI3K/Akt pathway using
anti-phosphorylated Akt antibodies that recognize activated Akt by flow
cytometry. Consistent with our hypothesis, the reduction of P-Akt has
been observed in GILT inhibition group relative to the NC group in two
AML cell lines after Ara-C treatment (Fig 4C-4D). Additionally, western
blot results illustrating the level of Akt, phosphorylated AKT, PI3K and
phosphorylated PI3K also confirmed the inhibition of this pathway (Fig
4H). SOD2, an antioxidant typically downstream of NRF2, [43]
decreased in the absence of GILT, indicating an unbalance redox state
(Fig 4J). We therefore analyzed the cellular oxidoreductive state of
GILT-deleted cells which exhibited a decreased ratio in GSH/GSSG and
NADPH/NADH (Fig. 4K-4L). Collectively, these results illustrate that
GILT deletion induces an unbalanced redox state in AML cells upon
Ara-C treatment, at least partly through the suppression of
PI3K/Akt/NRF2 pathway.

GILT inhibition improves overall survival in a systemic human AML model

To test whether GILT inhibition in AML cells could also enhance the
chemosensitivity in vivo, we established a human AML mouse model:
NOD.Cg-Prkdcscidll2rgttm1Vst/Vst (NPG) mice [46] were injected at
the tail vein with MOLM13 cells that carry scramble shRNA or shGILT at
Day 1. A dose of 80 mg/kg Ara-C were injected intraperitoneally to mice
at the time of Day 7 after AML cells penetration for 3 consecutive days,
and injection of PBS was served as an untreated control. Our
Kaplan-Meier plot results showed that following Ara-C treatment, in
comparison with NC control, a prolonged survival was observed in
shGILT-injected mice (Fig 5A). Leukemia burden was examined on Day
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Table 1
Patient variables and clinical signatures stratified by GILT expression
Overall GILThigh  GILT low P value
population

Total of patients 87 23 21
Age,y 0.1
Median 49 51 47
Range (16-78) (21-68) (26-64)

WBC x 10%/L 0.04
Median 18.36 30.29 20.915
Range (0.78-308.59) (5.1- (0.78-

219.1) 168.3)

>50 22 12 3 0.0114

Bone Marrow Blasts (%) 0.0672
Median 62 52 68
Range (22-99) (36-99) (36-99)

Risk category 0.0227
Favorable and 70 15 20
Intermediate
Adverse 17 8 1

WBC, white blood cell count

23 by flow cytometry, and the bone marrows of mice were used to detect
cells double positive for human CD45 and GFP. The results showed an
inferior percentage of the mice bearing MOLM13 shGILT, indicating that
the leukemia burden in these mice was lower than control (Fig 5B). The
spleen sizes were also compared, and immunohistochemistry experi-
ments were performed to further characterize AML infiltration. As ex-
pected, less spleen enlargement was seen in shGILT AML mice, in
comparison with NC mice after Ara-C treatment (Fig 5C). Moreover, less
AML cells were detected in the femurs, spleens, and livers of mice
injected with MOLM13 shGILT cells as calculated by the mean inte-
grated optical density (IOD) (Fig. 5D and Fig S7A-7C). The mice bearing
NC cells showed more severe infiltration. The immunohistochemical
studies were consistent with above results, revealing that the leukemia
burden was reduced in the mice introduced with MOLM13 shGILT cells
after chemotherapy. In addition, the CellROX, MitoSOX and loss of MMP
were also evaluated in the leukemia cells extracted from mouse bone
marrow on Day 23, and similar results were obtained in this mouse
model as the in vitro study (Fig 5E-5G). Altogether, these results indicate
that the inhibition of GILT in AML cells can ameliorate outcome during
chemotherapy of human AML.

GILT is a potential prognostic marker of AML

To characterize the GILT expression in AML patients, we analyzed
the frequency and level of GILT in 87 AML patient samples by q-PCR.
GILT is heterogeneously expressed in AML patients, with higher level
detected in leukemias with monocytic features (namely M4 and M5)
classified by the French-American-British (FAB) classification systems
(Fig 6A). The data from GSE6891 database also confirmed this result
(Fig S8A). We also analyzed the association between GILT expression
and common genetic alteration of AML. Patients harboring t (8;21) and t
(15;17) were found to be low in GILT expression (Fig 6B and Fig S8B). In
addition, there was no significant difference of the GILT expression
across the different molecular subgroups (Fig S8C). Next, to examine
whether GILT expression had a prognostic significance in AML, we
detected the GILT level of AML patients at diagnosis. The samples were
divided into high and low GILT expression, with transcript expression
levels >75% (relative expression to GAPDH >10.37%) and <25%
detected percentage (relative expression to GAPDH<0.91%) defined as
high and low GILT expression, respectively. There was no significant
association between GILT expression level and age or the percentage of
bone marrow blasts at diagnosis. A high GILT level was correlated with a
high WBC count (WBC>30 x 10%) at diagnosis. Moreover, adverse-risk
karyotype was more frequently detected in GILT-high group (Table 1).
Also, we found that the AML patients with a relatively high GILT level
had a shorter overall survival using TCGA database (Fig 6C). All these
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results indicated that GILT is a potential prognostic marker of AML.
Discussion

LSCs are thought to be key to chemoresistance and relapse. We
compared the protein levels of CD34+ LSC-enriched BMMCs of high and
low responders through high-accuracy mass spectrometry. To our
knowledge, the present study is the first research using a mass
spectrometry-based DIA quantitative proteomic approach to screen the
factors in LSCs contributing to the poor prognosis. The chemoresistant
AML cells (data from GSE52919) upregulates certain gene expressions
and 33 of them were shared with upregulated proteins in low re-
sponders. The 33 factors were shown in the heatmap (Fig 1E), some of
which have been abundantly studied as increasing research delved
deeply into topics of LSC-corresponded chemoresistance. A recently
published project illustrated that CD9, a potential biomarker of LSC
population, is able to induce chemo-resistant characteristic of LSCs. [47]
In addition, previous studies have reported that HMOX1 (HO-1), MTSS1,
SLC2A3 (Glut3) and CSF3R (CD114) were important factors expressed in
cancer stem cells, and these proteins play critical roles in chemo-
resistance. [48-51] These studies further confirmed that our screen
strategy is credible and reasonable to search for the factors related to
LSC chemoresistance. Despite recent interest in this topic, the role of
GILT in AML chemoresistance is still not in hand. To further validate
that, the GILT level was compared in CD34+ progenitors extracted from
3 individuals who failed to achieve CR taken at the time before and after
the first induction chemotherapy, respectively. GILT showed an
increasing trend of expression in persisting LSC-enriched CD34+ cells,
as compared with preexisting ones. Previous report has shown the as-
sociation between GILT expression and treatment response of glioblas-
toma. [52] On top of that, few studies shed light on the involvement of
GILT in chemoresistance of tumors. Loss-of-function studies confirmed
that AML cells deleted with GILT were more sensitive to chemothera-
peutic agents. Here, our work is the first to demonstrate that GILT in-
hibition attenuate chemoresistance in AML cells both in vitro and in vivo.

Oxidative stress has long been linked to cancer initiation and pro-
gression, and several reports also demonstrated its association with
chemoresistance. [41,53-55] Furthermore, targeting LSC metabolism
has become an emerging approach to the development of new chemo-
therapeutic regimens as the idea concerning that LSCs and bulk leuke-
mia blasts have distinguished metabolic strategy. It has been shown that
ROS-low LSCs are more sensitive to BCL-2 inhibitor because they are
unable to preserve energy supplies in response to BCL-2 inhibition, with
the underlying mechanisms pointing to the impaired oxidative phos-
phorylation in ROS-low LSCs that lack a compensatory energy produc-
tion from glycolysis. [15] The LSCs are benefit from the intracellular
ROS-low environment in which they can alleviate internal and
external stress to support their proliferation. [56] The most common
stress the tumor cells encounter was chemotherapy or radiotherapy, and
therefore increasing recognition of resistance by ROS-low LSCs comes to
attention. One study demonstrated that the prostate CSC has increased
survival potential after ionizing radiation due to the ability to recede
oxidative stress and to refrain from ROS-induced damage. [57] Another
study showed a naturally occurring small molecule named parthenolide
(PTL) triggered LSC-specific apoptosis through increasing ROS produc-
tion to disrupt the redox homeostasis, [39] All the studies indicate that
perturbation of ROS-related pathways in LSC may be an effective
strategy to eradicate the highly chemo-resistant tumor population. In
line with these studies, here, we demonstrated that GILT inhibition
could improve treatment response of AML by promoting excessive
production of ROS, leading to decreased mitochondrial membrane po-
tential and strengthened Ara-C-induced apoptosis, further providing
novel insights that regulation of GILT-mediated redox metabolism might
overcome chemoresistance of LSCs.

PI3K/Akt pathway is essential for redox homeostasis, sustaining ROS
at a stable level. [45] The excessive ROS is as a result of increased ROS
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Fig 7. GILT inhibition overcomes chemo-

resistance in AML
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production or declined ROS scavenging systems. NRF2, a transcriptional
factor that promotes the expression of several antioxidant enzymes, has
been identified as a vital mediator of ROS eradication. [43] There has
been much discussion about the role of PI3K/Akt/NRF2 pathway in
chemoresistance for its effect on promoting cancer survival by confer-
ring protection against excessive oxidative stress. [58-60] An attractive
therapeutic prospect of perturbing redox homeostasis in tumors points
to target PIBK/Akt/NRF2 signaling to re-sensitize cancer cells and
attenuate chemoresistance. A good example for that is a study by, Liu et
al who reported the Diosmetin-induced apoptosis of non-small cell lung
cancer (NSCLC) cells in which ROS was accumulated via inhibition of
PI3K/Akt/NRF2 pathway. [61] In the present research, our results
showed that this axis was repressed in GILT ablation group following
Ara-C treatment, promoting an increased understanding of the role of
PI3K/Akt/NRF2 pathway in the regulation of ROS-mediated
chemoresistance.

GILT may potentially play a pivotal role in regulating the chemo-
resistance of LSC since GILT is screened from LSCs-enriched CD34+ AML
cells, with other factors screened out by our cohorts have been found to
be associated with LSC chemoresistance such as CD9. GILT expression
was comparable between CD34+ AML blasts and normal CD34+ pro-
genitor cells (data not shown), indicating that GILT is likely a factor of
stemness signature, although whether GILT could influence the LSC
stemness still needs to be further elucidated. Larger number of samples
and deeper studies were needed to more correctly analyze the effects of
GILT on the regulation of stemness in both LSC and HSC. Besides, a more
detailed analysis between GILT expression and prognosis still needs to
be performed in larger clinical cohorts, multi-center studies and longer
follow-up. Nevertheless, we have provided new insights into the meta-
bolic regulating role of GILT as a critical mechanism underlying AML
chemoresistance.

In summary, GILT is a candidate screened from chemoresisant LSC-
enriched CD34+ AML cells. We find that inhibition of GILT can sensi-
tize AML cells to chemotherapy treatment via promoting ROS-mediated
mitochondrial damage and apoptosis, at least partially through blockade
of the PI3K/Akt/NRF2 pathway (Fig 7). The clinical data have shown
that high GILT expression is related to a poor prognosis of AML, sug-
gesting that GILT may be a new target for attenuating chemoresistance
in AML.

Conclusion

In summary, GILT is a candidate screened from chemoresisant LSC-
enriched CD34+ AML cells. We find that inhibition of GILT can
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sensitize AML cells to chemotherapy treatment via promoting ROS-
mediated mitochondrial damage and apoptosis, at least partially
through blockade of the PI3K/Akt/NRF2 pathway. (Fig 7) The clinical
data have shown that high GILT expression is related to a poor prognosis
of AML, suggesting that GILT may be a new target for attenuating che-
moresistance in AML.
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