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Background: The bone marrow microenvironment constitutes a sanctuary for leukemia cells.
Recent evidence indicates that environment-mediated drug resistance arises from a reciprocal
influence between tumor cells and the surrounding stroma. The present study aimed to investi-
gate the effect of chronic lymphocytic leukemia (CLL) cells on the metabolism of bone marrow
stroma, to determine the role of this metabolic change in the stroma in vorinostat resistance
of CLL cells, and thus to assess a novel strategy to target stroma and achieve the maximum
therapeutic effect of vorinostat.

Methods: To evaluate this issue, we used freshly isolated CLL cells from peripheral blood
samples of patients with CLL, and co-cultured them with bone marrow stromal cell lines to
examine autophagy activity and metabolic changes in both CLL cells and stromal cells after
vorinostat treatment.

Results: The results demonstrated that CLL cells were under intrinsic oxidative stress which
was further enhanced by vorinostat treatment, and released H,O, outside the cells. The adjacent
stromal cells took up H,O, and drove autophagy, mitophagy and glycolysis, resulting in the
local production of high-energy mitochondrial fuels, which were then taken up by CLL cells
to be effectively utilized through mitochondrial oxidative phosphorylation to enable more ATP
production. Notably, targeting autophagic stromal cells with autophagy inhibitor remarkably
decreased stromal protection against vorinostat treatment in CLL cells.

Conclusion: This study demonstrated that the stroma in the CLL microenvironment is abnormal
and undergoes autophagy, and manipulation of autophagic stromal cells could serve as a novel
promising strategy to circumvent stroma-mediated drug resistance in CLL cells.

Keywords: autophagy, chronic lymphocytic leukemia, bone marrow stroma, drug resistance,
reactive oxygen species, vorinostat

Introduction

Chronic lymphocytic leukemia (CLL) is a homogeneous disease originating from the
continuous and excessive accumulation of defective B cells."? CLL has become the
most common form of adult leukemia in Europe and North America, and has a dras-
tically increasing trend in China.> Although great progress has been made in CLL
therapy for improved patient outcomes,®® CLL is still viewed as an incurable disease
owing to the presence of residual drug-resistant leukemia cells that will eventually
induce CLL recurrence.”!® Accumulating evidence suggests that bone marrow stroma
serves as the leukemia cell sanctuary and contributor to promote the survival of CLL
cells and leads to drug resistance in vivo."!! Understanding the interaction between bone
marrow stromal cells and CLL cells will facilitate the development of novel therapeutic
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strategies to inhibit the protective effect of stromal cells and
eliminate residual CLL cells in vivo.

An increasing number of studies have suggested that the
tumor microenvironment communicates with cancer cells
through either soluble factors or adhesive interactions, and
activates survival signaling pathways or antioxidant systems
in cancer cells to promote cell survival.'>'® Although many
studies have focused on the tumor microenvironment-initiated
survival pathway in cancer cells, more recent studies found
that the tumor-associated fibroblasts undergo cancer cell-
initiated changes, which, in turn, foster the metabolic and
mutagenic activities of cancer cells.!”! In hematologic
malignancies, leukemia cells can create bone marrow niches
that disrupt the behavior of normal hematopoietic progeni-
tor cells.?’ Therefore, it seems that cancer cells could shape
the surrounding stromal cells to best support their survival.
Understanding the changes in both leukemia cells and their
niche can help us to design new therapeutic strategies to cir-
cumvent the stromal cell-mediated protection to completely
kill leukemic cells, avoiding the emergence of drug resistance
and relapse, and thus prolonging patient survival time.

Suberoylanilide hydroxamic acid (SAHA or vorinostat)
is a histone deacetylase inhibitor that has been approved by
the US Food and Drug Administration for the treatment of
cutaneous T-cell lymphoma.?'"* Vorinostat can effectively
kill cancer cells by promoting cell-cycle arrest and apoptosis,
inducing cell oxidative damage, and triggering autophagic
cell death and senescence.”** Preclinical trials have dem-
onstrated the potential antitumor activity of vorinostat
against leukemia cells and other hematologic malignancy
cells in vitro, and improved survival in animal models of
leukemia.?>?" Nonetheless, vorinostat exhibits only limited
antitumor activity in CLL patients.?®?* Although several
research groups, including our group, have attributed the
drug-resistance CLL cell survival to stromal cell-induced
antioxidant defense mechanisms,**3! more details underly-
ing this stromal cell-mediated vorinostat resistance remain
largely unknown and need to be elaborated.

Autophagy, also called cellular self-digestion, is an
evolutionarily conserved dynamic catabolic process that is
involved in the degradation and recycling of damaged pro-
teins and cellular components such as whole organelles as
a response to survive starvation and stress.’?>> Autophagy
acts as an alternative energy source to maintain the energy
balance for regulating cellular survival.**3” Recent research
demonstrated that cancer cells in the center of the tumor mass
exploit autophagy to survive situations of nutrient starvation,
thus contributing to tumor progression.** On the other hand,

autophagy is vital for the clearance of damaged mitochon-
dria by mitophagy, by which the impaired mitochondria are
selectively delivered into lysosomes for degradation.***? In
addition, it has been widely accepted that the accumulation
of ROS induces autophagy and mitophagy, which, in turn,
relieve the ROS-driven oxidative damage to enhance cell
survival.** Our previous report showed that, compared
to normal lymphocytes, CLL cells exhibit higher intracel-
lular ROS levels, which are further enhanced by vorinostat
treatment.’! Thus, we speculated that the considerable amount
of ROS originating from CLL cells after vorinostat treatment
could regulate autophagy in adjacent stromal cells and thus
remodel stromal cells, which, in turn, may influence CLL
cell survival and drug resistance.

In brief, the aims of this study are to check the role of the
autophagy and mitophagy in stromal cell-mediated protection
against vorinostat-induced CLL cell death, to investigate the
effect of vorinostat in combination with autophagic inhibitors
in promoting CLL cell death and to evaluate its potential
in removing stromal-protected CLL cells to improve CLL
treatment. Our results indicated that the manipulation of
stromal cell autophagy could serve as a novel promising
strategy to eliminate drug resistance and sensitize CLL cells
to chemotherapy. Thus, this study presents a new mechanism
for stromal-mediated drug resistance in CLL cells, providing
a new vision for improving CLL therapeutics.

Materials and methods

Materials

Commercially available antibodies used in this work were
as follows: B-actin (Sigma-Aldrich, St Louis, MO, USA,
#A5441), autophagy marker light chain 3 (LC3; Cell Signaling
Technology, #12,741S, Beverly, MA, USA), cytochrome ¢
oxidase subunit [V (COX IV; Abcam, #ab16056, Cambridge,
UK), heat shock protein 60 (Hsp60; Abcam, #ab46798), glu-
cose transporter 1 (Glut-1; Abcam, #ab652), Na,K-ATPase
(Cell Signaling Technology, #3010), hexokinase-II (HK-II;
Abcam, #ab37593), autophagy protein 5 (Atg5; Cell Signaling
Technology, #12994), goat anti-rabbit polyclonal antibody
(Pierce Biotechnology, #31210, Rockford, IL, USA) and
goat anti-mouse polyclonal antibody (Pierce Biotechnology,
#62-6700). Annexin V—fluorescein isothiocyanate (FITC)
was purchased from BD Biosciences (San Jose, CA, USA).
Vorinostat, glutathione (GSH), catalase, propidium iodide
(PI), lactate, B-hydroxybutyrate, hydrogen peroxide (H,0,),
3-methyladenine (3-MA), chloroquine (CQ) and lactate assay
kit were purchased from Sigma-Aldrich (St Louis, MO, USA).
The B-hydroxybutyrate assay kit was purchased from Cayman
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Chemical Company (Ann Arbor, MI, USA). CM-H,DCF-DA,
Mitotracker green, amplex red H,O, assay kit, Lipofectamine
3000, Atg5 siRNA and Lipofectamine RNAIMAX were
purchased from Thermo Fisher Scientific (Waltham, MA,
USA). 3H-2-Deoxyglucose was acquired from NEN Life Sci-
ence Products (Boston, MA, USA). Green fluorescent protein
(GFP)-LC3 plasmid was purchased from Addgene (Cambridge,
MA, USA). The CellTiter-Glo Luminescent Cell viability
assay kit was purchased from Promega (Madison, WI, USA).

Cell lines

The human bone marrow cell line Stroma NKtert immortal-
ized by hTERT,* the murine bone marrow stromal cell line
KUSA-H1% and the human bone marrow stromal cell line
HS5 immortalized by E6/E7*” were cultured in RPMI 1640
medium (Cellgro; Mediatech, Hendon, VA, USA) supple-
mented with 10% FBS as described previously.*® These
three stromal cell lines used in this study (Stroma NKtert,
murine stromal cell line KUSA and HS5 human bone marrow
stromal cell line) were purchased from RIKEN and obtained
from the American Type Culture Collection (Manassas, VA,
USA), RIKEN Cell Bank (Ibaraki, Japan) and American Type
Culture Collection, respectively.

Patients

In this study, 101 blood samples were collected from 101
CLL patients at the First Affiliated Hospital of Nanchang
University. Each patient provided signed written informed
consent and the study was approved by the ethics commit-
tee of the First Affiliated Hospital of Nanchang University.
Clinical and biological characteristics, including age, gender,
Binet stage, CD38 expression (=30%), Zap70 expression
(=20%), IGHV mutation and p53 mutation, were recorded
in all CLL patients, and are summarized in Table S1.

Isolation of CLL cells and normal
lymphocytes

Primary CLL cells were obtained from the peripheral blood
samples of B-CLL patients, who had been diagnosed based on
clinical criteria and laboratory features according to National
Cancer Institute criteria.’! In all experiments, CLL cells were
isolated from peripheral blood samples, which were collected
from the patients by density gradient centrifugation.* In brief,
5 mL blood was slowly added to a Falcon tube containing
6 mL pre-warmed Fico/Lite LymphoH buffer (Atlanta Bio-
logical, Lawrenceville, GA, USA) and then centrifuged at
435 x g for 20 minutes at room temperature. The isolated
CLL cells were washed with pre-warmed PBS and incubated

in RPMI-1640 medium (Cellgro; Mediatech) supplemented
with 10% FBS, penicillin (100 U/mL) and streptomycin
(100 pug/mL; all Cellgro; Mediatech) overnight before experi-
mentation. Normal lymphocytes were isolated from blood
samples of five healthy donors using similar procedures.

Cell viability assays

Cell death was determined by flow cytometry after double
staining cells with annexin V-FITC and PI as described
previously.* Stromal cells (5x10* cells/mL) were seeded
in 24-well plates and allowed to adhere and grow overnight
before the addition of CLL cells or normal B cells or CQ.
The CLL cells were isolated from the blood samples and
incubated overnight with RPMI-1640 medium supplemented
with 10% FBS, penicillin (100 U/mL) and streptomycin
(100 pg/mL), and then transferred (1x10° cells) into 24-well
plates with or without the pre-seeded stromal cells. Follow-
ing co-culture for 1 day, CLL cells were treated with vari-
ous compounds under the conditions indicated in the figure
legends. All assays were carried out at least three times.

Measurement of cellular ROS levels and

mitochondrial contents

The cellular ROS levels and mitochondrial contents were
detected with a fluorescent probe of CM-H,DCF-DA and
Mitotracker green, respectively. In brief, NKtert cells and
CLL cells were cultured under various experimental condi-
tions, and then incubated with 1 uM CM-H,DCF-DA for
60 minutes or with 61.6 nM Mitotracker green for 30 minutes
at 37°C in the dark. After washing twice, the resulting
samples were measured using flow cytometry, and the
results were analyzed based on forward scatter/side scatter
gating to differentiate between dead and viable cells using
the built-in software.

Western blot analysis

After being cultured under various experimental conditions,
NKtert cells and CLL cells were harvested and washed
in cold PBS, and directly solubilized in buffered solution
containing 10 mM pH 7.6 Tris—HCI, 1% SDS and protease
inhibitor (Hoffman-La Roche Ltd., Basel, Switzerland,
#11836170001). Membrane fractionation was performed
as described previously.* The total and membrane protein
concentrations were quantified using a BCA Protein Assay
Kit (Pierce Biotechnology, #23225), and then adjusted to
2 ug/mL with sample buffer containing 250 mM pH 6.8 Tris—
HCI, 4% SDS, 10% glycerol, 0.006% bromophenol blue and
2% mercaptoethanol. The cell lysates were heated at 95°C for
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10 minutes, and equal amounts of proteins were separated on
SDS-PAGE in a Mini-Protean II Dual Slab Cell (Bio-Rad
Laboratories, Hercules, CA, USA). The proteins were then
transferred on to nitrocellulose membranes using a Mini
Trans-Blot Transfer Cell (Bio-Rad Laboratories). The transfer
was performed at 4°C for 2 hours at a constant voltage setting
of 110 V. The blots were blocked in 5% skimmed milk for 1
hour at room temperature. The membranes were then probed
with the following primary antibodies: LC3, COX 1V, Hsp60,
Glut-1, Na,K-ATPase, HK-II and Atg5, all at 1:1,000 dilu-
tion, and B-actin at 1:10,000 dilution. After incubation for 2
hours at room temperature, the blots were washed three times
for 10 minutes in PBS containing 0.1% Tween-20, and then
incubated for 1 hour at room temperature in the following
secondary antibodies: goat anti-rabbit polyclonal antibody
for LC3, COX IV, Hsp60, Glut-1, Na,K-ATPase, HK-II and
Atg5 detection, all at 1:3,000 dilution, and goat anti-mouse
polyclonal antibody for B-actin detection at 1:20,000 dilu-
tion. The blots were then washed three times for 10 minutes
with the same buffer as above and incubated in enhanced
chemiluminescence detection reagents (GE Healthcare Life
Sciences, Chalfont, UK) for 1 minute. The blots were then
exposed to an X-OMAT AR X-ray film (Kodak, Roch-
ester, NY, USA) for between 10 seconds and 5 minutes.

Plasmid transfection and confocal

microscopy

NKtert cells were transfected with adenovirus harboring
GFP-LC3 plasmid with Lipofectamine 3000 according to
the manufacturer’s protocol. After transfection for 6 hours,
the cells were changed into fresh medium and cultured for
24 hours. Then, the NKtert cells were cultured alone or with
CLL cells incubated with or without vorinostat or H,O, for
another 24 hours, and the cells were fixed and examined with
a Nikon Eclipse TE2000 confocal microscope. The number
of autophagosomes (green dots) per cell was calculated using
Imagel] software.

siRNA transfection

siRNA for Atg5 and non-targeting sequence control siRNA
(NC) were transfected to NKtert cells with Lipofectamine
RNAIMAX (Thermo Fisher Scientific) according to the
manufacturer’s instructions. After transfection for 6 hours,
the cells were changed into fresh medium and cultured for
24 hours. Then, the NKtert cells were co-cultured with CLL
cells and incubated with vorinostat for another 48 hours for
Western blot and apoptosis analysis.

Mitochondrial respiration activity
Mitochondrial respiration in whole cells was measured by
an oxygen consumption assay, as described previously.*
Following NKtert cell and CLL cell cultures under various
experimental conditions, the cells were resuspended in 1 mL
of fresh culture medium pre-equilibrated with 21% oxygen
at 37°C, followed by applying the cells to the sealed respi-
ration chamber of a Clark-type oxygen measuring system
(Oxytherm; Hansatech Instruments, Cambridge, UK) with
constant stirring.

Glucose uptake

Cellular glucose uptake was measured as described previ-
ously.’! NKtert cells cultured alone or with CLL cells were
treated with vorinostat. Then, the cells were washed with
glucose-free medium and incubated in fresh glucose-free
RPMI 1640 medium for 3 hours before incubation with
0.2 Ci/mL *H-2-deoxyglucose for 1 hour. After washing the
cells with ice-cold PBS, the glucose uptake represented by
3 hours’ radioactivity was determined by liquid scintillation
counting and normalized by cell number.

Lactate release

Lactate release into the medium was measured using an
assay kit from Sigma-Aldrich, based on an enzymatic—
spectrophotometric method. NKtert cells cultured alone
or with CLL cells were treated with vorinostat. Then, the
cells were replenished with fresh medium. Aliquots of the
medium were removed at the indicated time for measurement
of lactate. At each time point, cell number was also counted
for normalization of lactate generation.

B-Hydroxybutyrate (ketone body) release
B-Hydroxybutyrate release into the medium was measured
using an assay kit from Cayman Chemical Company, based
on an enzymatic—spectrophotometric method. NKtert cells
cultured alone or with CLL cells were treated with vorinostat.
Then, the medium was collected and the ketone body con-
centration was measured according to the manufacturer’s
instructions. Results were normalized for total cellular
protein per well.

Cellular ATP measurement

The level of cellular ATP was determined using the CellTiter-
Glo Luminescent Cell viability assay kit from Promega,
based on a luciferase method. CLL cells were cultured under

submit your manuscript

5154

Dove

OncoTargets and Therapy 2018:1 |


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Targeting the autophagy in stroma overcomes resistance to vorinostat

various experimental conditions, then the cellular ATP
contents were measured according to the manufacturer’s
recommendations. Results were normalized according to
cell number.

Determination of the effect of oxygen

levels on CLL cell viability

The effect of oxygen levels on CLL cell viability was
detected as described previously.*! In brief, CLL cells were
cultured with or without a pre-seeded NKtert cell layer, and
incubated in normoxic or hypoxic conditions (2% oxygen)
for 1 day at 37°C. The CLL cells were then treated with
the combination of autophagy inhibitor and vorinostat
under normoxia and hypoxia at 37°C. Cell viability was
determined using flow cytometry following double staining
with Annexin V and PI. Hypoxic culture conditions were
created by incubating the cells in a sealed modular incubator
chamber flushed with 2% oxygen, 5% carbon dioxide and
balanced nitrogen.

Statistical analysis

All experiments were conducted on CLL cells separated from
at least three patients, and stromal cells from three separated
culture flasks were applied. Statistical significance was esti-
mated using the Student’s 7-test. P<<0.05 was considered to
indicate a statistically significant difference. Bar graphs and
plots were produced on GraphPad Prism 5 software (Graph-
Pad Software, La Jolla, CA, USA).

Results

Disrupting the autophagy pathway
circumvents stromal protection of
CLL cells

Previous studies demonstrated that vorinostat can effec-
tively kill CLL cells for the treatment of CLL patients.?***
However, the treatment effects are fairly limited owing
to the presence of drug-resistant CLL cells leading to
leukemia recurrence. To demonstrate that bone marrow
stromal cells provide protection against spontaneous and
vorinostat-induced cell apoptosis, stromal NKtert cells
were co-cultured with primary leukemia cells isolated
from CLL patients and treated with vorinostat. As shown
in Figure 1A, a significantly increased apoptosis rate
for single-cultured CLL cells was observed, from 25%
to 69%, with the increase in vorinostat concentration from
0 to 2 uM, whereas the CLL cells co-cultured with NKtert
cells exhibited an obvious decrease in the apoptosis rate at
all given vorinostat concentrations, demonstrating that the
stromal NKtert cells prevented CLL cells from undergoing
spontaneous and vorinostat-induced apoptosis. To investi-
gate the role of autophagy in stroma-mediated protection
against vorinostat-induced apoptosis, two common small
molecular chemical inhibitors, 3-MA and CQ, were used
to manipulate autophagy. After treatment with vorinostat
for 24 hours and 48 hours, the apoptotic cell death rate of
CLL cells in the presence of NKtert cells was 14% and 34%,
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Figure | Autophagy inhibitors circumvent bone marrow stromal cell-mediated protection against vorinostat cytotoxicity in CLL cells.

Notes: (A) Protection of CLL cells by NKtert cells in the presence of vorinostat. The CLL cells were pre-cultured with NKtert cells for 24 hours, followed by incubation
with 0, 0.5, |, and 2 UM vorinostat for 48 hours. Cell viability was detected using annexin V/PI double staining with flow cytometry analysis. Representative dot plots of a CLL
sample are shown, with numbers indicating the percentage of viable cells (annexin V/PI double negative). All experiments were performed three times. (B) Sensitization of
CLL cells to vorinostat by autophagy inhibitors CQ or 3-MA. CLL and NKtert cells in co-culture were incubated with vorinostat (2 tM) or in combination with CQ (10 and
20 uM) or 3-MA (I and 2 mM) for 24 hours and 48 hours. CLL cell viability was analyzed by annexin V/PI assay. Representative dot plots are shown with the percentage
of viable cells (annexin V/PI double negative) indicated. All experiments were performed three times. (C) Effect of the combination of vorinostat and autophagy inhibitors
(CQ 20 uM or 3-MA 2 mM) on CLL viability in the presence of NKtert cells. The histograms show the mean + SD of six separate experiments using six CLL samples (*P<<0.05;
*#*P<0.01; **P<0.001).

Abbreviations: CLL, chronic lymphocytic leukemia; Ctrl, control cells without treatment; Vor, vorinostat treatment; Single-CLL, CLL cells cultured alone; Co-CLL, CLL
cells co-cultured with NKtert cells; Pl, propidium iodide; CQ, chloroquine treatment; 3-MA, 3-methyladenine treatment.

respectively (Figure 1B). However, the use of 10 uM CQ  enhanced cell death of CLL cells co-cultured with NKtert

to inhibit autophagy remarkably increased apoptotic cell
death of CLL cells co-cultured with NKtert cells to 37%
and 45% after treatment with 2 UM vorinostat for 24 hours
and 48 hours, respectively. Notably, the increase in CQ
concentration to 20 UM was able to eliminate 60%—70% of
CLL cells in the presence of stromal layers after treatment
with vorinostat for 24 hours and 48 hours. Similar results of

cells with vorinostat treatment were observed when using
another autophagy inhibitor, 3-MA. Similar results were
also observed in experiments using more CLL samples
(Figure 1C). These observations indicate that the presence
of an autophagy inhibitor, CQ or 3-MA, could effectively
enhance vorinostat-induced apoptosis in CLL cells in the
presence of NKtert cells, demonstrating that autophagy
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inhibitors circumvent the stromal protection of CLL cells
against vorinostat-induced apoptosis.

Vorinostat induces autophagy and
mitophagy in stromal cells in the
presence of CLL cells but not in CLL cells

As stated above, our results showed that the stromal protec-
tion of CLL cells against vorinostat-induced apoptosis was
related to autophagy. However, it remains unknown whether
this autophagy-based protective effect comes from stromal
cells or CLL cells. In the process of autophagy, the degree
of LC3-I to LC3-II conversion correlates with the extent of
autophagosome formation. We analyzed expression levels
of LC3-II and LC3-I in both single- and co-cultured CLL
and stromal cells with or without vorinostat treatment.
In addition, to distinguish whether autophagosome accumu-
lation is due to autophagy induction or impaired autophagic
degradation, we performed autophagic flux assays using
CQ to block autophagy in the late stages. Surprisingly, the
results showed that no significant LC3-II signals and no
further increase in LC3-II with CQ treatment were detected
in either single-cultured or co-cultured CLL cells under
any conditions (Figure 2A), indicating that autophagy in
CLL cells was weak. Conversely, an obviously increased
LC3-II accumulation was seen in NKtert cells co-cultured
with CLL cells, which was further enhanced by vorinostat
treatment for 24 hours, and the accumulation of LC3-II was
further increased by CQ treatment (Figure 2A). Moreover,
since LC3 is visualized in small puncta corresponding
to autophagosomes, NKtert cells were infected with an
adenovirus expressing LC3 fused to GFP (GFP-LC3) and
co-cultured with CLL cells with or without vorinostat treat-
ment, and assessed for GFP-LC3 localization. In the absence
of CLL cells, as expected, GFP-LC3 was diffused within the
cytoplasm with occasional puncta. When co-cultured with
CLL cells, more GFP-LC3 puncta were observed, which
were markedly increased after treatment with vorinostat for
24 hours (Figure 2B). These results indicated a clear role
for CLL cells in the regulation of autophagy in NKtert cells,
especially after vorinostat treatment (single-cultured CLL
cells or NKtert cells showed weak autophagy). Moreover,
flow cytometry analysis displayed a decreased mitochondrial
mass in NKtert cells in the presence of CLL cells, which
further decreased after vorinostat treatment for 48 hours
(Figure 2C). Immunoblotting analysis for mitochondrial
matrix protein Hsp60 and inner mitochondrial membrane
protein COX IV, which are markers of mitochondrial mass,
was used as a quantitative way to monitor the last step in

the degradation process of mitophagy. Consistently, both
Hsp60 and COX 1V were significantly decreased in the
NKtert cells co-cultured with CLL cells after treatment
with vorinostat for 24 hours and 48 hours (Figure 2D). All
these data suggested increased mitophagy and autophagy in
stromal cells in the presence of CLL cells, and vorinostat
treatment enhanced autophagy in stromal cells in the pres-
ence of CLL cells.

ROS originating from CLL cells by
vorinostat treatment induce autophagy

and mitophagy in stromal cells

Accumulating data have implicated the important role of
ROS in autophagy.* Our previous study indicated that CLL
cells exhibit intrinsically high intracellular ROS levels, and
yield an excessive accumulation of ROS after vorinostat
treatment.’! We suspected that the excessive intracellular
ROS levels in CLL cells would diffuse into the extracellular
space, thus causing strong oxidative stress in adjacent stromal
cells. Flow cytometry analysis revealed that compared with
single-cultured NKtert cells, the intracellular ROS levels
increased in NKtert cells co-cultured with CLL cells, and
further increased after 30 hours of vorinostat treatment
(Figure 3A). Our previous work suggested that stromal cells
alleviate oxidative stress in CLL cells.?! Consistent with this,
Figure 3B shows that there was a decreased level of ROS in
CLL cells in the presence of NKtert cells, whereas vorinostat
treatment increased ROS in both single- and co-cultured CLL
cells. By determining the corresponding H,O, concentration
in the culture media, we found an increased H,0, accumula-
tion in the medium of CLL cells, which further increased after
vorinostat treatment (Figure 3C). In contrast, the group of
NKctert cells cultured alone exhibited much lower H,O, levels
in culture medium either with or without vorinostat treatment,
whereas an increased H,O, accumulation was observed in the
medium from the group of CLL plus NKtert, demonstrating
that the presence of CLL cells in co-cultured system caused
enhanced H,0, accumulation. In addition, compared with
this group of NKtert cells cultured with vorinostat, the group
with CLL in the presence of NKtert and vorinostat showed
a significant increase in H,O, accumulation, indicating
that vorinostat treatment increased H,O, concentration in
the culture medium of NKtert cells only in the presence of
CLL cells. These results suggest that although stromal cells
decreased ROS in CLL cells, the latter still can release ROS
into the medium and increase ROS levels in adjacent stromal
cells after vorinostat treatment. To investigate the effects of
increased ROS levels on autophagy in stromal cells, NKtert
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Figure 2 Vorinostat induces autophagy and mitophagy in NKtert cells co-cultured with CLL cells.

Notes: (A) Expression of LC3 in CLL cells and NKtert cells. CLL cells and NKtert cells cultured alone or in co-culture were treated with 2 UM vorinostat for 24 hours
with or without CQ (20 1M), and cell lysates were assayed for LC3 using Western blot analysis. The upper panel shows the representative Western blot results, and
the lower panel shows the quantification of band density of three CLL patients, with B-actin expression as an internal control (mean + SD; n=3 different CLL samples;
*P<0.05). (B) Formation of autophagosomes in NKtert cells. NKtert cells were infected with an adenovirus expressing GFP-LC3 fusion. NKtert cells were cultured alone
or co-cultured with CLL cells incubated with or without 2 {M vorinostat for 24 hours, and assayed for the appearance of autophagosomes by confocal microscopy. The left
panel shows the representative images of fluorescent LC3 puncta. The right panel shows the mean number of green puncta per cell (mean * SD; n=3 different CLL samples;
*P<0.05). (C) Determination of cellular mitochondrial contents in NKtert cells cultured alone or with CLL cells incubated with or without vorinostat (2 UM, 48 hours),
detected by flow cytometry analysis. A representative plot is shown. All experiments were performed three times. (D) Expression of Hsp60 and COX IV in NKtert cells.
NKtert cells cultured alone or with CLL cells were treated with or without vorinostat (2 [LM, 24 hours and 48 hours), and cell lysates were assayed for Hsp60 and COX IV
using Western blot analysis. The upper panel shows the representative Western blot results, and the lower panel shows the quantification of band density of three CLL
patients, with B-actin expression as an internal control (mean + SD; n=3 different CLL samples; *P<<0.05; **P<0.01).

Abbreviations: CLL, chronic lymphocytic leukemia; LC3, light chain 3; Co-CLL, CLL cells co-cultured with NKtert cells; Single-CLL, S-CLL, CLL cells cultured alone;
CQ, chloroquine treatment; Ctrl, control cells without treatment; V, Vor, vorinostat treatment; GFP, green fluorescent protein; Co-NKtert, NKtert cells co-cultured with
CLL cells; Single-NKtert, S-NKtert, NKtert cells cultured alone; Hsp60, heat shock protein 60; COX IV, cytochrome c oxidase subunit [V.
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cells were treated with H,O,. As shown in Figure 3D, follow-
ing 8 hours of incubation with H,O,, there was a significant
increase in LC3-II expression in NKtert cells, which was
further enhanced by CQ treatment. Consistent with this,
the addition of H,O, increased GFP-LC3 puncta in NKtert
cells (Figure 3E), indicating autophagy induction in NKtert
cells by H,O, treatment. Further immunoblotting analysis

(Figure 3F) demonstrated that the mitochondrial Hsp60 and
COX IV protein levels decreased in NKtert cells treated
with exogenous H,O, for 8 hours, and reduced further with
further incubation. Collectively, these results show that
the exogenous H,O, induced mitophagy and autophagy in
NKctert cells. To further validate this result, the antioxidants
catalase and GSH were applied to relieve oxidative stress
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Figure 3 Release of H,0, by CLL cells is essential to induce autophagy and mitophagy in bone marrow stromal cells.

Notes: (A) Determination of cellular ROS in NKtert cells cultured alone or with CLL cells incubated with or without 2 UM vorinostat for 30 hours, detected by flow
cytometry analysis. A representative plot is shown. All experiments were performed three times. (B) Determination of cellular ROS in CLL cells cultured alone or with
NKtert cells incubated with or without 2 UM vorinostat for 30 hours, detected by flow cytometry analysis. A representative plot is shown. All experiments were performed
three times. (C) Comparison of H,O, contents in culture media of CLL cells and NKtert cells. The H,O, levels in culture media of CLL cells and NKtert cells cultured alone or
in co-culture incubated with or without vorinostat (2 UM, 24 hours) were determined by amplex red assay (mean * SD; n=3 different CLL samples; *P<<0.05). (D) Expression
of LC3 in NKtert cells. NKtert cells were incubated with 60 UM H,O, for 8 hours with or without CQ (20 uM), and cell lysates were assayed for LC3 using Western blot
analysis. The left panel shows the representative Western blot results, and the right panel shows the quantification of band density of three separate experiments, with
f-actin expression as an internal control (mean + SD; n=3 different CLL samples; *P<<0.05). (E) Formation of autophagosomes in NKtert cells by H,O, treatment. NKtert
cells were infected with an adenovirus expressing GFP-LC3 fusion, incubated with 60 t{M H,O, for 8 hours and assayed for the appearance of autophagosomes by confocal
microscopy. The left panel shows the representative images of fluorescent LC3 puncta. The right panel shows the mean number of green puncta per cell (mean + SD; n=3
different CLL samples; **P<<0.01). (F) Expression of Hsp60 and COX IV in NKtert cells. NKtert cells were incubated with 60 UM H,O, for 8 hours and 16 hours, and cell
lysates were assayed for Hsp60 and COX IV using Western blot analysis. The left panel shows the representative Western blot results, and the right two panels show the
quantification of band density of three separate experiments, with -actin expression as an internal control (mean * SD; *P<<0.05; **P<<0.01). (G) Expression of LC3 in
NKctert cells. NKtert cells co-cultured with CLL cells were treated with 2 LM vorinostat and with or without 500 U catalase or | mM GSH or 20 uM CQ for 24 hours, and
cell lysates were assayed for LC3 using Western blot analysis. The left panel shows the representative Western blot results, and the right panel shows the quantification of
band density of three separate experiments, with B-actin expression as an internal control (mean * SD; **P<<0.01).

Abbreviations: CLL, chronic lymphocytic leukemia; Single-NKtert, NKtert cells cultured alone; Co-NKtert, NKtert cells co-cultured with CLL cells; Co-CLL, CLL cells
co-cultured with NKtert cells; Vor, vorinostat treatment; Single-CLL, CLL cells cultured alone; Ctrl, control cells without treatment; Hsp60, heat shock protein 60; COX 1V,
cytochrome c oxidase subunit I1V; LC3, light chain 3; CQ, chloroquine treatment; GSH, glutathione.

in stromal cells. The results in Figure 3G illustrate that the  Vorinostat activates glycolysis in stromal
addition of those antioxidants decreased autophagy flux in  cells in the presence of CLL cells

NKtert cells co-cultured with CLL cells, further confirming  The autophagic NKtert cells in the presence of CLL cells
that the induction of autophagy was highly related to the ROS  demonstrated a decrease in mitochondrial mass. We specu-
generation in NKtert cells. Given all this, we demonstrated  ated that the autophagic NKtert cells could not maintain
that oxidative stress originating from adjacent CLL cells  the energy balance needed for cell survival. Therefore, we
induced autophagy and mitophagy in NKtert cells, especially ~ compared the oxygen consumption in NKtert cells with or
after vorinostat treatment. without CLL cells. As shown in Figure 4A, compared to
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Figure 4 Vorinostat activates glycolysis in stromal cells cultured with CLL cells.

Notes: (A) Oxygen consumption rate of NKtert cells. NKtert cells cultured alone or with CLL cells were treated with or without 2 UM vorinostat for 24 hours, and
measured by an oxygen consumption assay. The slope of the curve reflects the respiratory activity. All experiments were performed four times. (B) Glucose uptake in NKtert
cells. NKtert cells cultured alone or with CLL cells were treated with or without 2 IM vorinostat for 24 hours, and incubated with *H-2-deoxyglucose, and glucose uptake
was determined by liquid scintillation counting (mean * SD; *P<<0.05; **P<0.01). All experiments were performed four times. (C) Expression of Glut-1 in cell membrane of
NKtert cells. NKtert cells cultured alone or with CLL cells were incubated with 2 LM vorinostat for 24 hours and 48 hours, and membrane fractions isolated from cell lysates
were assayed for Glut-| using Western blot analysis. The upper panel shows the representative Western blot results, and the lower panel shows the quantification of band
density of three separate experiments, with Na,K-ATPase expression as an internal control (mean * SD; *P<<0.05; **P<<0.01). (D) Expression of HK-Il in NKtert cells. NKtert
cells cultured alone or with CLL cells were incubated with 2 LM vorinostat for 24 hours and 48 hours, and cell lysates were assayed for HK-II using Western blot analysis.
The upper panel shows the representative Western blot results, and the lower panel shows the quantification of band density of three separate experiments, with -actin
expression as an internal control (mean + SD; *P<<0.05; **P<<0.01). (E) Lactate generation in NKtert cells. NKtert cells cultured alone or with CLL cells were incubated
with 2 UM vorinostat for 24 hours, and lactate in culture media were measured at the indicated time points after changing to fresh culture medium by spectrophotometric
assay. All experiments were performed three times. (F) Accumulation of ketone body in NKtert cells. NKtert cells cultured alone or with NKtert cells were incubated with
2 UM vorinostat for 24 hours, and B-hydroxybutyrate in culture media was measured by spectrophotometric assay (mean + SD; **P<<0.01). All experiments were performed
three times.

Abbreviations: CLL, chronic lymphocytic leukemia; Single-NKtert, NKtert cells cultured alone; Co-NKtert, NKtert cells co-cultured with CLL cells; V, Vor, vorinostat
treatment; Ctrl, control cells without treatment; Glut-1, glucose transporter-|; HK-Il, hexokinase-lI.
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single-cultured NKtert cells, NKtert cells co-cultured with
CLL cells had decreased oxygen consumption, which was
further reduced after vorinostat treatment, showing that CLL
cells and vorinostat treatment in the presence of CLL cells
disturbed the mitochondrial oxidative phosphorylation, and
lowered oxygen consumption in NKtert cells. In addition,
Figure 4B shows that NKtert cells co-cultured with CLL
cells increased glucose uptake, especially after vorinostat
treatment, indicating that glycolysis in stromal cells may be
increased in the presence of CLL cells and further enhanced
by vorinostat treatment. To further study the effect of CLL
cells and vorinostat treatment on glycolysis in NKtert cells,
the expression levels of Glut-1 and the glycolytic enzyme
HK-IT were examined. The results in Figure 4C and D show
that increased expression of Glut-1 in the membrane frac-
tion and HK-II was observed in NKtert cells co-cultured
with CLL cells, which further increased after vorinostat
treatment, whereas no significant changes in the expres-
sion of Glut-1 and HK-II were detected in single-cultured
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Figure 5 (Continued)

NKctert cells, either with or without vorinostat treatment.
Moreover, by measuring the accumulation of glycolytic
products, including lactate and ketone bodies in the culture
medium, we found that co-culture of NKtert cells with
CLL cells induced more accumulation of lactate and ketone
bodies in the culture medium than single-cultured NKtert
cells. A greater accumulation of lactate and ketone was also
observed in the presence of vorinostat (Figure 4E and F).
These results demonstrate that autophagic NKtert cells
reduced the mitochondrial oxidative phosphorylation and
increased the aerobic glycolysis to overcome the energy
shortage to ensure cell survival.

Glycolysis in stromal cells supports CLL
cell survival through the maintenance of
mitochondrial metabolic function and

energy levels
As shown in Figure 5A, enhanced CLL cell survival against
vorinostat treatment was seen in the presence of lactate and
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Figure 5 Glycolytic products of stromal cells maintain mitochondrial metabolic function and survival of CLL cells.

Notes: (A) Effect of lactate, ketone and GSH on survival and drug resistance of CLL cells cultured without NKtert cells. CLL cells were pretreated with 2 mM lactate
together with 2 mM B-hydroxybutyrate, or | mM GSH or the combination of lactate, B-hydroxybutyrate and GSH for 2 hours, or pre-cultured with NKtert cells for 24 hours,
followed by 2 UM vorinostat exposure for another 48 hours. Cell viability was detected using annexin V/Pl double staining with flow cytometry analysis. The histograms show
the mean % SD of three separate experiments using three CLL samples (n=3 different CLL samples; *P<<0.05; **P<<0.01). (B) Effect of lactate, ketone and GSH on ATP levels
in CLL cells cultured with NKtert cells. CLL cells were pretreated with 2 mM lactate together with 2 mM B-hydroxybutyrate, or | mM GSH or the combination of lactate,
B-hydroxybutyrate and GSH for 2 hours, or pre-cultured with NKtert cells for 24 hours, followed by 2 UM vorinostat exposure for another 48 hours. ATP contents were
examined by luminescent assay (mean + SD; n=3 different CLL samples; *P<<0.05). (C) Effect of NKtert cells on average oxygen consumption in CLL cells. CLL cells cultured
alone or with NKtert cells were treated with 2 UM vorinostat for 24 hours, and measured by an oxygen consumption assay. The histograms show the mean + SD of four
separate experiments using four CLL samples (n=4 different CLL samples; *P<<0.05), where the histogram represents the slope of the curve from direct measure of total
cellular oxygen consumption rate. (D) Effect of NKtert cells or the combination of lactate and ketone body on average oxygen consumption in CLL cells. CLL cells cultured
alone or pre-cultured with NKtert cells for 24 hours or pretreated with 2 mM lactate and 2 mM B-hydroxybutyrate for 2 hours, followed by 2 [1M vorinostat exposure for
another 24 hours, and measured by an oxygen consumption assay. The histograms show the mean * SD of four separate experiments using four CLL samples (n=4 different
CLL samples; *P<0.05; **P<<0.01), where the histogram represents the slope of the curve from direct measure of total cellular oxygen consumption rate. (E) Knockdown
efficiency of Atg5 in NKtert cells. NKtert cells were infected with Atg5 siRNA or non-targeting siRNA control (NC), and cell lysates were assayed for Atg5 using Western
blot analysis. (F) Reduced protective effect of NKtert cells on CLL cells against vorinostat treatment by knockdown of Atg5. NKtert cells infected with Atg5 siRNA or
non-targeting siRNA control (NC) were cultured with CLL cells and treated with 2 UM vorinostat for 48 hours. CLL cell viability was analyzed by annexin V/PI assay. The
histograms show the mean * SD of three separate experiments using three CLL samples (n=3 different CLL samples; *P<<0.05).

Abbreviations: CLL, chronic lymphocytic leukemia; Vor, vorinostat treatment; GSH, glutathione; Pl, propidium iodide; Single-CLL, CLL cells cultured alone; Co-CLL,
CLL cells co-cultured with NKtert cells; L, lactate; K, ketone body; NC, non-targeting siRNA control; NC-NKtert, NKtert cells infected with non-targeting siRNA control;
SiAtg5-NKtert, NKtert cells infected with Atg5 siRNA.

ketone bodies, and a further increase was obtained by adding
GSH, which partially offset the vorinostat-induced oxidative
damage. This result indicates that the presence of lactate
and ketone bodies was beneficial for CLL cell survival, and
synergistically enhanced CLL cell survival was achieved in
the presence of GSH. We also examined the ATP levels in
CLL cells treated with vorinostat. The results in Figure 5B
show that NKtert cells increased ATP levels in CLL cells
after vorinostat treatment. Importantly, exogenous addition of
lactate and ketone bodies increased ATP levels in CLL cells
in a similar manner, and these levels were further enhanced in
the presence of GSH. By monitoring the changes in oxygen
consumption under different conditions, we found that vor-
inostat treatment decreased oxygen consumption in single-
cultured or co-cultured CLL cells, whereas the presence of
NKtert cells resulted in increased oxygen consumption in
co-cultured CLL cells with or without vorinostat treatment
(Figure 5C). Moreover, we found that exogenous addition
of lactate and ketone bodies could partially replace NKtert
cells to increase oxygen consumption in CLL cells after
vorinostat treatment (Figure 5D). These results imply that
NKtert cells may support CLL cell survival by providing

the energy-rich metabolites for ATP production based on
mitochondrial oxidative phosphorylation in the adjacent CLL
cells. Since we found that NKtert cells generate lactate and
ketone bodies through glycolysis, and autophagy activated
glycolysis in NKtert cells, to check the role of stromal cell
autophagy in CLL cell survival, the essential autophagy
gene Ag5 in the NKtert cells was selectively knocked down
using siRNA (Figure 5E). Then, SiAtg5-NKtert cells were
co-cultured with CLL cells. The results in Figure SF show
that SiAtg5-NKtert cells exhibited a decreased ability to
protect CLL cells against vorinostat treatment compared with
the Azg5-expressing NKtert cells. Overall, the glycolysis in
the co-cultured NKctert cells played an important role in sup-
porting CLL cell survival, and the inhibition of glycolysis
by the interfering autophagy gene could circumvent stromal
protection.

The combination of autophagy inhibitor
and vorinostat circumvents stromal-

mediated drug resistance in CLL cells
Encouraged by the above findings, we investigated a strat-
egy to abolish stromal protection of CLL cells by inhibiting
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autophagy in stromal cells. Two autophagy inhibitors, CQ
and 3-MA, were used in this study. As shown in Figure 6A,
NKctert cells reduced the sensitivity of CLL cells to vor-
inostat treatment, and a subtoxic concentration of CQ or
3-MA greatly enhanced vorinostat-induced cytotoxicity
to a level comparable to that observed in CLL cells alone.
Similar results were observed in experiments using different
CLL samples and other two bone marrow stromal cell lines
(HS5 and KUSA-H1) (Figure 6A). These results further

confirmed that the stromal protection against vorinostat
treatment in CLL cells was greatly related to autophagy,
and the autophagy-mediated stromal protection could be
circumvented by using autophagy inhibitors. In control
experiments, we found that the combination of vorinostat
with CQ or 3-MA caused minimal cytotoxicity in normal
bone marrow stromal cells, with around 90% viable cells after
treatment with vorinostat and CQ for 24 hours and 48 hours
(Figure 6B). We also examined the cytotoxicity of this drug
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Figure 6 The combination of autophagy inhibitor and vorinostat circumvents stromal-mediated drug resistance in CLL cells.

Notes: (A) Sensitization of CLL cells to vorinostat by inhibiting autophagy in stromal cells with CQ or 3-MA. CLL and NKtert or KUSA-HI or HS5 stromal cells in co-
culture were incubated with vorinostat (2 tM) or in combination with CQ (20 uM) or 3-MA (2 mM) for 48 hours. CLL cell viability was analyzed by annexin V/Pl assay. The
histograms show the mean + SD of five separate experiments using five CLL samples (n=5 different CLL samples; **P<<0.01; ***P<<0.001). (B) Effect of the combination of
vorinostat and CQ on NKtert cells. NKtert cells were incubated with 2 uM vorinostat and 20 uM CQ for 24 hours and 48 hours. Cell viability was analyzed by annexin
VIPI assay. Representative dot plots are shown with the percentage of viable cells (annexin V/PI double negative) indicated. (C) Comparison of cytotoxic effect of vorinostat
and CQ or 3-MA combination in CLL cells and normal B cells in co-culture with NKtert cells. Cell viability was analyzed by annexin V/Pl assay. The histograms show the
mean * SD of five separate experiments using five CLL samples and normal B cell samples (n=5 samples; *P<<0.05; **P<<0.01). (D) Effects of combination of vorinostat and
CQ or 3-MA on CLL cells in co-culture with NKtert cells in normoxic and hypoxic conditions. CLL cells and NKtert cells in co-culture were exposed to vorinostat (2 LM)
and CQ (20 uM) or 3-MA (2 mM) for 48 hours under normoxic (21%) or hypoxic (2%) conditions. Cell viability was analyzed by annexin V/PI assay. The histograms show
the mean + SD of three separate experiments using three CLL samples (n=3 different CLL samples; *P<<0.05; **P<<0.01).

Abbreviations: CLL, chronic lymphocytic leukemia; CQ, chloroquine; 3-MA, 3-methyladenine; Ctrl, control cells without treatment; Vor, vorinostat treatment;

Pl, propidium iodide.

combination strategy in normal B cells, and found that the
combination of vorinostat with CQ or 3-MA caused only a
slight decrease in cell survival in normal B cells (Figure 6C).
These results indicate that the combination of vorinostat
and autophagy inhibitors resulted in only limited toxicity to
normal B cells and stromal cells, with acceptable side effects.
Moreover, owing to the hypoxic bone marrow environment,
the effects of treatment combinations of vorinostat with CQ
or 3-MA in CLL cells cultured on a stromal layer in normoxia
and hypoxia were examined. Consistent with our previous
report,’' NKtert cells enhanced CLL viability under differ-
ent oxygen concentrations, and the significant cell death
induced by the combination of vorinostat with CQ or 3-MA
in CLL cells was observed under both normoxic and hypoxic
conditions (Figure 6D), suggesting that co-administration of
vorinostat and autophagy inhibitors may effectively eliminate
CLL cells in the hypoxic bone marrow environment.

Discussion

Despite the development of novel regimens, the overall
survival of CLL patients has not improved sufficiently.
The presence of drug resistance has severely hindered the
successful treatment of CLL patients, leading to poor out-
comes. Previous studies have suggested that the cross-talk
between CLL cells and bone marrow stroma contributes to
drug resistance.?*#35253 For example, bone marrow stromal

cells secrete soluble factors, such as SDF-1a>* and IL-6,% or
upregulate extracellular matrix proteins such as integrins,>
which allows CLL cells to survive the insult of chemotherapy
and therefore increases the probability of the development
of drug resistance. Moreover, our previous work showed
that stromal cells induced drug resistance by regulating
the redox balance in CLL cells.?! In this work, we found
that CLL cells induced oxidative stress in the co-cultured
stromal cells, triggering stromal autophagy, which, in turn,
supported the adjacent CLL cell survival through autophagy-
activated glycolysis, thus contributing to the drug resistance
of CLL cells.

To date, most studies of microenvironment-mediated
drug resistance in leukemia have attributed the emergence
of drug resistance to stroma-induced molecular or redox sig-
naling pathways in leukemia cells, but little is known about
how leukemia cells affect stroma, how stroma respond to
chemotherapy, and how these factors influence leukemia cell
survival and the development of drug resistance. In recent
years, studies in solid tumors have revealed that cancer cell
growth alters the normal tissues and affects their metabolism,
which, in turn, provides various nutrient substances for tumor
cell survival.*”8

Studies on hemotopoietic malignancy found that leuke-
mic cell proliferation in the bone marrow disturbs the normal
stromal microenvironment, and thus results in abnormal and
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malignant niches.? This indicates that the stroma in leukemia
patients is not normal. Here, by using a stroma—leukemia
co-culture system, we found that bone marrow stroma
underwent autophagy and glycolysis to feed adjacent CLL
cells, especially after cytotoxic drug treatment. These find-
ings verify that the leukemia cells and chemotherapy convert
normal bone marrow stroma into leukemia-associated stroma,
which could serve as an “energy factory” for leukemia cell
survival and growth.

Autophagy is a process of cellular self-digestion that
involves the degradation of intracellular cytoplasmic organ-
elles and proteins.” With cell autophagy, a large number of
degraded products are supplied as recycled energy inputs
for both biosynthesis and energy generation to prolong cell
survival under metabolic stress.>>3%% Mitophagy is a selective
form of autophagy that is triggered by impaired mitochondria
to maintain mitochondrial quality. The role of autophagy in
cancer is complex, and its action depends on the cell type
and the type of stress.’®°2 In cancer cells with defects
in apoptosis, autophagy promotes cell survival, whereas
other studies suggest that autophagy provides a protective
function to inhibit tumorigenesis.®* Some studies suggest
that autophagy occurs not only in the cancer cell, but also
in adjacent normal fibroblasts in the microenvironment of
solid tumors.'”'” More specifically, oncogenic mutations in
cancer cells promote autophagy and aerobic glycolysis in
stroma to promote tumor progression and metastasis. In this
study, the “autophagic tumor stroma model” was proven for
the first time in a leukemia microenvironment. It is gener-
ally accepted that ROS induce autophagy.** We found
that CLL cells were under intrinsic oxidative stress that was
enhanced by an ROS-generating drug, and released H,O,
outside the cells. The NKtert cells in co-culture took up
H,0, and then drove the onset of autophagy, mitophagy and
glycolysis, resulting in the local production of high-energy
mitochondrial fuels (such as L-lactate and ketone bodies).
These energy nutrients were then taken up by CLL cells to
be effectively utilized by mitochondrial oxidative phospho-
rylation to enable more ATP production. Furthermore, our
previous study demonstrated that stroma increased GSH
levels in the co-cultured CLL cells to release oxidative stress
and protect CLL cells to ensure their survival.?! Indeed, in
this study we found that the addition of exogenous GSH
potentiated mitochondrial fuel-mediated upregulation of
oxidative phosphorylation. A possible explanation for the
synergistic effect is that GSH relieved the oxidative stress
in CLL cells to some extent, which partially inhibited the
oxidative damage to mitochondria and preserved functional

mitochondria to effectively burn lactate or ketone bodies
for oxidative mitochondrial metabolism. Given all this, this
work provided a new molecular mechanism for understand-
ing stroma-mediated protection of CLL cells.

Vorinostat, a histone deacetylase inhibitor, has been
proven to kill CLL cells by inducing ROS-driven oxidative
damage. Accumulating data point to an essential role for
ROS in the activation of autophagy. Surprisingly, although
CLL cells exhibited increased ROS levels, especially after
vorinostat treatment, no obvious autophagy was observed in
CLL cells. The result is consistent with our previous study,
in which we demonstrated that vorinostat inhibited CLL
cell survival by inducing apoptosis.’! Unlike CLL cells,
NKctert cells showed no detectable increase in ROS after
vorinostat treatment, which may be due to the failure of the
ROS-generating system or the effectiveness of the antioxi-
dant system in NKtert cells. Accordingly, no autophagy was
observed in NKtert cells after vorinostat treatment. However,
a considerable amount of ROS from CLL cells in the pres-
ence of vorinostat was taken up by NKtert cells and failed to
be cleared by the antioxidant system, and finally promoted
autophagy in NKtert cells. Our previous study demonstrated
that bone marrow stroma efficiently decreased ROS level in
CLL cells through increasing GSH synthesis.’! Nevertheless,
in the present study, we showed that CLL cells in co-culture
still maintained a considerable amount of ROS, especially
after treatment with vorinostat, which caused an increased
ROS level in adjacent stroma that could not be buffered, thus
leading to the occurrence of stromal autophagy.

Although vorinostat has been proven to be effective
to kill CLL cells in vitro, unfortunately, preclinical trials
indicated that this vorinostat-induced cell killing effect is
very limited in CLL patients,?®* largely restricting its wider
application for CLL treatment. Our previous work demon-
strated that bone marrow stromal cells induce vorinostat
resistance in CLL cells.*' Stroma-induced signaling pathways
in cancer cells are increasingly being targeted by therapeutic
approaches aiming to combat tumor microenvironment-
mediated drug resistance. However, since little is known
about cancer-associated changes in stroma and how such
changes influence the development of drug resistance in
cancer, most studies have not sought to target the cancer-
associated stroma. One study showed that chemotherapy
of bone marrow stromal cells decreased their ability to
protect primary acute myeloid leukemia cells from the drug
treatment.®® In the present study, we demonstrated that the
treatment of stroma with autophagy pathway-specific siRNA
or inhibitors, such as 3-MA or CQ, reduced the ability of
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stromal cells to protect CLL cells against vorinostat-induced
apoptosis, and the combination of 3-MA or CQ and vorinostat
had a combinatory effect to induce apoptosis in CLL cells
in the presence of stromal cells. Notably, this combinatory
effect killed CLL cells but spared normal B cells and stromal
cells, indicating that the combination has therapeutic selec-
tivity. Collectively, these data suggest that directly targeting
leukemia-associated stroma may be an effective means of
leukemia therapy, and the combination of autophagy inhibi-
tors and vorinostat would have significant clinical impact.

Conclusion

We demonstrated that vorinostat treatment indirectly pro-
motes autophagy, mitophagy and glycolysis of bone marrow
stroma in leukemia microenvironment, and thus promotes the
development of drug resistance in CLL cells. This finding
broadens our understanding of microenvironment-mediated
drug resistance in CLL cells and suggests that directly
targeting stroma and associated signaling pathways may be
an effective means of leukemia therapy.
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Supplementary material

Table S1 Clinical and biological characteristics of 101 chronic lymphocytic leukemia patients

Patient Age Gender Binet CD38 Zap70 IGHV p53 Used in
number (years) stage (=30%) (=20%) mutation mutation figures
| 65 M B N N Y N IA
2 45 F C Y Y N Y 1A
3 58 F B N N Y N 1A
4 67 M C N N N N 1B
5 65 M A Y Y N N IB
6 42 M B N N Y N IB
7 45 F A Y Y N Y IC
8 67 M C N N Y N IC
9 69 F B N N Y N IC
10 75 F A Y Y N Y IC
I 39 M B N N Y N IC
12 48 F C N N Y N IC
13 56 M A Y Y N N 2A
14 71 F C N N Y N 2A
15 80 M A N N Y N 2A
16 50 F C Y Y N Y 2B
17 45 M B N N Y N 2B
18 78 M B N Y N N 2B
19 42 F C N N Y N 2C
20 52 M A Y Y N N 2C
21 65 F A Y Y N N 2C
22 75 M C N N Y N 2D
23 45 F B N N Y N 2D
24 78 F C N N Y N 2D
25 72 M A Y Y N Y 3A
26 54 M B N N Y N 3A
27 51 M C N N Y N 3A
28 60 F B N N Y N 3B
29 67 M A N N Y N 3B
30 58 F C N N Y N 3B
31 45 M A Y Y N Y 3C
32 50 M B N N Y N 3C
33 6l M C N N Y N 3C
34 62 F A Y Y N Y 3D
35 40 M C N N Y N 3D
36 57 M B N N Y N 3D
37 68 M A Y Y N Y 3E
38 56 F A N N Y N 3E
39 78 M C N N Y N 3E
40 75 M A Y Y N Y 3F
41 66 F B N N Y N 3F
42 42 M C N N Y N 3F
43 39 M B N N Y N 3G
44 70 F A Y Y N Y 3G
45 55 M C N N Y N 3G
46 77 M A N N Y N 4A
47 6l F B N N N N 4A
48 47 M C Y Y N Y 4A
49 43 M C N N Y N 4A
50 64 F B N N Y N 4B
51 6l M A Y Y N N 4B
52 57 F C N N Y N 4B
53 58 M A N N Y N 4B
(Continued)
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Table S| (Continued)

Patient Age Gender Binet CD38 Zap70 IGHV p53 Used in
number (years) stage (=30%) (=20%) mutation mutation figures
54 42 F C N N Y N 4C
55 41 M B N N Y N 4C
56 70 F A Y Y N Y 4C
57 66 M B N N Y N 4D
58 6l M A Y Y N Y 4D
59 67 M Cc N N Y N 4D
60 54 F A Y Y N Y 4E
6l 55 F B N N Y N 4E
62 65 M A N N Y N 4E
63 68 M C N N Y N 4F
64 54 M A Y Y N Y 4F
65 57 M B N N Y N 4F
66 52 F A N N N N 5A
67 51 F C N N Y N 5A
68 68 M B N N Y N 5A
69 51 F C N N Y N 5B
70 6l M B N N Y N 5B
71 72 F A Y Y N Y 5B
72 42 M C N N Y N 5C
73 35 M A Y Y N Y 5C
74 68 M C N N Y N 5C
75 66 M A Y Y N Y 5C
76 67 M C N N Y N 5D
77 6l F B N N Y N 5D
78 52 F A N N Y N 5D
79 42 M C Y Y N Y 5D
80 54 M C N N Y N 5F
8l 48 F A Y Y N Y S5F
82 75 F C N N Y N 5F
83 58 M B N N Y N 6A
84 66 M C N N Y N 6A
85 72 F C N N Y N 6A
86 45 M A Y Y N Y 6A
87 51 F B N N Y N 6A
88 52 F A N N Y N 6A
89 62 M A Y Y N N 6B
90 63 M B N N Y N 6B
9l 67 M C Y Y N Y 6B
92 54 M C N N Y N 6B
93 70 M B N N Y N 6B
94 42 F A Y Y N N 6C
95 39 M A N N Y N 6C
96 44 M C N N Y N 6C
97 56 F B N N Y N 6C
98 77 M C N N Y N 6C
99 52 F A Y Y N Y 6D
100 66 M B N N Y N 6D
101 64 F C N N Y N 6D
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