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ABSTRACT

Recently, macroautophagy/autophagy has emerged as a promising target in various types of solid tumor
treatment. However, the impact of autophagy on acute myeloid leukemia (AML) maintenance and the
validity of autophagy as a viable target in AML therapy remain unclear. Here we show that Kmt2a/MIl-
MlIt3/Af9 AML (MA9-AML) cells have high autophagy flux compared with normal bone marrow cells, but
autophagy-specific targeting, either through Rblcci-disruption to abolish autophagy initiation, or via
Atg5-disruption to prevent phagophore (the autophagosome precursor) membrane elongation, does not
affect the growth or survival of MA9-AML cells, either in vitro or in vivo. Mechanistically, neither Atg5 nor
Rbicc1 disruption impairs endolysosome formation or survival signaling pathways. The autophagy
inhibitor chloroquine shows autophagy-independent anti-leukemic effects in vitro but has no efficacy in
vivo likely due to limited achievable drug efficacy in blood. Further, vesicular exocytosis appears to
mediate chloroquine resistance in AML cells, and exocytotic inhibition significantly enhances the anti-
leukemic effect of chloroquine. Thus, chloroquine can induce leukemia cell death in vitro in an autophagy-
independent manner but with inadequate efficacy in vivo, and vesicular exocytosis is a possible
mechanism of chloroquine resistance in MA9-AML. This study also reveals that autophagy-specific
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targeting is unlikely to benefit MA9-AML therapy.

Introduction

Macroautophagy/autophagy, is a self-recycling process that main-
tains cellular homeostasis by degrading and recycling damaged
intracellular organelles and protein aggregates. The canonical
autophagy process is well characterized and is orchestrated by a
series of highly conserved protein complexes. Autophagy begins
with the protein complex RB1CC1-ULK1/2-ATG13-ATG101
relocating to the phagophore assembly site (PAS)." This is fol-
lowed by elongation of the phagophore membrane, which
requires 2 ubiquitin-like conjugation processes to form the
ATGI12-ATG5-ATGI16L1 protein complex and LC3-II, the
mammalian homolog of yeast Atg8.*> A recently identified alter-
native autophagy process begins with the same RB1CC1-ULK1/
2-ATG13-ATG101 and BECNI1-PIK3C3 protein complexes.®
However, the elongation phase of the alternative pathway requires
RAB9Y instead of the 2 ubiquitin-like processes needed in the
canonical pathway.® Both the canonical and the alternative path-
ways terminate with the autophagosome merging with a lysosome
to degrade the contents with lysosomal enzymes. Accordingly,
ATGS is necessary only for the canonical autophagy pathway,
while RB1CCI is required for both the canonical and alternative
autophagy pathways.

Cancer cells exhibit high autophagy flux to support their
rapid proliferation and turnover rates. Recent studies suggest

that the autophagy pathway is a promising therapeutic target
for the treatment of several solid tumors such as breast cancer,
melanoma and ovarian cancer. In experimental studies, com-
bining an autophagy inhibitor with chemotherapy augments
therapeutic benefits and helps overcomes drug resistance.””
Clinical trials using the late stage autophagy inhibitor chloro-
quine or its derivative hydroxychloroquine are underway. Pub-
lished results show patients have safely gone through the
combinatory treatment of chloroquine-hydroxychloroquine
with standard chemotherapies and exhibit prolonged survival
in certain types of cancer.'***

Although autophagy inhibition appears beneficial in the
treatment of solid tumors,'> evidence supporting a role for
autophagy-manipulation for acute myeloid leukemia (AML)
treatment is preliminary and controversial, as the reported evi-
dence is mostly based on in vitro effects of nonspecific auto-
phagy inducers or inhibitors and cell lines."*'® One recent
report showed decreased autophagy genes expression may con-
tribute to AML proliferation,'” while another found higher
autophagy flux is associated with shorter disease remission in
AML patients and a possible involvement in chemoresistance.*
In the blood system, autophagy is necessary for normal hema-
topoiesis,”' > which is a process of continuous self-renewal and
active proliferation. We hypothesize that AML cells might also
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be dependent on autophagy, given their higher proliferation
and turnover rates.

In this study, we have analyzed the role of autophagy
genetically in Kmt2a/MII-MIIt3/Af9 AML (MA9-AML), an
aggressive and chemotherapy-resistant subtype of AML
induced by Kmt2a fusion genes.** Additionally, we have
sought to determine the potential value of autophagy inhibi-
tion as a therapeutic strategy in MA9-AML treatment. We
observed highly elevated levels of autophagy in MA9-AML
cells compared with nonleukemic mouse bone marrow cells.
However, autophagy inhibition, through specific gene dis-
ruptions in both the canonical and alternative autophagy
pathways, did not affect the propagation of MA9-AML cells,
either in vitro or in vivo. Further, the autophagy inhibitor
chloroquine showed autophagy-independent anti-leukemic
effects in both wild-type and autophagy gene disrupted
MA9-AML cells. However, chloroquine therapy showed no
significant therapeutic benefit in vivo likely due to the
inability to reach effective drug concentrations. We also
found that leukemia cells treated with chloroquine under-
went prominent exocytosis to expel undigested endolyso-
some cargos extracellularly. With the inhibition of
exocytotic processes, the anti-leukemic effect of chloroquine
was significantly increased. Our study reveals that auto-
phagy is dispensable for MA9-AML cell growth and sur-
vival, both in vitro and in vivo. Additionally, the autophagy
inhibitor chloroquine works in an autophagy-independent
manner, and exocytosis may be a mechanism for chloro-
quine resistance in AML cells. These findings will have a
significant impact on autophagy- and chloroquine-related
leukemia therapy and drug discovery.

Results
MA9-AML cells have high autophagy activity

To determine whether autophagy is a potential targetable
pathway in MA9-AML, we examined autophagy levels in
both the retroviral and knock-in MA9 AML models. Com-
pared with wild-type low-density bone marrow cells
(LDBM) with enriched hematopoietic progenitors, retrovi-
ral-transduced leukemia cells had a significantly higher
autophagy activity as shown by increased LC3-II accumula-
tion (Fig. 1A) and increased LC3 puncta formation upon
chloroquine treatment (Fig. 1B). A higher autophagy flux
was also seen after addition of bafilomycin A;, another late
stage autophagy inhibitor (Fig. 1C). Similarly, a higher
autophagy flux was also observed in MA9 knock-in leuke-
mia cells compared with their littermate controls (Fig. S1).
These data show that MA9-AML cells have a higher basal
autophagy activity than wild-type cells.

Atg5 is dispensable for MA9-AML maintenance both in
vitro and in vivo

Because Atg5 is essential for proper autophagosome formation
and/or maturation,”” we investigated the effect of autophagy
inhibition in MA9-AML cells through an Afg5 gene-targeting
strategy. We first retrovirally transduced MA9 into Atg5"*</o*
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Figure 1. MA9-induced leukemia cells exhibit a high autophagy flux. (A) MA9-
transformed leukemia cells and empty vector-transduced normal low-density bone
marrow cells were treated with chloroquine at the indicated dosages for 6 h fol-
lowed by western blotting. LDBM, low-density bone marrow cells; CQ, chloroquine;
MA9; MA9 retrovirally-transduced leukemia cells. Quantification is LC3-1:ACTB ratio
(n = 4 mice). (B) Leukemia cells and LDBM cells described in (A) were treated with
CQ for 6 h at 25 M before immunostaining for LC3. Scale bar: 10 «m. Quantifica-
tion is percentage of LC3 puncta positive cells. Cells with more than 1 punctum
are considered positive for quantification. (n = 3 mice). (C) Leukemia cells and
LDBM cells described in (A) were treated with bafilomycin A; (BA) for 4 h at 20 nM
followed by western blot analysis. Quantification is the LC3-II:ACTB ratio (n = 3
mice). Results are shown as mean £ SD, * P < 0.05, ™" P < 0.01, " P < 0.001.

lineage negative (Lin~) bone marrow cells. We then introduced
a puromycin-resistant retrovirus expressing tamoxifen-induc-
ible CreER (Puro-CreER) into MA9-AML cells. Treatment
with 4-hydroxytamoxifen (4-OHT) and colony selection led to
clean Atg5 gene deletion as demonstrated by the absence of
ATGS protein expression in MA9-AML cells (Fig. 2A). In
agreement with previous reports,”® cells without Atg5 lacked
LC3-II and GABARAP-II (another Atg8 family member) gen-
eration, and also exhibited increased SQSTM1/p62 accumula-
tion, which is a receptor and substrate protein in autophagy,
upon treatment with chloroquine (Fig. 2A). LC3 puncta were
also absent in Atg5-deleted cells (Fig. S2A). Surprisingly, we did
not observe any growth inhibition (Fig. 2B) or pro-apoptotic
effects (Fig. S2B) after Atg5 deletion in MA9-AML cells. A col-
ony forming assay showed a similar number of colonies in Atg5
wild-type and Atg5-deleted conditions, with a larger average
colony size in the Atg5-deleted group (Fig. 2C). Although auto-
phagy inhibition can cause elevated reactive oxygen species
(ROS) levels and mitochondria accumulation,”® we did not
observe any significant changes; nor did the expression of the
mitochondria protein COX4/COX IV change after Atg5
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Figure 2. Atg5 is dispensable for MA9-AML cell growth and survival in vitro. (A) Clean Atg5-deleted MA9 cells were prepared through 4-OHT treatment and colony selec-
tion. MA9-Atg5™* and MA9-atg5~"~ leukemia cells were treated with chloroquine at the indicated dosages for 6 h followed by western blot analysis. Numbers represent
the densitometry quantification of protein levels normalized to ACTB (n = 4 repeats). MA9-Atg5**, Atg5 wild-type MA9 leukemia cells; MA9-atg5~"~, Atg5-deficient
MA9 leukemia cells. (B) Basal cell growth rates of MA9-Atg5™* and MA9-atg5~'~ cells were analyzed by MTS assay at the indicated time points. OD: 490 nM (n = 6
repeats). Results are mean + SD, * P < 0.05. (C) Five hundred MA9—Atg5*'/+ or MA9—ath‘/‘ leukemia cells were plated in M3434 medium for 5 d followed by colony
counting (n = 3 repeats). Images show representative colonies. Images were taken by light microscopy (Olympus, CKX41) under the 10X objective. Scale bar: 100 pm.

deletion (Fig. S2C-E). In addition, Atg5 wild-type and knockout
cells showed a similar response to starvation (Fig. S2F), further
indicating that autophagy is not required for leukemia cell
survival.

Next, we examined whether Atg5 deletion had any
growth and/or survival impact on MA9-AML in vivo. We
transformed Atg5"*"**MxCre* Lin~ cells with a retrovirus
expressing MA9-GFP, using Atg5"*/°* littermates as con-
trols. After 2 rounds of colony selection, GFP* MA9-AML
cells together with supporting cells, were transplanted into
lethally irradiated BoyJ recipient mice (Fig. 3A). Two wk
post-transplantation, recipient mice were treated with polyi-
nosinic:polycytidylic acid (polyl:C) to induce Atg5 deletion
(Fig. S3A). Upon Atg5 deletion, the peripheral white blood
cell count dropped significantly (Fig. S3B). However, there
were no changes in either hemoglobin or platelet levels
(Fig. S3C,D). Leukemia burden in the bone marrow was
unchanged (Fig. S3E) and Atg5 deletion did not prolong the
survival of MA9-AML mice in either primary or secondary
transplantation assays (Fig. 3B, C). These data strongly sug-
gest that the Atg5-dependent autophagy pathway is dispens-
able for the pathogenesis of MA9-AML cells both in vitro
and in vivo.

To investigate whether the lack of a dependence on Atg5 is
specific to MA9 leukemia, we examined the effect of Atg5

A B

deletion on cells expressing Runxl/Amll-Runx1tl/Eto (AE),
another oncogene commonly found in AML.*® Using a similar
retroviral transduction strategy, we introduced a retrovirus
expressing AE labeled with THY1/Thyl.1 followed by Puro-
CreER into Atg5™* Lin™ cells to generate AE-Atg5"/ox
CreER cells (Fig. S4A). We observed no change in colony-form-
ing ability compared with wild-type AE-AML cells (Fig. S4B),
after induction of Atg5 deletion (Fig. S4C). These data indicate
that the Atg5-dependent autophagy pathway is also likely dis-
pensable for AE-AML.

Rb1cc1 is not essential for MA9-AML cell maintenance

To determine whether the resistance of MA9-AML cells to
Atg5 deletion is due to compensatory effects from an alter-
native autophagy pathway, we performed a similar set of
experiments in a Rblccl-deleted background. We intro-
duced MA9-GFP and Puro-CreER retroviruses into
Rblcc™*™* Lin~ bone marrow cells followed by 4-OHT
treatment to induce deletion in vitro. Through colony selec-
tion, clean deletion of Rblccl was confirmed by western
blot analysis (Fig. 4A). Unlike Atg5 deletion, we still
observed LC3-II accumulation by western blot and LC3
puncta formation in Rblccl-deleted cells, albeit at a much
lower level when compared with wild-type MA9-AML cells
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Figure 3. Atg5 disruption does not benefit MA9-AML mice survival. (A) lllustration of transplantation strategy: 1 million leukemia cells together with 0.25 million support-
ing cells were transplanted into BoyJ recipient mice after lethal irradiation. Intraperitoneal injection of polyl:C (plpC) was started 20 d post transplantation at the dosage
of 100 g/g, every other day for 4 injections. (B) Kaplan-Meier survival curve for the primary transplantation (n = 7 in Atg5”" group, n = 8 in Atg5”"MxCre group). (C)
Kaplan-Meier survival curve for the secondary transplantation (n = 6 in Atg5”" group, n = 5 in Atg5”'MxCre group).



958 (&) X.CHENETAL.

MA9-Rb1cct”* MA9-rbicct*
cQuM)0 10 25 0 10 25

— —

}RB1CC1

o

180 KD 8 -e~ MA9-Rblcc1”
170 05 08 00 00 00 £ Tome MASrhloort
17KD1__._ S LC 3 =
11 KD —E e S S S| (3-|| 2
10 34 38 1.7 14 22 g
17 KD ----——‘GABARAF’J 9
11 KD —— GABARAP-II o
10 40 35 0.1 0.1 0.1 =
63 KD—‘ A . e L “-‘ ”‘SQSTM1 n?é
10 24 15 44 47 62 0 :
48KDﬂa—_— — —-....‘ACTB 0 1 2
Day
= MA9-Rblcct™
MA9-rb1cc1*
8000 - 6000 - MA9-Rb1cc1
T . +H+ At /- /-
6000 - L — 17 KD
= R K= = — —]coxa
= 4000 4 % 48 KD—‘ — — —— i) ‘ACTB
w ©
2 5 2000 1
2000 - =
0 0-

Figure 4. Rbicc1 deficiency does not affect the maintenance of MA9-AML cells. (A) Clean Rb1cc1-deleted cells were prepared through 4-OHT treatment and colony selec-
tion. MA9-RbTcc1™* and MA9-rbcc1™~ leukemia cells were treated with chloroquine at the indicated dosages for 6 h before western blot analysis. Numbers represent
the densitometry quantification of protein levels normalized to ACTB (n = 3 repeats). MA9-Rb1cc1*, Rbiccl wild-type MA9 leukemia cells; MA9-rb1cc1™~, Rblcci-defi-
cient MA9 leukemia cells. (B) Basal cell growth rates of MA9-RbTcc1™* and MA9-rbTcc1™'~ cells were analyzed by MTS assay at the indicated time points (n = 4 repeats).
(C) MA9-RbTcc1™ and MA9-rblcc1 ™~ leukemia cells stained with CelROX Deep Red reagent or MitoTracker Red were analyzed by flow cytometry for ROS or mitochon-
dria levels at basal state, respectively (n = 4 repeats). MFl, mean fluorescence intensity. (D) MA9-Rb1cc1™* and MA9-rb1cc1™~ cells under basal state were harvested

and used for western blot analysis of the mitochondria protein COX4.

(Fig. 4A, Fig. S5A). There was also a high level of SQSTM1
accumulation (Fig. 4A), indicating suppression of autophagy
activity after Rblccl deletion. However, when we examined
the growth and survival impact of Rblccl deletion in MA9-
AML cells, we did not observe any changes in cell prolifera-
tion (Fig. 4B), apoptosis (Fig. S5B), colony-forming ability
(Fig. S5C), or survival under starvation conditions
(Fig. S5D). In addition, RbIccl-deleted MA9-AML cells did
not show changes in ROS or mitochondria levels, nor in
the mitochondria protein COX4 expression (Fig. 4C, D).
Collectively, these data show that although Rblccl deletion
causes signaling changes in the autophagy pathway, the nor-
mal growth and survival of MA9-AML cells is not impaired,
indicating that both the canonical and alternative autophagy
pathways are dispensable for MA9-AML maintenance.

Endolysosome formation remains intact in Atg5- or
Rb1cc1-deleted MA9-AML cells

To investigate why early stage autophagy inhibition does
not impair MA9-AML maintenance, we tracked the change
of late stage autophagy in either Atg5- or RbIccl-deleted
MA9 cells with or without chloroquine treatment using

transmission electron microscopy (TEM). At basal state,
neither Atg5- nor Rblccl-deleted cells showed any ultra-
structural abnormalities compared with wild-type MA9-
AML cells. (Fig. 5Ai-iii). Upon chloroquine treatment, we
observed a large number of morphologically typical endoly-
sosomes in both Atg5- and Rblccl-deleted cells similar to
wild-type (Fig. 5A iv-vi, Table S1). When staining the cells
with the lysosomal marker LAMPI1, we observed large
LAMP1-positive puncta formation, matching the size of
vesicles observed under TEM, upon chloroquine treatment
in Atg5- or Rblccl-deleted leukemia cells, similar to the
observation in wild type (Fig. S6).

Since autophagy blockade can induce TRP53 phosphoryla-
tion and apoptotic response in cancer cells,”" we examined sig-
naling changes in TRP53 and apoptotic pathways in both Atg5-
and RblIccl-deleted MA9-AML cells. We did not observe any
change in phospho-TRP53, its downstream effector CDKN1A/
p21, or the DNA damage-related protein y-H2AFX by western
blot (Fig. 5B). Neither did we observe any changes in the apo-
ptosis-related proteins BCL2L1, BCL2, or cleaved CASP3
(Fig. 5B). These data show that although autophagy inhibition
is achieved by specific gene targeting at the early stages of auto-
phagy, MA9-AML cells can still form intact endolysosomes,
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condition were harvested and used for western blot analysis (n = 2 repeats).

suggesting a normally functioning lysosomal degradation sys-
tem that maintains cellular homeostasis.

Neither Atg5 nor Rb1cc1 disruption increases the
susceptibility of MA9-AML cells to standard
chemotherapies

Since autophagy blockade showed a combinatory activity with
chemotherapy in solid tumor treatment, we investigated
whether an autophagy-specific gene disruption would
increase the susceptibility of MA9-AML cells to standard che-
motherapy. Interestingly, ATG5-deficient MA9-AML cells
showed a slight resistance to chemotherapy drugs, including
cytarabine (AraC) and doxorubicin (DA) (Fig. 6A,B, Fig. S7A,
B). Such resistance was not seen in the RB1CCl-deficient
cells, which had a similar response to wild-type after treat-
ment with either AraC or DA (Fig. 6A,B, Fig. S7A,B). We also
tested the effect of ER stressing (upstream of the autophagy
pathway) with the ER stressor tunicamycin, on Atg5- or
Rblccl-deleted cells and found that leukemia cells with an
Atg5 deletion were more resistant to tunicamycin treatment,
while loss of RbIccl had no effect relative to wild-type cells
(Fig. 6C, Fig. S7C). Collectively, these data suggest that auto-
phagy inhibition through either Atg5 or Rblccl gene disrup-
tion does not increase the sensitivity of MA9-AML cells to
chemotherapy.

Chloroquine shows an autophagy-independent anti-
leukemic effect that can be enhanced by exocytosis
inhibition

Currently, the antimalarial drug chloroquine is being
widely tested in both research and clinical settings for can-
cer treatment with the antitumor mechanism thought to
work through autophagy inhibition. However, recent
reports have shown that chloroquine also has autophagy-
independent roles that suppress tumor growth and inva-
sion.”>** To investigate the effect and potential mechanism
of chloroquine in leukemia, we tested the sensitivity of

MA9-AML cells to chloroquine treatment in comparison
with wild-type Lin~ bone marrow cells. We found that both
MA9 knock-in and retroviral-transduced leukemia cells
were more sensitive to chloroquine treatment as demon-
strated by suppressed growth rates (Fig. 7A). Colony-form-
ing assays showed that chloroquine at a high (25 uM)
concentration can sufficiently suppress the colony-forming
ability of MA9 leukemia cells, but not at a low (10 uM)
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Figure 6. Loss of Atg5 or Rbi1cc1 does not sensitize MA9-AML cells to chemother-
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0.001. (C) Kaplan-Meier survival curve of chloroquine and AraC combinatory treatment in MA9-AML leukemia mice. AraC was injected intraperitoneally at 100 mg/kg
once a day for 5 d. Chloroquine was injected at 50 mg/kg twice a day for 5 d (n = 6 in each group). The transplantation method is as described in Fig. 3A. (D) For ex vivo
assay, chloroquine was injected as described in (C). Bone marrow Lin~ cells were harvested within 2 h after the last injection followed by western blot analysis. For in vitro
assay, bone marrow Lin~ cells were treated with chloroquine at 10 M for 6 h followed by western blot analysis. Quantification is the LC3-II:ACTB ratio (n = 3 mice).

Results are mean = SD, * P < 0.05. AU, arbitrary units.

concentration (Fig. S8A). Loss of either Atg5 or Rblccl did
not improve the sensitivity of MA9-AML cells to chloro-
quine treatment (Fig. 7B and Fig. S8B). These data collec-
tively suggest that chloroquine has an anti-leukemic effect
that is independent of Atg5- or Rblccl-regulated autophagy.

To validate the therapeutic benefit of chloroquine in vivo, we
treated MA9-AML transplanted mice with chloroquine intraper-
itoneally at 50 mg/kg twice a d for 5 d. We observed a significant
improvement in hemoglobin levels in treated versus nontreated
groups (Fig. S8C). However, no changes were seen in peripheral
white blood cell counts (Fig. S8D), leukemia burden in the bone
marrow (Fig. S8E), or improvement in overall survival (Fig. SSE)
following chloroquine treatment. In an attempt to enhance the
efficacy, we combined chloroquine treatment with chemother-
apy drugs and found that whereas chloroquine showed promi-
nent combinatory activities with chemotherapy in suppressing
leukemia cell growth (Fig. S8G,H) and inducing apoptosis
(Fig. S8L)) in vitro, this combinatory benefit was not enough to
prolong mouse survival (Fig. 7C). We also tested the anti-leuke-
mia effect of chloroquine on human patient KMT2A-SEPT6-
rearranged leukemia cells and found similar results to mouse
MA9-AML, including suppressed leukemia cell growth in vitro,
but no change in mouse survival in vivo (Fig. S8K,L). The lack
of detectable effects of chloroquine treatment in vivo may be
due to its suboptimal pharmacokinetics resulting in an inability
to maintain this drug at a blood concentration of approximately
10 uM.* Consistently, we could not observe an accumulation of
LC3-II in chloroquine-injected mouse bone marrow cells, which
can be readily detected at 10 uM in vitro (Fig. 7D). These data
suggest that adding chloroquine to AML chemotherapy can
improve certain clinical features such as anemia, but the current

drug formulation is not effective enough to treat AML in vivo
possibly due to its limitations in pharmacokinetics and nontoxic
delivery dosage.”***

To investigate the possible chloroquine response mecha-
nism in MA9-AML, we followed the response of leukemia
cells to chloroquine treatment at different dosages and time
points under TEM. We began to observe endolysosome
accumulation at 5 uM concentration within a short time
period (2 h) upon chloroquine treatment. Meanwhile, cells
started to expel under-degraded endolysosomes through
exocytosis (Fig. 8A iiiiv). Such responses happened in a
time- and dosage-dependent manner with a more promi-
nent exocytotic activity seen at a higher chloroquine con-
centration (25 uM) and a longer treatment period (6 h)
(Fig. 8A v,vi, Table S2). To validate exocytosis as a media-
tor of chloroquine resistance, we treated leukemia cells with
chloroquine and the exocytosis inhibitor 5-(N,N-dimethyl)
amiloride HCl (DMA).>” We found that DMA treatment
greatly enhanced the anti-leukemic effect of chloroquine in
inducing cell death (Fig. 8B). To further address the mecha-
nism, we performed shRNA interference of the Rab27a
gene, a well-validated gene involved in cellular exocytotic
activity.””*® We found that Rab27a knockdown did not sig-
nificantly affect the survival of MA9 leukemia cells. How-
ever, when combined with chloroquine treatment, Rab27a
knockdown significantly improved the anti-leukemic effect
of chloroquine (Fig. 8C, D), similar to DMA. These data
suggest that when the lysosomal degradation pathway is
blocked by chloroquine, MA9-AML cells may utilize exocy-
tosis to export damaged organelles and debris to maintain
cellular homeostasis.



AUTOPHAGY 961

CQ 25 uM
40 T *kk
T
Y 30 -
®
g 20 4
Z
<C
10 4
0 o
¢ & & 3§
& @ N
N & xoo
3
o
\&V‘
N
== PBS
- CQ
25 -
%k Kk
-~ o
N N 20 A
N N
§ B
e @
E £ £ = 197
N E = o
(%] ] 7] §
Z 104
25 KD—| ™= = == | RABOTA <
1_ 062 032
48 KD ACTB 51
- N
’0\@ q:\% »\'ﬂ’
& © g
& o
2 \y &
e,?‘ ‘\Y‘
& &
3 &£

Figure 8. The anti-leukemic activity of chloroquine is enhanced by exocytosis inhibition. (A) MA9 leukemia cells were treated with chloroquine at 5 uM for 2 h or at
25 1M for 6 h followed by TEM analysis. Scale bar: 2 m. (B) Chloroquine and DMA combinatory treatment at the indicated dosages for 24 h followed by ANXA5 and 7-
AAD staining for apoptosis analysis by flow cytometry. Results are mean =+ SD, *** P < 0.001 (n = 6 repeats). (C) MA9 leukemia cells transduced with scramble or Rab27a
shRNA were harvested after 48 h of puromycin selection for western blot analysis. Numbers represent the densitometry quantification of protein levels normalized to
ACTB. (D) MA9 cells described in (C) were treated with chloroquine at 10 ©M for 24 h followed by ANXA5 and 7-AAD staining for apoptotic analysis.

Discussion

To date, mounting evidence from both research and clinical tri-
als has shown the success of targeting autophagy in various
types of cancer. The potential benefits of this strategy are also
being investigated in leukemia.”>*’ In chronic myeloid leuke-
mia (CML), autophagy is critical for BCR-ABLI-induced leuke-
mogenesis, and autophagy-deficient CML cells undergo rapid
cell cycle arrest and apoptosis.®’ In this study, we found that
MA9-AML cells bear a high basal autophagy flux. However,
inhibiting the canonical autophagy pathway through Atg5 dele-
tion or suppressing both canonical and alternative pathways
through RbIccl deletion does not affect the growth and survival
of MA9-AML cells. One recent study suggested that Atg5

homozygous deletion is lethal to Kmt2a-MIit1/Enl leukemia,"
which was opposite to what we observed in MA9-AML. The
discrepancy could be because of the different subtypes of AML
or the procedure of retroviral transduction in different genetic
backgrounds. Another preliminary study found that Atg5
homozygous loss did not prolong the survival of Kmt2a-MIit1
leukemia mice,*" consistent with our observation in MA9-
AML. In addition, we found that autophagy gene depletion
does not improve the anti-leukemic effect of standard chemo-
therapy. A recent paper showed ATG7 suppression by shRNA
in ATG7-high human AML cell lines could enhance chemo-
therapy sensitivity.”* The different genetic backgrounds in
AML subtypes, mouse vs human leukemia difference, off-target
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effects of shRNA methodology, and possible autophagy-inde-
pendent function of ATG7 may contribute to the discrepancy
with our results. Our findings suggest that targeting autophagy
alone, or in combination with chemotherapy, will unlikely pro-
duce therapeutic benefits in MA9-AML. We also found that
Atg5 deficiency did not affect normal survival and colony-
forming ability of AE leukemic cells, suggesting the existence of
autophagy-resistant AML subtypes other than MA9-AML.
Therefore, individual subtypes of leukemia need to be carefully
evaluated regarding the importance of autophagy and the
potential targeting benefit. Recently, there have been several
characterized cell lines including lung, prostate and KRAS-
driven cancer lines that survive normally with either Atg5 or
Atg7 deficiency in vitro.**** Here we report that autophagy is
dispensable for AML cells not only in vitro, but also in vivo,
further broadening our view on the role of autophagy in a spe-
cific type of blood cancer cell maintenance.

When investigating autophagy resistance mechanisms in
AML, we found that leukemia cells with autophagy gene dis-
ruption were still competent in forming endolysosomes similar
to wild-type leukemia cells. This observation suggests a func-
tionally intact lysosomal degradation system to maintain
homeostasis in AML cells and explains why leukemia cells are
able to survive both in vitro and in vivo regardless of autophagy
status. This interesting discovery indicates the existence of
compensatory vesicular transport systems that carry debris to
lysosomes for degradation and recycling. Further investigation
into this compensatory machinery is worth pursuing, as it
could provide new therapeutic targets in autophagy-resistant
tumors.

Although autophagy gene disruption does not affect AML
survival, the pharmacological autophagy inhibitor chloroquine
shows an autophagy-independent anti-leukemic effect because
it induces cell death in both wild-type and Afg5- or Rblccl-
deleted MA9-AML cells. Recent reports have shown that add-
ing chloroquine to chemotherapy regimens displays a promis-
ing antitumor effect in certain types of cancer.'>'** However,
the mechanism whereby chloroquine induces tumor cell death
is unclear. Existing hypotheses include 1) neutralizing the pH
in the solid tumor environment,*® 2) changing the pH in endo-
somes and reducing the sequestration of chemo-drugs in this
organelle,*’” 3) intercalating into DNA to cause DNA damage,*®
4) destabilizing lysosomal membrane and leading to mitochon-
dria-related intrinsic apoptosis,*” or 5) blocking the autophagy
process.”® Although the exact mechanism is still under investi-
gation, the possibility exists that the antitumor mechanism
could vary among different tumor types. Our data offer solid
evidence that the killing of leukemia cells by chloroquine is
autophagy-independent.

There are innate limitations of using chloroquine and its
derivative hydroxychloroquine in cancer treatment, such as
poor anticancer activity and inability to achieve effective drug
concentration in vivo.”>*® We also encountered these limita-
tions in both the mouse and human xenograft experiments.
With our injection regimen of 50 mg/kg twice a day, the poten-
tially achievable peak blood concentration is only between 10
and 15 uM.** Our colony assay results in Fig. SSA show that
this concentration is not sufficient to suppress the colony-form-
ing ability of MA9-AML cells in vitro. In addition, chloroquine

injection did not lead to a detectable LC3-II accumulation, an
observation we made in vitro at 10 uM (Fig. 7D), providing
supporting evidence that a standard chloroquine injection pro-
tocol may not reach a beneficial concentration in vivo. We
think this is a possible explanation as to why we did not observe
significant therapeutic benefits in vivo. One possible solution is
to synthesize more potent chloroquine derivatives with less
toxic effects. There is recent literature describing new deriva-
tives under development, which are much more potent than
chloroquine for tumor treatment in preclinical tests.*®

We find that active exocytosis upon chloroquine treatment
also contributes to drug resistance in MA9-AML cells. Induc-
tion of exocytosis through inhibition of lysosomal degradation
by chloroquine has previously been observed in other tissues.’!
Our results show that this phenomenon may also occur in leu-
kemia cells. Chloroquine-induced vesicular exocytosis in AML
cells occurs rapidly at a low drug dosage and increases in a dos-
age- and time-dependent manner. Addition of an exocytosis
inhibitor or the knockdown of the exocytotic gene Rab27a
greatly enhances the effect of chloroquine in inducing leukemia
cell death. Collectively, these data suggest that exocytosis is one
potential mechanism of chloroquine resistance in MA9-AML.
This finding enriches our understanding of limited chloroquine
efficacy in tumor treatment and offers a new drug combinatory
strategy.

Materials and methods
Mice and transplantation

Atgs"ox Rb1cc"M°* and MA9 knock-in mice have been
described previously.”**>** Atg5"/*MxCre™ mice were gen-
erated by crossing Atg5™"* with MxCre™ mice. In vivo dis-
ruption of the Atg5 gene was induced by intraperitoneal
injection of polyl:C (GE Healthcare Life Sciences, 27-4732-
01). Primers used for genotyping are listed in Table S3. All
mice used were 6 to 12 wk of age unless otherwise indicated.
Animal research was approved by the Institutional Animal
Care and Use Committee at the Cincinnati Children’s Hospital
Research Foundation. Boy] mice 5 to 8 wk of age obtained
from the Comprehensive Mouse and Cancer Core at Cincinnati
Children’s Hospital Medical Center were used as mouse leuke-
mia cell transplantation recipients. Recipient mice were lethally
irradiated (7 Gy followed by 4.75 Gy) before intravenous injec-
tion of 1 million leukemia cells and 0.25 million supporting
cells per mouse. Leukemia cells collected from the bone marrow
of primary transplantation recipients were used for secondary
transplantation. For primary human KMT2A-SEPT6 leukemia
cell transplantation,” NRGS mice were preconditioned with a
single dose of busulfan at 30 mg/kg intravenously, followed by
intravenous injection of 1.25 million leukemia cells per mouse.

Cell culture

MA9 knock-in and retroviral-transduced leukemia cells were
both cultured in Iscove’s modified Dulbecco’s medium
(IMDM; HyClone Laboratories, SH30228.01) containing 10%
fetal bovine serum (FBS; Atlanta biologicals, $12450), 1% peni-
cillin-streptomycin (HyClone Laboratories, SV30010) and



supplemented with 10 ng/mL murine IL-3 (Peprotech, 213-13),
IL-6 (Peprotech, 213-16), GM-CSF (Peprotech, 315-03) and
SCF (Peprotech, 250-03). The same medium was also used for
wild-type mouse bone marrow cell culture. Primary human
AML cells were cultured in IMDM containing 20% FBS, 1%
penicillin-streptomycin, and supplemented with 10 ng/mL
human SCF (Peprotech, 300-07), TPO (Perprotech, 300-18),
FLT3L (Perprotech, 300-19), IL3/IL-3 (Peprotech, 200-03) and
IL6/1L-6 (PeproTech, 200-06).

Low-density bone marrow cells

Whole bone marrow cells were flushed from the hind legs of
mice. Red blood cells were lysed in BD Pharm Lyse Buffer (BD
Bioscience, 555899) and washed twice with phosphate-buffered
saline (PBS; HyClone Laboratories, SH30028.02). The remain-
ing bone marrow cells were resuspended in 4 mL PBS and lay-
ered onto 4 mL of Histopaque-1083 (Sigma-Aldrich, 1083-1).
Centrifugation was performed at 673 g for 30 min at room tem-
perature. The low-density bone marrow cells were collected at
the interface and were washed twice with PBS before culturing.

Retrovirus transduction

AE oncogene in a pMSCV-IRES-THY1/Thyl.1 backbone,”
MA9 oncogene in a MSCV-eGFP backbone®® and MSCV-
CreERT2-puro (Addgene, 22776; deposited by Tyler Jacks labo-
ratory) were used for retroviral transduction. Retrovirus pro-
duction and infection were performed as described
previously.”” Lineage negative (Lin~) bone marrow cells used
for transduction were selected using the Lineage Cell Depletion
Kit (Miltenyi Biotec, 130-090-858) following the manufac-
turer’s protocol. Diagnosis of AML was confirmed by both
morphological and flow cytometry analysis.

Lentiviral short-hairpin RNA interference assay

Lentiviral constructs were purchased from Sigma-Aldrich.
Mouse Rab27al: TRCN 0000100577, Rab27a2: TRCN
0000100578. Viral supernatant was harvested from transfected
HEK293T cells. Transduction of MA9 leukemia cells with viral
supernatant was performed by spinoculation on retronectin
(Takara Bio Inc. T100B)-coated plates. After puromycin (Gold
Biotechnology, P-600-100) selection, cells were used for drug
treatment. The remaining cells were used for western blot anal-
ysis to determine knockdown efficiency. We also tested Rab27b
and found by both western blot and quantitative RT-PCR
assays that its expression was at a very low level in MA9 leuke-
mia cells.

Colony formation assays

Leukemia cells were cultured in 1 mL cytokine-supplemented
MethoCult GF M3434 medium (STEMCELL Technologies,
03434) for 5 d before counting, unless indicated otherwise.
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Starvation assays

Before starvation, MA9 leukemia cells were harvest and washed
in PBS for 5 min X 3 times. Then cells were plated in the starva-
tion media (IMDM supplemented with 1% FBS, 1% penicillin-
streptomycin) at 1 million/mL for different time points fol-
lowed by analyses.

Western blot assays

Cell lysis buffer for western blot contained 63 mM Tris, pH 6.8
(Research Products International, T60050), 2% SDS (Bio-Rad,
161-0302), 10% glycerol (Research Products International,
G22020), 0.01% bromophenol blue (Bio-Rad, 161-0404),
10mM NaF (Sigma-Aldrich, s6521), 4mM dithiothreitol (DTT;
ThermoFisher Scientific, 15508013), 0.2 mM sodium orthova-
nadate (Santa Cruz Biotechnology, sc-24948A),10 mM B-glyc-
erophosphate (Calbiochem,35675), 1 mM PMSF (Santa Cruz
Biotechnology, sc-24948A), 5% p-mercaptoethanol (Thermo
Fisher, 60-24-2) and proteinase inhibitor cocktail (Santa Cruz
Biotechnology; sc-24948A). Whole cell lysate was resolved on a
4% to 15% precast gel (Bio-Rad, 456-1086) and transferred to
PVDF (EMD Millipore, IPFL00010) using the Bio-Rad Trans-
blot Turbo® system. Blots were developed using the Odyssey
infrared imager (LI-COR Biosciences).

Fluorescence and electron microscopy

For immunofluorescence microscopy, cells were seeded on ret-
ronectin-coated slides for at least 2 h. Fixation was performed
in cold methanol (Fisher Scientific, A412-4) for 15 min
at —20°C. Fixed cells were permeablilized with 0.2% Triton X-
100 (Bio-Rad, 1610407) for 20 min and blocked in 5% goat
serum (Thermo Fisher Scientific, 16210064) for 1 h. After
blocking, slides were stained with primary antibodies overnight
followed by a 1-h incubation with secondary antibodies. Images
were taken on a Nikon C2 confocal microscope. For transmis-
sion electron microscopy (TEM), cells were fixed in fixation
buffer (2% glutaraldehyde [Sigma-Aldrich, G5882], 2% parafor-
maldehyde [Electron Microscopy Sciences, 15710]) and sent to
the Cincinnati Children’s Hospital Medical Center Pathology
Core for further processing. EM images were taken on a Hita-
chi 7650H microscope.

Flow cytometry

Cells were stained following the manufacturer’s standard stain-
ing protocol. Flow cytometry analyses were performed on a
FACS Canto II analyzer (BD Biosciences). Data were analyzed
using BD FACSDiva software v8.0.1.

Drugs and reagents

Drugs include 4-hydroxytamoxifen (Sigma-Aldrich, H6278),
bafilomycin A, (Sigma-Aldrich, 88899-55-2), chloroquine
(Sigma-Aldrich, C6628) doxorubicin (Pfizer, JF11C), cytara-
bine (Mylan Institutional, 7801167), and DMA (Santa Cruz
Biotechnology, sc-202459). Primary antibodies include LC3A/B
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(Cell Signaling Technology, 4108), ATG5 (Cell Signaling Tech-
nology, 12994), SQSTM1/p62 (Cell Signaling Technology,
8025), p-TRP53 (Cell Signaling Technology, 9284), CDKN1A
(Cell Signaling Technology, 2947), cleaved CASP3 (Cell Signal-
ing Technology, 9661), BCL2L1 (Cell Signaling Technology,
2764), BCL2 (Cell Signaling Technology, 2870), y-H2AFX
(Cell Signaling Technology, 9718), RB1CC1/FIP200 (Protein-
tech Group, 17250-1-AP), mouse monoclonal anti-ACTB
(Santa Cruz Biotechnology, sc-47778), RAB27A (Proteintech
Group, 17817-1-AP) and LAMP1 (Abcam, ab25245). Flow
cytometry antibodies and reagents include 7-AAD (BD Bio-
sciences, 5168981E), THY1/thyl.1-PE (BD Biosciences,
551401), ITGAM/Mac-1-PE-Cy7 (BD Biosciences, 552850), c-
Kit-APC (BD Biosciences, 553356), ANXA5/annexin V-Pacific
blue (BioLegend, 640918) and ANXA5/annexin V binding
buffer (BD Biosciences, 51-66121E). Other reagents include
DAPI (4, 6 diamidino-2-phenylindole; Invitrogen, D1306),
MitoTracker® Red (Life Technologies, M7512), CellROX®
(Life Technologies, C10422), and CellTiter 96® AQucous One
Solution Cell Proliferation Assay (MTS kit; Promega, G3580).
Secondary antibodies for immunofluorescent staining includ-
ing Alexa Flour 488 goat anti-rabbit IgG (Life Technologies,
A11008), Alexa Flour 568 goat anti-rabbit IgG (Life Technolo-
gies, A11011), and Alexa Flour 568 goat anti-rat IgG (Life
Technologies, A11077). Secondary antibodies for western blot
include goat anti-rabbit 680 (LI-COR Biosciences, 926-68071),
goat anti-Rabbit 800 (LI-COR Biosciences, 926-32211), goat
anti-mouse 680 (LI-COR Biosciences, 929-68070), and goat
anti-mouse 800 (LI-COR Biosciences, 926-32210).

Statistical analysis

All data are presented as mean =+ standard deviation (SD). A
Student t test was used for the comparison between 2 groups.
One way ANOVA was used for multiple group comparison.
Log-rank analysis was used for the Kaplan-Meier survival
curve. Chi-square test was used for TEM data analysis. Analy-
ses were performed with GraphPadPrism Software 6.0. P <
0.05 was considered as statistically significant. *, P < 0.05; **,
P <0.01; """, P < 0.001.

Abbreviations

4-OHT 4-hydroxytamoxifen

ACTB actin 8

AE RUNX1/AML1-RUNXIT1/ETO
AML acute myeloid leukemia

AraC cytarabine

ATG autophagy related

BA bafilomycin A,

BECN1 Beclin 1

CQ chloroquine

DA doxorubicin

DMA 5-(N,N-dimethyl) amiloride HCI
RB1CC1/FIP200 RBI1-inducible coiled-coil 1

GFP green fluorescent protein

GABARAP GABA type A receptor-associated protein
IMDM Iscove’s modified Dulbecco’s medium

KMT2A/MLL lysine (K)-specific methyltransferase 2A

LAMP1 lysosomal-associated membrane protein 1

LDBM low-density bone marrow cells

MAPILC3/LC3  microtubule- associated protein 1 light
chain 3

MA9 KMT2A/MLL-MLLT3/AF9

MLLT3/AF9 myeloid/lymphoid ~ or  mixed-lineage
leukemia

translocated to 3

PIK3C3/Vps34  phosphatidylinositol 3-kinase catalytic sub-
unit type 3

ROS reactive oxygen species

RUNX1/AMLI  runt related transcription factor 1

RUNXIT1/ETO Runt-related transcription factor 1

translocated to 1 (cyclin D-related)

shRNA short hairpin RNA

SQSTM1/p62 sequestosome 1

TEM transmission electron microscopy

Tuni tunicamycin

ULK1/2 unc-51 like autophagy activating kinase 1/2.
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