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ABSTRACT

The selective autophagic degradation of mitochondria via mitophagy is essential for preserving mitochon-
drial homeostasis and, thereby, disease maintenance and progression in acute myeloid leukemia (AML).
Mitophagy is orchestrated by a variety of mitophagy receptors whose interplay is not well understood.
Here, we established a pairwise multiplexed CRISPR screen targeting mitophagy receptors to elucidate
redundancies and gain a deeper understanding of the functional interactome governing mitophagy in
AML. We identified OPTN (optineurin) as sole non-redundant mitophagy receptor and characterized its
unique role in AML. Knockdown and overexpression experiments demonstrated that OPTN expression is
rate-limiting for AML cell proliferation. In a MN1-driven murine transplantation model, loss of OPTN
prolonged overall median survival by 7 days (+21%). Mechanistically, we found broadly impaired mito-
chondrial respiration and function with increased mitochondrial ROS, that most likely caused the prolifera-
tion defect. Our results decipher the intertwined network of mitophagy receptors in AML for both ubiquitin-
dependent and receptor-mediated mitophagy, identify OPTN as a non-redundant tool to study mitophagy
in the context of leukemia and suggest OPTN inhibition as an attractive therapeutic strategy.

Abbreviations: AML: acute myeloid leukemia; CRISPR: Clustered Regularly Interspaced Short
Palindromic Repeats; CTRL: control; DFP: deferiprone; Gl: genetic interaction; KD: knockdown; KO:
knockout; IdMBM, lineage-depleted murine bone marrow; LFC: log2 fold change; LIR: LC3-interacting
region; LSC: leukemic stem cell;, MAGeCK: Model-based Analysis of Genome-wide CRISPR-Cas9
Knockout; MDIVI-1: mitochondrial division inhibitor 1; MOI: multiplicity of infection; MOM: mitochon-
drial outer membrane; NAC: N-acetyl-L-cysteine; OA: oligomycin-antimycin A; OCR: oxygen consump-
tion rate; OE: overexpression; OPTN: optineurin; PINK1: PTEN induced putative kinase 1; ROS: reactive
oxygen species; SEM: standard error of the mean; TCGA: The Cancer Genome Atlas; TEM: transmission
electron microscopy; UBD: ubiquitin-binding domain; WT: wild type
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Introduction induced an initial response in clinical trials but resulted in

Acute myeloid leukemia (AML) is among the most aggressive
malignancies of the hematopoietic system and is the most fre-
quent acute leukemia in adults [1]. Standard curative therapy
consists of an intensive induction chemotherapy, followed by
consolidation or allogeneic stem cell transplantation. Despite
high response rates to initial chemotherapy, many patients even-
tually relapse [2]. Hence, there is a medical need for additional
strategies to expand the treatment options for AML patients.
Recently, we and others investigated several approaches
targeting macroautophagy/autophagy in combination with
antileukemic therapy [3-6]. Many of these combinations

tumor progression due to emerging resistance [7]. Leukemic
stem cells (LSCs) require mitophagy, the selective autophago-
somal degradation of mitochondria, to maintain self-renewal
and survival capabilities [8,9]. The most studied mitophagy
pathway is ubiquitin-dependent and requires PINK1 (PTEN
induced kinase 1) and the E3 ubiquitin ligase PRKN (parkin
RBR E3 ubiquitin protein ligase). Upon mitochondrial
damage, PINK1 is stabilized on the mitochondrial outer
membrane (MOM), where it recruits PRKN which ubiquiti-
nates MOM proteins. Classical mitophagy receptors like
SQSTM1/p62 (sequestosome 1) or OPTN (optineurin) can
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recognize these ubiquitinated mitochondria and recruit the
forming autophagosomes via their LC3-interacting region
(LIR) domains [10]. Ubiquitin-independent mitophagy is
mediated by mitophagy receptors that are directly located at
the mitochondria [11]. Previously, we demonstrated that the
mitophagy receptor SQSTMI is required for leukemia pro-
gression [12]. Importantly, several studies [13-15] have indi-
cated redundancies between different mitophagy receptors,
yet the majority of the network remains unexplored.

Here, we investigated the functional redundancies and
unique roles of mitophagy receptors in a systematic approach
using a multiplexed clustered regularly interspaced short
palindromic repeats (CRISPR)-Cas9 (CRISPR-associated pro-
tein 9) screen. We propose a functional mitophagy receptor
network and provide a detailed map of interdependencies in
AML. Moreover, we identified OPTN as the most indepen-
dent mitophagy receptor exhibiting the fewest number of
genetic interactions (GIs). Therefore, we characterized the
role of OPTN in both murine and human AML cells and
showed that the proliferation of AML cells depends on OPTN
abundance. Furthermore, we provide evidence that the selec-
tive autophagy function of OPTN is essential for OPTN-
dependent mitophagy and its effect on proliferation.
Importantly, we found delayed leukemia progression in an
OPTN-deficient syngeneic leukemia model, which might be
caused by impaired mitochondrial function. Our results sug-
gest that targeting mitophagy might be a promising therapeu-
tic approach for AML.

Results

Mapping the mitophagy receptor network for mitophagy
in AML

To systematically investigate mitophagy receptors for ubiqui-
tin-dependent and -independent mitophagy, we performed
a multiplexed CRISPR screen with a library containing pair-
wise combinations of all hitherto known mitophagy receptors
(Figure 1A and Table S1). Additionally, we included PINK1 as
positive control [14] and NCOA4 (nuclear receptor coactiva-
tor 4) [16], a ferritinophagy receptor. We transduced MV4-11
cells expressing Cas9 and the mitophagy reporter mt-
mKEIMA [17] (Figure 1B) with lentivirus containing the
multiplex library and selected them for 14 days. Mitophagy
was induced by either oligomycin and antimycin A (OA) or
deferiprone (DFP) treatment. OA inhibits the respiratory
chain complexes III and V, and was shown to induce ubiqui-
tin-dependent mitophagy [18]. The iron chelator DFP induces
iron loss triggering mitophagy independently of PINK1 [19].
After mitophagy induction, cells with the 5% highest and
lowest pH 4:pH 7 mt-mKEIMA ratio were sorted and subse-
quently underwent next-generation sequencing (Figure 1A
and Table S2).

Since the library also included gRNAs for all genes paired
with non-targeting controls, we determined dropouts for pro-
liferation in the inherent single screen. As expected, gRNAs
targeting the mitophagy receptor PHB2 (prohibitin 2), which
is also an essential gene for proliferation [20], were signifi-
cantly depleted during proliferation (Fig. S1IA and Table S3).
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We then analyzed high and low mitophagy populations for
both treatments to identify receptors whose knockout
impaired mitophagy (Table S4, S5). Single knockout of
FKBP8 (FKBP prolyl isomerase 8) followed by NCOA4,
BNIP3 (BCL2 interacting protein 3), BNIP3L (BCL2 interact-
ing protein 3 like), and OPTN most severely affected mito-
phagy induction upon OA or DFP treatment, while FUNDCI
(FUN14 domain containing 1) and NBRI (NBR1 autophagy
cargo receptor) ranked last (Figure 1C). Validation experi-
ments with shRNA-mediated knockdown of FKBP8 (Fig.
S1C) confirmed both impaired mitophagy and proliferation
upon depletion (Figure 1D-E, Fig. S1D).

Next, we analyzed the relative abundance of multiplexed
gRNAs targeting mitophagy receptor combinations for both
proliferation and mitophagy (Fig. S1B). Consistent with the
single screen data, gRNA combinations targeting FKBP8
impaired both proliferation and mitophagy most significantly
(Figure 1F). Correlating the log2 fold changes (LFCs) of single
genes (Fig. S1E) and their combinations (Fig. SIF) of OA-
induced mitophagy with DFP-induction, we found a high
degree of correlation, especially for their combinations (r=
0.86). Interestingly, both mitophagy inductions also correlated
highly with proliferation, although the correlation was dis-
tinctively higher for OA-induced mitophagy (r=0.84) than
DFP-induction (r = 0.76). This suggests that especially ubiqui-
tin-dependent mitophagy might be linked to the proliferation
of AML cells. Interestingly, BNIP3 was the only single gene
whose knockout impaired mitophagy while not impacting
proliferation, which also was confirmed by shRNA-mediated
knockdown of BNIP3 (Figure 1D-E, Fig. SIC-D).

We investigated genetic interactions (GIs) between indivi-
dual genes to find functional redundancies between mitophagy
receptors. We determined the ALFC as the difference between
the observed LFC and the expected LFC calculated using an
additive model [21,22] (Figure 1G and Table S6, S7). Gene
pairs were considered synergistic or antagonistic GIs, if their
absolute ALFC was greater than one standard deviation. We
observed synergistic GIs for 17% and 35% of all gene combina-
tions in DFP- or OA-induced mitophagy, respectively. Nine
combinations were common for both treatments (Figure 1H).
Especially in OA-induced mitophagy, most non-additive com-
binations interact synergistically (Figure 1I). We integrated the
synergistic GIs into a functional interactome and identified
FKBP8, CALCOCO2 (calcium binding and coiled-coil
domain 2), BCL2L13 (BCL2 like 13), BNIP3, and NLRXI
(NLR family member X1) to have the most unique partners
(Figure 1]). The function of these receptors seems to be highly
intertwined and they can be considered hubs for mitophagy
induction. As expected, PINKI interacted with other receptors
exclusively upon OA treatment, validating the integrity of our
analysis [18,19] (Figure 1J). Notably, some of the mitophagy-
enhancing interactions like the paralogs BNIP3-BNIP3L or
CALCOCO2-TAXI1BPI (Taxl binding protein 1) are known
to interact physically (Fig. S1G). Most of the observed func-
tional interactions have not yet been described as physical
interactions. Interestingly, OPTN is a clear outlier in the mito-
phagy-enhancing interaction network, interacting exclusively
with BNIP3 (Figure 1]). Of note, OPTN antagonistically inter-
acted only with TAX1BPI upon DFP-induced mitophagy (Fig.
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Figure 1. Determining redundancies of canonical mitophagy receptors for mitophagy in AML. (A) Schematic illustration of multiplex mitophagy receptor CRISPR/Cas9
Screen in MV4-11 cells. (B) Schematic illustration of the mitophagy reporter mt-mKEIMA. (C) MAGeCK-derived log,-fold changes (LFCs) for inherent single screens of
OA- and DFP-induced mitophagy. Significantly changed genes (p < 0.05) are marked with dark-filled circles. (D) Quantification of mitophagy induction shown in
Figure S1D in MV4-11 cells upon shRNA-mediated knockdown of BNIP3 or FKBP8. Mitophagy was induced by treatment with 0.5 mM DFP for 16 h and quantified by
mt-mKEIMA pH 4:pH 7 ratio. Data are normalized to DFP-treated CTRL cells (n=3). (E) Proliferation analysis of expansion curves of MV4-11 cells upon shRNA-
mediated knockdown of BNIP3 or FKBP8. Proliferation was determined by cell numbers after seven days of proliferation and normalized to control (CTRL) cells. (F)
Heatmap of top 20 depleted combinations for multiplex screens of OA- and DFP-induced mitophagy. Significantly depleted combinations (p < 0.05) are marked in
bold. (G) Schematic illustration of genetic interaction (Gl) analysis for mitophagy using the additive model. (H) Number of Gls for DFP- or OA-induced mitophagy. (1)
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S1H). Therefore, the vast majority of interactions of OPTN
with other genes were purely additive suggesting a mostly
independent role for OPTN.

Given the postulated redundancy of the mitophagy recep-
tor network, the aim of this experiment was to identify essen-
tial nodal points that lack redundancy. This identified a single
candidate: OPTN. Taken together, our findings suggest that
OPTN functions mostly independent of other mitophagy
receptors. The impaired mitophagy flux due to loss of
OPTN cannot be rerouted through other receptors in the
network. The combinatorial screen revealed that the majority
of mitophagy receptors are highly interconnected and many
of them function as hubs. Therefore, these genes cooperate in
inducing mitophagy in AML. In our screen, OPTN was the
only mitophagy receptor whose knockout impaired both
mitophagy induction and proliferation while being uniquely
independent from the mitophagy receptor network.
Consequently, based on this unique characteristic of OPTN,
we further characterized OPTN as a non-redundant and
independent mitophagy receptor in AML.

AML cells require OPTN to induce mitophagy upon
mitochondrial stress

To further investigate mitophagy in AML cells, we targeted
OPTN to modulate mitophagy flux levels. First, we vali-
dated the impaired mitophagy phenotype upon short hair-
pin RNA (shRNA) knockdown of OPTN in human AML
cell lines MV4-11 and THP1 (Fig. S2A). We measured
mitophagy flux using three complementary methods. First,
we used the mt-mKEIMA reporter (Figure 1B) to deter-
mine mitophagy induction. DFP-induced mitophagy was
significantly reduced in MV4-11 and THPI cells upon
loss of OPTN (Figure 2A, B). OA-induced mitophagy was
also reduced in both cell lines, but not as markedly as after
DFP-induction (Figure 2C, D). Second, we measured mito-
chondrial degradation by western blotting of mitochondrial
proteins upon DFP-induced mitophagy. Degradation of
mitochondrial proteins TIMM23 (translocase of inner mito-
chondrial membrane 23) and COX4/COX IV (cytochrome
¢ oxidase subunit 4) was abolished in THP1 OPTN-
knockdown (KD) cells compared to control (CTRL) cells
(Fig. S2B, C). In MV4-11 cells, degradation of mitochon-
drial proteins upon mitophagy induction was not reprodu-
cible (data not shown). Third, we used immunofluorescence
to determine colocalization of mitochondrial with autopha-
gosomal or lysosomal proteins for early or late stage mito-
phagy, respectively (Figure 2E). Both, early and late stage
mitophagy were decreased in MV4-11 and THP1 OPTN-
KD cells upon DFP treatment as shown by reduced colo-
calization (Figure 2F-I).

Additionally, we overexpressed human wild type (WT)
OPTN in MV4-11 and THPI cells (Fig. S2D) and measured
mitophagy induction using mt-mKEIMA. Overexpression of
OPTN enhanced mitophagy induction in both cell lines, espe-
cially upon DFP treatment (Figure 2B, D, Fig. S2E). In con-
clusion, especially DFP-induced mitophagy flux of human
AML cells MV4-11 and THP1 correlates with OPTN
expression.
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OPTN expression modules proliferation of AML cells

Next, we assessed whether OPTN protein expression affects
cellular growth of AML cells. We performed cellular expan-
sion assays in MNI1- or HOXA9-MEISI-driven lineage-
depleted mouse bone marrow (IdMBM) cells and in human
MV4-11 and THPI1 cells. OPTN-KD significantly decreased
cell growth in all AML cells (Figure 3A). Consistently, over-
expression of OPTN increased cell growth of human AML
cells (Figure 3A). Likewise, colony-forming capacity was
decreased upon knockdown and increased upon overexpres-
sion of OPTN (Figure 3B).

To study whether the proliferation phenotype depends on
autophagy function of OPTN, we reconstituted MV4-11
OPTN-knockout (KO) cells with WT OPTN, a LIR-deficient
OPTN mutant (OPTN*'7#4) or a ubiquitin-binding-deficient
OPTN mutant (OPTNPF7#47°NAy (Eig §3A) [24]. We found
that the re-expression of WT OPTN rescued the mitophagy
block of OPTN-KO cells while both mutants were unable to
rescue (Fig. S3B, C). Furthermore, both OPTN mutants failed
to rescue the block in proliferation of OPTN-KO cells while
the re-expression of WT OPTN successfully reestablished
normal cell growth comparable to the NTC+CTRL trans-
duced cells (Figure 3C).

To further characterize the proliferation defect induced
by loss of OPTN, we studied the percentage of cells in
S-phase as measured by BrdU-7AAD staining (Figure 3D,
Fig. S3D). OPTN-deficient cells proliferate less as demon-
strated by significantly reduced cells in S-phase. Moreover,
we investigated spontaneous apoptosis using flow cytome-
try and found that OPTN-KD induced apoptosis in all cell
lines (Figure 3E, Fig. S3E). Re-expression of WT OPTN in
OPTN-KO MV4-11 and THP1 cells rescued the increased
apoptosis phenotype (Figure 3F, Fig. S3F). These findings
suggest that impaired mitophagy caused by knockdown of
OPTN significantly impairs cellular growth by inducing
spontaneous apoptosis and decreasing proliferation.

Loss of OPTN impairs leukemia progression in
a syngeneic MN1-driven leukemia model

As we demonstrated in vitro that knockdown of OPTN
decreased proliferation of AML cells, we investigated the
role of OPTN in leukemia progression in vivo. We used
previously generated optn-KO mice [25,26] and implemen-
ted a MNIl-driven leukemia model [27] (Figure 4A).
Genotyping of heterozygous and homozygous WT and
optn-KO mice confirmed their genotypes (Fig. S4A).
Lineage-depleted mouse bone marrow (IdMBM) cells of
homozygous optn-KO and WT mice were transduced with
the GFP-tagged oncogene MNI1. Upon injection into leth-
ally irradiated mice, both WT OPTN and OPTN-KO cells
transformed with MN1 gave rise to leukemia (Fig. S4B-E).
Importantly, OPTN-KO MN1-driven leukemic mice sur-
vived significantly longer than WT (median survival of 40
vs 33 days) (Figure 4B).

We isolated bone marrow cells from leukemic mice after
death and assessed the clonogenic potential of lineage cKit"
(LK) cells. Serial colony-forming assays revealed that
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Figure 3. OPTN expression modulates proliferation of AML cells. (A) Quantification of cell proliferation of OPTN knockdown (KD) or overexpression (OE) cells
normalized to corresponding control (CTRL) cells (n = 3). (B) Colony numbers were determined in colony-forming assays of OPTN-KD or OPTN-OE cells normalized to

the correspondin
OPTN-KO + OPTN

7

78Atransduced MV4-11 cells. Statistical significance was ¢

CTRL cells (n = 3). (C) Quantification of cell proliferation of NTC + CTRL, OPTN-KO + CTRL, OPTN-KO + OPTN-WT, OPTN-KO + OPTNCF474 475NA 3nq

alculated to NTC-CTRL (n = 3). (D) BrdU/7AAD staining of CTRL and OPTN-KD murine

MN1 or human MV4-11 cells analyzed by flow cytometry. The graph shows percentages of cells in each cell cycle phase (SubG;, < 2N DNA content; Go/G;, BrdU™ 2N
DNA content; S: BrdU*; G,/M, BrdU™ 4N DNA content; n = 3). (E) Quantification of flow cytometry-based ANXA5-7AAD staining of OPTN-KD cells normalized to CTRL

cells (n =3). (F) Quantification of flow cytometry-based ANAX5-7AAD staining
are means + SEM. Student's t-test was performed in (A-F).
Note: *p < 0.05, **p < 0.01, ***p < 0.001.

in NTC + CTRL, OPTN-KO + CTRL and OPTN-KO + OPTN-WT MV4-11 cells (n = 3). Values
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Figure 4. Loss of OPTN delays leukemia progression in murine AML model. (A) Schematic overview of the transplantation procedure. (B) Kaplan-Meier curve
represents survival of WT (n=7) and optn-KO (n=11) MN1 leukemic mice after transplantation. (C) Colony numbers were determined in serial colony-forming unit
assays of WT and OPTN-KO MN1-driven IdMBM leukemia cells isolated from the bone marrow of sick mice at time of death. Experiment was performed in triplicates
with 500 LK cells (n =3). (D) Representative flow cytometry plot of MitoSOX staining in WT and optn-KO MN1-driven IdMBM leukemia cells isolated from the bone
marrow of sick mice at time of death. (E) Quantification of MitoSOX staining in (D) (n = 3). Gehan-Breslow-Wilcoxon Test was performed in (B). Student's t-test was

performed in (C, E). Values are means + SEM.
Note: *p < 0.05, **p < 0.01, ***p < 0.001.

OPTN-KO cells formed significantly fewer colonies
(Figure 4C), consistent with the decreased clonogenic
potential of OPTN-KO cells upon oncogenic transformation
(Fig. S4F). Interestingly, mitochondrial reactive oxygen spe-
cies (ROS) were significantly increased in OPTN-KO cells
(Figure 4D, E), suggesting impaired mitochondrial function.

Mitochondrial function is impaired upon knockdown of
OPTN in AML cells

Since mitochondrial ROS was increased in OPTN-KO cells
isolated from leukemic mice at time of death, we investigated
the mitochondrial phenotype upon knockdown of OPTN.
Consistently, we found increased mitochondrial ROS in mur-
ine and human AML cells upon knockdown of OPTN (Fig.
S5A-B). Mechanistically, we asked whether this increased
mitochondrial ROS causes the proliferation defect upon loss
of OPTN. To test this, we used the ROS scavenger N-acetyl-
L-cysteine (NAC) in OPTN-KD cells and evaluated prolifera-
tion after 24h. Interestingly, NAC treatment rescued the
proliferation defect of OPTN-KD cells, while it did not
increase proliferation of CTRL cells in MV4-11 and THP1
cells (Figure 5A).

Next, we characterized mitochondrial morphology upon
loss or overexpression of OPTN using transmission electron
microscopy (TEM). In OPTN-KD cells, we found significantly

more ruptured or aberrant mitochondria with fragmented and
vesicularized cristae and blistered outer membranes
(Figure 5B, C). Compared to OPTN-KD cells, mitochondrial
morphology was normal in OPTN-OE cells. However, they
showed a tendency of increased formation of very large pha-
gophore structures, compared to CTRL cells (p=0.25;
Figure 5B, C). Notably, we frequently observed darkly stained
vacuoles, which are most likely autolysosomes in CTRL cells
and slightly more in OPTN-OE cells (p=0.35), while they
were missing in OPTN-KD cells (Figure 5B, C). Next, we
analyzed steady-state mitochondrial mass using flow-
cytometry-based MitoTracker Green staining. Unexpectedly,
OPTN-deficient cells did not show significant differences in
mitochondrial mass (Figure 5D, Fig. S5C). Quantification of
mitochondrial proteins TIMM23 and COX4 in OPTN-
deficient cells confirmed these findings (Fig. S5D-E).
Mitochondrial dynamics are highly complex and mitophagy
is mechanism influencing total cellular content of mitochon-
dria [28]. We hypothesized that AML cells may compensate
for impaired mitophagy after loss of OPTN by decreasing
mitochondrial biogenesis, which could lead to similar cellular
mitochondrial amounts. To address this hypothesis, we pulse-
labeled mitochondria in human MV4-11 or murine MNI1
cells with MitoTracker Green or Deep Red, respectively, fol-
lowed by a 24 h chase [29]. Pulse-labeled mitochondria were
degraded more slowly in OPTN-deficient cells than in CTRL
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Note: *p < 0.05, **p < 0.01, ***p < 0.001.
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cells (Figure 5E, F). Moreover, this effect was consistently
observed at different timepoints and a longer chase
(Fig. S5F). These findings suggest that depletion of OPTN
slows mitochondrial clearance, which is consistent with
a defect in mitophagy. As total mitochondrial mass at steady
state is unchanged after depletion of OPTN, we hypothesize
that decreased mitochondrial biogenesis upon loss of OPTN
may account for this. However, our data provides only indir-
ect evidence, as we have not directly measured mitochondrial
biogenesis in the presence or absence of OPTN.

Thus, we hypothesized that mitochondrial function might
be impaired by loss of OPTN and therefore, we analyzed the
oxygen consumption rate (OCR) in murine MNI1-driven
optn-KO cells. Loss of OPTN, caused significantly impaired
basal and maximal respiration (Figure 5G, H). ATP produc-
tion was significantly reduced in optn-KO cells while non-
mitochondrial oxygen consumption and proton leakage were
only slightly impaired (Figure 5H, Fig. S5G). Furthermore,
spare respiratory capacity was abolished (Fig. S5G), which
might sensitize OPTN-deficient cells to oxidative metabolic
stress.

To test this hypothesis, we investigated the viability of
OPTN-KD cells in presence of three different mitochondria-
targeting agents. First, we used OA treatment to inhibit oxi-
dative phosphorylation (OXPHOS). Second, we used 2-deox-
yglucose (2-DG) to inhibit glycolysis, and lastly, we used
mitochondrial ROS inducer paraquat [30]. Both cell lines
proliferated less upon loss of OPTN and OXPHOS-
inhibition, glycolysis inhibition or ROS induction
(Figure 5I), indicating that loss of OPTN sensitizes AML
cells to oxidative metabolic stress.

Finally, we asked whether reduced OPTN expression might
have clinical relevance. Therefore, we analyzed mRNA expres-
sion data for 161 patients from The Cancer Genome Atlas
(TCGA) [31]. Survival curves were stratified by median
mRNA expression of OPTN. Low OPTN mRNA expression
correlated significantly with better overall survival (Figure 5J).
These findings in conjunction with our data on OPTN-
dependent mitophagy in AML suggest that inhibition of mito-
phagy by targeting OPTN may be a promising therapeutic
approach.

Discussion

Although the importance of mitophagy and mitochondrial
homeostasis in cancer is increasingly being recognized, the
contributions of different components have remained mostly
unexplored [9,28,32]. Here, we systematically unraveled the
highly intertwined network of mitophagy receptors using
a multiplexed CRISPR screen. Our results reveal previously
unknown differences between ubiquitin-dependent and -
independent mitophagy. We identified OPTN as a largely
autonomous mitophagy receptor, thus making it a useful
tool and potential target to tackle mitophagy as a process.
We conclusively demonstrated that murine and human AML
cells require OPTN for mitophagy and proliferation.
Furthermore, murine leukemia progression was delayed by
loss of OPTN. OPTN-deficiency led to impaired

mitochondrial function and sensitized human AML cells to
mitochondria-targeting drugs.

To our knowledge, this is the first study systematically
investigating redundancies between all hitherto known mito-
phagy receptors in both ubiquitin-dependent and -
independent mitophagy in leukemia. Previously, both gen-
ome-wide and autophagy-specific CRISPR screens have iden-
tified strong autophagy inhibition correlating negatively with
proliferation upon knockout of core autophagy genes [22,33].
Similarly, in our specialized multiplex mitophagy receptor
screen, we observed a significant growth disadvantage com-
pared to controls. Only one mitophagy receptor, BNIP3, was
found to affect mitophagy but not proliferation. Importantly,
our findings demonstrate that particularly ubiquitin-
dependent mitophagy correlates highly with proliferation,
indicating a dependency of AML cells. Several CRISPR
screens in artificial cell systems with PRKN-overexpression
investigated ubiquitin-dependent mitophagy and identified
classical mitophagy receptors such as OPTN, TAX1BP1, and
CALCOCO2 [34,35]. In HeLla cells overexpressing PRKN,
OPTN and CALCOCO?2 were identified as primary yet redun-
dant receptors for ubiquitin-dependent mitophagy [14]. Here,
we confirmed a highly interacting role of CALCOCO2 for
ubiquitin-dependent mitophagy in AML cells. Importantly,
OPTN was identified as the most independent receptor for
mitophagy, outside of the highly intertwined interaction net-
work. Nevertheless, further mitophagy receptors were discov-
ered after the design of our multiplexed screen and thus not
included: AMBRALI (autophagy and beclin 1 regulator 1) [36],
cardiolipin [37], NIPSNAP1 (nipsnap homolog 1), and
NIPSNAP2 (nipsnap homolog 2) [38]. Their contribution to
our proposed interactome in AML cells remains to be
clarified.

Even though it was shown that OPTN mediates ubiquitin-
dependent mitophagy [14,39], we confirmed a greater role of
OPTN for ubiquitin-independent mitophagy in our validation
experiments in AML cells. This might be caused by unique
functions of OPTN, since it is the only classical receptor that
was shown to also be involved in autophagosome formation
and maturation [40]. OPTN might be able to potentiate mito-
phagy in a ubiquitin-independent manner by recruiting the
ULK1 (unc-51 like autophagy activating kinase 1) and
ATGI12-ATG5-ATG16L1 complexes to autophagy initiation
sites [14,41]. The increased mitophagy flux that we observed
upon overexpression of OPTN is consistent with published
data [42,43].

We determined that reduced mitophagy induced by OPTN
knockdown blocks AML cell proliferation. This is in agree-
ment with prior reports implicating ATG7 (autophagy
related 7)-dependent macroautophagy in AML disease pro-
gression [44]. However, some studies in established solid
tumor models [45,46] show opposite effects of OPTN defi-
ciency. In lung cancer cells, for example, OPTN has been
described to be a tumor suppressor [47,48]. Our in vivo leu-
kemia model showed delayed leukemia progression in mice
upon loss of OPTN and further shows the dependency of
AML cell proliferation on OPTN-mediated mitophagy. The
MNI1 leukemia model is a highly aggressive disease model,
and the modest survival benefit needs to be judged in this



context. Previous mouse experiments targeting selective or
bulk autophagy achieved similar effect sizes [12,44].
However, our observed survival benefit remains modest.
Further experiments in more clinically relevant models of
AML will be required to firmly establish the clinical signifi-
cance of OPTN.

Knockdown of OPTN increased mitochondrial ROS in
AML cells. Importantly, scavenging excessive ROS with
NAC rescued the proliferation defect caused by OPTN-KD.
Although the precise mechanism has not been shown, this
agrees well with prior data for mitophagy receptors SQSTM1
and BNIP3L [12,49]. Also, pharmacologic mitophagy inhibi-
tion using an SQSTMI1 inhibitor XRK3F2 [50] or the non-
specific mitophagy inhibitor MDIVI-1 (data not shown)
resulted in increased ROS in various AML cells. Increased
ROS may thus be a ubiquitous result of mitophagy inhibition
in AML independent of the mechanism by which mitophagy
is impaired. Interestingly, our data showed that depletion of
OPTN significantly reduced mitophagy induction and mito-
chondrial clearance, but no changes in mitochondrial mass.
Although we do not have direct evidence for this, we hypothe-
size that loss of OPTN may also reduce mitochondrial biogen-
esis [51], leading to equal steady state mitochondrial mass.
Mitochondrial biogenesis should be further investigated in
this context.

Our data also demonstrated that mitochondrial function
was impaired upon loss of OPTN. Both LSCs and HSCs
require mitochondrial function for stem cell functions
[8,52], and it has been shown that low spare respiration
sensitized them to oxidative stress [46,53]. In line with this,
our data indicate that loss of OPTN sensitized AML cells to
mitochondria-targeting drugs. A similar sensitization has
been shown for BNIP3L and SQSTM1 knockdown in other
AML models [49].

OPTN also possesses autophagy-independent functions
[40]. For example, OPTN and IKBKG/NEMO (inhibitor of
nuclear factor kappa B kinase regulatory subunit gamma)
share a substantial homology, and, therefore, OPTN is con-
sidered as a negative regulator of NFKB/NF«B signaling [54].
Additionally, it has been shown that OPTN plays a crucial
role in the maintenance of the Golgi apparatus [40,55]
Importantly, our findings demonstrated that the mitophagy
block induced by knockdown of OPTN depends on its selec-
tive autophagy function, since the phenotype was rescued by
wild-type OPTN but not by LIR and UBAN mutants [14,24].

Our results suggest the preclinical development of OPTN
inhibitors for AML therapy. Currently available strategies
targeting mitophagy are promising yet rather nonspecific.
The DNMI1L (dynamin 1 like) inhibitor MDIVI-1 has recently
been used in a myelodysplastic syndrome model [56], where
mice treated with MDIVI-1 survived significantly longer due
to inhibition of excessive mitochondrial fragmentation [57].
The SQSTM1 inhibitor XRK3F2 has been used in different
cancer entities and neurodegenerative disease [58-60]. As
shown for XRK3F2 in AML cells [50] as well as for MDIVI-
1 in lung and breast cancer cells [61,62], both drugs increased
mitochondrial ROS and impaired respiration. It was pre-
viously shown that XRK3F2 treatment impairs leukemia
development in mice [50].
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Our data highlight the essential role of OPTN-induced
mitophagy in progression and survival of leukemia cells and
identify the mitophagy receptor OPTN as an independent
functional node. Moreover, our data provide a rational to
develop a specific mitophagy inhibitor targeting OPTN as
promising novel strategy for AML therapy.

Materials and methods
Cells

Cells were cultured at 37°C with 5% CO, in a humidified
Heracell 150i incubator (Thermo Fisher Scientific). MV4-11
and THP1 cells (DSMZ, ACC 102 and ACC 16) were grown
in RPMI 1640 medium (Gibco, Thermo Fisher Scientific,
21875-091) supplemented with 10% fetal bovine serum
(FBS; Sigma-Aldrich, F7524) and 1% penicillin-streptomycin
(Gibco, Thermo Fisher Scientific, P4333). Murine MN1- or
HOXA9-MEISI-driven IAMBM cells (generated as described
in supplementary Materials and Methods) were cultured in
Iscove Basal Medium (Gibco, Thermo Fisher Scientific,
21980032) supplemented with 10% FBS, 1% penicillin-
streptomycin, 50 ng/mL murine stem cell factor (PeproTech,
250-03), 10 ng/mL murine IL3 (PeproTech, 213-13) and 10
ng/mL murine IL6 (PeproTech, 216-16). Plat-E (Cell Biolabs
Inc., RV-101) and HEK293T cells (DSMZ, ACC 635) were
grown in DMEM medium (Gibco, Thermo Fisher Scientific,
41965-062) supplemented with 10% FBS and 1% penicillin-
streptomycin.

CRISPR-Cas9 mitophagy receptor screen

A multiplexed mitophagy receptor library was used, that
contained gRNAs targeting CALCOCO2, NBR1, TAX1BP1,
BNIP3L, BNIP3, FKBP8, PHB2, FUNDCI1, BCL2L13,
NLRX1, SQSTMI1, NCOA4, and PINKI. The library was
generated using 3CS technology [63] and was fully
sequenced after preparation. For lentivirus production, the
library was co-transfected with the packaging vectors pMD2.
G (Addgene, 12259) and psPAX2 (Addgene, 12260) into
HEK293T cells using 4.5 pL PEI (polyethylenimine) per pg
DNA. Medium was changed to DMEM supplemented with
5% FBS and 1% penicillin-streptomycin after 16 h of trans-
fection. Supernatant containing the produced lentivirus was
collected 48 h afterward. To determine virus titer, MV4-11
cells expressing Cas9 and mt-mKEIMA [17] were trans-
duced with serial virus dilutions and GFP expression was
measured 48 h after transduction. For the following experi-
ments, a virus dilution leading to an MOI of ~0.3 was
chosen.

For transduction, MV4-11 cells expressing Cas9 and mt-
mKEIMA were incubated with 8 pg/mL polybrene for 30 min.
After the virus was added to the cells aiming for a coverage of
200 and an MOI of ~ 0.3, spinfection was performed for 1 h at
34°C and 235 x g. After 24 h, medium was changed to fresh
RPM]I, and 48 h after transduction the cells were selected with
2 yg/mL puromycin for 14 days. Mitophagy was induced by
treating the cells with 0.5 mM DFP for 16 h and 10 uM OA for
4 h. After mitophagy induction, cells were sorted using a BD
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FACSAria III (BD Biosciences) for 5% highest and lowest
mitophagy using the pH4:pH7 mt-mKEIMA ratio histogram
resulting in three million cells per population. Cells were
harvested and frozen for DNA isolation after 14 days of selec-
tion and after sorting.

For isolation of genomic DNA, cells were washed with PBS
(Gibco, Thermo Fisher Scientific, 14040133) and lysed in 1 mL
TEX buffer (10 mM Tris-HCL, pH 7.5, 1 mM EDTA pH 7.9, 0.5%
SDS, 250 ug/mL proteinase K [Carl Roth, 7528.4] and 10 pg/mL
RNase A [Sigma Aldrich, 10109142001]) overnight at 37°C. For
precipitation, 350 uL NaCl was added, vortexed and incubated
for 30 min at 4°C. After centrifugation for 30 min at 12,000 x g
and 4°C the supernatant was mixed with 2 mL ice-cold 100%
EtOH, thoroughly vortexed and incubated for 60 min at 80°C.
After centrifugation at 5,000 x g for 45 min at 4°C, the super-
natant was discarded. The pellet was washed with 2 mL ice-cold
70% EtOH and centrifuged at 12,000 x g and 4°C for 30 min.
The remaining pellet was dried and dissolved in DNase-free
water. DNA concentration was determined using a NanoDrop
2000 spectrophotometer (Thermo Fisher).

Sample preparation for next generation sequencing was
performed with two subsequent PCR reactions. For the first
PCR reaction (PCR1), the total amount of genomic DNA
was calculated as follows: coverage x number of guides/
MOIx 6.6 pg DNA. For the final volume of 50 uL, 45 ng
of plasmid DNA or 2 pg of genomic DNA, 2.5uL of each
10 uM PCR1 forward and reverse primers and 25 pL Next
High-Fidelity 2x PCR Master Mix (NEB, MO0541L) was
used. Thermal cycler protocol was applied as follows:
Initial denaturation at 98°C for 2 min, 15 cycles of dena-
turation at 98°C for 2 min, annealing at 60°C for 55 s,
extension at 72°C for 1 min, and final extension at 72°C
for 10 min. For the second PCR reaction (PCR2) 5 pL from
PCR-1 product was used in a total volume of 50 uL con-
taining 25 yL Next High-Fidelity 2x PCR Master Mix and
2.5uL of 10uM PCR2 primers with i7 Illumina adaptors
and 8 bp barcodes. Thermal cycler protocol was applied as
follows: Initial denaturation at 98°C for 3 s, 15 cycles of
denaturation at 98°C for 1 min, annealing at 68°C for 55 s,
extension at 72°C for 55 s, and final extension at 72°C for
10 s. PCR2 products were purified from a 2% agarose gel
using Nucleospin Gel and PCR Clean-up Kit (Macherey-
Nagel, 740609.250).

Screening samples were denatured and pooled according to
Mlumina guidelines and sequenced at GeneWiz Inc. (www.
genewiz.com) in presence of 5% PhiX control on an Illumina
NovaSeq machine in paired-end mode with 2 x 150cycles, and
8 cycles of index reading. The target sequencing depth was
1,000-fold.

Raw sequencing data were demultiplexed using the
bcl2fastq tool (v2.20.0.422) from Illumina, and enrichment
analyses were performed using MAGeCK [64]. MAGeCK
was set up for median normalization, other parameters
were left at default. For proliferation analysis, the day 14
data were compared to the library and for mitophagy ana-
lysis, the low mitophagy samples were compared to high
mitophagy samples. gRNA combinations with p <0.05 and
log, fold changes (LFC) < —1 were accepted as statistically
significant hits. Genetic interactions (GIs) were computed

based on an additive model [21,22]. Briefly, for each gene
pair, an expected double mutant phenotype for non-
interacting genes was calculated by summing the individual
single mutant LFCs. The deviation between observed and
expected double mutant phenotypes was quantified with
a delta log, fold change (dLFC) [65]. We assumed both
possible combinations of two genes X and Y, (X,Y) and (Y,
X), to show the same phenotype and, therefore, averaged
(X,Y) and (Y,X) pairs.

Generation of stable knockdown cells by lentiviral shRNA
transduction system and re-expression of OPTN wild type
and different mutants

Stable knockdown was induced by shRNAs (murine OPTN:
TRCN0000177595, Sigma-Aldrich, sequence: 5-CCGGCTG
AAAGAGAACAATGACATTCTCGAGAATGTCATTGTTC-
TCTTTCAGTTTTTTG-3’, human OPTN: TRCN0000083744,
Sigma-Aldrich, Sequence: 5- CCGGGCCAAGAATTACTTC
GAACATCTCGAGAT GTTCGAAGTAATTCTTGGCTTTT
TG-3°, human BNIP3: TRCN0000280311, Sigma-Aldrich,
sequence: 5- GCTTCTGAAACAGATACCCAT-3’, human
FKBP8: TRCNO0000422292, Sigma-Aldrich, sequence: 5
AGGACTTCGAGGTACTGGATG-3’, human BCL2L13:
TRCN0000229865, Sigma-Aldrich, sequence: 5- AGCTCCCT
TGCTTCCACATAT-3’). Non-targeting shRNA (SH SHCO002,
Sigma-Aldrich, sequence: 5-CCGGCAACAAGATGAAG
AGCACCAACTC-3’) was used as control. For virus produc-
tion, sShRNAs were co-transfected with the packaging vectors
pMD2.G and psPAX2 into HEK293T cells using 4.5 pL poly-
ethylenimine (PEI) per pg DNA. After 16 h of transfection,
medium was changed and the supernatant containing lenti-
virus was collected 48 h afterward and stored at —80°C.

Murine shRNA lentivirus was concentrated using density
gradient ultracentrifugation. For this, 20% sucrose was added
underneath the collected viral supernatant and centrifuged for
2h and 20min at 20,200 xg at 4°C. The viral pellet was
resuspended in IMDM medium overnight and stored at
—-80°C. MNI1- and HOXA9-MEISI-driven 1dMBM leukemia
cells were transduced with concentrated shOPTN and
shCTRL lentiviruses by spinfection for 1h at 235x g and
34°C after incubation with 8 pg/mL polybrene for 30 min.
Two days after transduction, MN1 and HOXA9-MEIS1 cells
were selected with puromycin (10 ug/mL or 3 ug/mL, respec-
tively) for at least 48 h.

Human AML cell lines were incubated with 8 pg/mL poly-
brene for 30 min followed by transduction with unconcen-
trated shRNA lentivirus in a 1:5 ratio by spinfection for 1 h at
34°C and 235xg. Two days after transduction, cells were
selected with 2 ug/mL puromycin for at least 48 h.

For rescue experiments, OPTN was knocked out in Cas9-
expressing MV4-11 cells by spinfection with lentiviruses for

sgRNAs targeting OPTN (5-CTCGAGATTGAAA
CCCAGACAGAG-3) or non-targeting ctrl (NTC, 5-
CTCGAACTATTTCCTTTTTGTTTA-3’). After puromycin

selection, human OPTN-WT-venus, OPTNPF*4475NA_yenys
or OPTN"'7#~_yenus or an empty control vector was transduced
by spinfection as described previously. Then, venus-positive cells
were sorted using a BD FACSAria III (BD Biosciences).
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Flow cytometry

Flow cytometry measurements were performed using BD
LSRFortessa™ Cell Analyzer (BD Biosciences). All stainings
were performed according to the manufacturer’s instructions.
To investigate apoptosis, cells were stained with APC-
conjugated Annexin-V (BD Biosciences, 550474) and 7AAD
(BD Biosciences, 559925). For cell cycle analysis, APC BrdU
Flow Kit (BD Biosciences, 552598) was used. To measure
mitochondrial superoxide levels, cells were stained with
MitoSOX Red mitochondrial superoxide indicator (Thermo
Fisher Scientific, M36008). To measure mitochondrial mass,
cells were stained with 20 nM MitoTracker Green FM (Cell
Signaling Technology, 9074), or 10nM MitoTracker Deep
Red FM (Cell Signaling Technology, 8778). For pulse labeling
of mitochondria, cells were stained with MitoTracker dyes for
30 min, before washing and resuspension in normal cell cul-
ture medium. Data were analyzed using the FlowJo 10.8.1
(Tree Star).

Immunofluorescent staining

Cells were washed with PBS and spun at 300 x g for 5 min
onto superfrost slides using a Cytospin 4 (Thermo Fisher
Scientific). Cells were fixed in 4% PFA, washed and permea-
bilized with 0.5% Triton X. After washing, cells were incu-
bated with Image-IT FX Signal Enhancer (Thermo Fisher
Scientific, 136933), and blocked for 1h in BlockAid solution
(Thermo Fisher Scientific, B10710). Diluted primary antibo-
dies were applied overnight at 4°C. Spots were stained with
diluted secondary antibodies for 1h and coverslips were
mounted with Prolong Diamond Antifade Mountant with
DAPI  (4,6-diamidino-2-phenylindole; ~Thermo  Fisher
Scientific, P36962).

For immunofluorescence staining of early-stage mito-
phagy, we used polyclonal rabbit anti-TIMM23
(Proteintech, 1123-I-AP), monoclonal mouse anti-LC3B
(MBL Life Science, M152-3; clone 4E12) as primary anti-
bodies in combination with goat anti-mouse IgG (H+L)
Alexa Fluor 594 (Thermo Fisher Scientific, A32742), or
goat anti-rabbit IgG (H+L) Alexa Fluor 647 (Thermo
Fisher Scientific, A21244). For immunofluorescence staining
of late-stage mitophagy we used rabbit monoclonal anti-
COX4 conjugated to Alexa Fluor 488 (Cell Signaling
Technology, 4853; clone 3E11) and monoclonal rabbit anti-
LAMPI1 conjugated to Alexa Fluor 647 (Cell Signaling
Technology, 73589, clone D2D11).

Epifluorescent images were captured using a confocal
microscope Leica TCS SP5 II with a 63x oil immersion
objective and LAS AF Software (Leica Microsystems).
ImageJ (v2.1.0, NIH Bethesda, MD, USA) was used for quan-
tification of colocalization.

Growth assays

Cellular expansion was measured by counting viable cells
using Erythrosine B exclusion at indicated timepoints after
seeding 10,000 cells. At each time point, fresh medium was
added to the cells.
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Colony forming ability was analyzed by seeding 500 viable
cells in methylcellulose medium (Stem Cell Technologies Inc.,
M3534 or M3231). Colonies were evaluated after seven days.
For replating, cells were eluted from methylcellulose, and
plated as described above.

For proliferation assays, 50,000 viable cells were cultivated
for 24h in presence of 1uM OA, 1mM 2-deoxyglucose
(2-DG, MedChem Express, HY-13966), 1 mM paraquat
(Sigma-Aldrich, 36541), or DMSO as vehicle control. Viable
cells were counted after 24 h using Erythrosine B exclusion
and cell numbers were normalized to DMSO.

Mice

We used the published optn-KO mice [25,26] that were kindly
provided by Folma Buss (Cambridge Institute for Medical
Research, University of Cambridge, Cambridge, UK) and
Andrew Smith (Microbial Diseases, Eastman Dental
Institute, UCL, London, UK). Wild type (WT) C57BL/6]
mice were purchased from Janvier Labs (Mayenne, France).
All mice were kept under pathogen-free conditions in the
research animal facility of the University Hospital Frankfurt
according to institutional guidelines. All animal experiments
were approved (FK1112) by the official committee on animal
experimentation (Regierungsprasidium Darmstadt,
Germany).

Murine MN1-driven leukemia model

Bone marrow cells were isolated from C57BL/6] WT or optn-
KO mice and lineage-negative cells were enriched using the
Lineage Cell Depletion Kit (Miltenyi Biotec, 130-090-858).
WT and optn-KO 1dMBM cells were transduced with MN1
co-expressing GFP as described previously [27]. Two days
after transduction, 1x10° MNI1-GFP-positive cells were
injected together with 2 x 10> supporting WT mononuclear
cells into the tail vein of 6- to 8-weeks-old, female recipient
mice. In order to reduce risk of graft rejection, mice were
lethally irradiated with 9.5Gy 2h prior to transplantation.
Survival analysis was performed by the Kaplan-Meier method
using GraphPad Prism (v5.01, GraphPad Software, Inc., San
Diego, CA, USA) and the p value was obtained by Gehan-
Breslow-Wilcoxon test. Detailed procedures of the analyses of
leukemic mice are described in the supplemental Materials
and Methods.

Transmission electron microscopy

Cells were washed twice with PBS and fixed using 2.5%
glutaraldehyde in 0.1 M cacodylate buffer pH 7.2 for 2h at
RT and collected by sedimentation. Post-fixation was done
with 1% reduced osmium tetroxide. Dehydration was per-
formed by gradually increasing ethanol concentration.
Samples were embedded using araldite. Ultrathin sections
(50 nm) were cut using a Reichert Ultracut ultra-microtome
and placed on a Pioloform coated slot grid. Grids were post-
stained with uranyl acetate and lead citrate and analyzed using
a digitalized Zeiss TEM 900 operated at 80 keV equipped with
a Troendle 2K camera.
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Cellular structures were quantified for individual cells.
P value was determined by exact Poisson statistic, error bars
indicate exact 95% confidence intervals assuming Poisson
distribution.

Measurement of OCR

Mitochondrial respiration was measured by the oxygen
consumption rate (OCR) using the XF Cell Mito Stress
Test Kit (Agilent Technologies, 103015-100) on a 96-well
Seahorse Bioscience Extracellular Flux Analyzer XF96
(Agilent Technologies) as described previously [66].
Murine or human cells (5x10° or 2x 10° respectively)
were seeded in the stress assay medium as described by
the manufacturer in XF96 Polystyrene Cell Culture
Microplate for 1h at 37°C without CO,. OCR was mea-
sured in the presence of 2uM oligomycin A (Biomol,
Cayl1342-10), 0.25-5uM carbonylcyanide 4-(trifluoro-
methoxy)phenylhydrazone (FCCP; Sigma-Aldrich, C2920)
and 2 puM antimycin A (Sigma-Aldrich, A8674) and rote-
none (Sigma-Aldrich, R8875). For every phase, a total of
five four-minute measurements were taken after 2 min of
mixing and 1min waiting. Basal, maximal and spare
respiration, ATP production, proton leakage, and non-
mitochondrial oxygen consumption were determined
according to the Mito Stress Test Kit manual.

In silico analyses of OPTN expression in patient data

Clinical and RNA sequencing data from the TCGA project
were retrieved on 20 June 2022. Clinical data included in
the analysis were vital status and time to event (equivalent
to days to death if the patient is deceased or days to last
follow-up if a patient is alive). Cases with right-censored
data at the time of the event were included in the analysis.
Data were analyzed with R (v4.1.1), and plots were gener-
ated with GraphPad Prism (v5.01, GraphPad Software,
Inc.). The log-rank test was used to test for a difference
in survival probability between groups and to calculate a p
value.

Statistical analysis

All data are shown as mean value + standard error of the
mean (SEM). All statistical tests were performed in
GraphPad Prism (v5.01, GraphPad Software, Inc.). Groups
were compared using 2-tailed Student t-test with p values <
0.05 considered statistically significant.
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