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1.1 The Hematopoietic system 

During the lifetime of a human being, steady-state hematopoiesis generates and 

replenishes all types of mature blood cells. Most mature blood cells are relatively 

short-lived under steady-state conditions; approximately one trillion (1012) cells are 

formed every day in adult bone marrow [1]. The hematopoietic system is generally 

envisaged as a cellular hierarchy, starting with the multipotent hematopoietic 

stem cell (HSC). HSCs can give rise to differentiated progeny belonging to all 

cell lineages. An unique feature of HSCs is the generation of new multipotent 

blood stem cells, a process called self-renewal [2]. To sustain adequate levels 

of mature blood cells, HSCs can either self-renew or differentiate. This ‘decision’ 

is critical for maintaining life-long hematopoiesis [2]. During differentiation, cells 

undergo striking changes in shape and homeostasis. In addition, due to stress 

from severe blood loss or infections, the demand for mature blood cells can 

change dramatically [3, 4]. Consequently, cell fate decisions of HSCs are tightly 

regulated by transcription factors, epigenetic modifiers and the surrounding 

microenvironment [5, 6]. Understanding the mechanisms controlling HSC fate is 

a central issue in modern stem cell research. 

The classical hierarchical model for hematopoiesis is based mainly on in vivo 

transplantation models of cell populations defined by fluorescence-activated cell 

sorting (FACS) (Figure 1A, [7]). In this model, multipotent HSCs undergo stepwise 

differentiation into distinct oligopotent progenitor populations coinciding with 

progressive loss of multi-lineage potential. In support of the classical model, 

introduction of barcodes into HSCs and subsequent tracking in mice revealed 

that most HSC clones give rise to multilineage or oligolineage fates [8]. However 

this model, in which branching of myeloid and lymphoid cells is the first step in 

lineage commitment, is currently under debate [9-11]. 

Single cell transplantation has revealed heterogeneity within the reconstituted 

HSC population [12, 13]. For example, a study that tracked EGFP labelled 

progenitors from different cell lineages after single cell transplant found a distinct 

subgroup of HSCs that differentiated exclusively towards the megakaryocyte/

platelet-lineage. However, no HSCs were identified that contributed exclusively 

to the erythroid, myeloid, or lymphoid cell-lineages [10]. Other studies that 

combined functional assays with single cell sequencing [9, 14] revealed 

an early separation of the erythroid and megakaryocytes lineage and cast 

doubt on the existence of an common myeloid progenitor (CMP, Figure 1B).
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In a recent study, index flow sorting was used to separate single cell types 

based on marker cell expression, followed by single cell sequencing. Using this 

technique, the molecular profile of each cell could be assigned retrospectively 

to a classically defined cell type [14]. This study showed that the more immature 

cell population, unlike more mature progenitors, could not be separated into 

different sub-populations. This argues against the existence of lineage-biased 

progenitor cell populations and suggests a more continuous hematopoietic 

compartment [11]. In summary, the techniques in these studies have provided 

new understanding of the hematopoietic hierarchy; as a result, new models are 

still evolving for adult hematopoiesis.

Fig 1. Schematic representation of two 
models of the hematopoietic hierarchy. (A) 
Classical model, in which all cells are derived 
from CMP or CLP cells. (B) An alternative 
model in which MK cells are derived from 
HSC/MPPs, while myeloid cells and lymphoid 
cells are derived from a MLPs. Abbreviations: 
HSC: hematopoietic stem cell, MPP: 
multipotent progenitor, MK: Megakaryocyte, 
CMP: common myeloid progenitor, CLP 
common lymphoid progenitor, GMP: 
granulocyte macrophage progenitor, MEP: 
megakaryocyte-erythroid progenitor, EP: 
erythroid progenitor and MLP: multipotent 
lymphoid progenitor.

1.2 The Hematopoietic stem cell niche 

In addition to hematopoietic cells, the bone marrow consists of various non-

hematopoietic cells such as endothelial cells, neuronal cells, mesenchymal stem 

and CXCL12-abundant reticular (CAR) cells [15, 16]. These cells are organized in 

specific microenvironments called niches, which maintain HSCs homeostasis. 

These niches provide cytokines, nutrients and cell-cell interactions, which are 

essential for HSC maintenance and regulation of hematopoiesis (Fig. 2) [16]. 

Interleukins, granulocyte colony stimulating factor (G-CSF) and erythropoietin 

(EPO) are cytokines that induce differentiation of HSCs [17]. In contrast, 

thrombopoietin (TPO), chemokine C-X-C motif ligand 4 (CXCL4), and transforming 

growth factor beta (TGF-β1) and C-X-C motif chemokine 12 (CXCL12) are essential 

for maintaining stemness of HSC [18-21]. HCSs have been reported to reside 

in different niches within the bone marrow, although the specific functions of 

these niches is still unclear and under debate [15, 22]. These various niches may 

provide different extrinsic signals that regulate stem cell fate [22]. For example, 

CXCL12 is secreted by endothelial cells, osteoblasts and CAR cells, while TPO is 
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produced by osteoclasts and megakaryocytes [23, 24]. HSCs are located near the 

trabecular bone (endosteal) or in close proximity to arterioles and/or sinusoids. 

Most dormant HSCs are thought to reside in the endosteal niche, which is in close 

proximity to bone-lining osteoblasts that produce TPO and osteopontin required 

for HSC quiescence [25]. In addition, HSCs are found near small arterioles, lined 

with rare NG2+ pericytes, which secrete CXL12 and SCF [22]. In contrast, less 

quiescent or activated HCSs are thought to reside in the sinusoidal niche, which 

is characterized by LEPR+ perisinusoidal cells. Although the bone marrow is 

believed to be well-vascularized, the blood flow in arterioles and sinusoids is low, 

which results in a hypoxic environment due to limited gas exchange [26]. This 

vascular network does provide nutrients, enables access to systemic signals and 

allows mature blood cells to enter the blood circulation. Moreover, compared 

to arterioles, sinusoids are more fenestrated, which allows cells to cross the 

sinusoidal barrier [27]. This enables mature blood cells that have been generated 

from HSCs to enter the bloodstream. 

Fig 2. The Bone marrow niche. The more dormant HSCs reside near the endosteal, while less 
quiescent HSCs reside near sinusoids. Various cells, such as CAR cells, Megakaryocytes, NG2+ or 
LepR+ perivascular cells, provide different types or quantities of cytokines within the different niches 
[22].

1.3 Myelodysplasia 

Myelodysplastic syndromes (MDS) comprise a heterogeneous group of clonal 

stem cell disorders characterized by ineffective and dysplastic hematopoiesis 
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and peripheral cytopenias. In the Netherlands and other Western countries MDS 

has a yearly incidence of ~3 cases per 100.000 [28, 29]. However, MDS typically 

affects older people; the incidence increases strongly after the age of 65 [30]. MDS 

is diagnosed based on peripheral blood cytopenias, the number of bone marrow 

blasts and cytogenetic abnormalities. (Table 1 [31]). The survival of MDS patients 

is extremely variable and ranges between several months to several years [32]. 

Therefore, prognostic scoring systems have been developed to provide accurate 

risk-stratification for optimized treatment [33, 34]. MDS patients are categorized 

into low-risk or high-risk categories according to the International Prognostic 

Scoring System (IPSS, revised in 2016, [35]). Particularly in low-risk MDS, cytopenias 

are thought to arise due to the increased susceptibility of early progenitors to 

undergo cell death [36]. These findings are less pronounced in high-risk MDS but 

this risk category has a higher risk of developing acute myeloid leukemia (AML), 

which is associated with a worse prognosis [37, 38]. Chromosomal abnormalities 

such as del(5q) and trisomy 8 are frequently observed in MDS. Next generation 

sequencing has identified a number of recurrent somatic mutations in genes 

involved in RNA splicing, epigenetic modifiers and transcription factors [39]. 

Recently, various mutations, including ASXL1, EZH2 and TP53 mutations, have 

been proposed for inclusion in the prognostic scoring system of WHO and are 

associated with worse prognosis (Table 2, [40]). All observed mutations, except 

SF3B1 and TET2, were more frequent in high-risk MDS. In addition, the number of 

different mutations observed in patients is an independent prognostic factor after 

risk stratification according to the IPSS [41]. 

Table 1, WHO classification 2016 of myelodysplastic syndromes (MDS) 
MDS subtype Characteristics  

MDS-SLD, with single 
lineage dysplasia 

<5% blasts, cytopenias in 1-2 types of blood cells, dysplasia in 1 type 
of blood cell  

MDS-MLD, with 
multilineage dysplasia 

<5% blasts, cytopenias in 1-2 types of blood cells, dysplasia in 2-3 type 
of blood cell 

MDS-RS, with ring 
sideroblasts  

<5% blasts, 15% of early cells have ring sideroblasts, or 5% harbouring 
a SF3B1 mutation, can be subdivide into MDS-RS-SLD and MDS-RS-
MLD based on number lineages with dysplasia  

MDS-EB, with excess 
blasts 

Cytopenia in at least one lineage, subdivided into MDS-EB1 and MDS-
EB2 based on blast counts, 5-9% and 10-19% respectively.  

MDS with isolated 
del(5q) 

BM cells are missing part of chromosome number 5. Cytopenias in 1-2 
lineages and dysplasia in at least one lineage.  

MDS unclassifiable  
 

The microenvironment has been implicated in playing a critical role in the 

pathogenesis of MDS. For example, transcriptome analysis of MSCs from 

low-risk MDS revealed a common molecular signature, defined by cellular 
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Table 2, Mutations associated with low-risk and high-risk MDS and/or overall survival  
 Genes mutated Reverences  

Enriched in Low-risk 
MDS  

SF3B1  [40] 

Enriched in High-risk 
MDS 

U2AF1, STAG2, CBL and KRAS [40] 

Associated with better 
overall survival, within 
the same risk group 

SF3B1 [40] 
 

Associated with worse 
overall survival, within 
the same risk group  

CBL, IDH2, ASXL1, DNMT3A, 
TP53, CUX1, BCOR, RUNX1, 
U2AF1, SETBP1 and SRSF2 

[40-43] 

 

stress and increased inflammation-signals [44]. In a large cohort study of MDS 

patients, MSCs were functionally altered in vitro and had a reduced osteogenic 

differentiation potential, resulting in impaired stromal support for HSPCs [45]. 

Similarly, MDS-derived MSCs had a reduced expression of cytokines and 

consequently showed a reduced HSPC support function in vitro [46]. In contrast, 

inflammatory cytokines were shown to be present in excess in MDS [47]. S100A8 

and S100A9 are important regulators of the inflammatory cytokine response and 

their expression is increased in MDS [48, 49]. Importantly, S100A8 and S100A9 

expression has been linked to differentiation defects in the erythroid linage and 

to increased pyroptosis, a specific type of cell death induced by inflammation [47, 

48]. In vivo studies have shown that MDS xenotransplantation models were often 

unsuccessful due to limited engraftibility. However, xenotransplantation of MDS 

cells together with mesenchymal cells led to better survivability of MDS cells in 

vivo [50]. However, these findings could not be confirmed by Rouault-Pierre K. et 

al. [51].

1.4 Acute myeloid leukemia 

Self-renewal properties of HSCs are tightly regulated and gradually lost 

during differentiation [2]. In AML the critical balance between self-renewal and 

differentiation of HSCs is perturbed as result of genetic and epigenetic defects 

[52-55]. These defects cause a block in differentiation, and consequently result 

in accumulation of immature cells in bone marrow and peripheral blood. The 

leukemic cells often have an altered apoptosis programming [56, 57], including 

a high expression of antiapoptotic proteins BCL-2 and MCL-1, which might 

promote the survival of the leukemic stem cells [56, 58]. AMLs are classified 

based on morphological, cytogenetic and molecular abnormalities, which have 

been linked to disease outcome. Initially, AMLs were classified according to the 
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French-American-British (FAB) classification based on the differentiation stage of 

leukemic blasts [59]. Currently, two largely overlapping patient risk stratifications 

systems, ENL and WHO, are used to predict disease outcome based on a 

combination of molecular and clinical data [60-62]. Recently, a large number of 

recurrent genetic mutations have been identified by sequencing a large panel 

of AML patient cohorts [63-65]. Frequent mutations were detected in the FLT3, 

NPM1, ASXL1, DMNT3A, NRAS, TET2 IDH1/2, TP53 and CEBPA genes [66]. Based 

on these mutation analyses, three additional genomic categories were identified, 

including AMLs with mutation in RNA splicing and chromatin genes, TP53 mutant 

AMLs with chromosomal aneuploidies and AMLs with IDH2 mutations [63]. Some 

of these recurrent mutations in AML, such as DNMT3A, ASXL1 and TET2, have 

also been found in healthy individuals, but at low allele frequency [67, 68]. The 

presence of somatic mutations in hematopoietic cells without signs of dysplasia 

is called clonal hematopoiesis of indeterminate potential (CHIP) [69]. Although, 

DNMT3A, TET2, and ASXL1 mutations are strongly associated with leukemia, 

individuals with CHIP clones remained healthy for years without detectable 

expansion of CHIP clones [70]. It is currently unclear if the presence of CHIP is 

an increased risk factor for leukemia development, although a recent study 

showed that IDH1, IDH2, TP53, DNMT3A, TET2 and genes involved in spicing were 

wwwwith more than one mutation in leukemia-associated genes or more than 

one variant of DNMT3A or TET2 had a significantly higher chance of developing 

AML [71]. 

AML patients are treated with intensive chemotherapy or hypomethylating 

agents, with or without an allogeneic stem cell transplantation. Although many 

patients initially respond well to chemotherapy, the rate of relapse is still high 

[72], presumably because a small number of leukemic stem cells (LSCs) survived 

the initial treatment due to intrinsic properties of LSCs [73, 74]. Understanding 

how genetic and molecular abnormalities in different AML subgroups contribute 

to leukemia initiation and progression will ultimately help to improve treatment 

strategies. 

1.5 The autophagy mechanism 

Autophagy (self-eating in Greek) is a catabolic process whereby damaged or 

redundant organelles and proteins are sequestered and degraded by lysosomes 

[75-77]. Different types of autophagy have been described: chaperone-mediated 

autophagy (CMA), microautophagy and macroautophagy, which is described 
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in more detail in Chapter 2. In brief, CMA is a pathway for selective autophagy-

mediated degradation of proteins. [78, 79]. During microautophagy, the cytosolic 

content in close proximity to lysosomes is invaginated and subsequently degraded. 

During macroautophagy, double membrane vesicles called autophagosomes are 

formed, which engulf cytosolic content such as mitochondria. Macroautophagy-

dependent removal of mitochondria is also called mitophagy. Studies have 

shown that two proteins, PINK1 and Parkin, play a central role in the process of 

mitophagy induction. In depolarized mitochondria, PINK1 accumulates at the 

outer membrane and can therefore recruit Parkin. In turn, Parkin ubiquitinates 

different proteins of the outer membrane, resulting in recruitment of p62, and 

ultimately to autophagy-mediated removal of mitochondria [80, 81]. Throughout 

this thesis, macroautophagy will be referred to as autophagy. 

Autophagy-derived metabolites such as amino acids and lipids can be re-used to 

generate energy or to serve as building blocks for renewal of cellular components. 

Although every cell is thought to maintain autophagy at a basal level, autophagic 

flux can be induced under stress conditions, such as starvation, hypoxia, or DNA 

damage [82]. In this context, AMPK phosphorylate and activate the ULK complex 

Figure 3: Autophagy mechanism. Autophagy consists of multiple consecutive steps: Induction and 
membrane nucleation, phagophore elongation, lysosome fusion and degradation. These steps 
are controlled by specific groups of proteins, the Beclin-1 and Ulk1 complexes are involved in the 
induction phase, while the ATG12 complex and LC3 conjugation are required for elongation.
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[83]. In turn, the ULK complex activates class III autophagy-specific PI3K complex 

that contains vacuolar protein sorting 34 (VPS34), Beclin1, ATG14L and P150 [84]. 

Alternatively, under hypoxic conditions, BNIP3 and BNIP3L are expressed in a 

HIF-1 dependent manner. Both BNIP3 and BNIP3L can bind to Beclin1, thereby 

activating the PI3K complex [85]. This complex translocates to the endoplasmic 

reticulum (ER) membrane where PI3K locally produces phosphatidylinositol-

3-phosphate (PIP3). This triggers the recruitment of PIP3 effector proteins and 

ultimately leads to the formation of a specific endoplasmic reticulum (ER) micro-

domain called the omegasome, which also contains vacuole membrane protein 

1 (VMP1) [86, 87]. Maturation of omegasomes into autophagosomes requires 

the ubiquitin-like conjugation systems. First, ATG12 is covalently bound to 

ATG5 by ATG7 E1-like enzyme activity [88]. Second, LC3 is covalently linked to 

phosphatidylethanolamine by both ATG7 and ATG3 E2-like enzyme activity [75]. 

Finally, the outer membrane of mature autophagosome fuses with lysosomes, 

after which their content is degraded (Figure 3).

1.6 Autophagy is important in many aspects of hematopoiesis 

Although autophagy can be considered to be a cellular housekeeping mechanism, 

it has become clear that autophagy also fulfils cell-type-specific roles. For 

example, cellular differentiation requires massive subcellular remodeling. In the 

final stage of erythropoiesis reticulocytes remove their mitochondria, ribosomes 

and nucleus (enucleation) in order to fully differentiate to erythrocytes [89]. This 

also enables a bi-concave cell shape for improved diffusion [90]. Therefore, 

autophagy is constitutively active during the late stage of erythropoiesis. 

Inhibition of autophagy results in ineffective removal of mitochondria and severe 

anaemia in vivo [91-93]. Autophagy has also been shown to be essential for 

monocyte-macrophage differentiation [94]. During monocyte differentiation, 

autophagic-flux was increased, while inhibition of autophagy triggered apoptosis. 

Similarly, during lymphopoiesis deletion of essential autophagy genes resulted 

in reduced number of T-cells in vivo and an impaired B-cell maturation [95]. 

Clues that autophagy is also essential for the most immature stem cell fraction 

have originated primarily from mice knockout (KO) studies. For example, HSCs 

in ATG7 KO mice failed to reconstitute hematopoiesis upon transplantation in 

lethally irradiated mice [96]. Moreover in the absence of ATG7, the number of 

HSCs was reduced, together with reduced production of myeloid and lymphoid 

progenitors [96]. Recently, Passegué et al, showed that autophagy suppresses 

oxidative metabolism by clearing mitochondria [97, 98]. Knockout of essential 
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autophagy genes, such as ATG5, ATG7 or ATG12, resulted in accumulation of 

mitochondria and consequently ROS accumulation [97, 99, 100]. The increased 

number of mitochondria were associated with an more activated metabolic state 

of HSCs, resulting in accelerated myeloid differentiation [96, 97]. When HSCs 

differentiate, their metabolic rate is increased in order to sustain cell growth [97]. 

Interestingly, autophagy activity was decreased in two-thirds of HSCs in aged 

mice [97]. Within the HSC pool of aged mice, HSCs with higher autophagic-flux 

had a better long-term repopulating potential [97]. This suggests that autophagy 

in stem cells is essential for balancing self-renewal and differentiation by actively 

controlling mitochondrial mass, a process that is less efficient in aged mice. In 

addition, apoptotic proteins are modulated by mitochondria and consequently 

mitochondrial content within a cell determines if cells undergo apoptosis 

[101]. Therefore, impaired autophagy resulting in accumulation of detective 

mitochondria could potentially affect apoptosis.

1.7 Autophagy in AML

Increasing evidence indicates that autophagy plays an important role in 

leukemia initiation and maintenance. In a recent screen the mutational spectrum 

of autophagy genes was studied by using whole-exome sequencing in large 

cohort of cases with myeloid neoplasm. Copy number alteration and missense 

mutations were detected in ~22% of autophagy-associated genes and in 14% 

of studied cases [102]. In addition, mutations in splicing factor U2AF35 were 

frequently detected [103, 104] resulting in the defective processing of ATG7 pre-

mRNA and reduced expression of ATG7 [105]. Importantly, the phenotype of 

ATG7 knockout mice resembles many characteristics of myeloid leukemia, such 

as anemia and accumulation of myeloid blasts in organs [96, 97, 106]. Mutations 

observed in the autophagy genes are often hypomorphic, i.e. mutations causing a 

reduction in gene expression [105], which can prevent the clearance of leukemia-

associated oncoproteins such as BCR-ABL, PML/RARA and FTL3-ITD [107-109]. 

Moreover, impaired mitophagy-dependent clearance of damaged or redundant 

mitochondria, which leads to accumulation of ROS, might result in increased DNA 

damage and cellular stress. Although, several mutations detected in leukemia 

are predicted to repress autophagy, leukemic cells are still highly dependent on 

their remaining autophagy activity as demonstrated for MLL-AF9 and BCR-ABL 

model systems [110, 111]. Increased cellular stress and defective removal of onco-

proteins as a consequence of impaired autophagy could potentially contribute to 

leukemia development. 
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In contrast, in established leukemia increased autophagy can be beneficial 

for leukemic cells. For example, increased autophagy in leukemic cells could 

ensure a sufficient supply of metabolites to sustain enhanced proliferation and 

reduce cellular stress. In addition, autophagy can be upregulated in response to 

chemotherapy exposure, which could potentially contribute to drug resistance 

[112-114]. In summary, these findings suggest that during leukemia initiation 

autophagy is probably repressed, but not completely lost. In contrast during 

leukemia maintenance, enhanced autophagy contributes to the survival of 

leukemic cells and to drug resistance. 

1.8 Scope of this thesis 

Autophagy is an important cellular housekeeping mechanism that allows 

degradation and recycling of cellular components. In addition, autophagy 

plays a role in intracellular remodeling during differentiation [115]. So far most 

studies have been performed with mouse model systems [97, 99, 100, 116], but 

the consequences for human hematopoietic stem and progenitor cells (HSPC) 

or AML cells have remained largely elusive. Therefore, this thesis is focused on 

improving our understanding of autophagy in normal and leukemic hematopoietic 

cells. Chapter 2 reviews the current understanding of autophagy in cancer cells 

and cancer stem cells and its multi-faceted role in the tumor microenvironment. 

Furthermore, therapeutic targeting of autophagy in cancer therapy is discussed.

 

In Chapter 3, by using human CD34+ cells, we determined the levels of 

the autophagic flux in normal HSPCs and in more differentiated cells. In 

addition, based on loss-of-function studies we determined the functional 

relevance of autophagy in these HSPC for their survival and differentiation. 

Low-risk MDS is characterized by ineffective and dysplastic hematopoiesis. 

Increased programmed cell death of hematopoietic bone marrow cells apparently 

plays a critical role in the observed contradictory phenotype of a hypercellular 

bone marrow and peripheral blood cytopenias [117]. In Chapter 4 we examined 

whether an altered dependency on the microenvironment plays a role in the 

pathogenesis of low-risk MDS by using in vitro culture assays and ultrastructure 

studies. We also examined whether an aberrant autophagy programming might 

underlie the observed increased vulnerability to cell death of low-risk MDS 

progenitor cells.

Autophagy is of importance for maintenance of HSPCs, at least in part by limiting 



General introduction and scope of this thesis

21

C
H

A
P

T
E

R
 1

mitochondrial activity [96, 97, 118]. As shown in Chapter 3, loss-of-function studies 

in HSPCs show that autophagy is essential for survival of HSPCs. However, 

it remains unclear whether autophagy acts in a similar fashion in AML. In 

Chapter 5 we established an in vitro model for determining the autophagic-flux 

in a large panel of primary AML patient cells and leukemic cell lines. Moreover, 

we examined whether autophagy plays a role in maintenance of AML CD34+ 

cells in vitro as well as in vivo by means of genetic or pharmaceutical inhibition of 

autophagy. 

To gain more insight into the mechanism controlling autophagic flux, we 

investigated the expression pattern of known autophagy associated genes in 

AML. Expression of a putative autophagy protein vacuole membrane protein 

(VMP1) was increased at mRNA and protein level in the majority of AML’s 

compared to normal HSPCs. In Chapter 6 we validated the increased expression 

of VMP1 in AML. Because limited data is available regarding the role of VMP1 in 

hematopoiesis, functional in vitro and in vivo studies were performed to elucidate 

its function in hematopoiesis and autophagy. Possible survival advantages and 

drug-resistance due to increased VMP1 expression in AML also were assessed. 

Finally in Chapter 7, the most important findings described in this thesis are 

summarized, and future perspectives are discussed. 
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Abstract
Autophagy is a crucial recycling process that is increasingly being recognized as 

an important factor in cancer initiation, cancer (stem) cell maintenance as well 

as development of resistance to cancer therapy in both solid and hematological 

malignancies. Furthermore, it is being recognized that autophagy also plays a 

crucial and sometimes opposing role in the complex cancer micro-environment. 

For instance, autophagy in stromal cells such as fibroblasts contributes to 

tumorigenesis by generating and supplying nutrients to cancerous cells. 

Reversely, autophagy in immune cells appears to contribute to tumor-localized 

immune responses and among others regulates antigen presentation to and 

by immune cells. Autophagy also directly regulates T and NK cell activity and is 

required for mounting T cell memory responses. Thus, within the tumor micro-

environment autophagy has a multi-faceted role that, depending on the context, 

may help drive tumorigenesis or may help to support anticancer immune 

responses. This multi-faceted role should be taken into account when designing 

autophagy-based cancer therapeutics. In this review, we provide an overview of 

the diverse facets of autophagy in cancer cells and non-malignant cells in the 

cancer micro-environment. Secondly, we will attempt to integrate and provide 

a unified view of how these various aspects can be therapeutically exploited for 

cancer therapy.
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Introduction
Autophagy is an important homeostatic process in the human body that is 

responsible for the elimination of damaged and/or superfluous macromolecules 

such as proteins and lipids as well as the removal of damaged organelles like 

mitochondria. The successful execution of autophagy enables the recycling 

of nutrients, amino acids and lipids and acts as quality control mechanism to 

maintain organelle function [1–4]. The importance of autophagy is evidenced by 

the fact that a block in autophagic flux due to knock-down of core autophagy 

genes is detrimental during early development in murine models [5–11]. Perhaps 

not surprisingly, an increasing body of evidence highlights the important 

and multifaceted impact of autophagy in cancer. For instance, during tumor 

development the autophagic process appears to function as a tumor suppressor 

and limits tumorigenesis [12–15]. In this respect, it is noteworthy that a single 

nucleotide polymorphism in the promoter region of the crucial autophagy-

related gene (ATG) ATG16L1, which putatively down-regulates its expression 

level, associates with susceptibility to thyroid and colorectal cancer and has a 

significant negative impact on patient survival in local and advanced metastatic 

prostate cancer [16–18]. Further, survival of patients with advanced lung 

adenocarcinoma upon EGFR tyrosine kinase inhibitor treatment is significantly 

impacted by functional genetic polymorphisms in core autophagy genes, thus 

highlighting the potential clinical impact of autophagic signaling on cancer 

development and response to therapy [19]. 

In established cancers, autophagy activity is upregulated during treatment 

and associated with resistance to cancer therapy [20]. Further, elevated 

autophagy maintains stemness in cancer stem cells (CSCs). Moreover, cancer 

cells appear to rely more on autophagy for continued survival than normal 

cellular counterparts. Consequently, the inhibition of autophagy is being 

explored for cancer therapy particularly in combination with other cytotoxic 

drugs to augment cytotoxicity [21–23]. Autophagy occurring in the context of 

cancer therapy may on the one hand be a stress response that enables cancer 

cells to survive and evade apoptotic elimination [4]. In this setting, inhibition 

of autophagy sensitizes cells to apoptotic cell death and may be of use to 

augment the efficacy of anticancer agents. On the other hand, autophagy may 

also be a driver of cytotoxic cell death and in this case inhibition of autophagy 

would inhibit cell death. This type of cell death has been termed autophagic 



C
H

A
P

T
E

R
 2

The multifaceted role of autophagy in cancer and the micro-environment

31

cell death (ACD) and has been reported e.g. for radiation therapy [24–28].

Thus, depending on the type of cell death inhibition of autophagy may be 

warranted for combination therapy.

It is evident that autophagy is more and more emerging as a potential target 

for cancer therapy. However, the complex micro-environment of an established 

tumor comprises many different cell types in addition to malignant cells that all 

to a different extent utilize and rely on the autophagic process. Indeed, as will be 

discussed in this review, autophagy not only clearly impacts on cancer (stem) 

cells, but also on stromal cells, endothelial cells and (tumor-infiltrated) innate 

and adaptive immune cells. Therefore, it is crucial to understand the impact of 

autophagy and its therapeutic targeting in the context of this diverse cellular 

composition of the tumor microenvironment.

In this review, we will first briefly detail the core autophagy machinery and 

regulatory pathways after which we will provide an overview of current thinking 

on the role of autophagy in cancer cells and the functioning of the diverse 

components within the tumor micro-environment (illustrated in Figure 1). 

Further, we will provide directions for incorporating the sometimes opposing 

effects of autophagy on tumor micro-environmental components for the future 

implementation of autophagy-targeting drugs in cancer.
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1. AUTOPHAGY SIGNALING AND REGULATORY 
PATHWAYS
The term autophagy defines a process that can occur in three different forms, 

with the most prominent form being macroautophagy, a form of autophagy that 

includes removal of proteins and/ or organelles In the case of mitochondria, this 

process is called mitophagy. Secondly, when molecules that have to be degraded 

are directly invaginated by the lysosome, this process is called microautophagy. 

Thirdly, proteins can be degraded via chaperone-mediated autophagy (CMA). 

During CMA, proteins are targeted for degradation by heat shock protein hsc70 

via their KFERQ-like motif [29,30]. Unless specifically referred to, the term 

autophagy in this review describes macroautophagy. In the section below, we 

will detail basic autophagy pathways as well as highlight regulatory hubs that are 

important in cancer.

1.1 The core autophagy machinery

The execution of autophagy can be subdivided into initiation phase, elongation 

phase, autophagosome maturation, autophagosome-lysosome fusion and 

degradation of content in autophagolysosomes (Figure 2A). The initiation of 

autophagy generally starts at the mechanistic target of rapamycin (mTOR) 

complex 1 (mTORC1), the master regulator of autophagy, which under basal 

conditions represses the autophagy pathway by inhibiting the ULK1 complex31. 

However, upon increased nutrient demand or nutrient limiting conditions, mTORC1 

is deactivated due to reduced upstream signaling from the phosphoinositide 

3-linase (PI3K)/ Akt and the MAPK pathway, thereby enabling initiation of 

autophagy. In addition, the 5’ AMP-activated protein kinase (AMPK), a key 

kinase regulating cellular energy homeostasis, activates the ULK1 complex and 

inactivates mTORC1 when low energy levels are detected [19,32]. The activated 

ULK1 complex, together with the Beclin-1-VPS34 complex (a complex discussed 

in more detail in section 1.2) initiates the formation of autophagosomes. The 

formation of autophagosomes can be inhibited by 3-Methyladenine (3-MA), an 

inhibitor of VPS34. In contrast, rapamycin, an inhibitor of mTORC1, is generally 

Figure 1: Review outline. This review highlights the impact of changes in autophagy within cancer 
cells, as well as in the context of the complex cancer micro environment. Part I describes how 
aberrant autophagy can contribute to cancer initiation and maintenance as well as therapy resistance 
(pages 35-52). Part II describes the role of autophagy in different stromal cells within the tumor micro 
environment, such as fibroblasts and mesenchymal stem cells (pages 52-60). Further, the impact of 
autophagy on anti-cancer immune responses is described (pages 60-66). Blue dapi staining; green 
fibronectin staining for stroma; red CD8 staining for cytotoxic T cells.
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Figure 2: The autophagy pathway. A. The activation of autophagy is initiated by the reduced 
activity of the mTORC1 complex due to activated AMPK or decreased upstream growth signaling. 
mTORC1 is an inhibitor of the ULK complex, therefore reduced mTORC1 activity increases the 
activity of the ULK complex. The ULK complex together with the Beclin-1/ VPS34 complex initiates 
the formation of autophagosomes. Dependent on the complex composition, Beclin-1 can act as a 
molecular switch between autophagy and apoptosis (see Figure 2B). The expansion and maturation 
of the autophagosomes is dependent on two ubiquitin-like conjugation systems, which requires 
multiple autophagy proteins. First, ATG12-ATG5 conjugate binds to ATG16, which stimulates LC3 
lipidation. Second, LC3 is covalently conjugated to PE generating LC3-II, which is incorporated in 
the autophagosomal membrane. Incorporated LC3-II is required for binding and internalization of 
adaptor proteins such as p62. Finally, the mature autophagosome fuses with lysosomes, after which 
its content is broken down by digestive enzymes. Indicated in red are pharmacological agents, 
Chloroquine (CQ), Hydroxychloroquine (HCQ), 3-Methyladenine (3MA), and ULK inhibitors, that inhibit 
autophagy. In addition, rapamycin activates autophagy by inhibiting mTORC1. B. Beclin-1 is a core 
member of the VPS34/Beclin-1 complex, which acts as a molecular switch in controlling autophagy 
downstream of the ULK1 complex. Depicted in red are the anti-apoptotic members of the Bcl-2 
family BCL-2, BCL-XL and MCL-1 which can bind to Beclin-1, through interaction with its BH3 domain, 
thereby inhibiting autophagy. Alternatively, BNIP3 and BNIP3L (depicted in green) can competitively 
bind to anti-apoptotic BLC-2 members. Dissociation of anti-apoptotic Bcl-2 members from Beclin-1, 
consequently activates autophagy. Other non-BH3 proteins, also depicted in green, such as VMP1, 
ATG14, UVRAG and AMBRA1 can also bind Beclin-1, thereby activating autophagy.
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used as autophagy inducer. Of note, although mTOR and its complexes have 

many more functions besides regulating the autophagy pathway, e.g. regulation 

of cell growth, proliferation, protein translation and metabolism, the inhibition of 

mTOR is in this review generally used as an activator of autophagy.

Maturation of the autophagosome requires two ubiquitin-like conjugation 

systems. First, ATG12 is covalently bound to ATG5, a process mediated by 

ATG7 and ATG10. The ATG12-ATG5 conjugate is subsequently non-covalently 

connected to ATG16, which is required for the localization of ATG12 and ATG5 

to the forming autophagosome33. Secondly, LC3 is converted into LC3-II, which 

starts with the proteolytic cleavage of LC3 by ATG4 to form LC3-I. LC3-I is then 

bound by ATG7, which transfers LC3-I to ATG3 [34–36]. ATG3 subsequently 

catalyzes the conjugation of the lipid phosphatidylethanolamine (PE) to LC3-I, 

thereby yielding LC3-II. This lipidation step is enhanced by the ATG5/ATG12/

ATG16 complex. Eventually LC3-II is inserted in the membrane of the elongating 

autophagosome. During the maturation of the autophagosome, proteins and 

organelles to be degraded are sequestered to the forming autophagosome 

by p62/ sequestosome 1 (SQSTM1). For this purpose, p62 can directly interact 

with LC3 [37]. Finally, the mature autophagosome fuses with a lysosome to 

form the autolysosome. The lysosome-associated membrane proteins (LAMP-

1 and LAMP-2) are essential for this fusion and also maintain the integrity of 

lysosomal membranes [38]. The macromolecules and organelles that have 

been entrapped in the autophagosomes are then degraded by the digestive 

enzymes of the lysosomes (e.g. lipases, proteases, nucleases, sulfatases), which 

yields amino acids, fatty acids and nucleotides for eventual reuse. The fusion 

of autophagosomes with lysosomes can be inhibited by chloroquine (CQ) or 

hydrochloroquine (HCQ), both compounds that prevent acidification of the 

lysosomes. 

Of note, the generation of LC3-II is considered as a hallmark marker of autophagy 

induction, whereas its sustained accumulation is reflective of autophagy inhibition 

[39]. In addition, p62 is degraded during the proper execution of autophagy, and 

its accumulation can be used as marker for inhibition of autophagy [40].

1.2 BCL-2 family members modulate Beclin-1 dependent autophagy 

Beclin-1 is an important regulatory hub to which pro- and anti-autophagic proteins 

can bind (Figure 2B). First, the anti-apoptotic proteins of the BCL-2 family, e.g. 



C
H

A
P

T
E

R
 2

The multifaceted role of autophagy in cancer and the micro-environment

35

BCL-2, BCL-XL and MCL-1, can bind to the characteristic BH3 domain of Beclin-1, 

which inhibits autophagy [41–43]. Secondly, non BCL-2 family proteins like UV 

radiation resistance associated gene (UVRAG), activating molecule in Beclin-

1-regulated autophagy protein 1 (AMBRA1), High Mobility Group Box 1 (HMGB1) 

and vacuole membrane protein 1 (VMP1) can competitively bind to Beclin-1 at 

the same domain, which can shift the balance to induction of autophagy [44–47]. 

In addition, the hypoxia-inducible BCL-2 interacting protein 3 (BNIP3) and BCL-2 

interacting protein 3 like (BNIP3L) proteins that also contain a BH3 domain can 

directly interact with BCL-2 family members [48]. This BNIP3-BCL-2 interaction 

prevents Bcl-2 binding to Beclin-1 and, thereby, promotes autophagy. Alterations 

in the pool of Beclin-1 interacting proteins can alter the balance of autophagy 

regulation. In line with this, gene silencing of BCL-2 using siRNA in MCF-7 

cells triggered autophagy, whereas in neuron-specific MCL-1 knock-out mice 

autophagy was increased in neuronal cells [49,50]. Correspondingly, treatment of 

various cancer cell lines with BH3 mimetics that promote dissociation of BCL-2 or 

BCL-XL from Beclin-1 activated autophagy [51,52]. Here, autophagy was inhibited 

by siRNA mediated knock-down of essential autophagy proteins [53]. In a recent 

screen, three compounds were identified that specifically disrupt the binding 

between BCL-2 and Beclin-1 [54]. These compounds de-repressed autophagy 

without causing any cytotoxicity [54]. The induction of mitophagy can also be 

regulated by BCL-2 members. In brief, mitochondrial depolarization promoted 

Parkin and PTEN-induced putative kinase 1 (PINK1)-dependent induction of 

mitophagy, which was suppressed by transient overexpression of BCL-2 family 

members MCL-1 and BLC-XL [55,56]. In this case, inhibition of mitophagy was 

independent of Beclin-1, but due to inhibition of Parkin translocation to depolarized 

mitochondria [55]. Taken together, the elevated expression of members of the 

BCL-2 family can reduce autophagy, including mitophagy.

PART I. THE ROLE OF AUTOPHAGY IN CANCER 
CELLS
Autophagy has a multifactorial impact on cancer and influences both cancer 

initiation and maintenance, as well as regulates cancer response to therapy. 

Alterations in autophagy levels due to mutations in key autophagy genes 

or aberrant activation of autophagy regulators have been associated with 

tumorigenesis (illustrated in Figure 3A). In this respect, cancer initiation is 

associated with reduced autophagy levels, which leads to the accumulation 

of oncogenes and reactive oxygen species (ROS). In contrast, during cancer 
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maintenance, the activity of the autophagy pathway is often upregulated. This 

upregulation ensures sufficient energy supply and contributes to survival during 

stress, e.g. hypoxia and metastasis (illustrated in Figure 3B). During anti-cancer 

therapy, autophagy is increased by which cancer cells survive and gain therapy 

resistance. In addition, CSCs appear to rely on autophagy to maintain stemness. 

2.1. IMPACT OF AUTOPHAGY IN EARLY TUMORIGENESIS

Autophagy is likely important for cancer initiation as mice with mono-allelic 

deletion of the key autophagy regulator Beclin-1 have an increased susceptibility 

to spontaneous tumor development [13]. In line with this, mono-allelic deletions 

of Beclin-1 have been detected in human breast cancer, prostate and ovarian 

cancer, whereas reduced expression of Beclin-1 was detected in brain cancer 

[57–61]. Similarly, monoallelic deletion of other essential autophagy genes such 

as ATG5, ATG7 or total loss of ATG4C have been associated with an increased 

risk of developing malignancies [14,15]. Based on this data autophagy appears 

to act as a tumor suppressor with reduced levels of autophagy associating with 

accumulation of dysfunctional organelles and proteins that may contribute 

to malignant transformation. Of note, a low constitutive level of autophagy is 

required for cell survival, as evidenced by the fact that the knock-out of ATG 

genes, Beclin-1 or AMBRA1 is embryonically lethal in mice [13,62]. As described 

in more detail below, there are several mechanisms in cancer that can reduce 

autophagic flux, e.g. mutations in core autophagy genes that may trigger cancer 

development. These processes and their potential impact on cancer initiation are 

reviewed in more detail below.

2.1.1. Mutations in autophagy genes that affect autophagy levels during tumor 

development

Alterations in expression of various key autophagy genes have been reported for 

different types of cancer, including breast, lung, pancreatic, bladder cancer and 

leukemia [63]. As mentioned above, one of the common molecular aberrations 

is the loss of one of the alleles of the essential autophagy gene Beclin-1. This 

aberration was detected in subsets of cancers, even in breast carcinoma cell 

lines that are often polyploid for the Beclin-1 encoding chromosome 17 [64–66]. 

Interestingly, reduced autophagy due to allelic loss of Beclin-1 in immortalized 

mouse kidney cells or mouse mammary epithelial cells, led to a profound 

increase in DNA damage [67,68]. The increased DNA damage was associated 

with chromosomal abnormalities that are linked to cancer initiation, such 
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Figure 3: Autophagy during malignant transformation and cancer maintenance. A. Different pro-on-
cogenic events such as mutation or monoallelic deletion of autophagy related genes can cause 
reduced autophagy activity. Reduced levels of autophagy/ mitophagy can contribute to malignant 
transformation due to elevated levels of ROS. B. Hematopoietic stem cells (HSCs) reside in speci-
fic bone marrow niches with low oxygen content and are characterized by high autophagy activity. 
During differentiation, the autophagy flux declines and mature cells leave the bone-marrow (BM) 
environment and enter the blood-stream. In leukemia, HSCs have acquired mutations which results 
in a block in differentiation and consequently accumulation of immature blasts in BM and peripheral 
blood of patients. C. Hypothetical model for changes in autophagy and ROS in HSCs during transfor-
mation. Normal HSCs have high autophagy flux, low mitochondrial activity and ROS levels. During 
cancer initiation, autophagy is repressed (although not completely inhibited), causing accumulati-
on of mitochondria and ROS, which in turn contributes to malignant transformation. During cancer 
maintenance, cancer cells re-establish functional autophagy promoting tumor growth and survival. In 
addition, in response to drug treatment, autophagy is activated and acts as a survival mechanism for 
cancer cells. D. Both normal BM-derived CD34+ and acute myeloid leukemia (AML) CD34+ cells need 
a certain level of autophagy to survive. Therefore, there is only a small therapeutic window of autop-
hagy inhibition with autophagy inhibitors like HCQ.
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as gene amplification and aneuploidy [67,68]. For example, in immortalized 

mouse kidney cells the chromosome number (normally 40) was increased to 

an average of 56 after allelic loss of Beclin-1 [68]. Moreover, mammary tissue 

in Beclin-1+/- mice developed benign neoplasia with hyperproliferation, whereas 

reintroduction of Beclin-1 expression in breast cancer MCF7 cells suppressed 

tumorigenesis [66,69]. However, mouse models with loss of Beclin-1 or other 

essential autophagy proteins do not develop many different types of cancers 

[70]. Also, Beclin-1 is not specifically mutated or deleted in cancer, but rather lost 

due to deletions in chromosome 17Q21 [70]. So, it is not completely clear if loss 

of Beclin-1 directly contribute to cancer initiation. Similar to Beclin-1, allelic loss 

of the autophagy component UVRAG or reduced expression of Bif-1, both direct 

interactors with Beclin-1, is also associated cancer development, in this case 

gastric and colon cancer [71–73]. In brief, UVRAG forms a complex with Beclin-1 

to activate autophagy and loss of this protein resulted in impaired autophagy. 

Moreover, UVRAG prevented accumulation of abnormal chromosomes, although 

it is not clear whether this feature is autophagy dependent [74]. Bif-1 interacts with 

Beclin-1 and UVRAG and also serves to activate autophagy [44]. Consequently, 

loss of Bif-1 expression reduces autophagy and in knock-out mice resulted in 

an increased number of spontaneous tumors [44]. Together with the above-

described data on Beclin-1 these findings suggest that autophagy regulation 

by Beclin-1 is an important hub that is deregulated in cancer. Further, disruption 

of Beclin-1/UVRAG/BIF-1 may cause genomic instability [75]. In addition, 

GABARAPL1, an autophagy gene involved in of the initiation of autophagosome 

formation, was found to be down-regulated in breast cancer, in this case due to 

altered DNA methylation and histone deacetylation patterns [76]. The functional 

outcome of down-regulation of GABARAPL1 was a reduction in autophagic flux 

and increased tumorigenesis [77].

In a recent screening approach a more detailed picture of the mutational spectrum 

of 180 autophagy genes was obtained, using whole-exome sequencing of 223 

cases with myeloid neoplasm. Copy number alterations or missense mutations 

were detected in roughly 22% of autophagy-associated genes and in 14% of the 

studied cases [78]. Interestingly, the majority of mutations were nonsynonymous 

substitutions that associated with adverse prognosis. Clonal hierarchy analysis 

indicated that these autophagy mutations were predominantly secondary 

events [78]. In addition to mutations in core autophagy genes, mutations in the 

spliceosome that are linked to aberrant autophagy gene expression in myeloid 
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malignancy were also found. For example, the splicing factor U2AF35, which is 

mutated in ~10% of patients with myelodysplastic syndrome, caused abnormal 

processing of ATG7 pre-mRNA and consequently reduced the expression of 

ATG7 [79]. Interestingly, complete knock-out of ATG7 in hematopoietic stem cells 

(HSCs) in mice causes severe anemia and in the long-term triggered atypical 

myeloproliferation and accumulation of myeloid blasts in organs, all characteristics 

associated with myeloid malignancies [80–82]. How autophagic-flux is affected 

by these mutations remains to be functionally defined, but the likely outcome is 

a reduction in the level of autophagy. Indeed, the nonsynonymous substitutions 

observed in leukemia are often hypomorphic, i.e. mutations that cause reduced 

expression, suggesting that autophagy is repressed but not completely inhibited 

[78]. In line with this, complete inhibition of autophagy due to e.g. bi-allelic deletions 

or premature stop codons were not observed in any of the core autophagy genes 

in myeloid neoplasms [78]. Further, in a cross-cancer unsupervised clustering 

analysis, autophagy-associated transcript levels significantly correlated with 

overall survival in leukemia, kidney cancer and endometrial cancer [83]. Overall, 

these findings suggest that mutations in autophagy genes are relevant during 

tumorigenesis, with autophagy generally being down-regulated but not lost.

2.1.2. Defective mitophagy causes accumulation of reactive oxygen species 

(ROS)

Down-regulation of mitophagy, the term used for the autophagic removal of 

dysfunctional mitochondria, can result in an increase in formation of ROS [84–86]. 

Disruption of mitophagy by knock-out of essential autophagy genes such as ATG5, 

ATG7, ATG12 and FIP200 coincides with accumulation of defective mitochondria 

and increased ROS levels7, [87–89]. Such oxidative stress has been linked to 

cancer development and progression [90]. For instance, persistent accumulation 

of ROS can damage proteins, fatty acids and DNA, which may contribute to 

cancer development [90–92]. Further, protein and lipid phosphatases can be 

inactivated upon oxidation of cysteine residues in the catalytic domain, causing 

changes in signaling pathways and affecting cell growth [93]. Interestingly, the 

autophagy protein ATG4 is a cysteine protease that is overexpressed in several 

types of cancer and is highly sensitive to ROS [94–96]. Redox modifications 

of cysteine residues in ATG4 prevent delipidation of LC3, thereby promoting 

sustained autophagy [96]. In human adenocarcinoma cells, oxidative stress 

led to upregulation of ATG4 together with increased autophagy and increased 

invasion of cells though a matrigel matrix [97]. Another example of the interplay 
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between ROS and autophagy is the accumulation of p62/ SQSTM1, a scaffold 

protein for ubiquitinated cargo that is continuously cleared via basal autophagy 

[98]. Accumulation of p62 aggregates due to crippling of autophagy causes 

oxidative stress and triggers the DNA damage response pathway [99]. However, 

elevated ROS levels can also activate p53 mediated apoptotic cell death [100]. Of 

note, mutant p53 was shown to attenuate expression of ROS scavenger enzymes 

coinciding with high ROS levels, indicating that these cells are able to tolerate 

ROS levels to a higher degree [101]. The exact interplay between autophagy 

and ROS in cancer development is highly complex and it remains unclear how 

persistent elevation of ROS, due to defective autophagy can contribute to cancer 

development.

2.1.3. Autophagy prevents accumulation of oncoproteins 

Reduced autophagy levels during tumorigenesis may also alter the intracellular 

levels of oncoproteins. Indeed, several oncoproteins have been shown to be a 

target for degradation via CMA. For example, BCR-ABL, an oncoprotein formed 

by chromosomal translocation, was targeted to the autolysosome by CMA after 

treatment of chronic myeloid leukemia (CML) cell lines and primary CML patient-

derived cells with the chemotherapeutic arsenic trioxide [102]. In line with this 

data, inhibition of autophagy prevented arsenic trioxide mediated suppression 

of BCR-ABL expression [102]. Defective autophagy was similarly associated 

with accumulation of the oncoprotein PML/RARA, the hallmark oncoprotein 

of acute promyelocytic leukemia [103]. Moreover, treatment of acute myeloid 

leukemia (AML) cells with internal tandem duplications in fms-like tyrosine 

kinase 3 (FLT3), referred to as FTL3-ITD, with proteasome inhibitor bortezomib 

triggered autophagy-dependent degradation of FLT3-ITD and improved the 

overall survival in a xenografts [104]. Further, the proto-oncoprotein AF1Q, which 

is often overexpressed in AML and myelodysplastic syndrome and associates 

with unfavorable prognosis, was targeted for breakdown by CMA [105,106]. Thus, 

autophagy and specifically CMA can clear various (proto) oncoproteins and 

repression of this type of autophagy might contribute to tumorigenesis. Of note, 

autophagy can also aid the breakdown of tumor suppressor genes, like p53, as 

will be described below.

2.2 AUTOPHAGY IN CANCER MAINTENANCE

As evident from the preceding sections, autophagy can have a tumor suppressor 

function and is often down-regulated in cancer. However, there is also clear 
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evidence to suggest that autophagy is required for cancer (stem) cell maintenance. 

Indeed, increased autophagic flux or increased dependency on functional 

autophagy have been reported for various types of cancer, such as melanoma, 

CML, AML and RAS-driven cancers [107–111]. For example, in solid cancers such 

as breast cancer and melanoma, increased LC3 puncta positively correlated 

with a more aggressive phenotype [110]. Further, autophagic flux can aid cancer 

cell survival during cellular stress conditions, such as hypoxia and starvation 

[67,112,113]. In addition, changes in autophagy can contribute to maintenance of 

so-called cancer stem cells (CSCs), a self-renewing subpopulation of cancer cells 

with stem cell properties that for certain types of cancer, such as AML, is thought 

to drive the disease. The various roles of autophagy in cancer maintenance are 

detailed below (illustrated in Figure 3B).

2.2.1. Autophagy in maintenance of cancer stem cell function

CSCs are characterized by elevated levels of autophagy compared to more 

differentiated cancer cell populations, an observation confirmed in multiple cancer 

types, including urinary bladder and breast cancer [108,114,115]. These CSCs 

expressed high levels of essential autophagy genes to maintain CSC properties 

and to remain dormant [114,116]. Further, elevated autophagy was required for 

CSC-mediated development of tumors in vivo in leukemia and breast cancer 

[115,117,118]. However, the differentiation dependent level of autophagy is not 

specifically linked to malignantly transformed cells. Also normal hematopoietic, 

mesenchymal and skin stem cells, have a higher level of autophagy as compared 

to more differentiated cells [119,120]. Thus, primitive cells have high autophagy 

levels in association with low ROS levels, which might be a protective mechanism 

for maintaining stem cell properties [119,120]. Correspondingly, the function of 

normal HSCs was lost in ATG7 and ATG12 knock-out mice. In the long term, this loss 

of function did coincide with the development of myeloproliferative syndrome, 

possibly a consequence of defective mitochondrial clearance in association with 

high ROS levels [82,118,121]. Also deletion of ATG5 or ATG7 in a mixed lineage 

leukemia murine AML model affected the survival and was associated with 

a decrease in number of functional CSCs and a strong decrease in leukemic 

blasts in the peripheral blood indicating that autophagy has a critical function in 

leukemia maintenance [118]. Similar findings were obtained with a bladder cancer 

cell line, and with breast cancer mammospheres, a model of CSCs with high 

levels of Beclin-1 and an increase in autophagy [114,115]. Thus, autophagy seems 

to be essential to preserve CSC function and to increase survivability.
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2.2.2. Oncogenic mutations and autophagy

In established cancers, several oncogenes have been shown to induce autophagy 

and, thereby, contribute to cancer maintenance. For instance, oncogenic FLT3-

ITD positive AMLs cells are characterized by high levels of autophagy [122]. Both 

pharmacological as well as genetic inhibition of autophagy in FLT3-ITD in human 

AML cells markedly reduced cell proliferation and overcame acquired resistance 

to FLT3 inhibitors in mice. In addition, cancer driven by certain oncogenic RAS 

mutations as observed in a broad spectrum of tumors including colon, lung and 

pancreatic cancers, appears to heavily depend on functional autophagy. For 

instance, basal levels of autophagy were increased in RAS-transformed cancer 

cells even under nutrient rich conditions [112]. Moreover, basal autophagy was 

strongly increased after overexpression of both mutant HRAS and KRAS in 

human mammary epithelial cells [123]. The underlying mechanistic reason for 

mutant HRAS was found to be the activation of Beclin-1 interacting partner NOXA, 

thereby upregulating autophagy [124]. Genetic inhibition of autophagy in cells 

overexpressing mutant RAS, attenuated glycolysis and inhibited proliferation 

[123]. Similarly, ATG7 knock-out in KRAS-driven lung cancer cells increased ROS 

levels and triggered a striking depletion of the cellular nucleotide pool, which was 

rescued by supplementation with glutamine [125]. In mouse models, the knock-

down of ATG5 or ATG7 cells in RAS overexpressing cells triggered accumulation 

of dysfunctional mitochondria and reduced tumor growth [109,126]. Thus, RAS-

driven cancer cells exploit high levels of autophagy, which may position such 

cancers as targets for autophagy inhibition.

Further, oncogenic mutations in the tumor suppressor protein p53, a protein best 

known for its pro-apoptotic effect upon cellular stress, also clearly affect the 

autophagy pathway. For instance, elevated levels of autophagy were identified 

in mutant p53 expressing AML cells, whereas a reverse reduction in autophagy 

was detected in pancreas and breast cancer cell lines that expressed mutant p53 

[108,127]. These apparent contradictory data may be explained by the localization 

of p53, since p53 mutants that localized to the cytosol repressed autophagy, 

whereas p53 mutants localized to the nucleus did not [128]. These clear differences 

in effect of p53 mutants on autophagy may also impact on therapeutic response 

toward autophagy inhibition. Indeed, overexpression of mutant p53 in AML cells 

reduced the sensitivity toward HCQ treatment [108]. Analogously, mutated 

p53 glioblastoma cells were less sensitive for CQ treatment [129]. In contrast, 
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CQ treatment impaired tumorigenesis in mutant KRAS pancreatic tumors 

with wildtype p53, but augmented tumorigenesis in the absence of p53 [130]. 

In this respect it is important to note that wildtype p53 can differentially affect 

autophagy, with on the one hand inhibition of autophagy upon binding to proteins 

involved in autophagosome formation [128, 131–133]. On the other hand, wildtype 

p53 can promote autophagy by inhibiting mTOR or by phosphorylation of Beclin-1 

[134–136]. Interestingly, the level of p53 itself is also regulated by autophagy. For 

instance, wildtype p53 is depleted via autophagy-mediated degradation in renal 

cell carcinoma, which allows escape from apoptotic cell death [137]. In contrast, 

suppression of macro-autophagy promotes the degradation of mutant p53 via 

CMA, which sensitizes various human cancer cell lines for cell death [138]. Further, 

a truncated p53 isoform that inhibits wildtype p53 is degraded via autophagy [139].

Thus, various known important oncogenic mutated proteins that are important 

in cancer maintenance are able to regulate autophagy, in most cases triggering 

elevated levels of autophagy that may aid in cancer cell survival.

2.2.3 Autophagy in cancer metabolism

Autophagy is a catabolic process whereby redundant organelles and proteins 

can re-enter various metabolic pathways. Cancer cells typically metabolize 

glucose to lactate, even when sufficient oxygen is present to support oxidative 

phosphorylation, a phenomenon known as the Warburg effect [140]. Of note, 

pyruvate kinase (PKM2) is the final enzyme in the glycolytic pathway that controls 

the glycolytic flux, and is therefore important for preventing accumulation 

of glycolytic intermediates [141,142]. In cancer, PKM2 breakdown via CMA is 

increased, whereby reduced PKM2 associates with accumulation of glycolytic 

intermediates that are rerouted towards branching biosynthetic pathways to 

support cancer growth [143]. Likewise, the rate-limiting enzyme hexokinase 2 

(HK2) of the glycolytic pathway, was found to be selectively broken down via 

autophagy in liver cancer [144,145]. Together, this indicates that autophagy can 

control glycolysis at different levels and thus impacts on cancer metabolism. 

Indeed, glycolysis in MLL-ENL driven leukemia is augmented by inhibition of 

autophagy although the underlying mechanism remains to be determined [146]. 

Of note, enhanced lactate secretion due to the Warburg effect can change the 

extracellular microenvironmental pH, which in turn can activate autophagy [147]. 

For example, in breast carcinoma cells acute acidification led to an increase in 

LC3 puncta together with an increase in expression of ATG5 and BNIP3 [148]. 
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Thus, degradation of essential metabolic enzymes by autophagy may impact 

many aspects of central metabolism in cancer. Corroborating evidence hereof 

was obtained by labeling of wild type or ATG7-/-KRAS driven lung cancer cells 

with heavy carbon and nitrogen isotopes, which in the autophagy-deficient 

cells identified a significant depletion of amino acids linked to the tricarboxylic 

acid (TCA) cycle [149]. Therefore, autophagy may provide cancer cells with a 

mechanism to efficiently redistribute metabolites enabling metabolic rewiring, 

which is required for malignant transformation.

2.2.4. Autophagy is upregulated in hypoxic tumor regions

Autophagy is also an important regulatory pathway during adaptation of cancer 

cells to hypoxic stress occurring in poorly oxygenated regions of the bone marrow 

due to AML infiltration or in hypoxic regions of solid cancers. Indeed, in xenograft 

models of human head and neck cancer, autophagy was associated with hypoxic 

tumor regions [113]. Under hypoxic conditions, stabilization of hypoxia-inducible 

factor 1β (HIF1β) was detected, leading to enhanced levels of Beclin-1, increased LC3-

II/LC3-I ratio and degradation of p62, e.g. upon treatment of lung cancer cell lines 

with cisplatin [150]. Likewise, in adenoid cystic carcinoma the hypoxia mimetic 

CoCl2 stabilized HIF1β and induced autophagy [151]. HIF1β activity among others 

upregulates expression of BNIP3 and BNIP3L, which can activate autophagy by 

shifting the balance of the regulatory Beclin-1 hub towards autophagy induction 

(Figure 2B) [48,151,152]. In glioblastomas, increased expression of BNIP3 or 

ATG9A contributed to hypoxia-associated growth, which could be blocked 

in vivo by HCQ [153,154]. Importantly, tumor cells in hypoxic regions proved to 

be particularly sensitive to HCQ treatment [113]. In a panel of cancer cell lines, 

hypoxia-induced cell death increased upon knock-down of Beclin-1 or ATG7, with 

autophagy deficient cancer cells proliferating less in mouse xenograft models 

[155]. Of note, xenografts of wildtype cell lines were characterized by increased 

LC3 and reduced p62 levels in hypoxic tumor regions, reflecting activation and 

execution of autophagy [155]. Therefore, in a broad spectrum of cancers induction 

of autophagy contributes to survival in poorly oxygenated tumor areas. 

2.2.5. Autophagy in anoikis and metastasis 

Most cancer patients succumb to their disease due to metastatic spread of the 

original primary tumor, an event that can occur many years after initial seemingly 

successful treatment of the primary tumor. During metastatic spread, autophagy 

is thought to be crucial for cancer cell survival. Firstly, cancer cells that spread to 
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distal organs have to resist cell death due to loss of contact with the extracellular 

matrix (ECM), termed anoikis. Cells can resist anoikis partly through activation of 

autophagy as shown for metastatic hepatocellular carcinoma [156,157]. Similarly, 

transformed fibroblasts were characterized by a strong increase in autophagy after 

loss of ECM contact. Further, anoikis was triggered upon inhibition of autophagy in 

cancer cell lines driven by either RAS or PI3K [123,158–160]. In an attachment-free 

culture model system, tumor spheroids of various cancer cell lines depended 

on BNIP3-associated autophagy for survival [161]. Further, rapamycin-mediated 

activation of autophagy improved spheroid growth, while autophagy inhibition 

induced apoptosis [161]. Correspondingly, the levels of LC3B were significantly 

higher in metastases compared to primary tumors in breast cancer, liver cancer 

and melanoma [110,157,162]. Moreover, the incidence of metastases was reduced 

in metastatic liver cancer cells upon knock-down of Beclin-1 or ATG5 in a mouse 

model, due to loss of resistance to anoikis [157]. Thus, metastatic cells appear 

to be more dependent on functional autophagy to allow survival in the absence 

of ECM contact after which metastatic cells remain characterized by higher 

autophagy levels.

2.3. THE ROLE OF AUTOPHAGY IN CYTOTOXIC CANCER THERAPY

Treatment of cancer cells with cytotoxic drugs inevitably leads to cellular stress. 

Consequently, activation of autophagy is widely described although, as detailed 

below, the impact of autophagy on cytotoxic therapy can differ depending on 

the type of cell death. Moreover, although the underlying cause of intrinsic and/ 

or acquired drug resistance is likely multi-factorial and often remains enigmatic, 

autophagy is increasingly recognized as being an important contributor to 

therapy resistance. In the sections below, the role of autophagy in cytotoxic cell 

death will be detailed, after which the role of autophagy in resistance to therapy 

is discussed.

2.3.1. Autophagy has a distinct impact depending on type of cytotoxic cell 

death

Autophagy can be a stress response of cancer cells that enables cells to evade 

apoptotic elimination. An example hereof is the treatment of a triple negative breast 

cancer cell line with a plant-derived anti-cancer drug that induced apoptosis and 

activated autophagy. Here, inhibition of autophagy with 3-MA served to augment 

the level of apoptotic cell death [163]. Similarly, in colorectal cancer cell lines 

a pro-apoptotic polyamine analogue simultaneously induced apoptosis and 
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autophagy, with 3-MA co-treatment enhancing induction of apoptotic cell death 

[164]. In another breast cancer cell line model, the novel therapeutic drug NBT 

was found to induce autophagy and apoptosis, with apoptosis induction being 

increased upon CQ treatment [165]. In CML cell lines, the anti-tumor agent 

asparaginase induced apoptosis and autophagy [166]. Blockade of autophagy 

with three different autophagy inhibitors enhanced asparaginase-induced cell 

death. Further, inhibition of autophagy in HeLa cells upregulated expression 

of PUMA via FOXO3a, which upon co-treatment with etoposide or doxorubicin 

upregulated apoptosis as defined by enhanced activation of effector caspase 

3/7 [167,168]. This sensitizing effect of autophagy inhibition was abolished in 

cells lacking PUMA, indicating that FOXO3a dependent mechanism induction of 

PUMA contributes to drug resistance [167]. Interestingly, an important regulator 

of initiator caspase-8 activation, the anti-apoptotic protein FLIP, also can regulate 

autophagy activity by competitive binding to ATG3 and preventing lipidation of 

LC3 [169].

 

Reversely, autophagy as part of ACD is required for cytotoxic cell death. An 

example hereof is cell death induced by a cardiac glycoside in non-small lung 

cancer cell lines, which was characterized by an increase in autophagic flux and 

was inhibited by 3-MA [170]. Treatment with this glycoside was accompanied 

by activation of the JNK signaling pathway, leading to a decrease in the level 

of Bcl-2 and a concomitant shift towards Beclin-1 mediated induction of 

autophagy [170]. Of note, although glycoside treatment elevated the level 

of intracellular ROS, antioxidant co-treatment did not prevent glycoside-

induced cell death indicating that ROS is a by-product of ACD in this setting. 

In contrast, ROS was causal for ACD induction in triple negative breast cancer 

cells by the compound physagulide P (PP) purified from a Chinese herbal 

medicine, with co-treatment with a ROS scavenger inhibiting ACD [28]. Several 

other pathways can also be involved in therapy-induced ACD. For instance, 

radiation treatment of breast cancer cell lines triggered ACD via activation of 

p53 and downstream p53 effector protein DRAM [25]. In this case, cell viability 

was partially rescued upon treatment with 3-MA or by knock-down of ATG5 or 

Beclin-1 [25]. Further, treatment of breast cancer cells with a so-called selective 

estrogen receptor modulator (SERM) induced ACD via reducing ATP levels [26]. 

Conversely, addition of ATP restored cell viability, coinciding with a reduction in 

the LC3-II/LC3-I ratio, which indicates that ACD was averted [26]. Furthermore, 

treatment with the glycan-binding protein Galectin-9 triggered cell death in 
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colon cancer cells, which was blocked by knock-down of Beclin-1 or ATG5 [171].

In conclusion, autophagy during cytotoxic therapy can either be protective or can 

be instrumental for cell death induced by certain therapeutics. Thus, depending 

on the type of drug used in the treatment of cancer, the combination with 

autophagy inhibitors may be warranted or should be avoided. 

2.3.2. The role of autophagy signaling in resistance to cancer therapy

As described above, autophagy during treatment may reduce sensitivity to 

cytotoxic therapy. Correspondingly, resistance to various types of therapy is 

characterized by enhanced basal levels of autophagy, as defined by increased 

conversion of LC3-I to LC3-II, increased numbers of LC3B puncta per cell, up-

regulated numbers of autophagolysosomes, and degradation of p62 [172–174]. 

For example, cisplatin resistant clones of ovarian cancer cell lines as well as an 

oral squamous cell carcinoma cell line were characterized by enhanced levels 

of autophagic flux [175]. In radiotherapy resistant breast cancer cells, ionizing 

radiation also elevated basal autophagy levels, indicating a protective effect of 

autophagy against treatment [176]. Similarly, treatment of pancreatic cancer, 

colorectal cancer, and AML cell lines with bortezomib was accompanied by 

elevated autophagic flux [172,173]. Importantly, in various cell lines and with 

different types of drugs, the co-treatment with autophagy inhibitors CQ or HCQ 

re-sensitized cells to treatment [177–180]. For instance, in breast and esophageal 

squamous cancer cell lines, chemo- or radiotherapy induced an autophagy 

response accompanied by therapy resistance [180,181]. The co-treatment with 

CQ did not only reduce clonogenic survival of malignant cells in vitro, but also 

reduced tumor burden in murine models [180,181]. Of note, overexpression of 

multi-drug resistance pumps, such as ABCG2, not only facilitates drug resistance 

by increasing drug efflux but also by increasing autophagic flux [182]. In line with 

this, ABCG2-mediated drug resistance was strongly inhibited by knock-down of 

either ATG5 or ATG7 [182]. In this respect, CSCs are also known to overexpress 

ABC transporters, which may upregulate autophagy and contribute to CSC 

resistance to chemotherapy [183]. Further, in CSCs, autophagy was upregulated 

upon treatment with chemotherapy or photodynamic therapy, which contributed 

to CSCs survival and promoted therapy resistance [184,185]. Similarly, AML 

leukemic stem cells (LSCs) were characterized by elevated autophagic flux upon 

treatment with BET inhibitors, which contributed to resistance to therapy [186] 

(Figure 3C). Of note, since both normal HSCs as well as LSCs need a certain 

amount of autophagy to survive, there is only a relatively small therapeutic 
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window of autophagy inhibition with HCQ (Figure 3D).

Resistance toward antibody-based therapy can also be regulated by autophagy, 

which has mainly been studied for cetuximab, an Epidermal Growth Factor 

Receptor (EGFR)-blocking antibody. For instance, cetuximab induced autophagy 

in various EGFR-expressing cancer cell lines by down-regulation of HIF-1β and 

BCL-2, which promoted the association of Beclin-1 with VPS34 [187] and dose-

dependently activated Beclin-1-mediated autophagy in colon carcinoma cell 

lines [188]. Analogously, EGFR tyrosine kinase inhibitors activated autophagy 

by promoting Beclin-1-VPS34 complex formation [189]. Importantly, chemical 

inhibition of autophagy or knock-out of Beclin-1 sensitized cancer cells for 

cetuximab-induced apoptosis [187,188]. Interestingly, inactive EGFR is required 

for the induction of starvation-induced autophagy [190]. Together, this data 

clearly indicates that enhanced autophagy can associate with resistance to 

various types of cancer therapy. Thus, it is of clear relevance to gain insight into 

how autophagy facilitates resistance to therapy. In the following sections, the role 

of key autophagy-regulating signaling pathways and cancer-associated genetic 

mutations will be discussed in the context of resistance to therapy.

2.3.3. Key signaling pathways associated with autophagy-dependent drug 

resistance

Many studies have focused on unraveling the mechanisms by which chemo- 

and radiation therapy induce resistance, with several key upstream signaling 

components being implicated. Most notably, deregulation of the upstream 

autophagy regulatory system AMPK, which can both activate ULK1 and repress 

mTOR signaling to promote autophagy, has been reported. For instance, 

treatment of a colorectal cancer cell line with the drug salidroside activated 

protective autophagy alone as well as in combination with other anti-tumor 

agents via activation of AMPK [191]. When AMPK activity was blocked using a 

kinase inhibitor, autophagy was reduced as evidenced by a decrease in LC3-II/

LC3-I ratio, which synergistically enhanced the cytotoxic effects of combined 

salidroside and chemotherapy treatment [191]. In other studies, upregulation of 

autophagy was attributed to direct activation of ULK1. Specifically, AML LSCs 

that were resistant to treatment with BET inhibitor in vitro were characterized 

by ULK1 activation [186]. In contrast, no ULK1 activation was detected in cells 

sensitive to BET inhibitor treatment. Interestingly, although ULK1 is supposed to 

be downstream of AMPK signaling, AMPK phosphorylation was detected in both 



C
H

A
P

T
E

R
 2

The multifaceted role of autophagy in cancer and the micro-environment

49

BET inhibitor sensitive and resistant cells. Thus, resistance to treatment in these 

LSC appears to stem from ULK1 signaling that increases autophagic flux [186]. In 

a follow-up study, pharmacological inhibition of AMPK did induce apoptosis in 

BET resistant LSCs. AMPK and ULK1 were found to have a similar cytoprotective 

mechanism against chemotherapeutics in primary pancreatic cancer cells 

as well as pancreatic cell lines [192]. Further, in a t(8;21) AML model, Kasumi-1 

cells survived short-term treatment with histone deacetylase inhibitors by up-

regulation of autophagy [193]. However, interactions between AMPK and mTOR 

were not investigated and long-term resistance was not examined. Resistance to 

therapy due to upregulated autophagy can also be acquired through repression 

of the mTOR pathway as demonstrated for dexamethasone treatment in various 

leukemic cell lines [194]. Similarly, activation of autophagy in an imatinib resistant 

CML line and in cisplatin-resistant lung carcinoma cells was due to repression 

of mTOR signaling [195,196]. Altered signaling of upstream regulators of mTOR 

caused this repression of mTOR signaling, e.g. an increase in phosphorylation/

activation of AMPK or a decrease in Akt signaling [194,196]. In targeted therapy, 

mTOR inhibitors as single agents did induce autophagy, but were ineffective 

anti-cancer therapeutics [197]. However, when mTOR inhibitors were combined 

with autophagy inhibitors, prominent anti-leukemic effects were detected [197]. 

In clonogenic assays, primary AML cells formed fewer colonies in combination 

therapy than single treatment. Similarly, knock-down of ULK1 in combination with 

mTOR inhibitor reduced the colony forming potential of primitive AML precursors 

[197].

Another pathway involved in autophagy-mediated resistance to therapy is the 

MAPK pathway, with chemotherapeutic treatment of hepatocellular carcinoma 

cell lines leading to increased MEK and ERK activity and induction of cytoprotective 

autophagy [198]. This induction of autophagy was partly blocked by MEK inhibition 

[198]. In cell lines carrying the oncogenic BRAF V600E mutation that have 

aberrant constitutive MAPK signaling, treatment with the specific V600E inhibitor 

vemurafenib resulted in AMPK-ULK1 mediated autophagosome accumulation  

[199]. Autophagy was similarly upregulated in BRAF mutated primary melanoma 

samples treated with BRAF inhibitor compared to baseline untreated samples. 

Interestingly, here induction of autophagy did not occur through AMPK-ULK1 

signaling, but was likely attributable to induction of ER stress response through 

CHOP, ATF4, and eIF2β [200]. Similarly, in cutaneous BRAF mutated melanoma 

cell lines enhanced basal autophagy was observed201. Oncogenic BRAF led 
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to chronic ER-stress, which in turn activated the JNK signaling cascade and 

contributed to autophagy induction, leading to therapy resistance [201]. Of 

note, combined treatment of vemurafenib with autophagy inhibitor CQ almost 

completely blocked tumor growth in a xenograft mouse melanoma model, 

highlighting that cytoprotective autophagy was at least partially associated 

with resistance to vemurafenib. Thus, various types of chemotherapy as well as 

targeted drugs can trigger activation of autophagy that contributes to resistance 

to therapy.

2.3.4. HMGB1 positively regulates autophagy, contributing to therapy 

resistance 

Recent evidence suggests that the nuclear protein HMGB1 is another critical 

regulator of autophagy that can mediate resistance during cancer treatment. 

Although normally in the nucleus, HMGB1 can translocate to the cytoplasm upon 

stress where it directly interacts with Beclin-1 and displaces BCL-2. Consequently, 

cytoplasmic HMGB1 can activate autophagy. Many studies have linked increased 

HMGB1 protein levels to autophagy and therapy resistance [202–205]. For 

instance, up-regulation of HMGB1 occurred during cisplatin treatment in non-

small cell lung cancer cell lines, which associated with enhanced autophagy 

[206]. Knock-down of HMGB1 reduced the levels of autophagy and increased 

cell death, with knock-down of HMGB1 being more efficient than treatment with 

well-known autophagy inhibitor 3-MA [206]. Similarly, treatment with docetaxel 

upregulated HMGB1 protein, leading to enhanced autophagy levels [207]. Upon 

continuous treatment with docetaxel cells became resistant to therapy, with 

sensitivity being restored by knock-down of HMGB1 and reducing tumor growth 

in a xenograft model [207]. In an analogous fashion, treatment of leukemic cell 

lines with different chemotherapeutic drugs upregulated expression of HMGB1. 

Upregulation of HMGB1 was associated with enhanced LC3-II/LC3-I ratios and 

protected from treatment-induced cell death, which was prevented by knock-

down of HMGB1208. HMGB1 mediated resistance to chemotherapy via mTOR and 

Beclin-1 was further reported in several different cancer cell lines [204,207,208]. 

As discussed above, various other factors can induce mTOR, thereby, facilitating 

resistance to chemotherapy mediated by autophagy. 

2.3.5. micro-RNAs in autophagy during treatment resistance

Several lines of evidence have emerged that indicate that micro-RNAs (miRNA), 

small non-coding RNAs that degrade mRNA and thereby reduce translation, 
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may also play a regulatory role in autophagy signaling in therapy resistance. For 

instance, the reduced expression of miR-23b in radiotherapy resistant pancreatic 

cancer cell lines enhanced the level of autophagy when compared to radio-

sensitive cell lines [209]. miR-23b directly targeted and reduced ATG12 expression 

and overexpression of this miRNA in radiotherapy-resistant cells blocked 

autophagy, as evidenced by reduced LC3-II/LC3-I ratio and reduced numbers 

of autophagosomes per cell, and re-sensitized cells to radiation treatment [209]. 

In epithelial ovarian cancer cell lines that were resistant to cisplatin treatment, 

a similar decrease in the level of miR-429 was detected, which was associated 

with enhanced levels of autophagy [210]. Correspondingly, overexpression of 

miR-429 reduced autophagy via down-regulation of ATG7 and increased cellular 

sensitivity to cisplatin treatment. Furthermore, doxycycline treatment reduced the 

expression of miR-30a, a microRNA that directly targets Beclin-1 mRNA, whereas 

the levels of miR140-5p that targets IP3k2 mRNA were increased [211,212]. In 

both cases induction of autophagy was enhanced and contributed to therapy 

resistance. In addition, treatment of colorectal cancer cells with cetuximab was 

associated with down-regulation of another Beclin-1 mRNA-targeting miRNA, 

miR-216b, again yielding elevated activation of autophagy and resistance to 

therapy [188].

In conclusion, although still in early stages the available data collectively suggests 

that down-regulation of various miRNAs can directly activate cytoprotective 

autophagy during therapy by upregulation of key components of the autophagy 

machinery. Thus, reduced miRNA expression appears to be causally related to 

autophagy-mediated resistance to therapy. 

2.3.6. Hypoxia as autophagy activating signal in therapy resistance 

Several studies highlight that hypoxia-induced autophagy contributes to 

resistance to therapy. For instance, in primary glioblastoma tissue samples, 

administration of the vascular endothelial growth factor-neutralizing antibody 

bevacizumab increased tumor hypoxia. In turn, this hypoxia associated with 

up-regulation of cytoprotective autophagy [154]. Correspondingly, autophagy 

inhibition upon bevacizumab treatment of xenografts derived from glioblastoma 

multiforme patients resulted in increased survival [153]. In a study conducted 

on breast cancer cell lines, hypoxia itself did not induce autophagy. However, 

upon taxol treatment in hypoxic conditions cancer cells did appear to activate 

cytoprotective autophagy through inhibition of the mTOR pathway [213]. Similarly, 
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chemotherapy resistance in triple negative breast cancer stem cells was 

attributed to a combination of hypoxia and upregulation of autophagy occurring 

in xenograft models from these patients [214]. Overall, this data implies that 

hypoxia-mediated resistance to therapy is at least partly due to the induction of 

cytoprotective autophagy. 

PART II. THE ROLE OF AUTOPHAGY IN THE TUMOR 
MICRO-ENVIRONMENT
The tumor microenvironment is a specialized niche created during tumor 

development that plays an important role in terms of cancer progression, survival 

and response to therapy. This micro-environment comprises of many different 

cell types, including fibroblasts, mesenchymal stem cells (MSCs), endothelial 

cells and immune cells. All of these cell types to a different extent use autophagy 

in cellular functioning in cancer, with e.g. autophagy in stromal cells such as 

fibroblasts promoting tumorigenesis, whereas autophagy in immune cells such 

as cytotoxic T cells facilitates execution of anti-cancer immune responses. 

Thus, cells within the micro-environment may have opposing requirements for 

autophagy that may prove difficult to reconcile for autophagy-targeting therapy 

in cancer. In this section, we will attempt to capture the role and importance of 

autophagy and the impact of potential therapeutic targeting of autophagy for 

several crucial tumor microenvironmental constituents, namely cancer associated 

fibroblasts and MSCs, endothelial cells, innate and adaptive immune cells.

3.1. AUTOPHAGY IN THE TUMOR MICRO-ENVIRONMENT; STROMAL CELLS

3.1.1. Autophagy in stromal cells promotes cancer cell growth and survival

A positive influence of fibroblasts on cancer cell growth is well documented, with 

e.g. enhanced growth rates for both fibroblasts and colon cancer cell lines in 

co-cultures, as well as enhanced growth rates of head and neck squamous cell 

carcinoma (HNSCC) cells and breast carcinoma cells [215–217]. Similarly, primary 

patient-derived AML cells survive and proliferate better in co-culture with 

mouse stromal cells or human MSCs [218–220]. In co-cultures, fibroblasts were 

characterized by elevated levels of autophagy as e.g. evidenced by accumulation 

of LC3-positive vesicles [215–217]. Importantly, inhibition of autophagy markedly 

attenuated the beneficial impact of fibroblast in such co-cultures. Specifically, 

inhibition of autophagy using 3-MA treatment reduced the growth rate of colon 

cancer cells, whereas treatment with CQ or knock-down of Beclin-1 in fibroblasts 
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prevented the increase in HNSCC proliferation in co-cultures. Together these 

data indicate that cancer cells induce and exploit elevated levels of autophagy 

in stromal cells for their aberrant growth. In this respect, fibroblasts isolated from 

tumors indeed had higher autophagy activity than normal fibroblasts [216,221].

 

In addition to promoting cancer cell proliferation, there are some clues that 

autophagy in stromal cells also helps to promote cancer cell survival and can 

protect against anti-cancer therapy. Specifically, in co-cultures of cancer cells with 

fibroblasts the basal level of apoptosis in cancer cells decreased, a phenomenon 

reversed by inhibition of autophagy using CQ [217,222,223]. Of note, this effect 

on basal apoptosis was significant, yet small with the basal level of apoptosis 

dropping from 5% in breast cancer monocultures to 1% in fibroblast co-cultures. 

More importantly, fibroblasts protected breast cancer cells against treatment 

with tamoxifen, yielding 85% apoptosis in monocultures versus 45% in fibroblast 

co-cultures [222]. However, the relative importance of autophagy in this setting 

remains to be determined, as no autophagy inhibitors were applied to identify the 

impact of autophagy. Similarly, under serum deprivation conditions, MSCs were 

able to limit the induction of apoptosis in lung cancer cell lines through activation 

of autophagy [224]. Interestingly, cancer-associated fibroblasts also resist stress 

better than normal fibroblasts, as fibroblasts isolated from ovarian cancer patients 

were more resistant to oxidative stress, with sensitivity being restored by Beclin-1 

or ATG5 knock-out [221]. Thus, autophagic signaling in stromal fibroblasts and 

MSCs can contribute to survival and growth of cancer cells.

3.1.2. Soluble factors secreted in stromal cell/cancer co-cultures affect 

autophagic signaling 

In many cases, the positive effect of fibroblasts on cancer cell growth was 

retained when cells were cultured in the absence of direct cell-cell contact or 

when conditioned medium of fibroblasts was used [215,216,225]. In the latter 

case, the conditioned medium of cancer-associated fibroblasts outperformed 

that of normal fibroblasts [216,225]. Further, the supernatant of cancer-associated 

fibroblasts also protected melanoma and lung cancer cells from radiation-

induced cell death [226]. This pro-tumorigenic effect of secreted factors was 

due to autophagy signaling, as conditioned medium from cancer-associated 

fibroblasts pre-treated with CQ failed to promote proliferation, migration and 

invasion [216]. Thus, cancer-associated fibroblasts secrete soluble factors 

through autophagy (called ‘secretory autophagy’) that are beneficial for cancer 
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cells. Several secreted factors were identified, including various cytokines such 

as IGF1, IGF2, and CXCL12, all of which promoted survival of A375M melanoma 

and A549 lung cancer cells after radiation [226]. Further, injection of cancer-

associated fibroblasts at the site of tumors previously eradicated by radiation 

accelerated the subsequent development of tumor recurrence, which was 

abrogated by IGF2 knock-out or 3-MA treatment [226]. This finding highlights 

the importance of this cytokine produced by CAFs under autophagy for cancer 

cell survival. Importantly, IGF2 produced by cancer-associated fibroblasts also 

induced autophagy in cancer cells, indicating a feed-forward loop to promote 

autophagy in the tumor micro-environment. In a similar fashion, IL-6 and IL-8 

secretion by cancer-associated fibroblasts was reduced upon knock-down of 

Beclin-1, which decreased migration of HNSCC cells [216]. Of note, direct addition 

of IL-6 and IL-8 to HNSCC cells promoted migration to a similar extent as co-

culture with cancer-associated fibroblasts, highlighting the importance of those 

cytokines for the autophagy-mediated effect of fibroblasts. Cytokine production 

by fibroblasts was attributed to bFGF-induced autophagy, with knock-down of 

bFGF in HNSCC cells reducing autophagy in fibroblast and reducing cytokine 

secretion. Similarly, TGF-β secreted by breast cancer cells was shown to induce 

autophagy in cancer-associated fibroblasts [227]. Thus, factors secreted by cancer 

cells can trigger activation of autophagy in cancer-associated fibroblasts, which 

concomitantly results in secretion of cytokines that elevate autophagy and have 

a pro-tumorigenic effect on cancer cells. Hence, inhibiting autophagy in both 

cancer cells and cancer-associated stromal cells likely outperforms inhibiting 

autophagy in cancer cells only. Indeed, simultaneous knock-out of ATG7 in both 

MSCs and AML cells increased the sensitivity to cytarabine treatment compared 

to ATG7 knock-out in AML cells alone [228].

 

3.1.3. Cancer cells trigger metabolic reprogramming of cancer-associated 

fibroblasts

In co-culture experiments of fibroblasts and cancer cells hypoxic stress was 

elevated in the fibroblast population, leading to induction of autophagy and 

metabolic reprogramming. For instance, in co-culture with breast cancer cells, 

HIF1β and NFĸB signaling activated autophagy and, more specifically, mitophagy 

in cancer-associated fibroblasts [223]. Similarly, co-culture of fibroblast and 

colon cancer cells induced oxidative stress in fibroblasts and elevated the level 

of autophagy [215]. Correspondingly, expression of constitutively active HIF1β 

in fibroblasts also induced autophagy/ mitophagy, whereas treatment with 
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HIF1β inhibitor echinomycin reduced levels of autophagy [229]. Due to elevated 

mitophagy, the mitochondrial mass in fibroblasts was strongly reduced when co-

cultured with cancer cells [217]. This resulted in a metabolic shift from the TCA 

cycle to the glycolytic pathway, also yielding increased production of ketones and 

lactate [215]. A similar shift was detected in fibroblast engineered to overexpress 

the p53 inducible autophagy inducer DRAM, leading to elevated autophagy, 

reduced mitochondrial mass, and an increase in secretion of ketones and lactate 

[230]. In line with this, overexpression of ATG16L1 or BNIP3L, in order to induce 

autophagy, reduced fibroblast mitochondrial activity and increased glycolytic 

pathway activity [231]. Interestingly, lactate and ketones produced by fibroblasts 

were utilized by cancer cells leading to increasing mitochondrial mass and 

mitochondrial oxidative metabolism of cancer cells in co-culture with fibroblasts 

[217]. Of note, HIF 1β also directly activates the glycolysis pathway [232]. Therefore 

it is unclear whether elevated autophagy is the cause of glycolysis induction 

or that both pathways are simultaneously induced upon hypoxic stress. Taken 

together, cancer cells trigger hypoxic stress in fibroblasts leading to activation of 

autophagy and mitophagy and a metabolic switch from TCA cycle to glycolysis. 

The metabolites produced by these fibroblasts are subsequently consumed by 

cancer cells and contribute to cancer cell growth and survival [226].

 

Autophagy in fibroblasts has further been linked to reduced caveolin-1 (cav-1) 

expression in stroma of breast cancer patients, a feature associated with poor survival 

[233,234]. Specifically, cav-1 expression was down-regulated in fibroblasts which 

were modulated to have elevated levels of autophagy [217,223,229,231,235,236]. 

Correspondingly, cav-1 expression inversely correlated with autophagy and 

mitophagy in cell lines and in patient-derived human breast cancer samples223. 

In mice, co-injection of breast cancer cells with fibroblasts yielded larger 

primary tumors and an increase in metastases, especially when fibroblasts were 

modulated for increased autophagic flux and reduced cav-1 levels [217,235,236].

Taken together, elevated levels of autophagy in cancer-associated fibroblasts 

promote cancer cell growth and survival, which among others is due to a 

metabolic switch of fibroblasts to glycolysis and the secretion of glycolytic by-

products.

3.1.4. Autophagy in endothelial cells modulates angiogenesis

Fast expanding tumors require sufficient angiogenesis. The importance of 

autophagy in this process is not yet thoroughly investigated, although some 
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studies show that autophagy influences angiogenesis. For instance, the knock-

down for ATG5 or treatment with 3-MA of bovine aortic endothelial cells blocked 

angiogenesis (as determined by reduced tube length, migration, branching), 

whereas ATG5 overexpression promoted angiogenesis [237]. Similarly, human 

dermal microvascular endothelial cells were blocked in angiogenesis upon 3-MA 

or CQ treatment, whereas rapamycin promoted angiogenesis [238]. In contrast, in 

the context of cancer cells, the inoculation of B16F10 melanoma cells in wildtype 

or heterogeneous Beclin-1 knockdown mice showed more angiogenesis in 

the Beclin-1 knock-down mice with concomitant bigger tumors and more lung 

metastasis [239]. However, this effect was only seen under hypoxia and not 

normoxia. Also in vitro, Beclin-1 knock-down cells from lung epithelial cells and 

Beclin-1 siRNA in wildtype cells yielded more angiogenesis under hypoxia but not 

under normoxia, which was regulated via HIF2β. Since cancer cells induce a state 

of hypoxia in adjacent fibroblast (as described above) it can be hypothesized that 

this also occurs in endothelial cells, leading to a reduction in angiogenesis when 

endothelial autophagy levels are high. In addition, modulating autophagy per se 

can suppress angiogenesis as has been shown in a model in chick eggs and 

HUVECs [240]. Here, both rapamycin and 3-MA disturbed normal blood vessel 

formation. Further, both down-regulation of Atg7 or overexpression suppressed 

tube formation. However, rapamycin promoted endothelial cell migration. Thus, it 

is also possible that different processes in angiogenesis are differentially regulated 

by autophagy. Thus, it is currently unclear whether autophagy in endothelial cells 

should be inhibited or promoted in order to optimize anti-cancer effects.

3.2. AUTOPHAGY IN CANCER IMMUNITY; THE CANCER CELL SIDE OF THE COIN

From the above paragraphs, it is clear that autophagy directly impacts on cancer 

proliferation and survival and thus is a target for inhibition in cancer cells. However, 

elevated autophagy levels in cancer cells can also have a diverse impact on anti-

cancer T cell immunity. In brief, anti-cancer T cell immunity is a multi-layered and 

intricately regulated process, which pivots on the recognition of antigenic peptides 

presented on the cancer cell surface in the so-called major histocompatibility 

complex (MHC) class I to cytotoxic T cells (CTLs). Upon recognition of an MHC/ 

peptide complex, the CTLs form an immunological synapse with the cancer cell 

and secrete cytotoxic and tumoricidal proteins, such as granzymes and perforins. 

Consequently, the cancer cell is eliminated by apoptosis. 

Autophagy affects many aspects of this immune response and in cancer cells for 
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instance inhibits proper formation of the immunological synapse and reduces 

the cytolytic potential of CTLs and Natural Killer (NK) cells (Figure 4). In addition, 

autophagy in cancer cells can have both a pro-immune and an immune inhibitory 

effect by modulating the expression of immune checkpoints and steering the 

induction of so-called immunogenic cell death. In this section of the review, the 

role of autophagy in anti-cancer immunity is discussed in detail.

3.2.1 Autophagy in cancer cells inhibits anti-cancer immunity by reducing the 

sensitivity toward NK- and CTL-mediated lysis 

Cancer cells are lysed when they express MHC-I molecules containing tumor-

derived antigenic peptides that are recognized by CTLs. To evade from 

recognition and elimination by the immune system, cancer cells therefore 

often down-regulate their MHC-I expression [241,242]. Although this is mainly 

regulated by genetic mutations and epigenetic modifications, MHC-I molecules 

are also degraded by autophagy. Indeed, inhibition of autophagy augmented cell 

surface expression of MHC-I induced by treatment of melanoma cells with the 

immunostimulatory cytokine IFNβ [243]. Importantly, the loss of MHC-I expression 

(‘missing self’) is also being recognized by NK cells, leading to elimination of the 

Figure 4: Autophagy in the tumor-micro-environment impacts on anti-cancer immunity. Autop-
hagy in cancer cells inhibits the anti-cancer immune response by reducing the efficacy of CTL and 
NK cell mediated lysis by degrading granzyme B and connexin 43. Further, autophagy is also requi-
red for T cell proliferation, survival and induction of T cell memory by degrading pro-apoptotic pro-
teins and maintaining mitochondrial homeostasis. Therefore, non-selective inhibition of autophagy 
in the tumor-micro-environment will not only promote anti-cancer effects at the level of stroma and 
cancer cells, but will also dampen anti-cancer immune responses.
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cancer cell [241]. However, several reports detail that high levels of autophagy in 

cancer cells reduces the efficacy of NK and CTL-mediated cell lysis. For instance, 

autophagy in cancer cells affects the stability of the immunological synapse 

generated between the cytolytic immune cell and its target cell. Specifically, 

formation of gap junctions, which requires connexin proteins such as connexin-43, 

normally facilitates the exchange of small molecules between effector and target 

cell and is required for NK lysis [244]. In melanoma cells, the accumulation of 

connexin-43 at the immunological synapse was reduced under hypoxia, which 

was restored by inhibition of autophagy [245]. Consequently, NK-mediated 

cell lysis was restored. Interestingly, the gap junction protein connexin-43 also 

transports active granzyme B, one of the main cytotoxic molecules of CTLs 

and NK cells, into the target cell [244]. Thus, the degradation of connexin-43 by 

autophagy may affect cytolysis in various ways. Interestingly, granzyme B is also a 

target of autophagy-mediated breakdown, especially under hypoxic conditions. 

Correspondingly, granzyme B was predominantly detected in LC3 and Rab5 

positive fractions in hypoxic cells [246]. Hence, autophagy in cancer cells 

contributed to resistance to lysis of lung cancer cell lines, breast cancer cells 

and melanoma cells in hypoxic conditions by degrading granzyme B [246–248]. 

A similar effect was detected upon hypoxia-independent activation of HIFs, as 

seen in renal cancer with mutations in the von Hippel-Lindau gene. In these cells, 

autophagy was upregulated and cells were resistant towards NK-mediated cell 

lysis [249]. Autophagy not only affect CTL lysis in hypoxia, but also in normoxia 

with reduced sensitivity of melanoma cells toward CTL-mediated lysis compared 

to healthy cells [250]. In all cases, CTL- or NK cell-mediated lysis was restored 

by inhibition of autophagy [246,249,250]. Of note, upregulation of autophagy 

also confers resistance to CTL-lysis during so-called epithelial-mesenchymal 

transition (EMT), a step necessary for cancer progression and metastasis, in 

breast carcinoma cells [251]. Sensitivity to CTL-mediated cell lysis in this setting 

was partly restored by Beclin-1 knock-down. Thus, autophagy may affect cancer 

cell-sensitivity to immune cell lysis at multiple levels.

Taken together, increased autophagy in cancer cells negatively affects sensitivity 

toward NK- and CTL-mediated cell lysis through degradation of granzyme B and 

inhibition of the immunological synapse. 

3.2.2 Autophagy in cancer cells regulates expression of immune checkpoints

Immune checkpoints are co-inhibitory receptor/ ligand pairs that serve to dampen 
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immune cell activity [252]. A prominent example hereof is the receptor programmed 

cell death-1 (PD-1) and its ligand (PD-L1), which are expressed on activated T 

cells and APCs, respectively. This checkpoint is a crucial inhibitor of anti-cancer 

T cell responses in the tumor micro-environment [253]. Interestingly, activation 

of autophagy using mTOR inhibitor rapamycin decreased the expression of PD-

L1 in lung cancer cells in vitro and in vivo, whereas activation of mTOR increased 

expression of PD-L1 [254]. Correspondingly, almost all human lung cancer 

patient samples (~90%) expressing PD-L1 were characterized by increased mTOR 

signaling, whereas the majority (83%) of tumors negative for PD-L1 also stained 

negative for active mTOR. Of note, signaling through PD-L1 itself activated mTOR 

signaling in melanoma and ovarian cancer cells, with PD-L1 blockade decreasing 

mTOR signaling in a mouse model of pancreatic cancer [255,256]. Thus, PD-L1 

activates mTOR and in a feed-forward loop upregulates expression of PD-L1, 

signaling that proceeded via mTORC1 and not mTORC2 [254,255]. In line with the 

fact that mTORC1 is a major (negative) regulator of autophagy, melanoma and 

ovarian cancer cells with low autophagic flux expressed higher levels of PD-L1 

than cells with high autophagic flux [255]. Subsequent treatment with rapamycin 

to induce autophagy triggered a reduction in PD-L1 expression and reactivated T 

cell-mediated anti-cancer immunity [254]. Further, co-treatment with rapamycin 

and PD-1 blocking antibodies more effectively reduced tumor growth than single 

treatment and was accompanied by reduced numbers of regulatory T cells and 

increased CD3+ T cell numbers. Thus, low levels of autophagy signaling associate 

with an increase in expression of PD-L1. 

3.2.3 Autophagy in cancer cells modulates the induction of immunogenic cell 

death

Autophagy can further impact on the process of immunogenic cell death (ICD), a 

type of apoptosis that stimulates development of anti-cancer T cell responses. ICD 

is induced by certain anti-cancer therapeutic strategies such as anthracyclines 

like mitoxantrone or doxorubicin, radiation therapy and photodynamic therapy 

(PDT) [257]. ICD requires the translocation of calreticulin to the cell surface and 

the release of several immune-stimulating factors, among which HMGB1 and 

ATP [258,259]. During ICD, depletion of ATG5 or ATG7 in CT26 murine colon 

cancer cells or knock-down of Beclin-1 reduced ATP-release upon anthracycline 

treatment and inhibited in vivo anti-cancer immunity [258,260]. In contrast, ATG5 

knock-down did not reduce ATP secretion in bladder cancer and melanoma 

cells after hypericin-mediated PDT, although in this case knock-down of ATG5 
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did increase cell surface exposure of calreticulin [261]. In contrast, calreticulin 

exposure was not affected upon anthracycline treatment of autophagy-deficient 

and -competent CT26 cells or mouse embryonic fibroblasts (MEFs) [258].

The impact of autophagy inhibition on ICD also depends on which stage of 

autophagy is blocked, with calreticulin exposure being strongly reduced by 

blocking autophagy at early stages by silencing of ULK1, Beclin-1 or ATG5 [260]. 

In contrast, calreticulin exposure was increased when autophagy was blocked 

at a late stage using vincristine, CQ and Bafilomycin A1. Of note, the induction 

of autophagy alone using rapamycin or mTOR siRNA was not enough to induce 

ATP secretion or calreticulin exposure [258,260]. Indeed, activation of the pro-

apoptotic effector caspase-8 is known to be pivotal for calreticulin exposure 

during ICD [262]. Taken together, autophagy modulates the release of ATP and 

the cell surface exposure of calreticulin and thus contributes to ICD of cancer 

cells. 

3.3. AUTOPHAGY IN cancer immunity; The T cell side of the coin

Autophagy not only impacts on the immunogenicity of cancer cells, but is also 

pivotal for correct functioning of APCs and T cells. For instance, the development 

of de novo T cell responses requires presentation of antigenic peptides by 

professional antigen presenting cells (APCs), most notably dendritic cells (DCs). 

DCs present the antigenic peptides to CTLs in the context of MHC-I and further 

present peptides from endocytosed material to CD4+ helper T cells in the context 

of MHC class II. Activation of helper T cells licenses the DC to stimulate clonal 

expansion of CTLs and is of great importance for anti-cancer T cell responses 

[263–265]. Autophagy is critically involved in antigen presentation in both MHC-I 

and MHC-II in DCs. Finally, autophagy is also important in functional activity of the 

immune cell itself, with T cell activity and generation of T cell memory requiring 

autophagy. Thus inhibition of autophagy in the context of cancer therapy also 

likely affects the activity of intra-tumoral T cells. Of note, the investigation of 

autophagy in the context of cancer immunity is in its infancy, but as detailed below, 

knowledge on core principles by which autophagy regulates T cell functioning 

has been gained among others in viral infection models.

3.3.1 Autophagy modulates surface MHC expression and alters presentation of 

antigenic-peptides

Anti-cancer T cell immunity is induced upon recognition of antigenic tumor 
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peptides presented on the cell surface of professional  APCs, such as DCs. 

However, the surface expression of the MHC-I/peptide complex is directly affected 

by autophagy in DCs and macrophages (Figure 5A). For instance, expression of 

MHC-I on murine macrophages and DCs was upregulated upon inhibition of 

autophagy using various chemical inhibitors or downregulation of core autophagy 

genes [243,266]. This upregulation was attributed to slower internalization of 

MHC-I [266]. Thus, in the absence of autophagy, MHC-I molecules appear to 

be more stably expressed and less degraded [266]. Correspondingly, DCs from 

VPS34-deficient mice expressed more cell surface MHC-I as well as MHC-II [267]. 

In contrast, surface expression of MHC-II on macrophages was down-regulated 

upon inhibition of autophagy using 3-MA [166,268].

Thus, inhibition of autophagy upregulates surface expression of MHC-I, although 

the impact on surface expression of MHC-II is less conclusively established. 

However, with one notable exception in an influenza model, functional studies 

highlight that despite an increase in surface MHC-I expression the inhibition of 

autophagy actually weakens T cell responses [266]. This weakening can likely be 

attributed to an alteration in the pool of immunogenic peptides presented in MHC, 

which has been best determined in the context of so-called cross-presentation 

in DCs. Cross-presentation is a process which enables loading of MHC-I on DCs 

with extracellular antigens, which is important for activation of e.g CTL responses 

in melanoma [269]. DCs with cross-presentation capacity are characterized by 

increased levels of autophagy compared to DCs that do not cross-present, 

with inhibition of autophagy reducing MHC-I mediated cross-presentation of 

ovalbumin (OVA) and human Cytomegalovirus (CMV) peptides [270,271]. Antigen 

presentation in MHC-II was similarly altered upon inhibition of autophagy, with 

reduced DC-mediated processing of an immunodominant mycobacterial peptide, 

reduced presentation of herpes simplex virus (HSV) antigens and vaccinia virus 

Ankara antigens [272–274]. Consequently, antigen-specific T cell responses were 

down-regulated. Thus, autophagy inhibition modified the peptide pool presented 

in MHC and appeared to reduce the presentation of immunodominant epitopes.

In line with this role of autophagy in presenting appropriate antigenic peptides, 

knock-out of the autophagy-regulator VPS34 in DCs abrogated the induction of 

B16 melanoma-specific CTLs in vivo, yielding a significantly higher incidence of 

lung metastases [275]. In this setting, cross-presentation of OVA peptides derived 

from apoptotic cells was strongly reduced, although VPS34-deficient DCs did 
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present higher levels of cytoplasmic OVA-derived antigens [276]. In addition, 

mice with autophagy-deficient DCs failed to efficiently develop protective Th1 cell 

immunity and hence died faster upon challenge with a lethal dose of HSV [273]. 

Further, starvation-induced autophagy increased loading of intracellular and 

lysosomal-derived peptides on MHC-II molecules in Human B-lymphoblastoid 

cells [277].

Figure 5: Autophagy contributes to the formation of antigenic-peptides in antigen-presenting cells. 
Professional antigen presenting cells (APCs), such as dendritic cells (DCs) and macrophages, dis-
play antigenic peptides in the context of MHC-I or MHC-II molecules to T cells, which will trigger an 
immune response. Autophagy reduces MHC-I surface levels, which is converted upon autophagy 
inhibition. However, autophagy is also required for the generation of antigenic peptides. The inhibition 
of autophagy will therefore skew the peptidome, yielding less diversity In the antigens presented to T 
cells. Indeed autophagy, inhibition limits T cell activation by APCs.
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Taken together, most studies highlight that inhibition of autophagy negatively 

affects MHC-dependent presentation of tumor antigens by APCs and thereby 

negatively affects T cell immunity (Figure 5B).

3.3.2. Autophagy is required for T cell proliferation, survival and generation of 

protective T cell memory

Autophagy plays a crucial in normal T cell functioning as evident from the severe 

reduction in basal peripheral T cell counts, especially CTL counts, in autophagy 

knock out mouse models [89,267,277–287]. Naïve resting T cells have only minimal 

numbers of autophagosomes, but T cell receptor (TCR)-mediated activation 

triggers a strong increase in autophagosome content in activated CD8+CD28+ CTLs 

and in activated helper T cell subsets [278,288–292]. Induction of autophagy was 

augmented by T cell co-stimulation with the cytokine IL-2 or by 4-1BB signaling, 

which was accompanied by an increase in lysosomal content and co-localization 

of lysosomal LAMP staining with autophagosomal LC3 staining [278,288,290–

293]. Moreover, in activated T cells transfected with an LC3-GFP-mCherry 

construct the LC3-GFP signal was lost, indicative of fusion of autophagosomes 

with lysosomes. Thus, T cell activation increases autophagosome and lysosome 

content and increases autophagic flux [289].

 

The importance of autophagy activation for T cell functioning became apparent 

upon knock-out of various core autophagy genes and upstream autophagy 

regulators in T cells. In all cases, this resulted in poor proliferation of T cells 

upon TCR-activation, which was not improved by addition of CD28 or IL-2 co-

stimulation [89,267,283–286,294,295]. Indeed, in T cell specific ATG5 or ATG7 

knock-out mouse models a strong decline in reactive CTLs was detected in 

models of lymphocytic choriomeningitis virus (MCMV), influenza virus or mouse 

cytomegalovirus [280,296]. Notably, autophagy-deficient T cells did express 

equal levels of the activation markers CD69 and CD25 upon TCR-stimulation, 

suggesting that downstream TCR signaling does occur [89,278,283]. Thus, 

it currently remains unclear whether the defect in proliferating capacity of 

autophagy-deficient T cells is on the level of the TCR or more downstream.

In addition to impaired cell proliferation, CTLs from ATG5 knock-out chimeras were 

~50% more apoptotic than control T cells and the viability of helper T cells from 

Beclin-1 knock-out mice was also strongly reduced [278,284]. Further, spontaneous 
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apoptosis or apoptosis after TCR-activation in T cells was increased when core 

autophagy genes and regulators were knocked out [89,267,280,281,283,285,287]. 

Indeed, ATG3 and ATG7 knock-out T cells contained more active caspase-9 

indicative of elevated levels of apoptosis, with viability being partly restored upon 

pan-caspase inhibition [284,287]. In addition, upon TCR-activation, autophagy-

deficient T cells secreted less pro-inflammatory cytokines, i.e. IL-2 and IFN-β, 

which may also negatively impact on their survival [282,290]. Taken together, 

inhibition of autophagy at multiple levels has a negative effect on T cells.

Importantly, autophagy is also pivotal for the development of T cell memory 

responses, with no development of protective T cell immunity in ATG5 knock-

out mice upon a rechallenge with influenza [279]. Similarly, ATG7 knock-out mice 

vaccinated against MCMV failed to generate a T cell response upon re-infection 

[280]. Also the inhibition of CMA in T cells by knock-down of LAMP-2A impaired 

the control of Listeria monocytogenes in mice upon re-challenge  [293]. Of note, 

residual peripheral T cells detected in autophagy-deficient mouse models 

displayed a CD44-high, CD62-low phenotype, a phenotype typically associated 

with effector and effector memory T cells [89,267,280,287]. Although this finding 

is in apparent contrast with the impaired induction of T cell memory, a similar 

‘memory-like’ phenotype has been reported in lymphopenia in T cell-depleted 

mice [297]. Similar to autophagy-deficiency, such ‘memory-like’ T cells were in 

fact incapable of generating effective T cell immune responses. Thus, autophagy 

is pivotal for normal T cell function and, crucially, for development of memory 

T cells that provide protective immunity. As a result, systemic, non-targeted 

application of autophagy inhibitors for cancer treatment likely also has a large 

negative effect on the function and activity of T cells, thereby, hampering the 

induction and/ or execution of proper anti-cancer immune responses.

3.3.3 Autophagy-dependent degradation of mitochondria and pro-apoptotic 

proteins maintains T cell homeostasis

The inhibition of autophagy negatively impacts on T cells, likely due to 

deregulated clearance of organelles and proteins, with transcriptional profiling of 

ATG5 wildtype vs. knock-out T cells among others suggesting a key involvement 

in mitochondrial homeostasis [89]. In line with this analysis, knock-out of ATG5 or 

other core autophagy genes was associated with an increase in mitochondrial 

mass compared to wildtype T cells, with a notable exception being Beclin-1 

knock-out [267,283–286]. Further, mitochondrial mass increased over time in 

inducible autophagy knock-out models and was seen only in ‘aged’ T cells in 
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the periphery [89,267,283,287]. In autophagy-deficient T cells, the increase in 

mitochondrial mass was accompanied by elevated levels of ROS, whereas 

activation of autophagy using autophagy-inducer torin-1 reduced ROS levels and 

increased survival [280,283,285–287,295]. Correspondingly, treatment of hypoxic 

ATG5 knock-out T cells with ROS inhibitor n-acetyl-cysteine (NAC) restored T cell 

proliferation and prevented cell death [279].

Autophagy also directly regulated expression of pro- and anti-apoptotic proteins 

in T cells. For instance, caspase-8 and -3 protein levels were strongly increased 

in beclin-1 knock-out T cells, whereas no increase in mRNA levels was detected 

[284]. Further, activation of autophagy using rapamycin triggered co-localization 

of LC3 and caspase-3 and was accompanied by down-regulation of caspase-3 

levels [284]. Similarly, the level of several other apoptotic proteins like BCL-

2, BIM, Bcl-xl, Bax, cytochrome C and AIF were increased upon interference 

with autophagy, although the impact of autophagy inhibition on these proteins 

varied among studies, possibly related to timing of measurements especially in 

inducible models [267,281,284,287].

Finally, autophagy also impacts on several key cell cycle regulators in T cells. 

For instance, TCR-activation of T cells normally induces autophagy-mediated 

degradation of cyclin-dependent kinase (CDK) inhibitor 1B (CDKN1B), an inhibitor 

of cell cycle progression [294]. Inhibition of autophagy prevented CDKN1B 

degradation upon TCR-stimulation and, thereby, inhibited proliferation. Similarly, 

autophagy ensures degradation of Bcl-10, a mediator of TCR-to-NF-βB signaling, 

as well as Itch and Rcan-1, two inhibitors of TCR signaling [293,298].

Taken together, the autophagy pathway is important for T cell survival and 

proliferation as it retains mitochondrial homeostasis and ensures the degradation 

of pro-apoptotic and anti-proliferative proteins. An interesting exception to this 

rule was recently reported for a specific T cell subset, the so-called Th9 T cell, 

which is reported to have potent anti-cancer immunity [299,300]. In this case, 

inhibition of autophagy prevented degradation of PU.1, the master transcription 

factor for TH9 cells [301]. Hence, inhibition of autophagy enhanced differentiation 

of helper T cells to Th9 cells.

3.3.4 The role of autophagy in Treg functioning

Regulatory T cells (Treg) are a subpopulation of CD4+ T cells that inhibit effector T cell 
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responses, with increased Treg infiltration in cancer associating with poor survival  

[302,303]. Compared to naïve CD4+ cells, Tregs contain more autophagosomes 

and have higher LC3-II levels indicating the presence of increased levels of 

autophagy [304]. Knock-out of autophagy genes induced apoptosis of Treg 

cells and blocked Treg-mediated suppression of effector T cell responses. This 

subsequently yielded higher percentages of tumor infiltrating CTLs and smaller 

tumors in a mouse model of colon adenocarcinoma [304]. Further, animals with 

autophagy-impaired Tregs were more prone to develop autoimmune diseases 

and adoptive transfer of Tregs from VPS34 knock-out mice failed to protect 

against colitis [267]. Thus, autophagy is important for Treg immunosuppression. 

Autophagy inhibition may thus alleviate Treg immunosuppressive activity in 

cancer.

4. Conclusions and perspectives
Autophagy has a multifaceted impact on the cancer micro-environment and is 

an interesting target for cancer therapy. In established cancers, autophagy acts 

as a survival mechanism, for example in conditions of elevated nutrient demand 

or low oxygen availability. Importantly, cancer cells elevate their autophagic flux 

during treatment to gain resistance toward (chemo)therapy. In addition, tumors 

activate autophagy in adjacent stromal cells to benefit from cytokines, growth 

factors and nutrients secreted upon induction of this pathway. Further, although 

the autophagy pathway is often repressed during early tumorigenesis, every cell 

requires a basal level of autophagy. Therefore, emerging cancer cells with down-

regulated levels of autophagy might be more reliant on remaining autophagy 

activity. Thus, therapeutic inhibition of autophagy may be well effective in both 

cancer cells with a high autophagic flux as well as cancer cells with a low 

autophagic flux.

 

Interestingly, many types of malignancies have high prevalence in the aging 

population, while it has been suggested that a reduction in autophagy may be 

a contributor to the aging process. In line with this, autophagy was decreased in 

two-third of HSCs of aged mice compared to young mice, with aged HSC with 

higher autophagy activity having better long-term regenerative potential [87]. 

Further, aging of the hematopoietic compartment is associated with myeloid 

malignancies, with a lineage skewing of HSCs due to upregulation of myeloid-

specific genes and down-regulation of lymphoid genes [305–309]. Intriguingly, 

similar myeloid skewing was detected upon mono allelic knock-out of ATG7 
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or ATG12 in mice, which associated with development of myeloproliferative 

syndrome [82,87]. Interestingly, treatment with autophagy inducer rapamycin also 

enhanced influenza specific CD8+ T cells responses in aged vaccinated mice, but 

not in aged mice with ATG7 knock-out [280,310,311]. Thus, reduced autophagy 

during ageing may increase susceptibility to tumorigenesis as well as negatively 

impact on T cell immunity. In this respect, activation of autophagy may even be 

a strategy for rejuvenation, with treatment of mice with the autophagy inducer 

rapamycin extending their lifespan [312].

An important process in ageing is cellular senescence, a stress response of 

damaged or aged cells characterized by permanent cell cycle arrest [313]. Like 

senescence, autophagy is a pathway that is activated upon cellular stress and 

both pathways appear connected. For instance, oncogenic HRAS triggered 

senescence in fibroblasts that coincided with increased autophagy [314] . Similarly, 

overexpression of p21 or ULK3 triggered both senescence and autophagy in 

fibroblasts [314,315]. Further, the inhibition of autophagy suppressed irradiation-

induced senescence, collectively suggesting that autophagy positive regulates 

senescence [316]. On the other hand, knock-down of ATG5 or ATG7 in human 

fibroblast cells or ATG7 in murine muscle stem cells also induced senescence 

[317,318]. Further, GATA4, a senescence regulator, was found to be selectively 

broken down via p62-mediated autophagy, which was repressed when cells 

were undergoing senescence, suggesting that autophagy and senescence 

repress each other’s activity [319]. However, future experiments will have to 

elucidate whether autophagy can directly influence senescence or whether it 

is a co-occurring pathway and whether autophagy modulation may be used to 

regulate senescence [320].

 

Based on the evidence reviewed here, the inhibition of autophagy in not only 

cancer cells but also in cancer-supporting stromal cells may help increase cancer 

cell death, especially in combination with other therapeutic approaches. Indeed, 

several phase I/II clinical trials are currently being conducted in various cancers 

with established autophagy inhibitors, such as 3-MA, CQ or HCQ (Table 1). On 

the other hand, an effective anti-cancer immune response appears to require 

autophagy at multiple levels. For instance, autophagy promotes the generation 

of antigenic-peptides to be presented in MHC-I and MHC-II molecules on APCs. 

Further, T cells rely on an active autophagy pathway for their proliferation and 

survival. Hence, systemic application of autophagy inhibitors would likely inhibit 
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anti-cancer immune responses. Indeed, the in vitro treatment of T cells with CQ 

reduced T cell-dependent cell lysis, inhibited T cell proliferation and reduced 

cytokine secretion [321]. Further, accumulation of autophagic vacuoles was 

observed in PBMCs of patients treated with HCQ, suggesting that inhibition 

of autophagy occurred in these immune cells [21–23,322]. In line with this, the 

inhibition of autophagy was associated with lymphopenia in 31% of the patients 

in the temsirolimus study, whereas autophagy activation using mTOR inhibitor 

everolimus negatively affected multiple immune cell subsets in renal carcinoma 

patients [21,22]. Thus, autophagy inhibition likely occurs with current therapeutics, 

but should be avoided in cancer-associated immune cells.

Of note, in a phase II study in glioblastoma patients 600 mg/d HCQ was found to 

be the maximum tolerated dose, a dose at which autophagy inhibition was not 

consistently achieved in the tumor [323]. Doses used in other early clinical cancer 

studies range from 800-1200 mg/d (Table 1). Thus, the therapeutic window for 

the clinical use of CQ seems to be quite small. Indeed, as also recently reported 

by us, there is only a small therapeutic window of autophagy inhibition with HCQ 

between CD34+ AML cells and healthy normal bone marrow derived CD34+ cells 

(Figure 3D) [108]. Moreover, current autophagy inhibitors such as CQ have a poor 

biodistribution profile, with levels of CQ in the blood being much higher than in 

the tumor [324].

Taken together, it is clear that development of therapeutic strategies that 

inhibit autophagy more selectively in cancer cells appears warranted. Hereto, 

the development of novel autophagy inhibitors that have an increased activity 

profile in vivo, with limited cytotoxicity may help improve the therapeutic window 

for autophagy inhibition. For instance Lys05, a bisaminoquinoline and synthetic 

derivative of CQ, was ten-fold more potent than HCQ through better accumulation 

and deacidification of lysosomes and was effective in inhibiting autophagy in 

xenograft studies [325]. Another inhibitor of interest is ARN5187, which blocks 

the final step of autophagolysosome maturation, with superior cytotoxic 

activity over HCQ in various cancer cell lines [326]. Several other approaches to 

inhibit autophagy that target upstream regulatory events are currently under 

investigation in leukemia and solid cancer treatment. These include the PI3K 

inhibitor buparlisib, which selectively targets VPS34 [327]. First promising results in 

phase I single agent studies were observed in solid cancers as well as advanced 

leukemias, although toxicity was detected [328,329]. Other upstream targets 
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being investigated include ULK [330–332]. One of the more potent inhibitors of 

ULK1, SBI-0206965, had prominent anti-cancer activity in human non-small cell 

lung cancer and adenocarcinoma [332,333]. All of these new autophagy-targeting 

drugs are in early stages, with future clinical trials being awaited to gain insight 

into toxic effects and potential anti-cancer efficacy. 

Further, increasing the tumor-selectivity of autophagy drugs can be pursued, e.g. 

by use of liposomal formulations. Such formulations have been widely used to 

enhance drug retention and alter biodistribution by passive or active targeting. 

In this respect, encapsulation of chemotherapeutic drugs such as doxorubicin 

in liposomes has yielded more effective formulations with less side-effects [334]. 

Such formulations can be further optimized by using antibody-conjugated and 

tumor-targeted liposomes [335]. Of note, chloroquine-liposomes have already 

been generated in the context of CQ as malaria drug and were also suitable to 

simultaneously deliver CQ and a tumoricidal drug [336–341]. The co-delivery of 

CQ and doxorubicin improved the anti-cancer activity compared to liposomal-

doxorubicin [341]. Alternatively, drugs such as CQ may be directly targeted to 

cancer cells using antibody-drug conjugates [342].

Future studies will have to determine whether selective targeting of cancer cells 

can prevent the adverse effect of inhibition of anti-cancer immunity. Concerning 

in this respect is the reported upregulation of PD-L1 upon inhibition of autophagy, 

which results in dampening of immune responses. If further proven, combined 

treatment with autophagy and PD-1/PD-L1 checkpoint inhibitors may prove a 

straight-forward approach to circumvent this issue. Nevertheless, inhibition of 

autophagy also alters the composition of peptides presented in MHC and thus 

may still impact on cancer immunity. Studies that elucidate this potential effect of 

autophagy inhibition in more detail are urgently needed to steer design of future 

clinical studies.

As it is evident that autophagy can steer the pool of antigenic peptides that are 

presented in MHC-I and MHC-II on the cell surface, attempts have been made to 

exploit autophagy for the purpose of therapeutic vaccination. For instance, fusion 

of NY-ESO-1, a cancer testis antigen frequently overexpressed in melanoma, 

to LC3 resulted in autophagosome targeting and augmented NY-ESO-1-

specific anti-melanoma helper T cell responses [343]. An additional approach to 

exploit autophagy for induction of immunity is through autophagosome-based 



Chapter 2

70

vaccination. Here, autophagosomes are isolated from cancer cells treated with a 

proteasome inhibitor. Such autophagosomes contain tumor-associated antigens 

and on the surface express CLEC9A ligands that facilitate endocytosis by APCs 

[344]. DCs pulsed with such autophagosomes were more efficient in inducing 

OVA-specific T cell responses compared to soluble protein [345,346]. This 

autophagosome vaccination approach reduced B16F10 melanoma cell growth, 

eliminated 3LL Lewis lung tumors and protected mice from a rechallenge with 

sarcoma [346,347]. Of note, tumor cells may also release autophagosomes 

themselves and modulation of autophagy could therefore trigger release of 

autophagosomes from tumor cells and positively impact on anti-cancer T cell 

immune responses [280,348].

Of note, an important issue that needs to be addressed for any new type of therapy 

to enter clinical practice is the identification of appropriate patient stratification 

criteria. In this respect, current clinical trials do not have inclusion/exclusion 

criteria that take autophagic activity in the tumor into account. Further, appropriate 

testing of the efficacy of autophagy inhibition in cancer cells of patients will have 

to be developed, with current trials mainly monitoring autophagy in PBMCs 

as a surrogate marker of response or in tumor biopsies. However, the level of 

autophagy in PBMCs does not seem to correlate with autophagy inhibition in the 

tumor micro-environment [23]. Therefore, PET/CT and MRI probes for ATG activity 

are currently being developed. Thus, research in the upcoming years should 

focus on not only identifying optimal inhibitors of autophagy in patients, but also 

on the identification of appropriate patient selection criteria and monitoring tools 

in order to position autophagy targeting for clinical use. 

In conclusion, a host of evidence has emerged on the importance of autophagy 

in cancer cells and its validity as target for this disease. However, the various 

cell types in the tumor micro-environment differ in their reliance on autophagy, 

making it hard to predict the exact outcome of autophagy inhibition in cancer. 

Further detailed investigations into the specific impact in this complex milieu are 

needed to steer rational design of therapeutic targeting of autophagy in specific 

cancer subtypes and combination strategies.
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Abstract
Autophagy is a highly regulated catabolic process that involves sequestration 

and lysosomal degradation of cytosolic components such as damaged 

organelles and misfolded proteins. While autophagy can be considered to be 

a general cellular housekeeping process, it has become clear that it may also 

play cell type-dependent functional roles. In the present study we analyzed the 

functional importance of autophagy in human hematopoietic stem/progenitor 

cells (HSPCs), and how this is regulated during differentiation. Western blot-based 

analysis of LC3-II and p62 levels, as well as flow cytometry-based autophagic 

vesicle quantification, demonstrated that umbilical cord blood (UCB)-derived 

CD34+/CD38- immature hematopoietic progenitors show a higher autophagic 

flux than CD34+/CD38+ progenitors and more differentiated myeloid and erythroid 

cells. This high autophagic flux was critical for maintaining stem and progenitor 

function since knockdown of autophagy genes ATG5 or ATG7 resulted in reduced 

HSPC frequencies in vitro as well as in vivo. This reduction in HSPCs was not due to 

impaired differentiation, but at least in part due to reduced cell cycle progression 

and increased apoptosis. This is accompanied by increased expression of p53, 

pro-apoptotic genes BAX and PUMA, and the cell cycle inhibitor p21, as well 

as increased levels of cleaved caspase-3 and reactive oxygen species (ROS). 

Taken together, our data demonstrate that autophagy is an important regulatory 

mechanism for human HSCs and their progeny, reducing cellular stress and 

promoting survival.
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Introduction
Autophagy is a highly regulated catabolic process that involves sequestration and 

lysosomal degradation of cytosolic components such as damaged organelles 

including mitochondria, endoplasmic reticulum (ER) and peroxisomes, and 

misfolded proteins [1–4]. While autophagy can be considered to be a general 

cellular housekeeping process, it has become clear that it may also play cell 

type-dependent functional roles.

 

Autophagic flux may be increased under stress conditions such as starvation, 

energy limitation, hypoxia and DNA damage [5]. Also, when cells are preparing 

to undergo structural remodeling such as the developmental transitions 

observed during erythropoiesis, the process of autophagy is upregulate [6

]. Autophagy is characterized by the formation of double membrane vesicles called 

autophagosomes that after engulfing cellular components fuse with lysosomes 

resulting in degradation of cargo. Critical components of the autophagy pathway 

include ATG5 and ATG7, which are involved in the elongation and closure of the 

autophagosomal membrane [3,5]. Preliminary studies, mostly in animal models, 

have suggested a potential role for autophagy in hematopoietic cell function [7–

16]. Autophagy has been shown to be involved in erythroid differentiation during 

structural alterations in progenitor cells, as an essential process for mitochondria 

and ribosome clearance [8–14] and as a pro-survival mechanism during human 

monocyte-macrophage differentiation [15]. In addition, conditional deletion of the 

autophagy protein FIB200 in murine hematopoietic stem cells (HSCs) resulted 

in HSC depletion, loss of HSC reconstituting capacity, and a block in erythroid 

maturation [16]. Moreover, an aberrant expansion of myeloid cells associated 

with an increase in mitochondrial mass and reactive oxygen species (ROS) was 

observed. [16]. Furthermore, using an Atg7 conditional knockout mouse model, 

Mortensen et al. showed that LSK (lineage negative, Sca-1 positive, c-kit positive) 

cells accumulate aberrant mitochondria, increased levels of reactive oxygen 

species (ROS), and show excessive DNA damage resulting in loss of HSCs [17]. 

Despite this, little is known concerning the regulation of autophagy in human 

HSCs and their progenitors, and most importantly how this may be regulated 

during hematopoiesis.

In the present study, we examined the role of autophagy in human umbilical cord 

blood-derived HPSCs. Our data demonstrate a higher autophagic flux in CD34+ 
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HSPCs compared to CD34- myeloid and erythroid progenitors. Furthermore, 

knockdown of ATG5 or ATG7 resulted in a marked decrease in HSPC frequencies, 

which coincided with a strong reduction in expansion upon myeloid/erythroid 

differentiation. We show that the reduction in HSPC expansion was not due to 

impaired differentiation, but rather due to reduced cell cycle progression and 

increased apoptosis. This is accompanied by increased PUMA, BAX, p21 and 

p53 expression, and an increase in both cleaved caspase-3 and reactive oxygen 

species (ROS). Taken together, our data suggest that autophagy is crucial for 

human HSPC maintenance by reducing cellular stress and promoting survival. 

Materials and Methods

Antibodies and reagents 

The following anti-human antibodies were used: mouse anti-SQSTM1/p62 (sc-

28359) and goat anti-actin (sc16160) from Santa Cruz (Santa Cruz, CA, USA), rabbit 

anti-cleaved caspase-3 (Asp175) (9661) and rabbit anti-Atg7 (8558), from Cell 

Signaling Technologies (Boston, MA, USA). Mouse anti-LC3 (5F10, 0231-100) was 

from Nanotools (Munich, Germany), rabbit anti-Histone H3 (06-755) from Millipore 

(Billerica, Massachusetts, USA), mouse anti-ATG5 (ab108327) from abcam ( 

Cambridge, UK) and rabbit anti-HSP90 from Ineke Braakman lab (Utrecht, The 

Netherlands). Peroxidase-conjugated secondary antibodies were from Dako 

(Santa Clara, CA, USA). Hydroxychloroquine (HCQ), Bafilomycin A1 (BafA1), 

Cycloheximide (CHX) were obtained from Sigma-Aldrich (Saint Louis, MI, USA). 

Rapamycin (Rap) was from Enzo Life Sciences (Farmingdale, New York, USA).

Isolation and culture of human CD34+ cells

Umbilical cord blood (UCB) was obtained from healthy full-term pregnancies, 

from the obstetrics departments at the Martini Hospital, the University Medical 

Center Groningen (Groningen, The Netherlands) and the Wilhelmina Children's 

Hospital (Utrecht, The Netherlands). All studies were after performed informed 

consent and protocol approval by the Medical Ethical Committee of the UMCG 

and UMCU in accordance with the Declaration of Helsinki. Mononuclear cells 

(MNC) were isolated from UCB by density centrifugation over a Ficol-Paque 

solution (density 1.07 g/mL). CD34+ cells were isolated by Mini-Macs or the 

autoMACS pro-separator (Miltenyi Biotec, Amsterdam, The Netherlands). CD34+ 

cells were cultured in Hematopoietic Progenitor Growth Medium from Lonza 

(Basel, Switzerland) supplemented with 100 units/mL of penicillin, 100 mg/mL 
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of streptomycin (Gibco), stem cell factor (SCF) (50-100 ng/mL), fms-like tyrosine 

kinase-3 ligand (FLT-3) (50-100 ng/mL), and thrombopoietin (TPO) (10-100 ng/

mL) to a density of 5 x 105 cells/mL. [18–20]

Liquid cultures and MS5 co-cultures 

CD34+ cells were differentiated towards neutrophils over 17 days upon addition 

of SCF (50 ng/mL), FLT-3 ligand (50 ng/mL), 0.1 nmol/L of granulocyte 

macrophage colony-stimulating factor (GM-CSF), interleukin 3 (IL-3) (0.1 nmol/L) 

and granulocyte colony-stimulating factor (G-CSF) (30 ng/mL). After 3 days of 

differentiation, only G-CSF was added to the cells. For erythrocyte differentiation, 

CD34+ cells were cultured in Stemspan Serum Free Expansion Medium (SFEM) 

(Stemcell Technologies, Vancouver, British Columbia, Canada) for 11 days upon 

addition of SCF (50 ng/mL), IL-3 (0.1 nmol/L) and erythropoietin (EPO) (5 units/mL). 

[21] Transduced CD34+ cells were cultured under myeloid permissive conditions 

in IMDM (Lonza) supplemented with 20% fetal calf serum (FCS), (Sigma), 1% 

Penicillin-streptomycin (Invitrogen, Bleiswijk, The Netherlands), and 20 ng/mL 

IL-3. Alternatively cells were cultured under erythroid permissive conditions in 

DMEM (Westburg, Leusden, The Netherlands) supplemented with 12% FCS, 10 

mg/mL bovine serum albumin, 1% Pen-strep, 1.9 mM sodium bicarbonate, 1 µM 

dexamethasone, 1 µM beta-estradiol, 0.1 µM, 2-mercaptoethanol, 0.3 mg/mL 

rHu Holo-Transferrin (Sigma), 5 U/mL rHu EPO, 20 ng/mL SCF, 40 ng/mL rHu 

IGF-1 (Sigma). For MS5 co-cultures, 2500-50,000 transduced CD34+ cells were 

seeded in T25 flasks, pre-coated with MS5 stromal cells and cultured in Alpha-

MEM (Lonza) supplemented with 12.5% heat-inactivated FCS and 12.5% heat-

inactivated Horse serum (Sigma), 1% penicillin and streptomycin, 2 mM glutamine, 

1 µM hydrocortisone (Sigma) and 57.2 mM beta-mercaptoethanol (long-term 

culture medium).

Western blotting

Western blot analysis was performed using standard techniques. In brief, CD34+ 

cells and differentiating CD34+ progenitors were lysed in Laemmli buffer (0.12 

M Tris HCL pH 6.8, 4% SDS, 20% glycerol, 35 mM beta–mercaptoethanol and 

bromophenol blue) and boiled for 5 min. Equal amounts of total lysate were 

analyzed by SDS-polyacrilamide gel electrophoresis. Proteins were transferred 

to polyvinylidene difluoride (PVDF) membrane (Millipore) and incubated with the 

appropriate antibodies according to the manufacturer’s conditions. Membranes 

were washed, incubated with appropriate peroxidase-conjugated secondary 
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antibodies and developed by ELC (Amersham Pharmacia, Amersham, United 

Kingdom).

Flowcytometry analysis

After isolation, CD34+ cells were resuspended in PBS / 5% FCS (Hyclone, GE 

Healthcare, South Logan, Utah, USA) and subsequently incubated for 30 min at 

4°C with anti-human CD34, CD38, CD45RA and CD90. After incubation, cells were 

washed and incubated for 30 min at 37˚C using Cyto-ID Autophagy Detection dye 

(ENZ-51031-0050, Enzo Life Sciences). The cells were subsequently washed and 

analyzed by FACSflow cytometric analysis (FACS). The same procedure was used 

during myeloid, neutrophil, and erythrocyte differentiation, where the following 

antibodies were used: anti-CD14, anti-CD15, anti-CD33, anti-CD11b anti-CD16, 

anti-CD71 and anti-CD235a (Glycophorin A) (additional information can be found 

in Supplemental Table 1). All data was analyzed using FlowJo (Tree Star, Oregon, 

USA) software.

Cell cycle analysis, apoptosis & ROS measurements

Cell cycle analysis was performed by staining cells in 5mg/ml Hoechst 33342 

(Invitrogen) at 37°C for 45 minutes. Cells were subsequently washed and 

measured in the presence of Hoechst 33342. Apoptosis was quantified by co-

staining with PE-conjugated Annexin-V (Beckton Dickinson, Franklin Lakes, NJ, 

USA) and PI according to manufacturer’s protocol. Reactive oxygen species (ROS) 

measurements were performed by means of H2DCFDA (Life Technologies) also 

according to manufacturer’s protocol.

Lactoferrin staining

After 17 days of neutrophil differentiation, cells were fixed in 100 µL 0.5% 

formaldehyde for 15 minutes at 37˚C, after the cells were permeabilized in 900 

µL of ice-cold methanol for 30 minutes on ice. Cells were subsequently washed 

with PBS, resuspended in PE-conjugated lactoferrin antibody (Immunotech, 

Vaudreuil-Dorion, QC, Canada) and incubated for 25 minutes. Cells were again 

washed and flow cytometric analysis was performed.

Virus production and transduction of CD34+ cells

Validated shATG7 (TRCN0000007586, Sigma-Aldrich) and shATG5 

(TRCN0000151474, Sigma-Aldrich) targeting the coding region of ATG7 

(GCTTTGGGATTTGACACATTT) and ATG7 (CCTTTCATTCAGAAGCTGTTT) were 
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described by Mitter et al. [22] and Maycotte et al. [23] . The vectors were cloned 

into PLKO.1-GFP and PLKO.1-mcherry using MunI and SacII restriction enzymes. 

The shP53 sequence, as described by Brummelkamp et al. [24], was cloned into 

pLKO.1-mCherry. An shRNA sequence that does not target human genes (referred 

to as scrambled) was used as control. Lentiviral virions were produced by transient 

transfection of Hek 293T cells with pCMV and VSV-G packing system using 

Polyethylenimine (Polyscience Inc. Eppelheim, Germany) or FuGENE (Promega, 

Leiden, The Netherlands). Viral supernatants were collected and filtered through 

a 0.2-μm filter. CD34+ cells were seeded in HPGM medium supplemented with 

cytokines (indicated previously). Transduction was performed by adding 0.5 mL 

of viral supernatant to 0.5 mL of medium containing 0.5 × 106 cells in the presence 

of 4 μg/mL polybrene (Sigma).

Quantitative real-time PCR

Quantitative RT-PCR was performed to analyze the mRNA levels of ATG5, 

Beclin1, ATG7, BAX, PUMA, PHLDA3 and p53. Total RNA was isolated from at 

least 1x105 cells using the RNeasy kit (Qiagen, Venlo, The Netherlands). RNA was 

reverse transcribed with iScript reverse Transcription kit (Biorad Veenendaal, 

The Netherlands). Obtained cDNA was real-time amplified, in iQ SYBR Green 

Supermix (Bio-Rad), with the CFX connect Thermocycler (Bio-Rad). RPL27 and 

RPS11 were used as housekeeping genes. The primer sequences are listed in the 

Supplemental Table 2. 

CFC and LTC-IC assay 

For colony-forming cell (CFC) assay, 500 transduced CD34+ cells or 25,000 cells 

derived from culture, were plated in duplicate in 1 mL methylcellulose (H4230, 

Stem Cell Technologies, Grenoble, France) containing 20 ng/mL each of: IL-3 , 

interleukin-6 (IL-6), SCF, G-CSF and 1 U/mL EPO. Colonies were scored after 2 

weeks of culture. For the LTC initiating-cell (IC) assays, cells were sorted on MS5 

stromal cells in limiting dilutions from 6 to 1458 cells per well in 96-well plates in 

long-term culture medium. Half of the medium of the cultures was replenished 

with new medium on a weekly basis. After five weeks, the medium was removed 

and replaced with methylcellulose supplemented with the same cytokines as 

listed above. After an additional two weeks, wells were scored as positive or 

negative for CFC. LTC-IC frequencies were calculated using L-Calc software [20] 

(Stem Cell Technologies). 
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In vivo transplantations into NSG mice

Twelve- to thirteen -week-old female NSG (NOD.Cg-Prkdcscid IL2rgtm1Wjl/SzJ) 

mice were purchased from the Central Animal Facility breeding facility within the 

UMCG. Mouse experiments were performed in accordance with national and 

institutional guidelines and all experiments were approved by the Institutional 

Animal Care and Use Committee of the University of Groningen (IACUC-RuG). 

Experiments were performed in general as described previously [25,26] and the 

detailed experimental approach is described in the Supplementary Methods.

Histochemical staining of hematopoietic cells

May-Grunwald Giemsa staining was used to analyze myeloid differentiation. 

Cytospins were prepared from 5.0 x 104 differentiating granulocytes and were 

fixed in methanol for 3 minutes. After fixation, cytospins were stained in a 50% 

eosin methylene blue solution according to May-Grunwald (Sigma Aldrich) for 

15 minutes, rinsed in water, and nuclei were counterstained with 10% Giemsa 

solution (Merk kGaA, Darmstadt, Germany) for 20 minutes. Micrographs were 

acquire with an Axiostar plus microscope (Carl Zeiss, Jena, Germany) fitted with a 

100x/1.3 NA EC Plan Neofluor oil objective using Immersol 518F oil (Carl Zeiss), a 

Canon Powershot G5 camera (Canon, Tokyo, Japan) and Canon Zoombrowser EX 

image aquisition software.

Statistical analysis

Unpaired two-sided student’s test was used to calculate statistical differences. A 

P-value of <0.05 was considered statistically significant. 

Results

CD34+ HSPCs have an increased autophagic flux compared to CD34- myeloid 

progenitors

To investigate the relative levels of autophagy in human umbilical cord blood (UCB) 

CD34+ hematopoietic cells, LC3-II levels were first analyzed by Western blot. LC3-I 

is a cytosolic ubiquitin-like protein that is converted during autophagy to a lipidated 

form (LC3-II) which is associated with autophagosomal membranes [15,27]. An 

increase in LC3-II is not a measure of autophagic flux per se, since it can also indicate 

an inhibition of autophagosome clearance [3]. Therefore, cells were also treated 

with bafilomycin A1 (BafA1) to prevent lysosomal degradation and to block the 

fusion of autophagosomes with lysosomes [28]. Accumulation of p62 also known 
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as Sequestosome-1 (SQSTM1) was additionally used to monitor autophagic flux. 

p62 is an ubiquitin-binding scaffold protein that binds directly to LC3-II and is 

exclusively degraded during autophagy. Thus, p62 accumulates when autophagy 

is inhibited, and decreased levels can be observed when autophagy is induced [29].

In the absence of BafA1, CD34+ cells showed undetectable levels of LC3-II protein 

(Fig. 1A); however upon BafA1 treatment, levels increased dramatically. In contrast, 

untreated CD34- myeloid progenitors already demonstrated detectable LC3-II 

levels that increased only modestly upon BafA1 treatment (Fig. 1B). The ratio of 

LC3-II levels between BafA1 treated and untreated cells, a measure of autophagic 

flux, was far greater in CD34+ cells when compared to CD34- myeloid progenitors 

(CD34+ cells 6.23 ± 1.57 vs. CD34- myeloid progenitors 1.18 ± 0.15 (P<.05)) (Fig. 1C). 

Similar results were observed when monitoring p62 accumulation, changes 

in p62 protein levels between untreated and BafA1-treated cells were higher 

in CD34+ HSPCs than in CD34- myeloid progenitor cells (Fig. 1A-C). In addition, 

degradation of p62 was monitored after inhibition of protein translation using 

cycloheximide. While p62 degradation in CD34+ HSPCs was visible after one 

hour of the treatment (Fig. 1D), p62 levels in CD34- myeloid progenitors were only 

decreased after three hours of cycloheximide treatment and to a much lower 

level. Taken together these results suggest that autophagic flux is more efficient 

in CD34+ HSPCs than in CD34- myeloid progenitors.

To further validate these observations, CD34+ cells were also treated for three 

hours (instead of overnight) with either BafA1, or with hydroxychloroquine (HCQ), 

an additional inhibitor of lysosomal function. Changes in LC3-II levels were similar 

between CD34+ cells whether treated with BafA1 for three hours (Supplemental 

Fig. 1A) or overnight (Fig.1A). In line with the fact that BafA1, in contrast to HCQ, not 

only neutralizes the lysosomal pH but also blocks the fusion of autophagosomes 

with lysosomes, the accumulation of LC3-II levels was higher in the presence 

of BafA1 (Supplemental Fig. 1A). Annexin V flow cytometric staining of the cells 

cultured under these conditions demonstrates that the differences in LC3-II 

content were not due to changes in cell survival, since the percentage of Annexin V 

positive cells was the same in all conditions (Supplemental Fig. 1B). Furthermore, 

survival cytokine levels were not found to influence autophagy, since LC3-II levels 

did not change with increasing cytokine concentrations (Supplemental Fig. 1C).

To further confirm increased autophagic flux in CD34+ HSPCs as compared to CD34- 
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Figure 1. CD34+ HSPCs have 
increased autophagic flux 
compared to CD34- myeloid 
progenitors. (A) Left panel: 
Western blot comparing LC3-
II and p62 levels in CD34+ cells 
after being treated overnight 
in the presence or absence 
of BafA1 (20 nM). Right panel: 
FACS plot and May-Grunwald 
Giemsa stained cytospins 
showing the identity of CD34+ 
cells. (B) Left panel: After 
CD34+ isolation, cells were left 
in culture for 13 days in the 
presence of SCF, FLT3 and 
TPO. LC3-II and p62 levels of 
myeloid progenitors cells af-
ter overnight BafA1 (20 nM) 
treatment were compared 
by Western blot. Right panel: 
FACS plot showing absence 
of the CD34 marker and cy-
tospin showing morphology 
of CD34- myeloid progenitors. 
(C) Left panel: Western blot 
comparing LC3-II and p62 le-
vels of CD34+ cells and mye-
loid progenitors. Right panel: 
quantification of LC3-II and 
p62 levels after BafA1 treat-
ment. (D) Left panel: Western 
blot comparing p62 levels in 
CD34+ cells and right panel: 
myeloid progenitor cells af-
ter cyclohexamide (5 µg/mL) 
treatment for 0,1,2,3,4,5 hrs. (E) 
Flow cytometry-based ana-
lysis of the quantification of 
autophagic vesicle content in 
CD34+ cells by means of the 
Cyto-ID dye after overnight 
BafA1 treatment (20 nM). Left 
panel: FACS plots, Right panel: 
quantification of the fold Cy-
to-ID increase upon BafA1 tre-
atment. All experiments were 
done in biological triplicates. 
Error bars represent ±SD; *, ** 
or *** represents P<.05, P<.01 or 
P<.001 respectively.
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myeloid progenitors, the autophagic vacuole content of these cells was analyzed 

by flow cytometry using Cyto-ID, a dye selectively labelling autophagic vacuoles 

[30,31]. Co-localization of LC3-II puncta with Cyto-ID staining, and increased 

accumulation of Cyto-ID upon treatment with BafA1 and rapamycin (an inducer 

of autophagy 32,33) were used to validate this dye (Supplemental Fig. 2). Flow 

cytometric analysis revealed an increased accumulation of autophagic vacuoles 

in CD34+ HSPCs after BafA1 treatment as compared to more differentiated CD34- 

myeloid progenitors (CD34+ cells 2 ± 0.17 vs. CD34- myeloid progenitors 1.1 ± 0.01) 

(P<.001) (Fig. 1E). Taken together, these data confirm the higher autophagic flux in 

CD34+ HSPCs compared to CD34- myeloid progenitors.

To determine the levels of autophagic flux during HPSC differentiation, CD34+ 

cells were differentiated in vitro towards both the myeloid and erythroid 

lineages and LC3-II protein levels analyzed by Western blot (Fig. 2A). First, the 

differentiation status was confirmed by cytospin and analysis of cell surface 

markers (Supplemental Fig. 3A-B). Throughout myeloid differentiation LC3-II 

levels did not increase after BafA1 treatment. In contrast, at an early time point 

during erythroid differentiation (day 7) a consistent increase in LC3-II levels was 

observed after BafA1 treatment, while at a later time point (day 11) no difference 

was measured, suggesting a general reduction in autophagic flux during both 

myeloid and erythroid differentiation. To confirm this, autophagic flux was 

evaluated during myeloid and erythroid differentiation by Cyto-ID analysis (Fig. 

2B). Again, a higher autophagic flux was observed in CD34+ cells compared to in 

vitro matured myeloid and erythroid cells (CD34+ cells day 1: 2.09 ± 0.19, myeloid 

progenitors day 7: 1.06 ± 0.02, and at day 14: 1.05 ± 0.02, erythroid progenitors day 

7: 1.49 ± 0.34 and at day 11: 0.98 ± 0.1 (P<0.05)). 

Autophagic flux was also analyzed in freshly isolated marker-defined UCB-derived 

stem and progenitor fractions. The CD34+CD38-CD45RA-CD90+ highly enriched 

HSC population showed a higher autophagic flux compared with CD34+CD38+ 

multipotent progenitors (Fig. 2C and Supplemental Fig. 3C). However, there 

were no differences when compared to CD34+CD38-CD45RA-CD90- cells 

(CD34+CD38-CD45RA-CD90+ 2.7 ± 0.97 fold, CD34+CD38-CD45RA-CD90- 2.5 ± 0.81 

fold CD34+CD38+ 2.3 ± 0.1 fold, (P<.023)). In contrast, more mature CD33+ or CD14+ 

myeloid cells or CD71brightCD235+ erythroid cells showed only marginal HQC-

induced autophagic vacuole accumulation, while CD71-CD235+ erythroid cells 

showed a HQC-induced autophagic vacuole accumulation (CD33+ 1.15 ± 0.09, 
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CD14+ 1.22 ± 0.06, CD71brightCD235+ 1.12 ± 0.15, CD71-CD235+ 1.51 ± 0.05) (Fig. 2D and 

Supplemental Fig. 3D). Taken together, these results indicate that HSPCs have a 

Figure 2. Autophagy analysis during neutrophil and erythroid differentiation. (A) Western blot 
comparing LC3-II levels upon overnight with BafA1 (20 nM) treatment at different time points during 
neutrophil (left panel) and erythroid differentiation (right panel). Experiment done in biological 
triplicates. (B) Flow cytometry-based quantification of autophagic vesicle increase upon HCQ 
treatment by means of the Cyto-ID dye at different time points during neutrophil and erythroid 
differentiation (MPs=myeloid progenitor, EPs= erythroid progenitors). Experiment done in biological 
duplicates. (C-D) Flow cytometry-based quantification of autophagic vesicle increase upon HCQ 
treatment by means of the Cyto-ID dye in UCB-derived CD34+CD38+, CD34+CD38-CD45RA-CD90+ and 
CD34+CD38-CD45RA-CD90- cells (C) and CD34+, CD14+, CD33+, CD71+, CD235+ and CD71+CD235- cells 
(D). Experiment done in biological triplicates. Error bars represent ±SD; *, ** or *** represents P<.05, P<.01 
or P<.001 respectively.
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higher basal autophagic flux compared to more differentiated progenitor cells of 

the myeloid or erythroid lineage.

Reduction of autophagy in human CD34+ HSPCs results in a decrease of the 

hematopoietic stem/progenitor pool

To investigate the functional role of autophagy in HSCs and their progeny, 

human CD34+ cells were transduced with previously validated [22,23,34,35]. 

lentiviral shRNAs, targeting the coding region of ATG5 (shATG5) or ATG7 (shATG7). 

Lentiviral-mediated knockdown of ATG5 and ATG7 resulted in 80% (P<.01) and 

70% (P<.01) reduced mRNA expression respectively, as compared to a scrambled 

shRNA control (shSCR) (Fig. 3A). In addition, knockdown of ATG5 does not 

affect mRNA levels of ATG7 and vice versa. (Supplemental Fig. 4A). A reduction 

in ATG5 and ATG7 protein levels was also observed on Western blot (Fig. 3B). 

The knockdown of either ATG5 or ATG7 resulted in a significant reduction in the 

erythroid progenitor (BFU-E) frequencies (shSCR 126.5 ± 9 vs. shATG5 57.5 ± 5 

(P<.05) or shATG7 90 ± 1.4 (P<.05)) (Fig. 3C). Since both shRNAs phenocopy the 

effects on progenitor frequencies this also excludes the possibilities of having 

off-target effects.

In contrast, no reduction in myeloid progenitor cell (CFU-GM) frequencies were 

observed. Next, shATG5- and shATG7-transduced CD34+ cells were cultured in 

vitro under liquid culture conditions driving myeloid or erythroid differentiation. 

Under myeloid conditions knockdown of ATG5 or ATG7 resulted in a significant 

reduction in cell expansion (shATG5 17.9 fold (P<.05) or shATG7 12.3 fold (P<.05)) 

(Fig. 3D). Likewise, expansion under erythroid permissive conditions was reduced 

(shATG5 6.7 (P<.05) or shATG7 1.7 fold (P<.05)) (Fig. 3D). Cell morphology analysis 

and flow cytometry-based analysis of expression of the myeloid differentiation 

markers CD14 and CD15 (Supplemental Fig. 4C) and the erythroid differentiation 

markers CD71 and CD235A (Supplemental Fig. 4D) revealed that ATG5 or ATG7 

knock-down did not lead to a block in differentiation. In addition, CFC assays to 

measure progenitor frequencies present in the myeloid liquid cultures revealed 

a reduction in myeloid progenitors (CFU-GM) frequencies at day 7 (shSCR 78 ± 

16 vs. shATG5 25 ± 4 (P<.05) or shATG7 53.5 ± 5)) (Fig. 3E) and day 14 (shSCR 25.5 

± 2 vs. shATG5 5.0 ± 0 (P<.01) or shATG7 17.5 ± 8) . At day 7 or 14 of erythroid liquid 

culture, BFU-E colonies were hardly observed suggesting that cells had already 

differentiated beyond the progenitor stage at these time points (data not shown). 
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Figure 3. Knockdown of 
ATG5 or ATG7 inhibits the 
autophagic flux in UCB 
CD34+ cells. Knockdown 
efficiency of ATG5 and 
ATG7 in CD34+ cells 
determined by qRT–
PCR (A) and Western-
blot (B). qRT-PCR done 
in biological triplicates. 
Representative
 figure shown, SD 
based on technical 
triplicates. Western-
blot analysis done in 
biological duplicates. 
Representative figure 
shown. (C) CFC assay 
done with CD34+ cells 
infected with lentiviruses 
encoding shSCR, shATG5 
or shATG7 and sorted 
after two days of infection. 
Experiment done in 
biological triplicates. 
Representative figure 
shown, SD based on 
technical duplicates. 
(D) Expansion of shSCR, 
shATG5 or shATG7 
transduced UCB CD34+ 

cells under myeloid or 
erythroid permissive 
liquid culture conditions. 
Experiment done in 
biological triplicates. 
Representative figure 
shown, SD in myeloid 
liquid culture based 
on technical triplicates, 
erythroid liquid culture 
SD based on technical 
duplicates. (E) CFC 
assay with suspension 
cells harvested from the 
myeloid liquid culture 
at the indicated time 
points. Experiment done 
in biological triplicates. 
Representative figure 
shown, SD based on 
technical duplicate. Error 
bars represent ±SD; * and 
** represents P<.05 and 
P<.01 respectively.
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Figure 4. Knockdown of ATG5 or 
ATG7 results in reduced HSPC 
frequencies. (A) Expansion of shSCR, 
shATG5 or shATG7 transduced 
UCB CD34+ cells cultured on a MS5 
stromal layer. Experiment done in 
biological triplicates. Representative 
figure shown, SD based on technical 
duplicates. (B) CFC assay with 
suspension cells from day 7, 14 or 21 of 
MS5 co-culture. Experiment done in 
biological triplicates. Representative 
figure shown, SD based on technical 
duplicates. (C) LTC-IC assay in limiting 
dilutions with freshly sorted shSCR, 
shATG5 or shATG7 transduced UCB 
CD34+ cells. Experiment done in 
biological triplicates. Representative 
figure shown. Error bars represent 
±SD; * and ** represents P<.05 and 
P<.01 respectively. 
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To study the long-term effects of ATG5 or ATG7 knock-down on CD34+ cells, 

transduced CD34+ HSPCs were cultured for four weeks on an MS5 stromal layer. 

In accordance with data obtained from liquid cultures, ATG5 or ATG7 knockdown 

also resulted in reduced expansion in these stromal co-cultures (shATG5 2.8 

(P<.05) and shATG7 1.7 fold (P<.05)) (Fig. 4A). This coincided with a significant 

reduction in CFU-GM frequencies of shATG5-transduced CD34+ cells (Fig. 4B). 

Furthermore, the primitive hematopoietic cells, as defined in long term culture 

initiating cell (LTC-IC) assays, were at least 3-fold reduced upon down regulation 

of ATG5 or ATG7 (shATG5 4.1 (P<.01) and shATG7 3.1 fold (P<.05)) (Fig. 4C). To 

assess whether ATG5 and ATG7 knockdown also affected in vivo engraftment, 

unsorted shSCR, shATG5, or shATG7-mCherry transduced UCB CD34+ cells were 

transplanted in immunodeficient NSG mice, as outlined in Fig. 5A. Transplanted 

CD34+ cells were ~60% mCherry positive. (Fig. 5B and Supplemental Fig. 5A). The 

knockdown of ATG5 and ATG7 in the mCherry positive fraction of the injected cells 

was confirmed by qPCR of cells grown in vitro for 7 days in a liquid culture assay 

(Fig. 5C). Engraftment as determined by the percentage huCD45 in peripheral 

blood, was significantly reduced in shATG5/7 mice compared to control (Fig. 5D, 

left panels and Supplemental Fig. 5B). While mCherry levels for shSCR were 

stable around ~60%, the contribution of the shATG5 and shATG7 transduced cells 

to the engrafted cells was significantly reduced at week 12 (Fig 5D. Right panels). 

Representative FACS plots of analysis at week 12 are shown in Fig. 5E. Together, 

these findings demonstrate the essential role of autophagy in the maintenance of 

both the progenitor and HSC compartment of UCB CD34+ cells. 

Decreased autophagy results in reduced cell cycle entry, intracellular ROS 

and apoptosis levels

To understand the molecular mechanisms underlying the effects observed after 

down-regulation of ATG5 or ATG7 we used Hoechst to perform flow cytometry-

based cell-cycle analysis. At day 5 of the myeloid liquid culture assay a small but 

significant reduction in the percentage of cells in S phase was observed in cells 

where ATG5 or ATG7 were knocked-down (shSCR 21.8 ± 0.4 vs. shATG5 16.1 ± 1.9 

(P<.01) or shATG7 16.4 ± 1.1 (P<.01) (Fig. 6A). This coincided with a marked increase 

in mRNA expression of cell cycle-dependent kinase inhibitor p21 (shATG5 2.2 fold 

± 0.1 (P<.01) and shATG7 2.8 fold ± 0.2 (P<.01)) (Fig. 6B). Since autophagy is known 

to be intimately connected with the apoptosis machinery, we also determined 

whether apoptosis was affected upon ATG5 or ATG7 knockdown. Under myeloid 

permissive conditions an increase of Annexin-V positive cells was observed 
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Figure 5. ATG5 or ATG7 knockdown results in a reduced engraftment in vivo of UCB CD34+ cells. (A) 
Experimental scheme, shSCR, shATG5 or shATG7-mCherry transduced UCB CD34+ cells were injected 
IV in sub-lethally irradiated NSG mice or culture in vitro under myeloid liquid culture conditions. Bleeds 
were performed at week 5, 8 and 12 after injection and analyzed by FACS. (B) Percentage mCherry 
of transduced UCB CD34+ cells at the day of injection (C) Validation of ATG5 or ATG7 K.D. by qPCR of 
in vitro expanded, sorted UCB CD34+ cells (D) Percentage of engraftment, represented by huCD45 
percentage (left graphs) and the percentage mCherry within the huCD45+ population (right graphs). 
Each dot represents data from a single mouse, N=5 for each group. (E) Representative FACS plots 
from one individual mouse within each group, showing huCD45 and mCherry percentages (week 8). 
Error bars represent ±SD; *, **, or *** represents P<.05, P<.01 or P<.001 respectively.
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Figure 6. ATG5 or ATG7 
knockdown results in a 
reduced cell cycle, increased 
ROS levels and apoptosis. 
(A) Quantification of cell cycle 
distribution after FACS analysis, 
for cells stained with Hoechst 
33342. shSCR, shATG5 or 
shATG7 transduced UCB CD34+ 
cells were cultured for 5 days 
under myeloid permissive liquid 
culture conditions. Experiment 
done in biological triplicates. 
Representative figure shown, SD 
based on technical duplicates. 
(B) Quantitative PCR for p21 of 
cells cultured under myeloid 
liquid culture conditions. 
Experiment done in biological 
triplicates. (C/D) Graph showing 
percentage of Annexin V positive 
cells at day 4, 8 or 12 of shSCR, 
shATG5 or shATG7 transduced 
UCB CD34+ cells cultured 
under myeloid (C) or erythroid 
(D) permissive conditions. 
Both experiment were done 
in biological duplicates. (E) 
Western blot of cleaved caspase 
3 in CD34+ cells after ATG5 K.D. 
Experiment done in biological 
duplicates. Representative 
figure shown. (F) Quantitative 
RT-PCR for the indicated 
genes. UCB CD34+ cells were 
transduced with shSCR, shATG5 
or shATG7 and cultured for 7 
days under myeloid (left panel) 
or erythroid permissive culture 
conditions (right panel). Graph 
shows fold change in expression 
for shATG5 or shATG7 relative 
to shSCR. Experiment done 
in biological duplicates. 
Representative figure shown, SD 
based on technical triplicates 
(G) Left panel: fluorometric 
measurement of ROS levels in 
CD34+ cells after ATG5 or ATG7 
K.D. Right panel: ROS levels after 
H2O2 treatment. Experiment 
done in biological triplicates. 
Error bars represent ±SD; *, **, 
*** or **** represents P<.05, P<.01, 
P<.001 or P<.00001 respectively.
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upon both ATG5 and ATG7 knockdown (day 4: shSCR 11.4 % ± 4.3 vs. shATG5 35.4 

± 6.1 (P<.01) or shATG7 24.8 % ± 7.1 (p<.05)) (Fig. 6C). Under erythroid permissive 

conditions, surprisingly only a reduction in ATG7 levels resulted in an increased 

percentage of Annexin-V positive cells (day 4: shSCR 16.6% ± 1.6 vs shATG7 27.8% 

± 5.0 (p <0.05)) (Fig 6D). 

Upon knockdown of ATG5 in freshly isolated UCB-derived CD34+ or NB4 cells 

an increase in cleaved caspase-3 was observed (Fig. 6E and Supplemental Fig. 

6). In line with the increased apoptosis after ATG5 and ATG7 knockdown, mRNA 

expression levels of p53 were increased during both myeloid and erythroid liquid 

culture, as well as pro-apoptotic BAX, PUMA and putative PKB/c-akt inhibitor 

PHLDA3 [36] (Fig. 6F). Furthermore, knockdown of p53 in conjunction with shATG5 

or shATG7 resulted in a partial rescue of cell growth (shATG5: 41.2% and shATG7: 

37.3% rescue respectively) (Supplemental Fig. 7). To investigate the possible 

mechanism underlying this increase in pro-apoptotic gene expression, ROS 

levels were measured by means of H2DCFDA after ATG5 or ATG7 knockdown 

(Fig. 6G). ATG5 and ATG7 knockdown cells show elevated intracellular ROS levels 

compared to control cells (shSCR 1 ± 0.15 vs shATG5 1.3 ± 0.2 (P<.05) or shATG7 1.2 ± 

0.1 (P<.05)). Furthermore, when cells were treated with hydrogen peroxide (H2O2), 

ROS levels were also higher for ATG5 and ATG7 knockdown cells Furthermore, 

when cells were treated with hydrogen peroxide (H2O2), ROS levels were also 

higher for ATG5 and ATG7 knockdown cells (shSCR 1 ± 0.12 vs. shATG5 1.5 ± 0.2 

(P<.05) or shATG7 1.3 ± 0.18 (P<.05)) suggesting an inability to cope with increased 

ROS-levels in autophagy-defective HSPCs. Taken together these data indicate 

that reduced autophagy results in a decrease of the hematopoietic stem and 

progenitor pool, due to decreased proliferation and induction of apoptosis that 

may be, at least in part, attributed to increased intracellular ROS levels. 

Discussion
Over the last decade it has become increasingly clear that autophagy is essential 

for a variety of cellular processes that include development, differentiation 

and maintenance of tissue homeostasis. However, surprisingly little is known 

concerning the functional role of autophagy in human hematopoietic stem 

and progenitor cells. Here, we demonstrate for the first time that human UCB 

HSPCs have a higher autophagic flux compared to differentiated cells of either 

the myeloid or erythroid lineages. Our results suggest that maintaining a high 

autophagic flux within the immature HSPC compartment is essential for their 
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survival. Down-regulation of the key autophagy components ATG5 and ATG7 

leads to reduced LTC-IC stem cell and CFC progenitor frequencies, reduced 

proliferation and cell cycle progression and increased apoptosis. Importantly, 

down-regulation severely impaired in vivo engraftment of HSPCs. The molecular 

mechanisms underlying these observations included increased expression of 

p53, p21 BAX and PUMA, and increased ROS levels. Since knockdown of both 

ATG5 and ATG7 result in the same phenotypes the possibilities of having off 

target effects are minimal. 

As long-lived cells, the high autophagic flux in HSPCs likely acts as a homeostatic 

quality control mechanism for the preservation of cellular integrity [7,37–40]. 

These findings are also in line with higher expression of ABC transporters in 

primitive HSPCs in comparison with differentiated cells [41,42]. Warr et al. have 

shown that murine HSCs exhibit autophagy flux only after cytokine deprivation 

[43]. In contrast, Leveque-El Mouttie et al. have demonstrated that LKS+ cells have 

an increase in LC3-GFP puncta after mice were treated with granulocyte-colony 

stimulating factor (G-CSF) [44]. However, samples from clinical stem cell donors 

pre- and post-G-CSF mobilization show inconsistent changes in LC3-II protein 

levels [44]. In our experimental setup, which involves the use of human rather 

than murine HSPCs, cytokine concentrations did not influence autophagic flux. 

This suggests that the high autophagic flux observed is an intrinsic property of 

human HSPCs [4]. Larger body size increases the proliferative demand on human 

stem and progenitor cells compared to mice and longer lifespan in humans 

increases the risk of accumulating DNA damage [45]. These may help to explain 

why human HSPCs would require additional protective mechanisms. 

Even though autophagic flux in human HSPCs is higher compared to differentiated 

cells, erythroid progenitors also show increased autophagic flux during 

differentiation as determined by LC3-II and autophagosome quantification. This 

enhanced autophagic flux has been implicated to be a pre-requisite for the 

formation of mature erythrocytes by contributing to the process of enucleation and 

elimination of mitochondria [13–15]. In contrast, during neutrophil differentiation 

there was a clear reduction in autophagic flux which results in a decrease of 

LC3-II protein levels at the last day of differentiation. In accordance with these 

observations, Rozman et al. have demonstrated that murine Atg5-deficient 

neutrophils show no evidence of abnormalities in morphology, protein content 

and apoptosis regulation but rather increased proliferation [46]. Our results show 
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that autophagy seems to be dispensable for human neutrophil development but 

important for the formation of mature erythrocytes. 

The decrease in HSPC proliferation observed after knockdown of ATG5 and ATG7 

is accompanied by decreased cell cycle progression and increased apoptosis. 

In agreement with our findings, Cao et al. has recently shown that a defect in 

autophagy disrupts the quiescence and cell cycle of murine HSPCs [47]. By using 

a conditional autophagy-defective mouse model (Atg7f/f; Vav-Cre) where ATG7 is 

knockout in hematopoietic populations, it was observed that atg7-/- HSPCs show 

a reduction of G0/G1 cells and an increase of G2/M cells. This was accompanied 

with a decrease in cell numbers and an increase in apoptosis [47]. However, 

it is important to consider that the use of Vav-Cre could also affect vascular 

endothelial cells which might indirectly affect hematopoiesis, in particular HSC 

quiescence in bone marrow vascular endothelial niches [48].

In addition, inhibition of starvation-induced autophagy by 3-MA (an inhibitor 

targeting class III PI3K) but not by Bafilomycin-A1, enhanced G1/S transition of 

HSPCs and resulted in an accumulation of cyclin D3 [47]. This suggests that upon 

nutrient stress, early signaling events of autophagy may prevent HSPCs entering 

the cell cycle as a protective mechanism.

Our results suggest that inhibition of G0/S transition and increased cell death 

in HSPCs after knockdown of ATG5 and ATG7 are due to an upregulation of p53, 

p21, PHLDA3, BAX and PUMA. The p53 tumor suppressor gene plays a role in the 

regulation of cellular stress response through the activation of genes involved 

in cell cycle including p21, and apoptosis such as PHLDA3, BAX and PUMA. 

Even though mRNA levels of p53 and its target genes were upregulated after 

knockdown of ATG5 and ATG7, additional experiments to evaluate whether there 

is an increase in p53 activity would be relevant. However, we did observe that 

knockdown of p53 could rescue the negative phenotype induced by loss of ATG5 

or ATG7, further strengthening the hypothesis that inhibition of autophagy triggers 

a p53-dependent stress responds.

We have shown that after knockdown of ATG5 and ATG7 in HSPCs there is an 

increase in the expression of BAX and PUMA that may be due to the increase of 

p53 expression. BAX is a Bcl-2 family member that has been reported to increase 

mitochondrial membrane permeability [49]. while PUMA is part of the BH3-only 
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Bcl-2 family protein that when overexpressed causes cytochrome-C release 

from the mitochondria resulting in induction of an apoptotic program [50]. The 

increase in ROS observed after loss of autophagy in HSPCs could be in part due 

to the activation of BAX and PUMA since the accumulation of ROS in response 

to p53 has been shown to be markedly reduced in the absence of these genes 

[51]. Moreover, increase in ROS might be related to the accumulation of defective 

mitochondria [52]. which has the potential to result in further cellular damage and 

contribute to malignant transformation. Thus, the tight regulation of mitochondrial 

homeostasis is important to maintain the integrity of HSCs [53]. In accordance with 

this results, Chen et al. have shown that Tsc1 deletion, a physiological regulator 

of the energy-sensing pathway upstream of mTOR, in murine HSCs drives them 

from quiescence into rapid cycling with increased mitochondrial biogenesis and 

elevated levels of ROS [54,55]. Thus, constant levels of mitophagy, the selective 

degradation of mitochondria by macroautophagy, might be important to 

maintain low mitochondrial levels as well as to eliminate defective mitochondria. 

Mitochondria have been proposed to be one of the determinants of stem cell fate; 

normal HSCs have relatively few mitochondria and an increase in mitochondrial 

content is seen during differentiation [17,56,57].

Conclusions
Taken together, our data suggest that autophagy is an important housekeeping 

mechanism for human umbilical cord blood-derived CD34+ cells and that its 

inhibition results in cellular stress. A constant high autophagic flux appears 

indispensable for the maintenance of healthy HSPCs, thus when autophagy is 

impaired, cells undergo cell cycle arrest and apoptosis (in a p53-dependent 

manner) to avoid risking the integrity of the hematopoietic system. Our findings 

may serve as basis for the development of novel approaches involving autophagy 

activation for the expansion and maintenance of transplantable HSCs in vitro.
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Supplemental Figure 1. Differences in 
LC3-II content are not due to changes 
in cell survival or in the levels of survival 
cytokines. (A) Western blot comparing 
LC3-II and p62 levels of CD34+ cells after 
three hours treatment with BafA1 (20 nm) 
or HCQ (20 nM). (B) CD34+ cells treated 
for overnight with BafA1 (20 nM) and HCQ 
(20 µM). Apoptosis quantification by FACS 
using Annexin V. (C) CD34+ cells were 
cultured with 50 ng/mL of SCF, 50 ng/mL 
FLT-3 and 10 ng/mL of TPO (+) and with 
500 ng/mL of SCF, 500 ng/mL FLT-3 and 
100 ng/mL of TPO (++) in the presence 
or absence of BafA1 (20 nM). Western 
blot comparing LC3-II and p62 levels. 
All experiment were done in biological 
triplicates.
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Supplemental Figure 2. Cyto-ID staining is specific for autophagic vesicles. (A) Hela cells were 
transfected with LC3-RFP and treated with BafA1 (200 nM) and Rap (20 nM). After, cells were incubated 
with the Cyto-ID dye and were visualized with the deltavision microscope with 40x magnification. 
Note, not all cells are successfully transfected with LC3-RFP, hence not all cells contain red staining. 
In the successfully transfected cells there is a high overlap with Cyto-ID staining in green. Experiment 
done in biological duplicates
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Supplemental Figure 3. Differentiation status of the cells was confirmed by cytospin and analysis 
of cell surface markers. (A) Left panel: expression of neutrophil markers: CD16, CD11b and lactoferrin 
assessed by flow cytometry. Right panel: May-Grunwald Giemsa stained cytospins throughout 
neutrophil differentiation. (B) Left panel: Expression of erythroid markers: CD71 and CD235A during 
erythroid differentiation. Right panel: May-Grunwald Giemsa stained cytospins throughout erythroid 
differentiation. (C) Upper panel: Representative FACS plots showing UCB CD34+ cells, stained for CD34, 
CD38, CD45RA, and CD90. Lower panel: FACS histograms showing Cyto-ID levels after treatment with 
HCQ (red) or without HCQ (blue) within the indicated populations. (D) Left panel: Representative FACS 
plots showing UCB MNC cells, stained for CD34, CD14/CD33 or CD14/15. Right panel: FACS histograms 
showing Cyto-ID levels after treatment with HCQ (red) or without HCQ (blue). All experiment were 
done in biological triplicates.
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Supplemental Figure 4. ATG5 or ATG7 knock-down did not lead to a block in differentiation. (A) 
pLKO-GFP short hairpin vector map. (B) Knockdown of ATG5 does not affect mRNA levels of ATG7 and 
vice versa. CD34+ cells transduced with previously validated shATG5, shATG7 or shSCR were cultured 
in myeloid liquid culture for 5 days. Left panel: Expression levels of ATG5 after knockdown of ATG5 or 
ATG7. Right panel: expression levels of ATG7 after knockdown of ATG5 or ATG7. FACS quantification 
of percentage of (C) CD14 or CD15 positive cells or (D) different stages in erythroid differentiation as 
determined by CD71 and CD235A staining. shSCR, shATG5 or shATG7 transduced UCB CD34+ cells 
cultured under myeloid liquid (C) or erythroid (D) culture conditions at the indicated time points. Dot 
plots show representative FACS plots. All experiment were done in biological triplicates.
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Supplemental figure 5. ATG5 or ATG7 knockdown results in a reduced engraftment in vivo. (A) 
FACS plots showing viability (Dapi negative), percentage of CD34+ and the transduction efficiency of 
CB CD34+ cells transduced with shSCR, shATG5 and shATG7-mCherry at the day of IV injection. (B) 
Representative FACS plots from an individual mouse of each group, showing huCD45 and mCherry 
percentages (week 5 and 12).
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Supplemental figure 6. Knockdown of ATG5 or ATG7 causes cleavage of Caspase3 (A) Western-blot 
showing cleaved caspase 3 in NB4 cells transduced with shSCR, shATG5 or shATG7-GFP. (B) Graph 
showing quantification of cleaved caspase 3.

Supplemental figure 7. Knockdown of p53, in conjunction with shATG5 or shATG7, results in partial 
rescue. (A) CB CD34+ cells transduced with shSCR or shP53-mCherry together with shSCR, shATG5 
or shATG7-GFP were cultured under myeloid permissive conditions. Graph showing normalized 
expansion in time of GFP/mCherry double positive cells.
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Abstract
To investigate whether the type of programmed cell death of myelodysplastic 

erythroid cells depends on their cellular context, we performed studies on cells 

from patients with low-risk myelodysplastic syndromes. We compared erythroid 

cells (and their precursor cells) from the mononuclear cell fraction with those 

from the hematon fraction, which are compacted complexes of hematopoietic 

cells surrounded by their own micro-environment. In directly fixed materials, ery-

throblasts exhibited signs of autophagy with limited apoptosis (<3%) based on 

ultrastructural characteristics and immunogold labeling for activated caspase-3.

After 24 h in culture, myelodysplastic erythroblasts exhibited a significant incre-

ase in apoptosis (22 ± 7% vs. 3 ± 2%, p=0.001). In contrast, the myelodysplastic 

erythroblasts from the hematon fraction did not exhibit an increased tendency 

toward apoptosis after culture (7 ± 3.3% vs. 1.8 ± 2.3%), which was in line with results 

for normal bone marrow cells. The same dependency on the micro-environment 

was noted for immature erythroid progenitor cells. Myelodysplastic hematons 

exhibited distinct numbers of erythroid burst-forming units in association with an 

extensive network of stromal cells, whereas small numbers of erythroid burst-for-

ming units were generated from the myelodysplastic mononuclear cells compa-

red with normal mononuclear cells (10.2 ± 9 vs. 162 ± 125, p=0.001). Co-culture of 

erythroid myelodysplastic cells in the presence of growth factors (vascular endo-

thelial growth factor, leukemia inhibitory factor) or on the MS-5 stromal layer did 

not restore the expansion of erythroid precursor cells. These data indicate that 

surviving myelodysplastic erythroid progenitors become more vulnerable to pro-

grammed cell death when they are detached from their own micro-environment.
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Introduction
Myelodysplastic syndromes (MDS) are a heterogeneous group of clonal stem 

cell disorders characterized by ineffective and dysplastic hematopoiesis [1,2]. 

Especially in low-risk MDS, such as refractory anemia and refractory anemia with 

ringed sideroblasts, increased programmed cell death (PCD) of bone marrow 

hematopoietic cells has been described [1–6]. This might be an important 

mechanism that accounts for the typical clinical findings of a hypercellular bone 

marrow and peripheral blood cytopenias. In particular, enhanced apoptosis has 

been reported in MDS [1,2]. However, recent studies indicate that alternative 

types of cell death also take place. Non-apoptotic PCD was reported in 

megakaryocytes of patients with MDS and was characterized by the absence 

of chromatin condensation and caspase-3 and caspase-8 activation [3]. In 

immature erythroid cells, enhanced autophagy was observed without evidence 

of apoptosis [7]. There may be several reasons for the differences in the type of 

PCD in various MDS studies, including differences in patient characteristics, cell-

specific behavior, detection techniques, and bone marrow sample handling and 

preparation. Moreover, cells are capable of switching between various types of 

PCD depending on their cellular context. For instance, inhibition of the apoptotic 

machinery can trigger a switch from apoptosis to necrosis or autophagy [8]. 

Loss of mitochondrial transmembrane potential plays an important role in these 

events, and the intensity of the stimulus and the cellular context often determine 

which type of cell death occurs [9]. On the basis of these findings, it is conceivable 

that the recognized differences in the type of PCD in MDS might be related 

to whether cells are studied in in vitro culture assays or in the context of their 

own micro-environment. Previous studies have reported that hematons can be 

isolated from the bone marrow light-density fraction [10,11]. These hematons are 

compact hematopoietic complexes containing several cell lineages, including 

mesenchymal cells, endothelial cells, and hematopoietic progenitor cells. In 

these hematons, a large number of erythroblasts are located within their own 

micro-environment. We therefore decided to determine whether the type of PCD 

of MDS erythroid precursors is dependent on their cellular context. To answer 

this question, we compared MDS erythroid precursors from the mononuclear 

cell (MNC) fraction with those from the hematon fraction. Erythroid cells directly 

prepared from bone marrow hematons and MNC fractions exhibited limited 

numbers of apoptotic cells. Instead, the ultrastructural results were compatible 

with the presence of autophagy. However, when MNCs from MDS bone marrow 
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were cultured for 24 hours in vitro, a relatively large proportion of apoptotic 

erythroid cells appeared, an increase that was not observed in erythroid cells 

from the hematon fraction.

Materials and Methods

Patients

Bone marrow of low-risk MDS patients (n=17) and healthy controls (n=10) was 

aspirated from the iliac crest (Table 1; suppl. Table 1) The median age of the 

control group was 55 years (range 20-70) and consisted of allogeneic stem 

cell donors. The diagnosis of MDS was made according to the World Health 

Organization (WHO) classification. The international prognostic scoring system 

(IPSS) was used to define prognostic risk groups [12]. Patients were placed into 

three groups with good, intermediate, and poor-risk cytogenetics. Transfusion 

dependency was defined if patients needed one or more units of red blood cells 

per month. The institutional review board of the University Hospital Groningen 

approved the study protocol. All patients gave informed consent.

Electron microscopy

Bone marrow sample preparation. 

Fresh bone marrow cells were washed in RPMI-1640 (BioWhittaker Europe, 

Verviers, Belgium), pelleted, and subsequently fixed in 2% glutaraldehyde in 

0.1 M phosphate buffer for 24 hrs at 4°C. Cells were dehydrated, osmicated, and 

embedded in Epon 812 according to routine procedures. Semi-thin sections (0.5 

µm) stained with toluidine blue were inspected using light microscopy to select 

erythroblasts. The ultrastructure of erythroid precursors was studied in both 

hematons and the MNC fraction from fresh bone marrow aspirate. Hematons 

were prepared as previously described [6,10]. Bone marrow hematons and 

mononuclear cell fractions were also studied after 24 hrs of culture in RPMI-

1640 with 5% fetal calf serum (FCS). A total of 100 erythroblasts per sample were 

examined.

Immunogold labeling.

Bone marrow mononuclear cells and hematons were fixed in 4% 

paraformaldehyde and 0.1% glutaraldehyde, pH 7.4 at 4°C for 30 minutes. For 

cryosectioning, the bone marrow samples were embedded in 5% gelatine and 
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frozen in liquid nitrogen. Thin sections (80 nm) were cut at β100°C for immune-

electron microscopy. Cryosections were picked up in a 2.3 M saturated 

sucrose solution. The sections were then labeled with rabbit anti-caspase-3 

antibody (Cell Signaling Technology, Danvers, MA). Sections were mounted 

in 1.5% methylcellulose containing 0.4% uranyl acetate and examined in 

detail with electron microscopy (Philips 201, Eindhoven, the Netherlands).

Ultrastructural definitions of programmed cell death and autophagy.

Apoptosis and autophagy/autophagic cell death were defined according to recent 

recommendations of the Nomenclature Committee on Cell Death [13]. Briefly 

summarized, apoptosis and autophagy are distinct morphological processes. 

Autophagy requires the presence of cytoplasmic double membrane vacuoles 

containing degenerating cytoplasmic organelles or cytosol. Autophagolysosomes 

are identified by electron microscopy as vacuoles that contain both molecular 

markers of lysosomes (lysosome-associated membrane protein-2, LAMP-2) and 

molecular markers of organelles (mitochondria) or morphological remnants of 

organelles (iron deposits are considered as mitochondrial remnants) [7].

In vitro culture assay

The burst forming unit-erythroid (BFU-E) assay was performed in duplicate in 

methylcellulose (MethoCult H4230, StemCell Technologies, Grenoble, France) 

supplemented with 1 U EPO (Cilag Eprex, Brussels, Belgium) as previously 

described [14]. After 14 days BFU-E were counted. In a selected number of 

experiments Epo was combined with Leukemia inducing factor (LIF), 20ng/

ml, Sigma, Zwijndrecht, the Netherlands and Vascular endothelial growth 

factor (VEGF, 20ng/ml), R&D Systems, Abingdon, U.K. This assay was also 

used for studying the erythroid potential of a hematon to propagate erythroid 

precursors, which was added as single unit to the methylcellulose. For the long-

term cultures, MNCs were plated in 12-well plates pre-coated with MS5 stromal 

layer as previously described [15]. Cells were expanded in LTC medium (alpha-

minimal essential medium supplemented with heat-inactivated 12.5% fetal calf 

serum (Sigma, Zwijndrecht, the Netherlands), heat-inactivated 12.5% horse serum 

(Sigma), penicillin, 2 mM glutamine, 1 uM hydrocortisone (Sigma) supplemented 

with Epo and stem cell factor (SCF, 10 ng/ml). Cultures were kept at 370C and 5% 

CO2. The cell number was counted weekly in conjunction with the differential. 

For the suspension culture assay a similar set-up was used, but without the 

MS5 stromal layer. Finally a limited number of experiments were performed by 
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pre-coating the flask with fibronectin (5 µg/ml, Sigma-Aldrich, Zwijndrecht, the 

Netherlands) followed by the suspension culture assay.

Flow cytometry analysis

The bone marrow-derived MNCs of MDS patients (n=5) and healthy subjects 

(n=4) were obtained by density gradient centrifugation. Nucleated cells were 

stained for 30 min at 20°C with the following antibodies: PCy5 (Lineage) labeled: 

CD2, CD3, CD4, CD7, CD8, CD19, CD20, CD56, CD123 (eBioscience, Hertfordshire, 

United Kingdom) and CD10 (Biolegend, Uithoorn, the Netherlands). FITC labeled 

CD235A (DakoCytomation, Glostrup, Denmark) and PCY7 labeled CD34 (Becton 

Dickonson, Breda, the Netherlands) were used. Lineage depleted cells were 

sorted for CD235A+, CD34+ or CD34-CD235A- cell fractions on a MoFLo XDP or 

MoFLo Astrios cell sorter (DakoCytomation, Carpinteria, CA, USA). Data were 

analyzed using FlowJo 7.6.1. 

Real-time PCR

Quantitative RT-PCR was performed to examine the mRNA expression levels 

of ATG5, ATG7, Beclin1, LC3, GATA1, GATA2 and GLYA. Total RNA was isolated 

from 1x105 cells using RNeasy kit (Qiagen, Venlo, the Netherlands). RNA was 

reverse transcribed with iScript reverse Transcription kit (Bio-Rad, Veenendaal, 

the Netherlands). Obtained cDNA was real-time amplified in iQ SYBR Green 

Supermix (Bio-Rad) with the CFX connect Thermocycler (Bio-Rad). RPL27 was 

used as a housekeeping gene. The primer sequences are: 

ATG5 FOR:  5’-GGGCCATCAATCGGAAAC-3’ 
REV:  5’-AGCCACAGGACGAAACAG-3’ 

Beclin1 FOR:  5’-CATGCAATGGTGGCTTTC-3’ 
REV:  5’-TCTCCACATCCATCCTGTAG-3’ 

ATG7 FOR:  5’-CGTTGCCCACAGCATCATCTTC-3’ 
REV:  5’-TCCCATGCCTCCTTTCTGGTTC-3’ 

LC3 FOR:  5’-CGCACCTTCGAACAAAGAGTAG-3’ 
REV:  5’-AGCTGCTTCTCACCCTTGTATC-3’ 

GATA1 FOR:  5’-ACACTGTGGCGGAGAAATGC-3’ 
REV:  5’-AGATGCCTTGCGGTTTCGAG-3’ 

GATA2 FOR:  5’-AGCAAGGCTCGTTCCTGTTC-3’ 
REV:  5’-GTCGGTTCTGCCCATTCATC-3’ 

GLYA FOR:  5’-ACCCTCCAGAAGAGGAAACC-3’ 
REV:  5’-CAGTCGGCGAATACCGTAAG-3’ 

RPL27 FOR:  5’-TCCGGACGCAAAGCTGTCATCG-3’ 
REV:  5’-TCTTGCCCATGGCAGCTGTCAC-3’ 
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Statistical analysis

Unpaired two-sided student’s test or Mann-Whitney test were used to calculate 

statistical differences. A P-value of <0.05 was considered significant. 

Results
To evaluate whether cell processing methods and interaction with the 

microenvironment affects the type of PCD, erythroblasts from MNC fraction 

and bone marrow hematons were ultra-structurally analyzed after being freshly 

prepared and after culturing for 24 hrs. Representative results are depicted 

in Figure 1. Compared to immediately fixed erythroblasts, the 24 hrs cultured 

cells of healthy controls (n=4) showed a higher level of apoptosis (10.2 ± 3.3% 

of erythroblasts vs 1.4 ± 2.6 % of erythroblasts, p<0.003), and significantly more 

cytoplasmic vacuolization (58.0 ± 10.3% vs. 21.0β ± 11.4%, p<0.001) following the 

culture period (Fig. 2). Also, normal bone marrow hematons (n=4) displayed 

a slightly higher percentage of erythroblasts showing apoptosis (7.2 ±β 6% vs. 

1.8 β 4.0 %, p=0.1) after culturing, and a strongly elevated level of cells showing 

cytoplasmic vacuolization (14.5 ± 7.6% vs. 63.2 ± 13.0%, p<0.001) compared 

to directly prepared samples (Fig. 2). The MDS cells were studied in a similar 

manner (Fig. 1B). After culturing for 24 hrs, a significantly higher fraction of MDS 

erythroid cells (n=7) displayed features of apoptosis (22.4 β± 7.8% vs. 3.4 ±β 2.4%, 

p<0.001) than from the directly fixed samples, based on typical ultra-structural 

characteristics and immunogold labeling for activated caspase-3, as illustrated in 

Fig. 3. This coincided with a decrease in the percentage of morphologically intact 

erythroblasts (36 ± β19% vs. 12 ± 12% [median 6.5 (6-30%)], p=0.08). The percentage of 

erythroblasts showing cytoplasmic vacuolization remained relatively unchanged 

during culture (56.6 ±β 14.8% vs. 54.3 ± 16.4%, ns). In contrast, the hematons of the 

same MDS patients showed a modest increase in erythroblasts undergoing 

apoptosis after culture (7.0 β 3.3% vs. 1.8 β 2.3%, p<0.01), whereas the fraction of 

erythroblasts showing cytoplasmic vacuolization increased strongly (61.8 ±β 16.9% 

vs. 30.8 ± 11.3%, p=0.004). These findings indicate that erythroblasts display distinct 

signs of apoptosis if the cells are disconnected from the micro-environment. 

To determine whether the same phenomena occur with erythroid precursor 

cells, we cultured MNC and hematon cells in the BFU-E assay. MNC cells 

from MDS patients (n=8) showed significantly reduced BFU-E colony formation 

after 14 days of culture compared to normal MNC (10.2 ± 9 vs. 162 ± 125, p<001). 

From the same MDS patients, the hematon fractions were also cultured in the 

BFU-E assay and displayed distinct erythroid colony formation in association 
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Figure 1 In 1A and 1B, examples of ultrastructural features of erythroblasts are shown within their 
micro-environment by using hematons or in suspension using MNC fractions from normal bone 
marrow cells and MDS before and after short-term culture. Erythroblasts show a marked difference 
in structural changes between the hematon and MNC fractions of healthy donors and MDS patients.

Figure 1A Ultrastructure of normal hematon before and after short-term culture (A and B) and MNC 
fraction before and after short-term culture (C and D). A. Erythroblasts (Eb) are closely opposed to an 
adipocyte membrane (Ad), with an intruding macrophage in between (Ma). Spherical erythroblast (Eb) 
nuclei show homogeneously distributed chromatin with increased opacity, electron dense cytoplasm 
with few mitochondria (asterisk) and occasionally vacuoles (arrows). B. After short-term culture the 
hematon shows similar structural characteristics, slightly more prominent vacuoles (arrows). C. 
Normal MNC erythroblasts show typical successive stages of maturation with increasing nuclear 
density and cytoplasmic vacuoles (arrows). Some granulocytes (G) can also be seen. D. Normal MNC 
after 24 hours in culture show examples of apoptosis of erythroblasts and some debris containing 
vacuolar inclusions (arrows) that are slightly larger and more numerous compared to the vacuoles in 
the uncultured condition (G: granulocyte, Ma: macrophage; Eb: erytroblasts). Bar is 10 µm.

with an extensive network of stromal cells (Fig. 4). We were able to expand 

these immature and mature erythroid precursor cells of the hematon fraction 

for a period of 3-6 weeks. To confirm that the expanded erythroid cells of the 

hematon fraction belonged to the dysplastic clone, expanded erythroid cells of 

RARS patients were studied by iron staining. A high number of ring-sideroblasts 

could be demonstrated indicating that the expanded cells emerging from the 

hematon fraction were derived from the dysplastic clone (data not shown).

In contrast to normal erythroid precursor cells, the connection of MDS erythroid 

cells with their micro-environment appears to be particularly critical for their 
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Figure 1B Ultrastructure of MDS hematon before and after 24 hours in culture (A and B) and MNC 
fraction of the same patient before and after short-term culture (C and D). A. Several erythroblasts (Eb) 
are grouped between two adipocytes (Ad), the cytoplasm of the erythrocytes shows a characteristic 
finding in MDS: iron deposits in mitochondria or the remnants of the mitochondria following mitophagy 
(asterisks). B. The cellular niche in the hematon, next to an adipocyte (Ad), shows various phases of 
maturation and increasing density of the cytoplasmic matrix. Mitochondria are still present following 
culture and most of them contain iron deposits. C. An overview shows various cell types surrounding 
erythroblasts in successive stages of maturation and a mature erythrocyte. Next to the erythroblasts 
are a plasma cell and thrombocytes. D Following culture, erythroblasts show apoptotic features 
like pyknotic nuclei with condensed chromatin and mitochondria with clusters of iron (asterisk). (G: 
granulocyte, Ma: macrophage, Eb: erythroblast, Ad: adipocytes). Bar is 10 µm.

survival since the addition of additional growth factors potentially produced 

by the micro-environment (VEGF and LIF) could not restore the BFU-E colony 

formation; 5.0 ± 4.2 and 3.7 ± 3.0 (n=3) with respectively Epo vs. Epo plus VEGF 

and LIF. To determine whether this can be modelled in vitro, we cultured MNC 

cells of MDS patients in suspension with Epo and SCF or on an MS5 stromal 

layer in the presence of these growth factors. As depicted in Fig. 5, normal 

MNCs (n=5) expanded most prominently if the cells were cultured on the MS5 

stromal layer (6.4 ± 6.0 fold increase vs. 33.8 ± 22, at day 14, p=0.02, Fig. 5A). 

Moreover the differential count demonstrated that 90% of the expanded cells 

belonged to the erythroid lineage. A similar design was used for MDS cells and 

showed a limited expansion of the erythroid precursor cells in the suspension 

culture assay with Epo and SCF (1.2 ± 0.7 fold after 14 days) which could be 
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augmented by culturing the cells on MS5 stromal layer (2.9 ± 1.7 fold, p=0.04). 

However, the degree of expansion was significantly less as compared to normal 

MNCs (Fig. 5B). Differential counts of the expanded MDS cells after 14 days of 

culture demonstrated predominantly erythroid cells (>80%). The expansion of 

erythroid cells on the MS5 stromal layer could not be ascribed to activation of 

the fibronectin receptors (VLA4 and VLA5). If the MS5 stromal layer was replaced 

by a fibronectin under layer, the expansion factor was almost comparable 

to the results obtained with the suspension culture assays 1.5 ± 0.39, n=2).

Finally, we determined whether the triggering of the apoptotic process in the MDS 

erythroblasts might be related to an altered expression of the autophagy genes, 

since a reduced expression of autophagy genes can be a trigger for apoptosis 

[8]. We therefore sorted bone marrow of normal subjects and MDS patients into a 

CD235A+CD34- fraction. The accuracy of the sorting was controlled by analyzing 

the GATA-1 and GATA-2 expression by qPCR and demonstrated a low expression 

of GATA2 and high expression in GATA-1 in the more differentiated fraction 

(CD235A+CD34-, Suppl. Fig. 1). Subsequently, several essential autophagy genes 

(ATG5, ATG7, Beclin1, LC3) were studied in normal (n=4) and MDS subfractions 

(n=5). but no significant differences in expression were found (Suppl. Fig.1).

Discussion
Although different genetic defects have recently been identified in patients with 

MDS, a common signature of all these abnormalities is the disturbed erythroid 

differentiation in combination with a tendency toward cell death [1,2,16,17]. Initially, 

it was proposed that apoptosis was the dominant type of cell death, but more 

recent studies have indicated that apoptosis is not the sole mechanism [1,3,6,7]. 

MDS erythroid precursor cells, in particular, exhibit signs of enhanced autophagy, 

whereas the other hematopoietic lineages can exhibit other types of PCD. It has 

not yet been resolved whether the increase in autophagy should be considered 

a cell survival mechanism or a type of cell death emanating from affected 

mitochondria. In the present study, we used an in vitro experimental design to 

determine whether erythroid cells embedded in their micro-environment are 

less liable to undergo PCD. Freshly isolated MDS erythroid cells from the MNC or 

hematon fraction exhibited signs of autophagy that converted to apoptosis after 

a short culture period in suspension. Moreover, erythroid precursors belonging 

to the dysplastic clone could be expanded if the cells were cultured within their 

own micro-environment. Apparently, MDS erythroid cells are more dependent on 

pro-survival signals from the micro-environment than are normal erythroid cells. 
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Figure 2 Bone marrow mononuclear cells (MNC) or 
hematons were directly fixed or cultured for 24 hours. 
Ultrastructural studies of erythroblasts were performed 
with regard to apoptosis (A), and vacuolization (B). NBM: 
normal bone marrow; MDS: myelodysplastic syndrome. The 
% of apoptosis of normal MNC erythroblasts demonstrated 
an increase during culture (1.4 ± 2.4 vs. 10.2 ± 3.3) but less 
compared to MDS-MNC (3.4 ± 2.4 vs. 22.4 ± 7.8).
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Figure 3 Immuno-electron microscopy 
of MDS erythroblasts 24 hrs in culture. 
Immunogold labeling shows presence 
of active caspase-3 in an erythroblast 
from the MNC fraction

Figure 4 Bone marrow mononuclear 
cells (MNC) and hematon of the same 
patient were cultured in the BFU-E 
assay during 14 days. The MNC fraction 
displays no BFU-E colony formation 
after 14-days of culture (A) while the 
hematons display expanding erythroid 
precursors (B). Photos were taken with 
10x magnification from 24 wells plates.

B

A
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This is probably linked to the intrinsic properties of the cells, as gene profiling 

of MDS CD34+ cells has revealed alterations in favor of apoptotic programming 

without alterations in the major autophagy genes [5,18]. Several studies have 

reported an increased number of apoptotic cells in patients with MDS. These 

studies included material from bone marrow biopsies or in vitro culture assays. 

In both situations, the handling procedure or the in vitro detachment from the 

micro-environment might be an important determinant of the type of cell death 

observed. An interesting finding is that the MDS erythroid progenitors could 

be propagated in vitro over a longer period if the cells were cultured from the 

hematon fraction. Hematons are compact particles from the bone marrow 

containing hematopoietic, endothelial, and mesenchymal cells and might 

therefore be considered hematopoietic niches within a stromal framework [10,11]. 

So far, it has been difficult to develop humanized mouse models for MDS. The 

injected cells have limited capacity to expand in vivo, which is likely related to 

the altered cell death programming [19]. Recently, progress was reported after 

co-injection of MDS cells with mesenchymal cells [20]. In view of our findings, it is 

likely that pro-survival signals are also provided in this system by mesenchymal 

and other cells from the micro-environment, resulting in better survival of the 

hematopoietic stem and progenitor cells.
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Figure 5 Normal bone marrow (A) or MDS (B) mononuclear cells (MNC) were cultured in suspension or 
on the MS5 stromal layer. After 14 days of culture, the fold expansion was determined in conjunction 
with differential count.

No. Age Sex 
(M/F) 

WHO Hb 
(mM) 

WBC 
(x 

109/l) 

Platelets 
(x 109/l) 

Transfusion 
dependency 

Karyotype 
analysis 

IPSS 

1 68 F RA 7.1 3.1 75 Yes Del 20q 0.5 
2 54 F RA 5.4 1.0 108 Yes Normal 0.5 
3 63 M RA 7.9 5.2 342 No +8 0.5 
4 80 F RARS 5.6 9.5 490 Yes Normal 0 
5 67 M RARS 7.6 4.2 115 Yes -Y 0.5 
6 65 M RARS 5.0 3.2 199 Yes +8 1.0 
7 84 F RARS 5.9 2.4 68 No -5 1.0 
8 72 M RARS 4.6 3.1 261 Yes Normal 0.5 
9 68 F RARS 6.5 2.8 70 No -Y 0.5 
10 64 M RA 5.3 2.4 10 Yes -Y 1.0 
11 72 F RAEB1 7.1 2.1 94 No -Y 1.0 
12 75 M RARS 5.5 8.0 470 No Normal 0 
13 73 F RA 5.0 5.5 101 No Normal 0 
14 65 M RA 6.0 6.7 100 No Normal 0 
15 87 F RARS 5.2 3.0 109 Yes +19 0.5 
16 64 F RARS 7.0 2.5 160 No Normal 0.5 
17 80 M RARS 7.2 6.6 57 No t(5:6)(p14;p22) 1.0 
 

Table 1 Characteristics of studied MDS patients. Abbreviations: F, female; Hb, hemoglobin, 
IPSS, international prognostic scoring system; M, male; RA, refractory anemia; RARS, 
Refractory anemia with ringed sideroblasts; RAEB: refractory anemia with excess of blasts.
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Patients 
no. 

EM BFU-E 
(Hematon/MNC) 

MS5 Fibron BFU-E 
with 

LIF/VEGF 
1 +     
2 +     
3 +     
4 +     
5 +     
6 + +    
7 + +    
8  + +   
9  + +   
10  + +   
11  + +   
12  + +   
13  + + +  
14   + +  
15     + 
16     + 

 
Supplemental Table 1 Studies performed with bone marrow cells of different myelodysplasia 
patients. Patient number corresponds with patient number in table 1. EM: electron microscopy; 
BFU-E colony from hematon or mononuclear cell fraction; MS5: experiments performed with 
MS5 stromal layer; BFU-E colony formation with Epo in the absence and presence of VEGF 
and LIF.Studies performed with (fibron)ectin as under layer for suspension culture assay.
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Supplementary Figure 1 A: Representative flow cytometry plot. The total mononuclear cell fractions 
(MNC) from normal bone marrow (NBM) was lineage depleted and subsequently stained for 
CD235A and CD34. CD235A+CD34- cells were sorted by flow cytometry. B: Cytospins from sorted cell 
populations stained with May Grünwald Giemsa (MGG). C: qPCR for GATA1, GATA2 and CD235A on 
sorted cell populations. cDNA levels were normalized against RPL27, and values are shown relative 
to the expression in the CD235A+/CD34- fraction. D: qPCR for ATG5, Beclin1, ATG7 and LC3 in sorted 
CD235+CD34- cell fraction of MDS (N=4) or normal bone marrow (N=5).
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Abstract 

Here we have explored whether inhibition of autophagy can be used as 

treatment strategy for acute myeloid leukemia (AML). Steady-state autophagy 

was measured in leukemic cell lines and primary human CD34+ AML cells with a 

large variability in basal autophagy between AMLs observed. The autophagy-flux 

was higher in AMLs classified as poor-risk, which are frequently associated with 

TP53 mutations (TP53mut), compared to favorable- and intermediate-risk AMLs. In 

addition, the higher flux was associated with a higher expression level of several 

autophagy genes, but was not affected by alterations in p53 expression by 

knocking down p53 or overexpression of wild type p53 or p53R273H. AML CD34+ cells 

were more sensitive to the autophagy inhibitor hydroxychloroquine (HCQ) than 

normal bone marrow CD34+ cells. Similar, inhibition of autophagy by knockdown 

of ATG5 or ATG7 triggered apoptosis, which coincided with increased expression 

of p53. In contrast to wild type p53 AML (TP53wt), HCQ treatment did not trigger 

a BAX and PUMA-dependent apoptotic response in AMLs harboring TP53mut. To 

further characterize autophagy in the leukemic stem cell (LSC)-enriched cell 

fraction AML CD34+ cells were separated into ROSlow and ROShigh subfractions. The 

immature AML-CD34+-enriched ROSlow cells maintained higher basal autophagy 

and showed reduced survival upon HCQ treatment compared to ROShigh cells. 

Finally, knockdown of ATG5 inhibits in vivo maintenance of AML CD34+ cells in 

NSG mice. These results indicate that targeting autophagy might provide new 

therapeutic options for treatment of AML since it affects the immature AML 

subfraction.
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Introduction
AML is characterized by the accumulation of immature blast cells in the bone 

marrow, resulting in a disruption of normal hematopoiesis. The growth advantage 

of leukemic cells over the normal hematopoietic stem and progenitor cells 

(HPSC) is linked to a perturbation in differentiation, metabolic and cell survival 

programming, as result of a number of genetic and epigenetic defects [1-3]. 

Transcriptome studies have demonstrated that the expression patterns of 

apoptotic and anti-apoptotic genes are significantly different between AML CD34+ 

cells compared to CD34+ cells derived from healthy subjects [4, 5].

HPSC homeostasis requires macroautophagy (here referred to as autophagy), 

which is an alternative cell survival program involved in degradation of redundant 

organelles and proteins [6-8]. Autophagic flux in normal HSPC is most prominent 

in the immature CD34+CD38- subfraction and declines in more differentiated 

myeloid cells [9]. Maintenance of an adequate level of autophagy is essential 

for HPSC homeostasis. Previous studies have shown that lentiviral knockdown of 

the essential autophagy genes ATG5 and ATG7 results in impaired engraftment 

of cord blood (CB) CD34+ cells in NSG mice [9, 10]. In addition, ATG7null or ATG5null 

mice develop anemia and during long-term follow-up myelodysplasia [11-13]. 

Recent studies in myeloid leukemia have suggested that in AML the autophagy 

machinery might be disrupted, resulting in intracellular accumulation of damaged 

mitochondria and increased levels of reactive oxygen species (ROS); with high 

ROS levels potentially promoting leukemic transformation [12, 14-15]. In contrast, 

other studies have shown that leukemic cells require functional autophagy 

during leukemia maintenance [16-18]. In addition, autophagy can be an escape 

mechanism utilized by leukemic cells after treatment with chemotherapeutics 

such as mTOR- and HDAC inhibitors [19-25]. Together, this suggests a greater 

dependency of AML cells on these effector pathways. The aim of our study was 

to determine whether inhibiting autophagy can provide an additional means 

to impair LSC functionality. We demonstrated that AML CD34+ cells are more 

susceptible for autophagy inhibition than normal CD34+ cells. P53 is an important 

effector pathway in the observed apoptotic responds, triggered by inhibition of 

autophagy.
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Material and methods 

Isolation and culture of human CD34+ cells 

We obtained umbilical cord blood (UCB) from full-term healthy neonates who 

were born at the Obstetrics departments of the Martini Hospital and the University 

Medical Center Groningen (Groningen, the Netherlands). Informed consent 

was obtained to use UCBs and patients AML blasts derived from peripheral 

blood cells or bone marrow in accordance with the Declaration of Helsinki; the 

protocols were approved by the Medical Ethics Committee of the University 

Medical Center Groningen (UMCG). Mononuclear cells (MNC) were isolated from 

UCB, or peripheral blood or bone marrow from AML patients by Ficol density 

centrifugation, and CD34+ cells were subsequently isolated with the autoMACS 

pro-separator (Miltenyi Biotec, Amsterdam, the Netherlands). 

 

Cell culture 

Primary AML, normal bone marrow or CB-derived CD34+ cells were cultured 

in suspension or in T25 flasks pre-coated with MS5 stromal cells in Gartners 

medium: Alpha-MEM (Lonza, Leusden, the Netherlands) supplemented with 

12.5% FCS and 12.5% Horse serum (Sigma-Aldrich, Saint Louis, USA), 1% penicillin/

streptomycin (PAA Laboratories, Dartmouth, USA), 1 µM hydrocortisone (Sigma-

Aldrich), 57.2 mM βbeta–mercaptoethanol and cytokines: G-CSF, Human TPO 

agonist; Romiplostim (Amgen, Breda, the Netherlands) and IL-3 (20 ng/mL each) 

[26]. For the autophagic-flux AML CD34+ cells were cultured for 3 days on a MS5 

stromal layer. Subsequently, the autophagic-flux was determined with cyto-ID. 

The relative increase in Cyto-ID signal after overnight incubation with 20 µM 

hydroxychloroquine (HCQ) is considered to be the autophagy flux [9]. The used 

concentration and incubation time of HCQ for measuring autophagic-flux was 

validated and is based on maximal accumulation of autophagosomes, without 

affecting cell viability after overnight incubation with HCQ. AMLs that did not 

expand were excluded from analysis. The leukemic cell lines HL60, K562, THP1, 

OCIM3, MOLM13, and NB4 cells were cultured in RPMI 1640, supplemented 

with 10% FCS and 1% penicillin/streptomycin. KG1A cells were cultured in IMDM 

(Lonza, Leusden, the Netherlands) 20% FCS and 1% penicillin/streptomycin. 

Flowcytometry analysis

After isolation, cells were resuspended in PBS and subsequently incubated 
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for 30 min at 4°C with anti-human CD19, CD34, CD38, CD33 and CD45. After 

incubation, cells were washed and optionally incubated for 30 min at 37˚C 

using Cyto-ID Autophagy Detection dye (ENZ-51031-0050, Enzo Life Sciences, 

Raamsdonksveer, The Netherlands). The cells were subsequently washed and 

analyzed by flow cytometric analysis (FACS). (Additional information can be found 

in Supplementary Table S5). All data was analyzed using FlowJo (Tree Star, 

Oregon, USA) software.

Apoptosis, ROS and mitochondrial mass measurements

Apoptosis was quantified by staining with APC-conjugated Annexin-V (Beckton 

Dickinson, Franklin Lakes, USA) according to manufacturer’s protocol. Reactive 

oxygen species (ROS) analyses were performed by means of CellROX deep red 

(APC) or CellROX green (FITC, Life Technologies, Landsmeer, the Netherlands), 

according to manufacturer’s protocol. Mitochondrial mass was determined with 

Mitotracker staining (Life Technologies), according to manufacturer’s protocol. 

Apoptosis, CellROX and mitochondrial mass were analyzed by FACS. 

Virus production and transduction of CD34+ leukemic cells 

shATG7 (TRCN0000007586, Sigma-Aldrich) and shATG5 (TRCN0000151474, 

Sigma-Aldrich) and shP53 vectors were cloned and extensively validated, 

as previously described.9 An shRNA sequence that does not target human 

genes (referred to as scrambled) was used as a control. TP53R273H or TP53wt 

were generated by PCR amplification from cDNA obtained from MDA-MB-468 

or MOLM13 cells, respectively. Amplified cDNA was subsequently cloned into 

pRRL-IRES-mBlueberry vector [27], using EcoR1 restriction sites. Lentiviral virions 

were produced by transient transfection of HEK 293T cells with pCMV and VSV-G 

packing system using Polyethylenimine (Polyscience Inc. Eppelheim, Germany) 

or FuGENE (Promega, Leiden, the Netherlands). Retroviral virions containing 

pBABE-puro-mCherry-EGFP-LC3B (kind gift from Prof. Andrew Thorburn, Dept. 

of Pharmacology, University of Colorado Cancer Center) were produced by 

transient transfection of HEK 293T cells with VSV-G, pAmpho packing system and 

FuGENE. Viral supernatants were collected and filtered through a 0.2-μm filter and 

subsequently concentrated using Centriprep Ultracel YM-50 centrifugal filters 

(Millipore). 0.5 × 106 CD34+ cells were seeded in Gartners medium supplemented 

with cytokines (specified previously). Transduction was performed by adding 

0.5 mL of ~10 times concentrated viral supernatant to 0.5 mL of medium in the 

presence of 4 μg/mL polybrene (Sigma-Aldrich). For retroviral transfections, cells 
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were transfected in retronectin-coated 24-well plates.

Quantitative real-time PCR

Quantitative RT-PCR was used to analyze the mRNA levels of ATG5, Beclin1, 

ATG8/LC3, VMP1, ATG10, ATG7, BAX, PUMA, BCL-2 PHLDA3, p21, p53, FOXO3A, 

SOD1, SOD2 and Catalase. Total RNA was isolated from at least 1x105 cells using 

the RNeasy kit (Qiagen, Venlo, the Netherlands). RNA was reverse transcribed 

with iScript reverse Transcription kit (Biorad, Veenendaal, the Netherlands). The 

cDNA obtained was real-time amplified, in iQ SYBR Green Supermix (Bio-Rad), 

with the CFX connect Thermocycler (Bio-Rad). RPL27 and RPS11 were used as 

housekeeping genes. The primer sequences are listed in the Supplemental 

Table S6. 

In vivo transplantation of AML CD34+ cells into NSG mice

For transplantation, [12-13] week-old female NSG (NOD.Cg-Prkdcscid IL2rgtm1Wjl/

SzJ) mice were purchased from the Central Animal Facility breeding facility at 

the UMCG. Mouse experiments were performed in accordance with national and 

institutional guidelines, and all experiments were approved by the Institutional 

Animal Care and Use Committee of the University of Groningen (IACUC-RuG). 

General aspects of these experiments have been described previously [9, 28], and 

the detailed experimental approach is described in the Supplementary Methods.

Statistical analysis

An unpaired two-sided student’s test was used to calculate statistical differences. 

A P-value of <0.05 was considered statistically significant. 

Results 

Leukemic cell lines with an increased autophagic flux are more dependent on 

autophagy for their survival. 

During autophagy double membrane vesicles called autophagosomes are 

formed, which fuse with lysosomes [6]. It is important not only to measure the 

steady-state number of autophagosomes, but also the turnover [29]. This can 

be done by staining cells with Cyto-ID, a dye that selectively labels autophagic 

vacuoles. The relative increase in Cyto-ID signal after overnight incubation with 

hydroxychloroquine (HCQ) is considered to be the autophagy flux [9]. In the 

tested cell lines autophagy flux varied, HL60 cells had a significantly lower flux as 
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compared to OCIM3, MOLM13, KG1A and NB4 cells (Fig. 1A-B and Supplementary 

Table S1). These results were confirmed by using alternative methods for 

analyzing autophagy flux. First, cell lines expressing GFP-ATG8/LC3 were 

treated with or without the autophagy inhibitor Bafilomycin-1A (BAF). The relative 

accumulation of GFP-ATG8/LC3 puncta upon BAF treatment is indicative for the 

level of autophagy flux (Supplementary Fig. 1A). Representative pictures of GFP-

ATG8/LC3 puncta accumulation in NB4 cells are depicted in Supplementary Fig 

1B. In addition, autophagic flux was determined by tandem fluorescent tagged 

LC3 reporter (Fig. 1C) and relative accumulation of LC3-II by Western blotting 

(Fig. 1D and Supplementary Fig. 1C-D). To confirm that the observed autophagic 

flux measurements in combination with HCQ where autophagy specific, HL60 

and NB4 cells were pre-treated with 5 mM 3-Methyladenine (PI3K inhibitor) or 10 

µM SBI-0206965 (ULK1 inhibitor), thereby blocking autophagosome formation. 

By inhibiting PI3K or ULK1 a near complete block in HCQ dependent LC3-II 

Figure 1. Variation in autophagy flux between different leukemic cell lines. A) Relative accumulation 
of autophagosomes after overnight treatment with 20 µM HCQ measured by staining with Cyto-ID in 
a panel of leukemic cell lines (N=7). B) Representative FACS plots showing mean fluorescent intensity 
of Cyto-ID, with or without HCQ treatment. C) mCherry/GFP ratio in a panel of leukemic cell lines 
transduced with mCherry-GFP-LC3 D) Representative Western blot of LC3-II accumulation after HCQ 
in cell lines, βbeta-actin was used as loading control. Error bars represent SD; *, ** or *** represents 
p<.05, p<.01 or p<.001, respectively.
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accumulation was observed underscoring an autophagy specific mechanism 

(Supplementary Fig 1E-F).

To validate whether the observed autophagic flux was functionally relevant, 

the HL60, MOLM13, OCIM3 and NB4 cell lines were transduced with lentiviral 

shRNAs, to knockdown the essential autophagy genes ATG5 (shATG5) or ATG7 

(shATG7). Each shRNA was selected from a set of 5 individual shRNAs, which 

were extensively tested as described previously [9]. The knockdown efficiency 

for shATG5 and shATG7 transduced leukemic cell lines was confirmed by q-PCR 

(Supplementary Fig. 2A). Lentiviral-mediated knockdown of ATG5 and ATG7 

resulted in a reduced accumulation of GFP-ATG8/LC3 puncta after BAF treatment 

(Supplementary Fig. 2B), which coincided with a significant reduction in survival 

(Fig. 2B). To validate these findings in an alternative manner, the cell lines were 

exposed to different concentrations of HCQ during prolonged culture. Survival and 

expansion after treatment with HCQ was compared to CB CD34+ cells. CB CD34+ 

cells showed no impairment in expansion when treated with 5 µM HCQ, while 20 

µM HCQ significantly inhibited their expansion (Fig. 2B and Supplementary Fig. 

2C). The cell lines showed variability in survival after HCQ treatment; notably those 

most susceptible for HCQ had the highest level of autophagic flux (Fig. 1, Fig. 2B 

and Supplementary Fig. 2C). The reduced survival and proliferation after inhibition 

of autophagy was at least in part due to increased apoptosis, as determined by 

Annexin-V staining (Fig. 2C, red bars and (Supplementary Fig. 2D). In MOLM13 and 

NB4 cells increased apoptosis correlated with increased expression of p53 and its 

transcriptional target genes BAX, PUMA, and PHLDA3 (Supplementary Fig. 2E).

To investigate the potential role of p53 in the HCQ-induced cell death, MOLM13 

and NB4 were transduced with a lentiviral shRNAs, targeting TP53 (shp53, 

Supplementary Fig. 2A). The p53 status of used leukemic cell lines is indicated 

in Supplementary Table S1. Compared to shSCR transduced cells, shp53 

transduced cells did not show an apoptotic response to treatment with different 

HCQ concentrations (Fig. 2C, blue bars and supplementary Fig. 2F). Moreover, 

knockdown of p53 prevented HCQ-dependent expression of pro-apoptotic BAX 

and PUMA (Fig. 2D and supplementary Fig. 2G). In contrast, TP53null HL60 cells, 

with low basal autophagy (Fig. 1A), did not display induction of apoptosis (data 

not shown) or a strong reduction of expansion upon HCQ treatment (Fig. 2B). 

Finally, p53wt cell lines MOLM13 and OCIM3 were double transduced with shSCR- 

or shP53-GFP in combination with shSCR- or shATG5-mCherry. As expected, 
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knockdown of ATG5 provided a strong reduction in expansion, which could be 

rescued by additional knockdown of p53. However, following longer follow-up 

the rescue by shp53 gradually declined (Fig. 2E and Supplementary Fig. 2H).

Variation in autophagy levels between different AMLs independently of the 

differentiation status

Next we analyzed the expression of autophagy genes and the functional 

consequences in patients AML CD34+ cells. In total 51 AML patients were studied; 

the clinical characteristics of this cohort are described in Supplementary Table 

S2 and S3. For studying a homogenous AML cell population in vitro, the CD34+ AML 

subfraction was sorted and analyzed. Quantitative PCR studies demonstrated that 

Figure 2. Sensitivity for inhibition of autophagy in leukemic cells. A) Normalized GFP percentages 
in leukemic cell lines transduced with shSCR-GFP, shATG5-GFP or shATG7-GFP and cultured for 12 
days. B) Cumulative growth of leukemia cell lines and cord blood-derived CD34+ cells cultured for 
10 days in the presence of 0, 5 or 20 µM HCQ. C) Percentage of Annexin V positive cells in shSCR or 
shp53 transduced MOLM13 cells, at day 4 after treatment with different concentrations of HCQ. D) 
Quantitative RT-PCR for BAX and PUMA in shSCR and shP53 transduced MOLM13 cells, treated with 
20 µM HCQ for 4 days. E) Cell expansion in time of MOLM13 cells double transduced with shp53-GFP 
or shSCR-GFP in combination with shSCR-mCherry or shATG5-mCherry. The transduced cells were 
cultured for 12 days. Error bars represent SD; *, ** or *** represents p<.05, p<.01 or p<.001, respectively.
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essential autophagy genes ATG5 and ATG7 are more highly expressed in a subset 

of AMLs compared to CD34+ normal bone marrow cells (Supplementary Fig. 3A 

and Supplementary Table S4). In addition, expression levels of autophagy genes 

in AML and normal bone marrow was assessed in publicly available expression 

datasets (Bloodspot expression database, [30]). Expression of a subgroup of 

autophagy genes was higher in AML compared to normal HSCs, especially genes 

involved in the mTOR dependent ULK1 complex or LC3 lipidation (Supplementary 

Fig. 3B) [30]. To investigate the functional consequences of this observation, 

we measured autophagy flux in AML CD34+ cells (n=51). A large variability in 

autophagic-flux was observed, comparable to the results in cell lines (Fig. 3A, Fig. 

3 and Supplementary Fig. 3C). No difference in autophagic flux was observed 

between the AML CD34+CD38- fraction compared to more mature CD34+CD38+ 

fraction (n=8, Supplementary Fig. 3D). Also, no difference was observed between 

bone marrow and peripheral blood-derived AML cells (Supplementary Fig. 3E). 

Since AML is clinically a heterogeneous disease, autophagic flux was correlated 

to a number of clinical relevant parameters including, the French-American-

British classification (FAB), cytogenetics, molecular markers, and prognostic risk 

classification. No significant difference in autophagy flux was shown between 

AML cells belonging to the myeloid (M1-M2) or monocytic lineages (M4-M5) 

(Supplementary Fig. 3F). Cytogenetic analysis revealed that AML patients with 

complex cytogenetic abnormalities had the highest level of autophagy (Fig. 

3B). In line with these results, expression of many core autophagy genes was 

higher in AMLs with complex karyotype compared to other AML subgroups 

(Supplementary Fig. 3B) [30]. When patients were categorized according to 

ELN criteria [31] in favorable, intermediate-I, -II and adverse risk-groups, AML 

CD34+ cells belonging to adverse-risk group had significantly higher levels of 

autophagy compared to the intermediate- or favorable-risk AMLs (Fig. 3C). AMLs 

with mutations in TP53, which were all classified as adverse-risk, had higher 

autophagic flux (Fig. 3D). In contrast, no differences in autophagy levels were 

observed in AMLs harboring mutations in FLT3, NPM1, IDH1/2, DNMT3A or CEPBA 

genes (Fig. 3D). 

To study the functional relevance of the autophagic flux for survival, AML CD34+ 

cells were treated with 0, 5, 10 or 20 µM HCQ for 72 hrs. The survival of AML 

cells was measured over time and compared to normal bone marrow CD34+ cells 

treated in a similar manner. As shown in Fig. 4A, a significant dose-dependent 

increase in sensitivity to HCQ was observed in AML CD34+ compared to CD34+ 
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cells isolated from healthy controls (20 µM HCQ, 23.0 ± 3.1% vs 42.5 ± 6.6% 

surviving cells, respectively, P<0.05). Similarly, inhibition of autophagy in AML 

CD34+ cells resulted in a dose-dependent increase in apoptosis as measured 

by Annexin-V positivity (Fig. 4B and Supplementary Fig. 4A). In contrast to 

observations in leukemic cell lines, no correlation was observed between the 

level of autophagic flux and the sensitivity for HCQ. To validate the dependency 

on autophagy in an alternative manner, AML CD34+ (n=5) were transduced with 

either shATG5 or shATG7, and expansion on a MS5 stromal layer was measured 

over time. A strong decrease in cell expansion was observed in response to ATG5 

or ATG7 downregulation in comparison to shSCR transduced AML cells (Fig. 4C, 

Supplementary Fig. 4B and 4C). 

Inhibition of autophagy triggers a p53-dependent increase in apoptosis in AML 

CD34+ cells 

Since we observed that some AML CD34+ samples were less sensitive for HCQ, 

we compared the sensitivity of wild type TP53 (TP53wt) to those harboring 

TP53 mutations (TP53mut). As shown in Fig. 4A, TP53mut AML CD34+ cells (n=5, 

Supplementary Table S3) were significantly less sensitive at 5, 10 or 20 µM HCQ 

Figure 3. Variation in autophagy levels between different AMLs, independent of the differentiation 
status. A) Left panel, for autophagic flux measurements (relative Cyto-ID accumulation) in AML 
CD34+ blasts (n=51), AML CD34+ cells were cultured for 3 days on MS5 stromal layer before overnight 
incubation with 20 µM HCQ. Right panel, representative FACS plot showing the accumulation of Cyto-
ID after treatment with HCQ. B) Autophagy flux in AMLs with normal karyotype vs. complex cytogenetic 
abnormalities. C) Autophagy flux in AMLs according to the various ELN risk groups. D) Autophagy flux 
in AML CD34+ cells according to commonly mutated genes in AML. Error bars represent SD; *, ** or *** 
represents p<.05, p<.01 or p<.001, respectively.
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compared to TP53wt cells (20 µM HCQ, 71.8. ± 9.8% vs. 23.0 ± 3.1% surviving cells 

respectively, P<0.0001). To characterize further differences in responsiveness 

between TP53WT and TP53mut patient-derived cells, AML CD34+ TP53wt cells (n=5) 

or TP53mut cells (n=4) were treated with HCQ, and p53-dependent transcriptional 

target gene expression patterns were analyzed. In patients with TP53 mutations 

both homozygous and heterozygous TP53 mutations were observed. Basal levels 

Figure 4. Inhibition of 
autophagy triggers 
apoptosis in primary 
AML CD34+ cells. 
A) Survival of normal 
bone marrow (NBM) 
CD34+, TP53wt AML CD34+ 
or TP53mut AML CD34+ 
cells were cultured for 
3 days on a MS5 stromal 
layer before treated with 
5, 10 or 20 µM HCQ for 48 
hrs B) Quantification of 
Annexin V percentages 
in AML (n=9) after 
treatment with 5 or 20 
µM HCQ. C) Normalized 
expansion of AML 
CD34+ cells transduced 
with shSCR, shATG5 or 
shATG7, cultured on 
a MS5 stromal layer. 
Error bars represent 
SD; *, ** or *** represents 
p<.05, p<.01 or p<.001, 
respectively.
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of BAX, PUMA and p21 mRNA expression were lower in TP53mut cells compared 

to TP53wt AML CD34+ cells. Interestingly, in contrast to TP53wt cells, expression 

levels of pro-apoptotic BAX and PUMA were not increased upon HCQ treatment 

in TP53mut AML CD34+ cells, suggesting that the apoptotic response was severely 

dampened in these cells (Fig. 5A). To confirm the role of p53 in the HCQ mediated 

effects, TP53wt AML cells were co-treated with Nutlin-3A, which stabilizes p53 

by inhibition of MDM2. The combined used of HCQ and Nutlin-3A significantly 

enhanced the apoptotic effect compared to HCQ alone in TP53wt AML CD34+ 

cells (Fig. 5B). To verify these findings in an alternative manner p53wt and mutant 

TP53R273H were overexpressed in p53wt OCIM3 leukemic cells and subsequently 

treated them with increasing concentrations of HCQ. TP53R273H is described as 

gain-of-function mutation associated with drug resistance. Overexpression of 

p53wt enhanced the HCQ-dependent apoptotic response and resulted in reduced 

survival compared to control (Supplementary Fig. 5A). In contrast, overexpression 

of mutant TP53R273H rendered the AML cells more resistant to HCQ treatment (Fig. 

5C and Supplementary Fig. 5A). However, overexpression of p53wt or TP53R273H 

in OCIM3 cells did not affect the autophagic flux as determined by Cyto-ID 

Figure 5. TP53 mutant AMLs are resistant for HCQ induced apoptosis. A) Gene expression of BAX and 
PUMA determined by quantative RT-PCR in TP53wt (n=4) or TP53mut (n=4) AMLs. AML CD34+ cells were 
cultured for 3 days on a MS5 stromal layer before 72 hours incubation with 20 µM HCQ. B) Percentage 
of Annexin V positive cells in TP53wt AML CD34+ cells treated with 5 or 20 µM HCQ in conjunction with 
or without Nutlin-3A. C) Cell counts of OCIM3 cells transduced with pRRL-mBlueberry, pRRL-P53mut-
mBlueberry or pRRL-P53wt-mBlueberry, treated with different concentrations of HCQ. D) Western blot 
showing LC3-II, SQSTM1/p62 and p53 protein expression in OCIM3 cells transduced with shSCR or 
shP53 treated overnight with or without 20 µM HCQ. Error bars represent SD; * represents p<.05.
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(Supplementary Fig. 5B). Comparable results were obtained in the context of 

p53 knockdown in OCIM3 and MOLM13 cells. No change in accumulation of LC3-

II or SQSTM1/p62 was observed. (Fig. 5D and Supplementary Fig. 5C). Also in 

normal CB CD34+ cells overexpression of p53wt or TP53R273H, did not affect the 

levels of autophagy (Relative Cyto-ID values; control 2.3 ± 0.4 fold, p53wt 2.2 ± 

0.6 fold or p53mut 2.1 ± 0.3 fold). Together, these results indicate that inhibition 

of autophagy initially triggers a p53-dependent apoptotic response, which is 

severely dampened in AML CD34+ cells harboring mutations in the TP53 gene 

irrespective of the autophagy flux. 

AML CD34+ROSlow cells have a higher autophagic flux

We did not observe differences in autophagy in more immature CD34+CD38- vs 

more mature CD34+CD38+ blast (Supplementary Fig. 3D). To determine whether 

there is still variability in the level of autophagy within the AML CD34+ fraction, 

we separated the AML CD34+ subfraction into ROSlow and ROShigh cells. A recent 

study has shown that ROSlow AML cells are enriched for leukemic stem cells (LSC) 

by using in vitro as well as in vivo assays [32]. We identified the ROSlow and ROShigh 

AML CD34+ by sorting the 15% low and high subfractions based on the CellROX 

mean fluorescent intensity (MFI) in the AML CD34+ cell population (Fig. 6A). A 

significant distinction in CellROX MFI was demonstrated in AML CD34+ (n=14) 

ROShigh compared to ROSlow cells (Fig. 6A and Supplementary Fig. 6A). Sorted 

ROSlow cells exhibited more immature morphology, as determined by the relative 

size of the nucleus to the cytoplasm. Representative pictures of AML cells from 

sorted ROSlow and ROShigh AMLs are shown in Supplementary Fig. 6B. Interestingly, 

ROSlow cells maintained a significantly higher autophagic flux compared to the 

ROShigh AML CD34+ cells, within the same patient sample, as determined by Cyto-

ID (Fig. 6B, P<0.01, Supplementary Fig. 6C). In addition, sorted ROSlow and ROShigh 

subfractions AML CD34+ cells were treated overnight with HCQ and subsequently 

accumulation LC3-II was detected by Western blotting. A higher accumulation 

was shown in the ROSlow AML cells (Supplementary Fig. 6D). qRT-PCR analysis 

demonstrated a significantly higher expression of BCL-2 in the ROSlow AML CD34+ 

cells (Supplementary Fig. 6E). In addition, higher expression of the autophagy 

genes Beclin-1 and LC3 and the autophagy regulator FOXO3A was observed in 

ROSlow AML CD34+ cells compared to the ROShigh CD34+ cells (Fig. 6C) [33, 34]. In 

contrast, expression of other key autophagy genes and major ROS scavengers 

such as SOD1, SOD2 and Catalase was comparable between both fractions (data 

not shown).
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To evaluate growth characteristics and the functional relevance of autophagy in 

the distinct AML CD34+ subpopulations (n=4), FACS-sorted AML CD34+ ROSlow and 

ROShigh cells were cultured on MS5 bone marrow stromal cells. The ROSlow AML 

CD34+ cells exhibited long-term expansion in comparison with the ROShigh CD34+ 

cells (week 5; ROSlow 7.1 fold ± 2.1 vs ROShigh 1.6 fold ± 0.4 (n=6, P=<0.05)). Next, ROSlow 

and ROShigh fractions were treated with 5 or 20 µM HCQ for 48 hours and survival 

was determined (Fig. 6D). ROSlow cells were more sensitive to HCQ treatment 

compared to ROShigh cells, correlating with increased apoptosis (Supplementary 

Figure 6 Autophagy is higher in the ROSlow population of AML blasts. A) Representative FACS plots 
showing CellROX staining in freshly isolated AML CD34+ cells. B) Relative Cyto-ID levels in ROShigh 

and ROSlow fractions of AML CD34+ cells (n=11). C) Gene expression of Beclin-1 and LC3 in freshly 
sorted AML CD34+ROShigh and CD34+ROSlow cells. D) Survival of FACS sorted ROShigh and ROSlow AML 
CD34+ cells, cultured for 3 days on a MS5 stromal layer before treated for 48 hours with different 
concentrations HCQ. Error bars represent SD; *, ** or *** represents p<.05, p<.01 or p<.001, respectively.
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Fig. 6F). Since mitochondria have an important role in ROS production, we 

evaluated mitochondrial mass in AML CD34+ cells in both the ROSlow and ROShigh 

subfractions. AML CD34+ ROSlow cells had a lower mitochondrial mass compared 

to ROShigh AML CD34+ cells (n=11, p<0.0001, Supplementary Fig. 6G). 

Knockdown of ATG5 inhibits myeloid leukemia maintenance in vivo

Based on the observations that ATG5 and ATG7 knockdown reduce the expansion 

of AML CD34+ cells in vitro, we determined whether this would also occur in vivo. 

To exclude the possibility that the knockdown of ATG5 or ATG7 affected cell 

migration, in vitro transwell experiments were performed with the OCIM3 and 

MLOM13 cell line. In both cell lines, the SDF1 mediated migration was not affected 

by the knockdown of ATG5 or ATG7 (Supplementary Fig. 7D). Subsequently AML 

CD34+ cells were transduced with the shATG5 or shSCR-GFP and transplanted in 

immunodeficient NSG mice, as outlined in Fig. 7A. Transplanted AML blasts were 

at least 14% GFP positive at time of injection (Supplementary Fig. 7A) and ATG5 

knockdown was confirmed by qRT-PCR (Supplementary Fig. 7B-C). The time for 

the onset of leukemia was determined by measuring the percentage of huCD45 

Figure 7. Knockdown of ATG5 in AML CD34+ blasts results in impaired engraftment. A) Experimental 
set-up. B) Left panel: engraftment levels measured by huCD45%. Right panel: the GFP% within 
huCD45+ population. Each dot represents data from a single mouse, shSCR (N=4) and shATG5 (N=5). C) 
Engraftment (percentage huCD45) at time of sacrifice in bone marrow, spleen and liver and the GFP% 
within the huCD45+ population. D) Summarizing Model: LSCs are enriched in the ROSlow fraction of 
AML blasts. ROSlow cells maintain a higher basal autophagy flux and have a lower mitochondrial mass 
compared to ROShigh cells. Right part: short-term genetic or pharmaceutical Inhibition of autophagy 
triggered a p53 dependent apoptotic response in p53 wild type AMLs, which was severely dampened 
in p53 mutant AMLs. Error bars represent SD; * or *** represents p<.05 or p<.001, respectively.
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in peripheral blood. While GFP levels for shSCR remained stable at around ~15%, 

the contribution of the shATG5 transduced cells to the engrafted AML cells was 

significantly reduced, starting from week 6 (Fig. 7B and Supplementary Fig. 7E). 

After sacrifice, we observed high engraftment levels in bone marrow, spleen and 

liver as determined by the percentage of CD45. The contribution of shSCR-GFP 

transduced cells within the CD45 compartment was stable around ~20% in all 

studied organs. On the contrary, the percentage of shATG5-GFP transduced cells 

within the CD45 compartment was strongly decreased (Fig. 7C). The engrafted 

human AML cells were all of myeloid origin, as determined by CD33 expression 

(Supplementary Fig. 7F). These results demonstrate that autophagy is also 

essential for leukemia maintenance in vivo. 

Discussion
The aim of our study was to determine whether inhibiting autophagy can 

provide an alternative means to impair LSC functionality. AML CD34+ cells were 

susceptible for autophagy inhibition, which was demonstrated by in vitro and in 

vivo experiments. In vitro studies indicated that the subfraction of ROSlow AML 

CD34+ cells had the highest autophagic flux and were more susceptible to 

HCQ treatment when compared to ROShigh AML CD34+ cells. The AML ROSlow 

subfraction is further characterized by lower mitochondrial mass and elevated 

BCL-2, FOXO3A and Beclin-1 expression. These results are of interest since a 

previous study has shown that ROSlow AML CD34+ cells are enriched for LSCs [32]. 

Similar, murine ROSlow HSPC are enriched for stem cells [35]. In the studied AML's, 

the autophagy-flux was most-pronounced in adverse-risk group with complex 

cytogenetic abnormalities which are frequently associated with TP53 mutations. 

Transcriptome data revealed a significant higher expression of autophagy genes 

in the AML subgroup with complex karyotype. It has been suggested that the 

adverse-risk AMLs have a higher number of LSCs compared to favorable-risk 

AMLs, which might have consequences for the measured level of autophagy [36, 

37]. Although the high autophagy flux was connected with complex karyotype and 

TP53 mutations, modulation of p53 in normal or leukemic cells by p53 knockdown 

or ectopic overexpressing p53mut did not affect the autophagy flux. Therefore, the 

high autophagic flux in the AML CD34+ subfraction might be an intrinsic property 

as consequences of an adaptive response to constitutive metabolic stress linked 

to the (epi)genetic mutations.

Inhibition of autophagy in leukemic cells might limit nutrient availability 
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in cells, causing metabolic stress and consequently apoptosis. Moreover, 

impaired autophagy in hematopoietic cells has been associated with increased 

mitochondrial mass, resulting in ROS accumulation [8,9,15]. In turn, excessive 

ROS has been shown to cause oxidative DNA damage and consequently 

premature senescence and HSC exhaustion [38,39]. Our study indicates that 

the p53 pathway, irrespective of the level of autophagy, is an important effector 

pathway for cell death induced by autophagy inhibition, which has consequences 

for AMLs with TP53 mutations. TP53mut AML cells show decreased sensitivity for 

short-term treatment with HCQ and an impaired upregulation of the apoptotic 

genes PUMA and BAX, indicating that the initial apoptotic response in these cells 

is strongly impaired. 

In view of these findings co-treatment with autophagy inhibitors might only be 

a promising approach for the treatment of TP53wt AMLs. Similar observations 

have been made in chronic myeloid leukemia (CML) [40, 41]. The combination 

of tyrosine kinase inhibitors in combination with autophagy inhibitors resulted in 

more effective elimination of CML stem cells [42]. This approach might also be 

attainable in vivo since various studies in patients with solid tumors have shown 

that high dose HCQ can block autophagy in vivo [17, 23, 43, 44] Currently, a second 

generation of HCQ-derived autophagy inhibitors are being developed, which are 

more potent in inhibition of autophagy [45, 46], thereby increasing the clinical 

applicability of autophagy inhibition. 

In the present study we focused mainly on the role of autophagy during leukemia 

maintenance. This might be distinct from the role of autophagy during leukemia 

initiation, as consequences of the emergence of (epi)genetic mutations [2, 3]. 

Model systems for leukemia and solid tumors have shown that during malignant 

transformation, autophagy might be reduced as result of mutagenesis, resulting 

in accumulation of mitochondria, ROS-mediated DNA damage and activation 

of NF-βB signalling [12, 13]. Likewise, U2AF35 mutations in myelodysplastic 

syndrome cause abnormal processing of ATG7 pre-mRNA and consequently 

reduced expression of ATG7 [47]. In addition a recent study reported mutations of 

autophagy genes in a small fraction of MDS patients, which might be contributive 

to malignant transformation [48].

In summary, our results demonstrate that autophagy has a critical function for AML 

maintenance and that inhibition of autophagy might be a promising therapeutic 
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strategy in a subgroup of AML patients (summarizing model, Fig. 7D).
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Supplementary figure 1. Variation in autophagy flux between different leukemic cell lines. A) 
Leukemic cell lines, expressing LC3-GFP, were treated overnight with or without BAF. LC3-pucta were 
analysed by fluorescent microscopy. B) Left panels: representative pictures of LC3-GFP expressing 
cells treated with or without BAF and right panels: quantification of LC3-pucta by ImageJ software. C) 
Quantification of LC3-II in HL60, OCIM3, MOLM13 and NB4 cells after HCQ treatment (n=4). D) Western 
blots of LC3-II accumulation after overnight HCQ treatment (20 µM) in leukemic cell lines, βbeta-actin 
was used as loading control. E) Western blot showing LC3-II accumulation in HL60 and NB4 cells. 
HL60 and NB4 cells were pre-treated for 4 hours with PI3K inhibitor (3-MA; 3-Methyladenine) or 
ULK1 inhibitor (SB; SBI-0206965) before addition of HCQ. Histone H3 was used as loading control. 
F) Quantification of LC3-II levels corrected for Histone H3 levels. Error bars represent SD; *, or ** 
represents p<.05 or p<.01 respectively.
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Supplementary figure 2. Correlation between autophagy flux and sensitivity for inhibition of 
autophagy in leukemic cells. A) Left panel: table showing relative expression of ATG5, ATG7 or p53 
as determined by q-RT-PCR in shSCR, shATG5, shATG7 and shP53 transduced cell lines or right 
panel: p53 protein level after lentiviral transduction with shSCR or shP53 in NB4 cells. B) Left panel: 
Representative pictures of LC3 puncta in OCIM3 cells transduced with shSCR, shATG5 or shATG7 
at day 5 after transduction, treated overnight with or without Bafilomycin-1A (40x magnification). 
Right panels: Quantification of LC3 puncta in Molm13 and OCIM3, transduced with shSCR, shATG5 or 
shATG7. C) Relative expansion of leukemia cell lines cells and CB CD34+ cells cultured for 10 days in 
the presence of different concentrations of HCQ. D) Annexin V levels in Molm13 and NB4 cells at day 5 
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Supplementary figure 3. Variation in autophagy levels between different AMLs, independent of the 
differentiation status. A) Normalized gene expression (measured by q-RT-PCR) of ATG5 and ATG7 in 
AML CD34+ cells compared to NBM CD34+ cells. B) Heat-map showing fold-change gene expression 
of autophagy genes in different subtypes of AMLs, relative to expression in normal HSCs. All displayed 
expression data was acquired from the publicly available expression database; Bloodspot [30]. C) Left 
panels: relative Cyto-ID values or right panels: LC3-II accumulation on Western blot of two AML CD34+ 

samples treated overnight with or without 20 µM HCQ D) Relative Cyto-ID measurements in sorted 
CD34+CD38- and CD34+CD38+ AML blasts after 3 days of culturing on MS5 stroma. E) Autophagy flux, 
measured by relative Cyto-ID measurements in AML CD34+ cells derived from bone marrow (BM) or 
peripheral blood (PB). F) Autophagy flux in AML cells with myeloid (M0-M2) or monocytic background 
(M4-5). Error bars represent SD; *, ** or *** represents p<.05, p<0.01 or p<.001 respectively.

after knockdown of ATG5 or ATG7. E) Fold increased expression measured by q-RT-PCR, of P53, BAX, 
PUMA and PHLDA3 after 4 days 20 µM HCQ treatment in MOLM13 and NB4 compared to untreated 
control. F) Percentage of Annexin V positive cells in shSCR or shp53 transduced NB4 cells, at day 
4 after treatment with different concentrations of HCQ. G) q-RT-PCR for BAX and PUMA in shSCR 
and shP53 transduced NB4 cells, treated with 20 µM HCQ for 4 days. H) Relative cell expansion of 
OCIM3 cells double transduced with shp53-GFP or shSCR-GFP in combination with shSCR-mCherry 
or shATG5-mCherry. Error bars represent SD; *, ** or *** represents p<.05, p<0.01 or p<.001 respectively.
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Supplementary figure 4. Inhibition of autophagy triggers apoptosis in primary AML CD34+ cells. A) 
Representative FACS plot showing Annexin V levels in AML CD34+ cells treated with 5 or 20 µM HCQ 
for 72 hours. B) Representative FACS plots showing the % GFP positive cells at day 4 and day 28, for 
AMLs transduced with shSCR, shATG5 or shATG7-GFP. C) Table showing relative expression of ATG5 
or ATG7 as determined by q-RT-PCR in shSCR, shATG5 or shATG7 transduced AMLs. RNA isolated at 
day 7 from FACS-sorted shSCR-GFP, shATG5-GFP or shATG7-GFP positive cells. Error bars represent 
SD; *, ** or *** represents p<.05, p<0.01 or p<.001 respectively.
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Supplementary figure 5. Inhibition of autophagy triggers a p53 dependent apoptosis response. A) 
Expansion curves of OCIM3 cells transduced with pRRL-mBlueberry, pRRL-p53-mBlueberry or pRRL-
p53R273H-mBlueberry cultured in the presence of different concentrations of HCQ, n=2. B) OCIM3 cells 
transduced with pRRL-mBlueberry, pRRL-p53-mBlueberry or pRRL-p53R273H-mBlueberry, cultured 
for 3 days. Autophagy flux and ROS levels were subsequently determined by Cyto-ID and CellROX 
respectively. C) Western blot showing LC3-II or p62 accumulation and p53 protein levels in MOLM13 
cells transduced with shSCR or shP53 treated overnight with or without 20 µM HCQ.
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Supplementary figure 6. Autophagy is higher in the ROS low population of AML blasts. A) CellROX 
MFI in a panel of AML CD34+ cells (N=14) and CB CD34+ (N=6). B) Representative microscopy pictures of 
sorted AML CD34+ (n=2) ROSlow and ROShigh cells stained with May-Grünwald (MGG) (40x magnification). 
C) Representative Cyto-ID stainings in ROSlow vs ROShigh cells treated with or without HCQ. D) Facs-
sorted ROSlow or ROShigh cells of two CD34+ enriched AMLs were treated overnight with HCQ and 
LC3-II accumulation was detected by Western blotting. βBeta-Actin was used as loading control. E) 
Validation of BCL-2 expression in FACS sorted ROSlow or ROShigh cells, determined by q-RT-PCR. 
F) Representative FACS plot showing Annexin V levels in ROSlow and ROShigh AML CD34+ cells treated 
with different concentrations of HCQ. G) Left panel: mitochondrial mass within ROSlow and ROShigh AML 
CD34+ cell fractions. Right panel: representative FACS plots showing MitoTracker MFI in AML ROSlow 

and ROShigh cells. Error bars represent SD, ** or *** represents p<0.01 or p<.001 respectively.
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Supplementary figure 7. Knockdown of ATG5 in AML CD34+ blasts results in impaired engraftment. 
A) Migration towards SDF-1 of shSCR, shATG5 or shATG7 transduced OCIM3 or MOLM13 cells, 3 days 
after transduction, evaluated in a transwell assay. B) GFP percentage of transduced AML CD34+ cells 
at the day of injection. C) In vitro expansion curve of shSCR or shATG5 transduced AML CD34+ cells. 
D) Validation of ATG5 knockdown by q-RT-PCR of in vitro expanded GFP sorted AML CD34+ cells. E) 
Representative FACS plots from one individual mouse within each group, showing huCD45 and GFP 
percentages (week 6 and 16). F) Representative FACS plots showing huCD45 percentages in mice 
bone marrow and the GFP percentages and CD33 percentage within huCD45+ cells.



C
H

A
P

T
E

R
 5

Targeting autophagy in AML 

167

Supplementary Tables

 
Table S1 leukemic cell lines 

HL60 (p53 null) MOLM13 (p53 wt) 

THP1 (p53 mut ) NB4 (p53 mut) 

K562 (p53 mut ) OCIM3 (p53 wt) 

KG1A (p53 mut )  

Supplementary table 1: list of cell lines with the p53 status. wt, wild type; mut, mutated.

 
Table S2 Patient characteristics  

# Age Male/ 

Female 

PB
/B
M 

CD34+

% 
Risk Demonstrated 

mutations  
karyotype 

1  69 M PB 74 Adv TP53 t(3;5),-5  

2  49 F BM 84 Fav IDH1 Inv16 

3  69 F PB 84 Int IDH2, FLT3-ITD NK 

4  

60 M 

PB
/B
M 

39 Adv FLT3-ITD t(3;5)(q23;q33),+8 

5  48 F BM 30 Fav  Inv(16) 

6  
52 M 

PB 30 Int DNMT3A, IDH2, 
FLT3-ITD 

NK 

7  
42 F 

PB 42 Adv FLT3-ITD Complex 
karyotype  

8  61 F PB 61 Adv FLT3-ITD t(11;20)(p15;q11.2) 

9  52 M PB 52 Int FLT3-ITD NK 

10  
74 F 

PB 35 Adv TP53 Complex 
karyotype  

11 66 F BM 8 Int FLT3-ITD NK 

12 
71 M 

BM 11 Adv TP53 Complex 
karyotype  

13 68 M PB 86 Int IDH2 +11 

Supplementary table 2: Abbreviations: M, male; F, female; PB, peripheral blood; BM, Bone marrow; Fav, 
favorable; Int, intermediate; Adv, adverse; TP53, Tumor protein P53; IDH1, isocitrate dehydrogenase 1; 
IDH2, Isocitrate dehydrogenase 2; FLT3-ITD, fms-like tyrosine kinase 3 internal tandem duplication; 
DNMT3A, DNA Cytosine-5-Methyltransferase 3 Alpha; NK, normal karyotype.
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Table S3 Patient characteristics  

AML Risk-group n  (%) M ( ~x )Age 
(range) 

(%) 

FLT3-ITD 

(%) NPM  

mutation 

(%) TP53 
mutation 

Favorable  6 33 48 (28-74) 0 0 0 

Intermediate  28 42 54 (17-78) 43 25 0 

Adverse 17 47 62 (23-74) 29 0 35 

 
Supplementary table 3: Abbreviations: n, number of samples; x, median; M, male; FLT3-ITD, fms-like 
tyrosine kinase 3 internal tandem duplication; NPM, nucleophosmin-1; TP53, Tumor protein P53.

Table S4 Characteristics of AML patients studied 
for ATG5 and ATG7 expression 

AML Risk-group n  (%) M ( ~x )Age (range) 

Favorable  2 0 59.5 (59-60) 

Intermediate  19 47 59 (31-75) 

Adverse 5 20 54 (42-68) 

 Supplementary table 4: Abbreviations: M, male; x, median.

 Table S5 FACS antibodies 

Antibody  Fluorochrome Clone number  Company  

Anti-CD19 BV785 HIB19 BioLegend 

Anti-CD33 APC WM-53 BioLegend 

Anti-CD34 Pe-Cy7 8G12 BD Pharmingen 

Anti-CD38 FITC HIT2 BD Pharmingen 

Anti-CD45 BV421 HI30 BioLegend 

Supplementary table 5: list of antibodies used for FACS. 
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Table S6 primer sequences  

Gene  sequence Gene  sequence 

LC3 Fw      5’-CGCACCTTCGAACAAAGAGTAG-3’ PUMA Fw      5’-GACCTCAACGCACAGTACG-3’ 

 Rev     5’-AGCTGCTTCTCACCCTTGTATC-3’  Rev     5’-GGCAGGAGTCCCATGATGAG-3’ 

VMP1 Fw      5’-CAGATGAAGAGGGCACTGAAGG-3’ PHLDA3 Fw:     5’-GGACCCTCGTGTCCTAAACC-3’ 

 Rev     5’-CTCCGATTGCTGTACCGATACC-3’  Rev:    5’-CCTTGCCACATGGAGCACAG-3’ 

ATG10 Fw      5’-GGGAATGGAGACCATCAAAG-3’ p21 Fw:     5’-CGACTGTGATGCGCTAATGG-3 

 Rev     5’-GGTAGATGCTCCTAGATGTG-3’  Rev:    5’-CGTTTTCGACCCTGAGAG-3’ 

BCL-2 Fw      5’-GAGGCTGGGATGCCTTTGTG-3’ RPL27 Fw      5’-TCCGGACGCAAAGCTGTCATCG-3’ 

 Rev     5’-GGGCCAAACTGAGCAGAGTC-3’  Rev     5’-TCTTGCCCATGGCAGCTGTCAC-3’ 

P53 Fw      5’-GAGATGTTCCGAGAGCTGAATGAGGC-3’ RPS11  Fw      5’-AAGATGGCGGACATTCAGAC-3’ 

 Rev     5’-TCTTGAACATGAGTTTTTTATGGCGGGAGG-3’  Rev     5’-AGCTTCTCCTTGCCAGTTTC-3’ 

ATG5 Fw      5’-GGGCCATCAATCGGAAAC-3’ FOXO3A  Fw      5’-ATAAGGGCGACAGCAACAG-3’ 

 Rev     5’-AGCCACAGGACGAAACAG-3’  Rev     5’-CTCTTGCCAGTTCCCTCATTC-3’ 

ATG7 Fw      5’-CGTTGCCCACAGCATCATCTTC-3’ SOD1  Fw      5’-GTGCAGGGCATCATCAATTTCG-3’ 

 Rev     5’-TCCCATGCCTCCTTTCTGGTTC-3’  Rev     5’-AATCCATGCAGGCCTTCAGTC-3’ 

Beclin-1  Fw      5’-CATGCAATGGTGGCTTTC-3’ SOD2  Fw      5’-CCTACGTGAACAACCTGAAC-3’ 

 Rev     5’-TCTCCACATCCATCCTGTAG-3’  Rev     5’-AGAGCTATCTGGGCTGTAAC-3’ 

BAX Fw      5’-CCAGCAAACTGGTGCTCAAG-3’ Catalase  Fw      5’-AGACTCCCATCGCAGTTC-3’ 

 Rev     5’-GGAGGCTTGAGGAGTCTCAC-3’  Rev     5’-CCAACGAGATCCCAGTTACC-3’ 

 

Supplementary table 6: list of primers used for q-RT-PCR. Abbreviations: Rev, reverse; Fw, forward.
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Abstract
Vacuole membrane protein (VMP1) is a putative autophagy protein, which together 

with Beclin-1 acts as a molecular switch in activating autophagy. In the present 

study the role of VMP1 was analysed in CD34+ cells of cord blood (CB) and primary 

acute myeloid leukemia (AML) cells and cell lines. An increased expression of 

VMP1 was observed in a subset of AML patients. Functional studies in normal CB 

CD34+ cells indicated that inhibiting VMP1 expression reduced autophagic-flux, 

coinciding with reduced expansion of HSPC, delayed differentiation, increased 

apoptosis and impaired in vivo engraftment. Comparable results were observed 

in leukemic cell lines and primary AML CD34+ cells. Ultrastructural analysis 

indicated that leukemic cells overexpressing VMP1 displayed a reduced number 

of mitochondrial structures, while the number of lysosomal degradation structures 

was increased. The overexpression of VMP1 did not affect cell proliferation and 

differentiation, but increased autophagic-flux and improved mitochondrial 

quality, which coincided with an increased threshold for venetoclax-induced loss 

of mitochondrial outer membrane permeabilization (MOMP) and apoptosis. In 

conclusion, our data indicate that in leukemic cells high VMP1 is involved with 

mitochondrial quality control. 
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Introduction 

Macroautophagy (referred to as autophagy) is a multi-step catabolic process 

involved in lysosomal degradation of redundant cellular constituents, such as 

organelles and proteins (1-3). Autophagy is essential for hematopoietic stem 

cell (HSC) maintenance, in part by actively limiting mitochondrial oxidative 

metabolism (4,5). During HSC differentiation the autophagic-flux gradually 

declines, but autophagy might have distinct functions in terminal differentiated 

cells (6). It controls the clearance of mitochondria in erythroid precursor cells and 

is essential for monocyte-to-macrophage differentiation (7-10). For the malignant 

counterpart, studies have shown that a subgroup of AML cells heavily relies on 

autophagy for their survival (11-13), whereby increased autophagy is associated 

with therapy resistance (14-18). The increased autophagy is observed especially in 

poor-risk AML (11). Since mutations in autophagy genes have only been observed 

in the minority of patients (19), increased autophagy is most likely related to other 

phenomena, such as therapy-induced changes in their metabolism. Inhibition of 

autophagy by knockdown of essential autophagy genes such as ATG5 or ATG7 

impairs AML in vitro cell proliferation and in vivo engraftment (11,16,20). This 

vulnerability relies on accumulation of (dysfunctional) mitochondria, as evident 

by the increased reactive oxygen species (ROS) production and the activation of 

p53-mediated apoptosis (11).

Vacuole membrane protein (VMP1) is additional autophagy protein residing in the 

endoplasmic reticulum (ER) membrane (21,22), which can interact with the BH3 

domain of Beclin-1, thereby activating autophagy (23). The anti-apoptotic BCL-2 

family members can also bind to the BH3 domain of Beclin-1, resulting in the 

dissociation of VMP1 and subsequent inhibition of the autophagic-flux (23,24). 

Little information is available on VMP1 in hematopoietic cells, but in solid tumours 

it has been shown that VMP1-dependent autophagy can be activated under 

stress conditions such as starvation and hypoxia (25,26). We therefore determined 

whether VMP1 is essential for autophagy in normal and malignant hematopoiesis 

and whether high VMP1 expression provides survival benefits for leukemic cells. 

The results showed that VMP1 is important for survival of normal hematopoietic 

stem cells and progenitor (HSCP) cells in vitro and in vivo. Moreover, VMP1 

expression was significantly increased in AMLs. Overexpression studies and 

ultrastructurally analysis revealed that VMP1 is involved in mitochondrial quality 
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control, thereby protecting cells against oxidative stress. We concluded that high 

VMP1 expression increases autophagic flux and the threshold for venetoclax-

mediated loss of MOMP and thereby reducing apoptosis-mediated cell death. 

 

Material and Methods

Isolation and culture of human CD34+ cells 

Umbilical cord blood (UCB) obtained from full-term healthy neonates who were 

born at the Obstetrics departments of the Martini Hospital and the University 

Medical Center Groningen (Groningen, the Netherlands) after informed consent. 

AML blasts derived from peripheral blood cells or bone marrow were obtained 

from patients in accordance with the Declaration of Helsinki; the protocols were 

approved by the Medical Ethics Committee of the University Medical Center 

Groningen (UMCG). Mononuclear cells (MNC) were isolated from UCB, or 

peripheral blood or bone marrow from AML patients by Ficol density centrifugation, 

and CD34+ cells were subsequently isolated with the autoMACS pro-separator 

(Miltenyi Biotec, Amsterdam, the Netherlands). AML patient characteristics are 

indicated in supplemental Table S1.

Cell culture 

Primary AML, normal bone marrow or CB-derived CD34+ cells were cultured 

in suspension or in T25 flasks pre-coated with MS5 stromal cells in Gartners 

medium: Alpha-MEM (Lonza, Leusden, the Netherlands) supplemented with 

12.5% FCS and 12.5% Horse serum (Sigma-Aldrich, Saint Louis, USA), 1% penicillin/

streptomycin (PAA Laboratories, Dartmouth, USA), 1 µM hydrocortisone (Sigma-

Aldrich), 57.2 uM betaβ–mercaptoethanol and cytokines: G-CSF, Human TPO 

agonist; Romiplostim (Amgen, Breda, the Netherlands) and IL-3 (20 ng/mL 

each) (27). The relative increase in Cyto-ID signal after overnight incubation with 

20 µM hydroxychloroquine (HCQ) was defined as the autophagy flux (6,11). The 

concentration and incubation time of HCQ for measuring autophagic-flux was 

validated and is based on maximal accumulation of autophagosomes, without 

affecting cell viability, after overnight incubation with HCQ (6,11). The leukemic 

cell lines HL60, OCIM3, MOLM13 and THP1 were obtained from ATCC and the 

cell lines were all tested mycoplasma free by PCR. All leukemic cell lines cells 

were cultured in RPMI 1640, supplemented with 10% FCS and 1% penicillin/

streptomycin. 
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Antibodies and reagents 

The following anti-human antibodies were used: mouse anti-SQSTM1/p62 (sc-

28359) and rabbit (sc-130656) or mouse (sc-47778) anti-Actin, from Santa Cruz 

(Santa Cruz, CA, USA), Mouse anti-LC3 (5F10, 0231-100) from Nanotools (Munich, 

Germany), P62, and anti-BCL-2 (Santa Cruz, CA, USA), anti-TOM20 and anti-VMP1 

were obtained from cell signalling (Leiden, the Netherlands), Hydroxychloroquine 

(HCQ), was obtained from Sigma-Aldrich. Venetoclax / ABT-199 (BCL-2 inhibitor, 

Selleckchem Munich, Germany), S63845 (MCL-1 inhibitor) was obtained from 

APExBIO (Boston, MA, USA).

Mitochondrial copy number assay

Total DNA was isolated from >1x105 cells using RNeasy mini kit (Qiagen, Venlo, 

the Netherlands). Obtained total DNA was real-time amplified in iQ SYBR Green 

Supermix (Bio-Rad) with the CFX connect Thermocycler (Bio-Rad). The nuclear 

genes GAPDH and B2M or mitochondrial genes 12S and tRNA were amplified. 

The obtained CT values were corrected for the corresponding calculated primer 

reaction efficiencies. Based on the corrected CT values, the mtDNA copy number 

was calculated relative to nuclear DNA copy number (28). The primer sequences 

are listed in the Supplemental Table S2. 

Virus production and transduction of CD34+ leukemic cells or cell lines

Five lentiviral plasmids with short hairpin RNA (shRNA) targeting Vacuole 

Membrane Protein 1 (VMP1) were obtained from GE Healthcare Dharmacon. The 

shRNAs were cloned into a pLKO.1-mCherry lentiviral vector using MunI & SacII 

restriction enzymes (Thermo Scientific). After initial testing, two shRNAs (Clone ID 

TRCN0000135158 and TRCN0000138386) were selected for this study based on 

effective knockdown efficiency. A shRNA sequence that does not target human 

genes (referred to as scrambled) was used as a control. Lentiviral virions were 

produced by transient transfection of HEK 293T cells with pCMV and VSV-G 

packing system using Polyethylenimine (Polyscience Inc. Eppelheim, Germany) 

or FuGENE (Promega, Leiden, the Netherlands). Retroviral virions containing 

pBABE-puro-mCherry-EGFP-LC3B were produced as described earlier (11). Viral 

supernatants were collected and filtered through a 0.2-μm filter and subsequently 

concentrated using Centriprep Ultracel YM-50 centrifugal filters (Millipore, 

Amsterdam, The Netherlands). CD34+ cells were seeded in Gartners medium 

supplemented with cytokines (specified previously). Transduction was performed 

by adding 0.5 mL of ~10 times concentrated viral supernatant to 0.5 mL of medium 
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containing 0.5 × 106 cells in the presence of 4 μg/mL polybrene (Sigma-Aldrich). 

ATP assay 

Luminescent ATP Detection Assay Kit (Abcam, Cambridge, UK, ab113849) was 

used to measure the levels of ATP, according to the manufacturer's protocol.

Gene ontology (GO) analysis in AML 

Publicly available data of two large AML expression datasets with 460 (GSE6891 

(29)) and 173 (TCGA dataset (30)) samples, respectively, was analysed using the R2 

Genomics Analysis and Visualization Platform (http://r2.amc.nl). Gene expression 

data of all genes was correlated with VMP1 expression. Correlations with a 

p-value of ≥.01 and/or with a correlation coefficient of r= ≤.25 were discarded. Next, 

genes which positively or inversely correlated with VMP1 expression in both AML 

datasets were compared. In total 551 (26.8% overlap) positively correlating genes 

and 979 (24.1% overlap) inversely correlating genes were present in both datasets. 

Gene ontology analysis, using David (31), was performed on the overlapping 

positively or inversely correlating genes.

Electron microscopy 

The experimental procedure for ultrastructural analysis of hematopetic cells has 

been described previously (32). In brief, FACS sorted OCIM3 cells transduced 

with pRRL-blueberry or pRRL-VMP1-blueberry and OCIM3 cells transduced with 

shSCR-mCherry or shVMP1-mCherry were pelleted and subsequently fixed in 

2% paraformaldehyde and 2% gluteraldehyde in 0.1M cacodyladate buffer for 24 

hrs at 4 °C. After fixation the cells were washed in in 0.1M cacodyladate buffer. 

Cells were stained with Evans blue and subsequently embedded in low melting 

point agarose, as described previously (33). Agarose pieces containing the cell 

pellet were dehydrated, osmicated, and embedded in Epon according to routine 

procedures. Semi-thin sections (0.5mm) stained with toluidine blue were inspected 

using light microscopy to select for OCIM3 cells. Ultra-thin sections (60-80 nm) 

were cut and stained with 4% uranyl acetate in water, followed by Reynolds lead 

citrate. Images were taken with a Zeiss Supra55 in STEM (Oberkochen, Germany) 

mode with ATLAS software developed by Fibics (Ottawa, Ontario, Canada) and 

the CM100 (Eindhoven, the Netherlands).

In vivo transplantations into NSG mice

Twelve- to thirteen -week-old female NSG (NOD.Cg-Prkdcscid IL2rgtm1Wjl/SzJ) 
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mice were purchased from the Central Animal Facility breeding facility within the 

UMCG. Mouse experiments were performed in accordance with national and 

institutional guidelines and all experiments were approved by the Institutional 

Animal Care and Use Committee of the University of Groningen (IACUC-RuG). 

The experiment was performed as described previously (6).

Statistical analysis

An unpaired two-sided Student’s t-test or a Mann Whitney U test was used to 

calculate statistical differences. A p-value of <.05 was considered statistically 

significant. 

Results 

VMP1 expression is increased in a subset of CD34+ AML cells 

We previously performed transcriptome analysis on a publicly available gene 

expression database of normal HSPCs and AML cells (Bloodspot expression 

database, (34)) with a focus on autophagy associated genes. This showed that 

several core-autophagy genes were differentially expressed in AML compared 

to normal HSPCs (11). Further analysis revealed that putative autophagy protein 

VMP1 was expressed at significantly higher levels in AMLs compared to normal 

HSPCs (Figure 1A). In contrast, the expression of known VMP1 interaction protein 

Beclin-1 was not different between AML and normal HSPCs (Figure 1A). The 

elevated expression of VMP1 was validated by quantitative polymerase chain 

reaction (qPCR), whereby the highest VMP1 expression was observed in CD34+ 

AMLs with a monocytic phenotype (Figure 1B). Western blot analysis of VMP1 

confirmed variable protein levels of VMP1 in primary AML CD34+ cells (Figure 

1C), whereby VMP1 mRNA levels significantly correlated with VMP1 protein 

levels (R=0.6801, p=<.01, Figure 1D). Together these findings indicate that VMP1 is 

overexpressed in a subset of primary AML CD34+ cells.

VMP1 knockdown in HSPCs results in inhibition of autophagy and an impaired 

in vitro expansion and in vivo engraftment.

 

To investigate the functional role of VMP1 in HSPCs and their progeny, human 

CB-derived CD34+ cells were transduced with lentiviral shRNAs targeting VMP1 

and subsequently cultured in vitro or transplanted in vivo (Figure 2A). A panel 

of five shRNAs was tested, of which two were selected. Knockdown of VMP1 
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in CB CD34+ cells was confirmed at the mRNA and protein level with both 

shVMP1#1 and shVMP1#2 (Figure 2B). Knockdown of VMP1 resulted in inhibition 

of the autophagic-flux as determined by relative accumulation of Cyto-ID after 

HCQ treatment at day 7 during both myeloid and erythroid liquid cultures 

(Supplemental Figure S1A). As reported previously (6), the autophagic-flux was 

higher under erythroid- compared to myeloid-culture conditions (Supplemental 

Figure S1A). A significant reduction in erythroid progenitor (BFU-E) frequency was 

observed in in vitro colony assays upon knockdown of VMP1 (Figure 2C), while 

no change in myeloid colony formation was observed. However, a reduction in 

relative expansion was observed upon knockdown of VMP1 under both erythroid 

and myeloid culture conditions (Figure 2D).

 

To assess whether VMP1 knockdown would affect the differentiation potential 

of CB CD34+ cells the expression of myeloid (CD14, CD15) and erythroid 

differentiation markers (CD71, CD235A) were analysed using flow cytometry. This 

Figure 1. VMP1 expression is increased in a subset of AMLs. A) Expression of VMP1 and Beclin-1 in 
mononuclear primary AML cells acquired from the publicly available expression dataset Bloodspot. 
HSPC is defined as the combined fractions of HSC, MMP, CMP, GMP and MEP. B) Gene expression of 
VMP1 determined by quantitative RT-PCR in normal bone marrow (NBM) CD34+ cells (n=15), AMLs with 
myeloid (n=17) or monocytic characteristics (n=14). C) Western Blot showing variation in VMP1 protein 
levels in different AMLs, betaβ-actin was used as control and VMP1 / βbeta-actin levels are shown 
relative to AML1. D) Correlation between VMP1 mRNA levels and protein levels in primary AML CD34+ 
cells (n=9). Error bars represent SD; * or *** represents p<.05 or p<.001, respectively.
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revealed only a minor delay in CD14 expression at day 8 (Supplemental Figure 

S1B), but a stronger effect on terminal erythroid differentiation (Supplemental 

Figure S1C). To study the long-term effects of VMP1 knock-down in the context 

of the micro-environment, transduced CD34+ HSPCs were cultured in MS5 bone 

marrow stromal co-cultures, in which VMP1 knockdown resulted in reduced 

expansion, as determined by the decline in percentage of mCherry positive cells 

(Supplemental Figure S1D). The negative phenotype of shVMP1-transduced 

HSPCs was at least in part caused by increased apoptosis (Supplemental Figure 

S1E), while cell cycle progression was not affected (Supplemental Figure S1F). 

To assess whether VMP1 knockdown also affected in vivo engraftment, unsorted 

shSCR or shVMP1-mCherry-transduced CB CD34+ cells were transplanted into 

immunodeficient NSG mice (Figure 2A). Transplanted CD34+ cells were ~60% 

mCherry-positive. Engraftment, as determined by the percentage huCD45 

Figure 2. VMP1 knockdown in HSPCs results in inhibition of autophagy and an impaired in vitro 
expansion and in vivo engraftment. A) Experimental scheme, shSCR-mCherry or shVMP1-mCherry 
transduced cord blood (CB) CD34+ cells were cultured in vitro under myeloid or erythroid liquid culture 
conditions or injected IV in sub-lethally irradiated NSG mice. Bleeds were performed at week 5, 8 
and 12 after injection and analysed by FACS. B) Knockdown efficiency of VMP1 was determined by 
quantitative RT–PCR and Western blotting of CB CD34+ cells transduced with shSCR, shVMP1 #1 or 
shVMP1 #2. C) CFC assay with freshly sorted shSCR or shVMP1 #1 transduced CB CD34+ cells (n=2). 
D) Representative graph showing relative expansion of shVMP1 transduced CB CD34+ cells under 
myeloid or erythroid permissive liquid culture conditions, shSCR transduced cells were used as 
control (n=2). E) Percentage of engraftment represented by huCD45 percentage (left graph) and the 
percentage mCherry within the huCD45+ population (right graph). Each dot represents data from a 
single mouse, n=5 for each group. Error bars represent SD; *, ** or *** represents p<.05, p<.01 or p<.001, 
respectively.
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in peripheral blood, was significantly reduced in shVMP1 mice compared to 

controls (Figure 2E, left panel). While mCherry levels for shSCR remained stable 

around ~60%, the contribution of the shVMP1 transduced cells to the engrafted 

cells over time was significantly reduced (Figure 2E, right panels). At sacrifice, 

high engraftment levels in bone marrow, spleen and liver were observed, and the 

contribution of shSCR-mCherry transduced cells within the CD45 compartment 

was around ~60% in all analyzed organs (Supplemental Figure S1G, left panel). 

In contrast, the percentage of shVMP1-mCherry transduced cells within the CD45 

compartment was strongly reduced (Supplemental Figure 1G, right panel). 

Together these findings indicate that knockdown of VMP1 inhibits autophagic-

flux and results in reduced expansion of HSPC, delayed differentiation and an 

impaired long-term engraftment in vivo.

VMP1 knockdown results in inhibition of autophagy, impaired expansion, 

increased apoptosis and reduced cell cycle progression in leukemic cells. 

Because VMP1 was shown to be differentially expressed in leukemia (Figure 1), 

the consequences of VMP1 modulation were assessed in leukemic cells. First, 

leukemic cell lines expressing variable levels of VMP1 were transduced with 

shVMP1 or shSCR lentivectors and knockdown efficiencies were confirmed at the 

protein level, while BCL-2 levels were not affected (Figure 3A). Knockdown of VMP1 

was associated with impaired autophagy, reflected by accumulation of SQSTM1/

p62  (Figure 3A) and reduced accumulation of LC3 puncta after HCQ treatment 

(35) (Figure 3B, Supplemental Figure S2A). The knockdown of VMP1 had a strong 

impact on cell growth (Figure 3C), which was at least in part due to increased 

apoptosis, as determined by annexin-V positivity (Figure 3D). In addition, cell 

cycle analysis showed that cells accumulated in G1 phase significantly (Figure 

3E). Next, AML patient-derived CD34+ (n=3) cells were transduced with shVMP1-

mCherry or shSCR-mCherry. The unsorted cells were cultured long-term in MS5 

bone marrow stromal cocultures. The transduction efficiency in AML CD34+ cells 

was between 20-60% and was comparable between shSCR and shVMP1 within 

a single AML sample (Supplemental Figure S2B). Similar to leukemic cell lines, 

knockdown of VMP1 resulted in decreased expansion of primary AML CD34+ cells, 

relative to scrambled control (Figure 3F). Together, these results indicate that 

VMP1 is essential for survival and proliferation of leukemic cell lines and patient-

derived AML CD34+ cells. 
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Overexpression of VMP1 increases autophagic-flux in leukemic cells and is 

involved in mitochondrial turnover. 

To study the consequences of high expression of VMP1 on normal and leukemic 

hematopoietic cells, a lentiviral VMP1-Blueberry overexpression vector (VMP1-

OE) was constructed, and overexpression of VMP1 was confirmed at the protein 

level (Figure 4A). Overexpression resulted in reduced p62/SQSTM1 protein 

Figure 3: VMP1 knockdown results in inhibition of autophagy, impaired expansion, increased 
apoptosis and reduced cell cycle progression in leukemic cells. A) Western blot analysis of VMP1, 
BCL-2 and p62/SQSTM1 protein levels after knockdown of VMP1, betaβ-actin was used as control. B) 
Left panel, representative pictures showing GFP-LC3 puncta in shSCR or shVMP1 transduced OCIM3 
cells treated with or without HCQ. Right panel, quantification of LC3 puncta. C) Cell growth in time of 
shSCR or shVMP1 transduced leukemic cell lines; HL60, OCIM3, MOLM13 and THP1 (n=3). D) Graph 
showing percentage of annexin-V positive cells of shSCR or shVMP1 transduced leukemic cell lines 
(n=3). E) Cell cycle analysis after Hoechst staining of shSCR or shVMP1 transduced leukemic cells 
(n=2). The * in G1-phase of shVMP1 transduced leukemic cell lines indicates a significant difference 
compared to shSCR control. F) Relative expansion of AML CD34+ cells after knockdown of VMP1 (n=3) 
cultured on a MS5 stromal layer. shSCR transduced AML CD34+ cells were used as control. Error bars 
represent SD; *, ** or *** represents p<.05, p<.01 or p<.001, respectively.
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levels, indicating increased autophagy activity. (Figure 4A). Next, leukemic cell 

lines expressing the mCherry-GFP-LC3 autophagy reporter were transduced with 

control or VMP1-OE cells to assess the impact on the autophagy flux. An increased 

mCherry/GFP ratio was observed in OCIM3 and THP1 cells overexpressing VMP1, 

confirming that the autophagy-flux was increased (Figure 4B-C). The increased 

autophagy did not affect the cell proliferation of the cell lines.

 

To obtain more insight into the role of VMP1 in AML, two large AML expression 

datasets (29,30) were analysed using the R2 Genomics Analysis and Visualization 

Platform. Gene ontology analyses (GO) was performed on genes correlating 

with VMP1 expression. GO analysis revealed that positively correlated genes 

were enriched for the GO terms lysosome, vacuole and vesicle transport, while 

inversely correlated genes were enriched for the GO terms mitochondrion, DNA 

replication, ATP binding, apoptosis and cell cycle (Figure 4D). Because high VMP1 

expression in AML cells is inversely correlated with gene signatures associated 

with mitochondria (Figure 4D, right panel), mitochondrial function was assessed 

Figure 4. Overexpression of VMP1 increases autophagic-flux in leukemic cells and is involved in 
mitochondrial turnover. A) Western blot analysis of TOM20, p62 and VMP1 in OCIM3 and THP1 cells 
overexpressing VMP1 (VMP1-OE) or control. B) The mCherry / GFP ratio determined in mCherry-GFP-
LC3 expressing leukemic cell lines, transduced with control or VMP1 OE. C) Representative FACS 
of the mCherry/GFP ratio analysis in OCIM3 and THP1 cells. D) Gene ontology analysis (David) was 
performed on two large AML patient gene expression datasets. Figures showing p-values of enriched 
gene sets, positively (left graph) or inversely (right graph) correlated with VMP1 expression in AMLs. 
E) Mitochondrial copy number in OCIM3 and THP1 cells with VMP1-OE or control. Error bars represent 
SD; * or ** represents p<.05 or p<.01, respectively.
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after modulation of VMP1 expression. Overexpression of VMP1 led to a significant 

decrease in mitochondrial DNA (mtDNA) copy number relative to nuclear DNA 

(nucDNA) in OCIM3 and THP1 cells (Figure 4E). In line with these results, TOM20 

which is a marker for mitochondrial mass, was decreased after overexpression of 

VMP1 (Figure 4A). Conversely, shVMP1 transduced leukemic cells had an increase 

in mtDNA copy number in cell lines. (Supplemental Figure S3A). However, this 

increase was not observed in MOLM13 cells. Together these findings indicate that 

overexpression of VMP1 is involved in mitochondrial turnover. 

Ultrastructural analysis and mitochondrial function in OCIM3 cells after VMP1 

modulation

To obtain more insight into the involvement of VMP1 in mitochondrial quality 

control, we analyzed OCIM3 cells ultrastructurally with electron microscopy (EM) 

after lentiviral overexpression or knockdown of VMP1. OCIM3 cells overexpressing 

VMP1 displayed a reduction in the number of mitochondrial structures compared 

to control cells (Figure 5A, p=<.01). Representative ultrastructural images are 

shown in Figure 5B. In the shVMP1-transduced OCIM3 cells mitochondria were on 

average ~24% larger and swollen compared to control (Supplemental Figure 4A). 

Moreover, in contrast to VMP1-OE, cells with knockdown of VMP1 had elevated 

numbers of mitochondrial structures (Figure 5C-D, p=<.05). In addition, the 

mitochondrial function was analyzed after VMP1 modulation. The mitochondrial 

membrane potential (MMP) measured by tetramethylrhodamine (TMRM) was 

significantly increased in OCIM3 cells overexpressing VMP1, while there was a 

trend for reduced MMP upon VMP1 knockdown (Figure 5E). Although the number 

of mitochondria in VMP1 overexpressing cells was reduced (Figure 4), these cells 

had higher levels of ATP content (Figure 5F). Conversely, knockdown of VMP1 

resulted in decreased ATP production with concomitant increased ROS levels, 

indicating a loss in mitochondrial function (Figure 5F, Supplemental Figure 

S4B-C). Additional analysis by EM revealed that cells overexpressing VMP1 had 

an increased number of onion-like multilamellar membrane structures, also 

called whorls (Figure 5A and 5G, 1.5 fold, p=<.05). These structures are associated 

with lysosomal mediated degradation of intra-cellular parts, also termed the 

degradative compartment (36), and are associated with an increased autophagy 

flux. Together, the increase in autophagy, the reduced number of mitochondria 

structures in response to VMP1 overexpression are indicative of increased 

turnover of mitochondria.
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Figure 5. Ultrastructural analysis and mitochondrial function in OCIM3 cells after VMP1 modulation. 
A) Quantification of mitochondrial structures per section in OCIM3 cells transduced with lentiviral 
vectors for overexpression of VMP1 (VMP1-OE) or control (n>32 sections per group). B) Representative 
ultrastructural pictures of OCI3M cells overexpression VMP1 or control, N = nucleus, L = lipid droplet, 
G = Golgi, green arrow = whorls/degradative compartments. The blue (control) or green (VMP1-
OE) dotted lines indicate mitochondrial structures. C) Quantification of mitochondrial structures per 
section in OCIM3 cells with knockdown of VMP1 (shVMP1) or control vectors (n>32 sections per group). 
D) Representative ultrastructural pictures of OCI3M cells with knockdown of VMP1 or control. N = 
nucleus. The blue (control) or red (shVMP1) dotted lines indicate mitochondrial structures. E) FACS 
analysis of mitochondrial membrane potential (MMP) after tetramethylrhodamine (TMRM) staining in 
OCIM3 with VMP1 overexpression, VMP1 knockdown or control (n=3). F) ATP levels measured in OCIM3 
with VMP1 overexpression, VMP1 knockdown or control (n=4). G) Electron microscopy, quantification 
of onion-like multilamellar membrane structures called degradative compartments per section of 
OCIM3 cells, transduced with VMP-OE or control (n≤35 cells per group). Examples of degradative 
compartments are indicated by green arrows in Figure 5B right panels. Error bars represent SD; * or ** 
represents p<.05 or p<.01 respectively.



VMP1 is essential in hematopoiesis

185

C
H

A
P

T
E

R
 6

Figure 6. Overexpression of VMP1 interferes with venetoclax induced apotosis . A) Western blot of 
p62 in THP1 cells overexpressing VMP1 or control treated with different concentrations of venetoclax, 
βbeta-actin was used as control. (n=2) B) HL60 cells overexpressing VMP1 or control were incubated for 
24 hrs with different concentrations of venetoclax. FACS plots show the percentage of TMRM positive 
cells C) Western Blot showing cleaved caspase 3 in HL60 and THP1 cells overexpressing VMP1 or 
control after 24 hour incubation with 25 nM venetoclax (n=2). D) Leukemic cell lines with lentiviral 
overexpression of VMP1, BCL-2 or control were treated 24 hrs with venetoclax and apoptosis was 
measured by annexin-V staining with FACS (n=4). Error bars represent SD; *, ** or *** represents p<.05, 
p<.01 or p<.001, respectively.

Overexpression of VMP1 interferes with venetoclax induced apoptosis.

BCL-2 protein family members regulate apoptosis by controlling the permeability 

of mitochondria (37). Interestingly, VMP1 has been shown to contain a BH3-

binding domain, which is an important characteristic of the BCL-2 protein family 

(38). The specific BCL-2 inhibitor venetoclax has been shown to disrupt the BH3 

dependent BCL-2/Beclin-1 interaction, thereby activating autophagy (39,40). 

First, we studied the consequences for autophagy activity after venetoclax 

treatment in the context of high VMP1 expression. As expected, in THP1 cells 

p62 levels declined in a dose-dependent manner with increasing concentration 

of venetoclax, which is indicative for increased autophagic-flux (Figure 6A). 

Basal p62 levels were reduced in THP1 cells overexpressing VMP1, while p62 

levels further declined with increasing concentrations of venetoclax (Figure 

6A). Next, we evaluated the effect of high VMP1 expression on the threshold 

for mitochondrial outer membrane permeabilization (MOMP). The initiation of 
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MOMP is preceded by loss of mitochondrial membrane potential (MMP) and 

results in caspase-dependent apoptosis (37). Leukemic cells overexpressing 

either BCL-2 or VMP1 were treated with increasing concentrations of venetoclax 

and the MMP was determined after tetramethylrhodamine (TMRM) staining in 

the context of BCL-2 and VMP1 overexpression. Venetoclax-induced loss of 

MMP could be partially rescued by VMP1 or BCL-2 overexpression (Figure 6B 

and Supplemental Figure S5A). In addition, venetoclax induced apoptotic 

response in HL60 and THP1 cells, as determined by caspase-3 cleavage and 

annexin-V staining, could partially be rescued by overexpressing BCL-2 or 

VMP1 (Figure 6C-D and Supplemental Figure S5B). To study the specificity 

of effects, leukemic cell lines were treated with the specific and potent MCL-1 

inhibitor S63845 (41). In contrast to BCL-2 overexpression, VMP1 overexpression 

did not rescue S63845-mediated apoptosis (Supplemental Figure S5C). 

Together, these data indicate that overexpression of BCL-2 and VMP1 increase the 

threshold for venetoclax-mediated loss of MOMP, thereby reducing apoptosis-

mediated cell death. 

Discussion 
The present study indicates that VMP1 is involved in autophagy and mitochondrial 

turn-over in normal hematopoietic and leukemic cells. Blocking VMP1 expression 

impairs the autophagy flux, coinciding with reduced proliferation and survival of 

normal and leukemic HSPC and impaired in vivo engraftment. Previous studies 

on VMP1 function have been done primarily in solid tumours (42,43), but gene 

expression studies in hematopoietic cells showed that VMP1 is differentially 

expressed in hematopoietic cell lineages, including HSPCs. In the leukemic 

counterpart, VMP1 can be overexpressed in all AML subcategories independent 

of the molecular and genetic makeup. Functional studies have shown that 

VMP1 disrupts the binding of BCL-2 to Beclin-1 and consequently de-represses 

autophagy (23). These findings are in line with our results showing that reduced 

VMP1 expression resulted in inhibition of autophagy, while overexpression 

enhanced autophagy-flux. This would also suggest that AMLs with high VMP1 

expression are primed for robust autophagy activation in response to cellular 

stress. In addition, our study showed that high VMP1 expression is inversely 

correlated with genes enriched for the GO-terms associated with mitochondria, 

which is in line with studies in Hela cells showing that VMP1 co-localizes with 

mitochondrial structures (36,39). Based on functional studies and electron 

microscopy, our results suggest that VMP1 regulates mitochondria quantity and 
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quality by affecting mitophagy. Higher VMP1 expression reduces mitochondrial 

copy number and TOM20 expression and increases mitochondrial membrane 

potential and ATP production. This is indicative for improvement in quality of the 

remaining mitochondria, while reduced VMP1 expression generated the opposite 

results. In addition, knockdown of VMP1 resulted in swollen mitochondria and 

increased ROS levels, which is most likely the consequence of accumulating 

(dysfunction) mitochondria. Previous studies with ATG12, ATG5 or ATG7 knockout 

mice have reported comparable results: accumulating dysfunctional mitochondria 

and ROS (5,44-46).

The higher expression of VMP1 in AML CD34+ cells might be protective for AML cells 

in the hypoxic bone marrow micro-environment, where control of mitochondria 

content and ROS production by autophagy is crucial for maintaining an immature 

phenotype (5). Similar to other pro-autophagy genes (47), VMP1 expression can 

be upregulated under hypoxia (48). However, in leukemic cell lines TOM20 and 

VMP1 protein levels both declined when the cells were cultured under hypoxia 

(data not shown). Therefore it is more likely that the mitochondrial turnover 

during hypoxia is controlled by BNIP3 and BNIP3-L which demonstrate a strong 

upregulation in response to hypoxia exposure (47).

The threshold for MOMP, and consequently for cytochrome-c release-dependent 

caspase activation, is regulated by the expression level of BCL-2 protein family 

members, which might account for drug resistance in a subgroup of AML 

patients (49-52). Recently, promising results have been obtained with venetoclax 

in relapsing AML patients in conjunction with low-dose chemotherapy (53). 

Predictive markers have been identified for reduced sensitivity for venetoclax, 

such as increased expression of BCL-XL or MCL-1 (41,49,54,55). The present study 

indicates that VMP1 overexpression is an additional predictive maker for resistance 

against venetoclax in AML. VMP1 overexpression resulted in an increase in MMP, 

which could in turn increase the threshold for venetoclax-mediated apoptosis. 

Mitochondria play a central role in regulation of apoptosis (56). Cells with more 

mitochondrial content where shown to be more prone to undergo apoptosis (57). 

Therefore, VMP1 overexpression could potentially inhibit pro-apoptotic signalling 

by increased turnover of dysfunctional mitochondria. In addition, cells with high 

VMP1 expression might be primed for a robust autophagy induction in response 

to venetoclax-mediated de-repression of autophagy, which can contribute to 

additional chemotherapy resistance.
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In summary, the results demonstrate that VMP1 is essential for HSPC and AML 

cells and is involved in mitochondrial quality control. High VMP1 expression 

is protective against loss of membrane potential and apoptosis induced by 

venetoclax. 
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Supplementary Figures

Supplemental Figure S1 VMP1 knockdown results impaired expansion and increased apoptosis in 
leukemic cells. A) Relative Cyto-ID MFI in shSCR and shVMP1 transduced cord blood (CB) CD34+ 

cultured under erythroid or myeloid permissive conditions and treated overnight with or without 
HCQ. B-C) Representative percentages of myeloid differentiation markers CD14 and CD15 or erythroid 
differentiation makers CD71 and GPA in time of shSCR and shVMP1 transduced CB CD34+ cells (n=2). 
D) Representative graph showing the percentage of mCherry positive cells in an MS5 coculture of 
unsorted CD34+ cells, transduced with shSCR-mCHerry or shVMP1-mCHerry (n=2). E-F) Annexin-V 
percentage and cell cycle distribution of shSCR or shVMP1 transduced CB CD34+ cells at day 4 and 
6 after transduction (n-3). G) Engraftment (percentage huCD45) at time of sacrifice in bone marrow, 
spleen and liver (left graph) and the mCherry percentage within the huCD45+ population (right graph). 
Error bars represent SD; *, ** or *** represents p<.05, p<.01 or p<.001, respectively.
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Supplemental Figure S2: VMP1 knockdown results impaired expansion and increased apoptosis in 
leukemic cells. A). Left panel, representative pictures showing GFP-LC3 puncta in shSCR or shVMP1 
transduced MOLM13 cells treated with or without HCQ. Right panel, quantification of LC3 puncta. B) 
Representative FACS plots of shSCR-mCherry or shVMP1-mCherry transduced primary AML CD34+ 
cells at day 3 and after 2 weeks. 

Supplemental Figure S3: Overexpression of VMP1 
increases autophagic flux in leukemic cells and is 
involved in mitochondrial turnover. A) Mitochondrial 
copy number in leukemic cell lines transduced with 
shSCR or shVMP1 after 3 days of knockdown.

Supplemental Figure S4: Ultrastructural analysis of OCIM3 cells after VMP1 modulation. A) Electron 
microscopy analysis of total mitochondrial surface area in OCIM3 cells transduced with shSCR or 
shVMP1 (n=324 mitochondria per group). B) ATP levels, measured in leukemic cell lines transduced 
with shSCR or shVMP1. C) FACS analysis of CellROX (ROS) MFI in leukemic cell lines cells transduced 
with shSCR or shVMP1. Error bars represent SD; *, ** or *** represents p<.05, p<.01 or p<.001, respectively.
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Supplemental Figure S5: Overexpression of VMP1 interferes with  venetoclax induced apoptosis in 
leukemic cells. A-B) HL60 cells overexpressing BCL-2, VMP1 or control were incubated for 24 hrs with 
different concentrations of venetoclax. FACS plots show the percentage of tetramethylrhodamine 
(TMRM) positive or annexin-V positive cells with increasing concentrations of venetoclax. C) Leukemic 
cell lines with lentiviral overexpression of VMP1, BCL-2 or control were treated 24 hrs with MCL-1 
inhibitor S63845 and apoptosis was measured after annexin-V staining with FACS (n=4).
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Summary
The research topics in this thesis have a common theme: improving our 

understanding of the role of autophagy in normal and malignant hematopoiesis. 

Chapter 2 concerns the diverse functions of autophagy in leukemic cells, leukemic 

stem cells and non-malignant cells, such as hematopetic stem and progenitor 

cells (HSPCs), T cells and B cells and the non-hematopoietic cells that comprise 

the bone marrow micro-environment. Therapeutic targeting of autophagy is also 

addressed. Chapter 3 focuses on the role of autophagy in human cord blood-

derived CD34+ hematopoietic stem cells and their progeny. The study presented 

in this chapter concerns the level of autophagy in HSPCs and during differentiation 

towards the myeloid and erythroid lineage. The autophagic-flux was determined 

by analyzing the relative accumulation of autophagosomes, which was higher 

in HSPCs and declined with myeloid differentiation. Autophagy appeared to be 

functionally relevant for HSPCs. Knockdown of the essential autophagy genes 

ATG5 and ATG7 resulted in reduced HSPC frequencies and impaired in vivo 

engraftment. The negative phenotype observed after autophagy inhibition was in 

part due to increased apoptosis and reduced cell cycle progression. Knockdown 

of ATG5 or ATG7 in HSPCs caused an increase in reactive oxygen species (ROS). 

This is in line with observations in ATG5 or ATG7 knockout mice models, which 

have accumulation of dysfunctional mitochondria in the affected cells coinciding 

with increased ROS levels. In conclusion, this study indicates that autophagy is 

an essential mechanism in human HSPC cells whereby autophagy promotes 

survival by limiting cellular stress.

 

Low-risk MDS is clinically characterized by peripheral blood cytopenias despite 

the presence of a hypercellular bone marrow. The cytopenias are in part caused by 

an increased tendency of myeloid and erythroid progenitors to undergo apoptosis. 

Although, genetic and molecular aberrations are clearly important factors in 

MDS, increasing evidence indicates that the bone marrow microenvironment is 

an additional factor in the pathogenesis of the disease. Chapter 4 concerns the 

impact of the microenvironment on programmed cell death (PCD) in erythroblasts 

derived from patients with low-risk MDS. The study presented in this chapter 

investigated PCD in freshly isolated MDS bone marrow erythroblasts derived 

from the mononuclear cell fraction or from hematons. Bone marrow-derived 

hematons are compact hematopoietic complexes containing various cell lineages 

including mesenchymal cells, endothelial cells and hematopoietic progenitors. 
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In these hematons, a large number of erythroblasts are located within their own 

microenvironment. The study demonstrated that erythroid cells directly isolated 

from bone marrow hematons and MNC fractions exhibited reduced levels of 

apoptosis. The ultrastructure results were compatible with the enhanced levels 

of autophagy. However, when MNCs from MDS bone marrow were cultured for 

24 hours in vitro, a relatively large proportion of apoptotic erythroid cells was 

observed, which was not observed in erythroid cells of cultured hematons. 

Comparable results were obtained from erythroid progenitors: BFU-Es could 

not be efficiently cultured from the MNC fraction, while high numbers of BFU-Es 

were obtained from the hematon fraction. To study whether increased autophagy 

could be linked to altered expression of key autophagy genes, the expression 

level of ATG5, ATG7, Beclin-1 and LC3 was determined by qPCR. However, no 

difference in the expression of these genes was observed in MDS erythroblasts. 

These results indicate that MDS-derived erythroid progenitor cells are strongly 

dependent on their own microenvironment for their survival and that increased 

numbers of autophagy structures occur, probably due to increased deposition of 

iron in the mitochondria. 

Due to the relevance of autophagy for maintaining stem cell properties in normal 

HSPC, the study presented in Chapter 5 addressed the question of whether AML 

HSPC are dependent in a similar manner. We observed variation in autophagy 

activity in a panel of leukemic cell lines and primary AML CD34+ cells. The level 

of autophagy was higher in AMLs clinically classified as poor-risk compared to 

intermediate-risk and favourable-risk groups. In addition, autophagy was higher 

in AMLs with TP53 mutations. The AML patients in the poor-risk group had a 

higher frequency of mutations in the TP53 gene. The increased autophagic flux in 

TP53 mutated cells was not due to an altered p53 protein expression. Modulation 

of p53 expression by either overexpression or knockdown did not affect the 

autophagic-flux. Autophagy was an important survival mechanism of AML cells. 

Inhibition of autophagy by hydroxychloroquine (HCQ) or knockdown of the 

essential autophagy genes ATG5 and ATG7 triggered p53-medated apoptosis. 

However, the p53-mediated apoptosis was dysfunctional in AMLs with a TP53 

mutation. Therefore, TP53 mutant AMLs are less sensitive for HCQ-dependent 

apoptosis.

 

To determine whether the AML stem cell-enriched CD34+ fraction contains cells 

that differ in their autophagy level, we separated AML CD34+ cells based on the 
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amount of intracellular ROS. Compared to AML mononuclear cells with high 

ROS levels, AML cells with low ROS levels have been shown to be enriched for 

leukemic stem cells. Separating AML CD34+ cells based on ROS levels revealed 

a higher basal-autophagy activity and lower mitochondrial content in the AML 

CD34+ROSlow cells. ROSlow cells were also more sensitive for HCQ-mediated 

apoptosis, indicating that autophagy is important for survival of these cells. 

Finally, the study showed that AML CD34+ cells with knockdown of ATG5 failed 

to maintain leukemia in vivo after transplantation in NSG mice. In summary, these 

findings suggest that targeting autophagy could provide new therapeutic options 

for treatment of leukemia, especially in AMLs with wildtype TP53.

The aim of the study presented in Chapter 6 was to identify which autophagy 

genes are differentially expressed in AMLs compared to normal bone marrow 

(NBM) controls. Interestingly, the putative autophagy protein VMP1 was more 

highly expressed in a subset of AML CD34+ compared to NBM CD34+ cells, in 

particular in AMLs with a monocytic phenotype. VMP1 can bind to the master 

autophagy regulator Beclin-1, thereby shifting the balance to induction of 

autophagy. Because little information was available regarding the role of VMP1 

in hematopoiesis, we studied the functional consequences of VMP1 down 

regulation or overexpression. Downregulation of VMP1 expression by shRNA in 

CB CD34+ cells showed reduced HSPC frequencies as determined with colony-

forming cell assays. In line with this observation, these CB-derived CD34+ cells 

had a reduced expansion rate under myeloid and erythroid-permissive culture 

conditions, coinciding with a delay in differentiation. In addition, transplantation of 

CB CD34+ cells in mice after knockdown of VMP1 showed reduced engraftment 

compared to control cells. Similarly, in leukemic cell lines and primary AML CD34+ 

cells, knockdown of VMP1 also resulted in a strong negative phenotype, which 

was at least in part due to increased apoptosis and reduced cell cycle progression.

 

Gene ontology (GO) analysis was performed with a publicly available AML gene 

expression datasets to identify gene sets which correlate with VMP1 expression. 

GO analysis revealed that VMP1 correlated positively with genes enriched for the 

GO terms lysosome and vesicle transport, but correlated inversely with genes 

enriched for GO terms mitochondria. To study whether VMP1 affects mitochondrial 

turn-over in AML, leukemic OCIM3 cells with overexpression or knockdown of 

VMP1 and control cells were analyzed with electron microscopy. Overexpression 

of VMP1 resulted in a marked decrease in mitochondrial structures, while the 
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number of lysosomal structures increased. In addition, cells overexpressing 

VMP1 had a higher autophagic-flux compared to control cells. The remaining 

mitochondria in the VMP1 overexpressing cells also appeared to perform better 

in terms of mitochondrial membrane potential and ATP production.

 

Members of the BCL-2 protein family regulate apoptosis by controlling the 

threshold for mitochondrial outer membrane permeabilization (MOMP), which is 

an early step in the apoptotic programming. VMP1 contains a BH3-binding domain, 

which is a characteristic of the BCL-2 protein family. Therefore, we hypothesized 

that high VMP1 expression could affect the MOMP threshold, thereby favoring 

survival of leukemic cells. To test this hypothesis, VMP1 overexpressing cells were 

cultured with venetoclax, which is a BH3 mimetic that blocks the anti-apoptotic 

function of BCL-2, thus de-repressing apoptosis. Leukemic cells overexpressing 

VMP1 were indeed less sensitive for venetoclax-induced apoptosis. These results 

demonstrate that VMP1 is essential for normal HSPC and AML cells by regulating 

mitochondrial quality control. The VMP1-mediated turnover of mitochondria 

therefore results in improved mitochondrial function and is protective against 

loss of MOMP and apoptosis induced by venetoclax treatment.

 

In summary, the studies reported in this thesis show that autophagy is an 

essential survival mechanism for normal HSPC, AML cells and MDS erythroblasts. 

Altered expression of autophagy-associated genes may have consequences 

for drug resistance. Therefore, these findings suggest that modulation of 

autophagy could be a promising therapeutic strategy for the treatment of AML. 
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Discussion and future perspectives
To develop new therapeutic strategies in AML, we must improve our understanding 

of the intrinsic and extrinsic cellular mechanisms that control HSC maintenance. 

To this end we studied the role of autophagy in both normal and leukemic 

hematopoiesis.

Autophagy is essential for homeostasis in HSPC

Autophagy is generally assumed to be a pro-survival pathway that can preserve 

organelle function and mitigate cellular stress. Most studies on autophagy 

in hematopoiesis have been performed in mice by using knockout models of 

essential autophagy genes [1-3]. However, its functions in human hematopoiesis 

have been remained largely unexplored. We observed that the autophagic flux 

was high in human HSPCs and declined with cellular differentiation. Cytokine 

concentrations did not affect the level of autophagy in human HSPCs, in contrast 

to murine HSCs in which autophagy induction was observed upon cytokine 

deprivation [3, 4]. The observed high autophagy flux in human HSPCs is likely an 

intrinsic property of the HSPC. In mice, it has been shown that aging is associated 

with myeloid skewing [5], which has also been observed in mice with mono-allelic 

knockout of ATG7 and ATG12 [3, 6]. However, an increased lifespan of mice was 

observed after autophagy induction, which can be accomplished by using the 

mTOR inhibitor rapamycin [7]. These findings suggest that autophagy regulates 

stem cell function during aging. Future studies focusing on HSCs in the context 

of aging, preferentially in a more humanized microenvironment, are crucial to 

improve our understanding of autophagy in human hematopoiesis.

 

Knockdown of ATG5 or ATG7 prevented in vivo engraftment of human HSPCs 

after intravenous injection, indicating that autophagy is essential for long-term 

engraftment of human HSPCs in vivo. Inhibition of autophagy in HSPCs caused a 

delayed cell cycle progression and increased apoptosis. Moreover, ATG5 or ATG7 

knockdown in human HSPCs resulted in increased ROS levels, which probably 

reflects accumulation of dysfunctional mitochondria. A similar phenotype has 

been observed in a hematopoietic-specific ATG7 knockout mouse model [8]. ROS 

plays a central role in cell signalling, and excessive oxidative stress can initiate 

mitochondrial-mediated apoptosis [9]. In addition, elevated ROS levels can 

also cause activation of tumor suppressor p53, resulting in cell cycle arrest and 

apoptosis [10]. Indeed, apoptosis induced by knockdown of ATG5 or ATG7 could 
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partially be rescued by the additional knockdown of p53, indicating that inhibition 

of autophagy causes p53 activation. A recent study has also shown that inhibition 

of autophagy prevented autophagy-mediated turn-over of FOXO3A, resulting in 

FOXO3a-medited upregulation of PUMA and consequently in apoptosis [11]. This 

could be an alternative explanation for induction of apoptosis as a consequence 

of autophagy inhibition. Together, these results show that HSPCs are dependent 

on functional autophagy for their survival by limiting cellular stress. 

Mitophagy controls mitochondrial function in HSPCs 

Mitophagy, a specific type of autophagy, is involved in clearing redundant or 

damaged mitochondria, thereby limiting accumulation of ROS [6]. Following 

differentiation, HSCs become metabolically more active in order to support 

cell growth and differentiation [3, 12]. Mitochondria are important bioenergetic 

organelles that produce biosynthetic metabolites and ATP [13]. For example, 

mitochondrial metabolites can be used to synthesize phospholipids, which are 

required for the construction of cellular membranes. In mice, mitophagy activation 

was shown to actively supress myeloid proliferation by limiting mitochondrial 

metabolism in HSPCs [3]. However, in contrast to studies in mice [3, 6], inhibition 

of autophagy in human HSPCs did not result in increased myeloid proliferation.

 

The high autophagic-flux in HSC might also indicate that immature stem cell 

populations could be identified by measuring mitochondrial activity. For this 

approach the appropriate techniques for studying mitochondrial content and 

function should be used. Mitochondrial mass can be determined by quantifying 

mitochondrial DNA relative to nuclear DNA, by using electron microscopy, or 

by using dyes. Mitochondrial activity can be determined by measuring the 

mitochondrial membrane potential (MMP), measuring ROS levels (a by-product 

of oxidative metabolism) or by directly measuring ATP. Importantly, MitoTracker a 

commonly used dye for staining mitochondria mass was shown to be effluxed out 

of cells via Ca2+ sensitive xenobiotic efflux pumps, resulting in unreliable results 

[14]. Therefore, different complementary assays should be used for quantifying 

mitochondrial function in cells.

 

In mice, the most immature HSC population has been defined based on the 

mitochondrial membrane potential [15] and mitochondrial mass [3, 15, 16]. Similarly, 

cells with low ROS levels had a higher self-renewal potential compared to cells 

with high ROS levels [3, 17]. These results appear to be contradicted by a recent 
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study demonstrating that HSCs have higher mitochondrial mass compared to 

more differentiated cells [14]. Despite the higher mitochondrial mass in HSCs, the 

respiratory capacity in these cells was low [14]. Although it remains unclear what 

caused this disparity, it might be related in part to differences in experimental 

setup. 

Based on in vivo transplantation experiments of Jordan’s group, mononuclear 

AML cells can be separated into AML ROSlow and ROShigh cell populations. The 

AML ROSlow mononuclear cells are metabolically less active and enriched for 

leukemic stem cells [12, 18]. Our results show that CD34+ROSlow cells are smaller, 

have lower mitochondrial mass and mitochondrial activity, and higher autophagy 

activity compared to AML CD34+ROShigh cells. These findings are in line with the 

recent study of Pei et al. demonstrating that AML ROSlow cells have constitutively 

active AMKP signalling, which is an upstream positive regulator of FIS1-mediated 

mitophagy [18]. These findings suggest that leukemic stem cells rely on functional 

mitophagy for limiting mitochondrial activity and ROS production in order to 

maintain a more quiescent cellular state. 

Autophagy in MDS

In myelodysplastic syndrome (MDS), intrinsic defects in HSCs are believed to 

be the driving forces for clonal expansion of dysplastic cells. This is reflected by 

bone marrow hyper-cellularity, defective maturation of different cell lineages and 

peripheral blood cytopenias [19, 20]. This apparent conundrum can be explained 

by increased programmed cell death or apoptosis in developing hematopoietic 

cells. However, only limited apoptosis was observed in megakaryocytes and 

erythroblasts freshly isolated from MDS bone marrow [21, 22]. Instead, MDS 

erythroid precursor cells showed signs of increased autophagy [22, 23]. The 

increased autophagy activity observed in MDS cells did not coincide with 

increased expression of the essential autophagy genes ATG5, ATG7, Beclin-1 

and LC3. The MDS patients in these studies belonged predominantly to the 

subcategory MDS with ring sideroblasts (MDS-RS), a subgroup that is associated 

with a high prevalence of SF3B1 mutations [24]. Importantly, knockdown of 

SF3B1 has been shown to cause accumulation of iron in mitochondria, resulting 

in the development of ring sideroblasts [25]. Therefore it is conceivable that 

the mitochondrial iron overload causes cellular stress, which could trigger an 

autophagy response [26]. In line with these results, basal-autophagy has been 

shown to be upregulated in SF3B1 mutant cells [27, 28]. In another study, this 



Summary, Discussion and Future Perspectives

203

C
H

A
P

T
E

R
  7

process corresponded with deregulation of genes associated with mTOR and 

AMPK signalling pathways [29]. Both the mTOR and AMPK pathways play a central 

role in regulation of autophagy. Together, these findings suggest that SF3B1 

mutant cells activate autophagy in order to remove damaged mitochondria and 

prevent cellular stress caused by the excessive accumulation of iron.

Genome-wide gene expression profiling of a large cohort of low-risk MDS patient 

samples show alterations in genes involved in apoptotic programming, but not in 

core autophagy genes. Interestingly, the anti-apoptotic BCL-2 gene was silenced 

[30]. This might have consequences for the autophagy process since BCL-2 can 

also interact with Beclin-1. thereby repressing autophagy [31]. Silencing of BCL-2 

could therefore potentially result in de-repression of autophagy due to an altered 

balance between BCL-2 and Beclin-1 [31]. In addition, aberrant splicing of ATG7 

is another mechanism that can alter the level of autophagy activity in MDS cells. 

In 10% of MDS patients the splicing factor U2AF35 is mutated, which results in 

reduced expression of ATG7 [32]. Studies in mice have shown that the absence 

of ATG7 expression ultimately induces a myeloproliferative disorder with signs 

of MDS [6, 33]. These findings indicate that an altered autophagy process can be 

observed in MDS, which might contribute to malignant transformation. 

A role for the microenvironment in MDS

Recent studies have indicated that the bone marrow microenvironment plays 

a critical role in the pathophysiology of MDS [34, 35]. However, it is difficult to 

study MDS in the context of its “own” micro-environment. For example, traditional 

patient-derived mouse xenograft models were unsuccessful in sustaining the 

propagation of MDS CD34+ cells. It is conceivable that the mice bone marrow 

micro-environment does not completely recapitulate the human bone marrow 

niche. Attempts have been made to improve the engraftment of MDS cells by co-

injection with human MSCs. However, the results so far have been inconsistent 

[36, 37]. We therefore investigated whether low-risk MDS-derived erythroid 

precursor cells are less prone to undergo programmed cell death if they are 

lodged in their own micro-environment. To this end, we determined in MDS 

whether the survival of freshly isolated erythroblasts from the mononuclear cell 

fraction (MNC) differed from erythroblasts embedded in hematons [38, 39]. MDS 

patient-derived hematons contained, among other cell types, endothelial and 

mesenchymal cells, which could represent a hematopoietic niche structure. 

Importantly, MDS erythroblasts embedded in their own micro-environment had 



Chapter 7

204

significantly better survival. In other tumour types a similar strong interaction with 

the microenvironment has been shown. For example, detachment of breast cancer 

cells resulted in mitophagy activation, coinciding with a decline in mitochondrial 

content, inadequate NADPH production, increased ROS levels and non-apoptotic 

cell death [40]. MDS cells could have a similar response when they are dislodged 

from their microenvironment. A study in Shwachman Diamond Syndrome, which 

is a pre-leukemic disorder, suggested that the micro-environment could be a 

dominant factor in the transformation process [41]. In contrast, the majority 

of human studies have indicated that the microenvironment is supportive for 

the malignant clone. Malignant cells can potentially induce changes to the 

microenvironment, making the microenvironment more supportive for malignant 

cells versus normal HSPCs. 

Autophagy in AML

In the second part of this thesis, we studied the role of autophagy in acute myeloid 

leukemia. Autophagy-associated genes have been shown to be mutated in ~14% 

of the MDS and AML patients [42]. This suggests that the autophagy process 

could be relevant during leukemia initiation and/or maintenance. To test this 

hypothesis, we determined the level of autophagy and the dependency on 

functional autophagy in AML CD34+ cells. 

A variation in autophagy activity was observed between various leukemic cell 

lines and primary AML samples. In particular, patients with poor-risk features 

with a complex karyotype had a higher autophagy activity compared to AMLs 

with low-risk and intermediate-risk features. Importantly, autophagy activity 

has also been associated with increased drug resistance in leukemia [43-46]. 

This suggests that the increased autophagy activity in the AML cells could be 

one of mechanisms contributing to increased drug resistance in poor-risk AML. 

Moreover, patients in our cohort with poor-risk features had a high frequency 

of TP53 mutations. Mutant TP53 protein accumulates in cells due to increased 

protein stability [47]. Therefore, autophagy could be increased to limit cellular 

stress. However, modulation of p53 expression by itself did not affect autophagy 

activity, suggesting that the p53 status in the leukemic cells does not dictate 

autophagic-flux. Besides the complex karyotype and TP53 mutations, no 

additional recurrent mutations could be identified in our study that correlated 

with altered autophagy activity. This is in contrast with a study from Heydt et al., 

in which FLT3-ITD mutations were associated with increased basal-autophagy 
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[46]. Interestingly, in that study FLT3-ITD presence was linked to increased ROS 

formation and DNA damage [46]. However, those results were obtained with 

cell lines with over-expression of FLT3-ITD, which might provide different results 

compared to primary AML CD34+ cells.

Autophagy as a therapeutic target in AML

Because autophagy is important for survival of AML cells and is frequently 

associated with drug resistance, we explored whether autophagy could be used 

as potential therapeutic target in AML. The anti-malaria drug hydroxychloroquine 

(HCQ) has been used to inhibit autophagy, especially in combination with 

anticancer agents ([48, 49] Table 1, Chapter 2). However, inconsistent results 

have been obtained for autophagy inhibition at the maximum tolerated dosage in 

several clinical trials (Table 1, Chapter 2). In a recent screening, based on testing 

synthetic derivatives of chloroquine, Lys05 was identified as a promising and more 

potent autophagy inhibitor [50]. Lys05 was also an effective autophagy inhibitor 

in vivo and potentially has improved anti-leukemic properties compared to HCQ 

[50]. Besides systemic administration of autophagy inhibitors, antibody-drug 

conjugates could also be designed to deliver autophagy inhibitors more specifically 

to AML cells [51]. For example, this could be done by targeting differentially 

expressed plasma membrane proteins relative to normal HSPCs [51, 52]. 

VMP1 and hypoxia 

We observed that the putative autophagy protein VMP1 is more highly expressed 

in AML compared to control. It has been shown that VMP1 can be regulated by HIF1β 

in human colon cancer cell lines. HIF1β stabilization increases VMP1 expression by 

binding to the hypoxia-responsive element in the VMP1 promoter region [53]. We 

hypothesized that VMP1 might be actively transcribed in AML cells residing in the 

hypoxic bone marrow micro-environment. However, in contrast to experiments 

with colon cancer cell lines, chip-seq experiments did not show HIF1 or HIF2 

binding sites near the VMP1 promoter region in CB CD34+ cells (Wierenga et 

al., manuscript submitted). In addition we observed a decrease in VMP1 protein 

levels in leukemic cell lines after 48 hrs of culture under hypoxic conditions. (Fig. 

1). These findings suggest that VMP1 is not dominant in controlling autophagy 

during hypoxia in AML cells [54]. It is more likely that BNIP3 and BNIP3L are the 

main proteins to induce autophagy in response to hypoxia [55]. In line with these 

findings, we observed HIF1 binding to the promoter of BNIP3 and BNIP3L in CB 

CB34+ cells (data not shown). Together, these findings suggest that during hypoxia 
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Fig. 3, A-B) VMP1 expression was confirmed at mRNA and protein level by qPCR and Western blotting 
in low- and high-VMP1 expressing AML CD34+ cells. C) miR-21 expression was determined by qPCR in 
cord blood (CB)-derived CD34+ cells and in low- and high-VMP1 expressing AML CD34+ cells, RNU48 
was used as control. D) miR-21 levels in MOLM13, OCIM3 and THP1 cell lines with and without VMP1 
knock down, RNU48 was used as control.

Fig. 2 Figure indicating the structure of the VMP1 and miR-21 loci at chromosome 17q23. The black 
and white numbers indicate exons of VMP1. The gray arrow indicates the miR-21 promotor and the 
red hairpin indicates the location of pre-miR-21. The black arrow represents the transcription start site 
of VMP1 [56].

Fig. 1 Western blot showing TOM20 
and VMP1 levels in HL60, OCIM3, 
MOLM13 and THP1 cells cultured 
under hypoxia (H) or normoxia (N) 
for 48 hrs, Bβ-actin was used as 
control.
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VMP1 does not facilitate increased mitochondrial turn-over; BNIP3 and BNIP3L 

are more likely candidates for regulation of mitophagy in response to hypoxia. 

 

VMP1 as a source for onco-miR-21

Interestingly, the VMP1 gene is located upstream of onco-miR-21 [56]. Micro-

RNAs are small non-coding RNAs that degrade mRNA thereby reducing 

translation. Although VMP1 and miR-21 both have their own promoter (Fig. 2) in 

human breast cancer cells, it has been shown that VMP1 transcripts can bypass 

polyadenylation signals, resulting in a VMP1-miR-21 transcript, thus providing an 

alternative source for miR-21 [56]. Importantly, miR-21 has also been linked to 

leukemia development [57]. Studies in mice demonstrated that elevated miR-21 

expression caused pre-B-cell lymphoma-like phenotype [58]. In addition, miR-

21 was associated with repression of SMAD7 signaling, which can be triggered 

by the cytokine TGF-β [59, 60]. Therefore, we hypothesized that enhanced VMP1 

expression in AML might be a source for onco-miR-21 expression, which could 

potentially contribute to malignant transformation. AMLs with low or high VMP1 

expression were preselected based on available gene expression data [61]. 

Low or high VMP1 expression was confirmed on the mRNA and protein level in 

the selected AMLs (Fig. 3A-B). miR-21 expression levels positively correlated 

with VMP1 levels in primary AML CD34+ cells (Fig. 3C). However, knockdown of 

VMP1 did not affect miR-21 levels in AML cell lines (Fig. 3D). CHIP-seq studies 

have demonstrated that the promoter regions of both VMP1 and miR-21 had 

active K27ac marks, while the repressive H3K27ME3 marks were absent (data 

not shown), suggesting that VMP1 and miR-21 are both actively transcribed. 

Together these findings suggest that it is more likely that miR-21 expression is 

not connected to VMP1 expression, but that VMP1 and miR-21 expression are 

regulated by overlapping upstream regulatory pathways in AML. 

 

Conclusion 
The results of my thesis research provide new insights into the involvement 

of autophagy as a central homeostatic process in both normal and leukemic 

hematopoiesis. One of the main functions of autophagy in hematopetic cells is 

controlling mitochondria, which play a central role in stem cell (and leukemic stem 

cell) function and differentiation. Subpopulations of leukemic cells often persist 

after chemotherapy treatment. Differences in metabolic activity could potentially 

be used as a tool to identify these persisting subpopulations. Subsequently, 

novel techniques, such as single cell sequencing or single cell CHIP, can be used 



Chapter 7

208

to detect genetic and epigenetic alterations. Ultimately, this could provide new 

insights into the molecular mechanisms that enable leukemia-reinitiating cells to 

survive following chemotherapy treatment. 



Summary, Discussion and Future Perspectives

209

C
H

A
P

T
E

R
  7

1. Komatsu, M., et al., Impairment of 
starvation-induced and constitutive 
autophagy in Atg7-deficient mice. J 
Cell Biol, 2005; 169: 425-34.

2. Stephenson, L.M., et al., Identification of 
Atg5-dependent transcriptional chan-
ges and increases in mitochondrial 
mass in Atg5-deficient T lymphocytes. 
Autophagy, 2009; 5: 625-35.

3. Ho, T.T., et al., Autophagy maintains 
the metabolism and function of young 
and old stem cells. Nature, 2017; 543: 
205-10.

4. Warr, M.R., et al., FOXO3A directs a 
protective autophagy program in hae-
matopoietic stem cells. Nature, 2013; 
494: 323-27.

5. Beerman, I., et al., Functionally distinct 
hematopoietic stem cells modulate 
hematopoietic lineage potential during 
aging by a mechanism of clonal expan-
sion. Proc Natl Acad Sci U S A, 2010; 
107: 5465-470.

6. Mortensen, M., et al., The autophagy 
protein Atg7 is essential for hemato-
poietic stem cell maintenance. J Exp 
Med, 2011; 208: 455-67.

7. Harrison, D.E., et al., Rapamycin fed late 
in life extends lifespan in genetically 
heterogeneous mice. Nature, 2009; 
460: 392-95.

8. Cao, Y., et al., Autophagy regulates 
the cell cycle of murine HSPCs in 
a nutrient-dependent manner. Exp 
Hematol, 2015; 43: 229-42.

9. Hole, P.S., R.L. Darley, and A. Tonks, Do 
reactive oxygen species play a role in 
myeloid leukemias? Blood, 2011; 117: 
5816-826.

10. Pant, V., A. Quintas-Cardama, and G. 
Lozano, The p53 pathway in hemato-
poiesis: lessons from mouse models, 
implications for humans. Blood, 2012; 
120: 5118-127.

11. Fitzwalter, B.E., et al., Autophagy 
Inhibition Mediates Apoptosis Sensiti-
zation in Cancer Therapy by Relieving 
FOXO3a Turnover. Dev Cell, 2018; 44: 
555-65.

12. Lagadinou, E.D., et al., BCL-2 inhibition 
targets oxidative phosphorylation 
and selectively eradicates quiescent 
human leukemia stem cells. Cell Stem 
Cell, 2013; 12: 329-41.

13. Vander Heiden, M.G., L.C. Cantley, and 
C.B. Thompson, Understanding the 

Warburg effect: the metabolic requi-
rements of cell proliferation. Science, 
2009; 324: 1029-033.

14. de Almeida, M.J., et al., Dye-Inde-
pendent Methods Reveal Elevated 
Mitochondrial Mass in Hematopoietic 
Stem Cells. Cell Stem Cell, 2017; 21: 
725-29.

15. Vannini, N., et al., Specification of 
haematopoietic stem cell fate via 
modulation of mitochondrial activity. 
Nat Commun, 2016; 7: 13125.

16. Ito, K., et al., Self-renewal of a purified 
Tie2+ hematopoietic stem cell popula-
tion relies on mitochondrial clearance. 
Science, 2016; 354: 1156-160.

17. Jang, Y.Y. and S.J. Sharkis, A low level 
of reactive oxygen species selects for 
primitive hematopoietic stem cells that 
may reside in the low-oxygenic niche. 
Blood, 2007; 110: 3056-063.

18. Pei, S., et al., AMPK/FIS1-Mediated 
Mitophagy Is Required for Self-Rene-
wal of Human AML Stem Cells. Cell 
Stem Cell, 2018; 23: 86-100.

19. Ades, L., R. Itzykson, and P. Fenaux, 
Myelodysplastic syndromes. Lancet, 
2014; 383: 2239-252.

20. Greenberg, P.L., Molecular and 
genetic features of myelodysplastic 
syndromes. Int J Lab Hematol, 2012; 
34: 215-22.

21. Houwerzijl, E.J., et al., Increased 
peripheral platelet destruction and 
caspase-3-independent programmed 
cell death of bone marrow megakaryo-
cytes in myelodysplastic patients. 
Blood, 2005; 105: 3472-479.

22. Houwerzijl, E.J., et al., Erythroid 
precursors from patients with low-
risk myelodysplasia demonstrate 
ultrastructural features of enhanced 
autophagy of mitochondria. Leukemia, 
2009; 23: 886-91.

23. Guo, L., et al., [Autophagy level of bone 
marrow mononuclear cells in patients 
with myelodysplastic syndromes]. 
Zhonghua Xue Ye Xue Za Zhi, 2015; 36: 
1016-019.

24. Malcovati, L., et al., SF3B1 mutation 
identifies a distinct subset of myelo-
dysplastic syndrome with ring sidero-
blasts. Blood, 2015; 126: 233-41.

25. Visconte, V., et al., SF3B1 haploinsuffici-
ency leads to formation of ring sidero-
blasts in myelodysplastic syndromes. 

Blood, 2012; 120: 3173-186.

26. Yang, F., et al., Inhibition of iron over-
load-induced apoptosis and necrosis 
of bone marrow mesenchymal stem 
cells by melatonin. Oncotarget, 2017; 8: 
31626-1637.

27. Visconte, V., et al., Elevated Basal 
Autophagy in SF3B1 Mutated Myelo-
dysplastic Syndromes: Relationship 
with Survival Outcomes and Thera-
peutic Implications. Blood, 2015; 126: 
1647-647.

28. Visconte, V., et al., Activation of Autop-
hagy in Models of SF3B1 Mutant MDS. 
Blood, 2017; 130: 4230.

29. Dolatshad, H., et al., Disruption of SF3B1 
results in deregulated expression and 
splicing of key genes and pathways 
in myelodysplastic syndrome hema-
topoietic stem and progenitor cells. 
Leukemia, 2015; 29: 1092-103.

30. del Rey, M., et al., Genome-wide 
profiling of methylation identifies novel 
targets with aberrant hypermethylation 
and reduced expression in low-risk 
myelodysplastic syndromes. Leukemia, 
2013; 27: 610-18.

31. Pattingre, S., et al., Bcl-2 antiapoptotic 
proteins inhibit Beclin 1-dependent 
autophagy. Cell, 2005; 122: 927-39.

32. Park, S.M., et al., U2AF35(S34F) Promo-
tes Transformation by Directing Aber-
rant ATG7 Pre-mRNA 3' End Formation. 
Mol Cell, 2016; 62: 479-90.

33. Mortensen, M., et al., Loss of autophagy 
in erythroid cells leads to defective 
removal of mitochondria and severe 
anemia in vivo. Proc Natl Acad Sci U S 
A, 2010; 107: 832-7.

34. Ding, L., et al., Endothelial and perivas-
cular cells maintain haematopoietic 
stem cells. Nature, 2012; 481: 457-62.

35. Greenbaum, A., et al., CXCL12 in early 
mesenchymal progenitors is required 
for haematopoietic stem-cell mainte-
nance. Nature, 2013; 495: 227-30.

36. Medyouf, H., et al., Myelodysplastic 
cells in patients reprogram mesenc-
hymal stromal cells to establish a 
transplantable stem cell niche disease 
unit. Cell Stem Cell, 2014; 14: 824-37.

37. Rouault-Pierre, K., et al., Preclinical mo-
deling of myelodysplastic syndromes. 
Leukemia, 2017; 31: 2702-08.

38. Blazsek, I., et al., Hematon, a multicel-
lular functional unit in normal human 

References



210

Chapter 7

bone marrow: structural organiza-
tion, hemopoietic activity, and its 
relationship to myelodysplasia and 
myeloid leukemias. Exp Hematol, 1990; 
18: 259-65.

39. Blazsek, I., et al., The hematon, a 
morphogenetic functional complex 
in mammalian bone marrow, involves 
erythroblastic islands and granulocytic 
cobblestones. Exp Hematol, 1995; 23: 
309-19.

40. Hawk, M.A., et al., RIPK1-mediated 
induction of mitophagy compromises 
the viability of extracellular-matrix-de-
tached cells. Nat Cell Biol, 2018; 20: 
272-84.

41. Raaijmakers, M.H., et al., Bone progeni-
tor dysfunction induces myelodyspla-
sia and secondary leukaemia. Nature, 
2010; 464: 852-57.

42. Visconte, V., et al., Complete mutational 
spectrum of the autophagy interacto-
me: a novel class of tumor suppressor 
genes in myeloid neoplasms. Leuke-
mia, 2017; 31: 505-10.

43. Auberger, P. and A. Puissant, Autop-
hagy, a key mechanism of oncogenesis 
and resistance in leukemia. Blood, 
2017; 129: 547-52.

44. Piya, S., et al., Atg7 suppression enhan-
ces chemotherapeutic agent sensitivity 
and overcomes stroma-mediated 
chemoresistance in acute myeloid 
leukemia. Blood, 2016; 128: 1260-269.

45. Altman, J.K., et al., Autophagy is a 
survival mechanism of acute myelo-
genous leukemia precursors during 
dual mTORC2/mTORC1 targeting. Clin 
Cancer Res, 2014; 20: 2400-409.

46. Heydt, Q., et al., Oncogenic FLT3-ITD 
supports autophagy via ATF4 in acute 
myeloid leukemia. Oncogene, 2018; 
37: 787-97.

47. Vakifahmetoglu-Norberg, H., et al., 
Corrigendum: Chaperone-mediated 
autophagy degrades mutant p53. 
Genes Dev, 2016; 30: 1718–730 

48. Rosenfeld, M.R., et al., A phase I/II trial 
of hydroxychloroquine in conjunction 
with radiation therapy and concurrent 
and adjuvant temozolomide in patients 
with newly diagnosed glioblastoma 
multiforme. Autophagy, 2014; 10: 
1359-368.

49. Rangwala, R., et al., Combined MTOR 
and autophagy inhibition: phase I trial 
of hydroxychloroquine and temsiroli-
mus in patients with advanced solid 
tumors and melanoma. Autophagy, 
2014; 10: 1391-402.

50. McAfee, Q., et al., Autophagy inhibitor 
Lys05 has single-agent antitumor 
activity and reproduces the phenotype 
of a genetic autophagy deficiency. 
Proc Natl Acad Sci U S A, 2012; 109: 
8253-258.

51. Hendriks, D., et al., Antibody-Based 
Cancer Therapy: Successful Agents 
and Novel Approaches. Int Rev Cell Mol 
Biol, 2017; 331: 289-83.

52. de Boer, B., et al., Prospective Isolation 
and Characterization of Genetically and 
Functionally Distinct AML Subclones. 
Cancer Cell, 2018; 34: 674-89.

53. Rodriguez, M.E., et al., A novel HIF-1alp-
ha/VMP1-autophagic pathway induces 
resistance to photodynamic therapy in 
colon cancer cells. Photochem Photo-
biol Sci, 2017; 16: 1631-642.

54. Ying, Q., et al., Hypoxia-inducible mi-
croRNA-210 augments the metastatic 
potential of tumor cells by targeting 
vacuole membrane protein 1 in hepa-
tocellular carcinoma. Hepatology, 2011; 
54: 2064-075.

55. Bellot, G., et al., Hypoxia-induced 
autophagy is mediated through 
hypoxia-inducible factor induction of 
BNIP3 and BNIP3L via their BH3 do-
mains. Mol Cell Biol, 2009; 29: 2570-581.

56. Ribas, J., et al., A novel source for 
miR-21 expression through the alter-
native polyadenylation of VMP1 gene 
transcripts. Nucleic Acids Res, 2012; 40: 
6821-833.

57. Riccioni, R., et al., miR-21 is overexpres-
sed in NPM1-mutant acute myeloid 
leukemias. Leuk Res, 2015; 39: 221-28.

58. Medina, P.P., M. Nolde, and F.J. Slack, 
OncomiR addiction in an in vivo model 
of microRNA-21-induced pre-B-cell 
lymphoma. Nature, 2010; 467: 86-90.

59. Bhagat, T.D., et al., miR-21 mediates 
hematopoietic suppression in MDS by 
activating TGF-beta signaling. Blood, 
2013; 121: 2875-881.

60. Zhou, L., et al., Reduced SMAD7 leads 
to overactivation of TGF-beta signaling 
in MDS that can be reversed by a 
specific inhibitor of TGF-beta receptor I 
kinase. Cancer Res, 2011; 71: 955-63.

61. de Jonge, H.J., et al., Gene expres-
sion profiling in the leukemic stem 
cell-enriched CD34+ fraction identifies 
target genes that predict prognosis in 
normal karyotype AML. Leukemia, 2011; 
25: 1825-833.



211

C
H

A
P

T
E

R
  7

Nederlandse samenvatting

Nederlandse samenvatting 
In het menselijk lichaam worden constant nieuwe bloedcellen aangemaakt, dit 

proces wordt bloedcelvorming of hematopoëse genoemd. Er zijn verschillende 

soorten bloedcellen: rode bloedcellen, witte bloedcellen en bloedplaatjes. Rode 

bloedcellen, ook wel erytrocyten genoemd, verzorgen het transport van zuurstof 

en koolstofdioxide tussen de longen en verschillende weefsels. Witte bloedcellen, 

ofwel leukocyten, zijn een belangrijk onderdeel van het immuunsysteem van 

het lichaam. Bloedplaatjes of trombocyten zijn belangrijk voor de bloedstolling, 

bijvoorbeeld na verwonding. Bloedcellen hebben een beperkte levensduur 

waardoor er in het beenmerg constant nieuwe bloedcellen worden gevormd 

door hematopoietische stamcellen. De vorming van deze bloedcellen gebeurt 

stapsgewijs door middel van een proces wat differentiatie wordt genoemd. 

Daarnaast kunnen hematopoietische stamcellen zichzelf vernieuwen, waardoor 

de populatie aan stamcellen in het beenmerg in stand blijft. In de loop van het 

leven kunnen er afwijkingen (ofwel mutaties) ontstaan in het DNA (de genetische 

code) van de bloedvormende cellen. Hierdoor kan het proces van differentiatie 

en zelfvernieuwing verstoord raken wat kan leiden tot bloedkanker (leukemie). In 

die situatie wordt de normale bloedcelvorming verdreven. Er zijn verschillende 

soorten bloedkanker, waaronder het myelodysplastisch syndroom (MDS) en 

acute myeloïde leukemie (AML). MDS kan in sommige gevallen ontaarden 

in AML, een zeer agressieve vorm van leukemie. In beide situaties hebben de 

kwaadaardige stamcellen een groeivoordeel ten opzichte van de normale cellen 

waardoor er een tekort kan optreden van rode bloedcellen, witte bloedcellen, en 

bloedplaatjes.

Autofagie is een mechanisme binnen de cel waarmee overbodige organellen 

en eiwitten worden afgebroken. Deze vrijgekomen “bouwstenen” kunnen 

vervolgens weer worden hergebruikt. Autofagie wordt meestal geassocieerd met 

een betere overleving van cellen en is tevens een beschermingsmechanisme 

tegen de celdodende werking van chemotherapie. In dit proefschrift is het 

belang van autofagie bestudeerd in de context van normale hematopoëse en 

leukemie. Het is reeds bekend dat autofagie belangrijk is voor de differentiatie 

van bloedcellen. Wij hebben onderzocht hoe actief het autofagie proces is in 

onrijpe bloedvormende stam- en voorlopercellen en hoe dit verandert tijdens 

het uitrijpingsproces. Deze onderzoekingen tonen aan dat stamcellen een 

hogere autofagie activiteit hebben dan meer uitgerijpte bloedcellen. Daarnaast 
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is autofagie belangrijk voor de overleving van stamcellen wanneer deze cellen 

worden gebruikt voor een transplantatie.

Wanneer er sprake is van MDS, dan vormen de afwijkende stamcellen in het 

beenmerg misvormde (dysplastische) cellen. Deze dysplastische cellen zijn 

eerder geneigd om celdood te ondergaan. Hierdoor kan er een tekort aan 

functionele bloedcellen ontstaan. Daarnaast blijken ook afwijkingen in beenmerg 

ondersteunende cellen (ook wel het beenmergmicromilieu genoemd) een rol te 

spelen bij het ziekteproces. Daarom hebben wij de rol van het beenmergmicromilieu  

bestudeerd in de context van celdood van MDS cellen en met name de cellen die 

verantwoordelijk zijn voor de vorming van rode bloedcellen. Het blijkt dat MDS 

cellen omgeven door cellen uit het eigen beenmergmicromilieu minder gevoelig 

zijn voor celdood. Mogelijk speelt een versterkte autofagie hierbij een rol met 

name om afwijkende mitochondriën (ook wel bekend als de energiecentrale van 

de cel) in erytroïde cellen op te ruimen die beladen zijn met ijzer wat veelvuldig 

voorkomt bij dit type MDS.

Uit de bovengenoemde gegevens blijkt dat autofagie een belangrijk cellulair 

mechanisme voor gezonde hematopoietische cellen is. Op basis hiervan hebben 

wij de rol van autofagie onderzocht in humane AML cellen. Autofagie activiteit 

blijkt hoger in AMLs met een ongunstig risicoprofiel. Deze AMLs hebben ook 

vaker mutaties in het TP53 gen, wat een beschermende invloed kan uitoefenen 

op deze cellen wanneer het proces van autofagie wordt geblokkeerd. Echter uit 

aanvullende onderzoekingen blijkt dat het TP53 eiwit niet de directe prikkel is 

voor een hogere autofagie activiteit maar mogelijk samenhangt met metabole 

veranderingen in deze cellen. 

In het vervolgonderzoek hebben we gekeken naar de functie van een nog 

niet goed bestudeerd autofagie gen in de hematopoëse, namelijk VMP1. 

Om de functie van VMP1 beter te begrijpen hebben wij VMP1 verminderd tot 

expressie gebracht in normale en leukemische hematopoietische cellen. Een 

verminderde aanwezigheid van VMP1 veroorzaakt een afname in autofagie. 

Deze afname in autofagie is geassocieerd met een sterke afname in het 

aantal onrijpe bloedcellen waarbij ook de uitrijping van deze cellen verstoord 

is. In AML cellen blijkt VMP1 hoger tot expressie te komen in vergelijking tot 

gezonde cellen. Een toename in VMP1 expressie resulteert in een toename in 

autofagie activiteit en daardoor in een afname van het aantal mitochondriën. 
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Ook blijken deze cellen minder gevoelig te zijn voor venetoclax, een medicijn 

welke celdood induceert door in te grijpen op mitochondriale functies.

In dit proefschrift hebben wij laten zien dat autofagie essentieel is voor de 

overleving van zowel gezonde als leukemische hematopoietische stam- en 

voorlopercellen. Vervolg onderzoek zal in de toekomst duidelijk maken in 

hoeverre de remming van autofagie de effecten van chemotherapie op AML 

cellen nog verder kan versterken. 
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Promoveren (eigenlijk een huwelijk met de wetenschap) is iets waar ik al sinds 

mijn HLO opleiding naartoe heb gewerkt. Nu is dit proefschrift eindelijk klaar! 

Onderzoek doe je niet alleen en dit proefschrift zou er niet zijn geweest zonder 

het lab Experimentele Hematologie. Bedankt voor alle hulp en input in de 

afgelopen jaren! 

Eerst wil ik mijn promotoren bedanken: Prof. Edo Vellenga, Prof. Jan Jacob 

Schuringa en Prof. Paul Coffer. 

Edo, bedankt voor uw fantastische begeleiding in de afgelopen jaren. U gaf mij 

de mogelijkheid om wetenschappelijk onderzoek te kunnen doen, waarbij u ook 

oog had voor het verloop van mijn promotietraject, persoonlijke ontwikkeling 

en mijn toekomst. U vormt een brug tussen “de kliniek” en “de research”, een 

samenwerking die essentieel is om leukemie beter te kunnen doorgronden. U 

gaf mij de vrijheid om mijn eigen draai te geven aan lopende projecten, wat het 

promotieonderzoek voor mij een extra dimensie heeft gegeven. Dank u wel!

JJ, ik ben dankbaar voor jouw input in de afgelopen jaren tijdens talloze meetings. 

De combinatie van jouw kennis en enthousiasme zorgt voor nieuwe vragen, 

ideeën en geeft de energie om het volgende experiment uit te voeren. Jouw 

kritische kijk op soms “geijkte” veronderstellingen en de interpretatie van data 

hebben mij gestimuleerd open-minded te blijven. Daarnaast was jouw deur altijd 

open om nieuwe experimenten en data te bespreken. JJ bedankt! 

Paul, I like to thank you for the collaboration in the past years. I always enjoyed 

the scientific discussions, which often took place via Skype. Despite the distance, 

the collaboration between Utrecht en Groningen resulted in a well-received 

publication. I also greatly appreciated your input regarding various abstracts en 

articles.

Ik wil de leden van mijn leescommissie, Prof. I.P.Touw en Prof. H.H. Kampinga, 

hartelijk bedanken voor het lezen en beoordelen van mijn proefschrift. Prof. Anke 

van den Berg, bedankt voor het plaatsnemen in de leescommissie voor mijn 

proefschrift en daarnaast wil ik u graag bedanken voor uw bijdrage aan de VMP1 

- miR-21 experimenten. 
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Mijn Paranimfen wil ik ook graag bedanken. Dear Susan, we started around 

the same time and have been friends during most of our “PhD lives”. Not 

only are we co-authors in  most chapters in this thesis, but I also enjoyed the 

numerous social events that we had together during my PhD. From picking 

Indian dresses in Orlando to talking about life over a glass of ginger ale. I’m very 

happy to have you as my paranymph! Martijn, Ik ben blij met onze vriendschap, 

die al terug gaat tot onze tijd op het MBO, waarbij we vele activiteiten samen 

hebben gedaan: bordspelletjes, borrelen, zombier avonden en poolen. Ik hoop 

dat er nog vele mogen volgen. Ik ben blij dat dat je mijn paranimf wilt zijn!

Dit proefschrift was niet mogelijk geweest zonder hulp. Enkele mensen wil ik 

hiervoor graag speciaal bedanken. Allereerst Bart-Jan, bedankt voor alle hulp 

tijdens mijn PhD. Ik ben dankbaar voor jouw input tijdens talloze meetings en 

het was fijn dat ik altijd bij je terecht kon voor experimenteel advies. Daarnaast 

heb je mij vaak geholpen met typfouten. Dear Catalina, thank you for the great 

collaboration during our combined project. Despite the distance, together 

we managed to get things done. Koen, ook bedankt voor jouw input tijdens 

de autofagie meetings. Fiona, naast gezelligheid op het lab, heb jij een grote 

bijdrage geleverd aan de meeste hoofdstukken van dit proefschrift, super 

bedankt! Edwin & Valerie bedankt dat ik heb mogen meeschrijven aan het 

review artikel. Ook bedankt voor de input voor nieuwe ideeën en experimenten. 

Jenny, bedankt voor alle hulp met de muizen experimenten, dit had ik niet alleen 

gekund. Robin, bedankt voor de hulp met de ultracentrifuge experimenten. Roy 

& Darlyne, tijdens jullie stage hebben we samen het VMP1 project opgestart 

en het is uiteindelijk een mooi artikel geworden. Bedankt voor jullie inzet! 

Tot slot, Gerwin bedankt voor jouw input tijdens de research besprekingen. 

Verder Lieke, ik ben blij dat we vrienden zijn. Niet alleen door jouw rol als “Cupido”, 

maar ook om de vele bordspelletjes avonden en de geweldige tijd op Curaçao. 

Marco, our cycling trip through San Francisco was indeed epic! You made the 

lab a more lively place. Henny, het was fijn om samen even een rondje te lopen 

om het UMCG of een kop “echte” koffie te drinken, even weg van het lab. Bauke, 

van hooien in Friesland en duiken in Zuidlaren tot discussies over onderzoek, 

het was gezellig! Ik heb een groot respect voor jouw sterke drive in zo’n beetje 

alles wat jij doet. Dear Pallavi, it was an amazing experience to be invited to your 

wedding in India, also it was nice to have you as my neighbour in the office. Alan, 

your coffee guide in Dublin was amazing, yes we tried them all! Thank you for 
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being a nice colleague and friend. Maurien, jij bent heerlijk nuchter en gezellig, 

een goeie combi! Ayşegül, I enjoyed talking with you about metabolism and also 

non-work related stuff. Annet, jij bent een soort Sherlock Holmes, als er iets kwijt 

is op het lab weet jij het terug te vinden. Daarnaast ben je ook een geweldige 

collega. Harm-Jan, altijd in voor een praatje op het lab en bedankt voor het 

Initiëren van vele solical events binnen en buiten het lab. Marjan, bedankt voor 

alle hulp met bestellingen in de afgelopen jaren en daarnaast ben je een fijne 

collega. Isabel, it was nice having you as my neighbor in the office. Shanna & 

Isabelle hoewel helaas van korte duur, het was super gezellig op de kamer. 

   

Verder, Hein, Rykst-Nynke, Aida, Antonella, Matthieu, Francesco, Jeanet, Marta, 

Niccolò, Carin, Matthieu, Yuan, Gerbrig, Sonya, Carolien, Ewa, Martijn, Vincent 

en alle anderen die ik niet bij naam heb genoemd: bedankt voor alle hulp en de 

gezellige tijd in het lab!  

Mijn collega’s van de Kinderoncologie: Marlinde het was altijd super gezellig! 

patatjes? Walderik, Irena, Naomie, Frank, Tiny en Sophia. Bedankt voor alle 

gezelligheid in de afgelopen jaren. 

Verder wil ik medewerkers van de FACS-facility bedanken: Henk en Roelof-Jan, 

ik mis nog steeds het “geouwehoer” tijdens het sorteren. Johan, overdag sorteren 

en ’s avonds ARK & Galactic Mining, super β. Daarnaast ook Theo, Geert & Wayel 

bedankt.  

Else en Sylvia bedankt voor jullie hulp in de afgelopen jaren.  

Jasper Koerts bedankt voor jouw hulp bij de VMP1-miR-21 experimenten. 

Lab GMZ in Amsterdam. Prof. Ronald J.A. Wanders, Vincent, Lodewijk & 

Carlo. Tijdens mijn stages in lab GMZ ben ik enorm gegroeid als persoon en 

onderzoeker. Hoewel het helaas niet is gelukt is om destijds de AMC scholarship 

te bemachtigen, is mijn “wetenschappelijke basis” in lab GMZ gelegd.  

Erwin, Marcel, Jeroen, Stefan & Niek, hoewel ik jullie al jaren beloof dat het 

promotie feestje eraan zit te komen, is het nu eindelijk zo ver! 

Team Ontroerd, Alex, Rodin, Geralt, Marcel, Hessel en Harko. Bedankt voor alle 
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gezelligheid de afgelopen jaren, dat er nog veel “niet te burgerlijke” jaren mogen 

volgen. Ook bedankt voor een luisterend oor als ik even “stoom” moest afblazen.

Joost, Bart, Hugo, Groen!, Tonnie & Joost, ondanks de afstand, de spelletjes 

avonden in Zwolle en omgeving zijn altijd gezellig en iets waar ik naar uit kijk.  

Lieve Hanna, nu heb jij je eigen gezin met Arjon aan je zijde en twee geweldige 

kinderen, mijn neefjes Laurens & Aaron. Bedankt dat je er altijd voor mij bent. Ik 

ben super trots op mijn kleine zus!

Pa & Ma, jullie hebben het mogelijk gemaakt dat ik verder kon studeren ondanks 

dat ik een lang studietraject heb gevolgd. Jullie zijn er altijd voor mij geweest 

en dit “boekje” was er niet geweest zonder jullie steun en vertrouwen. Pa & Ma 

bedankt! 

Lieve Suzanne, ik ben super blij dat ik jou heb mogen ontmoeten. Je bent er altijd 

voor mij, ook als ik mijn “promotie stress” meebracht naar huis. Dit is voor ons een 

jaar vol grote life events, maar samen komen wij er wel! Nu gaan we samen op 

weg naar Tersluis, een nieuw avontuur. Ik heb er zin in!



219

C
H

A
P

T
E

R
  7

Curriculum VItae 

Opleidingen
2009 - 2011    Biomedical Sciences, MSc
                 (Universiteit van Amsterdam)
2006 - 2009    Biologie en Medisch Laboratoriumonderzoek, BASc 
                             (Saxion Hogeschool, Deventer) 
2002 - 2006    Medische laboratorium techniek
                             (Drenthe College, Emmen)

            
Werkervaring 
2017 - Heden  Postdoctoral Fellow, Department of Hematology, UMCG 
                           Characterization of leukemic stem cells.  
                           Prof.dr. E. Vellenga en Prof.dr. J.J. Schuringa 

2012 - 2016  PhD candidate, Department of Hematology, UMCG  
                           The role of autophagy in normal hematopoiesis and leukemia. 
                           Promotoren: Prof.dr. E. Vellenga, Prof.dr. J.J. Schuringa
  
2010 - 2011  Laboratory Genetic Metabolic Diseases, AMC (Stage, 9 maanden) 
   Purification and characterization of acetylated mitochondrial proteins.
   Supervisor: Dr. V.C.J. de Boer 

2009 - 2010  Laboratory for Molecular Biology and Microbial Food Safety, 
                           Swammerdam Institute for Life Sciences, UvA (Stage, 7 maanden)
                           Elucidating the function of RodZ, crucial for cell morphology and 
   weak organic acid resistance in B. subtilis. 
                           Supervisor: Prof.dr. S. Brul

2008 - 2009   Laboratorium Genetische Metabole Ziekten, AMC (Stage, 8 maanden)
                           Fatty acid transport across the peroxisomal membrane in yeast.
                           Supervisor: Ing. L.IJlst 
  
2007 - 2008  Speciële Klinische Chemie, UMCU (Stage, 3 maanden) 
   Validatie van metanefrines in urine en plasma met HPLC
   Supervisor: Dr. H.A.M. Voorbij

2007   U-Diagnostics, UMCU (Stage, 2 maanden) 
   LDL direct validatie op de Architect Ci8200 chemie-analyser en 
                           Cardio-check P.A. point of care meter. 
   Supervisor: Dr. A. Zwart

2005 - 2006  Laboratoriumgeneeskunde, UMCG (Stage,10 maanden), korte projecten: 
   1: γ-aminoboterzuur spiegels in liquor (1 maand)
   2: The modulation of the foreign body reaction by cytomegalovirus 
                           encoded interleukin-10 (5 maanden)
   Supervisor: Prof.dr. I.P. Kema en drs M. Wübben 

            

Personalia

Steenhouwerskade 134
9718DK, Groningen
06-10242907

h.folkerts@umcg.nl

02-09-1985 te Emmen

Hendrik Folkerts

  
 

CURRICULUM VITAE

2012 - Heden  Begeleiding van master studenten 

2006 - 2010   Student-assistent molecular biology and biochemistry (UvA), 
                      Immunologie & medische microbiologie (Saxion)

Overige werkervaring 



Chapter 7

220

Publicaties

1. Folkerts H, Hilgendorf S, Vellenga E, Bremer E, Wiersma VR 
    The multifaceted role of autophagy in cancer and the micro-environment.
    Med Res Rev. 2018, 10.1002/med.21531

2. Folkerts H, Hilgendorf S, Wierenga ATJ, Jaques J, Mulder AB, Coffer PJ, Schuringa JJ, Vellenga E 
    Inhibition of autophagy as a treatment strategy for p53 wild-type acute myeloid leukemia.
    Cell Death Dis. 2017, 8:e2927

3. Gómez-Puerto MC, Folkerts H, Wierenga AT, Schepers K, Schuringa JJ, Coffer PJ Vellenga E 
    Autophagy proteins ATG5 and ATG7 are essential for the maintenance of human CD34+ hematopoietic stem-progenitor cells. 
    Stem cells. 2016, 34:1651-63

4. Folkerts H, Hazenberg CL, Houwerzijl EJ, van den Heuvel FA, Mulder AB, van der Want JJ, Vellenga E 
    Erythroid progenitors from patients with low-risk myelodysplastic syndromes are dependent on the surrounding micro 
    environment for their survival. 
    Exp Hematol. 2015, 43:215-22

5. Van Roermund, CWT, IJlst L, Majczak W, Waterham HR, Folkerts H, Wanders RJA and Hellingwerf KJ 
   Peroxisomal fatty acid uptake mechanism in Saccharomyces cerevisiae. 
   J Biol Chem 2012, 287:20144-53

6. Hilgendorf S, Folkerts H, Schuringa JJ, Vellenga E 
    Loss of ASXL1 triggers an apoptotic response in human hematopoietic stem and progenitor cells. 
    Exp Hematol. 2016, 44:1188-96 

7. Folkerts H, Pougovkina OA, Ofman R, Gloerich J, Wanders RJA, Houten SM, de Boer VCJ 
    Identification of the physiological function of acetylated glutamate dehydrogenase. 
    Poster presentation, Bioenergetics meeting, April 13 - April 15, 2011, Wageningen, The Netherlands

8. Van Beilen J, Blohmke CJ, Folkerts H, de Boer R, Zakrzewska A, Kulik W, Vaz FM, Brul S, Ter Beek A 
    RodZ and PgsA Play Intertwined Roles in Membrane Homeostasis of Bacillus subtilis and Resistance to Weak.
    Organic Acid Stress. 
    Front Microbiol. 2016, 7:1633. eCollection

Prijzen

American Society of Hematology 2017   Abstract Achievement Award
American Society of Hematology 2016   Abstract Achievement Award
American Society of Hematology 2014  Abstract Achievement Award

Lijst van publicaties en presentaties 


