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Contribution of A1 to macrophage survival in cooperation with
MCL-1 and BCL-XL in a murine cell model of myeloid
differentiation
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Myeloid cells are the first line of defence against pathogens. Mitochondrial apoptosis signalling is a crucial regulator of myeloid cell
lifespan and modulates the function of myeloid cells. The anti-apoptotic protein BCL-2-family protein BCL2A1/A1/BFL-1 is strongly
upregulated in inflammation in macrophages. We analysed the contribution of A1 to apoptosis regulation in a conditional system
of in vitro differentiation of murine macrophages from immortalised progenitors. We disabled the expression of A1 by targeting all
murine A1 isoforms in the genome. Specific inhibitors were used to inactivate other anti-apoptotic proteins. Macrophage
progenitor survival mainly depended on the anti-apoptotic proteins MCL-1, BCL-XL and A1 but not BCL-2. Deletion of A1 on its own
had little effect on progenitor cell survival but was sensitised to cell death induction when BCL-XL or MCL-1 was neutralised. In
progenitors, A1 was required for survival in the presence of the inflammatory stimulus LPS. Differentiated macrophages were
resistant to inhibition of single anti-apoptotic proteins, but A1 was required to protect macrophages against inhibition of either
BCL-XL or MCL-1; BCL-2 only had a minor role in these cells. Cell death by neutralisation of anti-apoptotic proteins completely
depended on BAX with a small contribution of BAK only in progenitors in the presence of LPS. A1 and NOXA appeared to stabilise
each other at the posttranscriptional level suggesting direct binding. Co-immunoprecipitation experiments showed the binding of
A1 to NOXA and BIM. Interaction between A1 and Noxa may indirectly prevent neutralisation and destabilization of MCL-1. Our
findings suggest a unique role for A1 as a modulator of survival in the macrophage lineage in concert with MCL-1 and BCL-XL,
especially in a pro-inflammatory environment.
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INTRODUCTION
Mitochondrial apoptosis is regulated by the BCL-2 protein family,
which contains anti-apoptotic and pro-apoptotic proteins classi-
fied according to their structure and function. Five anti-apoptotic
BCL-2-like proteins exist in mammals (BCL-2, BCL-XL, MCL-1, BCL-W
and A1/BFL-1). All can block apoptosis by binding to and
inhibiting the pro-apoptotic family members, but they differ
strongly with respect to a number of features such as expression,
binding affinity to pro-apoptotic members and turnover.
The roles of MCL-1, BCL-2 and BCL-XL in the hematopoietic

compartment are well-characterised [1, 2]. The roles of BCL-w and
A1/BFL-1, however, are less clear. BCL-w was originally described
to protect lymphoid and myeloid cells against apoptosis induced
by cytokine withdrawal or γ-irradiation when overexpressed [3]. It
is required for spermatogenesis and is expressed in hematopoietic
cells but is dispensable for the development of hematopoietic
compartments [4, 5]. While overexpressed in certain B-cell
lymphoma lines, BCL-w seems to have a minor role in lymphoma
development [6, 7]. It was shown to be redundant for granulocyte
survival [8], however, its role in other myeloid cells seems still not
clear. A1/BFL-1 is far less well investigated as well. This has been
due to low levels of expression or low sensitivity of available

antibodies, the lack of specific inhibitors or perhaps a more limited
function of the protein. One aspect in mice that has also
complicated the study of A1 is the presence of four individual
genes (A1a-d) (three functional: A1c is a non-functional fragment)
with presumably similar functions [9].
The isoform A1a was originally isolated from mouse bone

marrow as a GM-CSF inducible, hematopoietic tissue-specific gene
[10, 11]. The human counterpart BFL-1 was first isolated from
human fetal liver [12]. A1 is mainly expressed in the hematopoietic
compartment and is strongly induced by a number of pro-
inflammatory stimuli [13]. Deletion of A1a resulted in a reduced
lifespan of neutrophils ex vivo [14]. An inducible shRNA knock-
down approach targeting all isoforms revealed a role of A1 in early
T-cell differentiation, B-cell homoeostasis, IgE-mediated mast cell-
driven anaphylaxis, and granulocyte survival [15, 16]. An A1a,b,d-
deficient mouse (lacking all functional isoforms) had only minor
defects: a minor decrease in conventional dendritic cell (cDC)
numbers and impaired cDC survival were noted [17], as were
minor T-cell defects [18]. Loss of A1 increased the sensitivity of
cDCs to BCL-2 neutralisation [19]. Lack of A1 also accelerated
neutrophil spontaneous and FAS-ligand-induced apoptosis [20]. A
recently published study found that A1 negatively regulated BAX/
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BAK-dependent apoptosis and subsequent inflammasome- and
caspase-8-mediated maturation of the inflammatory cytokine IL-
1β following LPS treatment in bone marrow-derived mouse
macrophages and monocytes [21].
A number of reports found upregulation of A1 in various

tumours, especially of hematopoietic origin, correlating with
resistance to chemotherapy; this was shown for chronic lympho-
cytic leukaemia [22], B-cell lymphoma [23, 24] and acute
promyelocytic leukaemia [25, 26]. In melanoma, high levels of
BFL-1 were associated with chemoresistance [27, 28]. Deletion of
A1 sensitised melanoma cells to BCL-2-protein targeting drugs
[29].
BFL-1 was overexpressed in B-cells from lupus patients [30] and

could serve as a urinary biomarker in lupus nephritis [31]. A1 was
characterised as a potential prognostic and diagnostic biomarker
for human sepsis [32, 33], although in vivo infection models in the
mouse did not show any impact of A1 deletion on immune cell
survival [34].
We use a model of differentiation of myeloid cells from mouse

progenitors to assess the role of BCL-2-family proteins at various
stages and cell lineages. The model is based on the regulated
expression of Hoxb8 and permits the generation of progenitor
cells committed to various lineages, especially neutrophils and
macrophages/monocytes [35, 36]. Using this model, we have
previously investigated the role of BCL-2-family proteins in
neutrophil progenitors and mature neutrophils [37] and have
assessed the role of A1 in cells from the neutrophil lineage [38].
We here analysed the role of A1 in macrophage progenitors and
differentiated macrophages in the Hoxb8-model.
We tested the dynamics of cell death induction, BCL-2 family

protein expression and interaction profiles to identify differential
roles of A1 and the main known regulators of macrophage cell
death, in survival regulation in the monocyte/macrophage lineage.

RESULTS
Contribution of A1 to survival in a murine macrophage
differentiation model
In macrophages differentiated from mouse bone marrow in vitro,
A1 is induced by LPS and then contributes to cell survival if other
BCL-2-proteins are inhibited [21]. Macrophages differentiate from
myeloid bone marrow progenitors, and the composition of BCL-2-
family members and their individual contributions to cell survival
likely change during differentiation. We used a model of
committed mouse macrophage progenitors to test the role of
A1 in progenitors and in mature macrophages, at resting state or
when stimulated with LPS.
In this model, conditionally active oestrogen receptor-regulated

Hoxb8 (ER-Hoxb8) drives the expansion of committed macro-
phage progenitors from mouse bone marrow in presence of GM-
CSF. When Hoxb8 is turned off (oestrogen withdrawal), the cells
differentiate into macrophages [35, 36]. We first derived and
tested GM-CSF-dependent progenitors from wt mice.
Potent and specific chemical inhibitors against MCL-1, BCL-2 or

BCL-XL exist [39, 40], but no specific small molecule inhibitor of A1
has been introduced. Complete deletion of murine A1 is
complicated by the presence of three functional genes. We used
lentiviral CRISPR/Cas9 to target all isoforms simultaneously using
one single gRNA. We devised two different sgRNAs, each targeting
all isoforms, to establish A1-deficient GM-SCF Hoxb8 macrophage
progenitor cells, with A1g7 matching the sequence of all isoforms
(A1a,b,c,d), and A1g12 with one nucleotide mismatch in A1b.
Efficient loss of A1 protein in progenitors was confirmed for A1g7
by Immunoblotting (Fig. S1). Cells expressing A1g12 showed a
remaining faint band, suggesting that the genomic manipulation
was largely successful, but A1 loss was not complete, possibly due
to insufficient targeting of A1b (we will refer to these A1-targeted
cells as A1-KO).

A1 deletion had little effect on macrophage progenitors in
terms of cell death under homoeostatic conditions. There was a
small but significant increase in background cell death in both A1-
targeted progenitor lines A1g7 and A1g12 compared to control
cells expressing an irrelevant EGFP-targeting gRNA (CTRL) (Fig.
1a, b). We then treated A1-KO or CTRL progenitors with specific
inhibitors targeting MCL-1 (S63845) or BCL-2/BCL-XL (ABT-737)
and analysed cell death by AnnexinV/PI staining (Fig. 1, after 24 h)
and/or staining against active caspase-3 (Fig. S3). Inhibition of
BCL-2/BCL-XL had very minor effects on the viability of CTRL
progenitors even at high ABT-737 concentrations but led to
substantially decreased survival in both A1-KO lines (Fig. 1a). MCL-
1 inhibition strongly impaired survival in CTRL. Additional A1
deletion blocked survival near-completely at the highest MCL-1-
inhibitor concentration (Fig. 1b). Specific inhibition of either BCL-2
or BCL-XL alone did not affect progenitor survival in CTRL or A1-KO
lines (Fig. 1f, Fig. S3). Inhibition of MCL-1 combined with BCL-XL
inhibition, but less so with BCL-2 inhibition, had a synergistic
effect in killing CTRL cells, similar to combined treatment with
MCL-1 inhibitor and ABT-737. BCL-XL- combined with MCL-1
inhibition and A1 deficiency blocked cell survival completely (Fig.
1c–f). Progenitor survival thus was mainly dependent on MCL-1,
BCL-XL and A1, but not BCL-2, with MCL-1 being the most
important. A1, however, made a very substantial contribution to
keep the cells alive when other anti-apoptotic proteins were
neutralised.

Effect of differentiation on myeloid cell dependency on anti-
apoptotic Bcl-2-family proteins
Cell differentiation may have effects on apoptosis sensitivity. In
order to investigate the effect of the differentiation status on the
role of A1, we differentiated the progenitors into macrophages by
oestrogen withdrawal for 7 days. A1-KO cells differentiated
normally, with typical changes in morphology and surface marker
expression characteristic for monocyte-derived macrophages (e.g.,
CD11b, F4/80, CD64 upregulation, c-Kit downregulation) (Fig. S2a,
b). Functional analysis of phagocytosis and reactive oxygen
species (ROS) production in differentiated macrophages did not
reveal differences between genotypes. Both CTRL and A1-KO cells
effectively phagocytosed E. coli ‘bioparticles’ and generated ROS
upon PMA stimulation (Fig. S2c, d). Macrophages were treated
with various doses of single or combined inhibitors of MCL-1, BCL-
2 or BCL-XL, and cell death was analysed by monitoring active
caspase-3 (Fig. 2) or loss of cell membrane integrity using a live-
dead stain (Fig. S4a–h).
In contrast to progenitors, differentiated CTRL cells were

resistant to all single inhibitor treatments, even at high doses.
A1 deficiency on its own did not impair survival (Fig. 2a–d), but
had weak pro-apoptotic effects in combination with single
inhibitors against MCL-1 or BCL-2/BCL-XL (Fig. 2a, b). Simultaneous
MCL-1 inhibition and ABT-737 treatment strongly induced
caspase-3 activation in combination with A1 deficiency, but only
mildly increased cell death in CTRL (Fig. 2e). In order to test for the
relevant protein targeted by ABT-737, we combined MCL-1
inhibition with increasing concentrations of BCL-XL- or BCL-2-
specific inhibitor. In A1-deficient cells, low doses of BCL-XL
inhibitor in combination with MCL-1 inhibition induced strong
caspase-3 activation, in contrast to CTRL cells (Fig. 2f). Combined
BCL-2 and MCL-1 inhibition did not induce apoptosis in CTRL
macrophages. Additional A1 deficiency slightly sensitised to cell
death at high ABT-199 concentrations (Fig. 2g, h). Live-dead
staining, including AnnexinV/PI staining, appeared clearly less
sensitive than anti-active caspase-3 staining for the detection of
mitochondrial apoptosis in differentiated cells (a direct compar-
ison is shown in Fig. S4i, j), therefore staining against active
caspase-3 was performed in all further experiments with
differentiated macrophages, and was complemented by annex-
inV/PI staining for some experiments.
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Taken together, differentiation confers strong resistance against
the neutralisation of single anti-apoptotic proteins. This resistance
can be overcome by concomitant neutralisation of additional anti-
apoptotic proteins, where A1 clearly plays a role in keeping the
cells alive.

A1 is important for survival of macrophage progenitors under
pro-inflammatory LPS stimulation
A1 is an NFκB-inducible gene highly regulated in inflammation
[41]. We therefore analysed the effect of inflammatory conditions
on the role of A1 in apoptosis regulation of progenitors and
differentiated macrophages. We used LPS as a well-characterised
stimulus and simultaneously co-treated progenitors with different
doses of MCL-1- or BCL-2/BCL-XL inhibitors. Survival of CTRL cells
was not altered by LPS stimulation alone, but A1 deficiency
significantly sensitised progenitors to apoptosis upon LPS treat-
ment (Fig. 3a, b). In CTRL cells, concomitant LPS stimulation
reduced the pro-apoptotic effect of MCL-1 inhibition, but when A1
was absent, LPS, in contrast, enhanced this effect (Fig. 3a, b),

indicating that the protective effect of LPS required A1.
Neutralisation of BCL-2/BCL-XL did not further compromise the
viability of A1-deficient progenitors during LPS treatment. LPS
thus conferred partial protection against MCL-1 inhibition in CTRL
cells. This effect depended on A1. In progenitors, A1 deficiency
turned LPS into a pro-apoptotic stimulus, even in the presence of
functional MCL-1.
Although inflammatory conditions may occur during macro-

phage differentiation, contact with bacterial molecules such as
LPS is probably more common in differentiated macrophages
during infection. In differentiated macrophages, LPS stimulation
alone did not compromise the survival of A1-deficient cells, in
contrast to progenitors. However, A1 deficiency strongly sensitised
to apoptosis under BCL-XL/BCL-2 inhibition and concomitant LPS
stimulation (Fig. 4a–c). MCL-1 inhibition in the presence of LPS
had a weaker pro-apoptotic effect in A1-deficient macrophages
than in progenitors, contrary to BCL-XL/BCL-2 inhibition (Fig. 4a, b).
Similar to progenitors, BCL-XL was more important than BCL-2 for
survival under LPS stimulation (Fig. 4c). Differentiation thus
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Fig. 1 Targeting anti-apoptotic proteins in macrophage progenitors reveals an essential role of MCL-1 in cooperation with A1 and BCL-
XL for survival in steady state. A1 was knocked out in Hoxb8 GM-SCF macrophage progenitors by lentiviral CRISPR/Cas9 using two different
sgRNAs (A1g7 and A1g12) targeting all isoforms (A1g7) or A1a, c and d (A1g12). An irrelevant sgRNA sequence directed against EGFP served
as control (CTRL). a–d Hoxb8 macrophage progenitors were treated for 24 h with the following inhibitors targeting anti-apoptotic BCL-2-
family proteins: ABT-737 (a, specific for BCL-XL and BCL-2), S63845 (b, specific for MCL-1), ABT-199 (c, specific for BCL-2) or A-1155463
(d, specific for BCL-XL) at the concentrations (µM) indicated. e, f Hoxb8 macrophage progenitors were treated as above with single or
combined inhibitors as indicated. DMSO served as solvent control. Cell death was assessed by AnnexinV/PI staining and flow cytometry (FACS
Calibur). Shown are the percentage of live cells (AnnexinV and PI-negative). Data are means/SEM of 3–7 independent experiments. Statistical
analysis was done by 2-way ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, non-significant.
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favoured general resistance to MCL-1 inhibition, but retained
sensitivity to BCL-XL/BCL-2 neutralisation in A1-deficient cells
especially under pro-inflammatory stimulation.

Differential contributions of BAX and BAK to cell death
regulation
BAX and BAK are the effectors of cytochrome c release and
mitochondrial apoptosis. Both proteins can be regulated by direct
activation via BH3-only proteins and by neutralisation of anti-
apoptotic BCL-2 family members. BAX and BAK are differentially
regulated in terms of localisation within the cell (or

retrotranslocation from mitochondria to cytosol) and binding
profiles to BCL-2 family members. BCL-2 has been reported to
sequester BAX but not BAK, whereas BAK may be restrained by
MCL-1 and BCL-XL [42]. In order to determine the respective
contributions of each protein to apoptosis regulation in the
macrophage differentiation model, we tested BAX or BAK single-
deficient progenitors for sensitivity to simultaneous treatment
with 5 µM ABT-737 and increasing concentrations of MCL-1
inhibitor. Whereas BAK-deficient cells appeared as sensitive as
wt, BAX-deficient cells were completely resistant to S63845/ABT-
737 treatment (Fig. 5a, c). Strikingly, the situation was different
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Fig. 2 Differentiation confers resistance to inhibition of single anti-apoptotic proteins, which can be overcome by combined
neutralisation of A1, MCL-1 and BCL-XL. A1-KO or CTRL GM-CSF Hoxb8 cells (A1g7, A1g12 or CTRL) were differentiated into macrophages for
7 days by oestrogen withdrawal. a–d Differentiated macrophages were treated for 4 h with the following inhibitors targeting anti-apoptotic
BCL-2-family proteins: ABT-737 (a, specific for BCL-XL and BCL-2), S63845 (b, specific for MCL-1), ABT-199 (c, specific for BCL-2) or A-1155463
(d, specific for BCL-XL) at the concentrations (µM) indicated. e–h Differentiated macrophages were treated as above with single or combined
inhibitors as indicated. DMSO served as solvent control. Cell death was assessed by active-Caspase-3 staining and flow cytometry (FACS
Calibur). Data are means/SEM of 3–7 independent experiments. Statistical analysis was done by 2-way ANOVA. *p < 0.05; **p < 0.01;
***p < 0.001; ****p < 0.0001; ns, non-significant.
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under inflammatory conditions: LPS co-treatment conferred partial
protection against inhibitor treatment in BAK-deficient and wt
cells, but slightly sensitised BAX-deficient cells to death. This
suggests a certain role for BAK under inflammatory conditions,
even if BAX-deficient cells were still the most protected (Fig. 5a–f).
In differentiated cells, as in progenitors, BAX deficiency resulted

in complete protection against combined neutralisation of MCL-1,
BCL-XL and BCL-2. BAK deficiency had no protective effect (Fig. 6).
LPS stimulation partially protected against inhibition of pro-
survival proteins in both wt and BAK-deficient macrophages.
These results indicate that at resting state the function of anti-

apoptotic BCL-2-family proteins is exclusively either the preven-
tion of activation or the inhibition of BAX. Under pro-inflammatory
stimulation, however, BAK apparently gained some importance in
progenitors but not in differentiated macrophages. This indicates
that the contribution of BAK to LPS-associated cell death is
completely lost upon differentiation.

Dynamics of Bcl2-family protein expression during
differentiation
We used the macrophage differentiation model to monitor the
expression of BCL-2 family members during the differentiation
process. We observed an early induction of A1 and MCL-1 starting
on the first day of differentiation (Fig. S5). BCL-2 and BCL-XL were
induced around d5. BCL-w showed no obvious change. The

induction of anti-apoptotic proteins correlated with increased
expression of the pro-apoptotic members BIM, NOXA, PUMA, BID,
BAX and BAK. Although protein activity cannot simply be judged
by protein expression levels, the increased expression of BCL-2-
family members upon differentiation could, in part, explain the
changes in apoptosis sensitivity seen in progenitors versus
differentiated macrophages, with strong protection against single
inhibition of anti-apoptotic proteins in differentiated macrophages
but not in progenitors.

Deficiency in A1 affects protein levels of other BCL-2-family
proteins
The absence or presence of distinct BCL-2 family members and
interactions within the family may alter the protein stability of
other members. A1 protein has a very short half-life, which may be
an effect of strong regulation at the transcriptional, but also at the
protein level [43]. We therefore investigated the impact of single/
double deficiency of distinct pro-apoptotic proteins on A1 protein
levels in progenitors, as well as the effects of A1 deficiency on
levels of other proteins. Deficiency in NOXA, alone or combined
with lack of BIM, strongly decreased A1 levels (Fig. 7). In contrast,
combined BIM/PUMA or BIM/BMF deficiency did not substantially
alter A1 expression. A1 deficiency, in turn, correlated with a
prominent decrease in protein levels of NOXA, BIM and PUMA.
Small changes in BAX and BCL-2, but not BAK or BCL-XL levels,
were also seen. These data suggest that A1 and NOXA may
stabilise each other, possibly by direct binding. The results also
suggest that BAX, but not BAK, may play a stabilising role in A1
turnover.
LPS stimulation strongly induced A1 and NOXA protein

expression in CTRL cells in both progenitors and differentiated
macrophages (Fig. S6). Hardly any induction of NOXA in A1-
deficient cells was seen: whatever the mechanism of A1-
dependent NOXA regulation, it therefore extended to the
situation of pro-inflammatory stimulation. No clear changes in
BIM, BAX, BAK or BCL-XL levels were apparent. NOXA and A1
expression were thus strongly dependent on each other,
suggesting that either direct interaction between the proteins or
indirect effects may co-stabilise both proteins together.
To determine whether transcriptional alterations of A1 and

NOXA expression could play a role in mutual regulation, we
analysed A1 and NOXA mRNA levels of progenitors in LPS-
stimulated samples. We found A1 mRNA upregulated in both CTRL
and NOXA-deficient cells upon LPS stimulation, but NOXA-
deficient cells showed significantly reduced A1 mRNA levels
compared to CTRL cells in resting and stimulated samples (Fig.
S7a). In A1-KO progenitors, NOXA mRNA levels were comparable
to CTRL at resting state and slightly upregulated upon LPS
stimulation, similar to CTRL progenitors (Fig. S7a). This indicates
that NOXA can contribute to the regulation of A1 at the mRNA
level, but not vice versa.
To test the role of the proteasome in the mutual stabilisation of

A1 and NOXA, we treated LPS-stimulated CTRL or A1-KO cells with
the proteasome inhibitor MG-132 for the last hour of stimulation
and monitored A1 and NOXA protein levels. Proteasome inhibition
stabilised NOXA in resting CTRL and A1-KO cells comparably (Fig.
S7b). This indicated that proteasomal degradation was responsible
for the decreased stability of NOXA in resting A1-KO progenitors.
In LPS-stimulated CTRL cells, NOXA protein was increased and
further accumulated under proteasome inhibition. When A1 was
absent, however, LPS had hardly any effect on NOXA protein
expression (Fig. S7b). MCL-1 levels in resting cells were not
affected by lack of A1, and MCL-1-protein slightly increased upon
proteasome inhibition, comparable in CTRL and A1-KO cells.
However, MCL-1 protein accumulated in LPS/MG-132-treated CTRL
cells, but not when A1 was absent. The results suggest that A1
contributes to stabilisation of NOXA-expression in LPS-treated
progenitors at a posttranscriptional level, possibly guided by

0

20

40

60

80

100

%
A

nx
5/

P
I-

ne
g.

 c
el

ls

WT CTRL

WT A1g7

WT A1g12

0

20

40

60

80

100

%
 a

ct
. c

as
pa

se
-3

-p
os

. c
el

ls

WT CTRL

WT A1g7

WT A1g12

ns
ns

ns
ns

ns
ns

****

**
***

****

** ** **
**** **** **** **** ******** ****

ns
ns

ns
ns

ns
ns

ns
*

*
**

ns
ns

ns***
** ** **

***
****
****

b

a

ABT-737       -     2,5       5        -        -       -       2,5     5        -        -
S63845         -       -         -      2,5      5       -         -       -       2,5      5

ctrl LPS

ABT-737       -     2,5       5        -        -       -       2,5     5        -        -
S63845        -       -         -      2,5      5       -         -       -       2,5      5

ctrl LPS

Fig. 3 Pro-inflammatory stimulation by LPS sensitises progenitors
to cell death in the absence of A1 but is able to protect when A1 is
present. a, b A1-KO and WT CTRL GM-CSF progenitors were co-
treated with LPS (1 µg/ml) and inhibitors against BCL-XL/BCL-2 (ABT-
737) or MCL-1 (S63845) at the concentrations (µM) indicated. DMSO
served as solvent control. Viability and apoptotic cell death were
assessed after 4 h by AnnexinV/PI staining (a, shown are the
percentage of live, AnnexinV and PI-negative cells) and staining
against active caspase-3 (b) followed by flow cytometry analysis
(FACS Calibur). Data are means/SEM of 3–7 independent experi-
ments. Statistical analysis was done by 2-way ANOVA. *p < 0.05;
**p < 0.01; ***p < 0.001; ****p < 0.0001; ns, non-significant.
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direct or indirect interactions within the BCL-2 family, where A1
may have indirect effects on MCL-1 stability.

Interaction of A1 and MCL-1 with BCL-2-family members
A1 and NOXA appear to regulate each other, and BAX but not BAK
plays a role in apoptosis sensitivity upon loss of A1, particularly
when MCL-1 is inhibited. We therefore tested complex formation
between MCL-1 or A1 and other BCL-2-family members. MCL-1
readily co-precipitated BIM, NOXA, BAX and BAK from extracts of
untreated progenitors (Fig. 8a). Strikingly, more NOXA was co-
precipitated in LPS-stimulated versus untreated samples. As
expected, Mcl-1 inhibition strongly reduced the binding of BAX
and BAK to MCL-1.
When A1 was immunoprecipitated in untreated progenitors,

BIM and BAX could be co-precipitated (Fig. 8b), although signals of
co-precipitating proteins were weak and some unspecific binding
of BAX was seen in A1-KO control samples. NOXA was hardly
detectable. Upon MCL-1 inhibition, BIM and NOXA-binding to A1
was enhanced. LPS stimulation also increased the interaction of
A1 with NOXA, BIM and BAX (Fig. 8b). No interaction of BAK with
A1 could be detected (not shown). Differentiated macrophages
showed similar interaction profiles of A1 and Mcl-1 with Noxa, Bim
or Bax, as progenitors (Fig. 8c, d). The data thus indicate a shift of
BIM from MCL-1 to A1 when MCL-1 is neutralised, and a
prominent shift of BIM and NOXA to A1 under concurrent LPS
stimulation in both progenitors and differentiated macrophages.

DISCUSSION
The understanding of the regulation of mitochondrial apoptosis in
myeloid cells, especially in the macrophage lineage, is still limited.
A1-function is little explored but appears to play a role in myeloid
cells. We here identify a pro-survival role of A1, in cooperation

with MCL-1 and BCL-XL in macrophage precursor cells. Differ-
entiation substantially altered the roles of the anti-apoptotic
proteins, and A1 was particularly relevant in inflammatory
conditions in progenitors. In differentiated cells, when BCL-XL
was neutralised, A1 was similarly important as MCL-1. Mutual
stabilisation of A1 and NOXA at the posttranscriptional level
suggests direct interaction. In resting cells, only BAX could kill,
while in inflammatory conditions, BAK acquired some importance.
Anti-apoptotic BCL-2-family proteins inhibit cell death by

binding to BH3-only proteins and BAX/BAK [44]. Much of what
we have learned about these interactions has been derived from
in vitro interaction studies of peptides/proteins or the use of BH3-
mimetics [45]. It has become clear that MCL-1 has a binding profile
different from BCL-2/BCL-XL/BCL-w [46], and neutralising MCL-1
kills many cancer cells efficiently [39]. A1 has an interaction
pattern with BH3-peptides that is similar to MCL-1 [46]. This
suggests that A1 and MCL-1 may be able to replace each other.
Remarkably, while efficiently killing many cancer cells, MCL-1
inhibition is well tolerated by mice [39], indicating that non-
transformed cells are naturally resistant to MCL-1 inhibition;
cardiac damage of MCL-1 inhibitors is probably due to specific
blockade of non-anti-apoptotic effects of MCL-1 [47]. Targeting of
A1 in mice had a relatively subtle effect but this is also consistent
with the view of a functional overlap of A1 and MCL-1-function.
Focusing on macrophage progenitors and macrophages, we

found a profound effect of A1 deletion when other BCL-2 family
members were inhibited. In the progenitor cells of our model, this
effect was particularly pronounced for MCL-1 inhibition, suggest-
ing that both proteins indeed have similar molecular functions.
During differentiation, BCL-XL also assumed an additional
protective role and A1-deficient macrophages were efficiently
killed by inhibition of MCL-1 and BCL-XL. Both MCL-1 and BCL-XL
were strongly upregulated during differentiation.
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BAX and BAK are considered redundant in many situations. We
found that in macrophage progenitors, apoptosis was exclusively
implemented by BAX, and BAX deficiency provided near-complete
protection against BH3-mimetics. This may simply reflect expres-
sion: upregulation during differentiation was much for pro-
nounced for BAK. In any case, this much greater reliance on BAX
in this cell type is interesting to note.
Myeloid cells have important roles in inflammatory conditions. It

has been shown before that BCL-2-family proteins, especially MCL-
1 and A1, are induced by inflammatory stimuli like bacterial LPS.
This is commonly interpreted that these stimuli and proteins
operate to keep the cells alive so they can fulfil functions in host
defence. Both MCL-1 and A1 have very short half-lives compared
to other anti-apoptotic BCL-2-like proteins [43, 48]. A1 is strongly
regulated at the transcriptional level and presumably at the
translational/posttranslational level [43, 49]. As found here, A1
deficiency in responding progenitors turned LPS into a pro-
apoptotic stimulus: A1 is a critical survival-promoting factor in this
scenario. In A1-deficient primary BM-derived monocytes, LPS had
no pro-apoptotic activity [21], similar to our model of differ-
entiated cells. Our progenitor cells are clearly more immature.
Under pro-inflammatory conditions, immature macrophage pro-
genitor stages seem more dependent on A1.

The changes in protein expression of distinct Bcl-2 family
proteins in A1-deficient cells could be interpreted as effects of
altered stability due to interactions within the Bcl-2 family but
could also involve compensatory regulation of other genes. Such
effects have not been described for cells derived from A1-deficient
mice so far. Previous analyses of protein expression were done in
resting or stimulated A1-deficient B- and T-lymphocytes but did
not reveal differences compared to wt and thus did not point to
compensatory regulation of other pro-survival proteins or BH3-
only protein Bim due to A1 deficiency [17].
NOXA is a well-established antagonist of MCL-1, and NOXA

upregulation can destabilise MCL-1. Because of the similar BH3-
domain binding profile of MCL-1 and A1, we tested specifically the
role of NOXA in antagonising A1 in macrophages. We observed
some upregulation of NOXA by LPS treatment. NOXA could be
immunoprecipitated with A1; the signal was stronger when MCL-1
was antagonised, suggesting that the drug releases NOXA from
MCL-1 and shifts it to A1, thereby stabilising both proteins. A1 also
interacted with BIM, as detected by IP. As far as we know, this is
the first demonstration of the interaction of endogenous A1 with
BH3-only proteins in myeloid cells.
There was a clear reduction of A1 protein in macrophages

lacking NOXA-expression; although NOXA in other cell types
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regulates MCL-1-stability [42], no effect of NOXA-loss on MCL-1
levels was observed. A smaller reciprocal effect was seen: NOXA
levels were slightly lower in the absence of A1. NOXA therefore
appears to regulate A1 levels. NOXA induces the proteasomal loss
of MCL-1 through direct binding while the MCL-1 inhibitor
S63845 stabilises (inactive) MCL-1. The most straightforward
model is that NOXA stabilises A1 through direct binding. What
this means for A1-activity is difficult to gauge and will depend on
the on-off rates of the interaction. A1/Noxa interaction might
indirectly prevent the neutralisation and destabilization of MCL-1.
Both A1 and MCL-1 seem to be regulated by NOXA in
macrophages. It will be interesting to work out the differences.
Macrophage differentiation, particularly in tissues, is exceed-

ingly complex. The Hoxb8 system mimics the early differentiation
of cells in the inflammatory monocyte/macrophage lineage [50].
The precursors are at a stage of macrophage-committed
progenitors resembling common monocyte progenitors according
to surface markers [35, 50, 51]. The Hoxb8 cells differentiated in
GM-CSF, resemble inflammatory macrophages with some similar-
ity to inflammatory dendritic cells [50]. Like many cell lineages, this
lineage showed a very substantial change in the expression of
BCL-2-family proteins. Obviously, this is tailored to suit the
requirements of a given differentiation status. In macrophages,
A1 clearly has its role in this network.

MATERIALS AND METHODS
Cell lines and cell culture
HoxB8 macrophage GM-SCF progenitors were derived from bone marrow
of C56BL/6 wild type (wt) or genetically modified BIM−/−, NOXA−/−,
BIM−/−NOXA−/−, PUMA-/-, BIM-/-PUMA-/-, BIM-/-BMF-/-, BAX−/−, BAK−/−, or
BAX−/−BAK−/− mice. Polyclonal macrophage progenitor cell lines were
established by retroviral transduction of ER-Hoxb8 and selection in the
presence of GM-CSF as described [35, 36]. Immortalised GM-CSF
progenitor cells were cultured in non-cell culture-treated 6 well-plates
in VLE RPMI 1640 (with stable Glutamine, with 2.0 g/L NaHCO3, Biochrom
or PAN) supplemented with 10% FCS (Gibco, Thermo Fisher) in the
presence of 5 µM oestrogen and 1% GM-CSF supernatant from GM-CSF-
producing B16 cells corresponding to a final GM-SCF concentration of
approximately 10 ng/ml according to Wang et al. [35] (kindly provided by
Hans Häcker). Cells were kept at a maximum density of 0.5–1 × 106 per
well with 3 ml of medium. Cells were split every 2–3 days or the day
before seeding them for an experiment or starting differentiation. Cell

viability and density were assessed with the CASY cell counter (Omni Life
Science). Differentiation of macrophages was induced in GM-CSF
progenitors by oestrogen removal and culture in a medium containing
1% GM-SCF supernatant for 7 days (0.5 × 106 progenitor cells in non-
tissue culture-treated 10 cm Petri dishes in 10 ml). Differentiated cells
were washed once in PBS and harvested by accutase treatment for
15 min at 37 °C.
HEK293FT cells (Invitrogen, Carlsbad, CA, USA) used for lentivirus

production were cultured in tissue culture-treated plates in DMEM
supplemented with 10% FCS.
The inhibitors ABT-737, ABT-199, S63845, A-1155463 (all from Sell-

eckchem), MG-132 (Enzo Life Sciences) and Q-VD-OPH (Hycultec) were
used as indicated. Since S63845 has a 6-fold lower affinity for murine than
for human MCL-1 [52], concentrations of up to 10 µM were used. LPS was
derived from E. coli O55:B5 (#tlrl-b5lps, Invivogen) and used at a
concentration of 1 µg/ml. Concentrations of 100 µg/ml were also tested
and gave very similar results (not shown).

Monitoring of cell differentiation by Giemsa staining and cell
surface marker expression
Staining for cellular and nuclear morphology was performed on cytospins
from cultures of progenitors or differentiated macrophages or neutrophils
by incubating with Giemsa solution (Merck, Darmstadt, Germany) after
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methanol fixation. Analysis by brightfield microscopy was performed using
a Keyence BZ9000 microscope at a magnification of 20x (Keyence, Neu-
Isenburg, Germany).
Expression of cell surface markers was measured after blocking

unspecific binding sites with CD16/CD32 Fc-Block (BD Biosciences, San
Jose, CA, USA). Cells were stained with anti-CD11b-FITC (clone M1/70, #12-
0112, eBioscience, San Diego, CA, USA), anti-CD11c-PE (clone HL3,
#553802, BD), Ly-6C-APC (clone HK1.4, #17-5932-82, eBioscience), anti-F4/
80-AF647 (clone A3-1, #MCA497A647, Biolegend, San Diego, CA, USA),
CD64-PE (clone X54-5/7.1, #139304, Biolegend), MHC-II-FITC (clone 2G9,
#553623, BD), or c-Kit-APC (clone ACK2, #17-1172, eBioscience) followed by
flow cytometry analysis on a FACS Fortessa (BD Biosciences, Heidelberg,
Germany).

CRISPR/Cas9-mediated genome editing
For CRISPR/Cas9-mediated genome editing, sgRNA sequences targeting all
A1 isoforms were selected based on the genomic sequence of A1a using
an online tool (http://crispr.mit.edu/). The following sgRNA target
sequences (including PAM site) were used:
A1g7, ACAGGTACCCGCCTTTGAGT(CGG); A1g12, CTACCTTCAGTATGTGC

TAC(AGG).
sgRNA sequences were cloned into the lentiCRISPRv2-puro vector

(Addgene plasmid #52961) expressing both the Cas9 protein and the
sgRNA [53]. CRISPR/Cas9 constructs were stably introduced into macro-
phage progenitors by lentiviral gene transfer. For lentivirus production,
expression vectors were transfected into HEK 293FT cells, together with
packaging plasmids psPAX2 and pMD2.G using Fugene HD (Roche,
Mannheim, Germany). psPAX2 and pMD2.G were gifts from Didier Trono
(Addgene plasmids #12260 and #12259). Lentiviral supernatants were
harvested on days 2 or 3, filtered, and transduced at a cell density of
0.5–1 × 105/ml in the presence of 5 μg/ml polybrene. Transduced cells
were subjected to puromycin selection (5 µg/ml) after 48 h to select
polyclonal knockout cell lines. Knockout efficiency was confirmed by
Western blotting (Fig. S1).

Apoptosis and cell death assays
For staining of active caspase-3, cells were washed with PBS, fixed in 2%
paraformaldehyde and permeabilised with 0.5% saponin (Sigma-Aldrich).
Cells were incubated with anti-active caspase-3 (Cat-Nr. # 559565, BD
Pharmingen, Heidelberg, Germany) in PBS/0.5% BSA/0.5% saponin for
20min, stained with anti-rabbit-Alexa-Fluor647 (Cat-Nr. 711-605-152,
Dianova GmbH, Hamburg, Germany) for 20min and analysed by flow
cytometry.
AnnexinV-propidium iodide staining was done by washing cells with

annexinV-binding buffer (eBioscience) and staining with AnnexinV-FITC
(1:20; BD Pharmingen) 15 min at 4 °C. Propidium iodide (1 μg/ml; Sigma-
Aldrich) was added and cells were analysed on a FACS Calibur (Becton
Dickinson, Heidelberg, Germany). Viability was determined as the
percentage of AnnexinV/PI-negative cells (cells negative for both
AnnexinV and PI) of all cells analysed. Samples were analysed by flow
cytometry on a FACS Calibur. In some experiments, cell death was
measured as the loss of cell membrane integrity by staining with live-
dead fixable Far Red (Thermo Fisher). Cells were stained for 30 min on
ice, washed with PBS, fixed with 2% paraformaldehyde and analysed by
flow cytometry.
Data analysis was performed with FlowJo 10 software.

Phagocytosis assay
Day 8 differentiated CTRL or A1-deficient macrophages were co-incubated
in suspension with pHrodo Red E. coli bioparticles (100 µg/ml; Thermo
Fisher Scientific) for 90min at 37 °C. Cells were washed once with ice-cold
PBS and analysed for phagocytosed E. coli particles by flow cytometry. As
specificity controls, samples were treated the same way with E. coli
bioparticles but were left on ice during the whole incubation time. Data are
representative of two independent experiments.

Analysis of reactive oxygen species (ROS) production
Day 8 differentiated CTRL or A1-deficient macrophages were stimulated with
PMA (5 µg/ml; Sigma-Aldrich) for 60min. Their capacity to generate (ROS) was
assessed by the addition of the ROS indicator Dihydrodamine 123 (DHR123,
2.5 µM; Hycultec) for the last 30min of incubation. Cells were placed on ice,
washed once with ice-cold PBS and analysed by flow cytometry.

Immunoblot analysis
Cells were harvested with accutase treatment (20 min 37 °C, differentiated
macrophages), or harvested by repeated pipetting (progenitors). After
washing once with PBS, cells were lysed directly in 1x Blot LDS Sample
buffer and boiled at 70 °C for 10min (Bolt gels and Bis-Tris gels) or in
Laemmli buffer and boiled at 95 °C (TGX gels). Extracts were separated by
SDS-PAGE on 4–12% Bolt Bis-Tris Precast gels (Invitrogen), 4–12% Criterion
XT Bis-Tris Gels (Bio-Rad) or 4–20% or 8–16% Criterion TGX Precast gels
(Bio-Rad). Proteins were transferred onto PVDF or Nitrocellulose mem-
branes (0.2 μm) by wet transfer overnight or by Turboblot transfer (Bio-
Rad). Membranes were probed with antibodies against murine A1 (clone
6D6, gift from Marco Herold, WEHI, Melbourne, Australia), MCL-1 (#600-
401-394, Rockland), BCL-2 (clone 3F11, BD), BCL-XL (clone 54H6, Cell
Signaling), BCL-w (clone 31H4, Cell Signaling) BAX (#2772, Cell Signaling),
BAK (#06-536, Milipore), BIM (clone C34C5, Cell Signaling) NOXA
(#ab36833, Abcam), PUMA (clone E1S7A, Cell Signaling) and GAPDH
(#MAB384, Merck/Millipore). Proteins were visualised using peroxidase-
conjugated anti-rabbit IgG (#A6667, Sigma), anti-rabbit-IgG-Fc (#AP156P,
Millipore Upstate), anti-mouse IgG (#205-035-108, Dianova), anti-hamster
IgG (#127-035-160, Dianova) or anti-rat IgG (#112-035-062, Dianova)
antibodies by enhanced chemoluminescence detection (ECL Prime, Cytiva,
Freiburg, Germany; SuperSignal West Femto or Pico Substrate, Pierce,
Thermo Fisher Scientific, Schwerte, Germany). In some cases, blots were
stripped before reprobing using the Restore™ PLUS Western Blot Stripping
Buffer (Thermo Fisher Scientific) or a stripping buffer containing 20mM
Tris-HCl pH 7.5, 6 M Gn-HCl, 0.2% Nonidet-P-40 (NP-40), 0.1 M beta-
mercaptoethanol.

Quantitative real-time RT-PCR
For this, 1 × 106 cells were harvested, washed once with PBS and lysed in
300 µl Tri Reagent (Zymed Research). RNA was isolated using the Direct-zol
RNA Miniprep Kit (Zymed Research) according to the manufacturer’s
instructions. Then, 500–1000 ng of total RNA were reverse-transcribed into
cDNA using the RevertAid cDNA synthesis kit (Thermo Fisher, K1622) with
random hexamer primers according to the manufacturer’s instructions.
qPCR was performed using the SYBR Select Master Mix (Thermo Fisher) on
a Quant Studio 5 Real-Time PCR System (Thermo Fisher). Relative mRNA-
expression levels were normalised to actin as a reference gene. Fold
change was calculated after normalisation to the uninfected CTRL sample.
Primers originally published by Sochalska et al. [54] were as follows: A1
fwd: 5´-CCT GGC TGA GCA CTA CCT TC-3´ rev: 5´-TCC ACG TGA AAG TCA
TCC AA-3´; Mcl1 fwd: 5´-TAA CAA ACT GGG GCA GGA TT-3´, rev: 5´-GTC CCG
TTT CGT CCT TAC AA-3´; Noxa fwd: 5´-CCC ACT CCT GGG AAA GTA-3´, rev:
5´-AAT CCC TTC AGC CCT TGA TT-3´; Actin fwd: 5´- ACT GGG ACG ACA TGG
AGA AG, rev: 5´-GGG GTG TTG AAG GTC TCA AA-3´.

Immunoprecipitation
Cell pellets (15 × 106 cells per sample for progenitors or 5.5 × 106 cells per
sample for differentiated macrophages) were lysed in 300 µl 1% CHAPS
lysis buffer (20 mM Tris pH 7.4, 135 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA,
1% CHAPS, 10% glycerol, 2x protease inhibitors (Roche), 1 mM PMSF
(Sigma-Aldrich)) for 15 min on ice. Samples were centrifuged for 15min
(20,900×g), and supernatants were used for IP. A1 antibody (rat
monoclonal, gift from Dr. Marco Herold, WEHI, Melbourne) [55] or MCL-1
antibody (rabbit monoclonal, clone Y37, Epitomics, Abcam #ab32087) was
added to the lysates together with 30 µl of agarose G beads (50% slurry,
Millipore, #11719416001) and samples were incubated in Mobicol classic
columns (3 µm filters) (MoBiTec) for 4 h at 4 °C with overhead rotation.
Samples were then centrifuged (2000×g), unbound fractions of the A1 IP
were used for further Mcl-1 IPs and agarose bead pellet was washed once
with 20ml 1% CHAPS buffer, then 3 times with 400 µl 1% CHAPS buffer
(including protease inhibitors); (co-)precipitated proteins were eluted with
50 µl 2x Laemmli buffer at 95 °C for 10min. Input samples were loaded as
1/45 of the eluate fraction. Proteins were separated by SDS-PAGE on
8–16% Criterion TGX Precast Midi Gels (Bio-Rad), transferred onto 0.2 µm
PVDF membranes and detected as described above.

Statistical analysis
Statistical analysis was performed with Prism (V8, GraphPad) using two-
way ANOVA and Sidak’s, Tukey’s or Dunnett’s multiple comparison tests for
multiple testing. Bars represent the mean, and error bars show the
standard error of the mean. At least three independent biological
replicates were chosen as sample size for each analysis.

J. Vier et al.

10

Cell Death and Disease          (2024) 15:677 

http://crispr.mit.edu/


DATA AVAILABILITY
The datasets used and/or analysed during the current study are available from the
corresponding author upon reasonable request.

REFERENCES
1. Czabotar PE, Lessene G, Strasser A, Adams JM. Control of apoptosis by the BCL-2

protein family: implications for physiology and therapy. Nat Rev Mol Cell Biol.
2014;15:49–63.

2. Sochalska M, Tuzlak S, Egle A, Villunger A. Lessons from gain- and loss-of-function
models of pro-survival Bcl2 family proteins: implications for targeted therapy.
FEBS J. 2015;282:834–49.

3. Gibson L, Holmgreen SP, Huang DC, Bernard O, Copeland NG, Jenkins NA, et al.
bcl-w, a novel member of the bcl-2 family, promotes cell survival. Oncogene.
1996;13:665–75.

4. Print CG, Loveland KL, Gibson L, Meehan T, Stylianou A, Wreford N, et al.
Apoptosis regulator bcl-w is essential for spermatogenesis but appears otherwise
redundant. Proc Natl Acad Sci USA. 1998;95:12424–31.

5. O’Reilly LA, Print C, Hausmann G, Moriishi K, Cory S, Huang DC, et al. Tissue
expression and subcellular localization of the pro-survival molecule Bcl-w. Cell
Death Differ. 2001;8:486–94.

6. Adams CM, Kim AS, Mitra R, Choi JK, Gong JZ, Eischen CM. BCL-W has a funda-
mental role in B cell survival and lymphomagenesis. J Clin Invest.
2017;127:635–50.

7. Diepstraten ST, La Marca JE, Chang C, Young S, Strasser A, Kelly GL. BCL-W makes
only minor contributions to MYC-driven lymphoma development. Oncogene.
2023;42:2776–81.

8. Villunger A, Scott C, Bouillet P, Strasser A. Essential role for the BH3-only protein
Bim but redundant roles for Bax, Bcl-2, and Bcl-w in the control of granulocyte
survival. Blood. 2003;101:2393–400.

9. Hatakeyama S, Hamasaki A, Negishi I, Loh DY, Sendo F, Nakayama K, et al.
Multiple gene duplication and expression of mouse bcl-2-related genes, A1. Int
Immunol. 1998;10:631–7.

10. Lin EY, Orlofsky A, Berger MS, Prystowsky MB. Characterization of A1, a novel
hemopoietic-specific early-response gene with sequence similarity to bcl-2. J
Immunol. 1993;151:1979–88.

11. Orlofsky A, Somogyi RD, Weiss LM, Prystowsky MB. The murine antiapoptotic
protein A1 is induced in inflammatory macrophages and constitutively expressed
in neutrophils. J Immunol. 1999;163:412–9.

12. Choi SS, Park IC, Yun JW, Sung YC, Hong SI, Shin HS. A novel Bcl-2 related gene,
Bfl-1, is overexpressed in stomach cancer and preferentially expressed in bone
marrow. Oncogene. 1995;11:1693–8.

13. Karsan A, Yee E, Kaushansky K, Harlan JM. Cloning of human Bcl-2 homologue:
inflammatory cytokines induce human A1 in cultured endothelial cells. Blood.
1996;87:3089–96.

14. Hamasaki A, Sendo F, Nakayama K, Ishida N, Negishi I, Nakayama K, et al.
Accelerated neutrophil apoptosis in mice lacking A1-a, a subtype of the bcl-2-
related A1 gene. J Exp Med. 1998;188:1985–92.

15. Ottina E, Grespi F, Tischner D, Soratroi C, Geley S, Ploner A, et al. Targeting
antiapoptotic A1/Bfl-1 by in vivo RNAi reveals multiple roles in leukocyte
development in mice. Blood. 2012;119:6032–42.

16. Ottina E, Lyberg K, Sochalska M, Villunger A, Nilsson GP. Knockdown of the
antiapoptotic Bcl-2 family member A1/Bfl-1 protects mice from anaphylaxis. J
Immunol. 2015;194:1316–22.

17. Schenk RL, Tuzlak S, Carrington EM, Zhan Y, Heinzel S, Teh CE, et al. Character-
isation of mice lacking all functional isoforms of the pro-survival BCL-2 family
member A1 reveals minor defects in the haematopoietic compartment. Cell
Death Differ. 2017;24:534–45.

18. Tuzlak S, Schenk RL, Vasanthakumar A, Preston SP, Haschka MD, Zotos D, et al.
The BCL-2 pro-survival protein A1 is dispensable for T cell homeostasis on viral
infection. Cell Death Differ. 2017;24:523–33.

19. Carrington EM, Zhan Y, Brady JL, Zhang JG, Sutherland RM, Anstee NS, et al. Anti-
apoptotic proteins BCL-2, MCL-1 and A1 summate collectively to maintain sur-
vival of immune cell populations both in vitro and in vivo. Cell Death Differ.
2017;24:878–88.

20. Schenk RL, Gangoda L, Lawlor KE, O’Reilly LA, Strasser A, Herold MJ. The pro-
survival Bcl-2 family member A1 delays spontaneous and FAS ligand-induced
apoptosis of activated neutrophils. Cell Death Dis. 2020;11:474.

21. Speir M, Tye H, Gottschalk TA, Simpson DS, Djajawi TM, Deo P, et al. A1 is induced
by pathogen ligands to limit myeloid cell death and NLRP3 inflammasome
activation. EMBO Rep. 2023;24:e56865.

22. Olsson A, Norberg M, Okvist A, Derkow K, Choudhury A, Tobin G, et al. Upre-
gulation of bfl-1 is a potential mechanism of chemoresistance in B-cell chronic
lymphocytic leukaemia. Br J Cancer. 2007;97:769–77.

23. Brien G, Trescol-Biemont MC, Bonnefoy-Berard N. Downregulation of Bfl-1 protein
expression sensitizes malignant B cells to apoptosis. Oncogene. 2007;26:5828–32.

24. Feuerhake F, Kutok JL, Monti S, Chen W, LaCasce AS, Cattoretti G, et al. NFκB
activity, function, and target-gene signatures in primary mediastinal large B-cell
lymphoma and diffuse large B-cell lymphoma subtypes. Blood. 2005;106:1392–9.

25. Jenal M, Batliner J, Reddy VA, Haferlach T, Tobler A, Fey MF, et al. The anti-apoptotic
gene BCL2A1 is a novel transcriptional target of PU.1. Leukemia. 2010;24:1073–6.

26. Simpson LA, Burwell EA, Thompson KA, Shahnaz S, Chen AR, Loeb DM. The
antiapoptotic gene A1/BFL1 is a WT1 target gene that mediates granulocytic
differentiation and resistance to chemotherapy. Blood. 2006;107:4695–702.

27. Hind CK, Carter MJ, Harris CL, Chan HT, James S, Cragg MS. Role of the pro-
survival molecule Bfl-1 in melanoma. Int J Biochem Cell Biol. 2015;59:94–102.

28. Haq R, Yokoyama S, Hawryluk EB, Jonsson GB, Frederick DT, McHenry K, et al.
BCL2A1 is a lineage-specific antiapoptotic melanoma oncogene that confers
resistance to BRAF inhibition. Proc Natl Acad Sci USA. 2013;110:4321–6.

29. Gangoda L, Schenk RL, Tai L, Szeto P, Cheung JG, Strasser A, et al. Removal of BFL-
1 sensitises some melanoma cells to killing by BH3 mimetic drugs. Cell Death Dis.
2022;13:301.

30. Andre J, Cimaz R, Ranchin B, Galambrun C, Bertrand Y, Bouvier R, et al. Over-
expression of the antiapoptotic gene Bfl-1 in B cells from patients with familial
systemic lupus erythematosus. Lupus. 2007;16:95–100.

31. Stanley S, Vanarsa K, Soliman S, Habazi D, Pedroza C, Gidley G, et al. Compre-
hensive aptamer-based screening identifies a spectrum of urinary biomarkers of
lupus nephritis across ethnicities. Nat Commun. 2020;11:2197.

32. Li J, Zhou M, Feng JQ, Hong SM, Yang SY, Zhi LX, et al. Bulk RNA sequencing with
integrated single-cell RNA sequencing identifies BCL2A1 as a potential diagnostic
and prognostic biomarker for sepsis. Front Public Health. 2022;10:937303.

33. Long Q, Li G, Dong Q, Wang M, Li J, Wang L. Landscape of co-expressed genes
between the myocardium and blood in sepsis and ceRNA network construction:
a bioinformatic approach. Sci Rep. 2023;13:6221.

34. Gangoda L, Schenk RL, Best SA, Nedeva C, Louis C, D’Silva DB, et al. Absence of
pro-survival A1 has no impact on inflammatory cell survival in vivo during acute
lung inflammation and peritonitis. Cell Death Differ. 2022;29:96–104.

35. Wang GG, Calvo KR, Pasillas MP, Sykes DB, Hacker H, Kamps MP. Quantitative
production of macrophages or neutrophils ex vivo using conditional Hoxb8. Nat
Methods. 2006;3:287–93.

36. Redecke V, Wu R, Zhou J, Finkelstein D, Chaturvedi V, High AA, et al. Hemato-
poietic progenitor cell lines with myeloid and lymphoid potential. Nat Methods.
2013;10:795–803.

37. Kirschnek S, Vier J, Gautam S, Frankenberg T, Rangelova S, Eitz-Ferrer P, et al.
Molecular analysis of neutrophil spontaneous apoptosis reveals a strong role for
the pro-apoptotic BH3-only protein Noxa. Cell Death Differ. 2011;18:1805–14.

38. Vier J, Groth M, Sochalska M, Kirschnek S. The anti-apoptotic Bcl-2 family protein
A1/Bfl-1 regulates neutrophil survival and homeostasis and is controlled via PI3K
and JAK/STAT signaling. Cell Death Dis. 2016;7:e2103.

39. Kotschy A, Szlavik Z, Murray J, Davidson J, Maragno AL, Le Toumelin-Braizat G,
et al. The MCL1 inhibitor S63845 is tolerable and effective in diverse cancer
models. Nature. 2016;538:477–82.

40. Vandenberg CJ, Cory S. ABT-199, a new Bcl-2-specific BH3 mimetic, has in vivo
efficacy against aggressive Myc-driven mouse lymphomas without provoking
thrombocytopenia. Blood. 2013;121:2285–8.

41. Wang CY, Guttridge DC, Mayo MW, Baldwin AS. NF-κB induces expression of the
Bcl-2 homologue A1/Bfl-1 to preferentially suppress chemotherapy-induced
apoptosis. Mol Cell Biol. 1999;19:5923–9.

42. Willis SN, Chen L, Dewson G, Wei A, Naik E, Fletcher JI, et al. Proapoptotic Bak is
sequestered by Mcl-1 and Bcl-xL, but not Bcl-2, until displaced by BH3-only
proteins. Genes Dev. 2005;19:1294–305.

43. Herold MJ, Zeitz J, Pelzer C, Kraus C, Peters A, Wohlleben G, et al. The stability and
anti-apoptotic function of A1 are controlled by its C terminus. J Biol Chem.
2006;281:13663–71.

44. Llambi F, Moldoveanu T, Tait SW, Bouchier-Hayes L, Temirov J, McCormick LL,
et al. A unified model of mammalian BCL-2 protein family interactions at the
mitochondria. Mol Cell. 2011;44:517–31.

45. Merino D, Kelly GL, Lessene G, Wei AH, Roberts AW, Strasser A. BH3-mimetic
drugs: blazing the trail for new cancer medicines. Cancer Cell. 2018;34:879–91.

46. Chen L, Willis SN, Wei A, Smith BJ, Fletcher JI, Hinds MG, et al. Differential tar-
geting of prosurvival Bcl-2 proteins by their BH3-only ligands allows com-
plementary apoptotic function. Mol Cell. 2005;17:393–403.

47. Wright T, Turnis ME, Grace CR, Li X, Brakefield LA, Wang YD, et al. Anti-apoptotic
MCL-1 promotes long-chain fatty acid oxidation through interaction with ACSL1.
Mol Cell. 2024;84:1338–53.e1338.

48. Akgul C, Moulding DA, White MR, Edwards SW. In vivo localisation and stability of
human Mcl-1 using green fluorescent protein (GFP) fusion proteins. FEBS Lett.
2000;478:72–6.

J. Vier et al.

11

Cell Death and Disease          (2024) 15:677 



49. Lionnard L, Duc P, Brennan MS, Kueh AJ, Pal M, Guardia F, et al. TRIM17 and
TRIM28 antagonistically regulate the ubiquitination and anti-apoptotic activity of
BCL2A1. Cell Death Differ. 2019;26:902–17.

50. Rosas M, Osorio F, Robinson MJ, Davies LC, Dierkes N, Jones SA, et al. Hoxb8
conditionally immortalised macrophage lines model inflammatory monocytic
cells with important similarity to dendritic cells. Eur J Immunol. 2011;41:356–65.

51. Hettinger J, Richards DM, Hansson J, Barra MM, Joschko AC, Krijgsveld J, et al.
Origin of monocytes and macrophages in a committed progenitor. Nat Immunol.
2013;14:821–30.

52. Brennan MS, Chang C, Tai L, Lessene G, Strasser A, Dewson G, et al. Humanized
Mcl-1 mice enable accurate preclinical evaluation of MCL-1 inhibitors destined for
clinical use. Blood. 2018;132:1573–83.

53. Sanjana NE, Shalem O, Zhang F. Improved vectors and genome-wide libraries for
CRISPR screening. Nat Methods. 2014;11:783–4.

54. Sochalska M, Ottina E, Tuzlak S, Herzog S, Herold M, Villunger A. Conditional
knockdown of BCL2A1 reveals rate-limiting roles in BCR-dependent B-cell survi-
val. Cell Death Differ. 2016;23:628–39.

55. Lang MJ, Brennan MS, O’Reilly LA, Ottina E, Czabotar PE, Whitlock E, et al.
Characterisation of a novel A1-specific monoclonal antibody. Cell Death Dis.
2014;5:e1553.

ACKNOWLEDGEMENTS
We thank Dr. Marco Herold, WEHI, Australia, for the kind gift of the anti-mouse A1
antibody, Dr. Hans Häcker, University of Utah, for providing the Hoxb8-vector, and Dr.
Andreas Villunger, Innsbruck, for providing bone marrow of gene-deficient mice.

AUTHOR CONTRIBUTIONS
JV and SK performed experiments and developed methodology. JV and SK analysed
data. SK and GH developed study concept. SK supervised the experimental work. SK
and GH wrote manuscript. JV, SK and GH edited manuscript. All authors read and
approved the final manuscript.

FUNDING
This work was funded by the Deutsche Forschungsgemeinschaft (DFG, German
Research Foundation) TRR 353/1–471011418 (grant to GH). Open Access funding
enabled and organized by Projekt DEAL.

COMPETING INTERESTS
The authors declare no competing interests.

ETHICS APPROVAL
No human material, human patients or living animals were involved in the research.
All studies involving bone marrow samples of mice were performed according to the
National Protection of Animals Act and were approved by the Regierungspräsidium
Freiburg, Freiburg, Germany.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-024-07064-z.

Correspondence and requests for materials should be addressed to
Susanne Kirschnek.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

J. Vier et al.

12

Cell Death and Disease          (2024) 15:677 

https://doi.org/10.1038/s41419-024-07064-z
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Contribution of A1 to macrophage survival in cooperation with MCL-1 and BCL-XL in a murine cell model of myeloid differentiation
	Introduction
	Results
	Contribution of A1 to survival in a murine macrophage differentiation model
	Effect of differentiation on myeloid cell dependency on anti-apoptotic Bcl-2-family proteins
	A1 is important for survival of macrophage progenitors under pro-inflammatory LPS stimulation
	Differential contributions of BAX and BAK to cell death regulation
	Dynamics of Bcl2-family protein expression during differentiation
	Deficiency in A1 affects protein levels of other BCL-2-family proteins
	Interaction of A1 and MCL-1 with BCL-2-family members

	Discussion
	Materials and methods
	Cell lines and cell culture
	Monitoring of cell differentiation by Giemsa staining and cell surface marker expression
	CRISPR/Cas9-mediated genome editing
	Apoptosis and cell death assays
	Phagocytosis assay
	Analysis of reactive oxygen species (ROS) production
	Immunoblot analysis
	Quantitative real-time RT-PCR
	Immunoprecipitation
	Statistical analysis

	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Ethics approval
	ADDITIONAL INFORMATION




