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Background: Transcriptional repression is a key mechanism driving leukaemogenesis. In acute promyelocytic leukaemia (APL), the
fusion protein promyelocytic leukaemia-retinoic acid receptor-a fusion (PML-RARa) recruits transcriptional repressors to myeloid
differentiation genes. All-trans-retinoic acid (ATRA) induces the proteasomal degradation of PML-RARa and granulocytic
differentiation. Histone deacetylases (HDACs) fall into four classes (I–IV) and contribute to the transcription block caused by PML-RARa.

Methods: Immunoblot, flow cytometry, and May-Grünwald–Giemsa staining were used to analyze differentiation and induction of
apoptosis.

Results: A PML-RARa- and ATRA-dependent differentiation programme induces granulocytic maturation associated with an
accumulation of the myeloid transcription factor CCAAT/enhancer binding protein (C/EBP)e and of the surface protein CD11b.
While this process protects APL cells from inhibitors of class I HDAC activity, inhibition of all Zinc-dependent HDACs (classes I, II,
and IV) with the pan-HDACi (histone deacetylase inhibitor(s)) LBH589 induces apoptosis of immature and differentiated APL cells.
LBH589 can eliminate C/EBPe and the mitochondrial apoptosis regulator B-cell lymphoma (BCL)-xL in immature and differentiated
NB4 cells. Thus, BCL-xL and C/EBPe are newly identified molecular markers for the efficacy of HDACi against APL cells.

Conclusions: Our results could explain the therapeutic limitations occurring with ATRA and class I HDACi combinations.
Pro-apoptotic effects caused by pan-HDAC inhibition are not blunted by ATRA-induced differentiation and may provide a
clinically interesting alternative.

Leukaemia, cancer of the haematopoietic system, originates from the
bone marrow or the lymphatic system (Heidel et al, 2011). Leukaemic
cells are characterised by a block in functional differentiation.
Depending on the cell type affected, leukaemia fluctuates strongly in
frequency, treatment options, and prognosis (Heidel et al, 2011).

Acute promyelocytic leukaemia (APL belongs to the French-
American-British M3 subtype of acute myeloid leukaemia
(AML) (Grignani et al, 1998). In over 95% of APL cases, the
translocation t(15;17) (q22;q11-12) is present. This aberration
fuses the genes promyelocytic leukaemia (PML) and retinoic acid
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receptor-a (RARa). The PML-RARa causally contributes to
leukaemogenesis through recruiting transcriptional corepressors
and associated histone deacetylases (HDACs) to RARa-depen-
dent myeloid differentiation genes (Lin et al, 1998). Promyelo-
cytic leukaemia-retinoic acid receptor-a-positive cells are
insensitive to physiological concentrations of retinoic acid
(B10� 9 M), but they differentiate in response to pharmaco-
logical concentrations (B10� 6 M) (Grignani et al, 1998; Altucci
and Gronemeyer, 2001). Such doses reactivate RAR target genes
via the recruitment of transcriptional coactivators and the
degradation of PML-RARa (Duprez et al, 2000; Leiva et al,
2012). Moreover, pharmacological doses of all-trans-retinoic
acid (ATRA) alter histone acetylation at PML-RARa/RXR
binding sites (Martens et al, 2010). Survival rates of
APL patients significantly increase after treatment with ATRA
(Tallman et al, 1997; Müller and Krämer, 2010), and PML-RARa
degradation appears to be therapeutically relevant (Raelson et al,
1996; Nasr et al, 2008; Leiva et al, 2012).

Histone deacetylase inhibitor(s) (HDACi) are epigenetic
drugs. They promote cellular differentiation, senescence, and
apoptosis. They increase protein acetylation and alter transcrip-
tomes and proteomes (Spange et al, 2009). Of note, transformed
cells respond to HDACi up to 10 times more sensitive than
normal cells, suggesting that such drugs act selectively
(Dokmanovic and Marks, 2005). The molecular players and
pathways responsible for the increased robustness of normal cells
are largely unclear. For example, it is not known whether the
differentiation status of normal cells determines their sensitivity
to HDACi.

Histone deacetylase inhibitor(s) induce the proteasomal
degradation of PML-RARa (Krämer et al, 2013), and murine
APL models suggest a superior effect of ATRA/HDACi co-
treatment (He et al, 2001; Leiva et al, 2012). However, variable
results were obtained in AML patients treated with ATRA and
HDACi (Raffoux et al, 2005, 2010; Müller and Krämer, 2010;
Kuendgen et al, 2011). Encouraging effects were achieved when
female patients (13/29 years old), who were suffering from
ATRA-resistant APL, were treated with HDACi. These patients
were treated with the HDACi phenylbutyrate (Warrell et al,
1998), or valproic acid (VPA) (McMullin et al, 2005). However,
out of five relapsed APL patients, who were co-treated with
ATRA and phenylbutyrate, only one underwent clinical
remission (Zhou et al, 2002). Due to these very limited
numbers of patients and due to variable treatment schedules
applied, it cannot be judged at present whether HDACi
are useful to treat APL. Because the schedule of treatment
with ATRA and cytotoxic chemotherapy (including
DNA-damaging drugs and arsenic trioxide) determines
therapy success in AML patients (Jing et al, 2001; Schlenk
et al, 2004; Xia et al, 2006), the timing of HDACi and ATRA
application as well as differences between class I-specific and
pan-HDACi may also determine the outcome of ATRA/HDACi
treatment.

Since these important parameters have not been defined, we
analysed them in human NB4 APL cells; these are the only PML-
RARa-positive cell line available (Duprez et al, 2000). We tested
whether immature and terminally differentiated APL cells have
variable requirements for HDACs. In addition, we addressed if
such cells are sensitive to the inhibition of certain HDAC classes.
Our analyses demonstrate that HDACi induce a B-cell
lymphoma (BCL)-xL-sensitive mitochondrial apoptosis pro-
gramme in APL cells. Strikingly, their granulocytic differentia-
tion, which is associated with an accumulation of CCAAT/
enhancer binding protein (C/EBP)e and of CD11b, renders cells
independent from the activity of class I HDACs. Nevertheless,
such cells still depend on the combined activity of class I and
class II HDACs.

MATERIALS AND METHODS

Chemicals. LBH589 was from Novartis (Basel, Switzerland). MS-
275 was from Selleck Chemicals (Houston, TX, USA). Valproic
acid (VPA), ATRA, and propidium iodide (PI) were from Sigma-
Aldrich (St Louis, MO, USA).

Cell culture. NB4 and NB4-R2 cells were maintained in RPMI
medium containing 10% FCS and 1% penicillin/streptomycin.
Cells were cultured at 37 1C in a 5% CO2 atmosphere. The identity
of NB4 cells was verified by DNA fingerprint at the Leibniz
Institute, DSMZ GmbH, Braunschweig. NB4 cells are derived from
the bone marrow of a 23-year-old female APL patient in relapse
(Duprez et al, 2000). All-trans-retinoic acid-resistant NB4-R2 cells
carry PML-RARa with a mutated ligand binding domain; this
protein has a dominant negative effect on the wild-type protein
(Duprez et al, 2000; Roussel and Lanotte, 2001). Cells were treated
with ATRA, and/or HDACi for the time points and concentrations
indicated. Cell counts were determined with a Z1 COULTER
COUNTER (Beckman Coulter, Inc., Pasadena, CA, USA).

Flow cytometry. CD11b and PI staining were done as described
(Krämer et al, 2008; Pietschmann et al, 2012b). Supplementary
Figures S1 and S2 show examples of FACS analyses of CD11b-
stained cells as well as examples of cell-cycle analyses done with
fixed and PI-stained NB4 cells. Antibodies against CD11b were
from BIOZOL Diagnostica (Eching, Germany) (CD11b-RPE
(DAK-R084101-8)).

Immunoblot and antibodies. Experiments were performed as
described (Krämer et al, 2008). Antibodies were from Santa Cruz
Biotechnology (Dallas, TX, USA): anti-C/EBPe #sc-158, anti-
GAPDH #sc-137179 and anti-BCL-2 #sc-492; anti-acetylated-a-
Tubulin #sc-23950; Cell Signaling Technology (Danvers, MA,
USA): anti-cleaved caspase-3 #9664 and anti-cleaved caspase-9
#9501; Millipore/Upstate (Billerica, MA, USA): anti-acetyl-Histone
H3 #06-599 and anti-HDAC1 #05-100; Sigma-Aldrich: anti-a-
tubulin #T5168; BD Pharmingen (Heidelberg, Germany):
anti-cleaved PARP #552596 and anti-BCL-x #551022; Abcam
(Cambridge, MA, USA): anti-PML-RARa #ab43152.

Transduction of NB4 cells. Cells were retrovirally transduced
with MSCV vector constructs co-expressing EGFP. Retroviral
particles were preloaded on retronectin. Transduced cells were
sorted for EGFP-positive cells with the FACS Aria cell sorter (BD
Biosciences, Heidelberg, Germany).

Pappenheim May-Grünwald–Giemsa staining. There are classic
haematological staining methods according to Giemsa and May-
Grünwald as well as the combination of both (Pappenheim). For
Pappenheim staining, slides were fixed with Methanol (Sigma-
Aldrich) for 10 min. After this, the first staining step was
performed using May-Grünwald’s solution (Merck Millipore,
Billerica, MA, USA) for 8 min. Afterwards, incubation in Giemsa’s
solution (Merck Millipore) was done for 20 min. Before the slides
had to dry a washing step with buffer (K2PO4, Applichem GmbH,
Darmstadt, Germany) had been done for 5 min; for further details
see (Binder et al, 2012).

RESULTS

ATRA prevents HDACi-induced caspase activation and cell
death of NB4 cells. We analysed how the clinically tested HDACi
VPA, MS-275, and LBH589 (Bug et al, 2005; Hess-Stumpp et al,
2007; DeAngelo et al, 2013), alone and in combination with ATRA,
affected NB4 cells (treatment scheme: see Figure 1A). We started our
tests with VPA, which inhibits class I HDACs (Figure 1B) (Bradner
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Figure 1. Treatment schedule and classical HDACs and their inhibitors. (A) Treatment schedule of NB4 cells. Co-treatment implies that cells were
treated together with ATRA and HDACi for 24 h, for example, ATRA 24 h and VPA 24 h. Pre-treatment indicates that cells were incubated for 24 h
with ATRA, followed by a 24-h VPA treatment, during which ATRA stayed on the cells, for example, ATRA 48 h and VPA 24 h. (B) The figure shows
the three classes of HDACs (I, II, and IV) that depend on Zn2þ for their catalytic activity. Members of these HDACs can be inhibited by HDACi used
in this study. The data are derived from a study by Bradner et al (2010). They tested HDACs 1–9, the inhibition of HDAC10 and HDAC11 is inferred
from a literature data search.
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Figure 2. ATRA induces differentiation and prevents the induction of apoptosis by VPA. (A) Flow-cytometry analysis of NB4 cells treated with 1 mM

ATRA and/or 1.5 mM VPA for the indicated period of time. The diagram shows the subG1 fractions of PI-stained cells (mean±s.e.m., nX3).
Statistics were done with the two-tailed unpaired Student’s t-test, *Pp0.05, **Pp0.01, ***Pp0.001, n.s. not significant PX0.05. (B) Whole-cell
protein extracts were prepared from treated NB4 cells. Immunoblot was used to detect the protein expression of C/EBPe, acetylated histones H3
(acetyl-H3), cleaved caspase-3 (cl., cleaved form) which is the active form of the caspase, and a-tubulin as a loading control. All samples were
analysed on one membrane. (C) Flow-cytometry analysis of NB4 cells treated with 1mM ATRA and/or 1.5 mM VPA for the indicated period of time.
Treated NB4 cells were stained with an antibody against CD11b and analysed by flow cytometry. All treated samples show more CD11b-positive
cells than control cells, significance ***Pp0.001. Statistics were done with the two-tailed unpaired Student’s t-test. (D) To test maturation at the
morphological level, we analysed NB4 cells exposed to 1.5 mM VPA, 1 mM ATRA for 72 h and to 100 nM LBH589 (LBH) for 24 h by May-Grünwald–
Giemsa staining. This approach revealed that only ATRA evokes cellular maturation. An at most partial induction of differentiation by VPA was also
found in other studies (Müller and Krämer, 2010). A 63-fold magnification was used.
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et al, 2010). FACS analyses revealed that treatment with VPA for
24 h increased the number of dead cells. Valproic acid and ATRA/
VPA co-treatment for 24 h caused similar rates of cell death
(Figure 2A). A previous administration (pre-treatment, Figure 1A)
of ATRA for 24 h blunted the anti-leukaemic effects of VPA
(Figure 2A). We achieved these data when we probed for active
caspase-3 (Figure 2B), which triggers apoptosis (Krämer et al, 2008).

The possibility that the inhibition of apoptosis by ATRA is
linked to cell-cycle arrest is unlikely, as HDACi also cause cell-
cycle arrest of NB4 cells (Supplementary Figures S1 and S3).

Next, we tested by immunoblot and by flow cytometry whether
HDACi and ATRA evoke the expression of C/EBPe (Koeffler,
2010) and CD11b (Paietta, 2003). CCAAT/enhancer binding
protein e accumulates in leukaemic cells differentiating towards
granulocytes (Morosetti et al, 1997; Park et al, 1999). Application
of ATRA to NB4 cells caused the accumulation of C/EBPe and
CD11b. While VPA also induced CD11b expression (Figure 2C),
it failed to induce C/EBPe expression (Figure 2B). Using May-
Grünwald–Giemsa staining, we tested for NB4 cell differentiation
by ATRA and VPA at the cellular level. We noticed that only
ATRA triggers terminal granulocytic maturation (Figure 2D). This
result agrees with the data we collected for the expression of
C/EBPe (Figure 2B) and it indicates that VPA causes only a very
limited differentiation of NB4 cells. Moreover, these results
illustrate that HDACi can induce CD11b without an increase in
C/EBPe expression and without clear signs of cellular maturation.
Thus, we demonstrate that C/EBPe is a more reliable marker for
granulocytic differentiation than CD11b.

Granulocytic differentiation of NB4 cells and induction of C/EBPe
are associated with protection from HDACi-induced cell death.
Having found that ATRA antagonises pro-apoptotic effects of
HDACi, we asked whether ATRA causes immediate molecular
alterations neutralising pro-apoptotic effects. We observed that
already a 6-h pre-exposure to ATRA programmed NB4 cells to
resist the activation of caspase-3 by VPA. Again the appearance of
C/EBPe inversely correlated with the accumulation of cleaved
caspase-3 (Figure 3A).

To solve whether the anti-apoptotic effects of ATRA rely on
PML-RARa, we used the ATRA-unresponsive NB4 cell derivative
NB4-R2. These cells carry mutant PML-RARa (Raelson et al, 1996;
Duprez et al, 2000). CCAAT/enhancer binding protein e was not
induced by ATRA in NB4-R2 cells (Figure 3B). Of note, the lack of
C/EBPe accumulation in NB4-R2 cells tied in with caspase-3
activation by VPA (Figure 3B). Hence, a lack of C/EBPe
induction—which marks granulocytic maturation—indicates that
VPA can cause apoptosis of ATRA-treated cells. Furthermore,
these experiments illustrate that HDACi are effective against APL
cells with mutated PML-RARa. Such tumours represent a clinical
problem (Raelson et al, 1996; Duprez et al, 2000).

ATRA inhibits apoptosis induction by class I HDACi but not by
pan-HDACi. To this end, our data demonstrate that the anti-

apoptotic mechanisms induced by ATRA discredit its application
before treatment with the class I-specific HDACi VPA (Figure 1B)
(Bradner et al, 2010; Müller and Krämer, 2010). As an additional
control, we used the benzamide HDACi MS-275, which only targets
HDAC1-3 (Figure 1B) (Bradner et al, 2010). We found that the
HDACi-induced cell death was significantly reduced when ATRA
had been applied before MS-275 or VPA (Figure 4A). Similar results
were obtained for ATRA and Butyrate (data not shown).

We next addressed whether cytoprotective effects of ATRA can
be overcome through a broader inhibition of HDACs. LBH589,
currently the most potent and clinically relevant hydroxamic acid-
based HDACi (Pietschmann et al, 2012a; DeAngelo et al, 2013)
blocks HDACs belonging to classes I, II, and IV (pan-HDACi,
Figure 1B) (Bradner et al, 2010). Remarkably, LBH589 induced
apoptosis in naı̈ve as well as in NB4 cells pre-treated with ATRA
(Figure 4A). Immunoblots detecting activation of the initiator
caspase-9, the effector caspase-3, and the cleavage of the caspase
substrate PARP1 verified that LBH589, but not VPA, can abrogate
ATRA-induced cytoprotective effects (Figure 4B).

To ensure specificity of VPA and MS-275, the acetylation of
a-tubulin was analysed. HDAC6, which is inhibited by LBH589 but not
by VPA and MS-275 (Figure 1B) (Bradner et al, 2010) was shown to be
the deacetylase of a-tubulin (Hubbert et al, 2002). We show that solely
LBH589 increases the acetylation of a-tubulin, but all three HDACi
induce hyperacetylation at histone 3 (Supplementary Figure S4).

Pan-HDACi prevents the accumulation of the differentiation
marker C/EBPe. We asked whether this beneficial effect of
LBH589 might be associated with the differentiation of NB4 cells.
LBH589 did not cause significant accumulation of C/EBPe (Figures
2B, 3A, and 5A) and of CD11b (Figures 2D and 5C).

We further found that LBH589 suppresses the ATRA-induced,
differentiation-associated induction of C/EBPe. This loss of C/EBPe
tied in with caspase-3 activation (Figure 5A). Of note, whereas
LBH589 blocked the ATRA-dependent accumulation of C/EBPe,
C/EBPe was still induced by ATRA in NB4 cells exposed to VPA or
MS-275 (Figure 5A and B). The lack of differentiation and C/EBPe
induction in NB4 cells plated with LBH589 and ATRA correlated
with cell death (Figures 4A and 5A). These results are reminiscent
of our previous data, which demonstrated that ATRA-resistant
NB4-R2 cells are unable to mount C/EBPe expression and to
become resistant to HDACi (Figure 3B).

As LBH589 did not promote any cellular maturation (Figures
2D, 5A and C), we tested whether LBH589 can though evoke an
elimination of PML-RARa. In NB4 cells treated with LBH589 we
noticed a strong depletion of PML-RARa (Figure 5D). Apparently,
granulocytic maturation of NB4 cells requires more than the loss of
PML-RARa.

HDACi target the mitochondrial apoptosis regulator BCL-xL.
In Em-myc lymphoma cells, the anti-apoptotic proteins BCL-xL
and BCL-2 can antagonise cell death caused by the pan-HDACi
LBH589 and LAQ824 (Ellis et al, 2009; Michels et al, 2013).
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We found that HDACi reduced the levels of BCL-xL and of the
HDACi we tested LBH589 had the strongest impact on BCL-xL
(Figure 5A, B, and E). In contrast to BCL-xL, the levels of BCL-2
were reduced in cells exposed to ATRA and neither HDACi had an
effect on BCL-2 (Figure 5A, B and E).

BCL-xL can protect APL cells from apoptosis induced by
HDACi. Using the BCL protein inhibitor ABT-737 (Lee et al,
2007), we observed that NB4 cells relied on the activity of BCL
proteins (data not shown). Since BCL-xL was reduced by HDACi
in NB4 cells (Figure 5A, B, and E), we asked whether BCL-xL
overexpression could rescue their viability after HDACi exposure.
Indeed, NB4 cells overexpressing BCL-xL were protected from

VPA-induced apoptosis and were significantly less sensitive to
LBH589 (Figure 6A). This finding was confirmed by a lesser
occurrence of caspase-3 conversion (Figure 6B). These data and the
results, which are shown in Figures 2A–C, 3, 5A, B, and E, identify
BCL-xL and C/EBPe as markers for the efficacy of HDACi against
APL cells.

DISCUSSION

Our results challenge that a combined application of HDACi
and ATRA generates superior effects against APL cells.
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detect the protein expression of BCL-2, BCL-xL, and HDAC1 as a loading control. Lysates treated with VPA and LBH589 were spotted onto one
membrane for direct comparison.
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All-trans-retinoic acid-treated APL cells even resist HDACi
targeting class I HDACs. These results are supported by the
observation that a pre-treatment of NB4 cells with ATRA also
blunts apoptosis induced by the class I HDACi sodium butyrate
(Licht et al, 2014). Experiments with the pan-HDACi LBH589
further demonstrate that class I, II, and IV HDAC activity is
required for the survival of APL cells that differentiated into
CD11b- and C/EBPe-positive granulocytes. The BCL-xL and C/
EBPe levels become strongly reduced in NB4 cells treated with
ATRA and LBH589 compared with ATRA single treatment.
However, C/EBPe remained stably expressed when ATRA was
combined with VPA or MS-275 (Figures 2B, 3A, B, 5A, B, and E).
Thus, the levels of BCL-xL and C/EBPe indicate whether an
HDACi can abrogate ATRA’s cytoprotective effects (Figure 7).
While we show that chronic BCL-xL overexpression can significantly
reduce pro-apoptotic HDACi effects (Figure 6), it should be kept in
mind that the overexpression of an anti-apoptotic BCL protein can
generally shut down caspase cascades. In contrast to BCL-xL and C/
EBPe, the levels of BCL-2 and CD11b do not correlate with the extent
of apoptosis induced by HDACi (Figures 4 and 5). While VPA

induced CD11b expression (Figure 2C), it could not induce C/EBPe
expression (Figure 2B). These data were confirmed by quantitative
real-time PCR experiments (data not shown) and others also found
that HDACi can cause the accumulation of CD11b in leukaemic cells
(Sunami et al, 2013).

Since a pre-exposure to ATRA antagonises the efficacy of
chemotherapeutics triggering DNA damage (Schlenk et al, 2004),
pan-HDACi may also abrogate this unwanted process. Further-
more, it was shown that ATRA pre-treatment inhibits apoptosis
induced by arsenic trioxide, which is used in the therapy of APL
(Jing et al, 2001; Xia et al, 2006). Also for this treatment strategy
the application of pan-HDACi may reduce the unwanted,
protective side effects of ATRA.

It will also be interesting to see how HDACi affects other types
of cellular differentiation, for example, those evoked by 1a,25-
hydroxycholecalciferol, by the recently identified interplay between
vitamins and EGF-receptor inhibitors (Lainey et al, 2013), or by
the class III deacetylase inhibitor Tenovin-6 (Sunami et al, 2013).

Interestingly, expression of C/EBPe is not only linked to
granulocytic differentiation. CCAAT/enhancer binding protein e is
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also required for the clonal growth of NB4 and HL60 cells
(Morosetti et al, 1997). It should be considered that on the
one hand PML-RARa suppresses the C/EBPe gene. On the other,
PML-RARa accentuated the induction of C/EBPe in response to
ATRA (Park et al, 1999). This ambivalent regulation was also
found for C/EBPb (Duprez et al, 2003). CCAAT/enhancer
binding protein e was not induced by ATRA in NB4-R2 cells
(mutant PML-RARa, Figure 3B). These data additionally verify
that C/EBPe is an RAR-induced gene (Chih et al, 1997; Morosetti
et al, 1997; Park et al, 1999; Duprez et al, 2003) and that PML-
RARa can suppress the expression of C/EBPe (Hu and
Saunthararajah, 2012).

Promyelocytic leukemia-retinoic acid receptor-a fusion
represses RAR target genes, but due to its oligomerisation via the
PML domain the ligated PML-RARa promotes RAR-dependent
target gene expression. It is tempting to speculate that such a
mechanism prevents the elimination of APL cells via C/EBP
upregulation and a consequently blocked induction of apoptosis by
endogenous HDACi, such as butyrate (Müller and Krämer, 2010).

Our report is the first that describes C/EBPe as a target of
HDACi (Figures 2B and 5A). We additionally show that an
expression of C/EBPe in cells differentiated into granulocytes is
eliminated by a pan-HDACi, but not by class I-specific HDACi
(Figure 5A and B). Apparently, LBH589 causes molecular
alterations that class I HDACi cannot induce. Concentrations of
VPA (1.5–5 mM), MS-275 (5–15mM), and LBH589 (30–100 nM)
used in our experiments inhibit HDAC1-3, to an approximately
similar level; based on the IC50 values of the inhibitors (Bradner
et al, 2010). In a clinical study involving patients with advanced
haematologic malignancies, maximum plasma concentrations of
56–200 nM LBH589 were readily achieved (DeAngelo et al, 2013).
Hence, the main difference between these HDACi is that
LBH589 inhibits additional HDAC isoenzymes (Figure 1B). For
example, LBH589 inhibits HDAC6 (Figure 1B) (Bradner et al,
2010), a deacetylase that stabilises several client proteins of
HSP90. Such proteins are frequently degraded in the presence of
pan-HDACi and this might be associated with the acetylation
of HSP90 (Boyault et al, 2007). Further studies are underway to
resolve molecular mechanisms by which LBH589 affects
C/EBPe. Additional work is also required to clarify whether the
inhibition of a certain HDAC by LBH589 breaks the ATRA-
induced resistance. This task is hampered by the existence
of 18 deacetylases in human cells and by the fact that HDACi
also cause the loss of certain HDACs in leukaemic cells (Krämer
et al, 2013).

One key aspect of our study is that LBH589 causes apoptosis but
no signs of cell differentiation. This is not due to a failure to cause
PML-RARa degradation. Hence, PML-RARa degradation and
HDAC inhibition can be separable from differentiation. Poor
induction of differentiation was also noticed when NB4 cells were
treated with other pan-HDACi (Kosugi et al, 2001; Bradner et al,
2010). Because PML-RARa enhances the responsiveness of
leukaemic cells to pharmacological concentrations of ATRA
(Duprez et al, 2003), it may be that the very strong depletion of
PML-RARa by LBH589 prevents NB4 cell maturation. Such effects
could be clinically relevant as the depletion of PML-RARa is
critical for the elimination of PML-RARa-positive leukaemic stem
cells (Nasr et al, 2008). Of note, clinically successful ATRA/arsenic
trioxide combinations also synergise in PML-RARa elimination
and apoptosis, but they do not enhance differentiation (Nasr et al,
2009; Lo-Coco et al, 2013).

In a clinical setting, the radical elimination of APL cells by
LBH589 (Figure 4A) may equally prevent the advent of secondary
mutations and resistance. Moreover, the inhibition of class I
HDACs can accelerate PML-RARa-driven tumorigenesis at the
pre-leukaemic stage (Santoro et al, 2013), and pan-HDACi may
circumvent this problem. Our results further demonstrate that

HDACi are effective against NB4 cells with a mutated PML-RARa
protein unresponsive to ATRA (Figure 3B). Others reported
similar findings (Altucci and Gronemeyer, 2001; Côté et al, 2002;
Fazi et al, 2005). Additionally, our data have implications for
treatment schemes including pan-/class-specific HDACi together
with retinoids for cancer therapy. We provide evidence that ATRA
should not be applied before an HDACi. Nonetheless, the
simultaneous addition of HDACi and ATRA does not antagonise
apoptosis induction by the HDACi (Figure 2A and B). This finding
might explain why a hybrid molecule consisting of ATRA and the
2-aminoanilide tail of MS-275 can induce caspase-8 activation and
apoptosis of NB4 cells (De Bellis et al, 2014). Further, it was shown
that MS-275 (non-toxic concentrations, 500 nM) sensitised non-
PML-RARa cells and primary AML blasts for ATRA-induced
differentiation (Blagitko-Dorfs et al, 2013). To our knowledge, our
study is the first one systematically analyzing whether and how the
sequence of HDACi/ATRA treatment affects the efficacy of these
drugs and the fate of APL cells (with wild type or mutant PML-
RARa). Moreover, our work reveals significant differences between
the efficacy of class I-specific and pan-HDACi against ATRA-
treated APL cells. While ATRA and all HDACi tested attenuate the
growth of NB4 cells (Supplementary Figure S3), ATRA blunts only
pro-apoptotic effects of class I HDACi but not of pan-HDACi
(Figures 2–5). Specifically the path of intrinsic apoptosis, which is
controlled by BCL proteins, appears to be relevant for the control
of HDACi-induced cell death (Figure 6).

The ATRA/HDACi combinations were tested in several clinical
trials with patients suffering from AML or myelodysplastic
syndrome (MDS) (Müller and Krämer, 2010; DeAngelo et al,
2013). Twenty-six patients with AML or MDS received VPA/
ATRA in combination. One AML patient experienced a minor
response and two patients underwent partial remission and blast
clearance (Bug et al, 2005). Valproic acid alone or in combination
with ATRA was also tested in patients with MDS, de novo AML
and AML secondary to MDS (sAML/MDS). Eighteen patients with
MDS and sAML/MDS received VPA. Whereas responses including
one partial remission were observed in eight patients only treated
with VPA, five patients who had VPA in combination with ATRA
experienced no beneficial responses (Kuendgen et al, 2004). Similar
to our in vitro analysis, Kuendgen et al (2005) found that ATRA
should rather be applied after VPA to achieve a benefit for patients.
In a phase II study, 75 patients with MDS or relapsed/refractory
AML were treated with VPA, alone or with ATRA. Response rates
for AML were 16%. Sixty-six patients started on VPA mono-
therapy and ATRA was given to relapsed patients and non-
responders. While haematological improvement was observed in
18 patients, ATRA gave no additional benefits and could not
ameliorate a lack of responsiveness to VPA. A further study
enrolled 32 sAML/MDS, 22 de novo AML, and 4 sAML/MDS
patients. Thirty-one patients obtained VPA as monotherapy and
ATRA was added later in 13 patients. Twenty-seven patients
received both drugs from the beginning. Response rates were 5%
for AML and 16% for MDS (Kuendgen et al, 2006). This study also
found no beneficial effect when ATRA was added to VPA. In a
further trial, 20 AML patients were treated with VPA combined
with ATRA. Out of 20 patients enrolled, there was one complete
and two partial remissions (Khanim et al, 2009). One trial assessed
the activities of VPA followed by the addition of ATRA in eight
high-risk AML patients (Cimino et al, 2006). Five out of eight
patients showed stable disease for up to 180 days. In summary,
most of these trials failed to show ATRA/VPA co-treatment
benefits (Kuendgen et al, 2004, 2005, 2006; Bug et al, 2005;Cimino
et al, 2006;Khanim et al, 2009; Müller and Krämer, 2010). We
provide results demonstrating that applying ATRA before VPA/
MS-275 can produce antagonistic effects. In a patient situation, this
would translate into side effects without any benefit. LBH589
might overcome this caveat (Figure 7).
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