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Chapter 1
Introduction and 

scope of the thesis

Parts of this chapter have been published:

Dekker FJ, van den Bosch T, Martin N. Small molecule inhibitors 
of histone acetyltransferases and deacetylases are potential drugs for 
inflammatory diseases. Drug Discovery Today (2014) 19(5):654-60

van den Bosch T, Leus NG, Timmerman T, Dekker FJ. Small molecule 
inhibitors of histone deacetylases and acetyltransferases as potential 
therapeutics in oncology. Book chapter in Drug Discovery in Cancer 

Epigenetics, 2016. Oxford: Academic Press by Elsevier, pages 191–208.

van den Bosch T et al. Targeting transcription factor lysine acetylation in 
inflammatory airway diseases. Accepted for publication in Epigenomics.
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Lysine acetylation is a reversible post translational modification (PTM) of cellular proteins 
and represents an important regulatory switch in signal transduction cascades (1) (2). An 
increasing number of studies highlight the importance of lysine acetylation as a key PTM 
directing both the outcomes as well as the activation levels of important signal transduction 
pathways such as the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-
κB) pathway. For example, acetylation of NF-κB transcription factors p65 and p50 plays 
an important role in their nuclear localization and transcriptional activity (3). Similar 
phenomena have been observed for other pathways (4). Next to this, acetylation of histones 
connected to specific genes plays an important role in gene specific transcription in the NF-
κB pathway (3).

Lysine acetylations are generally regulated by writers and erasers, which are denoted 
as histone acetyltransferases (HATs) and histone deacetylases (HDACs), respectively, due 
to their original discovery as histone modifying enzymes. An important future challenge is 
to identify and quantify distinct HAT and HDAC activities in distinct signaling pathways 
such as the NF-κB pathway, as well as their aberrations in disease (models). Considering the 
importance of lysine acetylation in the NF-κB pathway (Fig. 1), small molecule modulators of 
HATs and HDACs have great potential to specifically regulate this signaling cascade, which 
is an important aim in drug discovery. Focusing on the NF-κB pathway, in this chapter we 
summarize the effects of lysine acetylation of the p65 transcription factor as well as histones. 
Furthermore, importantly, we discuss the effects of frequently used small molecule HAT and 
HDAC inhibitors on the NF-κB signal transduction pathway and inflammatory responses in 
vitro and in vivo. Finally, we then introduce NF-κB as an alternative therapeutic target 

Figure 1. Schematic representation of the diverse roles of lysine acetylation in the activation of the NF-κB 
pathway. Lysine acetylations of the transcription factors as well as their co-activators play an important role 
in the duration of the response and the signaling output. Lysine acetylation status of the histones works in 
concert with acetylation status of the transcription factors to enable or disable transcription of specific genes.
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for inflammatory airway diseases such as asthma and COPD, and outline how we have 
addressed this using HAT and HDAC inhibitors in this thesis.

The NF-κB pathway
The NF-κB transcription factors are a family of inducible transcription factors that play a 
central role in the expression of various cytokines, chemokines and adhesion molecules, 
which are involved in cell survival and inflammation (5). NF-κB transcription factors 
exist in homo- or hetero-dimeric complexes consisting of different members of the Rel 
family of proteins. The most prevalent and best-studied of these complexes is the p50-p65 
heterodimer. In quiescent cells, the p50-p65 complex is present in the cytoplasm in an 
inactive form, bound to inhibitory proteins known as IκBs. The NF-κB pathway can be 
activated via two different routes; the canonical pathway or the alternative pathway. 
The canonical pathway is activated by inducers such as inflammatory cytokines, i.e., 
TNFa, interleukin (IL)-1; bacterial products (LPS) or oxidative stress (H2O2), resulting in 
phosphorylation, ubiquitylation and finally degradation of IκBα. Subsequently, the p50-p65 
heterodimer is released and translocates into the nucleus, followed by specific upregulation 
of gene expression (6). The alternative pathway is activated by lymphotoxin (LT) β, CD40 
ligand, B cell activating factor (BAFF), and receptor activator of NF-κB ligand (RANKL), 
resulting in activation of RelB/p52 complexes (7). Activation of the alternative pathway 
regulates genes required for lymph-organogenesis and B-cell activation. The canonical 
pathway plays an important role in chronic inflammatory diseases like inflammatory bowel 
disease, rheumatoid arthritis, asthma and COPD (8) (9).

Lysine acetylation as a regulator of the NF-κB pathway
In 2001, it was discovered that acetylation of p65 inhibits binding to the inhibitory complex 
IκBα, and thus stimulates gene transcription; whereas deacetylation promotes IκBα binding 
and nuclear export (10). This study triggered intense interest in lysine acetylations of the 
seven lysine residues (122, 123, 218, 221, 310, 314, 315) of p65 that are subject to this PTM. 
These acetylations have specific roles in activation of the NF-κB pathway and have been 
previously reviewed (11)  (12). Importantly, acetylation of lysines 122 and 123 decreases 
DNA binding (13); acetylation at lysines 218 and 221 increases binding to κB enhancers; 
and acetylation at lysine 310 is essential for full transcriptional activity (14). In addition, 
acetylations of specific lysine residues in histone H3 and H4 play an important role in NF-
κB mediated gene transcription as reviewed (3).

HATs in the NF-κB pathway
Based on their primary structure homology, HATs have been divided into five families. 
Three families that have been studied extensively are the GNAT (GCN5-related 
N-acetyltransferase) family, represented by PCAF (p300/CBP associated factor) and GCN5 
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(general control nonderepressible 5); the p300/CBP family, including CBP (cAMP-response-
element-binding-protein-binding-protein) and p300; and the MYST family including MOF 
and Tip60 (TAT-interacting protein 60) (15). The HATs p300 and PCAF acetylate lysine 
122 and 123 of p65 (13) and p300 has been described to acetylate lysine 310, 314 and 315 
(16). The role of HATs in acetylation of the NF-κB transcription factor as well as acetylation 
of the histones connected to κB promoters has been reviewed (3). Interestingly, a recent 
study demonstrates that Tip60 is a co-activator of several NF-κB targets genes and exerts its 
action via protein-protein interactions with p65. It appears that Tip60 binds earlier to the 
κB promotors than p65 and simultaneously promotes histone acetylation, which indicates 
that Tip60 could serve as a platform to promote NF-κB mediated gene transcription (17). 

HAT inhibitors mainly lead to inhibition of the NF-κB pathway
Several inhibitors of histone acetyltransferases (HATi) are known and have been previously 
reviewed (18) (3). The natural product anacardic acid (AA) (Fig. 2, Table 1) is a small 
molecule inhibitor of HATs such as p300 and PCAF (19) and inhibits NF-κB-mediated 
gene transcription (20). This inhibitor has been used as a starting point for development of 
novel inhibitors such as the alkylidene malonates (21). The novel anacardic acid derivative 
MG149 (Fig. 2, Table 1) demonstrates selectivity towards the MYST type of HATs Tip60 and 
MOF (22) and this molecule effectively suppresses SAHA induced hyperacetylation (23). 
In addition, DNA microarrays demonstrated that MG149 inhibits the p53 and the NF-κB 
pathways and a very limited number of other pathways (23).

Next to this, high throughput screening identified the isothiazolones as HATi (24). 
However, attempts to optimize this class failed to give inhibitors with higher potency 
and selectivity (25) (26) (27), which could mainly be attributed to the exceptionally high 
reactivity of isothiazolones for thiolates (28). Fortuitously, virtual screening enabled the 
identification of C646 (Fig. 2, Table 1) as the first potent, selective and cell-permeable p300 
HATi (Ki 0,4 μM) (29). In addition, another recent virtual screening study describes the 
identification of a novel cell-permeable inhibitor (1a Zeng; Fig. 2, Table 1) of p300, which 
is active at the same concentrations as C646 (30). This demonstrates the strength of virtual 
screening as a strategy for identification of novel inhibitors for challenging targets such as 
the HATs. 

Regarding the use of C646 in cellular models, one study on prostate cancer cell lines 
demonstrates that both siRNA-mediated and C646-mediated inhibition of p300 increase 
apoptosis, which is, among others, caused by inhibition of the androgen receptor and the 
NF-κB pathway (31). Another group demonstrated that p300 binds to the COX-2 promotor 
and that inhibition of p300 activity by C646 diminished both the p300 promotor binding 
and the expression of COX-2. Interestingly, this study was done in animal models in 
which C646 was administered via a lumbar intrathecal catheter, which demonstrates that 
HATi can be administered locally in in animal models (32). Thus, these data demonstrate 
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that C646 performs very well in both cell-based studies and upon local administration in 
animal models. Inhibition of p300 by both siRNA and the chemical inhibitor C646 leads to 
inhibition of, among others, the NF-κB pathway. 

HDAC classes
Mammalian HDACs are classified into four main groups based on their homology with 
yeast orthologues (33). Class I HDACs, including HDAC1, 2, 3, and 8 are predominantly 
found within the nucleus, due to the presence of a nuclear localization sequence and the 
absence of a nuclear export signal sequence within HDAC1, 2, and 8. However, HDAC3 
has both a nuclear import and export signal, allowing for localization in both the cytoplasm 
and the nucleus (33) (34). Class I HDACs have a ubiquitous tissue distribution (33). Class 
II HDACs are subdivided into two groups, IIA (HDAC4, 5, 7, 9) and IIB (HDAC6 and 10), 
and are predominantly found in the cytoplasm (35). Class II HDACs are able to shuttle 
between the cytoplasm and the nucleus, and have a more tissue-specific distribution than 
class I HDACs (33). Class IV consists only of HDAC11, which shares similarities with both 
class I and II HDACs. Class I, II and IV HDACs are zinc dependent. Class III HDACs are 
also called sirtuins (SIRT1-SIRT7) and are found in the cytoplasm. Sirtuins act via different 
mechanisms and require the co-factor NAD+ for their activity (36).

Inhibitors of zinc dependent HDACs have ambiguous effects on the NF-κB 
pathway 
Several HDAC inhibitors (HDACi) are known. HDACi can be grouped in four main classes 
based on their chemical structure i.e. hydroxamic acids, 2-amino-benzamides, cyclic 
peptides and short-chain fatty acids. From these, the first two classes have been studied 
most intensively (37). Three HDACi of the hydroxamic acid type which are non-selective 
among the Zn2+ dependent HDACs, suberanilohydroxamic acid (SAHA) (Fig. 2, Table 1), 
Belinostat (Fig. 2, Table 1) and Panobinostat (Fig. 2, Table 1), obtained FDA approval for 
treatment of hematological cancers (38).

Although HDACi were initially discovered as anti-cancer agents, many studies 
indicate their ability to suppress inflammatory responses. In this respect, early evidence 
stems from a study demonstrating that phenylbutyrate, as well as trichostatin A (TSA) (Fig. 
2, Table 1), inhibit TNFα expression in inflamed tissues in a rheumatoid arthritis animal 
model (39). Another early study demonstrates that HDACi SAHA inhibits LPS induced 
cytokine release in vitro and in vivo (40). This anti-inflammatory effect was observed at 
much lower concentrations than tumor suppressive effects in vitro. The anti-inflammatory 
potency of HDACi has also been described in several reviews (41) (42) (43). It was observed 
that HDACi such as SAHA and TSA delay and reduce NF-κB nuclear translocation and 
gene expression upon TNFα stimulation (44). Most interestingly, a recent study applied 
the HDACi Givinostat (Fig. 2, Table 1) in a relatively small patient group suffering from 
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systemic-onset juvenile idiopathic arthritis, and demonstrated a clear therapeutic benefit 
and excellent safety profile (45). 

In contrast to inhibiting inflammation, other studies have also demonstrated that 
certain HDACi can also lead to the stimulation of pro-inflammatory gene transcription. 
Initial studies on NF-κB acetylation reported that HDACs 1-3 (class I) can deacetylate p65 
and negatively regulate gene transcription (10) (46). In addition, HDAC activity leads to 
histone deacetylation, which is generally associated with inhibition of gene transcription. 
Both factors imply that HDACi stimulate pro-inflammatory gene transcription, which is 
supported by several studies. Indeed, it was demonstrated that SAHA (47), TSA (48) (49), 
and LBH-589 (Fig. 2, Table 1) (50) increase NF-κB activation. Such contradictory findings 
can be explained by applications of different cell types and the lack of selectivity of the 
employed HDACi. Most frequently, applied HDACi target all zinc dependent HDACs, as 
most rely on the strongly zinc coordinating hydroxamic acid functionality (carried by Pan 
HDACi in Fig. 2 and Table 1) (51). This hampers elucidation of the relevance of HDAC activity 
in specific disease models. However, over the past few years, more selective inhibitors have 
become available. An example includes MS-275 (or Entinostat) (Fig. 2, Table 1), which is 
HDAC1-3 selective (51). 

Altogether, lysine acetylation is a key regulator of the NF-κB pathway. Importantly, 
small molecule modulators of its writers (HATs) or erasers (HDACs), have been demonstrated 
to regulate NF-κB signaling, suggesting that these are potential drugs for inflammatory 
diseases. An ongoing challenge towards regulation of the NF-κB pathway is the development 
of highly potent molecules that selectively target specific HATs or HDACs. Fortuitously, this 
field has seen remarkable progress over the past few years. Several inhibitors now demonstrate 
specific effects in distinct disease models in both cellular systems and animal studies, which 
is very promising for drug discovery. A noteworthy example is HATi C646. Due to its high 
selectivity and potency for p300, this inhibitor mainly leads to inhibition of pathways that are 
connected to NF-κB, the androgen receptor, and the glucocorticoid receptor, in cellular and 
animal models. Another promising example is HATi MG149, which mainly inhibits expression 
related to the NF-κB and p53 pathways. Additionally, some currently described HDACi show 
encouraging effects in animal models and even patients; pan HDACi Givinostat displayed 
promising therapeutic benefits in patients suffering from juvenile idiopathic arthritis. An 
important consideration in the development of such agents is the capacity for HDACi to show 
either activation or inhibition of inflammatory responses. We presume that a main cause 
of these ambiguities is that  different reports employed different cell types. In addition, we 
speculate that they may also be explained by HDAC (a)selectivity of the inhibitors used.

Model diseases in this thesis: inflammatory airway diseases asthma and COPD
NF-κB plays an important role in the inflammation in asthma and chronic obstructive 
pulmonary disease (COPD) (55). Asthma and COPD are common inflammatory airway 
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diseases. These diseases affect millions of people world-wide, and globally, the incidence 
is increasing. For asthma, the clinical symptoms include among others wheezing and 
shortness of breath. COPD is characterized by shortness of breath upon exercise and a largely 
irreversible and progressive airflow limitation (55) (56) (57) (58). In asthma the larger 
airways are mainly affected, whereas in COPD, the lung parenchyma and peripheral airways 
are mainly affected (57). The immunopathology of asthma and COPD is characterized by 
different types of inflammatory cells which are at play. For example, asthma is driven by T 
helper 2 cells, dendritic cells, and is characterized by eosinophilic inflammation. In asthma 
there is mast-cell sensitization by IgE, and multiple bronchoconstrictors are released (55) 
(56). On the other hand, COPD is characterized by T helper 1 cells, cytotoxic T cells and 
neutrophilic inflammation (59) (57). The inflammation in COPD is also characterized by 
increased numbers of macrophages, neutrophils, and innate lymphoid cells recruited from 
the circulation. A variety of pro-inflammatory mediators, including cytokines, chemokines, 
growth factors, and lipid mediators are secreted by these cell types (59). Currently, 
glucocorticoids are the cornerstone in the treatment of asthma and COPD, however, this 
is not effective in all patients. Severe asthmatics display glucocorticoid resistance (60), and 
the effectivity of glucocorticoids in COPD patients is subject to debate (61) (62). Alternative 
therapeutic strategies are needed for these patients, which currently form a major health 
burden for society due to high socioeconomic costs (55) (56) (57) (58) (63).  

The NF-κB pathway may be a new therapeutic target for these diseases. The NF-

Figure 2. Structures of small molecules that interact with writers (HATs) or erasers (HDACs) of lysine 
acetylations.
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κB transcription factor plays an important role in macrophages in the expression of pro-
inflammatory cytokines and chemokines, which then attract other inflammatory cell 
types. This plays a central role in the orchestration of asthma and COPD (64). Next to 
this, upregulated NF-κB activity has been reported in asthma (65) and COPD (66) (67), 
and increased nuclear localization of p65 was observed in sputum macrophages during 
exacerbations of COPD (68) as well as in bronchial biopsies of stable COPD patients (69). 
Several lines of research have focused on modulating NF-κB activity as a novel therapeutic 
strategy for the treatment of asthma and COPD (66). This gives rise to an interesting research 
line approaching this through investigating the capability of HATi and HDACi in regulating 
NF-κB-mediated inflammatory responses in models systems for asthma and COPD.

HAT and HDAC expression and activity in asthma and COPD
It is worthwhile to mention that asthma is characterized by increased HAT activity (70). For 
instance, it was demonstrated that there is increased HAT activity, and decreased HDAC 

Table 1. Small molecules that interfere with writers (HATs) or erasers (HDACs) of lysine acetylations, and 
their selectivity and effects on disease models for NF-κB mediated inflammation.

Compound Selectivity Effects in disease models Ref.

HAT inhibitors

Anacardic acid p300 and PCAF inhibitor Inhibits the NF-κB pathway. (20)

MG149 Tip60 and MOF selective 
inhibitor

Inhibits SAHA induced 
hyperacetylation.

Inhibits the NF-κB and p53 signaling 
pathways.

(22) (23)

C646 p300 selective inhibitor
(Ki 0,4 μM)

Increases apoptosis by inhibition of the 
androgen receptor and NF-κB pathway.

Repression of gene expression.
Inhibition of COX-2 expression.

(31,52) 
(32) (53)

1a Zeng p300 HAT inhibitor
(IC50 3.4 μM)

- (30)

HDAC inhibitors

SAHA Pan-HDAC inhibitor Suppression of LPS-induced cytokine 
release in vitro and in vivo.

(40) (51)

Trichostatin A (TSA) Pan-HDAC inhibitor Inhibition of TNFα in vitro. (39) (51)

LBH580 (Panibinostat) Pan-HDAC inhibitor Enhances NF-κB activation. (50) (51)

ITF2357 (Givinostat) Pan-HDAC inhibitor Therapeutic benefit in patients 
suffering from juvenile idiopathic 

arthritis.

(45) (51)

Belinostat Pan-HDAC inhibitor - (38)

MS275 (Entinostat); HDAC1-3 selective inhibitor Enhances NF-κB activation. (47) (51)

Tubastatin A HDAC6 selective inhibitor - (54)

PCI-34051 HDAC8 selective inhibitor - (54)
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activity and HDAC1 and HDAC2 expression, in bronchial biopsies and bronchoalveolar 
lavage (BAL) macrophages obtained from asthmatics compared to healthy adults (71) (72), 
thereby shifting the balance towards HAT activity. Another study showed that HAT activity 
is increased in peripheral blood mononuclear cells (PBMCs) obtained from mild and severe 
asthmatic children compared to healthy children, whereas HDAC activity is decreased. 
(73). However, another study did not find decreased expression of HDAC1 and HDAC2 
mRNA or protein in endobronchial biopsies in a large set of severe asthmatics compared 
to healthy controls (74). Yet another study found that in neutrophilic asthma, there was 
increased HAT and decreased HDAC activity in isolated PBMCs. However, there were no 
differences in the expression levels of the HATs p300, KAT2B, cAMP-response-element-
binding-protein-binding-protein (CBP) or the HDACs HDAC1, HDAC2 or HDAC3, which 
could indicate differences in activity due to post-translational effects (75). More recently, it 
has been identified that acetylation of histone H3 lysine 18 (H3K18) is elevated in asthma 
epithelium compared to healthy subjects (76), which is in line with a shift towards increased 
HAT activity.

COPD is characterized by a loss of SIRT1 (77), and HDAC2 expression and activity 
(78) (70). In more recent studies, decreased HDAC2 expression was also found in PBMCs and 
lymphocytes in COPD (79) (67). In COPD, the decreased HDAC2 expression and activity can 
be linked to glucocorticoid resistance (80). This is because glucocorticoids are dependent on 
HDAC2 for their immunosuppressive activity. Glucocorticoids diffuse through the cellular 
membrane and bind the glucocorticoid receptor (GR) which is present in the cytoplasm. The 
GR is normally bound by heat shock proteins (HSP), but upon binding of glucocorticoids, is 
released and translocated into the nucleus where it binds to target genes with glucocorticoid 
response elements. This includes multiple inflammatory genes. GR then recruits HDAC2, 
which leads to transcriptional repression (80). It is interesting to note that also in severe 
asthmatics, there are indications that decreased HDAC2 expression and activity can be 
linked to steroid resistance (81), and that passive smoking reduced HDAC2 expression in 
severe asthmatic children (82). In summary, both asthma and COPD are characterized by 
increased HAT and decreased HDAC activity. Importantly, however, the expression and 
activity have not been well-characterized for most HAT and HDAC isoforms.

HATi and HDACi in asthma and COPD
Not much is known about the effects of HATi in models systems for inflammatory lung 
diseases such as asthma and COPD. It was, however, previously shown that anacardic acid 
decreased the expression of IL-4, IL-5 and IL-13 in T cells isolated from mice challenged 
with ovalbumin to model allergic asthma. Upon re-administering these T cells to mice, the 
balance between HDAC and HAT activities were changed in lung tissue towards more HDAC 
activity (83). Furthermore, in a mouse model, anacardic acid was found to ameliorate lung 
damage which was induced by exposure of the mice to diesel exhaust particles. This effect 



22

Chapter 1

11

was attributed to reduced levels of neutrophils in the lung parenchyma and reduced TNF-α 
levels in the BALF supernatant (84). Taken together, this indicates that the effects of HATi 
such as anacardic acid in asthma and COPD models are promising but need to be further 
explored, including their effects on the NF-κB pathway in these model systems. 

Interestingly, anti-inflammatory effects of HDACi have been reported in a number of 
studies using mouse models of asthma, mostly using the non-selective HDACi TSA, which 
inhibits class I and II HDACs (51). TSA reduced T cell infiltration and expression of the T 
helper 2 cytokines IL-4 and IL-5, and IgE in an ovalbumin sensitization and challenge mouse 
asthma model (85). In another study, the effects of TSA were also evaluated in an ovalbumin 
model. TSA-treated mice had a reduced number of total inflammatory cells and eosinophils 
in the BAL fluid compared to vehicle-treated mice. Furthermore, airway remodeling changes 
were significantly reduced with TSA compared to vehicle-treated mice, with fewer goblet 
cells, less subepithelial collagen deposition and attenuated airway hyperresponsivenes 
induced by methacholine (86). Another study also showed that TSA inhibited methacholine-
induced airway hyperresponsiveness in mice sensitized and challenged with Aspergillus 
fumigatus antigen. However, this was not related to anti-inflammatory effects of TSA, 
since no effects were observed on leukocyte trafficking or concentrations of cytokines in 
BAL fluid in antigen-challenged mice. Instead, using human precision-cut lung slices and 
airway smooth muscle cells, an inhibiting effect on smooth muscle contraction was observed 
upon TSA treatment (87). In a recent study using an Alternaria mouse allergic model, 
TSA downregulated the number of innate lymphoid group 2 cells (ILC2; an important 
source of the cytokines IL-5 and IL-13 which are critical to allergic airway inflammation) 
expressing IL-5, IL-13 and IL-33 upon Alternaria extract challenge, and reduced lung 
eosinophilia and mucus hypersecretion. TSA treatment also decreased Alternaria extract-
induced pro-inflammatory cytokines and chemokines including KC (murine IL-8), TNF-α 
and GM-CSF (88). Another recent study using an ovalbumin mouse model demonstrated 
that TSA decreased IL-17 level in the BAL fluid (89). On the other hand, it was shown that 
TSA increased pro-inflammatory cytokine levels in the culture supernatant of memory T 
cells which were isolated from ovalbumin asthmatic mice; and when these memory T cells 
(treated with TSA) were adoptively transferred into naive mice, increased pro-inflammatory 
cytokine levels were also found in the BAL fluid (90). Another study did not use TSA, but 
other HDACi including tubastatin A (an HDAC6i) (Fig. 2, Table 1), PCI-34051 (an HDAC8i) 
(Fig. 2, Table 1), and the non-selective HDACi givinostat (Fig. 2, Table 1). These were tested 
in a mouse ovalbumin asthma model and all reduced inflammatory cell counts in the BAL 
fluid of these mice (54). Taken together, HDACi generally reduce inflammation in mouse 
asthma models. However, this has mostly been studied using the non-selective HDACi TSA, 
and the underlying biological mechanisms which could explain these anti-inflammatory 
effects, including the effects on the NF-κB pathway in these model systems, remain unclear. 
Next to this, the potential of HDACi in COPD mouse models has remained unexplored.
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Scope of the thesis
In summary, lysine acetylation is a reversible PTM of cellular proteins and represents an 
important regulatory switch in signal transduction. Lysine acetylation directs both the 
outcomes as well as the activation levels of important signal transduction pathways such as 
the NF-κB pathway. Small molecule modulators of its writers (HATs) and erasers (HDACs) 
have been used to specifically regulate the NF-κB pathway. This thesis focuses on the 
effects of HATi and HDACi on the NF-κB signal transduction pathway and inflammatory 
responses, and their potential as novel drugs. We have a particular focus on inflammatory 
airway diseases such as asthma and COPD. Asthma and COPD are common inflammatory 
airway diseases that affect millions of people world-wide. The current therapy for these 
diseases constitutes glucocorticoids, however, not all patients respond to this therapy. 
Hence, alternative therapeutic targets and strategies are required. The NF-κB pathway plays 
a crucial role in the inflammation in asthma and COPD, for example in pro-inflammatory 
gene expression in macrophages. Based on the fact that HATi and HDACi can modulate 
NF-κB activity, these small molecules have potential in the treatment of asthma and COPD. 
In this thesis we evaluate and explore the potential of small molecule HATi and HDACi in 
attenuating NF-κB-mediated inflammatory responses in model systems for inflammatory 
airway diseases such as asthma and COPD. 

In chapter 2 we focus on C646, an inhibitor for the HAT p300 (KAT3B). With a Ki 
value of 0,4 μM, C646 is one of the most potent HATi described to date. Based on the crucial 
role of p300 in regulation of NF-κB acetylation, we investigate the effects of this compound 
on NF-κB activity in RAW264.7 murine macrophages. We report inhibition of NF-κB  
activity in the macrophages. We also explore the potential of this compound in attenuation 
of lipopolysaccharide and interferon gamma (LPS and IFNγ)-induced pro-inflammatory 
gene expression in RAW264.7 murine macrophages and murine lung tissue slices, and find 
inhibition of pro-inflammatory gene expression. Then, we proceed to explore the potential 
of this compound in inhibition of histone acetylation in the macrophages. Unexpectedly, we 
report increased histone acetylation upon treatment with this compound. We find this to 
correlate with inhibition of recombinant HDACs. Therefore, the results of this chapter have 
important implications for biochemical assays employing C646 as a p300 inhibitor.

In chapter 3 we study MG149, an inhibitor for MYST type HATs Tip60 (KAT5) 
and MOF (KAT8) previously discovered at our lab. MG149 is a 6-alkylsalicylate. Previous 
literature has reported that the 6-alkylsalicylate anacardic acid (from which MG149 was 
derived) can attenuate inflammation in models for lung inflammation. In this chapter, we 
report that the 6-alkylsalicylate MG149 inhibits histone acetylation and LPS and IFNγ-
induced pro-inflammatory gene expression in murine lung tissue slices. The chapter 
demonstrates the potential of 6-alkylsalicylates which inhibit HATs in attenuation of lung 
inflammation.
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In chapter 4 we study 4-amino-1-naphtol (compound 13), a non-selective inhibitor 
for the HATs p300 (KAT3B), MOF (KAT8), and PCAF (KAT2B), which was recently 
discovered at our lab. In this chapter we investigate the effects of this compound in model 
systems for inflammatory airway diseases. We start with an investigation of the effects on 
histone acetylation in RAW264.7 macrophages. We then proceed to study the effects of the 
compound on histone acetylation in lung tissue slices. In addition, in both the macrophages 
and lung tissue slices, we study the effects of 13 on LPS and IFNγ-induced pro-inflammatory 
gene expression. The results described in this chapter demonstrate that 13 is a potent 
inhibitor of histone acetylation, and that 13 inhibits pro-inflammatory gene expression. 
Altogether, this suggests that the concept of HAT inhibition as an alternative therapeutic 
strategy for inflammatory airway diseases such as asthma and COPD, is promising.

In chapter 5 we investigate the HDAC1-3 inhibitor MS-275. Based on the role 
of HDAC1-3 in NF-κB acetylation, we explore its effects on LPS and IFNγ-induced pro-
inflammatory gene expression in RAW264.7 macrophages. We demonstrate that the 
HDAC1-3 inhibitor MS-275 gives rise to mixed effects on pro- and anti-inflammatory 
gene expression in RAW264.7 macrophages with upregulation of both pro- and anti-
inflammatory genes. Importantly, MS-275 increases IL10 expression. We then move on to 
study the underlying molecular pathways involved, and identify NF-κB as a regulator. MS-
275 increases NF-κB promoter activity, acetylation, nuclear translocation and NF-κB p65 
binding to the IL10 promoter in RAW264.7 macrophages. Finally, we study the effects of this 
compound in a mouse COPD (cigarette smoke expose) model. We find anti-inflammatory 
effects on several parameters including increased anti-inflammatory IL10 expression in 
lung macrophages, reduced KC (murine IL-8) expression and reduced neutrophilic influx 
upon MS-275 treatment, which is the first time that anti-inflammatory effects of a HDACi 
are being reported in a COPD mouse model.

In chapter 6 the results of the thesis are summarized and discussed.
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Abstract

Lysine acetylations are reversible posttranslational modifications of histone and non-
histone proteins that play important regulatory roles in signal transduction cascades and 
gene expression. Lysine acetylations are regulated by histone acetyltransferases as writers 
and histone deacetylases as erasers. Because of their role in signal transduction cascades, 
these enzymes are important players in inflammation. Therefore, histone acetyltransferase 
inhibitors could reduce inflammatory responses. Among the few histone acetyltransferase 
inhibitors described, C646 is one of the most potent (Ki of 0.4 μM for the histone 
acetyltransferase p300). C646 was described to affect the NF-κB pathway; an important 
pathway in inflammatory responses, which is regulated by acetylation. This pathway has 
been implicated in asthma and COPD. Therefore, we hypothesized that via regulation 
of the NF-κB signaling pathway, C646 can inhibit pro-inflammatory gene expression, 
and have potential for the treatment of inflammatory lung diseases. In line with this, we 
demonstrate here that C646 reduces pro-inflammatory gene expression in RAW264.7 
murine macrophages and murine precision-cut lung slices. To unravel its effects on cellular 
substrates we applied mass spectrometry and found, counterintuitively, a slight increase 
in acetylation of histone H3. Based on this finding, and structural features of C646, we 
presumed inhibitory activity of C646 on histone deacetylases, and indeed found inhibition 
of histone deacetylases from 7 μM and higher concentrations. This indicates that C646 has 
potential for further development towards applications in the treatment of inflammation, 
however, its newly discovered lack of selectivity at higher concentrations needs to be taken 
into account.
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Introduction

Lysine acetylations are reversible posttranslational modifications that frequently occur 
on histones and other cellular proteins. These modifications have been recognized to play 
important regulatory roles in signal transduction cascades and gene expression (1) (2). 
Protein lysine acetylations are regulated by histone acetyltransferases (HATs) as writers 
and histone deacetylases (HDACs) as erasers. In the past decades many different isoforms 
of HATs and HDACs have been discovered (3) (4), and aberrations in their activity have 
been associated with diseases such as inflammatory disorders or cancer (5) (6).

For this reason, the development of small molecule inhibitors of these enzymes and 
their applications in therapeutic areas, such as the treatment of inflammatory diseases, have 
received considerable attention. This has resulted in the development of small molecule 
HAT inhibitors (HATi) (7). Virtual screening enabled the identification of the small molecule 
inhibitor C646 as a potent and cell-permeable p300 HATi (Ki 0.4 μM) which is selective for 
p300 among HAT isoenzymes such as PCAF, GCN5 and MOZ (8).

C646 has shown interesting effects in disease models. For example, C646 has 
successfully been applied in an animal model of neuropathic pain. C646 was administered in 
rats via a lumbar intrathecal catheter, demonstrating the feasibility of local administration 
of C646 in animals. It was found that C646 treatment diminished both the p300 promoter 
binding and the expression of COX-2 (9). In another study on prostate cancer cell lines it 
was found that C646-mediated inhibition of p300 increased apoptosis, which was, among 
others, caused by inhibition of the androgen receptor and the NF-κB pathway (10). These 
studies indicate that C646 influences signaling cascades such as the NF-κB pathway.

The effects of C646 on the NF-κB pathway could be explained by the role for p300 that 
has been described in the regulation of the NF-κB pathway (5). For instance, acetylations 
of the p65 NF-κB subunit on lysines 218, 221 and 310 are mediated by the HATs p300 
and PCAF (11) and increase transcriptional activity. In contrast, acetylations on lysines 122 
and 123 decrease transcriptional activity and are also mediated by p300 (12). Furthermore, 
upon DNA binding, the transcriptional activation domain of p65 interacts with the HATs 
p300 and CBP as co-activators of gene transcription (13). Thus, p300 plays a crucial role in 
the regulation of acetylation of specific lysine residues of NF-κB, which then determine NF-
κB transcriptional capacity, DNA binding and duration of action.

This suggests that inhibition of the HAT p300 using small molecule inhibitors such 
as C646 may allow for regulation of gene expression via the NF-κB transcription factor 
(7). Since the NF-κB pathway is a key factor in inflammatory responses, this calls for 
investigation of the potential of C646 to suppress these responses. Of particular interest 
may be applications in inflammatory lung diseases such as asthma and chronic obstructive 
pulmonary disease (COPD), which still pose a major health problem. Interestingly, a role for 
the NF-κB pathway has been described in these diseases, as reviewed (14). Increased NF-κB 
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activity has been observed in the bronchial epithelium and peripheral blood mononuclear 
cells of asthmatic patients (15) (16). Increased nuclear localization of p65 was observed in 
sputum macrophages during exacerbations of COPD (17) and also in bronchial biopsies 
of stable COPD patients (18). Several lines of research have focused on modulating NF-
κB activity as a novel therapeutic strategy for the treatment of asthma and COPD (14). 
We hypothesize that pharmacological inhibition of the HAT p300 by the small molecule 
inhibitor C646 will result in inhibition of pro-inflammatory gene expression via inhibition 
of the NF-κB signaling pathway.

For these reasons, we set out to explore the p300 HATi C646 in a model system for 
inflammatory lung diseases. We observed decreased NF-κB reporter gene activity in RAW-
Blue murine macrophages, and decreased pro-inflammatory gene expression in RAW264.7 
murine macrophages as well as in murine lung tissue slices. Next to this we set out to quantify 
changes in lysine acetylation in the cellular substrates of p300. Acetylation of histone 
H3 and histone H4 was quantified using mass spectrometry in RAW264.7 macrophages. 
Counterintuitively, C646 increased acetylation on histone H3 residues 18–26, containing 
H3 K18 and H3 K23. Based on these findings and the structural properties of C646 we 
investigated its inhibitory potential on recombinant HDACs and found inhibition from 
7 μM and higher concentrations for type I and II HDACs. Importantly, these findings call 
for further optimization of the selectivity profile of the p300 HATi C646 and its derivatives.

Results

C646 inhibits NF-κB activity
First, the viability of RAW264.7 cells treated with C646 at different concentrations was 
assessed (data not shown). As a reference, the well-studied HDACi SAHA was also included 
at a single concentration and tested in a viability assay (data not shown). Subsequently, to 
explore the potential of C646 in suppression of (NF-κB mediated) inflammation, an NF-κB 
reporter gene assay was employed, using RAW-Blue (modified RAW264.7) macrophages. 
For NF-κB activation, LPS and IFNγ were employed as inflammatory stimulus. An LPS 
and IFNγ stimulus at 10 ng/mL of each for 4 h induced NF-κB activity (Fig. 1). We then 
proceeded to pre-treatment with C646 at concentrations of 1, 5, 10, 15, 20, 25 and 30 μM 
for 16 h before receiving the stimulus, rendering a total incubation time with the inhibitor 
of 20 h. These concentrations were chosen because they are above the Ki value for p300 
inhibition of 0.4 μM (8) at different folds. Concentrations above 30 μM were not studied 
due to decreased viability of the macrophages. A total incubation time of 20 h was chosen 
based on a previous study with a similar incubation time (24 h), where C646 affected the 
NF-κB pathway (decreased expression levels of p65, and decreased binding of p65 at the 
IkBa promoter were observed) in a disease model of prostate cancer (10), suggesting that 
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effects of C646 on this pathway in cells take place at these relatively long incubation times.
Interestingly, at 15 μM or higher concentrations of C646 treatment, this resulted 

in significant inhibition of LPS and IFNγ-induced NF-κB promoter activity (Fig. 1). This 
indicates influence of C646 on the NF-κB pathway. In contrast, pre-treatment with the 
reference compound SAHA at a concentration of 0.41 μM further enhanced LPS and IFNγ-
induced NF-κB activity (Fig. 1).

C646 inhibits pro-inflammatory gene expression in RAW264.7 macrophages 
and precision-cut lung slices
Next, we monitored expression of the NF-κB-mediated pro-inflammatory genes TNFα, 
iNOS, IL1β, IL12b, IL6, and KC (murine IL8) in RAW264.7 murine macrophages upon 
receiving the same LPS and IFNγ stimulus, using RT-q-PCR. The stimulus was found to 
increase expression of all genes (shown for TNFα and IL12b in Fig. 2A and B; data not 
shown for the remaining genes), with the exception of KC, which was not expressed in 
RAW264.7 macrophages. Pre-treatment with C646 resulted in a dose dependent decrease 
in the LPS and IFNγ-induced expression of TNFα which became significant at 30 μM 
(Fig. 2A, Table 1). Furthermore, for IL12b, even though a dose-dependent decrease was 

LPS+IFNγ - + + + + + + + + + +

DMF - - + + + + + + + + +

C646 - - - 1 5 10 15 20 25 30 -

SAHA - - - - - - - - - - 0.41

Figure 1. C646 pre-treatment reduces NF-κB activity, whereas SAHA pre-treatment increases 
NF-κB activity. RAW-Blue macrophages were pre-treated with inhibitors C646 (at 1, 5, 10, 15, 20, 25, or 
30 μM) or SAHA (at 0.41 μM) for 16 h, after which an inflammatory LPS and IFNγ stimulus (10 ng/mL of each) 
was given for 4 h in continued presence of the inhibitors (making the total incubation time with the inhibitors 
20 h). Supernatant was then used to determine NF-κB promoter activity. For vehicle treatment, cells were 
pre-treated with a proportional dilution of the inhibitor solvent DMF. The data shown represent means ± SD 
of 3–7 independent experiments. ***p < 0.001 and **p < 0.01 compared to vehicle treated cells.
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less obvious, pre-treatment with C646 at 30 μM significantly inhibited the LPS and IFNγ-
induced expression of this gene compared to vehicle (DMF dilution) treatment (Fig. 2B, 
Table 1). The expression of other studied genes remained unchanged (Table 1). In contrast, 
pre-treatment with the reference compound SAHA at 0.41 μM further upregulated LPS and 
IFNγ-induced gene expression of IL1β (Table 1), but did not affect the expression of the 
other studied genes (Table 1). This indicates an anti-inflammatory effect of C646 on gene 
expression in RAW264.7 macrophages, as opposed to a pro-inflammatory effect of SAHA.

In order to move towards a more physiological environment, and towards a better 
model system for lung inflammation, we employed murine precision-cut lung slices (PCLS); 

LPS+IFNγ - + + + + + + + + +

DMF - - + + + + + + + +

C646 - - - 1 5 10 15 20 25 30

LPS+IFNγ - + + + + + + + + +

DMF - - + + + + + + + +

C646 - - - 1 5 10 15 20 25 30

Figure 2. C646 pre-treatment reduces TNFα (A) and IL12b (B) gene expression in RAW264.7 
macrophages. RAW264.7 cells were pre-treated with C646 at 1, 5, 10, 15, 20, 25 or 30 μM for 16 h, after 
which an inflammatory LPS and IFNγ stimulus (10 ng/mL of each) was given for 4 h in continued presence 
of the inhibitors (making the total incubation time with the inhibitors 20 h). Subsequently, gene expression 
was analyzed by RT-q-PCR. For vehicle treatment, cells were pre-treated with a proportional dilution of the 
inhibitor solvent DMF. Data represent the target gene expression normalized to the reference gene. The 
values shown are means ± SEM for TNFα or SD for IL12b, of 3–10 independent experiments. **p < 0.01 and 
*p < 0.05 compared to vehicle treated cells.

Table 1. Overview of changes in gene expression in RAW264.7 cells upon C646 (at 30 μM) or SAHA (at 
0.41 μM) pre-treatment, as well as in precision-cut lung slices (PCLS) upon C646 (at 25 μM) or SAHA (at 0.41 
μM) pre-treatment followed by an inflammatory LPS and IFNγ stimulus. The percentage of change compared 
to vehicle treatment is indicated. Upregulation is indicated by ↑, downregulation by ↓, and no effect by –. N.E. 
= gene is not expressed, and N.D. = gene expression was not determined.

C646 TNFα iNOS IL1β IL6 KC IL12b

RAW264.7 ↓ (54.1 %) − − − N.E. ↓ (54.2 %)

PCLS ↓ (79.1 %) ↓ (58.4 %) ↓ (72.3 %) − − ↓ (85.0 %)

SAHA TNFα iNOS IL1β IL6 KC IL12b

RAW264.7 − − ↑ (317 %) N.D. N.E. −

PCLS − ↓ (39.9 %) ↑ (41.5 %) ↑ (58.8 %) N.D. −
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an ex vivo model in which structures of lung tissue, including cell–cell and cell–matrix 
relationships, are maintained (19). The viability of PCLS treated with C646 was assessed 
by lactate dehydrogenase (LDH) measurement (data not shown). The viability of PCLS 
treated with SAHA was not assessed. The LPS and IFNγ stimulus induced expression of 
the same NF-κB-mediated pro-inflammatory genes in PCLS (shown for TNFα, iNOS, IL1β 
and IL12b in Fig. 3A-D; data not shown for IL6 or KC). For C646 concentration dependency 
was studied in PCLS until 25 μM. Concentrations above 25 μM were not included due to 
decreased viability of PCLS. Major decreases in the LPS and IFNγ-induced expression of 
TNFα, iNOS, IL1β, and IL12b were observed for pre-treatments at higher concentrations 
of C646, until 25 μM compared to vehicle treatment (DMF dilution) (Fig. 3A-D, Table 1). 

LPS+IFNγ - + + + + + + + +

DMF - - + + + + + + +

C646 - - - 1 5 10 15 20 25

LPS+IFNγ - + + + + + + + +

DMF - - + + + + + + +

C646 - - - 1 5 10 15 20 25

LPS+IFNγ - + + + + + + + +

DMF - - + + + + + + +

C646 - - - 1 5 10 15 20 25

LPS+IFNγ - + + + + + + + +

DMF - - + + + + + + +

C646 - - - 1 5 10 15 20 25

Figure 3. C646 pre-treatment reduces pro-inflammatory gene expression of TNFα (A), iNOS (B), IL1β 
(C), and IL12b (D) in precision-cut lung slices (PCLS). PCLS were pre-treated with C646 at 1, 5, 10, 15, 20, 
or 25 μM for 16 h, after which an inflammatory LPS and IFNγ stimulus (10 ng/mL of each) was given for 
4 h in continued presence of the inhibitors (making the total incubation time with the inhibitors 20 h). 
Subsequently, gene expression was analyzed by RT-q-PCR. For vehicle treatment, PCLS were pre-treated with 
a proportional dilution of the inhibitor solvent DMF. Data represent the target gene expression normalized 
to the reference gene. The values shown are means ± SD of 3–6 independent experiments. ***p < 0.001 and 
*p < 0.05 compared to vehicle.
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Importantly, this indicates an anti-inflammatory effect of C646 on gene expression in PCLS. 
For IL6 and KC, there were no changes in gene expression at the studied C646 concentrations 
(Table 1). Upon pre-treatment of PCLS with SAHA as a reference compound at 0.41 μM, 
downregulation of the expression of iNOS induced by LPS and IFNγ was observed, whereas 
the expression of IL1β and IL6 were further enhanced (Table 1). No changes in expression 
of the other genes were found (Table 1).

C646 increases histone acetylation on H3 residues 18–26
To assist the further development of C646 and potential derivatives towards applications 
for the treatment of inflammatory diseases, we proceeded to study changes in lysine 
acetylation in the cellular substrates of p300 upon C646 treatment. To this end, histone 
acetylation was quantified using a previously described mass spectrometry-based approach 
in which histones are acetylated on non-acetylated lysine residues using deuterated acetic 
acid anhydride ((CD3CO)2O) (20) (21) (22) (23). A deuterated acetyl group is installed only 
on naturally non-acetylated lysine residues, whereas naturally acetylated lysine residues 
remain untouched. Subsequent tryptic digestion results in C-terminal cleavage only after 
arginine residues, generating peptide fragments of suitable length for LC–MS/MS analysis. 
Within one peptide, the deuterated acetyl groups have comparable physical properties to 
the natural acetyl groups. Due to their mass difference, the level of lysine acetylation within 
one peptide can thus be determined.

Treating RAW264.7 cells with SAHA as a reference compound (0.41 μM for 20 h) 
resulted in an increased acetylation for two histone-derived peptides (H4 4–17 and H3 
18–26) but not the others (data not shown). Next to this, we found that the LPS and IFNγ 
stimulus (10 ng/mL each for 4 h) did not change global histone acetylation (data not shown).

RAW264.7 cells were treated with C646 at 15, 20, 25 or 30 μM for 20 h, without 
subsequent inflammatory stimulus. No changes in histone acetylation were observed at this 
time point for which changes in gene expression were observed (Fig. 4). We reasoned that 
effects on histone acetylation upon C646 treatment could take place at earlier time points 
as this has been reported previously (24), and proceeded to treatment with C646 for 6 h at 
15, 20, 25 or 30 μM. No significant changes in the acetylation status of histone H4 res. 4–17 
were observed (Fig. 5), which is not in line with literature describing that p300 acetylates 
H4 at K5, K8, and K12 (25). Furthermore, no changes in acetylation status of other histone 
H4 peptides were detected.

However, while analyzing histone H3, a difference in acetylation status for the peptide 
containing residues 18–26 was observed after 6 h of incubation with C646. Interestingly, a 
small yet significant increase in acetylation status was detected for this peptide containing 
H3 K18 and H3 K23 (Fig. 5) upon treatment with 30 μM C646, while this increase was not 
significant at lower concentrations of C646. Since the increase was not observed after 20 h 
of incubation with C646, this indicates a time dependency for the effect of this inhibitor 
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on acetylation status of this histone peptide. The HAT p300 has indeed been described to 
acetylate H3 K18 and K23 (25), however, upon HAT inhibition a decrease in acetylation is 
to be expected instead of the observed increase. Thus, in this case, the observed effects on 
global histone acetylation are not in line with HAT inhibition. Using the mass spectrometry 
method, a wide range of acetylation sites was addressed in a single analysis giving an 
overview of the effect of C646 on histone acetylation (Fig. 6).

Figure 4. C646 does not affect histone acetylation after 20 h of incubation of histone H3 res. 
18–26 (A) or H4 res. 4–17 (B). RAW264.7 cells were incubated with C646 at the indicated concentrations for 
20 h, after which histones were extracted. Histones were resolved by SDS PAGE, and histones H3 and H4 
were excised from the gels. Gel pieces were treated with acetic anhydride d6, followed by trypsin digestion. 
Resulting peptides were subjected to LC–MS/MS analysis. Data are presented as mean values ± SD of 2–12 
independent experiments. No significant differences were observed between control and vehicle treated cells 
(data not shown).
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Figure 5. In RAW264.7 cells, after 6 h of incubation C646 increases acetylation status of histone 
H3 res. 18–26 (A) and does not affect acetylation status of H4 res. 4–17 (B). RAW264.7 cells were incubated 
with C646 at the indicated concentrations for 6 h, after which histones were extracted. Histones were resolved 
by SDS PAGE, and histones H3 and H4 were excised from the gels. Gel pieces were treated with acetic 
anhydride d6, followed by trypsin digestion. Resulting peptides were subjected to LC–MS/MS analysis. Data 
are presented as mean values ± SD of 3–12 independent experiments. *p < 0.05 compared to control (untreated 
cells). No significant differences were observed between control and vehicle treated cells (data not shown).

Histone H4

SGR GKGGKGLGKGGAKR HR  KVLR  DNIQGITKPAIR R  LAR   R   GGVKR   ISGLIYEETR

GVLKVFLENVIR DAVTYTEHAKR   KTVTAMDVVYALKR   QGR TLYGFGG

Histone H3

AR TKQTAR   KSTGGKAPR KQLATKAAR KSAPATGGVKKPHR YRPGTVALR  EIR   R 

YQKSTELLIR   KLPFQR LVR EIAQDFKTDLR FQSSAVMALQEACEAYLVGLFEDTNLCAIHAKR 

VTIMPKDIQLAR R  IR  GER  A

4 17

179 18 26 27 40 41 49

54 63 64 69 72 83

117 128

24 35 46 55

56 67 68 78 79 92 96 102

Figure 6. Coverage of the histone H3 and H4 sequence by LC–MS/MS and the histone acetylation 
profile after treatment with C646. Detected histone peptides with their residue numbers are indicated in 
black and bold. Undetected histone peptides are indicated in grey. Compared to the control (untreated cells), 
increased acetylation was observed after C646 treatment at 30 μM for 6 h on one peptide from histone H3 (res. 
18–26: KQLATKAAR) containing K18 and K23 (peptide indicated in italics and underlined). Other studied 
histone peptides (indicated in bold) did not show changes in acetylation status.
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C646 inhibits recombinant HDACs
We set out to study the counterintuitive increase in histone acetylation upon C646 
treatment in more detail. Based on the structural features of C646 (Fig. 7) we hypothesized 
that its carboxylate might enable inhibition of HDACs at relatively high concentrations 
due to coordination of Zn2+ in the active sites of HDACs, similar to HDACi such as sodium 
butyrate and sodium valproate (26) (Fig. 7). In order to test the hypothesis that the p300 
HATi C646 also inhibits HDACs, its inhibitory potency on recombinant HDACs 1–3, 6 and 
8 was measured. In line with our hypothesis C646 indeed inhibited these HDACs (Table 2), 
except for HDAC1, with potencies in the micromolar range. The observed selectivity profile 
for the investigated HDACs is interesting since the Ki values for HDAC6 show the highest 
potency, whereas inhibition of HDAC1 is absent. To confirm that C646 is binding Zn2+, we 
looked closer into the kinetics of inhibition for the class I member HDAC2 and the class II 
member HDAC6. Unexpectedly, non-competitive inhibition was observed, with Boc-Lys-
(Ac)-AMC as a substrate (Fig. 8). This is not in line with our hypothesis, and indicates either 
covalent or allosteric binding of C646 to these HDACs. Next to this, we also verified the HAT 
p300 inhibitory potency of C646 as reported by Bowers et al. (8), and found comparable 
results with an IC50 value of 0.32 μM. In addition, for the HAT KAT8 (hMOF), we found no 
inhibition by C646, which supports the previous findings that C646 is a p300 selective HATi 
(Table 2) (8).

Figure 7. HDACi contain distinct structural features as described for the marketed HDACi SAHA. They 
generally consist of a zinc binding group, a linker that occupies a relatively narrow tunnel, and a cap that binds to 
the solvent exposed surface of the enzyme. The carboxylate-based HDACi sodium butyrate and sodium valproate 
and the p300 HATi C646 contain carboxylate groups that could also coordinate to zinc in the HDAC active site.

Table 2. Inhibitory effect of C646 on selected HATs or HDACs. Inhibition was determined by p300, MOF, or 
HDAC inhibition assays as described in materials and methods. N.I. = no inhibition. 

Ki value µM

p300 MOF HDAC1 HDAC2 HDAC3 HDAC6 HDAC8

C646 0.32 ± 0.02b N.I. N.I. 15 ± 1 25 ± 5 7.0 ± 1.0 11 ± 1

SAHAa - - 0.037 ±  0.005 0.09 ± 0.009 0.031 ± 0.009 0.034 ± 0.007 0.001 ± 0.0002

a: Ki values for SAHA were determined at our lab previously (27).
b: This is an IC50 value.
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C646 decreases tubulin acetylation status
The highest potency for HDAC inhibition by C646 was observed for HDAC6. Therefore, 
we set out to investigate if HDAC6 inhibition observed for the recombinant enzyme is also 
reflected in inhibition of deacetylation of α-tubulin, which is a well-known cellular target 
of HDAC6 (28), in RAW264.7 cells. The α-tubulin acetylation status was monitored by 
immunoblotting using an anti-acetyl-α-tubulin antibody. After incubation with C646 for 6 h 
at 30 μM, but not at 15 μM, a pronounced inhibition of α-tubulin acetylation was observed 
(Fig. 9A and B), which is not in line with inhibition of HDAC6. The inhibition of α-tubulin 
acetylation was also observed after 20 h of incubation with C646 at 30 μM (Fig. 9A and C). 
Treatment with the reference compound SAHA upregulated α-tubulin acetylation (data not 
shown).

Discussion

The inhibitory effects of C646 on pro-inflammatory gene expression in RAW264.7 
macrophages and in murine precision-cut lung tissue slices upon receiving an LPS and 
IFNγ stimulus are promising for further development of this inhibitor in model systems 
of inflammatory lung diseases. The results suggest inhibition of NF-κB signaling, in line 

Figure 8. IC50 curves, as well as Michaelis–Menten and Lineweaver–Burk plots after incubation of HDAC2 
with C646 (A–C), and of HDAC6 with C646 (D–F), respectively. For both HDACs, in the Lineweaver–Burk 
plots, the x-intercepts of the uninhibited and inhibited enzyme conditions appear to be the same, indicating 
non-competitive inhibition. The data shown represent 2–3 independent experiments (and are displayed ± SD 
in the Michaelis–Menten plots).
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with the observed decrease in NF-κB promoter activity in a reporter gene assay upon C646 
pre-treatment. This would support previous lines of research focusing on reducing NF-κB 
activity in inflammatory lung diseases (14) and indicate that this is a promising strategy. 
This is also in line with previous studies indicating inhibition of the NF-κB pathway upon 
C646 treatment in prostate cancer cells (10), and decreased expression of the NF-κB-
mediated pro-inflammatory gene COX-2 upon C646 treatment in rats (9).

Further investigation of the effects of this inhibitor on histone acetylation revealed 
no HAT inhibitory effects at the level of global histone acetylation after 20 h of incubation 
with C646. After 6 h of incubation with C646, however, a slight increase in histone H3 
acetylation was observed at lysine residues 18 and/or 23. This indicates a time dependent 
effect of C646 on histone acetylation, which has not been reported before. Evaluation of 
the ratios between HAT and HDAC activities under the studied conditions may clarify this.

It should be noted that previous studies indicated that the effects of C646 on histone 
acetylation are cell type-dependent. Previously, effects of C646 which were in line with HAT 
inhibition have been demonstrated in cells using immunoblot or ChIP assays (29) (30). In 
other studies, inhibiting effects of this compound on histone acetylation were only shown 

GAPDH

A B

Ac α-tubulin

6 hrs C646

C

Ac α-tubulin

GAPDH

20 hrs C646

Figure 9. C646 reduces α-tubulin acetylation in RAW264.7 cells. Cells were incubated with C646 
at 15 or 30 μM for 6 h, or at 30 μM for 20 h, lysed, and immunoblotted for acetylated α-tubulin or GAPDH 
(loading control) For vehicle treatment, cells were incubated with a dilution of the inhibitor solvent DMF. 
(A) Densitometry results from 3 to 5 independent experiments. The values shown represent means ± SD. 
**p < 0.01 and *p < 0.05 compared to vehicle treated cells. (B and C) Representative images of 3–5 independent 
experiments after 6 or 20 h of incubation with C646 at the indicated concentrations.
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after pre-treatment with an HDACi. HDACi pre-treatments are done more often in studies 
with HATi to increase the detection window for inhibition of the acetyl transfer reaction. 
For example, upon pre-treatment with HDACi trichostatin A (TSA) C646 demonstrated a 
pronounced inhibition of histone acetylation (31) (8).

In contrast, observations similar to ours that C646 increases histone acetylation 
have been made in a model system employing pancreatic cancer cells (24), also after a short 
incubation time with C646 (4 h). The authors attributed the observed increase in histone H3 
acetylation on K18 and K23 to increased cooperative binding of p300 to its substrate acetyl 
CoA, facilitated by C646 when present at low concentrations. The authors suggest that C646 
can be outcompeted by acetyl CoA under these conditions. Although this model may explain 
the increased histone acetylation in cells at low concentrations of C646, it would be less 
suited to explain the increase observed in our system in which we employed relatively high 
concentrations of C646.

The observation that the p300 HATi C646 increases histone acetylation may also 
be explained through another mechanism. It has recently been reported that the overall 
histone acetylation levels remain remarkably constant upon depletion of HATs (32). 
In Drosophila cells, it was observed that histone acetylation levels were unaffected or in 
some cases even higher upon siRNA mediated knockdown of specific acetyltransferases. 
The authors suggest that compensatory modifications occur in the case of a knockdown of 
specific acetyltransferases in order to compensate structural perturbations, which may be 
brought about in different ways, including feedback responses to modulate gene expression 
or enzyme activity of other acetyltransferases or deacetylases. Similar processes could take 
place when p300 is inhibited by a small molecule inhibitor such as C646.

However, the slight increase in histone acetylation prompted us to pose an alternative 
hypothesis; direct inhibition of HDACs by C646. Upon investigation, we indeed found 
inhibition of HDAC 2, 3, 6 and 8 by C646 at micromolar concentrations. These observations 
of HDAC inhibitory activity by C646 place biochemical studies in which C646 has been 
applied as a HATi in a new perspective. Although the inhibitory potency for HDACs reported 
here is about 10-fold lower compared to the HAT p300 inhibition, this observation might 
have important implications. In biochemical experiments, the applied C646 concentrations 
sometimes exceed the Ki for p300 by a factor of 10. In addition, local concentrations in cells 
may be even higher. At these concentrations, HDAC inhibition can start playing a role in the 
observed effects, thus mixing HAT and HDAC inhibitory effects on cellular substrates. Thus, 
the interpretation of effects connected to presumed inhibition of p300 in the investigated 
model systems can be hampered by inhibition of HDACs. This clearly calls for a further 
optimization of C646 with respect to its HDAC inhibitory potency. This is also important in 
the light of recent studies focusing on applications of this HATi in the treatment of cancer, 
where HDAC inhibition upon C646 treatment is not presumed (33) (34). Furthermore, the 
HDAC inhibitory potency of C646 could explain its ambiguous effects on histone acetylation 
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in cells reported in literature.
Based on the inhibitory potency of C646 for HDAC6, we monitored α-tubulin 

acetylation; an HDAC6 substrate. C646 treatment provided pronounced inhibition of 
α-tubulin acetylation after both 6 and 20 h of incubation, which argues against HDAC6 
inhibition by C646 in RAW264.7 cells. The observed effect of C646 on α-tubulin acetylation 
may originate from inhibition of the HAT p300, which could directly reduce α-tubulin 
acetylation. However, p300 has not been described to acetylate α-tubulin directly. 
Alternatively, the results can be explained by the following. p300 has been described to 
mediate acetylation of HDAC6, which renders this HDAC less active (35) (36). Therefore, 
inhibition of p300 by C646 could decrease HDAC6 acetylation, thereby increasing HDAC6 
activity, and thereby resulting in less α-tubulin acetylation.

In conclusion, this study indicates that C646 has potential for further development 
towards suppression of pro-inflammatory gene expression in inflammatory diseases such 
as asthma and COPD. However, instead of the expected inhibition of histone acetylation 
a slight increase was observed upon C646 treatment in RAW264.7 macrophages, which is 
corroborated by inhibition of HDAC activity in enzyme activity assays. It remains unclear if 
the suppression of pro-inflammatory gene expression is due to its HAT inhibitory activity, 
due to its HDAC inhibitory activity, or inhibition of other enzymes (or a combination of these 
factors). We anticipate that the balance between HAT and HDAC inhibition depends on the 
precise target lysine(s) for acetylation or deacetylation, the enzymes that regulate them, 
and the extent of inhibition of these enzymes by C646. Despite its potential to suppress 
pro-inflammatory gene transcription this study indicates that further optimization of this 
inhibitor with respect to its HDAC inhibitory potency, and to its HAT inhibitory selectivity 
over HDACs, is needed for further development.

Experimental Section

Chemicals and reagents
All chemicals and reagents were purchased from Sigma–Aldrich (Zwijndrecht, the 
Netherlands) unless otherwise stated. C646 was purchased from Axon Medchem 
(Groningen, the Netherlands) and SAHA from Selleckchem (Munich, Germany). The purity 
of C646 was assessed by HPLC, MS, and NMR by Axon Medchem, and the same was done 
for SAHA by Selleckchem.

Cell culture and viability assay
RAW264.7 macrophages were purchased from American Type Culture Collection 
(Manassas, Virginia, USA), and cell culture reagents were purchased from Life Technologies 
(Bleiswijk, the Netherlands). RAW-Blue macrophages were purchased from InvivoGen 
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(Toulouse, France). RAW264.7 macrophages were cultured as described previously (37). 
RAW-Blue macrophages were cultured in the same manner, with the addition of Zeocin 
(200 μg/mL) to the culture medium according to the manufacturer’s instructions. For the 
experiments, cells were used until passage 18. Viability of C646 or HDACi SAHA treated 
RAW264.7 was assessed by CellTiter 96 Aqueous One Solution Cell Proliferation Assay (# 
G3581, Promega, Leiden, the Netherlands). For the assay, cells were seeded at 7500 cells per 
well in 96 wells plates. On the following day, medium was replaced with medium containing 
C646 or SAHA at the appropriate concentrations. After 20 h of incubation, the CellTiter 
reagent was added to the wells. After 1 h of incubation with this reagent, the absorbance at 
490 nm was measured using a Synergy H1Hybrid Multi-Mode Microplate Reader (BioTek, 
Vermont, USA). The amount of absorbance at this wavelength is indicative of mitochondrial 
conversion of the reagent, which is linked to cell viability.

Precision-cut lung slices
Precision-cut lung slices (PCLS) were prepared as described previously (37). All 
experiments were performed according to national guidelines and upon approval of the 
experimental procedures by the local Animal Care and Use committee of Groningen 
University, DEC number 6962A. Viability of C646 treated PCLS was assessed by the amount 
of lactate dehydrogenase (LDH) released by the tissue slices into the culture medium. The 
measurements were performed as described previously (37). Viability of SAHA treated 
PCLS was not determined.

Treatment of RAW264.7, RAW-Blue and PCLS with inhibitors and LPS/IFNγ
Cells or PCLS were pre-treated with C646 at 1, 5, 10, 15, 20, 25 or 30 μM (for PCLS the 
30 μM concentration was not included due to decreased viability), or with the HDACi SAHA 
at 0.41 μM for 16 h. Inhibitor stocks were prepared in DMF and were further diluted in 
DMEM culture medium. Vehicle treatment constituted of pre-treatment with 0.3% DMF for 
the cells (corresponding to the same final DMF% as for 30 μM C646), or with 0.2% DMF for 
PCLS (corresponding to the same final DMF% as for 20 μM C646), for 16 h. Subsequently, 
cells were stimulated with 10 ng/mL lipopolysaccharide (LPS, Escherichia coli, serotype 
0111:B4; Sigma–Aldrich) and 10 ng/mL interferon gamma (IFNγ, cat.# 315-05; PeproTech, 
Hamburg, Germany) for 4 h, in continued presence of the inhibitors.

RAW-Blue NF-κB reporter gene assay
RAW-Blue macrophages are derived from RAW264.7 macrophages by chromosomal 
integration of a secreted embryonic alkaline phosphatase (SEAP) reporter construct 
inducible by NF-κB, and were used to monitor NF-κB promoter activity. After treatment 
with the inhibitors as described above, cell supernatants were used to perform the NF-κB 
reporter gene assay according to the manufacturer’s instructions.
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Gene expression analysis in RAW264.7 or PCLS by RT-q-PCR
Gene expression analysis by RT-q-PCR was performed as described previously (37). The 
primers for TNFα (Mm00443258_m1), IL1β (Mm00434228_m1), IL6 (Mm00446190_
m1), KC (Mm04208136_m1), iNOS (Mm00440502_m1) IL12b (Mm00434174_m1) and 
GAPDH (Mm99999915_g1) were purchased as Assay-on-Demand (Applied Biosystems).

Enzyme inhibition assays and Lineweaver–Burk plots
All human recombinant HDAC inhibition assays were performed as described previously 
(27). The Lineweaver–Burk plots of C646 on HDAC2 and HDAC6 were also performed as 
described previously (27). Activity of the HAT MOF (KAT8) was measured using chemical 
detection of coenzyme A (CoASH) after fluorescent labelling as described previously (38). 
To test inhibition of the HAT p300 by C646, the following protocol was used. The substrate 
(5 μM, histone H3) was prepared in freshly prepared reaction buffer (50 mM Tris–HCl pH 
8.0, 50 mM NaCl, 0.1 mM EDTA, 1 mM DTT, 0.1 mM PMSF, 1% DMSO). Subsequently, 
the enzyme at 80 nM final concentration (Recombinant Catalytic domain (aa 1284–1673) 
of human p300, MW = 45.1 kDa, expressed in E. coli, obtained from Enzo Life Sciences 
Inc., Rome, Italy) was delivered to this substrate solution and mixed gently. The inhibitor 
in DMSO was then delivered to the enzyme/substrate reaction mixture by using acoustic 
dispenser from Acoustic Technology (Echo 550, LabCyte Inc., Sunnyvale, CA) in nanoliter 
range. 2.3 μM [acetyl-3H]-acetyl coenzyme A (PerkinElmer, Waltham, Massachusetts, USA) 
was then added to this reaction mixture, and incubated for 1 h at 30 °C. The reaction mixture 
was then delivered to filter-paper (P-81, Upstate, Vimodrone, Italy). The filter-paper was 
washed with PBS to remove free 3H-CoA, dried and placed in vials containing scintillation 
fluid for detecting 3H signals transferred to the histone substrate captured on the filter-
paper. Radioactive counts were recorded on Tri-Carb 2800TR Liquid Scintillation Analyzer 
(PerkinElmer, Waltham, Massachusetts, USA). C646 was tested in a 10-dose IC50 mode with 
2-fold serial dilution starting at 25 μM. The data were analyzed using Excel and GraphPad 
Prism 4.0 software (GraphPad Software Inc., San Diego, CA, USA) for IC50 curve fitting.

Histone extraction and micro BCA™ protein assay
For the histone extractions, cells were treated with the HATi C646 (15, 20, 25 or 30 μM) or 
the HDACi SAHA (0.41 μM) one day after seeding. Cells were incubated with C646 for 6 or 
20 h or SAHA for 20 h. Inhibitor stocks were prepared in DMF and were further diluted in 
DMEM culture medium. Vehicle treatment constituted 0.3% DMF (corresponding to the 
same final DMF% as for 30 μM C646). Histone extractions were then performed as previously 
described (39) with minor modifications. After histone extractions the samples were diluted 
with PBS to determine the total protein concentration using the micro BCA protein assay 
according to the manufacturer’s instructions (Pierce, Rockford, USA, # 23235). Absorbance 
was measured with a Synergy H1Hybrid Multi-Mode Microplate Reader (BioTek, Vermont, 
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USA) at 562 nm. A bovine serum albumin standard (2 mg/mL, Pierce, Rockford, USA, # 
23209) was used to calibrate the assay.

Acetylation of histones with acetic anhydride-d6 (in-gel)
For the in-gel reactions of histones with acetic anhydride-d6, 7 μg of histones were loaded 
on a 15% polyacrylamide gel and resolved by sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE). After staining with InstantBlue (product #ISB1 L from 
Expedeon, Cambridge, UK) bands for histones H3 and H4 were excised from the gel. Then 
50 μL of acetonitrile and 50 μL of ammonium bicarbonate buffer (100 mM) were added 
to destain the gel bands. Gel bands were dried in acetonitrile. Subsequently, 5 μL of acetic 
anhydride-d6 was added, after which 100 μL of ammonium bicarbonate (1 M) was added 
immediately. Subsequently, samples were incubated at 37 °C for 15 min. Gel bands were 
washed 3 times with H2O, and the acetic anhydride-d6 reaction was repeated. After the 
second reaction, gel bands were dried using acetonitrile and trypsin (Promega, Leiden, 
the Netherlands, # V511A) was added at a 1:20 ratio in ammonium bicarbonate (50 mM). 
Histones were digested at 37 °C for 16 h. Supernatants containing histone peptides were 
subjected to LC MS/MS analysis as described below.

NanoChip LC–MS/MS QTOF
For the analysis of acetylation status of the histone peptides by LC–MS/MS, a quadruple 
time-of-flight mass spectrometer (QTOF, Agilent 6510) with a liquid chromatography-chip 
cube (# G4240) electrospray ionization interface was coupled to a nanoLC system (Agilent 
1200) composed of a nanopump (# G2226A), a capillary loading pump (# G1376A) and a 
solvent degasser (# G1379B). Injections were performed with an autosampler (# G1389A) 
equipped with an injection loop of 40 μL and a thermostated cooler maintaining the samples 
in the autosampler at 4 °C during the analysis (# G1377A Micro WPS). The instrument was 
operated under the MassHunter Data Acquisition software (Agilent Technologies, Santa 
Clara, USA, version B.04.00, B4033.3). A chip (ProtID-Chip-150 II 300A, # G4240-62006) 
with a 40 nL trap column and a 75 μm × 150 mm analytical column filled with Zorbax 
300SB-C18, 5 μm (Agilent Technologies, Santa Clara, USA) was used for peptide separation.

The identification of peptides was based on data collected in auto MS/MS mode 
(2 GHz) using the following settings; fragmentor: 175 V, skimmer: 65 V, OCT 1 RF Vpp: 
750 V, precursor ion selection: medium (4 m/z), mass range: 200–2500 m/z, acquisition 
rate for MS: 2 spectra/s, for MS/MS 3 spectra/s; MS/MS range: 50–3000 m/z; ramped 
collision energy: slope 3.8, offset: 0, precursor setting: maximum 3 precursors/cycle; 
absolute threshold for peak selection was 1000; relative threshold was 0.01% of the most 
intense peak, active exclusion enabled after 1 selection, release of active exclusion after 
0.6 min, precursors were sorted by abundance only. The MS/MS files were stored in 
centroid and profile mode. MS1 absolute threshold 50 and MS2 absolute threshold 35 were 
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applied to account for detector noise. A static exclusion range of 200–350 m/z for precursor 
selection was applied. Gas temperature (nitrogen) was 325 °C and gas flow was 5 L/min. The 
quantification of peptides was based on data collected in MS mode using the same settings 
except of the mass range 200–3000 m/z; acquisition rate 1 spectra/s. In both cases lock 
masses 1221.990 m/z (HP-1221; Agilent article number G1982-85001) and 299.294 m/z 
(Methyl Stearate; Agilent article number G1982-85003) were used to recalibrate spectra 
during the acquisition. The area of the manually extracted ion chromatograms (0.1 m/z 
tolerance) of the selected peptides was used for quantification.

Database search
For the database search of the samples subjected to LC–MS/MS, tandem mass spectra 
were extracted, charge state deconvoluted and deisotoped by the MassHunter Qualitative 
Analysis software version B.05.00 (Agilent Technologies) and saved as mgf files. All MS/
MS data were analyzed using Phenyx (GeneBio, Geneva, Switzerland); version CYCLONE 
(2010.12.01.1). The fragment ion mass tolerance of 0.30 Da and a parent ion tolerance 
of 400 ppm were selected for a database search. The oxidation of methionine (+15.99), 
light (+42.01) and heavy (+45.03) acetylation of lysine (K), heavy acetylation with light 
methylation (+59.045) of K, methylation (+14.01), dimethylation (+28.03), trimethylation 
(+42.04) of K, methylation of arginine (R) (+14.01), dimethylation of arginine (R) (+28.03) 
N-terminal acetylation (+42.01), deamidation (+0.98) of asparagine (N) and glutamine (Q) 
were specified in Phenyx as variable modifications.

Immunoblot protocol
To study α-tubulin acetylation, 20 μg of cell lysate was loaded on a 10% polyacrylamide 
gel, resolved by SDS-PAGE electrophoresis and electroblotted to PVDF membranes. The 
membranes were incubated with anti-acetyl α-tubulin antibody (Cell Signalling # 5335) or 
with anti-GAPDH (Cell Signalling # 5174), followed by a swine anti-rabbit HRP conjugated 
antibody (DakoCytomation, P0217). Bands were visualized using a 1B1581 visiglo prime HRP 
chemiluminescence substrate kit from Amresco (Solon, Ohio, USA). Bands were scanned 
using a G:BOX iChemi system from Syngene (Cambridge, UK) and quantified using ImageJ 
quantification software (version 1.48d). The GAPDH signal was used as loading control. The 
experiments were performed at least in triplicate.

Statistical analysis
GraphPad Prism 5.0 or 4.0 software (GraphPad Software Inc., San Diego, CA, USA) was 
used to perform data analysis in all experiments. Data are presented as mean ± SD from at 
least 3 independent experiments, and were analyzed by 1-way analysis of variance, followed 
by Bonferroni post hoc tests unless otherwise stated. Significance was assigned at a p value 
≤0.05.
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Abstract

Lysine acetylations are post-translational modifications of cellular proteins, that are 
crucial in the regulation of many cellular processes. Lysine acetylations on histone proteins 
are part of the epigenetic code regulating gene expression and are installed by histone 
acetyltransferases. Observations that inflammatory lung diseases, such as asthma and chronic 
obstructive pulmonary disease, are characterized by increased histone acetyltransferase 
activity indicate that development of small molecule inhibitors for these enzymes might be a 
valuable approach towards new therapies for these diseases. The 6-alkylsalicylate MG149 is 
a candidate to explore this hypothesis because it has been demonstrated to inhibit the MYST 
type histone acetyltransferases. In this study, we determined the Ki value for inhibition of the 
MYST type histone acetyltransferase MOF by MG149 to be 39 ± 7.7 μM. Upon investigating 
whether the inhibition of histone acetyltransferases by MG149 correlates with inhibition of 
histone acetylation in murine precision-cut lung slices, inhibition of acetylation was observed 
using an LC-MS/MS based assay on histone H4 res 4-17, which contains the target lysine of 
MOF. Following up on this, upon treatment with MG149, reduced pro-inflammatory gene 
expression was observed in LPS and IFNγ stimulated murine precision-cut lung slices. Based 
on this, we propose that 6-alkylsalicylates such as MG149 have potential for development 
towards applications in the treatment of inflammatory lung diseases.
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Introduction

Lysine acetylation is an important post-translational modification that is found on numerous 
cellular proteins, including both histone and non-histone proteins (1,2). Dynamic acetylation 
and deacetylation is regulated by enzymes called histone acetyltransferases (HATs) as writers 
and histone deacetylases (HDACs) as erasers. HAT and HDAC activity, and the balance 
between these activities, plays a crucial role in the regulation of multiple cellular processes 
(3,4). Moreover, HAT and HDAC activity, and dysregulation of the balance between the 
activities of these enzymes, has been implicated in multiple pathological conditions such as 
inflammatory disease and cancer, indicating that these enzymes represent potential drug 
targets in these diseases (5-8). 

The importance of the activity of these enzymes in diseases is exemplified by the 
inflammatory lung disease asthma in which the balance between HAT and HDAC activity 
is dysregulated through a shift towards increased HAT activity (9). Chronic obstructive 
pulmonary disease (COPD), another inflammatory lung disease, is characterized by a loss of 
HDAC2 expression and activity, which also implies a shift in the balance between HAT and 
HDAC activity (9). This suggests that restoring the balance between HAT and HDAC activity 
could be an alternative therapeutic strategy for inflammatory lung diseases such as asthma 
and COPD. There is an unmet need for this since severe asthmatics display glucocorticoid 
resistance (10), and since next to this, the effectivity of glucocorticoids in COPD patients is 
subject to debate (11)(12).

We hypothesize that restoring the balance between HAT and HDAC activity using 
small molecule inhibitors of HATs (HATi) may be a starting point for novel treatments for 
inflammatory lung diseases such as asthma and COPD. Zooming in on the HAT enzymes, 
these are a disparate group of enzymes from which most isoenzymes can be assigned to 5 
main families based on their primary structure homology. Three families that have been 
studied extensively are the GNAT (GCN5-related N-acetyltransferase) family, represented 
by KAT2A (also known as GCN5; general control nonderepressible 5) and KAT2B (also 
known as PCAF; p300/CBP associated factor); the p300/CBP family, including KAT3A  
(also known as CBP; CREB-binding protein) and KAT3B (also known as p300); and the 
MYST family including KAT5 (also known as Tip60) and KAT8 (also known as MOF) (4). 
Over recent years several small molecule HATi have been described (6), targeting different 
HAT enzymes. This gives rise to the possibility of studying if these small molecule HATi 
have potential to achieve inhibition of expression of specific pro-inflammatory genes in 
model systems for inflammatory lung diseases such as asthma and COPD.

The HATi Anacardic Acid (AA), which is a 6-alkylsalicylate, has been reported to 
inhibit the HATs MOF, Tip60, PCAF and p300 (13,14). Interestingly, AA decreased the 
expression of IL-4, IL-5 and IL-13 in T cells isolated from mice challenged with ovalbumin 
to model allergic asthma. Upon re-administering these T cells to mice, the balance between 
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HDAC and HAT activities were changed in lung tissue towards more HDAC activity (15). 
Furthermore, in a mouse model, AA was found to ameliorate lung damage which was 
induced by exposure of the mice to diesel exhaust particles. This effect was attributed to 
reduced levels of neutrophils in the lung parenchyma and reduced TNF-α levels in the BALF 
supernatant (16). These studies demonstrate that 6-alkylsalicylates which inhibit HATs 
have potential for the treatment of inflammatory lung diseases.

Using AA as a starting point our group developed the 6-alkylsalicylate MG149 
(14) (Fig. 1) in which the 15 carbon atom 6-alkyl tail is replaced by a 4-heptylphenethyl 
substituent, providing a molecule with reduced lipophilicity and flexibility. Next to this, in 
terms of selectivity, MG149 shows less inhibition for the HATs PCAF and p300 compared to 
AA measured at concentrations of 200 μM, while retaining inhibitory potency for the MYST 
type HATs. We envision that this molecule provides a good starting point to investigate 
the potential of HAT inhibition for inhibition of inflammatory responses in model systems 
for inflammatory lung diseases. In this study we set out to investigate the potential anti-
inflammatory effects of the 6-alkylsalicylate MG149 in model systems for inflammatory 
lung diseases such as asthma and COPD in connection to its HAT inhibitory activity. As a 
model system for inflammatory lung diseases murine precision-cut lung slices (PCLS) were 
selected. The lung tissue structure and cell-cell interactions are maintained in PCLS (17), thus 
providing a relevant ex-vivo model for lung inflammation. An advantage associated with the 
use of these type of organ slices is that the amount of required experimental animals can 
be reduced (18). Since promoting roles for lipopolysaccharide (LPS) and interferon gamma 
(IFNγ) have been described in asthma and COPD, as reviewed by Boorsma et al. (19), a 
combined stimulus of LPS and IFNγ was selected as an inflammatory stimulus in PCLS. 

Here, we report the kinetics of inhibition of the MYST HAT family member MOF by 
MG149, and a calculation of the inhibitory constant Ki of MG149 for MOF. The inhibition of 
HATs by MG149 could be correlated to inhibition of histone acetylation in murine PCLS upon 
MG149 treatment, as determined by a mass spectrometry based analysis. This inhibition was 
observed on histone H4 res 4-17, containing H4 K16 which is the target of MOF. Finally, we 
report reduced pro-inflammatory gene expression upon treatment with MG149 in murine 
PCLS. Taken together, this indicates that 6-alkylsalicylates such as MG149 have potential for 
development towards applications in the treatment of inflammatory lung diseases.

Results

The 6-alkylsalicylate MG149 inhibits the MYST family HAT MOF with a Ki value 
of 39 ± 7.7 μM
6-alkylsalicylates such as MG149 have been shown to inhibit the MYST family HATs with 
potencies in the micromolar range (13,14). MYST HATs are bisubstrate enzymes binding 
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to both Ac-CoA and histone lysine residues. Recently, we performed an enzyme kinetic 
study for MOF (20). Knowledge of the catalytic mechanism of MOF as well as the binding 
kinetics allowed for recalculating assay-dependent IC50 values for MOF inhibitors to assay-
independent Ki values, based on an equation described by Cheng and Prusoff (20,21). Using 
this knowledge here, we analyzed the binding kinetics of the 6-alkylsalicylate MG149 to 
MOF, allowing for determination of an assay-independent Ki value. 

We demonstrated previously that in the catalytic mechanism of MOF, the free 
enzyme (E) becomes acetylated through a transfer of an acetyl group from Ac-CoA to the 
enzyme in a ping-pong mechanism (20). This acetylated form of the enzyme is referred 
to as (EX). The histone substrate is able to bind only to (EX), and upon binding of the 
histone substrate, the catalytically active form (E*XS) is induced. Subsequently, the histone 
substrate is acetylated and leaves the enzyme, upon which the free enzyme conformation 
(E) is regenerated. In this mechanism the Km of one substrate depends on the concentration 
of the other substrate (20). This means that IC50 values of MOF inhibitors depend on the 
concentrations of both Ac-CoA as well as the histone substrate. Therefore, it is important to 
derive assay-independent Ki values for MOF inhibitors such as MG149.

To this end the velocity of MOF was determined at different concentrations of 
Ac-CoA and constant concentration of the histone substrate in the presence of varying 
concentrations of MG149 (Fig. 2A). There was a clear decrease in Vmax app. and Km app. with 
increasing concentrations of MG149 (Table 1). The decrease in Vmax app. indicates allosteric 
binding with respect to the Ac-CoA binding pocket, and the decrease in Km app. suggests 
that the binding of MG149 stabilizes the binding of Ac-CoA. This suggests a form of 
uncompetitive inhibition where the substrate must be present for the inhibitor to bind, 
and supports a mechanism where MG149 binds to (EX), the catalytically inactive form of 
the enzyme. 

In addition, experiments were performed employing different concentrations of the 
histone substrate, a constant concentration of Ac-CoA and varying the MG149 concentration 
(Fig. 2B). The curves are sigmoidal in the presence of MG149, indicating cooperativity 
between the active and inactive forms of the enzyme, and resulting in a Hill coefficient 
which is not equal to 1. A Khalf can be calculated. The Khalf increases (Table 1), showing that 
the histone substrate loses affinity for the enzyme at increasing concentrations of MG149. 

Figure 1. Chemical structure of MG149
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At the same time the Vmax app. remains constant at increasing concentrations of MG149 (Table 
1). This indicates that binding of the histone substrate can displace the inhibitor from MOF.

Based on this, we conclude that the 6-alkylsalicylate MG149 binds according to the 
same model as previously described for the 6-alkylsalicylate AA (20). Therefore, the Ki value 
for MG149 was calculated as described previously (20), and found to be 39 ± 7.7 μM (see 
supporting information Fig. S1).

The 6-alkylsalicylate MG149 inhibits histone acetylation in murine precision-
cut lung slices
Thus having confirmed that the 6-alkylsalicylate MG149 inhibits the MYST family member 
MOF with a potency in the micromolar range, we moved on to investigate its effect on histone 
acetylation in murine PCLS stimulated with LPS and IFNγ. Since the HAT MOF targets histone 
H4 K16 (22), we focused in particular on a histone peptide from the N-terminal tail of histone 

A B

Figure 2. Inhibitor kinetics of 6-alkylsalicylate MG149 on MOF. A) The velocity of MOF was determined at 
0 - 20 μM Ac-CoA in the presence of 0, 80, 160 and 240 μM MG149 respectively. Both Km app. and Vmax app 
decrease at increasing concentrations of MG149. B) The velocity of MOF was determined at 0 - 400 μM of the 
histone substrate (histone H4 peptide) in the presence of 0, 80, 160 and 240 μM MG149 respectively. The Vmax 

app. is constant at increasing concentrations of MG149, but the Khalf increases. Data shown are representative 
curves of 3 independent experiments ± SD.

Table 1. Vmax app. and Km app. for Ac-CoA at different concentrations of inhibitor MG149. Vmax app., hill slope 
and khalf for histone H4 peptide at different concentrations of inhibitor MG149. Data shown are representative 
of 3 independent experiments ± SD.

 [MG149] (µM)

Ac-CoA Histone H4 peptide

Vmax app. 
(pmol/min)

Km app. 
(µM)

Vmax app. 
(pmol/min) Hill slope

Khalf 
(µM)

0 12 ± 1.2 4.1 ± 1.1 10 ± 0.3 2.1 ± 0.3 43

80 9.1 ± 1.0 4.0 ± 1.1 10 ± 0.4 2.5 ± 0.4 50

160 6.0 ± 0.3 1.8 ± 0.3 9.8 ± 0.3 4.2 ± 0.7 64

240 4.0 ±  0.3 1.6 ± 0.4 10 ± 0.3 4.0 ± 0.6 84
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H4 containing this lysine residue (res. 4-17: GKGGKGLGKGGAKR). PCLS were treated with 
MG149 and LPS and IFNγ, after which histones were extracted, and acetylations were analyzed 
using an LC-MS/MS based assay. Histone acetylation levels can reproducibly be determined 
using a mass spectrometry based assay as applied in one of our previous studies (23). This 
assay follows a previously described approach, in which derivatization of unmodified lysine 
residues with acetic anhydride-d6 ((CD3CO)2O) is followed by trypsin digestion (24-27). The 
resulting peptide fragments contain either deuterated or non-deuterated acetyl groups on 
the lysine residues based on endogenous acetylation levels. This enables quantification of 
endogenous acetylation levels relative to non-acetylated lysine residues in the corresponding 
peptides. Compared to antibody based techniques it is more sensitive which allows for small 
effects on histone acetylation to be observed, circumvents selectivity issues of antibodies, 
and has the advantage of being able to monitor individual (histone) peptides. Therefore, this 
method was applied to analyze the effect of MG149 on histone acetylation in PCLS.

As a control experiment, the effects of the LPS and IFNγ stimulus or the inhibitor 
solvent DMF (added to the culture medium at 0.2% without MG149 as vehicle treatment) 
on histone acetylation in PCLS were investigated. Neither was found to affect histone 
acetylation on histone H4 res. 4-17 under the applied conditions (Fig. S2). Subsequently, 
PCLS were incubated with MG149 at 5 or 10 μM for 20 hrs (higher concentrations were 
not studied due to decreased viability as assessed by LDH measurement; see supporting 
information for the viability at 5 or 10 μM MG149, Fig. S3). Under these conditions, 
compared to the vehicle treatment, a small but significant inhibition of acetylation was 
observed on the histone H4 res. 4-17 peptide upon MG149 treatment at 10 μM (Fig. 3A), but 
not at 5 μM, which indicates a dose dependent effect. An explanation for the small effect on 
histone acetylation could be that the detection window for inhibition of acetylation is quite 
small. This could be related to the dynamics and stoichiometry of acetylation as described 
previously (28)(29). To increase this window the non-selective HDAC inhibitor (HDACi) 
SAHA was used. In line with our expectations, SAHA increased histone acetylation in PCLS 
(Fig. 3B). In combined treatment with SAHA, MG149 at 10 μM inhibited histone acetylation 
compared to treatment with SAHA only (Fig. 3B), and this inhibition of acetylation was 
somewhat larger than the inhibition observed in MG149 single treatment at 10 μM. Next 
to these findings, under the applied conditions no changes were observed in the acetylation 
status of other histone peptides that were detectable in our mass spectrometry analysis 
(Fig. 4). Furthermore, upon attempting to confirm these findings in RAW264.7 murine 
macrophages as another model system, no changes in acetylation status were found on any 
of the histone H3 or H4 peptides using this method (data not shown). Taken together, this 
indicates that in PCLS treatment with the HATi MG149 can be correlated to inhibition of 
histone acetylation on one histone peptide of H4 res 4-17.
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The 6-alkylsalicylate MG149 reduces pro-inflammatory gene expression in 
murine precision-cut lung slices
To study whether the inhibition of histone acetylation upon incubation with the 
6-alkylsalicylate MG149 correlates with reduced expression levels of pro-inflammatory 
genes in PCLS, mRNA levels of the pro-inflammatory genes TNFα, iNOS, IL1β, IL6, and 
KC (murine IL8) were monitored using RT-q-PCR. The LPS and IFNγ stimulus in PCLS 
increased the expression of all these genes compared to untreated cells (Fig. 5A-E), except 
for KC, where the LPS and IFNγ stimulus did not affect gene expression in PCLS (Fig. 5F). 

Figure 3. The 6-alkylsalicylate MG149 reduces acetylation status of histone H4 res 4-17 in 
precision-cut lung slices (PCLS) after 20 hrs of incubation. PCLS were incubated with (A) MG149 
at the indicated concentrations for 20 hrs, or (B) 2 μM of the HDAC inhibitor SAHA (to enlarge the detection 
window for inhibition of acetylation) in combination with MG149 at the indicated concentrations for 20 hrs. 
For the last 4 hrs of the experiment, PCLS were incubated with LPS and IFNγ (10 ng/mL of each) in continued 
presence of the inhibitor(s). Histones were then extracted. Histones were resolved by SDS PAGE, and histones 
H3 and H4 were excised from the gels. Gel pieces were treated with acetic anhydride-d6, followed by trypsin 
digestion. Resulting peptides were subjected to LC-MS/MS analysis. Data are presented as mean values ± SD 
of 3 independent experiments. * p < 0.05 compared to vehicle (in A) or SAHA (in B). No significant differences 
were detected between vehicle treated PCLS and untreated or LPS IFNγ treated PCLS (see Fig S2).
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Upon studying the effect of a dilution of the inhibitor solvent DMF (which was diluted into 
the culture medium at 0.2% as a vehicle treatment without the addition of MG149), no 
significant changes in gene expression were observed, except for the expression of IL12b, 
which was increased (Fig. 5D). Importantly, upon MG149 pre-treatment, large reductions 
in the LPS and IFNγ induced expression levels of IL1β and IL12b were observed (Fig. 5C 
and D). This reduction was dose-dependent, and was studied at 5 and 10 μM MG149. For 
TNFα and iNOS, smaller dose-dependent reductions in gene expression were observed 
at these concentrations (Fig. 5A and B). No changes in the expression levels of IL6 or KC 
were observed in PCLS upon MG149 pre-treatment under the same conditions (Fig. 5E and 
F). Taken together, this indicates that the inhibition of histone acetylation upon MG149 
treatment can indeed be correlated with reduced pro-inflammatory gene expression in PCLS. 

Figure 4. Coverage of histone peptides with LC-MS/MS. The peptides indicated in bold are the ones 
that were detected and analyzed. With this LC-MS/MS method almost all acetylation sites in histone H3 and 
H4 can be studied. In both histones 2 sites are being missed due to the fact that the peptides containing these 
lysines are either very small or large, or do not trap well. Altogether, most of the important lysines in the 
N-terminal tails of these histones can be detected.

Histone H4

SGR GKGGKGLGKGGAKR HR  KVLR  DNIQGITKPAIR R  LAR   R   GGVKR   ISGLIYEETR

GVLKVFLENVIR DAVTYTEHAKR   KTVTAMDVVYALKR   QGR TLYGFGG

Histone H3

AR TKQTAR   KSTGGKAPR KQLATKAAR   KSAPATGGVKKPHR YRPGTVALR  EIR   R 

YQKSTELLIR   KLPFQR LVR EIAQDFKTDLR FQSSAVMALQEACEAYLVGLFEDTNLCAIHAKR 

VTIMPKDIQLAR R  IR  GER  A

4 17

179 18 26 27 40 41 49

54 63 64 69 72 83

117 128

24 35 46 55

56 67 68 78 79 92 96 102
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Figure 5. 6-alkylsalicylate MG149 dose dependently reduces pro-inflammatory gene expression of A) 
TNFα B) iNOS C) IL1β and D) IL12b in murine precision-cut lung slices (PCLS). No significant changes 
were observed on the expression of (E) IL6 or (F) KC. PCLS were pre-treated with MG149 at the indicated 
concentrations for 16 hours, after which an inflammatory LPS and IFNγ stimulus (10 ng/mL of each) was 
given for 4 hours in continued presence of the inhibitor (making the total incubation time with the inhibitor 
20 hrs). Subsequently, gene expression was analyzed by RT-q-PCR. For vehicle treatment, PCLS were pre-
treated with the inhibitor solvent DMF. For IL12b, an increase was seen upon this vehicle treatment (D). Data 
represent the target gene expression normalized to the reference gene. The values shown are means ± SD of 
3-4 independent experiments. *** p < 0.001, ** p < 0.01 and * p < 0.05 compared to vehicle.
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Discussion

In this study the enzyme kinetics of inhibition of the MYST HAT family member MOF by 
the 6-alkylsalicylate MG149 were investigated. This study demonstrates that the inhibition 
of HATs by MG149 correlates with inhibition of histone acetylation as well as reduced 
pro-inflammatory gene expression in murine PCLS, representing an ex vivo model for 
inflammatory lung diseases. This suggests that 6-alkylsalicylates such as MG149 can be 
developed towards applications in the treatment of inflammatory lung diseases such as 
asthma and COPD. Bacterial acute exacerbations of COPD or severe asthma, or acute lung 
injury, may also be relevant areas of application for MG149 based on the relevance of the 
employed LPS and IFNγ stimulus to these disease conditions.

Here, we demonstrated that the 6-alkylsalicylate MG149 inhibits the MYST family 
HAT member MOF according to a similar mechanism as observed previously for the 
6-alkylsalicylate AA (20). These 6-alkylsalicylates bind to the EX form of the enzyme and 
stabilize this catalytically inactive conformation, thus inhibiting the acetylation of the 
histone H4 peptide. Knowledge of the catalytic mechanism of MOF as well as the binding 
kinetics allows for recalculating assay-dependent IC50 values for MOF inhibitors to assay-
independent Ki values, based on an equation described by Cheng and Prusoff (20,21). Using 
this knowledge, an assay-independent Ki value of 39 ± 7.7 μM was determined for the 
inhibition of MOF by the 6-alkylsalicylate MG149. This can now be directly compared to 
the 6-alkylsalicylate AA from which MG149 was derived, for which a Ki value of 64 ± 8.9 μM 
was previously determined for MOF inhibition (20). This indicates an improved potency for 
MG149 with respect to its Ki value for MOF. 

In this study, MG149 demonstrated inhibition of histone acetylation. A small but 
significant inhibition of histone acetylation was observed upon treatment of the PCLS with 
10 μM of MG149. Furthermore, this inhibition of histone acetylation was more pronounced 
upon combined treatment with SAHA compared to SAHA treatment alone. When studying 
HATi, a frequently applied method to enable investigation of inhibition of histone acetylation 
is the simultaneous treatment with a HDACi. This increases the histone acetylation level 
thus enlarging the window to observe inhibition of histone acetylation. The rationale for 
combined treatment with HDACi and HATi to increase the detection window to reveal the 
effect of the HATi under investigation could relate to the dynamics and stoichiometry of 
histone acetylation, as described previously (28) (29). In this study both methods were 
used and similar results were found in both cases. Taken together both methods confirm 
that the HATi MG149 inhibits histone acetylation in PCLS. Our observations are in line 
with literature in which it has been shown that co-treatments with MG149 and SAHA 
demonstrated inhibition of histone acetylation compared to SAHA treatment alone in a 
model using human cancer cell lines MOPL8 and K562 (30). Similar results were obtained 
for another 6-alkylsalicylate analogue to MG149 in HepG2 cells (31). In both cases western 
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blot was used. This study demonstrates that application of mass spectrometry is more 
sensitive and enables detection of smaller changes in histone acetylation, which reduces 
the need to increase the detection window using HDACi. The fact that we did not observe 
inhibition of histone acetylation in RAW264.7 murine macrophages upon MG149 treatment 
indicates that this effect could be cell type specific, and could be explained by the presence 
of various cell types in PCLS, and possibly also due to effects on cell-cell interactions in the 
intact lung tissue samples. 

When studying the potential of HATi for the treatment of inflammatory lung 
diseases, investigating lung tissue specific effects may be particularly relevant since local 
administration of small molecule inhibitors in lung tissue is possible and is already applied 
for inhaled glucocorticoids in the treatment of these diseases. It should be noted that lung 
tissue specific effects of 6-alkylsalicylates on histone acetylation have not been reported 
before. Interestingly, it has been demonstrated that Ac-CoA levels vary between different 
tissue types, and this influences activities of HATs and HDACs (2). This indicates that the 
effects upon treatments with HATi could differ between different tissues and need to be 
studied in a tissue specific manner. This study demonstrates the feasibility of studying 
effects of small molecule inhibitors on histone acetylation specifically in lung tissue using a 
more accurate mass spectrometry based analysis compared to antibody based techniques, 
which we believe will have added value for the development of these type of inhibitors 
towards applications in the treatment of inflammatory lung diseases. Others have not done 
this using mass spectrometry.

In this study, reduction of pro-inflammatory gene expression was observed in 
PCLS upon treatment with the 6-alkylsalicylate MG149, supporting the hypothesis that 
6-alkylsalicylates have potential for the treatment of inflammatory lung diseases. In lung 
tissue, effects of MG149 on pro-inflammatory gene expression have not been reported 
before. However, results obtained with the 6-alkylsalicylate AA in mouse models of lung 
inflammation are in line with our findings, as exemplified by decreased cytokine expression 
and a change in the balance of HAT to HDAC activities (15)(16). Furthermore, AA was 
reported to influence the NF-κB pathway in a study by Sung et al using human cancer cell 
lines. Important findings of this study include that AA suppressed NF-κB activation upon 
TNF-α or LPS stimulus, and that AA suppressed acetylation of p65 upon TNF-α stimulus 
(32). Additionally, for MG149 it is also interesting to note that this inhibitor appears to have 
selective effects on gene expression, as was shown using a microarray analysis where this 
inhibitor mainly affected the NF-κB and p53 pathways in MOLP8 and K562 human cancer 
cell lines (30). Altogether this indicates that 6-alkylsalicylates influence pro-inflammatory 
events in cellular systems.

Other literature concerning MG149 has also focused on alternative applications. For 
example, MG149 has been used to study the role of Tip60 in chromosome segregation (33). 
This indicates that next to applications where 6-alkylsalicylates like MG149 could be used as 
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a drug, these small molecules can also be used as a tool to study the role of MYST type HATs 
in fundamental cellular processes.

In summary, our findings indicate that the 6 alkylsalicylate MG149 inhibits histone 
acetylation and expression of several pro-inflammatory genes in murine precision-cut 
lung slices. This sets the stage for further development of this compound class towards 
applications in the treatment of inflammatory lung diseases such as asthma and COPD. 
Future directions should focus on improving Ki values and selectivity for the HAT enzymes 
for these compounds.

Experimental Section

General Reagents and Materials
All chemicals and reagents were purchased from Sigma Aldrich (St. Louis, Missouri, 
USA) unless otherwise stated. MG149 was purchased from Axon Medchem (Groningen, 
The Netherlands). The purity of MG149 was assessed by HPLC, MS, and NMR by Axon 
Medchem and was > 99%. Suberoylanilide hydroxamic acid (SAHA) was purchased from 
Selleckchem (Huissen, The Netherlands). The purity of SAHA was assessed by HPLC, MS, 
and NMR by Selleckchem and was > 99%.

Precision-cut lung slices
Precision-cut lung slices (PCLS) were prepared and cultured as described previously (34). 
All experiments were performed according to national guidelines and upon approval of 
the experimental procedures by the local Animal Care and Use committee of Groningen 
University, DEC number 6962A. Viability of MG149 treated PCLS was assessed by the 
amount of lactate dehydrogenase (LDH) released by the tissue slices into the culture 
medium. The measurements were performed as described previously (34). LDH release 
from the PCLS into the incubation medium was plotted relative to maximal LDH release, 
as determined by lysing 3 slices with 1% Triton X-100 for 30 min at 37°C at the start of the 
experiments.
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Gene expression analysis in PCLS by RT-q-PCR
For gene expression analysis, PCLS were pre-treated with MG149 at 5 or 10 μM for 16 hrs. 
Inhibitor stocks were prepared in DMF and were further diluted in culture medium. Vehicle 
treatment constituted of pre-treatment with 0.2% DMF for PCLS, for 16 hrs. Subsequently, 
PCLS were stimulated with LPS and IFNγ in continued presence of the inhibitors, with 
10 ng/mL LPS (Escherichia coli, serotype 0111:B4; Sigma-Aldrich) and 10 ng/mL IFNγ 
(cat.#315-05; PeproTech, Hamburg, Germany) for 4 hrs. 

Gene expression analysis by RT-q-PCR was performed as described previously (34). 
The primers for TNFα (Mm00443258_m1), IL1β (Mm00434228_m1), IL6 (Mm00446190_
m1), KC (Mm04208136_m1), iNOS (Mm00440502_m1) IL12b (Mm00434174_m1) and 
GAPDH (Mm99999915_g1) were purchased as Assay-on-Demand (Applied Biosystems). 

MOF inhibition assays
Activity of the HAT lysine acetyltransferase 8 (MOF) was measured using chemical detection 
of coenzyme A (CoASH) after fluorescent labelling, as described previously (20).

Histone extraction and Micro BCA™ Protein Assay
For the histone extractions, PCLS were treated with the HAT inhibitor MG149 at 5 or 10 
μM, in single treatments or in combination with 2 μM SAHA. PCLS were incubated with the 
inhibitors for 16 hrs. Subsequently, PCLS were stimulated with LPS and IFNγ in continued 
presence of the inhibitors as described above for the gene expression analysis. Inhibitor 
stocks were prepared in DMF and were further diluted in DMEM culture medium. Vehicle 
treatment constituted 0.2% DMF. PCLS were lysed in ice-cold Dulbecco’s Phosphate-
buffered Saline (DPBS; Gibco by Life Technologies) supplemented with protease inhibitors 
(#88266, Thermo Scientific, Rockford, IL, USA) and sodium butyrate (1 mM final 
concentration), using glass beads (1.0 mm diameter Cat. No 11079110, BioSpec Products, 
Breda, The Netherlands) and a Mini-BeadBeater 24 machine (BioSpec Products, Breda, 
The Netherlands), for 2-3 cycles of 40 seconds, with 30 seconds of incubation on ice in 
between the cycles. Samples were then sonicated for 15 seconds with 1 second on and 1 
second off intervals at amplitude 40% (using a Vibra-Cell VCX 130 from Sonics & Materials, 
Newtown USA). Histone extractions were then performed as previously described (35). 
After histone extractions the samples were diluted with PBS (PAA Laboratories GmbH, 
Austria) to determine the total protein concentration using the micro BCA protein assay 
according to the manufacturer’s instructions (# 23235 Thermo Scientific, Rockford, IL, 
USA). Absorbance was measured with a Synergy H1 Hybrid Multi-Mode Microplate Reader 
(BioTek, Vermont, USA) at 562 nm. A bovine serum albumin standard (# 23209 2 mg/mL, 
Thermo Scientific, Rockford, IL, USA,) was used to calibrate the assay.
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Acetylation of histones with acetic anhydride-d6 (in-gel) and nano LC-MS/MS 
QTOF
The in-gel reactions of histones with acetic anhydride-d6 were performed as described 
previously (23). Supernatants containing histone peptides were subjected to LC MS/MS 
analysis as described previously (23) with the following modifications. For the analysis of 
acetylation status of the histone peptides by LC-MS/MS a quadruple time-of-flight mass 
spectrometer (QTOF, Bruker MaxisPlus) with a captive spray ionization interface was 
coupled to a nanoLC system (Dionex Ultimate3000). The auto sampler was held at 5°C, 
equipped with a 20 μl injection loop and used in the micro liter pick-up mode. A 300 μm x 
5 mm trap column and a 75 μm x 150 mm analytical column both filled with C18 Pepmap 
100 (Thermo Scienticic), 5 μm and 3 μm respectively were used for peptide forward flush 
trapping and separation. The following mobile phases were used for LC separations: solvent 
A, ultrapure water (resistance 18.2 MΩ, Millipore) with 0.1% (v/v) formic acid (FA), and 
solvent B, acetonitrile (ACN) with 0.1% (v/v) FA. The samples were injected (10 μl) and 
trapped for 2 minutes (the trapping time was set to a minimal value to prevent the loss of 
early eluting peptides) at a flow rate of 10 μL/min in a solution of 1% (v/v) ACN and 0.1% 
(v/v) FA in ultrapure water. The peptide separation was performed at 0.3 μl/min using a 
linear gradient from 1-35.5% solvent B in 65 minutes after a 4 min isocratic period at 1%. 
Hereafter the column was eluted with 90% solvent B for 10 minutes and conditioned with 
1% solvent B for another 10 minutes after which it was ready for the next injection. The 
identification of peptides was based on data collected in auto MS/MS mode (2 GHz) with a 
maximum of 5 precursors per cycle and an active exclusion of 0.3 min using a mass range 
of 200-1500 amu, and was done using PEAKS Studio 7.5 (Bioinformatics Solutions Inc., 
Canada).

RAW264.7 cell culture and histone extractions
For the RAW264.7 murine macrophages, cell culture and histone extractions were carried 
out as described previously (23).

Statistical analysis
We used GraphPad Prism 5.0 software (GraphPad Software Inc., San Diego CA, USA) to 
perform data analysis in all experiments. Data are presented as mean ± SD from at least 
3 independent experiments, and were analyzed by 1-way analysis of variance, followed by 
Bonferroni post hoc tests in all cases. Significance was assigned at a p value ≤ 0.05.



70

Chapter 3

33

Acknowledgements 

We acknowledge the EU-COST action TD0905 ‘epigenetics from bench to bedside’ 
for funding a short term scientific mission of TvdB to the group of Axel Imhof, Ludwig 
Maximilians University, Munich. We acknowledge the EU-COST action CM1406 ‘epigenetic 
chemical biology’ for building a scientific network. We acknowledge the European Union 
for funding this project by an ERC starting grant to FJD (309782). Further support was 
obtained from The Netherlands Organisation of Scientific Research (NWO) by a VIDI grant 
to FJD (723.012.005). The funding agencies had no role in study design, data collection 
and analysis, decision to publish, or preparation of the manuscript. We acknowledge Prof. 
Dr. Reinoud Gosens (Department of Molecular Pharmacology, University of Groningen) 
for support with ex vivo experiments regarding precision-cut lung slices. We acknowledge 
Andries Heida for support with experiments regarding histone acetylation in RAW264.7 
cells.

Author contributions

TvdB carried out the mass spectrometry experiments to monitor histone acetylation,  and 
wrote the manuscript. NL prepared PCLS and carried out the experiments for gene expression 
in PCLS. HW performed the kinetic studies on MG149 inhibition of MOF. AB performed 
part of the mass spectrometry measurements and assisted in part of the data analysis. JH 
assisted in part of the mass spectrometry measurements. RB participated in the design and 
coordination of the study, particularly regarding the mass spectrometry experiments. HJH 
participated in the design and coordination of the study. FJD conceived of the study, and 
participated in its design and coordination and helped to write the manuscript. All authors 
read and approved the final manuscript.



MG149

71

33

References

1. Kim SC, Sprung R, Chen Y, Xu Y, Ball H, Pei J, et al. Substrate and functional diversity of lysine acetylation 
revealed by a proteomics survey. Mol Cell 2006 Aug;23(4):607-618. 

2. Choudhary C, Weinert BT, Nishida Y, Verdin E, Mann M. The growing landscape of lysine acetylation 
links metabolism and cell signalling. Nat Rev Mol Cell Biol 2014 Aug;15(8):536-550. 

3. Gregoretti IV, Lee YM, Goodson HV. Molecular evolution of the histone deacetylase family: functional 
implications of phylogenetic analysis. J Mol Biol 2004 Apr 16;338(1):17-31. 

4. Marmorstein R. Structure and function of histone acetyltransferases. Cell Mol Life Sci 2001 May;58(5-
6):693-703. 

5. Dekker FJ, Haisma HJ. Histone acetyl transferases as emerging drug targets. Drug Discov Today 2009 
Oct;14(19-20):942-948. 

6. Dekker FJ, van den Bosch T, Martin NI. Small molecule inhibitors of histone acetyltransferases and 
deacetylases are potential drugs for inflammatory diseases. Drug Discov Today 2014 May;19(5):654-660. 

7. Mottamal M, Zheng S, Huang TL, Wang G. Histone deacetylase inhibitors in clinical studies as templates 
for new anticancer agents. Molecules 2015 Mar 2;20(3):3898-3941. 

8. Bolden JE, Peart MJ, Johnstone RW. Anticancer activities of histone deacetylase inhibitors. Nat Rev Drug 
Discov 2006 Sep;5(9):769-784. 

9. Barnes PJ, Adcock IM, Ito K. Histone acetylation and deacetylation: importance in inflammatory lung 
diseases. Eur Respir J 2005 Mar;25(3):552-563. 

10. Keenan CR, Salem S, Fietz ER, Gualano RC, Stewart AG. Glucocorticoid-resistant asthma and novel anti-
inflammatory drugs. Drug Discov Today 2012 Sep;17(17-18):1031-1038. 

11. Telenga ED, Kerstjens HA, Postma DS, Ten Hacken NH, van den Berge M. Inhaled corticosteroids in 
chronic obstructive pulmonary disease: a review. Expert Opin Pharmacother 2010 Feb;11(3):405-421. 

12. Babu KS, Kastelik JA, Morjaria JB. Inhaled corticosteroids in chronic obstructive pulmonary disease: a 
pro-con perspective. Br J Clin Pharmacol 2014 Aug;78(2):282-300. 

13. Balasubramanyam K, Swaminathan V, Ranganathan A, Kundu TK. Small molecule modulators of histone 
acetyltransferase p300. J Biol Chem 2003 May 23;278(21):19134-19140. 

14. Ghizzoni M, Wu J, Gao T, Haisma HJ, Dekker FJ, George Zheng Y. 6-alkylsalicylates are selective Tip60 
inhibitors and target the acetyl-CoA binding site. Eur J Med Chem 2012 Jan;47(1):337-344. 

15. Zhang HP, Wang L, Fu JJ, Fan T, Wang ZL, Wang G. Association between histone hyperacetylation status 
in memory T lymphocytes and allergen-induced eosinophilic airway inflammation. Respirology 2016 Mar 
17. 

16. Carvalho AL, Annoni R, Torres LH, Durao AC, Shimada AL, Almeida FM, et al. Anacardic acids from 
cashew nuts ameliorate lung damage induced by exposure to diesel exhaust particles in mice. Evid Based 
Complement Alternat Med 2013;2013:549879. 

17. Morin JP, Baste JM, Gay A, Crochemore C, Corbiere C, Monteil C. Precision cut lung slices as an efficient 
tool for in vitro lung physio-pharmacotoxicology studies. Xenobiotica 2013 Jan;43(1):63-72. 

18. de Kanter R, Monshouwer M, Meijer DK, Groothuis GM. Precision-cut organ slices as a tool to study 
toxicity and metabolism of xenobiotics with special reference to non-hepatic tissues. Curr Drug Metab 
2002 Feb;3(1):39-59. 

19. Boorsma CE, Draijer C, Melgert BN. Macrophage heterogeneity in respiratory diseases. Mediators 
Inflamm 2013;2013:769214. 

20. Wapenaar H, van der Wouden PE, Groves MR, Rotili D, Mai A, Dekker FJ. Enzyme kinetics and inhibition 
of histone acetyltransferase MOF. Eur J Med Chem 2015 Nov 13;105:289-296. 

21. Cheng Y, Prusoff WH. Relationship between the inhibition constant (K1) and the concentration of 
inhibitor which causes 50 per cent inhibition (I50) of an enzymatic reaction. Biochem Pharmacol 1973 
Dec 1;22(23):3099-3108. 



72

Chapter 3

33

22. Smith ER, Cayrou C, Huang R, Lane WS, Cote J, Lucchesi JC. A human protein complex homologous to 
the Drosophila MSL complex is responsible for the majority of histone H4 acetylation at lysine 16. Mol 
Cell Biol 2005 Nov;25(21):9175-9188. 

23. van den Bosch T, Boichenko A, Leus NG, Ourailidou ME, Wapenaar H, Rotili D, et al. The histone 
acetyltransferase p300 inhibitor C646 reduces pro-inflammatory gene expression and inhibits histone 
deacetylases. Biochem Pharmacol 2016 Feb 15;102:130-140. 

24. Drogaris P, Villeneuve V, Pomies C, Lee EH, Bourdeau V, Bonneil E, et al. Histone deacetylase inhibitors 
globally enhance h3/h4 tail acetylation without affecting h3 lysine 56 acetylation. Sci Rep 2012;2:220. 

25. Hersman E, Nelson DM, Griffith WP, Jelinek C, Cotter RJ. Analysis of Histone Modifications from Tryptic 
Peptides of Deuteroacetylated Isoforms. Int J Mass Spectrom 2012 Feb 15;312:5-16. 

26. Lin S, Garcia BA. Examining histone posttranslational modification patterns by high-resolution mass 
spectrometry. Methods Enzymol 2012;512:3-28. 

27. Villar-Garea A, Israel L, Imhof A. Analysis of Histone modifications by Mass spectrometry. Curr Protoc 
Protein Sci 2008(SUPPL. 51):14.10.1-14.10.14. 

28. Zheng Y, Thomas PM, Kelleher NL. Measurement of acetylation turnover at distinct lysines in human 
histones identifies long-lived acetylation sites. Nat Commun 2013;4:2203. 

29. Weinert BT, Iesmantavicius V, Moustafa T, Scholz C, Wagner SA, Magnes C, et al. Acetylation dynamics 
and stoichiometry in Saccharomyces cerevisiae. Mol Syst Biol 2015 Oct 26;11(10):833. 

30. Legartova S, Stixova L, Strnad H, Kozubek S, Martinet N, Dekker FJ, et al. Basic nuclear processes affected 
by histone acetyltransferases and histone deacetylase inhibitors. Epigenomics 2013 Aug;5(4):379-396. 

31. Ghizzoni M, Boltjes A, Graaf C, Haisma HJ, Dekker FJ. Improved inhibition of the histone acetyltransferase 
PCAF by an anacardic acid derivative. Bioorg Med Chem 2010 Aug 15;18(16):5826-5834. 

32. Sung B, Pandey MK, Ahn KS, Yi T, Chaturvedi MM, Liu M, et al. Anacardic acid (6-nonadecyl salicylic 
acid), an inhibitor of histone acetyltransferase, suppresses expression of nuclear factor-kappaB-regulated 
gene products involved in cell survival, proliferation, invasion, and inflammation through inhibition of 
the inhibitory subunit of nuclear factor-kappaBalpha kinase, leading to potentiation of apoptosis. Blood 
2008 May 15;111(10):4880-4891. 

33. Mo F, Zhuang X, Liu X, Yao PY, Qin B, Su Z, et al. Acetylation of Aurora B by TIP60 ensures accurate 
chromosomal segregation. Nat Chem Biol 2016 Apr;12(4):226-232. 

34. Eleftheriadis N, Neochoritis CG, Leus NG, van der Wouden PE, Domling A, Dekker FJ. Rational 
Development of a Potent 15-Lipoxygenase-1 Inhibitor with in Vitro and ex Vivo Anti-inflammatory 
Properties. J Med Chem 2015 Oct 8;58(19):7850-7862. 

35. Duan Q, Chen H, Costa M, Dai W. Phosphorylation of H3S10 blocks the access of H3K9 by specific 
antibodies and histone methyltransferase. Implication in regulating chromatin dynamics and epigenetic 
inheritance during mitosis. J Biol Chem 2008 Nov 28;283(48):33585-33590. 



MG149

73

33

Supporting information

Figure S1. IC50 curve of MG149 for MOF. The IC50 derived from the enzyme inhibition assay was 130 ± 26 μM 
and the Ki was calculated to be 39 ± 7.7 μM. Data shown represent 3 independent experiments ± SD.

Figure S2. The LPS and IFNγ stimulus (10 ng/mL of each) or vehicle treatment do not affect the histone 
acetylation status of H4 res. 4-17 in precision-cut lung slices (PCLS). ‘Untreated’ PCLS were incubated in 
culture medium for 20 hrs. For ‘LPS and IFNγ’ treatment, PCLS were incubated in culture medium for 20 
hrs, however, for the last 4 hrs of the experiment, these PCLS received LPS and IFNγ (10 ng/mL of each). 
For ‘vehicle’ treatment, PCLS were incubated with a dilution of the inhibitor solvent DMF (at 0.2% in the 
culture medium) for 20 hrs, and for the last 4 hrs of the experiment, these PCLS were also incubated with 
LPS and IFNγ (10 ng/mL of each). Histones were then extracted and resolved by SDS PAGE, and histones 
H3 and H4 were excised from the gels. Gel pieces were treated with acetic anhydride d6, followed by trypsin 
digestion. Resulting peptides were subjected to LC-MS/MS analysis. Data are presented as mean values ± SD 
of 3 independent experiments. The other studied peptides of H3 and H4 also remained unaffected upon LPS 
IFNγ treatment or vehicle treatment (data not shown).
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Figure S3. Effect of MG149 on PCLS viability. To assess the viability of the PCLS subjected to MG149 at the 
indicated concentrations, the amount of lactate dehydrogenase (LDH) released from the tissue slices into the 
incubation medium was analyzed. Maximal LDH release was determined by lysing 3 slices with 1% Triton 
X-100 for 30 min at 37°C at the start of the experiments. Supernatants were stored at -80°C. LDH release 
was determined using an assay form Roche Diagnostics (Mannheim, Germany), and was measured using 
a Hitachi automatic analyzer (Modular Analytics, Roche Diagnostics). LDH release from the PCLS into the 
incubation medium was plotted relative to maximal LDH release. Data are presented as mean values ± SD of 
3 independent experiments. No statistical differences were observed, indicating no effect on tissue viability  at 
the employed concentrations of MG149.
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Abstract

Inflammatory airway diseases such as asthma and COPD affect millions of people 
world-wide. Currently, glucocorticoids are being used in the treatment of these diseases, 
however, not all patients are responsive to this therapy. Therefore, alternative therapeutic 
strategies are urgently needed. Studying the underlying biological processes may give rise 
to novel therapeutic targets. Some of these processes may include epigenetic regulation, 
such as regulation by lysine acetylation. Lysine acetylations are installed by histone 
acetyltransferases (HATs) and removed by histone deacetylases (HDACs). Observations 
that asthma and chronic obstructive pulmonary disease are characterized by increased HAT 
activity and reduced HDAC activity, indicate that HAT inhibitors (HATi) could be starting 
points for new therapies for these diseases, based on their potential to restore the balance 
between HAT and HDAC activities. Development of HATi is a challenge which was addressed 
with limited success so far. Recently, 4-amino-1-naphtol was discovered at our lab to be a 
non-selective inhibitor for the HATs p300 (KAT3B), MOF (KAT8) and PCAF (KAT2B). In 
this study, we focused on the characterization of the effects of 4-amino-1-naphtol in murine 
macrophages and precision-cut lung slices as model systems for inflammatory lung diseases, 
where it demonstrated inhibition of both histone acetylation and pro-inflammatory gene 
expression. This suggests that the concept of HAT inhibition, as a basis for novel therapies 
for inflammatory airway diseases such as asthma and COPD, is promising.

HAT inhibitor

PCAF

MOF

p300

Inflammatory gene 
expression

Histone acetylation
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Introduction

Chronic inflammatory diseases of the lung, such as asthma or chronic obstructive 
pulmonary disease (COPD), are a major social and economic burden for society. Currently, 
corticosteroids are the standard treatment for these diseases. However, there is an unmet 
need for new treatments since severe asthmatics display glucocorticoid resistance (1). 
Next to this, the effectivity of glucocorticoids in COPD patients is subject to debate (2)(3). 
Discovery of novel therapeutic targets is necessary, since this can aid in the development of 
novel therapies to meet the medical needs of this group of patients. Such novel targets can 
be found by studying biological processes underlying these diseases. 

Some of these processes may be the epigenetic modification of chromatin structure. 
Epigenetics is defined as the structural adaptation of chromosomal regions so as to register, 
signal or perpetuate altered transcriptional activity (4). Epigenetics is a field of study in 
which novel therapeutic targets are found for various diseases, such as inflammatory 
diseases and cancer (5). Epigenetic processes include post-translational modifications of 
histones such as lysine acetylations. Lysine acetylations of histones play an important role 
in the regulation of gene transcription by controlling the chromatin structure of DNA (6). 
These lysine acetylations are installed by histone acetyltransferases (HATs) and removed 
by histone deacetylases (HDACs). These enzymes balance lysine acetylation, resulting in 
a controlled expression of genes. A disturbance of this balance can result in disease states.

Asthma, for example, is characterized by increased HAT activity (7). There is 
increased HAT activity, and decreased HDAC activity and HDAC1 and HDAC2 expression, 
in bronchial biopsies and bronchoalveolar lavage macrophages obtained from asthmatics 
compared to healthy adults (8) (9), thereby shifting the balance towards HAT activity. Also, 
HAT activity was found to be increased in peripheral blood mononuclear cells (PBMCs) 
obtained from mild and severe asthmatic children compared to healthy children, whereas 
HDAC activity was decreased (10). Furthermore, in isolated PBMCs from patients with 
neutrophilic asthma, there was increased HAT and decreased HDAC activity (11). More 
recently, it was found that acetylation of histone H3 lysine 18 (H3K18) is elevated in 
epithelium from asthmatics compared to healthy subjects (12), which is in line with a shift 
towards increased HAT activity. Next to this, COPD is characterized by a loss of SIRT1 
(13), and HDAC2 expression and activity (14) (7). Also, decreased HDAC2 expression was 
found in PBMCs and lymphocytes in COPD (15) (16). Altogether, both asthma and COPD 
are characterized by increased HAT and decreased HDAC activity. This indicates that these 
enzymes represent potential drug targets in these diseases (17) (18). Restoring the balance 
between HAT and HDAC activity using small molecule HAT inhibitors (HATi) could be an 
alternative therapeutic strategy for these inflammatory airway diseases.

Development of HATi is an important challenge that has been addressed with limited 
success so far. The HATs are a disparate group of enzymes from which most isoenzymes can 
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be assigned to five main families based on primary structure homology. Three families that 
have been studied extensively are the GNAT (GCN5-related N-acetyltransferase) family, the 
p300/CBP (p300/CREB binding protein) family and the MYST (acronym for MOZ, Ybf2, 
Sas2, and Tip60) family (19). At our lab, 4-amino-1-naphtol (referred to as compound 13) 
was recently discovered to potently inhibit p300 (also known as KAT3B), MOF (also known 
as KAT8) and PCAF (also known KAT2B) (Table 1). 

Here, biological studies were performed to investigate the effects of the HATi 13 
in model systems for inflammatory airway diseases such as asthma and COPD. As model 
systems both RAW264.7 murine macrophages as well as murine precision-cut lung slices 
(PCLS) were selected, which were treated with LPS and IFNγ as an inflammatory stimulus. 
Here we demonstrate that 13 inhibits histone acetylation as well as pro-inflammatory gene 
expression in these model systems. This suggests that the concept of HAT inhibition as a 
basis for novel therapies for inflammatory airway diseases is promising.

Results and Discussion

Effect on histone acetylation in RAW264.7 murine macrophages 
After discovering 13 (Table 1) as a potent HATi at our lab, cellular assays were done to 
investigate whether the inhibition of recombinant HATs by 13 correlates with inhibition of 
histone acetylation in cells. Due to its phenolic structure, 13 has anti-oxidant activity. Since 
the anti-oxidant activity of 13 could result in effects unrelated to the HAT inhibition, 9 (Table 
1) was applied in cellular assays as an anti-oxidant control for 13 to provide a reference for 
whether the observed cellular effects of 13 could be attributed to its anti-oxidant activity. 
Compound 9 was selected as a control because it is structurally very similar to 13, and also 
shows similar anti-oxidant activity (data not shown), but does not show HAT inhibitory 
activity. First, the viability of 13 treated RAW264.7 cells was tested using an MTS assay. 
Concentrations up to and including 1.5 μM did not significantly change viability (Fig. S1A). 
At 3 μM, there was a reduction in viability of 18% compared to untreated RAW264.7 cells 
(Fig. S1A). The control compound 9 did not change cell viability (Fig. S1B), indicating that 
effects on cell viability of 13 could be due to HAT inhibition. To study whether 13 influenced 
histone acetylation status, RAW264.7 cells were incubated with 13 at 0.375, 0.75, 1.5 or 3 
μM. Both a long (20 hours) and short (6 hours) incubation time was studied in order to be 
able to monitor both early and late onset effects of 13. Higher concentrations of 13 were 
not studied due to further decreased viability of RAW264.7 cells. After incubation with 13, 
histones were extracted and analyzed for acetylation using Western blot. Using an anti-pan-
Ac-lysine antibody, dose-dependent reductions in histone acetylation were observed at all 
studied concentrations of 13 at 20 hrs but not at 6 hrs of incubation (Fig. 1A). Analysis of 
pixel density of the bands indicated a dose-dependent reduction in histone acetylation at 20 
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hrs, which became significant at 3 μM for histone H3, and at 0.75 μM for histone H4 (Figs. 
1B and C). Taken together, this indicates that upon treatment with 13, there is inhibition of 
histone acetylation, with some selectivity in terms of which histones are affected. Treatment 
with 9 did not affect histone acetylation under these conditions (Figs. 2A-D), which is 
consistent with the hypothesis that the reduction of histone acetylation seen with 13 was 
not due to its anti-oxidant properties.

Table 1. IC50 values of compound 13 and compound 9 on PCAF, p300 and MOF.

	

13

	 	

9

Compound IC50 p300 (µM) IC50 MOF (µM) IC50 PCAF (µM)

13 1.4 ± 0.1 9.6 ± 3.0 3.6 ± 1.1

9 > 500 > 500 > 500

Since effects were observed at 20 but not at 6 hrs of incubation with 13, we continued 
our cell based studies with the 20 hrs incubation time point only. To study in more detail 
which parts of the histone H3 and H4 sequence are affected upon 13 treatment, a mass 
spectrometry based technique was employed as previously described (20). Reduced 
acetylation status was found on two peptides from histone H3 (H3 9-17 containing K9 and 
K14, and H3 18-26 containing K18 and K23) (Figs. 3A and B) at 3 μM 13 after 20 hrs of 
incubation. One peptide from histone H4 had reduced acetylation status upon 13 treatment 
(H4 4-17 containing K5, K8, K12 and K16) (Fig. 3C), which was significant at all studied 
concentrations. No changes in acetylation status were detected on other histone peptides 
(data not shown). This indicates that 13 affects acetylation of the N-terminal tails of histones 
H3 and H4, and confirms that it affects H4 at a lower concentration than H3, which is in 
line with the anti-pan-Ac-lysine antibody western blot results. Differences in the extent of 
inhibition of the different HATs by 13, in relation to the target lysines of these HATs, could 
explain this. Furthermore, 9 did not affect histone acetylation in this mass spectrometry 
analysis under the same conditions (Figs. 2E-F). Altogether, treatment with 13 gives rise to 
pronounced inhibition of histone acetylation in RAW264.7 macrophages.
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Effect on SAHA-induced histone hyperacetylation in murine precision-cut 
lung slices 
We moved on to a model system more closely resembling the in-vivo situation, i.e. murine 
precision-cut lung slices (PCLS), which were subjected to LPS and IFNγ as an inflammatory 
stimulus. This can be used as an ex-vivo model system for lung tissue inflammation. Lung 
tissue structure and cell-cell interactions are maintained in PCLS (21), which is not the case 

Figure 1. Compound 13 dose dependently reduces histone acetylation in RAW264.7 murine 
macrophages after 20 hrs of incubation, but not after 6 hrs of incubation. RAW264.7 cells were 
incubated with 13 at the indicated concentrations for 20 hrs, after which histones were extracted. Histones 
were resolved by SDS PAGE and immunoblotted for pan-acetylated lysine, or histone H3 as loading control. 
A) Western blot representative image of 3 independent experiments. The western blot image was cropped to 
show only the histones. Densitometry results are also shown of 3-6 independent experiments for histone as 
percentage of acetylation of H3 (B) and H4 (C) compared to untreated (set as 100%). 

C

A
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in cell cultures. An additional advantage of the use of tissue slices is that it reduces the need 
for experimental animals (22). We studied the effects of 13 on histone acetylation in PCLS. 
First, the viability of PCLS treated with 13 was studied by lactate dehydrogenase (LDH) 
assay (Fig. S2A). Concentrations of 13 at 2, 5, 7.5 or 10 μM were selected for treatment of 
PCLS. No significant changes were observed, except at 10 μM of 13, where LDH release was 
increased by 12% (Fig. S2A). Compound 9 did not give rise to changes in LDH release of 
PCLS (Fig. S2B), which could again suggest target-dependent viability changes. Then, PCLS 
were treated with 13 at 2, 5, 7.5 or 10 μM, histones were extracted and acetylation status 
was studied using mass spectrometry. No significant inhibition of histone acetylation was 
observed upon treatment of PCLS with 13 at these concentrations (Fig. 4A). PCLS were then 
subjected to a co-treatment of 13 with the non-selective HDAC inhibitor suberoylanilide 
hydroxamic acid (SAHA). For previously described HATi, co-treatments with an HDACi 
are oftentimes necessary to reveal or enlarge effects on histone acetylation. For example, 

Figure 2. A) and B) No effect of the control compound 9 on histone acetylation in RAW264.7 cells after 20 
hours treatment. Western blot representative images of 3 independent experiments. The western blot images 
were cropped to show only the histones. C) and D) Densitometry results are also shown of 3-6 independent 
experiments as percentage of acetylation of H3 and H4 compared to untreated (set as 100%). E) and F) Mass 
spectrometry results are shown on the peptides H3 res. 18-26 and of H4 res. 4-17. Data are presented as mean 
values ± SD of 3 independent experiments. 

Pan Ac K

Un
tre

at
ed

Ve
hi

cl
e

0.
75

 μ
M

1.
5

μM

H3 loading
control

H3

H4
Pan Ac K

H3

H4

Un
tre

at
ed

Ve
hi

cl
e

3 
μM

H3 loading
control

C

D E F

A B



84

Chapter 4

44

this was shown for a derivative of the non-selective HATi anacardic acid MG149 in the 
cell lines MOPL8 and K562 (23). SAHA increased histone acetylation in PCLS (Fig. 4B). 
Importantly, upon addition of 13, inhibition of histone acetylation was observed compared 
to SAHA treatment on histone H4 res. 4-17 (Fig. 5A). This effect was dose-dependent and 
became significant at 10 μM 13. Furthermore, 9 at 10 μM in combination with SAHA did 
not demonstrate this effect (Fig. 4B), consistent with the hypothesis that the reduction 

Figure 3. Selectivity on N-terminal tails of H4 and H3 upon 13 treatment in RAW264.7 murine 
macrophages. RAW264.7 cells were incubated with 13 at the indicated concentrations for 20 hrs, after 
which histones were extracted. Histones were resolved by SDS PAGE, and histones H3 and H4 were excised 
from the gels. Gel pieces were treated with acetic anhydride d6, followed by trypsin digestion. Resulting 
peptides were subjected to LC-MS/MS analysis. Compound 13 dose dependently reduces histone acetylation 
in RAW264.7 murine macrophages after 20 hrs of incubation of histone A) H3 res. 9-17 B) H3 res. 18-26 C) 
H4 res. 4-17. Data are presented as mean values ± SD of 3 independent experiments. *** p < 0.001, ** p < 0.01 
and * p < 0.05 compared to vehicle (DMSO treated) cells. No significant differences were observed between 
control and vehicle treated cells.
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of histone acetylation seen by 13 was not due to its anti-oxidant properties. On all other 
studied peptides from histone H4 and histone H3, no increase in acetylation was observed 
upon SAHA treatment, and there was also no effect of 13 in co-treatment on these peptides 
(data not shown).

In contrast to RAW264.7 macrophages, a co-treatment with SAHA was necessary 
in PCLS to reveal inhibition of histone acetylation by 13. This could be explained by the 
fact that many different cell types are present in PCLS. Whereas pronounced effects were 
observed in RAW264.7 macrophages, in cell types other than macrophages, effects upon 13 
treatment on histone acetylation may be less. This could be due to different reasons. There 
could be a difference in the balance between HAT and HDAC activities between RAW264.7 
and individual cell types in PCLS. For example, differences in glycolysis rates and Ac-CoA 
levels between RAW264.7 and individual cell types in PCLS may be possible, and this has 
been described to affect histone acetylation and HAT activities (24), and therefore could 
explain differences in effects upon HAT inhibition between RAW264.7 and PCLS. Also, rates 
of acetylation turnover on histone lysines as described in (25) may be different between the 
different cell types. Interestingly, it was demonstrated that the HDACi butyrate upregulates 
acetylations only on lysines with high turnover, suggesting that the turnover of acetylation 
of a particular lysine is one aspect which dictates whether that lysine is responsive to HDACi 
treatment (25), which may also be an important aspect to consider upon treatments with 
HATi. Therefore, differences in acetylation turnover between RAW264.7 and individual 
cell types in PCLS may also explain the need for SAHA co-treatment to observe effect of 
13 on histone acetylation. Taken together, the reduction of histone acetylation observed 
in both the RAW264.7 macrophages and the PCLS are consistent with the hypothesis that 
the inhibition of recombinant HATs by 13 correlates with inhibition of histone acetylation 
in the cells and PCLS; and the fact that 9 does not show these effects is consistent with the 
hypothesis that the observed effects of  13 were not due to its anti-oxidant properties. 

Effect on pro-inflammatory gene expression in RAW264.7 murine macrophages 
and murine precision-cut lung slices
To investigate whether the inhibition of histone acetylation by 13 correlates with inhibition 
of pro-inflammatory gene expression, mRNA levels of the pro-inflammatory genes TNFα, 
iNOS, IL1β, IL6, and KC (murine IL8) were monitored using RT-q-PCR in both RAW264.7 
macrophages and PCLS. An LPS and IFNγ stimulus (at 10 ng/mL of each) induced 
expression of these pro-inflammatory genes in RAW264.7 macrophages. Small (but 
some significant) changes in gene expression were observed upon 13 incubation before 
receiving this stimulus (Fig. S3A-E). Exposure of PCLS to the same LPS and IFNγ stimulus 
upregulated mRNA expression levels of the pro-inflammatory genes, with the exception of 
KC, which was not affected by the stimulus (Figs. 5B-G). Upon 13 treatment before receiving 
the stimulus, dose-dependent reductions in the LPS and IFNγ-induced gene expression 



86

Chapter 4

44

Figure 4. (A) No effect of 13 on histone acetylation on H4 res. 4-17 in PCLS without SAHA co-treatment. 
Data are presented as mean values ± SD of 2 independent experiments. (B) In PCLS, the control compound 
9 at 10 μM in combination with 2 μM SAHA did not demonstrate inhibition of histone acetylation on H4 res. 
4-17 in combination with SAHA compared to SAHA treatment alone. Data are presented as mean values ± SD 
of 3 independent experiments.

B

A

levels of TNFα, iNOS, IL1β, IL12b and IL6 were observed (Figs. 5B-F). The expression of KC 
was not significantly changed upon 13 treatment (Fig. 5G). In addition to pro-inflammatory 
genes, the expression of the anti-inflammatory gene IL10 was monitored, however, no 
significant changes were observed (Fig. 5H). Compound 9 did not affect gene expression in 
PCLS (Figs. 6A-G) consistent with the hypothesis that the reduction in pro-inflammatory 
gene expression seen by 13 was not due to its anti-oxidant properties. Taken together this 
indicates that 13 gives rise to large reductions in pro-inflammatory gene expression in 
PCLS stimulated with LPS and IFNγ.

Considering the roles in pro-inflammatory gene expression that have been described 
for the HATs which are inhibited by 13, these observed effects could be in line with literature. 
For example, p300 and PCAF have been described to regulate the NF-κB transcription 
factor by affecting its acetylation status, by which they influence pro-inflammatory gene 
expression (26). Since the effects of 13 in RAW264.7 macrophages on gene expression were 
much less pronounced compared to the effects in PCLS, it could be that effects of 13 on gene 
expression in cell types other than macrophages present in PCLS are more pronounced, or 
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that perhaps the interactions between different cell types in PCLS are important, and that 
13 affects these interactions. Further studies need to be done to investigate whether the 
inhibition of histone acetylation upon 13 treatment can be directly linked to reductions 
in gene expression in a causative manner. Also, the observed biological effects are most 

Figure 5. A) Compound 13 dose dependently reduces histone acetylation of H4 res. 4-17 in PCLS after 
20 hrs of incubation in combination with SAHA compared to SAHA treatment alone. PCLS were incubated 
with 13 at the indicated concentrations for 20 hrs, in combination with 2 μM SAHA. For the last 4 hrs of 
the experiment, PCLS were incubated with LPS and IFNγ (10 ng/mL of each) in continued presence of the 
inhibitors. Histones were then extracted. Histones were resolved by SDS PAGE, and histones H3 and H4 
were excised from the gels. Gel pieces were treated with acetic anhydride-d6, followed by trypsin digestion. 
Resulting peptides were subjected to LC-MS/MS analysis. Data are presented as mean values ± SD of 3 
independent experiments. No significant differences were detected between vehicle treated PCLS and 
untreated or LPS IFNγ treated PCLS. B-H) Compound 13 dose dependently reduces pro-inflammatory gene 
expression of B) TNFα C) iNOS D) IL1β E) IL12b, and F) IL6 in murine precision-cut lung slices (PCLS). No 
significant changes were observed on the expression of G) KC or H) IL10. PCLS were pre-treated with 13 at 
the indicated concentrations for 16 hours, after which an inflammatory LPS and IFNγ stimulus (10 ng/mL 
of each) was given for 4 hours in continued presence of the inhibitor (making the total incubation time with 
the inhibitor 20 hrs). Subsequently, gene expression was analyzed by RT-q-PCR. For vehicle treatment, PCLS 
were pre-treated with the inhibitor solvent DMSO. Data represent the target gene expression normalized to 
the reference gene. The values shown are means ± SD of 2-4 independent experiments. *** p < 0.001, ** p < 
0.01 and * p < 0.05 compared to vehicle.
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likely the result of inhibition of multiple HATs, and further study is required to discern the 
roles and contributions of the individual isoenzymes. Nevertheless, the reductions in pro-
inflammatory gene expression in PCLS upon 13 treatment suggest that the concept of HAT 
inhibition in the treatment of inflammatory lung diseases is promising.

Figure 6. The control compound 9 in PCLS does not affect expression of A) TNFα, B) iNOS, C) IL1β, D) 
IL12b, E) IL6, F) KC, and G) IL10. PCLS were pre-treated with 9 at the indicated concentrations for 16 hours, 
after which an inflammatory LPS and IFNγ stimulus (10 ng/mL of each) was given for 4 hours in continued 
presence of the inhibitor (making the total incubation time with the inhibitor 20 hrs). Subsequently, gene 
expression was analyzed by RT-q-PCR. For vehicle treatment, PCLS were pre-treated with the inhibitor 
solvent DMSO. Data represent the target gene expression normalized to the reference gene. The values shown 
are means ± SD of 3 independent experiments.
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Concluding remarks

In biological studies, 13 inhibited histone acetylation in RAW264.7 macrophages and 
PCLS. Next to this, promising reductions in pro-inflammatory gene expression upon 13 
treatment were observed in PCLS stimulated with LPS and IFNγ as models of inflammation. 
Thus, 13 has been identified as a compound that inhibits recombinant HATs, and histone 
acetylation as well as pro-inflammatory gene expression in model systems for inflammatory 
lung diseases. This study suggests that the concept of HAT inhibition in the development of 
novel treatments for inflammatory lung diseases is promising.

Experimental Section

General Reagents and Materials 
All chemicals and reagents were purchased from Sigma Aldrich (St. Louis, Missouri, USA) 
unless otherwise stated. Suberoylanilide hydroxamic acid (SAHA) was purchased from 
Selleckchem (Huissen, The Netherlands). The purity of SAHA was assessed by HPLC, MS, 
and NMR by Selleckchem and was > 99%. 

RAW264.7 cell culture 
For the RAW264.7 murine macrophages, cell culture was carried out as described 
previously (20). Mouse RAW 264.7 macrophages were obtained from the American Type 
Culture Collection (ATCC; Wesel, Germany) and cultured in plastic tissue culture plates 
or flasks (Costar Europe, Badhoevedorp, The Netherlands) at 37 °C under 5% CO2/95% 
air in Dulbecco’s Modification of Eagle’s Medium (DMEM) containing GlutaMAX™ 
(Gibco® by Life Technologies, Bleiswijk, The Netherlands) supplemented with 10% (v/v) 
heat inactivated fetal bovine serum (FBS; Invitrogen, Breda, The Netherlands), 2 mM 
additional GlutaMAX™ (Gibco® by Life Technologies), 100 U/ml penicillin (Gibco® by 
Life Technologies) and 100 μg/ml streptomycin (Gibco® by Life Technologies). RAW 264.7 
macrophages were used between passage 5 and 20.

Western blot and antibodies
To study histone acetylation, 7 μg of extracted histones were loaded on a 15% polyacrylamide 
gel, resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and 
electroblotted to PVDF membranes. The membranes were incubated with anti-acetyl lysine 
antibody (Millipore AB3879), or with anti-histone H3 antibody (Cell Signalling 4499), 
followed by a swine anti-rabbit HRP conjugated antibody (DakoCytomation, P0217). All 
antibodies were used according to manufacturer instructions. Bands were visualized using 
a 1B1581 visiglo prime HRP chemiluminescence substrate kit from Amresco (Solon, Ohio, 
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USA). Bands were scanned using a G:BOX iChemi system from Syngene (Cambridge, UK) 
and quantified using ImageJ quantification software. The histone H3 signal was used as 
loading control. The experiments were performed at least in triplicate.

Precision-cut lung slices
PCLS were prepared as previously described for guinea pig (27) with the following 
modifications. Male mice were anesthetized by a subcutaneous injection of ketamine (75 
mg/kg, Alfasan, Woerden, The Netherlands) and dexdomitor (0.5 mg/kg, Orion Pharma, 
Mechelen, Belgium). Subsequently, the trachea was cannulated, and the animal was 
exsanguinated by cutting the jugular vein, after which the lungs were filled trough the 
cannula with 1.5 mL of a low melting-point agarose solution (1.5% final concentration 
(Gerbu Biotechnik GmbH, Wieblingen, Germany)) in CaCl2 (0.9 mM), MgSO4 (0.4 mM), 
KCl (2.7 mM), NaCl (58.2 mM), NaH2PO4 (0.6 mM), glucose (8.4 mM), NaHCO3 (13 
mM), HEPES (12.6 mM, Gibco by Life Technologies, Bleiswijk, The Netherlands), sodium 
pyruvate (0.5 mM, GE Healthcare Life Sciences, Eindhoven, The Netherlands), glutamine 
(1 mM, Gibco by Life Technologies), MEM–amino acid mixture (1:50, Gibco by Life 
Technologies), and MEM–vitamins mixture (1:100, Gibco by Life Technologies), pH 7.2). 
The lungs were placed on ice for 15 min to solidify the agarose for slicing. The lobes were 
separated, and tissue cores were prepared of the individual lobes, after which the lobes 
were sliced at a thickness of 250 μm in medium composed of CaCl2 (1.8 mM), MgSO4 (0.8 
mM), KCl (5.4 mM), NaCl (116.4 mM), NaH2PO4 (1.2 mM), glucose (16.7 mM), NaHCO3 
(26.1 mM), and HEPES (25.2 mM), pH 7.2, using a tissue slicer (Compresstome VF-300 
microtome, Precisionary Instruments, San Jose, CA, USA). Tissue slices were incubated at 
37 °C in a humid atmosphere under 5% CO2/95% air. In order to remove the agarose and 
cell debris from the tissue, slices were washed every 30 min (four times in total) in medium 
composed of CaCl2 (1.8 mM), MgSO4 (0.8 mM), KCl (5.4 mM), NaCl (116.4 mM), NaH2PO4 
(1.2 mM), glucose (16.7 mM), NaHCO3 (26.1 mM), HEPES (25.2 mM), sodium pyruvate 
(1 mM), glutamine (2 mM), MEM–amino acid mixture (1:50), MEM–vitamins mixture 
(1:100), penicillin (100 U/mL, Gibco by Life Technologies), and streptomycin (100 μg/mL, 
Gibco by Life Technologies), pH 7.2. Chemicals to prepare the media described above were 
obtained from Sigma-Aldrich (Zwijndrecht, The Netherlands) unless stated otherwise and 
were of analytical grade.

PCLS were incubated in Dulbecco’s modified Eagle’s medium (DMEM, Gibco by 
Life Technologies) supplemented with sodium pyruvate (1 mM), MEM–nonessential 
amino acid mixture (1:100, Gibco by Life Technologies), gentamycin (45 μg/mL, Gibco by 
Life Technologies), penicillin (100 U/mL), streptomycin (100 μg/mL), and amphotericin 
B (1.5 μg/mL, Gibco by Life Technologies). Slices were cultured at 37 °C in a humidified 
atmosphere under 5% CO2/95% air in 12-well tissue culture plates (Costar Europe, 
Badhoevedorp, The Netherlands), using 3 slices per well. Slices were treated with inhibitors 
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for 20 hrs. During the last 4 h of the experiments, tissue slices were stimulated with 10 ng/
mL lipopolysaccharide (LPS, Escherichia coli, serotype 0111:B4; Sigma-Aldrich) and 10 ng/
mL interferon gamma (IFNγ, cat. no. 315-05; PeproTech, Hamburg, Germany).

To assess the viability of the PCLS subjected to inhibitors, the amount of lactate 
dehydrogenase (LDH) released from the tissue slices into the incubation medium was 
analyzed. Maximal LDH release was determined by lysing 3 slices with 1% Triton X-100 for 
30 min at 37 °C at the start of the experiments. Supernatants were stored at −80 °C. LDH 
release was determined using an assay form Roche Diagnostics (Mannheim, Germany), and 
was measured using a Hitachi automatic analyzer (Modular Analytics, Roche Diagnostics). 
LDH release from the PCLS into the incubation medium was plotted relative to maximal 
LDH release.

All experiments were performed according to national guidelines and upon approval 
of the experimental procedures by the local Animal Care and Use committee of Groningen 
University, DEC number 6962A. 

Histone extractions
For the histone extractions from PCLS, PCLS were treated with 13 at 2, 5, 7.5 or 10 μM, 
or with 9 at 10 μM, in single treatments or in combination with 2 μM SAHA. PCLS were 
incubated with the inhibitors for 16 hrs. Subsequently, PCLS were stimulated with LPS and 
IFNγ in continued presence of the inhibitors as described above for the gene expression 
analysis. For the histone extractions from RAW264.7, cells were treated with 13 at 0.375, 
0.75, 1.5 or 3 μM, or with 9 at 0.75, 1.5 or 3 μM. The cells were incubated with the inhibitors 
for 20 hrs. 

For the histone extractions, the RAW264.7 macrophages were lysed by sonication 
for two 15 second intervals at amplitude 40% (using a Vibra-Cell VCX 130 from Sonics & 
Materials, Newtown USA), in ice-cold Dulbecco’s Phosphate-buffered Saline (DPBS; Gibco 
by Life Technologies) supplemented with protease inhibitors (#88266, Thermo Scientific, 
Rockford, IL, USA) and sodium butyrate (1 mM final concentration). 

PCLS were lysed in the same buffer, using glass beads (1.0 mm diameter Cat. No 
11079110, BioSpec Products, Breda, The Netherlands) and a Mini-BeadBeater 24 machine 
(BioSpec Products, Breda, The Netherlands), for 2-3 cycles of 40 seconds, with 30 seconds 
of incubation on ice in between the cycles. Samples were then sonicated for 15 seconds with 
1 second on and 1 second off intervals at amplitude 40% (using a Vibra-Cell VCX 130 from 
Sonics & Materials, Newtown USA). 

The RAW264.7 or PCLS lysates were then centrifuged at 10,000 × g for 10 min. After 
removing the supernatant, the pellets were washed two times with a Tris-EDTA buffer (pH 
8.0, 10 mM and 13 mM respectively). Pellets were collected after centrifugation at 10,000 
× g for 10 min. Washed pellets were resuspended in 0.4 N H2SO4 and incubated on ice for 1 
hour with gentle agitation. After centrifugation at 10,000 × g for 10 min, the supernatants 
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were collected. Extracted histones were then precipitated by the addition of acetone, which 
was incubated overnight at 4 °C. The precipitated histones were resuspended in H2O.

Acetylation of histones with acetic anhydride-d6 (in-gel) and nano LC-MS/MS 
QTOF
For the in-gel reactions of histones with acetic anhydride-d6, 7 μg of histones were loaded 
on a 15% polyacrylamide gel and resolved by sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE). After staining with InstantBlue (product #ISB1 L from 
Expedeon, Cambridge, UK) bands for histones H3 and H4 were excised from the gel. Then 
50 μL of acetonitrile and 50 μL of ammonium bicarbonate buffer (100 mM) were added 
to destain the gel bands. Gel bands were dried in acetonitrile. Subsequently, 5 μL of acetic 
anhydride-d6 was added, after which 100 μL of ammonium bicarbonate (1 M) was added 
immediately. Subsequently, samples were incubated at 37 °C for 15 min. Gel bands were 
washed 3 times with H2O, and the acetic anhydride-d6 reaction was repeated. After the 
second reaction, gel bands were dried using acetonitrile and trypsin (Promega, Leiden, 
the Netherlands, # V511A) was added at a 1:20 ratio in ammonium bicarbonate (50 mM). 
Histones were digested at 37 °C for 16 h. Supernatants containing histone peptides were 
subjected to LC MS/MS analysis.

For the analysis of acetylation status of the histone peptides by LC-MS/MS a 
quadruple time-of-flight mass spectrometer (QTOF, Bruker MaxisPlus) with a captive spray 
ionization interface was coupled to a nanoLC system (Dionex Ultimate3000). The auto 
sampler was held at 5°C, equipped with a 20 μl injection loop and used in the micro liter 
pick-up mode. A 300 μm x 5 mm trap column and a 75 μm x 150 mm analytical column both 
filled with C18 Pepmap 100 (Thermo Scienticic), 5 μm and 3 μm respectively were used for 
peptide forward flush trapping and separation. The following mobile phases were used for 
LC separations: solvent A, ultrapure water (resistance 18.2 MΩ, Millipore) with 0.1% (v/v) 
formic acid (FA), and solvent B, acetonitrile (ACN) with 0.1% (v/v) FA. The samples were 
injected (10 μl) and trapped for 2 minutes (the trapping time was set to a minimal value 
to prevent the loss of early eluting peptides) at a flow rate of 10 μL/min in a solution of 1% 
(v/v) ACN and 0.1% (v/v) FA in ultrapure water. The peptide separation was performed 
at 0.3 μl/min using a linear gradient from 1-35.5% solvent B in 65 minutes after a 4 min 
isocratic period at 1%. Hereafter the column was eluted with 90% solvent B for 10 minutes 
and conditioned with 1% solvent B for another 10 minutes after which it was ready for the 
next injection. The identification of peptides was based on data collected in auto MS/MS 
mode (2 GHz) with a maximum of 5 precursors per cycle and an active exclusion of 0.3 min 
using a mass range of 200-1500 amu, and was done using PEAKS Studio 7.5 (Bioinformatics 
Solutions Inc., Canada).
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Gene expression analysis in PCLS by RT-q-PCR
For gene expression analysis, PCLS were pre-treated with compounds at the indicated 
concentrations for 16 hrs. Inhibitor stocks were prepared in DMSO and were further diluted 
in culture medium. Vehicle treatment constituted of pre-treatment with 0.15% DMSO for 
PCLS, for 16 hrs. Subsequently, PCLS were stimulated with LPS and IFNγ in continued 
presence of the inhibitors, with 10 ng/mL LPS (Escherichia coli, serotype 0111:B4; Sigma-
Aldrich) and 10 ng/mL IFNγ (cat.#315-05; PeproTech, Hamburg, Germany) for 4 hrs. 
Gene expression analysis by RT-q-PCR was performed as described previously (28). The 
primers were purchased as Assay-on-Demand (Applied Biosystems) and were as follows: 
for TNFα (Mm00443258_m1), IL1β (Mm00434228_m1), IL6 (Mm00446190_m1), 
KC (Mm04208136_m1), iNOS (Mm00440502_m1) IL12b (Mm00434174_m1), IL10 
(Mm00439614_m1 and Hs00961622_m1), and GAPDH (Mm99999915_g1).

Statistical analysis
We used GraphPad Prism 5.0 software (GraphPad Software Inc., San Diego CA, USA) to 
perform statistical analysis for all histone acetylation and gene expression experiments. Data 
are presented as mean ± SD from 3 independent experiments unless otherwise indicated. 
Data were analyzed by 1-way analysis of variance, followed by Bonferroni post hoc tests in 
all cases. Significance was assigned at a p value ≤ 0.05.
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Supporting information

Figure S1. Results CellTiter 96 Aqueous One Solution Cell Proliferation Assay to determine viability 
of RAW264.7 upon 13 (A) or 9 (B) treatment. For the assay, cells were seeded at 7500 cells per well in 96 
wells plates. On the following day, medium was replaced to medium containing 13 or 9 at the appropriate 
concentrations. After 20 hrs of incubation, the MTS reagent (Promega, Wisconsin, USA) was added to the 
wells. After one hr of incubation with this reagent, the absorbance at 490 nm was measured using a plate 
reader. The amount of absorbance at this wavelength is indicative of mitochondrial conversion of the MTS 
reagent, which in turn can be linked to cell viability. The experiment was done at least in triplicate. Compound 
13 treatment reduced cell viability compared to vehicle treated cells from 2 μM and higher concentrations. *** 
p < 0.001 and ** p < 0.01 compared to vehicle (DMSO treated) cells. No statistical differences were observed 
between untreated cells, or cells treated with 9 at the indicated concentrations. Hence, we concluded that 
there is no cytotoxicity of 9 to RAW264.7 cells at these concentrations. Data are presented as mean values ± 
SD of 3-12 independent experiments.
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Figure S2. LDH assay results PCLS 13 (A) and 9 (B). To assess the viability of the PCLS subjected to 13 or 
9 at the indicated concentrations, the amount of lactate dehydrogenase (LDH) released from the tissue slices 
into the incubation medium was analyzed. Maximal LDH release was determined by lysing 3 slices with 1% 
Triton X-100 for 30 min at 37°C at the start of the experiments. Supernatants were stored at -80°C. LDH 
release was determined using an assay form Roche Diagnostics (Mannheim, Germany), and was measured 
using a Hitachi automatic analyzer (Modular Analytics, Roche Diagnostics). LDH release from the PCLS into 
the incubation medium was plotted relative to maximal LDH release. Data are presented as mean values ± SD 
of 3 independent experiments.

Figure S3. The effect of 13 treatment in RAW264.7 cells on the expression of A) TNFα B) iNOS C) IL1β D) 
IL12b, and E) IL6. RAW264.7 cells were pre-treated with 13 at the indicated concentrations for 16 hours, 
after which an inflammatory LPS and IFNγ stimulus (10 ng/mL of each) was given for 4 hours in continued 
presence of the inhibitor (total incubation time 20 hrs). Subsequently, gene expression was analyzed by 
RT-q-PCR. For vehicle treatment, RAW264.7 cells were pre-treated with the inhibitor solvent DMSO. Data 
represent the target gene expression normalized to the reference gene. The values shown are means ± SD of 
3-4 independent experiments. *** p < 0.001 compared to vehicle.
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Abstract

Chronic obstructive pulmonary disease (COPD) constitutes a major health burden. Studying 
underlying molecular mechanisms could lead to new therapeutic targets. Macrophages are 
orchestrators of COPD, by releasing pro-inflammatory cytokines. This process relies on 
transcription factors such as NF-κB, among others. NF-κB is regulated by lysine acetylation; 
a post-translational modification installed by histone acetyltransferases and removed by 
histone deacetylases (HDACs). We hypothesized that small molecule HDAC inhibitors 
(HDACi) targeting class I HDACs members that can regulate NF-κB could attenuate 
inflammatory responses in COPD via modulation of the NF-κB signaling output. MS-275 
is an isoform-selective inhibitor of HDAC1-3. In precision-cut lung slices and RAW264.7 
macrophages, MS-275 upregulated the expression of both pro- and anti-inflammatory genes, 
implying mixed effects. Interestingly, anti-inflammatory IL10 expression was upregulated 
in these model systems. In the macrophages, this was associated with increased NF-κB 
activity, acetylation, nuclear translocation, and binding to the IL10 promoter. Importantly, 
in an in vivo model of cigarette smoke-exposed C57Bl/6 mice, MS-275 robustly attenuated 
inflammatory expression of KC and neutrophil influx in the lungs. This study highlights for 
the first time the potential of isoform-selective HDACi for the treatment of inflammatory 
lung diseases like COPD.



MS-275

101

55

Introduction

Chronic obstructive pulmonary disease (COPD) is associated with chronic inflammatory 
responses. For most COPD patients the currently available therapy is not effective due 
to reduced responsiveness to corticosteroids (1) (2) (3). COPD constitutes a major health 
burden, and underlying molecular mechanisms that can be targeted to devise new 
therapeutic strategies need to be studied.

Cigarette smoke is a major etiological factor in COPD (4), and in susceptible 
individuals results in severe lung inflammation characterized by influx of inflammatory 
cells and secretion of cytokines (5). Lungs of COPD patients have increased numbers of 
macrophages, which may be explained by increased recruitment of monocytes in response 
to chemokines produced in the lungs. Macrophages play a pivotal role in COPD as they 
secrete both pro-inflammatory cytokines such as TNF-α, IL-1 and IL-8, as well as the anti-
inflammatory cytokine IL-10 (6) (7). This suggests that underlying regulatory processes in 
macrophages are important in balancing between expression of pro- or anti-inflammatory 
genes.

The NF-κB transcription factor regulates inflammatory gene transcription, and is 
involved in the expression of important pro-inflammatory cytokines in macrophages in 
COPD  (6) (7). Interestingly, a role for the NF-κB pathway has been implicated in COPD, 
as reviewed elsewhere (8). Increased nuclear localization of p65 was observed in sputum 
macrophages during exacerbations of COPD (9), and in bronchial biopsies of COPD patients 
(10). Research has focused on modulating NF-κB activity as a therapeutic strategy for COPD 
treatment (8), highlighting NF-κB as a potential therapeutic target.

Lysine acetylation is an important post-translational modification found on numerous 
cellular proteins, including both histone and non-histone proteins. Steady-state acetylation 
levels result from the balance between the opposing activities of enzymes called histone 
acetyltransferases and histone deacetylases (HDACs) (11). Lysine acetylations of histones 
are part of the epigenetic code for regulation of gene transcription (12). For NF-κB, the p65 
subunit in particular is subject to dynamic lysine acetylations that affect transcriptional 
capacity, DNA binding and duration of action (13). Acetylations of the NF-κB p65 subunit 
on lysines 218, 221 and 310 increase transcriptional activity (14), whereas acetylations on 
lysines 122 and 123 decrease transcriptional activity (15). HDAC-NF-κB interactions are 
important in NF-κB regulation but have not been fully understood. Studies indicate that 
some class I HDAC members could be important. It has been demonstrated that HDAC1 
knockdown reduced LPS-induced gene expression of iNOS and IL6 in bone marrow-derived 
macrophages (16). In contrast it has been demonstrated that HDAC1 negatively regulated 
NF-κB-mediated gene transcription through association with p65, whereas HDAC2 does 
not interact with NF-κB directly but regulates NF-κB activity via its interaction with 
HDAC1 (17). HDAC3 has been reported to deacetylate specific lysines of NF-κB p65 (18). 
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It was shown that HDAC3 is required for IL-1-induced gene expression, where the positive 
regulatory role of HDAC3 involves binding to the NF-κB p65 subunit and deacetylation of 
various inhibitory lysine acetylations (19). Also, HDAC3-deficient macrophages are unable 
to activate a subset of the LPS-induced inflammatory gene expression, and HDAC3 ensures 
that NF-κB is kept in a primarily deacetylated active state (20). Altogether, this suggests that 
selective inhibition of HDAC1-3 could alter the balance between pro- and anti-inflammatory 
gene expression via regulation of NF-κB acetylation, thereby suppressing inflammation in 
COPD.

Small molecule HDAC inhibitors (HDACi) are used in the treatment of haematological 
cancers (21). Among zinc-dependent HDACs, these FDA approved HDACi are non-
selective; but a number of more selective HDACi are in clinical trials (21). Interestingly, 
studies indicate that HDACi can suppress inflammatory responses at much lower 
concentrations than those used for cancer treatment (22). MS-275 is a HDACi currently 
in clinical trials, which is selective for HDAC1, 2 and 3 (21). Effects of MS-275 on NF-κB 
have been reported before, as well as effects in various disease models characterized by 
inflammation. MS-275 inhibited LPS-induced NF-κB p65 nuclear accumulation in human 
fibroblastic cells, gave rise to less acetylated NF-κB p65 in the nucleus, and reduced the 
secretion of pro-inflammatory cytokines IL-6 and IL-18 (23). In sciatic nerves and lymph 
nodes of experimental autoimmune neuritis rats, MS-275 downregulated pro-inflammatory 
gene expression (24). In a rat experimental autoimmune prostatitis model, MS-275 reduced 
infiltration of inflammatory cells into the prostate and reduced mRNA levels of inflammatory 
genes TNFα, IFNγ, IL17, and iNOS. (25). Together, these lines of evidence indicate that MS-
275 has potential to modulate NF-κB, and to attenuate inflammatory responses. Thus, we 
hypothesize that small molecules interfering with the activity of specific HDAC iso-enzymes, 
such as MS-275, have the potential to suppress inflammation in COPD model systems. We 
anticipate that the precise effects of HDACi depend on their selectivity for the HDACs that 
target specific NF-κB acetylation sites, suggesting that selective inhibition of HDACs might 
result in selective effects on inflammatory responses.

Here, we studied MS-275 in model systems for inflammatory responses. Effects of 
MS-275 on pro- and anti-inflammatory gene expression were investigated in precision-cut 
lung slices (PCLS), and RAW2674.7 macrophages, that were stimulated with LPS and IFNγ. 
Increased IL10 expression was observed in PCLS as well as RAW264.7 macrophages upon 
MS-275 treatment. The underlying mechanism was studied in the macrophages, and was 
connected to increased NF-κB p65 transcriptional activity, acetylation, nuclear localization 
and promoter binding. Finally, MS-275 treatment was studied in cigarette smoke-induced 
neutrophilic airway inflammation in C57Bl/6 mice; a relevant and commonly used COPD 
model (26) (27). MS-275 was nebulized, allowing for the advantage of local administration 
by inhalation. Importantly, in this model, inflammatory gene expression levels and 
inflammatory cell recruitment were reduced in the lungs upon MS-275 treatment. To our 
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knowledge, this study is the first to demonstrate that MS-275 robustly attenuates cigarette 
smoke-induced neutrophilic airway inflammation in C57Bl/6 mice.

Results

MS-275 affects both pro- and anti-inflammatory gene expression in murine 
precision-cut lung slices and is particularly effective in affecting inflammatory 
responses in macrophages
The selectivity of MS-275 as previously described (28) (29), was confirmed by determining 
IC50 values for recombinant human HDAC1-3, HDAC6 and HDAC8. MS-275 indeed 
selectively inhibits HDAC1-3 at low micromolar concentrations, while HDAC6 and HDAC8 
were not inhibited at such concentrations (Table 1). For comparison the well-studied pan-
HDACi SAHA was included, which was indeed non-selective among these HDACs. Mouse 
PCLS (Fig. 1A) stimulated with LPS and IFNγ were used as a model system for inflammatory 
lung diseases for our studies with MS-275. PCLS contain all cell types present in vivo and 
conserve the original architecture and matrix environment (30). The viability of PCLS upon 
MS-275 and SAHA treatment was studied by measuring release of lactate dehydrogenase 
(LDH) into the culture medium. Both HDACi did not affect PCLS viability at concentrations 
≤ 10 μM (Figure S1). Expression of pro-inflammatory genes TNFα, IL1β and IL12b, and the 
anti-inflammatory gene IL10, were examined in PCLS. MS-275 upregulated IL10 expression 
by 3-fold in PCLS, which was accompanied by downregulation of TNFα at 10 μM (Fig. 1B). 
The expression of IL1β was also upregulated. SAHA did not affect gene expression in PCLS 
(Fig. 1B). This demonstrates that iso-enzyme selectivity of HDACi is important to their 
influence on gene expression in this model; and that MS-275 has a mixed pro- and anti-
inflammatory effect on gene expression.

Effects of MS-275 on histone acetylation in LPS and IFNγ-stimulated PCLS were 
investigated. Global histone acetylation was studied by Western blot (Fig. 1C) and quantified 
by densitometry (Fig. 1D). MS-275 at 10 μM increased acetylation of histone H2A/B and 
H4 compared to vehicle-treated PCLS (Fig. 1D). No significant effect was observed on 
acetylation of histone H3. Acetylation of histone H3 and H4 was assessed in more detail 

Table 1. IC50 values of HDAC1-3-selective inhibitor MS-275 and pan-HDAC inhibitor SAHA for recombinant 
human HDAC1-3, HDAC 6 and HDAC 8

HDAC 1 HDAC 2 HDAC 3 HDAC 6 HDAC 8

MS-275 0.19 ± 0.04 0.41 ± 0.09 0.95 ± 0.19 ≥ 100 76.5 ± 10.1

SAHAa 0.07 ± 0.01 0.16 ± 0.05 0.05 ± 0.02 0.06 ± 0.01 1.52 ± 0.46

Data are presented as mean values (in μM) of 3 independent measurements ± SD. ND= not determined
a
 IC

50
 values for SAHA are taken from Szymanski et al 2015.
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Figure 1. MS-275 affects inflammatory gene expression and histone acetylation in precision-
cut lung slices. Schematic representation of the experimental setup and timeline (A). Mouse precision-cut 
lung slices (PCLS) were subjected to MS-275 (1 μM or 10 μM) or SAHA (0.41 μM) for 20 h and stimulated 
with LPS and IFNγ the last 4 h of the experiment, and lysed. Gene expression was studied by RT-qPCR and 
expressed as fold change compared to control (LPS and IFNγ-treated) (B). Data are presented as mean ± SD of 
5-11 independent experiments. * p < 0.05, ** p < 0.01 ; *** p < 0.001 compared to vehicle (LPS and IFNγ and 
inhibitor solvent-treated). Under the same conditions, PCLS histones were extracted, resolved by SDS-PAGE, 
and effects of MS-275 on total histone acetylation were assessed by Western blot (dotted line indicates crop 
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using high-resolution mass spectrometry. A previously described approach was employed 
in which histones are fully acetylated using deuterated acetic anhydride ((CD3CO)2O) 
followed by tryptic digestion (31) (histone H2A/B are not analyzed using this method). 
Using this method a relative quantification of acetylated versus non-acetylated lysines of 
histone H3 and H4 in PCLS was obtained. Compared to western blot this allows for a more 
precise allocation of the changes in acetylation to individual histone peptides, and could 
allow for monitoring smaller changes in acetylation which could be missed by western 
blot. MS-275 dose-dependently increased acetylation of one peptide from histone H3 (res. 
18-26: KQLATKAAR) and one from histone H4 (res. 4-17: GKGGKGLGKGGAKR) (Fig. 
1E) , whereas other peptides were unaffected (data not shown). Taken together, MS-275 
increases histone acetylation in LPS and IFNγ-stimulated PCLS.

We moved on to study molecular consequences of HDAC1-3 inhibition in a cell-
based model system for inflammatory lung diseases using mouse RAW264.7 macrophages 
stimulated with LPS and IFNγ. With this we aimed to unravel whether macrophages play 
an important role in the effects observed for MS-275. First, cell viability upon MS-275 or 
SAHA, except for IL1β, treatment was tested. MTS assays demonstrated no significant 
decreases in cell viability (Figure S1; Table S1). In LPS and IFNγ-stimulated RAW264.7 
macrophages, MS-275 treatment upregulated expression of TNFα, IL1β, IL12b and IL10 
(Fig. 2). Interestingly, SAHA did not affect gene expression in the macrophages (Fig. 2). 
The observed effects clearly demonstrate that HDAC1-3 inhibition is effective in affecting 
inflammatory responses in macrophages.

Taken together, the upregulation of both the anti-inflammatory gene IL10 and the pro-
inflammatory gene IL1β and downregulation of the pro-inflammatory gene TNFα in PCLS, 
and upregulation of IL10, TNFα, IL1β, IL12b in RAW264.7 macrophages, indicates potential 
mixed effects for HDAC1-3 inhibition by MS-275 in inflammation. The upregulation of IL10 
expression in the macrophages is particularly interesting because of its anti-inflammatory role. 
Therefore, the connection between MS-275 and IL10 upregulation was further investigated in 
RAW264.7 macrophages, aiming to identify underlying molecular mechanisms.

within the same blot; full length blot is presented in Fig. S2) (C) and quantified by densitometry (D). Data are 
presented as mean ± SD of 2-3 independent experiments. * p < 0.05 compared to vehicle (LPS and IFNγ and 
inhibitor solvent-treated). Histones H3 and H4 were also excised from the gel and subjected to LC-MS/MS 
analysis (E). MS-275 increased acetylation on one peptide from histone H3 (res. peptide 18-26: KQLATKAAR) 
and one peptide from histone H4 (res. peptide 4-17: GKGGKGLGKGGAKR). Other peptides were not affected. 
Data are presented as mean ± SD of 3 independent experiments. * p < 0.05; ** p < 0.01 ; *** p < 0.001 compared 
to vehicle (LPS and IFNγ and inhibitor solvent-treated).
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MS-275 increases LPS and IFNγ-induced NF-κB p65 transcriptional activity, 
acetylation, nuclear translocation, and binding at the IL10 promoter in 
RAW264.7 macrophages
It has been described that LPS stimulation of macrophages activates NF-κB, which induces 
the expression of IL10 along with TNFα, IL1β, and IL12b (32). The observed mixed effects in 
RAW264.7 macrophages upon MS-275 treatment therefore fit a profile where NF-κB activity 
is further enhanced by MS-275. Therefore, we set out to characterize the contribution of 
this pathway to the changes in gene expression, particularly the increased IL10 expression, 
induced by MS-275.

Transcriptional activity of NF-κB p65 was studied using a reporter gene assay. NF-κB 
p65 promoter activity was significantly increased by 50% upon MS-275 treatment, which was 
also observed for SAHA (Fig 3A). Changes in NF-κB p65 K310 acetylation status were studied 
by Western blot (Fig. 3B) and quantified by densitometry (Fig. 3C). MS-275 increased NF-κB 

Figure 2. MS-275 enhances gene expression of pro- and anti-inflammatory genes in 
macrophages. RAW264.7 macrophages were incubated with HDACi MS-275 (1 μM) or SAHA (0.41 μM) for 
20 h and stimulated with LPS and IFNγ the last 4 h of the experiment. Gene expression was studied by RT-
qPCR and expressed as fold change compared to control (LPS and IFNγ-treated) group. Data are presented as 
mean ± SD of 4-8 independent experiments. * p < 0.05; ** p < 0.01 ; *** p < 0.001 compared to vehicle (LPS 
and IFNγ and inhibitor solvent-treated).
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p65 acetylation on K310 in LPS and IFNγ-stimulated RAW264.7 macrophages. This shows 
that MS-275 increases both transcriptional activity and acetylation status of NF-κB p65.

Histone acetylation was analyzed in RAW264.7 macrophages by Western blot. MS-
275 increased acetylation of histone H3 and H4 compared to vehicle-treated cells (Fig. 3D). 

Figure 3. MS-275 enhances LPS and IFNγ-induced NF-κB p65 activity and increases NF-κB 
p65 acetylation and histone acetylation in RAW264.7 macrophages. RAW-Blue macrophages were 
subjected to 1 μM MS-275 or 0.41 μM SAHA for 20 h and stimulated with LPS and IFNγ the last 4 h of the 
experiment. Treatment of RAW-Blue cells with HDACi followed by LPS and IFNγ significantly increased NF-
κB activity (A). Data are presented as mean ± SD of 3-4 independent experiments and control (LPS and IFNγ-
treated) cells were set at 100%. ** p < 0.01, compared to vehicle (LPS and IFNγ and inhibitor solvent-treated) 
cells. For detection of NF-κB p65 K310 acetylation, RAW264.7 macrophages were incubated with HDACi for 
20 h, and lysed. Effects on NF-κB p65 K310 acetylation were studied by Western blot (the blots were cropped; 
full length blots are presented in Fig. S3) (B) and quantified by densitometry compared to p65 as loading 
control (C). Data are presented as mean ± SEM expressed as fold change compared to vehicle (LPS and IFNγ 
and inhibitor solvent-treated) of 5-6 independent experiments. * p < 0.05, compared to vehicle (LPS and IFNγ 
and inhibitor solvent-treated). RAW264.7 histones were resolved by SDS-PAGE and blotted for detection of 
histone acetylation (blot was cropped; full length blot is shown in Fig. S4) (D). Histones H3 and H4 were 
excised from the gel and subjected to LC-MS/MS analysis (E). MS-275 or SAHA increased acetylation on one 
peptide of histone H3 (res. 18-26: KQLATKAAR) and one of histone H4 (res. 4-17: GKGGKGLGKGGAKR). 
Other peptides were not affected. Data are presented as mean ± SD of 3-5 independent experiments. # p 
< 0.001 compared to vehicle (inhibitor solvent-treated). No significant differences were observed between 
untreated and vehicle-treated cells (Figure S5).
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Figure 4. MS-275 enhances the nuclear translocation of NF-κB p65 and enrichment of NF-κB 
p65 at the transcription start site of IL10 but reduces total NF-κB p65 protein content in LPS 
and IFNγ-stimulated RAW264.7 macrophages. After 20 h incubation with MS-275 (1 μM) followed by 
1 h LPS and IFNγ stimulation, RAW264.7 macrophages were prepared for immunofluorescence microscopy 
(A). Green signal represents NF-κB p65 protein, while blue signal visualizes the Hoechst-stained nuclei. 
MS-275 enhanced the translocation of NF-κB p65 compared to vehicle (LPS and IFNγ and inhibitor solvent-
treated) cells, while SAHA (0.41 μM) did not affect the nuclear translocation of NF-κB p65. The presented 
data are representative images of 3 independent experiments, original magnification 400x. All images were 
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Acetylation of histone H3 and H4 was analyzed in more detail using mass spectrometry. 
Increased acetylation upon MS-275 and SAHA treatment was observed on one peptide 
from histone H3 (res. 18-26: KQLATKAAR) and one peptide from histone H4 (res. 4-17: 
GKGGKGLGKGGAKR) (Fig. 3E). Other peptides did not show changes in acetylation upon 
MS-275 treatment (data not shown). These observations are in line with the data for histone 
acetylation in PCLS. Altogether, these results demonstrated that both MS-275 and SAHA 
increased acetylation of one peptide on histone H3 and H4, whereas, interestingly, only 
MS-275, and not SAHA, affected NF-κB p65 acetylation.

Effects of MS-275 on NF-κB p65 nuclear translocation were studied using 
immunofluorescence microscopy. Interestingly, MS-275 increased NF-κB p65 nuclear 
localization (Fig. 4A), which was confirmed by cellular fractionation experiments in which 
the nuclear and cytosolic fractions were separated and blotted for NF-κB p65 (Fig. 4B 
and 4C). SAHA showed no effect (Fig. 4A-C). In addition, the total NF-κB p65 protein 
content was studied by Western blot (Fig. 4D) and quantified by densitometry (Fig. 4E). 
Remarkably, total NF-κB p65 protein content was significantly reduced by 30% in LPS and 
IFNγ-stimulated RAW264.7 macrophages treated with MS-275 (Fig. 4E). These experiments 
demonstrate that MS-275 increases the nuclear translocation of NF-κB p65 but decreases 
total NF-κB p65 content.

To investigate whether NF-κB p65 acts on the IL10 promoter, chromatin 
immunoprecipitation (ChIP) was performed. Indeed, a significant increase in enrichment 
of NF-κB p65 was found around the IL10 transcription start site (-48 bp and -220 bp 
upstream) upon MS-275 treatment (Fig. 4F). This indicates that the enhanced activity and 
nuclear localization of NF-κB p65 in combination with the observed changes in NF-κB and 
histone acetylation result in increased NF-κB p65 binding to the IL10 promoter, which is a 
mechanism that could explain increased IL10 expression upon MS-275 treatment.

taken under identical instrumental conditions. The effect of MS-275 on NF-κB p65 translocation in LPS and 
IFNγ-stimulated RAW264.7 macrophages was also analyzed by immunoblotting cell fractions (the blots were 
cropped; full length blots are shown in Fig. S6) (B) and quantified by densitometry (C). As controls for the 
fractionation PARP-1 (nucleus) and β-actin (cytosol) were used. Data are presented as mean ± SD expressed 
as fold change compared to control (LPS and IFNγ-treated) cells of 4-5 independent experiments. * p < 0.05 
compared to vehicle (LPS and IFNγ and inhibitor solvent-treated) cells. Effects of MS-275 on total NF-κB 
p65 protein expression in LPS and IFNγ-stimulated RAW264.7 macrophages were analyzed by Western blot 
(dotted line indicates crop within the same blot; full length blots are shown in Fig. S7) (D) and quantified 
by densitometry (E). Protein levels were normalized against β-actin and control (LPS and IFNγ-treated) 
cells were set at 100%. Data are presented as mean ± SD of 4 independent experiments and a representative 
blot is shown in (D). ** p < 0.01 compared to vehicle (LPS and IFNγ and inhibitor solvent-treated) cells. 
qChIP was performed on LPS and IFNγ-stimulated RAW264.7 macrophages treated with MS-275 or vehicle 
(inhibitor solvent) for 20 h with antibodies against NF-κB p65 (F). Enrichment for IL10 regions -48 bp and 
-220 bp relative to the transcription start site was analyzed by qPCR. Data are presented as mean ± SEM of 2-3 
independent experiments and represent fold enrichment compared to normal rabbit IgG (rIgG). * p < 0.05; 
** p < 0.01 compared to rIgG.



110

Chapter 5

55

Figure 5. Attenuation of cigarette smoke-induced neutrophilic airway inflammation by MS-
275. Experimental procedure (A). Male C57Bl/6 mice were exposed to cigarette smoke twice daily on four 
consecutive days by whole body exposure. Mice were subjected to MS-275 (10 μM by nebulization) or vehicle 
(inhibitor solvent) 30 min prior to each cigarette smoke exposure. Bronchoalveolar lavage (BAL) was performed 
and lungs were collected 16 h after the last smoke exposure. Gene expression in lung homogenates was studied 
by RT-qPCR and expressed relative to GAPDH (B). MS-275 robustly reduced IL1β and KC mRNA levels in 
cigarette smoke exposed mice. Data are presented as mean ± SD; n=4-5 animals per group. ** p < 0.01 compared 
to vehicle (smoke and inhibitor solvent-treated) group # p < 0.05 compared to air-exposed group. Release of KC 
in BAL fluid was determined by ELISA (C). MS-275 significantly reduced KC release in BAL fluid of cigarette-
smoke exposed mice. Data are presented as mean ± SD; n=4-5 animals per group. * p < 0.05 compared to vehicle 
(smoke and inhibitor solvent-treated) mice. Inflammatory cell count was performed in BAL fluid (D) and total 
cells, macrophages, lymphocytes and neutrophils were plotted as number of cells/ml (E). Total cell number in 
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MS-275 robustly attenuates inflammatory gene expression and inflammatory 
cell recruitment in cigarette smoke-induced neutrophilic airway inflammation 
in C57Bl/6 mice
To shed more light on the mixed effects observed on pro- and anti-inflammatory gene 
expression in RAW264.7 macrophages and PCLS upon MS-275 treatment, studies were 
continued to elucidate whether in vivo lung inflammation could be dampened by MS-275 
in an acute cigarette smoke-induced neutrophilic airway inflammation model in C57Bl/6 
mice. For a validation of the transition from the LPS and IFNγ stimulus to cigarette 
smoke exposure, RAW264.7 macrophages were exposed to cigarette smoke extract (CSE). 
Increased IL10 expression by MS-275 was also found under these conditions (Fig. S8). Mice 
were pre-treated with MS-275 prior to each cigarette smoke exposure using an experimental 
setup shown in Fig. 5A. 

To study if MS-275 affects liver or kidney function in the mice, liver and kidney 
function parameters were analyzed (Table S2). No changes were observed. Also, no changes 
in the weight of the animals were observed (Fig. S9). These data show that 10 μM MS-275 
does not affect liver and kidney function, or animal weight.

Expression levels of the inflammatory genes TNFα, IL1β, IL6, KC (murine IL8), 
IL12b and the anti-inflammatory gene IL10 were examined in lung tissue homogenates. 
Cigarette smoke exposure significantly increased expression of L1β and KC compared to 
air-exposed mice. MS-275 treatment resulted in a robust downregulation of IL1β and KC 
(Fig. 5B). An almost significant decrease was observed for IL6 expression (p = 0.059). While 
not significant, IL6 expression was reduced to levels observed in air-exposed mice, similar 
to IL1β and KC. MS-275 treatment did not affect expression of TNFα, IL12b or IL10 in 
whole lung tissue homogenates of cigarette smoke-exposed mice. The level of p65 was also 
measured but remained unchanged in the lung tissue homogenates (Fig. S10). The lack of 
effect on IL10 and p65 expression could indicate that effects of MS-275 on their expression 
are difficult to measure due to the presence of many different cell types in lung tissue. This 
stresses the need for studying specific cell types such as macrophages. Taken together this 
shows that MS-275 attenuates inflammatory gene expression in a cigarette smoke-induced 
neutrophilic airway inflammation model in C57Bl/6 mice.

The acute cigarette smoke exposure model in C57Bl/6 mice is characterized by 
neutrophil infiltration. Neutrophil infiltration is also increased in patients with COPD and 
correlates with disease severity (33). The increase in neutrophils is related to increased 
production of CXC-chemokines such as CXCL8 (also known as IL-8). IL-8 attracts 
neutrophils, since it is a ligand for the CXCR2 receptor which is expressed predominantly 

cigarette smoke exposed mice was not affected by MS-275. Neutrophilic infiltration was reduced by 60% in MS-
275-treated mice compare to vehicle (smoke and inhibitor solvent-treated) mice. Data are presented as mean ± 
SD; n=4-5 animals per group. * p < 0.05 compared to vehicle (smoke and inhibitor solvent-treated) mice.
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by neutrophils (33). The mouse orthologue of IL-8 is keratinocyte-derived chemokine 
(KC). Therefore, KC release in bronchoalveolar lavage (BAL) fluid was determined. Levels 
of KC in BAL fluid of cigarette smoke-exposed mice were 30-fold higher compared to air-
exposed mice (Fig. 5C). Interestingly, in line with the observed reduction of KC mRNA in 
whole lung tissue homogenates, KC release in cigarette smoke-exposed mice pre-treated 
with MS-275 was significantly reduced by 40% (Fig. 5C). To study the effect of MS-275 
on cigarette smoke-induced inflammatory cell recruitment, cell counts were determined 
in BAL fluid. Mice exposed to cigarette smoke had an increased number of inflammatory 
cells compared to air-exposed animals (Fig. 5D and 5E). The predominant cell type in the 
BAL fluid was the macrophage, which was comparable between air-exposed and cigarette 
smoke-exposed mice. Neutrophilic infiltration was increased by 20-fold in cigarette smoke-
exposed compared to air-exposed mice. In line with the observed reduction of KC mRNA 
in lung tissue homogenates and KC cytokine in BAL, a 55% decrease in neutrophil number 
was observed in cigarette smoke-exposed mice pre-treated with 10 μM MS-275 compared to 
cigarette smoke-exposed mice subjected to vehicle (Fig. 5D and 5E). Taken together, MS-275 
reduces the KC release in BAL fluid of cigarette smoke-exposed mice, which correlates with 
inhibition of neutrophilic lung infiltration. These data demonstrate for the first time that 
MS-275 attenuates inflammatory responses in cigarette smoke-induced neutrophilic airway 
inflammation in mice via a mechanism in which the KC cytokine release is attenuated, 
which correlates with robust attenuation of neutrophilic influx.

MS-275 restores mRNA levels of IL10 in vivo but does not affect the CD68+ or 
CD68+/IL-10+ cell number in cigarette smoke-induced C57Bl/6 mice
MS-275 increased IL10 levels in RAW264.7 macrophages (Fig. 2). Therefore, we hypothesized 
that the anti-inflammatory effects of MS-275 in cigarette smoke-induced C57Bl/6 mice 
could be mediated by increased numbers of IL-10+ macrophages in the lungs. We studied 
the mRNA expression of IL10 in lung tissue of mice exposed to cigarette smoke and pre-
treated with MS-275, relative to CD68 (macrophage marker). Interestingly, in cigarette 
smoke-exposed mice pre-treated with MS-275, mRNA expression of IL10 relative to CD68 
was re-established to levels observed in air-exposed mice (Fig. 6A). This suggests that MS-
275 restores the ability of cigarette smoke-exposed macrophages to produce IL-10. Next, we 
studied if the re-established IL10 mRNA level affects the number of IL-10+ macrophages. 
Lung cryosections were immunohistochemically stained for CD68+ and IL-10 (Fig. 6B). 
Cigarette smoke exposure increased the CD68+ cell number compared to lung tissue of air-
exposed mice (Fig. 6C). However, MS-275 did not affect the CD68+ or the CD68+/IL-10+ cell 
number in cigarette smoke-exposed mice (Fig. 6C). These data do not support the hypothesis 
that the observed anti-inflammatory effects of MS-275 in cigarette smoke-induced C57Bl/6 
mice are mediated by increased numbers of CD68+/IL-10+ macrophages.
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MS-275 restores overall histone acetylation in lung tissue of cigarette smoke-
exposed mice
We anticipated that in mice treatment with MS-275 would result in decreased HDAC activity 
and increased histone acetylation. Thus, HDAC activity was determined in lung tissue 
homogenates using an HDAC activity assay employing the conversion of a pro-fluorogenic 
substrate as described previously (34). Total HDAC activity was reduced in cigarette 
smoke-exposed mice compared to air-exposed mice (Fig. 7A). Although not significant 
due to relatively large standard deviations, remarkably, total HDAC activity appeared to 

Figure 6. MS-275 restored the in vivo mRNA levels of IL10 in macrophages but did not affect 
the CD68

+ 
or CD68

+
/IL-10

+
 cell number in lungs of cigarette smoke-exposed mice. MS-275 

restored IL10 mRNA levels of cigarette smoke-exposed mice to mRNA levels of air-exposed mice (A). Data 
are presented as means ± SD; n=4-5 animals per group. * p < 0.05 compared to vehicle (smoke and inhibitor 
solvent-treated) mice. Numbers of CD68

+
 and CD68

+
/IL-10

+
 macrophages in the lungs were determined by 

immunohistochemistry (B). Images were taken with identical instrumental conditions and representative 
images of 4-5 independent mice per group are shown (original magnification 200x). Immunohistochemical 
stainings were quantified manually and presented as number/mm

2
 lung tissue (C). Scatter plots showing 

an increase in CD68
+
 macrophages upon cigarette smoke exposure. CD68

+
/IL-10

+
 macrophages remained 

unaffected. MS-275 did not affect the influx of CD68
+
 or CD68

+
/IL-10

+
 macrophages. Data are presented as 

mean ± SD; n=4-5 animals per group. * p < 0.05 compared to air-exposed animals. 
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Figure 7. MS-275 reduced acetylation of histone H3 and H4 in cigarette smoke-exposed mouse 
lungs. To study the effect of MS-275 on total HDAC activity in nuclear lung extracts of cigarette smoke-
exposed mice, HDAC activity was determined based on the conversion of a pro-fluorogenic substrate (A). MS-
275 restored HDAC activity compared to air-exposed mice. Data are presented as mean ± SD of 4-5 animals 
per group. Effects of MS-275 on histone H3 and H4 acetylation were studied by Western blot (blots were 
cropped; full length blots are shown in Fig. S11) (B) and quantified by densitometry (C). Total histone H3 
and H4 acetylation was increased in cigarette smoke-exposed mice lungs, and for histone H4 this was reduced 
by MS-275. # p < 0.05 compared air-exposed animals ** p < 0.01 compared to vehicle (smoke and inhibitor-
solvent treated) animals. Histone acetylation of histone H3 and H4 was also analyzed by mass spectrometry 
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be re-established in cigarette smoke-exposed mice pre-treated with MS-275 compared to 
air-exposed mice. Subsequently, histone acetylation was studied by Western blot. In line 
with previous studies in cells (35), acetylation of both histone H3 and H4 was significantly 
increased in lung tissue of cigarette smoke-exposed mice compared to air-exposed mice. 
Excitingly, a decrease in H4 acetylation was observed upon MS-275 treatment (Fig. 7B), 
which was confirmed by densitometry (Fig. 7C). Acetylation of histone H3 and H4 was then 
analyzed using mass spectrometry. In line with the Western blots, decreased acetylation 
upon MS-275 treatment was observed on res. 4-17 from histone H4 (Fig. 7D). Other histone 
peptides were not affected. Altogether, this shows for the first time that histone H4 acetylation 
is increased in cigarette smoke-induced C57Bl/6 mice, which is attenuated by MS-275.

Discussion

We studied the HDAC1-3-selective inhibitor MS-275 in ex vivo, in vitro and in vivo COPD 
models, to explore potential therapeutic applications. While mixed effects were observed in 
PCLS and RAW264.7 macrophages, in cigarette smoke-exposed C57Bl/6 mice there were 
robust anti-inflammatory effects.

Although MS-275 increased the expression of pro-inflammatory genes in PCLS 
(except TNFα) and RAW264.7 macrophages, importantly, the anti-inflammatory expression 
of IL10 was upregulated. This may be particularly relevant in COPD, based on numerous 
examples. IL-10 can inhibit LPS-induced TNFα and IL8 expression (36). Interstitial 
macrophages producing IL-10 negatively regulate T helper 2 and 17 cell-mediated 
inflammatory responses, which prevents neutrophilic asthma (37). In COPD patients, the 
IL-10 concentration in serum and sputum was decreased compared to non-smokers (38). In 
lung tissue of COPD patients less IL-10 was found upon LPS stimulation than in lung tissue 
of patients with normal lung function (39). Macrophages in COPD have lost the ability to 
produce anti-inflammatory cytokines like IL-10, and therefore cannot effectively dampen 
inflammation (39) (40). In summary, macrophages play an important role in COPD, and 
IL-10 can determine the functional role of macrophages. Restoring IL10 expression could 
be relevant in resolving inflammation in COPD.

Effects of MS-275 on inflammatory gene expression in macrophages have been 
described before. MS-275 was previously shown to upregulate IL-10 protein level in 

(D). Histones were resolved by SDS-PAGE, histones H3 and H4 were excised from the gel and subjected 
to LC-MS/MS analysis. Smoke exposure increased, and MS-275 reduced, acetylation on one peptide from 
histone H4 (res. 4-17: GKGGKGLGKGGAKR). Other peptides were not affected. Data are presented as mean 
± SD of 4-5 animals per group. * p < 0.05 compared to air-exposed animals. # p < 0.05 compared to vehicle 
(smoke and inhibitor-solvent treated) animals.
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RAW264.7 macrophages (25), but opposite to our observations, IL-1β was downregulated. 
MS-275 also reduced nitric oxide (NO) concentration in the media and decreased mRNA 
levels of iNOS and TNFα, showing anti-inflammatory effects (25) (41). MS-275 reduced 
LPS-induced IL-1β, IL-6, IL-18 and TNF-α secretion in THP-1 human monocytic cells; 
and NO secretion in RAW264.7 cells (23). In bone marrow derived macrophages MS-
275 showed mainly pro-inflammatory effects on gene expression (42). MS-275 reduced 
poly(I-C)- induced release of TNF-α, IL-6, and IL-12 in dendritic cells. However, IL-10 was 
also reduced, indicating a mixed pro- and anti-inflammatory effect opposite to our findings 
(i.e. downregulation instead of upregulation) (43). Thus, MS-275 gives rise to either pro- 
or anti-inflammatory effects in these cells. The exact experimental conditions are likely 
important to the outcome. Furthermore, future studies could include an assessment of the 
metabolism of macrophages to distinguish between different macrophage phenotypes, as a 
mixed population of macrophages could also explain these effects.

The molecular mechanism underlying the increased IL10 expression under the 
conditions applied in this study was studied in macrophages, focusing on NF-κB as a 
potential regulator. MS-275 increased NF-κB promoter activity, acetylation, and nuclear 
translocation in RAW264.7 macrophages. The total NF-κB p65 protein level was reduced. 
Importantly, MS-275 increased NF-κB p65 binding to the IL10 promoter. This mechanism is 
in line with literature (32). MS-275 was also previously shown to increase NF-κB p65 nuclear 
translocation, DNA binding, acetylation, and activity in U937 human monocytes. The total 
p65 level was unchanged (44). In mouse primary cortical neurons MS-275 increased global 
NF-κB acetylation (45). In contrast, MS-275 was previously shown to inhibit LPS-induced 
NF-κB p65 nuclear accumulation and acetylation (23). Taken together, this shows that the 
effects of MS-275 on NF-κB p65 are complex. The different observations for effects of MS-
275 on NF-κB p65 could be explained by the different concentrations of MS-275 that were 
used, different time points used, and differences in the employed inflammatory stimulus. 
Also, effects may vary between cell types.

SAHA did not affect gene expression, NF-κB p65 acetylation or translocation in 
macrophages, while a robust increase in histone acetylation was observed. These effects are 
distinct from those of MS-275. Thus, under the applied conditions, iso-enzyme selectivity 
of HDACi has important consequences for their effects. The iso-enzyme selectivity of MS-
275, which inhibits HDAC1 and 2, and 3, is also important considering the role of HDAC2 
in COPD. HDAC2 expression and activity are decreased in COPD, which is linked to 
steroid resistance (46). For HDAC1 and 3, roles in COPD have not clearly been described. 
Altogether this shows that development of highly potent molecules selectively targeting 
specific HDACs is of interest. This could aid in obtaining selective anti-inflammatory 
effects via regulation of NF-κB acetylation on specific lysines. Based on the important role 
of HDAC3 in deacetylation of specific NF-κB p65 lysines (18), HDAC3-selective inhibitors 
may be interesting candidates for studies in mice. In support of this, the HDAC3-selective 
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inhibitor RGFP966 was previously shown by us to increase IL10 expression and reduce 
pro-inflammatory gene expression in PCLS. In RAW264.7 macrophages, pro-inflammatory 
gene expression was decreased, and correlated with reduced NF-κB activity (47). This is 
particularly interesting considering the increased NF-κB activity reported in COPD (8).

Nevertheless, importantly, in cigarette smoke-exposed C57Bl/6 mice, MS-275 
attenuated inflammatory responses by robustly decreasing KC cytokine release and 
neutrophil influx. In line with this, reduced inflammatory responses have been reported 
in various animal disease models characterized by inflammation (48) (24) (25) (49). This 
shows that in cigarette-smoke-exposed C57Bl/6 mice, but also in other disease models, MS-
275 can suppress inflammatory responses. This indicates the potential for development of 
selective HDACi for treatment of inflammatory (lung) diseases.

Considering the increased IL10 expression in PCLS and RAW264.7 macrophages, 
we expected that MS-275 also increases IL10 expression in macrophages in vivo,  playing 
a role in the anti-inflammatory effects. Indeed, MS-275 restored mRNA levels of IL10 in 
macrophages in lungs from cigarette smoke-exposed mice to levels of macrophages in 
air-exposed mice. Despite this restoration, the CD68+/IL10+ cell number was unchanged. 
However, even though cell numbers were not increased, IL-10 levels could still have been 
increased. Previously, MS-275 was shown to increase IL10 expression in vivo in lymph nodes 
of experimental autoimmune neuritis rats, and increase the proportion of macrophages 
expressing anti-inflammatory cytokines (compared to pro-inflammatory cytokine expressing 
macrophages) (24). MS-275 also increased the proportion of macrophages expressing anti-
inflammatory cytokines in prostates of experimental autoimmune prostatitis rats (25). 
Our results and these studies combined suggest that MS-275 can increase IL-10 levels 
in macrophages in vivo, and lead to a (relative) increase in macrophages with an anti-
inflammatory profile, in several rodent disease models characterized by inflammation.

The anti-inflammatory effects in vivo were not directly reflected in PCLS and RAW264.7 
macrophages, where MS-275 increased expression of both pro- and anti-inflammatory genes. 
It is unclear why this is the case. Although our results in macrophages in vitro clearly indicate 
a mechanism in which MS-275 increases IL10 expression by increasing NF-κB p65 activity 
and IL10 promoter binding, it is possible that MS-275 shows anti-inflammatory effects in 
vivo through other mechanisms. Nevertheless, we anticipate that the identified molecular 
mechanism could be one of the contributors. A possible future study to confirm this would be 
to assess isolated macrophages from smoke exposed mice or clinical COPD samples.

As expected, MS-275 increased histone acetylation in PCLS and RAW264.7 
macrophages. In line with previous studies in cells (35), cigarette smoke increased histone 
H4 acetylation in mouse lungs. Strikingly, and counter-intuitively, MS-275 reduced these 
acetylation levels. This suggests that the overall changes in histone acetylation are a 
consequence of processes brought about by cigarette smoke exposure, which are alleviated 
by MS-275; rather than a direct consequence of MS-275 treatment. The observations of 
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less KC (murine IL-8) secretion and neutrophil influx upon MS-275 treatment could be 
accompanied by reduced histone acetylation. This could be explained by increased IL-
10 secretion by alveolar macrophages. In monocytes IL-10 has been described to locally 
decrease histone H4 acetylation at the IL8 promoter (36). Compensation mechanisms could 
also take place upon MS-275 treatment to restore overall HDAC activity resulting in reduced 
acetylation levels. Previously, MS-275 increased histone acetylation in various tissue types 
in vivo in other disease models (50) (51) (52). It is unclear why our results are not in line 
with this, and this requires further study.

In summary, MS-275 showed mixed effects on pro- and anti-inflammatory gene 
expression in PCLS and RAW264.7 macrophages. Importantly, anti-inflammatory IL10 
expression was upregulated in these models. In macrophages this was connected to 
increased NF-κB p65 transcriptional activity, acetylation, nuclear localization, and binding 
to the IL10 promoter. This molecular mechanism could be relevant to COPD due to the 
crucial role of macrophages and IL-10 in COPD. Importantly, in cigarette smoke-induced 
C57Bl/6 mice, MS-275 reduced inflammatory gene expression of KC mRNA, KC cytokine 
level in BAL, and lung neutrophil influx. IL10 expression was upregulated in vivo in lung 
macrophages on the mRNA but not the protein level. Intriguingly, MS-275 decreased 
histone acetylation in the lungs of cigarette smoke-exposed mice. To our knowledge, this 
study is the first to demonstrate that the HDAC1-3-selective inhibitor MS-275 robustly 
attenuates cigarette smoke-induced neutrophilic airway inflammation in C57Bl/6 mice. 
This highlights a potential alternative application area for isoform selective HDACi in the 
treatment of inflammatory lung diseases, which is a novel concept.

Experimental Section

HDAC inhibition assay
The HDAC inhibition assay was performed in triplicate as described before (34). Briefly, the 
respective human recombinant HDAC enzymes (BPS Bioscience, San Diego, CA, USA) were 
incubated in absence and/or in presence of various concentrations MS-275, SAHA and the 
pro-fluorogenic substrate at room temperature for 60 min. Next, the deacetylation reaction 
was stopped with the addition of the HDAC Stop Solution (6 mg/mL trypsin, 0.3 mM SAHA) 
in all wells and the plate was incubated at 37 °C for 20 min. The release of the fluorescent 
7-amino-4-methylcoumarin was monitored by measuring the fluorescence at λem= 460 nm 
and λex= 390 nm using a Synergy H1 plate reader (BioTek Instruments, Winooski, VT, USA). 
The fluorescence value of the background wells was subtracted from the fluorescence of the 
positive control, blank and inhibitor wells. Nonlinear regression was used to fit the data to 
the log(inhibitor) versus response curve using GraphPad Prism (GraphPad software 5.00, 
San Diego CA, USA).
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Precision-cut lung slices and treatment
C57bl/6 male mice (weight 24-28 g; age 8-10 weeks) were purchased from Harlan (Zeist, 
The Netherlands) and maintained on mouse chow and tap water ad libitum in a humidity- 
and temperature-controlled room at 24°C with a 12 h light/dark cycle. All experiments 
were performed according to national guidelines and upon approval of the experimental 
procedures by the local Animal Care and Use committee of Groningen University, DEC 
number 6962A. Mice were randomly assigned to the experiments.

Mouse precision-cut lung slices (PCLS) were prepared as previously described (53). 
Briefly, male mice were anesthetized by subcutaneous injection of ketamine (40 mg/kg, 
Alfasan, Woerden, The Netherlands) and dexdomitor (0.5 mg/kg, Orion Pharma, Mechelen, 
Belgium). Subsequently, the trachea was cannulated and the animal was exsanguinated by 
cutting the jugular vein, after which the lungs were filled trough the cannula with 1.5 mL 
low melting-point agarose solution (1,5% final concentration). The lungs were placed on 
ice for 15 min to solidify the agarose for slicing. The lobes were separated and tissue cores 
were prepared of the individual lobes, after which the lobes were sliced at a thickness of 250 
μm. Tissue slices were incubated at 37°C in a humid atmosphere under 5% CO2/95% air. In 
order to remove the agarose and cell debris from the tissue, slices were washed every 30 min 
(four times in total). 

PCLS were incubated in DMEM supplemented with sodium pyruvate (1 mM), MEM 
non-essential amino acid mixture (1:100; Gibco® by Life Technologies), gentamycin (45 μg/
mL; Gibco® by Life Technologies), penicillin (100 U/mL), streptomycin (100 μg/mL) and 
amphotericin B (1.5 μg/mL; Gibco® by Life Technologies). Slices were cultured at 37°C in a 
humidified atmosphere under 5% CO2/95% air in 12-well tissue culture plates, using 3 slices 
per well. Slices were treated with MS-275 (1 and 10 μM) and SAHA (0.41 μM) for 20 h and 
where indicated, stimulated with 10 ng/mL LPS and IFNγ.

Cell culture
RAW264.7 macrophages (mouse) were obtained from the American Type Culture Collection 
(ATCC, Wesel, Germany) and cultured in plastic tissue culture plates or flasks (Costar Europe, 
Badhoevedorp, The Netherlands) at 37 °C under 5% CO2/95% air in Dulbecco’s Modification 
of Eagle’s Medium (DMEM) containing GlutaMAXTM (Gibco® by Life Technologies, 
Bleiswijk, The Netherlands) supplemented with 10% (v/v) heat inactivated fetal bovine 
serum (FBS; Invitrogen, Breda, The Netherlands), 2 mM additional GlutaMAXTM (Gibco® 
by Life Technologies), 100 U/mL penicillin (Gibco® by Life Technologies) and 100 μg/mL 
streptomycin (Gibco® by Life Technologies). RAW264.7 macrophages were used between 
passage 5 and 16.

Where indicated, cells were stimulated with 10 ng/mL lipopolysaccharide (LPS, 
Escherichia coli, serotype 0111:B4; Sigma-Aldrich, Zwijndrecht, The Netherlands) and 10 
ng/mL interferon gamma (IFNγ, #315-05; PeproTech, Hamburg, Germany) for the last 
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4 h of the experiment. For exposure to cigarette smoke extract (CSE), RAW264.7, 5% CSE 
was used. CSE was prepared by a standardized method by combusting two 3R4F research 
cigarettes (University of Kentucky, Lexington, KY) (filter removed) using a peristaltic 
pump (Watson Marlow, Falmouth, Cornwall, England) and passing the smoke through 25 
ml of the culture medium, at a rate of one cigarette per 5 min. The obtained solution was 
designated 100% CSE and diluted to working concentration in the culture medium. For all 
experiments, CSE was freshly prepared and used within 30 min after preparation.

Investigation of cellular toxicity by MTS assay
To investigate the influence of the HDACi on cell viability, RAW264.7 macrophages were 
seeded in 96-well plates. To obtain identical cell density at the start of the experiments, 
RAW264.7 macrophages were seeded at 25,000 cells/cm2 prior incubation with MS-275 
and SAHA. Shortly before incubation with HDACi, medium was replaced by 100 μL fresh 
(if appropriate serum free) culture medium. After 20 h of incubation with HDACi (and if 
appropriate the last 4 h supplemented with 10 ng/mL LPS and IFNγ), 20 μL of CellTiter 96 
AQueous One Solution reagent (Promega) was added to each well and incubated at 37 °C for 
1 h in the dark. The absorbance at 490 nm was measured using a Synergy H1 plate reader. 
LPS and IFNγ-stimulated cells without addition of HDACi were considered 100%.

Gene expression analysis by RT-qPCR
RAW264.7 macrophages were washed twice with ice-cold Dulbecco’s Phosphate-buffered 
Saline (DPBS, Gibco® by Life Technologies) and total RNA was isolated using the SV 
Total RNA Isolation kit (Promega, Leiden, The Netherlands). RNA from mouse precision-
cut lung slices (PCLS) and from mouse lung tissue (whole lung) was isolated using the 
Maxwell® 16 LEV simplyRNA Tissue Kit (Promega). Both RNA isolation procedures were 
performed according to the manufacturer’s protocol. RNA integrity was determined by 
28S/18S ratio detection on an 1% agarose gel, which was consistently found intact. RNA 
concentration (OD260) and purity (OD260/OD280) were measured by NanoDrop ND-
1000 UV-Vis spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). For 
gene expression analysis, RNA was reverse transcribed using the Reverse Transcription kit 
(#A3500, Promega). Subsequently, 10 ng of cDNA was applied for each RT-qPCR, which 
was performed on an ABI Prism 7900HT Sequence Detection System (Applied Biosystems, 
Nieuwerkerk a/d IJssel, The Netherlands). The primers for TNFα (Mm00443258_
m1), IL1β (Mm00434228_m1), IL6 (Mm00446190_m1), KC (Mm04208136_m1), 
IL10 (Mm00439614_m1), IL12b (Mm00434174_m1), CD68 (Mm03047340_m1), p65 
(Mm00501346) and GAPDH (Mm99999915_g1) were purchased as Assay-on-Demand 
(Applied Biosystems). For each sample, the real-time PCR reactions were performed in 
duplicate and the averages of the obtained Ct values were used for further calculations. Data 
analysis was performed with the relative quantification manager software (SDS 2.4; Applied 
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Biosystems). Gene expression levels were normalized to the expression of the reference gene 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), which was not influenced by the 
experimental conditions resulting in the ΔCt value. Gene expression levels were calculated 
by the comparative Ct method (2-ΔΔCt) (54).

Assessment of tissue viability using lactate dehydrogenase.
To assess the viability of the PCLS subjected to MS-275 and SAHA, the amount of lactate 
dehydrogenase (LDH) released from the tissue slices into the incubation medium was 
analyzed. Maximal LDH release was determined by lysing 3 slices with 1% Triton X-100 
for 30 min at 37°C at the start of the experiments. Supernatants were stored at -80°C. LDH 
release was determined using an assay form Roche Diagnostics (Mannheim, Germany), and 
was measured using a Hitachi automatic analyzer (Modular Analytics, Roche Diagnostics). 
LDH release from the PCLS into the incubation medium was plotted relative to maximal 
LDH release.

Protein expression analysis by Western blot
RAW264.7 macrophages were washed twice with ice-cold DPBS and subsequently 
lysed in ice-cold cell lysis buffer (25 mM Hepes, 5 mM MgCl2, 5 mM EDTA, 0.5% Triton 
X-100; supplemented with 1 mM DTT, 1 mM sodium butyrate, and protease inhibitors 
(#88266; Thermo Scientific, Rockford, IL, USA)). Next, lysates were freeze-thawed (4x) 
and centrifuged (10 min, 13,000 g) to remove cell debris. Protein concentrations were 
determined using the RC DC Protein Assay (Bio-Rad) according to the manufacturer’s 
protocol. Equal amounts of protein were loaded on a 10% polyacrylamide gel, separated 
by SDS-PAGE with a Mini-Protean II apparatus (Bio-Rad Laboratories, Veenendaal, The 
Netherlands), and transferred with a Trans-Blot Electrophoretic Transfer system (Bio-Rad 
Laboratories) onto a polyvinylidene difluoride membrane (PVDF; Bio-Rad Laboratories). 
The membrane was blocked at room temperature for 1 h in DPBS/0.1% Tween 20 (Sigma-
Aldrich; solution referred to as PBST) containing 5% skimmed milk (Campina, Friesland, 
The Netherlands) and subsequently incubated overnight at 4 °C with the appropriate 
primary antibody in 5% BSA (Sigma-Aldrich) or 5% skimmed milk in PBST. The following 
primary antibodies and dilutions were used: NF-κB p65 (#8242, 1:2,500), PARP-1 (#9532, 
1:1,000), and Histone H3 (#4499, 1:2,000); all from Cell Signaling, Leiden, The Netherlands 
and anti-acetyl lysine (AB3879, 1:500; Millipore, Billerica, MA, USA). For loading control 
the lower part of the blot was incubated for 1 h at room temperature with monoclonal rabbit 
anti-β-actin (#4970, 1:10,000; Cell Signaling). Membranes were washed in PBST and 
incubated at room temperature for 1 h with peroxidase-conjugated secondary antibodies. 
The following secondary antibodies were used: goat anti-rabbit IgG/HRP (#P0448), rabbit 
anti-goat IgG/HRP (#P0449) and rabbit anti-mouse IgG/HRP (#P0260, all 1:2,000; 
DakoCytomation, Glostrup, Denmark). The bands were visualized using the VisiGloTM 
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Prime HRP Chemiluminescenct Substrate Kit (AMRESCO, Solon, OH, USA), quantified 
by imaging (GeneSnap from SynGene, Frederick, MD, USA), and processed using ImageJ 
software (1.48d; National Institute of Health, USA). For the Western blot of K310 acetylated 
p65, RAW264.7 macrophages (from one 175 cm2 culture flask) were subjected to MS-275 
(1 μM) for 20 h, stimulated with 10 ng/mL LPS and IFNγ for 4h and subsequently lysed 
in lysis buffer (20 mM Tris-HCl pH 7.5, 120 mM NaCl, 1% IGEPAL CA-630, 2 mM EDTA; 
all from Sigma-Aldrich) supplemented with PierceTM Protease Inhibitors (P.I.; #88266, 
Thermo Scientific). The lysates were loaded on a 10% polyacrylamide gel, and the same 
blotting and blocking procedures as described above were followed. The primary antibody 
that was used was #ab19870 from Abcam in 1:500 dilution. The same secondary antibody 
and visualization procedure as described above was used. The K310 acetylation signal was 
quantified using the p65 signal as a loading control.

Effect of HDACi on NF-κB transcriptional activity by QUANTI-Blue assay
RAW-BlueTM cells (InvivoGen, San Diego, CA, USA) were originally derived from mouse 
RAW264.7 macrophages which stably express a secreted embryonic alkaline phosphatase 
(SEAP) gene inducible by NF-κB p65 and AP-1 transcription factors. RAW-Blue cells were 
treated with MS-275 or SAHA for a total of 20 h from which the last 4 h supplemented with 
10 ng/mL LPS and IFNγ. The secretion of SEAP into the medium is therefore indicative 
of NF-κB activity, and was determined using the QUANTI-BlueTM detection medium 
(InvivoGen) according to the manufacturer’s protocol. Briefly, 50 μL of supernatant was 
added to 150 μL of QUANTI-BlueTM detection medium and incubated at 37 °C for 1-2 h in 
the dark. Subsequently, SEAP activity was assessed by measuring the absorbance at 630 nm 
using an Synergy H1 plate reader. Results were plotted as % of control.

Histone extraction and Micro BCA™ Protein Assay
Histone extractions were performed as previously described in the literature with minor 
modifications (55). After histone extractions the samples were diluted with Phosphate-
Buffered Saline (PBS, PAA Laboratories GmbH, Austria) to determine the total protein 
concentration using the micro BCA protein assay according to the manufacturer’s 
instructions (Pierce, Rockford, USA, # 23235). Absorbance was measured with a Synergy 
H1 plate reader at 562 nm. A bovine serum albumin standard (2 mg/mL, Pierce, Rockford, 
USA, # 23209) was used to calibrate the assay.

Acetylation of histones with acetic anhydride-d6
For the in-gel reaction of histones with acetic anhydride-d6, 7 μg of histones were loaded 
on a 15% polyacrylamide gel and resolved by SDS-PAGE electrophoresis. After Coomassie 
staining, bands for histones H3 and H4 were excised from the gel. Then 50 μL of acetonitrile 
and 50 μL of ammonium bicarbonate buffer (100 mM) were added to destain the gel bands. 
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Gel bands were then dried in acetonitrile. Subsequently, 5 μL of acetic anhydride-d6 
was added, after which 100 μL of ammonium bicarbonate (1M) was added immediately. 
Subsequently, samples were incubated at 37 °C for 15 min. Gel bands were then washed 
3 times with H2O. The acetic anhydride-d6 reaction was then repeated. After the second 
reaction, gel bands were dried using acetonitrile and trypsin (Promega, Madison, Wisconsin, 
USA, # V511A) was added at a 1:20 ratio in ammonium bicarbonate (50 mM). Histones were 
digested at 37 °C for 16 h. Supernatants containing histone peptides were subjected to LC 
MS/MS analysis as described below.

NanoChip LC-MS/MS QTOF
A quadrupole time-of-flight mass spectrometer (QTOF, Agilent 6510) with a liquid 
chromatography-chip cube (# G4240) electrospray ionization interface was coupled to a 
nanoLC system (Agilent 1200) composed of a nanopump (# G2226A), a capillary loading 
pump (#G1376A) and a solvent degasser (# G1379B). Injections were performed with an 
autosampler (# G1389A) equipped with an injection loop of 40 μL and a thermostated cooler 
maintaining the samples in the autosampler at 4 °C during the analysis (#G1377A Micro WPS). 
The instrument was operated under the MassHunter Data Acquisition software (Agilent 
Technologies, Santa Clara, USA, version B.04.00, B4033.3). A chip (ProtID-Chip-150 II 
300A, #G4240-62006) with a 40 nl trap column and a 75 μm × 150 mm analytical column 
filled with Zorbax 300SB-C18, 5 μm (Agilent Technologies) was used for peptide separation. 

The identification of peptides was based on data collected in auto MS/MS 2 GHz 
mode using the following settings; fragmentor: 175 V, skimmer: 65 V, OCT 1 RF Vpp: 750 V, 
precursor ion selection: medium (4 m/z), mass range: 200-2500 m/z, acquisition rate for 
MS: 2 spectra/sec, for MS/MS 3 spectra/sec; MS/MS range: 50-3000 m/z; ramped collision 
energy: slope 3.8, offset: 0, precursor setting: maximum 3 precursors/cycle; absolute 
threshold for peak selection was 1000; relative threshold was 0.01 % of the most intense 
peak, active exclusion enabled after 1 selection, release of active exclusion after 0.6 min, 
precursors were sorted by abundance only. The MS/MS files were stored in centroid and 
profile mode. MS1 absolute threshold 50 and MS2 absolute threshold 35 were applied to 
account for detector noise. Static exclusion range 200-350 m/z for precursor selection was 
applied. Gas temperature (nitrogen) was 325 °C and gas flow was 5 l/min. The quantification 
of peptides was based on data collected in MS mode using the same settings except of the 
mass range 20-3000 m/z; acquisition rate 1 spectra/sec. In both cases lock masses 1221.990 
m/z and 299.294 (Agilent) were used to recalibrate spectra during the acquisition. The area 
of the manually extracted ion chromatograms (0.1 m/z tolerance) of the selected peptides 
was used for quantification. 
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Database search
Tandem mass spectra were extracted, charge state deconvoluted and deisotoped by the 
MassHunter Qualitative Analysis software version B.05.00 (Agilent) and saved as .mgf 
files. All MS/MS data were analyzed using Phenyx (GeneBio, Geneva, Switzerland); version 
CYCLONE (2010.12.01.1)). The fragment ion mass tolerance of 0.30 Da and a parent ion 
tolerance of 400 ppm were selected for a database search. The oxidation of methionine 
(+15.99), light (+42.01) and heavy (+45.03) acetylation of lysine (K), heavy acetylation 
with light methylation (+59.045) of K, methylation (+14.01), dimethylation (+28.03), 
trimethylation (+42.04) of K, methylation of arginine (R) (+14.01), dimethylation of 
arginine (R) (+28.03) N-terminal acetylation (+42.01), deamidation (+0.98) of asparagine 
(N) and glutamine (Q) were specified in Phenyx as variable modifications. 

Nuclear and cytosolic fractionation
RAW264.7 macrophages were subjected to 1 μM MS-275 and 0.41 μM SAHA for 20 h, 
stimulated with 10 ng/mL LPS and 10 ng/mL IFNγ for 4 h and subsequently lysed. Nuclear 
and cytosol fractions of RAW264.7 macrophages were prepared using the NE-PER® 
Nuclear and Cytoplasmic Extraction kit (Thermo Scientific) according to the protocol of the 
manufacturer.

Confocal laser scanning microscopy (CLSM)
The effect of the MS-275 and SAHA on the nuclear translocation of NF-κB p65 was evaluated 
by immunofluorescence. 20,000 cells/cm2 cells were seeded in Lab-Tek chambers (#177445; 
Nunc, Rochester, NY, USA) and subjected to 1 μM MS-275 and 0.41 μM SAHA for 20 h. Cells 
were washed twice with ice-cold DPBS and fixed with 4% formaldehyde at room temperature 
for 20 minutes. Subsequently, cells were permeabilized with 0.25 % Triton X-100 in DPBS 
and blocked with DPBS/5% BSA for 30-60 min at room temperature (to minimize non-
specific binding). NF-κB p65 was detected with rabbit monoclonal NF-κB p65 antibody (2 h 
incubation at 4 °C, 1:250; #8242, Cell Signaling), followed by 1 h incubation with goat anti-
rabbit AlexaFluor488 (10 μg/mL; A-11008, Molecular Probes, Leiden, The Netherlands). All 
antibody incubation steps were carried out in 5% BSA/DPBS and between incubation steps 
slides were washed with DPBS/0.5% BSA/0.05% Tween 20. For negative control, samples 
were processed omitting the primary antibody. At the end of the incubation steps, nuclei 
were stained with Hoechst 33342 (Molecular Probes) and mounted using Aqua Poly/Mount 
medium (Polysciences, Warrington, PA, USA), air dried for 24 h, and stored in the dark 
at 4 °C. Fluorescence was examined using a confocal laser scanning microscope (CLSM) 
equipped with true confocal scanner (TCS; SP8 Leica, Heidelberg, Germany), using a 63x oil 
immersion lens. Sequential scans were obtained to avoid bleed through. AlexaFluor488 was 
excited using the 488 nm blue laser line, AlexaFluor546 was excited using the 552 nm green 
laser line and Hoechst 33342 using the 405 nm UV laser line. All images were recorded in 
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the linear range, avoiding local saturation, at an image resolution of 2048 × 2048 pixels 
and with a pinhole size of 1 Airy unit. Presented images show a single z-scan. Images were 
further processed using ImageJ 1.48d.

Chromatin Immunoprecipitation (ChIP)
RAW264.7 macrophages were plated in 175 cm2 flasks and subjected to 1 μM MS-275 
or vehicle for 20 h from which the last 4 h supplemented with 10 ng/mL LPS and IFNγ. 
RAWs were cross-linked for 20 min at RT with 1.5 mM EGS in PBS followed by 15 min 
with 1% formaldehyde (#28906, methanol-free; Thermo Scientific). Cross-linking was 
quenched with 200 mM glycine in PBS for 5 min and subsequently cells were washed 3 
times with ice-cold PBS. Per ChIP, 25-30 x 106 cells were lysed with scrape buffer (PBS 
supplemented with 3 μL PierceTM Protease Inhibitors (P.I.); #88266, Thermo Scientific) 
and centrifuged at 500 g for 5 min at 4 °C. To isolate the nuclei, the pellets were incubated 
in 1 mL LB1 buffer (50 mM Hepes-KOH, pH 7.5, 140 mM NaCl, 1 mM EDTA, 10% glycerol, 
0.5% IGEPAL CA-630 and 0.25% Triton-X 100, supplemented with 3 μL/mL P.I.)/25 x 
106 cells and rotated for 20 minutes at 4 °C to ensure efficient lysis. After centrifugation at 
2000 g for 5 minutes at 4 °C, nuclei were washed in LB2 buffer (10 mM Tris-HCl, pH 8.0, 
200 mM NaCl, 1 mM EDTA and 0.5 mM EGTA, supplemented with 3 μL/mL P.I.),  for 5 
minutes at 4 °C with rotation and afterwards centrifuged at 2000 g for 5 minutes at 4 °C. 
Nuclei were lysed in LB3 buffer (10 mM Tris-HCl, pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5 
mM EGTA, 0.1% Na-deoxycholate and 0.5% lauroylsarcosine, supplemented with 3 μL/mL 
P.I.) and sonicated with a Bioruptor® Plus device (Diagenode Inc., USA) to fragment the 
chromatin to a mean size of 300 bp. 25 μg of pre-cleared sonicated chromatin was incubated 
overnight on a rotating platform at 4 °C with Protein-A Dynabeads® (#10001D, Thermo 
Scientific) prebound with 1-2 μg of control IgG (#3900, Cell Signaling) or NF-κB p65 
(#8242, Cell Signaling) antibodies. Afterwards, the immune complexes were washed seven 
times with RIPA buffer (50 mM Hepes-KOH, pH 7.6, 1 mM EDTA, 0.7% Na-deoxycholate, 
1% IGEPAL CA-630, 0.5 M LiCl) and two times with TE buffer (10 mM Tris-HCl and 1 mM 
EDTA, pH 8.0). ChIP DNA fragments were eluted and decross-linked by incubation with 
elution buffer (1% SDS, 0.1 M NaHCO3) overnight at 65 °C. Next the DNA fragments were 
incubated with 1 mg/mL RNase (#11119915001, Roche) for 1 h at 37 °C and subsequently 
incubated with 20 mg/mL Proteinase K (#03115887001, Roche) for 2 h at 55 °C to reduce 
residual RNA and protein. Finally, ChIP DNA fragments were isolated using the Wizard® 
SV Gel and PCR Clean-Up System (Promega) according to the manufacturer’s protocol and 
quantified by RT-qPCR using an ABI Prism 7900HT Sequence Detection System (Applied 
Biosystems) and a SensiMixTM SYBR® Hi-ROX Kit (#QT605-05, Bioline, Alphen aan den 
Rijn, The Netherlands). The following IL-10 primers were used: -48 bp transcription start 
site, 5’-TCAAAAATTGCATGGTTTAGAAGA-3’ (FW), 5’-TGTTCTTGGTCCCCCTTTTA-3’ 
(RV); -220 bp transcription start site, 5’-AGCTGTCTGCCTCAGGAAAT-3’ (FW), 
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5’-TGGTCGGAATGAACTTCTGC-3’ (RV). qChIP data were calculated as percent of input 
and plotted as fold enrichment. 

Mouse model of cigarette smoke exposure
Male mice were exposed (whole body) twice a day for 4 consecutive days to cigarette smoke 
from research cigarettes (Kentucky 3R4F), as described previously (56). In brief, on day 
1, mice were exposed to the mainstream smoke of one cigarette in the morning and three 
cigarettes in the afternoon, and on day 2-4, five cigarettes in the morning and five cigarettes 
in the afternoon (Fig 5A) (1 cigarette corresponds to 5 minutes of exposure followed by 30 
seconds of air exposure and subsequently 2 minutes of recovery). 30 minutes prior to each 
cigarette smoke exposure mice were subjected to 10 μM MS-275 by nebulization (using a 
PARI BOY SX pump type 085 (Pari GmbH, Starnberg, Germany) in PBS 1% DMSO for 15 
minutes. Vehicle treated mice were exposed to PBS 1% DMSO (no MS-275) and cigarette 
smoke. Control mice were handled in the same manner, however, exposed to fresh air only. 
16 h after the last cigarette smoke/air exposure mice were anesthetized by subcutaneous 
injection of ketamine (40 mg/kg) and dexdomitor (0.5 mg/kg). Subsequently, BAL fluid 
was obtained and lungs were snap frozen on liquid nitrogen and stored at -80 °C. Animal 
experiments were performed according to national guidelines and upon approval of the 
experimental procedures by the local Animal Care and Use committee of Groningen 
University, DEC number 6962B. Mice were randomly assigned to the experiments. The 
number of mice available for analysis per group is shown in the figures.

Analysis of BAL fluid
After anesthetizing the mice, lungs were gently lavaged through a tracheal cannula with 
1 mL PBS containing 5% BSA supplemented with protease inhibitors (#11836170001, 
Roche, 1 tablet per 10 mL) and another 4 times with 1 mL PBS. Bronchoalveolar lavage 
(BAL) fluid was centrifuged at 290 g for 10 minutes at 4 °C and the supernatants of the first 
fractions were stored at -80 °C and analyzed for KC (IL-8) content by ELISA (#DY453-05, 
R&D Systems, Minneapolis, MN, USA). For each animal individually, BAL cells of the 5 
different fractions were combined, resuspended in 500 μL PBS, and total cell numbers were 
determined. For cytological determination, cytospin preparation were stained with May-
Grünwald and Giemsa (both Sigma) and a differential cell count was performed by counting 
≥ 400 cells in duplicate in a double blinded fashion.

Immunohistochemical staining and quantification of CD68+ and CD68+/IL-10+ 
macrophages in lung tissue of cigarette smoke-induced neutrophilic airway 
inflammation
To determine the number of CD68+ and CD68+/IL-10+ macrophages in lung tissue, 4 μm-thick 
cryosections (n=4-5) were stained with specific antibodies. First, cryosections were fixed for 
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10 minutes in 100% acetone and subsequently blocked for 30 minutes with 5% ELK and 1% 
BSA in PBS. Next, sections were incubated overnight at 4 °C with 10 μg/mL anti-human IL-
10 rabbit IgG (#HP9016, Hycult Biotech, Uden, The Netherlands). Endogenous peroxidase 
activity was blocked with 0.3% H2O2 and endogenous biotin was blocked using a Biotin 
Blocking System (#X0590, Dako). Subsequently, sections were incubated with 4 μg/mL rat 
anti-mouse CD68 (#MCA1957GA, Abd Serotec®, Bio-Rad) for 1 h, followed by incubation 
with 7.6 μg/mL polyclonal goat anti-rabbit immunoglobulins/biotinylated (#E0432, Dako) 
for 30 minutes and 1:50 goat anti-rat IgG/HRP (#3050-05, Southern Biotech, Birmingham, 
USA) for 30 minutes. Immunoreactivity was visualized using a Vectastain ABC Kit (#PK-
4000, Vector Laboratories, Burlingame, USA), an BCIP/NBT Alkaline Phosphatase Substrate 
Kit (#SK-5400, Vector Laboratories; 5-bromo-4-chloro-3-indolyl phosphate/nitro blue 
tetrazolium) and an ImmPACTTM NovaREDTM Peroxidase Substrate Kit (#SK-4805, Vector 
Laboratories), according to manufacturer’s protocols. Finally, sections were dehydrated 
through 95% and 100% alcohol and mounted with VectaMountTM Permanent Mounting 
Medium (#H-5000, Vector Laboratories). As negative control, sections were processed 
omitting the primary antibody. CD68-positive cells and double-positive cells were counted 
manually and corrected for the total area of lung tissue section as measured by morphometric 
analysis using Aperio ImageScope viewing software 11.2.0.780 (Aperio, Vista, USA).

HDAC activity in nuclear lung extracts
To determine the HDAC activity in lung tissue of cigarette smoke-exposed mice treated with 
HDAC1-3 inhibitor MS-275, nuclear fractions were prepared. First, 25 mg lung tissue was 
washed with 1 mL ice-cold PBS and centrifuged at 500 g for 5 min at 4 °C. Subsequently, 
the supernatant was removed and nuclear fractions were prepared using the NE-PER® 
Nuclear and Cytoplasmic Extraction kit (Thermo Scientific) according to the protocol of the 
manufacturer.

The HDAC activity in the resulting nuclear lung extracts was determined using an 
assay described before (34). Shortly, nuclear extracts were serial diluted in 40 μL of HDAC 
buffer (25 mM Tris-HCl, 137 mM NaCl, 2.7 mM KCl and 1 mM MgCl2). Negative control 
contained 40 μL heat inactivated nuclear extracts; 100 °C for 10 min. Subsequently, 50 μl of 
Boc-Lys(Ac)-AMC (100 μM) and 10 μl of HDAC buffer was added to all wells (final volume 
100 μL). The plates were gently shaken for 20 sec and incubated at room temperature for 1 
h. Next, 50 μl of HDAC stop solution (300 μM SAHA supplemented with 6 mg/mL trypsin) 
was added to all wells and the plate was incubated at 37°C for 20 min. The fluorescence 
was measured at λem= 460 nm and λex= 390 nm. Arbitrary fluorescence units (AFU), 
corresponding to HDAC activity, were plotted versus mg protein for all samples.
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Statistical analysis
The data are presented as mean ± SD unless stated otherwise. Data are derived from three 
or more independent experiments (unless otherwise indicated) and were analyzed with the 
Prism 5.0 statistical program from GraphPad Software. Statistical analysis of the data was 
performed by a two-tailed unpaired Student’s t-test, assuming equal variances to compare 
two replicate groups. Analysis of differences between multiple replicate groups was analyzed 
with one-way ANOVA followed by Bonferroni or Tukey post hoc analysis. p values ≤ 0.05 
were considered to be significant. 
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Figure S1. Cell and tissue viability upon incubation with HDAC 1-3-selective inhibitor MS-275 
and pan-HDAC inhibitor SAHA. RAW 264.7 macrophages were incubated with HDACi at indicated 
concentrations (see Table S1) for 20 h. After the incubation, viability of cells was investigated using CellTiter 
96 AQ

ueous
 One Solution reagent as described in Materials and Methods. The viability of cells without addition 

of vehicle or HDACi was considered to be 100%. Data are presented as mean values ± SD of 3 independent 
experiments. In parallel, the lactate dehydrogenase (LDH) release (B) from mouse precision-cut lung slices 
(PCLS) were analyzed. Total LDH content of the slices was determined by lysis with 1% Triton X-100. LDH 
release was plotted relative to total LDH and presented as mean values ± SD of 4 independent experiments.

Supporting Information

Table S1. Concentration of HDAC inhibitors used for MTS assay

MS-275 SAHA

RAW 264.7 1 μM 0,41 μM



134

Chapter 5

55 Figure S2. The uncropped blots of Figure 1C. The black boxes indicate which bands are shown in the main 
paper.
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Figure S3. The uncropped blots of Figure 3B. The black boxes indicate which bands are shown in the main 
paper.
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Figure S4. The uncropped blot of Figure 3D. The black box indicates which bands are shown in the main 
paper.

Figure S5. No effect of the vehicle treatment on histone acetylation in RAW264.7 macrophages. 
RAW264.7 histones were resolved by SDS-PAGE and histones H3 and H4 were excised from the gel and 
subjected to LC-MS/MS analysis. There was no effect on (A) the peptide of histone H3 (res. 18-26: 
KQLATKAAR), nor on (B) the peptide from histone H4 (res. 4-17: GKGGKGLGKGGAKR). Data are presented 
as mean ± SD of 4-5 independent experiments.
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Figure S6. The uncropped blots of Figure 4B. The black boxes indicate which bands are shown in the main 
paper.

cytosol

nucleus

Figure S7. The uncropped blots of Figure 4D. The black boxes indicate which bands are shown in the main 
paper.

NF-kB p65

b-actin



MS-275

137

55

Figure S8. RAW264.7 macrophages exposed to cigarette smoke extract (CSE) show increased 
IL10 expression upon MS-275 treatment. Cells were treated with MS-275 or vehicle for 20 hrs, or were 
left untreated, and where appropriate were exposed to CSE the last 4 hrs of the experiment. Gene expression 
was studied by RT-qPCR and expressed as fold change compared to control (LPS and IFNγ-treated) group. 
Data are presented as mean ± SD of 3-4 independent experiments. * p < 0.05 compared to vehicle (LPS and 
IFNγ and inhibitor solvent-treated).

Table S2. Effect of HDAC1-3 inhibitor MS-275 on liver and kidney function parameters

Treatment
ALAT 
(U/l)

ASAT 
(U/l)

ALP 
(U/l)

LDH 
(U/l)

Creatinine 
(µmol/l)

Urea 
(mmol/l)

eGFR 
(ml/min)

Air exposure 28.0 ± 6.1 142 ± 84 58.3 ± 8.1 323 ± 105 10.0 ± 2.7 9.9 ± 1.8 261 ± 24

Cigarette smoke 
exposure vehicle

34.0 ± 12.9 156 ± 119 54.8 ± 12.8 346 ± 117 10.2 ± 2.3 9.3 ± 1.1 257 ± 23

Cigarette smoke
exposure 10 μM 
MS-275

31.4 ± 9.8 232 ± 170 55.4 ± 11.0 376 ± 100 11.6 ± 3.9 9.4 ± 0.9 251 ± 33

Blood samples were taken from air exposed and cigarette smoke exposed mice subjected to either vehicle 
or 10 μM MS-275 and analyzed for blood levels of the enzymes alanine aminotransferase (ALAT), alanine 
aminotransaminase (ASAT), alkaline phosphatase (ALP), lactate dehydrogenase (LDH), creatinine, urea, 
and glomerular filtration rate (eGFR). Values are presented as mean values ± SD; n=4-5 mice per group. 
No loss in liver function was observed, as levels of the liver enzymes ALAT, ASAT, ALP and LDH were not 
increased compared to air-exposed mice. In addition, no differences in plasma levels of creatinine and urea 
were observed. Moreover, eGFR remained unaffected in mice subjected to cigarette smoke and MS-275 or 
vehicle, indicating maintenance of regular kidney function.
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Figure S9. No changes in the weight of the animals upon MS-275 treatment. Throughout the 
experiment no changes in weight were observed between the air, vehicle or MS-275 treated mice.
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Figure S10. No effects were observed on p65 mRNA levels in lung tissue homogenates from 
the mice. Gene expression in lung homogenates was studied by RT-qPCR and expressed relative to GAPDH.

Figure S11. The uncropped blots for Figure 7B. The black boxes indicate which bands are shown in the main 
paper.
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Lysine acetylation is a post-translational modification of proteins which regulates protein 
activity. Lysine acetylation plays a crucial role in the regulation of signaling pathways such 
as the NF-κB pathway. NF-κB signaling is involved in processes such as cell survival and 
inflammation. The NF-κB transcription factor is regulated by dynamic lysine acetylation 
which determines its cellular localization and DNA binding capability, among others. 
Lysine acetylation is installed by histone acetyltransferases (HATs) and removed by histone 
deacetylases (HDACs). Small molecule inhibitors of these enzymes can modulate NF-κB 
activity, and have potential in attenuating NF-κB-mediated inflammatory responses. NF-
κB activity has been reported to be increased in the inflammatory airway diseases asthma 
and COPD. Furthermore, in macrophages, NF-κB is involved in pro-inflammatory gene 
expression, which plays an important role in the orchestration of asthma and COPD. 
Based on this, small molecule HAT inhibitors (HATi) and small molecule HDAC inhibitors 
(HDACi) have potential in the treatment of these diseases. Such alternative therapeutic 
strategies are needed, since not all patients are responsive to the current therapy which is 
based on glucocorticoids. In chapter 1 an introduction to the thesis is given, addressing 
these topics in detail. In this thesis we explore the potential of small molecule HATi and 
HDACi in attenuating NF-κB-mediated inflammatory responses in model systems for 
inflammatory airway diseases such as asthma and COPD. In total, 3 HATi and 1 HDACi 
were studied, and the findings are summarized and discussed below. 

In chapter 2 we investigate C646; an inhibitor for the HAT p300 (Ki of 0.4 μM). The 
small molecule inhibitor C646 for the histone acetyltransferase p300 is one of the few potent 
molecules for histone acetyltransferases described to date. From this perspective, numerous 
studies have focused on applications of C646 in oncology. In view of recent literature on 
the role of p300 in inflammation we focused our studies on model systems for airway 
inflammation with the aim to resolve the question if C646 is a valuable lead compound for 
further development in this disease area. We demonstrate that C646 attenuates LPS and 
IFNγ-induced NF-κB activity and pro-inflammatory gene expression in RAW264.7 murine 
macrophages and pro-inflammatory gene expression in murine precision-cut lung slices. 
Considering the role of p300 in acetylation in the NF-κB  pathway, this was in line with 
our hypothesis. Next to this, we found C646 to increase histone acetylation in RAW264.7 
macrophages, and to inhibit recombinant histone deacetylases (by either covalent or 
allosteric binding) from 7 μM and higher concentrations. These finding were unexpected. 
Considering the importance of C646, which is being used in an increasing amount of studies, 
we believe that this finding has a considerable impact on the field. Its lack of selectivity at 
higher concentrations needs to be taken into account, since in biochemical experiments, 
C646 is sometimes used at concentrations where HDAC inhibition also takes place. Clearly, 
this can hamper the elucidation of  effects connected to presumed inhibition of p300 in the 
investigated model systems. Notably, the highest potency for HDAC inhibition by C646 was 
observed for HDAC6. We investigated the acetylation of α-tubulin, an acetylation target 
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of HDAC6, to confirm the inhibition of HDAC6 by C646 in cells. However, no increased 
α-tubulin acetylation upon C646 treatment was found. Instead, C646 decreased α-tubulin 
acetylation.  This could be explained by inhibition of p300, which could reduce α-tubulin 
acetylation. However, p300 has not been described to acetylate α-tubulin directly. p300 
has been described to mediate acetylation of HDAC6, which renders HDAC6 less active. 
Therefore, inhibition of p300 by C646 could decrease HDAC6 acetylation, thereby 
increasing HDAC6 activity, and thereby resulting in less α-tubulin acetylation. Altogether, 
despite its potential to suppress pro-inflammatory gene expression, these results indicate 
that further optimization of C646 is necessary with respect to its HDAC inhibitory potency, 
and to its HAT inhibitory selectivity over HDACs. It remains unclear if the suppression of 
pro-inflammatory gene expression is due to its HAT inhibitory activity, due to its HDAC 
inhibitory activity, or inhibition of other enzymes (or a combination of these factors). We 
anticipate that the balance between HAT and HDAC inhibition depends on the precise 
target lysine(s) for acetylation or deacetylation, the enzymes that regulate them, and the 
extent of inhibition of these enzymes by C646. Finally, in support of our findings, another 
recent study where C646 was modified into a probe (C646-yne; an alkyne allowing for 
click chemistry) and its covalent targets in HEK293 cell lysates were identified using mass 
spectrometry, demonstrated that C646 binds cysteine rich proteins (1), which include the 
HDACs.

In chapter 3 we investigate MG149; an inhibitor for the MYST type histone 
acetyltransferases Tip60 (KAT5) and MOF (KAT8). MG149 was derived from anacardic acid 
(AA), which is a well-known and well-studied natural product HAT inhibitor. Interestingly, 
previous literature has reported that the 6-alkylsalicylate AA can attenuate inflammation in 
models for lung inflammation. Compared to AA, MG149 displays increased selectivity towards 
the MYST HATs Tip60 and MOF, which was determined in a previous study by our group (2). 
We determined the Ki value for inhibition of the MYST type histone acetyltransferase MOF 
by MG149 to be 39 ± 7.7 μM, which is an improvement compared to AA (Ki value of 64 ± 8.9 
μM). In line with the inhibition of these MYST type HATs, inhibition of histone acetylation 
was observed in murine precision-cut lung slices in this thesis, using mass spectrometry. 
This correlated with inhibition of LPS and IFNγ-induced pro-inflammatory gene expression 
in the murine precision-cut lung slices. These results, together with  literature on other 
6-alkylsalycilates, highlight the potential of 6-alkylsalycilates which inhibit HATs for the 
treatment of inflammatory lung diseases such as asthma and COPD.

In chapter 4 we investigate 4-amino-1-naphtol (compound 13); a compound 
discovered at our lab to potently inhibit the histone acetyltransferases PCAF (KAT2B), 
p300 (KAT3B) and MOF (KAT8) non-selectively. The chapter focuses on the biological 
characterization of 13 in the context of inflammatory lung diseases. We demonstrate 
that 13 potently inhibits histone acetylation in RAW264.7 macrophages (using western 
blot and mass spectrometry), and that 13 inhibits pro-inflammatory gene expression in 
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murine precision-cut lung slices. 13 has anti-oxidant activity, which should be kept in 
mind. However, our studies indicate that the concept of HAT inhibition for the treatment of 
inflammatory lung diseases, is promising.

In chapter 5 we address new therapeutic options for COPD. We approach this 
through a novel concept of selective histone deacetylase (HDAC) inhibition in a COPD model 
using MS-275; a selective inhibitor for HDAC1-3. In macrophages, MS-275 upregulated the 
expression of the anti-inflammatory cytokine IL10. Since macrophages are crucial players 
in COPD, and IL-10 can determine their functional role, this is particularly relevant. The 
increased IL10 expression in macrophages was due to increased acetylation, nuclear 
translocation and binding to the IL10 promoter of the NF-κB transcription factor. This 
mechanism is in line with literature which describes that LPS stimulation of macrophages 
activates NF-κB, which induces the expression of IL10 along with TNFα, IL1β, and IL12b 
(3), which is further enhanced by MS-275 in our study. Importantly, when proceeding to 
studies in cigarette-smoke exposed mice, we observed anti-inflammatory effects based on 
several parameters including increased IL10 expression in lung macrophages, reduced KC 
(murine IL-8) expression and reduced neutrophilic influx upon MS-275 treatment. The 
mechanism through which MS-275 increases IL10 expression in connection to NF-κB signal 
transduction, along with the anti-inflammatory effects in mice, highlight the potential of 
isoform selective HDAC inhibition for the treatment of inflammatory lung diseases like 
COPD. HDACi are currently being used in the treatment of hematological cancer types, and 
MS-275 is in clinical trials for such applications. This chapter, however, points towards an 
important alternative potential application.

Compared to MS-275 more selective inhibitors may have more selective effects on NF-
κB-mediated inflammatory responses in macrophages. For example, the HDAC3 selective 
inhibitor RGFP966 is an interesting candidate, based on the important role of HDAC3 in 
deacetylation of specific NF-κB p65 lysines (including K122 and K123, acetylation of which 
inhibits NF-κB activity) (4), and our previous results. RGFP966 increased anti-inflammatory 
IL-10 expression, and reduced pro-inflammatory gene expression in murine precision-cut 
lung slices. In RAW264.7 murine macrophages, pro-inflammatory gene expression was 
decreased, which correlated with reduced NF-κB activity (5). This is further supported by 
RNAi experiments for HDAC3 which demonstrated inhibition of pro-inflammatory gene 
expression in the macrophages (5).  An interesting hypothesis is that our observations could 
be attributed to the capability of more selectively regulating the acetylation status of NF-κB 
lysines such as K122 and K123 by selective HDAC3 inhibitors such as RGFP966.

A number of important insights have been acquired in the field of HDACi over the 
past recent years, which will be addressed in the following sections. While it is inevitable 
that these sections focus on HDACi because these inhibitors have been studied much more 
extensively, these considerations could also be relevant for HATi.
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From histones to transcription factors
It is interesting to note that the effects of HDACi on histone acetylation are oftentimes used as 
a read–out indicating the effects of these inhibitors in cells. However, the studies discussed 
above indicate that effects of HDACi on transcription factors and their acetylation status 
are also important to the outcome in disease models, including those for asthma and COPD. 
Several studies also indicate that effects on histone acetylation do not always correlate with 
effects on biological processes such as gene expression. For example, upon HDACi treatment, 
some genes have been reported to be upregulated, while others go down (roughly as many 
go up as down), whereas global histone acetylation is generally pronouncedly increased (6). 
Interestingly, the balance between effects on histone acetylation and gene expression also 
changes depending on the employed incubation time (7). In HeLa cells it was demonstrated 
that valproic acid (VPA) and suberanilohydroxamic acid (SAHA) have an early onset effect 
on gene expression after 12 hrs of incubation. Upon 48 hrs of incubation, these changes 
in gene expression had returned to baseline levels, while increases in histone acetylation 
had not (7). Another study found that upon HDACi treatment there was a precisely timed 
increase in histone H3 lysine 27 trimethylation (H3K27me3) at transcription start sites, 
but little or no increase in histone acetylation, whose role seemed to be to provide a stable 
chromatin environment that allows transcription to be modified by other factors (8). In 
another study, the non-selective HDACi Romidepsin and SAHA were tested in different 
cancer cell lines, and their effects on histone acetylation were investigated together with 
their effects on apoptosis (9). Treatment with Romidepsin or SAHA for 6 hours caused 
similar increases in histone acetylation in all cell lines, but not all of the cell lines underwent 
apoptosis upon Romidepsin or SAHA treatment.  Therefore, the effects on histone 
acetylation did not correlate with effects on apoptosis in all cell lines (9). In summary, 
recent research indicates that HDACi-induced changes in histone acetylation cannot (fully) 
explain their effects on gene expression and apoptosis. Effects of HDACi on the acetylation 
status of specific transcription factors may therefore be particularly important in explaining 
their effects in disease models, such as those for asthma and COPD.

From recombinant enzymes to HDAC activity in cells
Isoenzyme selectivity of HDACi has important consequences for their effects. Hence, 
development of highly potent molecules selectively targeting specific HDACs or a select 
group of HDACs is important. This is likely important in obtaining selective effects on 
specific pathways such as the NF-κB pathway in the context of asthma and COPD models, 
which occurs through fine-regulation of its acetylation on specific lysines (4). A selectivity 
profile for HDACi is generally obtained by testing the inhibition on recombinant HDAC 
enzymes (10). However, it has become apparent that several other factors need to be taken 
into account. Firstly, it has been demonstrated that binding characteristics of HDACi in 
cells differ from the profile on recombinant enzymes due to the fact that HDACs exist in 
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multiprotein complexes, adding another level of complexity. For example, one study 
used a chemoproteomics strategy, where an affinity capture method was employed using 
Sepharose beads derivatized with HDACi hydroxamic acid analogues (11). This allowed 
for a competition binding assay, where extracts of cells treated with increasing HDACi 
concentration competed with the immobilized HDACi analogue probe matrix for binding 
protein-targets. The reduction in protein capture resulting from the competition with the 
increasing concentration of the ‘free inhibitor’ was quantified by mass spectrometry using 
isobaric tandem mass tags (11). Target protein complexes interacting with HDACi could be 
identified, and importantly, inhibitor selectivity for native drug target complexes deviated 
from literature values obtained using recombinant enzymes, revealing an unexpected 
degree of selectivity of certain HDACi. For example, benzamide-based inhibitors displayed a 
preference for the HDAC3-NCoR complex (11). As a side-note, interestingly, chemoproteomic 
approaches also enable the identification of possible off-targets of HDACi (11).  Another 
option to investigate HDACi specificity is to analyze HDACi-induced changes at the level of 
all lysine acetylation sites (acetylome). A study from Scholz et al. elucidated the selectivity 
profile of HDACi at the level of the global acetylome (12). HeLa cells were treated with a panel 
of widely used HDACi and changes at the acetylome were monitored by quantitative bottom-
up proteomics. Stable isotope labeling of amino acids in cell culture (SILAC) was combined 
with enrichment of acetylated peptides using anti-acetyllysine antibodies and analysis by 
mass spectrometry. The fraction of upregulated acetylation sites in HDACi-treated cells was 
greater than the fraction of downregulated sites (12). For several HDACi, the number of 
acetylation sites affected was not proportional to the number of HDACs they were found 
to inhibit when testing on recombinant HDACs, which is in line with chemoproteomics 
studies demonstrating unexpected selectivities of HDACi for multiprotein complexes 
(as for example described in (11)). In principle, differential proteomics approaches as 
described by Scholz et al. (12) enable to elucidate HDACi selectivity profiles at the level of 
the nuclear, cytosolic or mitochondrial acetylome. Altogether, while HDACi are currently 
often characterized by their selectivity profile on recombinant HDACs, they can be more 
accurately characterized by generating a selectivity profile on HDACs in cells, which can 
be complemented with acetylome analysis. We envision that such better characterizations 
of HDACi targets and specificities allow for a more selective targeting of HDACs and their 
substrates, which will drive the further development of HDACi as potential therapeutics for 
diseases such as asthma and COPD. 

From IC50 to binding kinetics
Next to these studies into selectivity profiles, there has been a study into the binding kinetics 
of HDACi with recombinant HDACs (13). A reporter displacement binding assay was used 
to quantify the association (kon) and dissociation (koff) kinetic rate constants as well as the 
binding constants (Kd) for a set of hydroxamic acid-based and benzamide-based inhibitors 
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against HDAC1 and HDAC2. While Kd values were similar, the kon and koff were slow for the 
benzamides. Therefore, benzamides displayed slow, whereas hydroxamic acids displayed 
fast binding kinetics (13). The effects upon washout of the inhibitors were then tested in 
the neuroblastoma cell line SH-SY5Y; after a ‘pulse’ treatment with the inhibitors for 6 
hrs and replacement of the medium with a drug-free medium. In line with slow binding 
kinetics for benzamides, a sustained state of histone hyperacetylation was observed for the 
benzamide-based inhibitor MS-275 after washout (which was still observed after 96 hrs), 
while upon treatment with the hydroxamic acid-based inhibitors, acetylation returned to 
baseline levels much faster (within 18 hrs) (13). Becher et al reported similar findings using 
a chemoproteomic approach which allowed for a comparison of time-dependent binding of 
hydroxamic acid-based and benzamide-based HDACi (14). Also in line with this, another 
study using MS-275 found this compound to have a long lasting effect on histone acetylation 
of histone H4 lysine 12 (H4 K12) after washout (15). These studies indicate that the binding 
kinetics of HDACi have biological consequences, which is a point that needs to be taken 
into account next to the selectivity profile of HDACi, since it is important in evaluating their 
therapeutic utility.

Concluding remarks

This thesis addresses the targeting of lysine acetylation in inflammatory airway diseases. We 
base our strategy on the fact that lysine acetylation regulates important signaling pathways 
such as the NF-κB pathway. Enhanced NF-κB activity has been reported in the inflammatory 
airway diseases asthma and COPD. Using small molecule inhibitors to selectively regulate 
NF-κB acetylation status, and thereby modulate NF-κB activity, could be an alternative 
therapeutic strategy for these diseases.

While this thesis demonstrates the potential of HATi in attenuation of inflammatory 
responses in asthma and COPD models, there is still a need for more potent and selective 
HATi. The development of potent and cell permeable small molecule HATi is at an early 
stage, and a challenging issue that has been met with limited success so far. This is an area 
of future research in need of urgent attention. 

The development of HDACi has been much more successful. Currently, HDACi are 
being used in the treatment of hematological cancers, however, these compounds have 
anti-inflammatory properties at lower concentrations than those which are being used to 
treat cancer. Therefore, there has been interest in these compounds as therapeutic agents in 
other areas, including in inflammatory airway diseases such as asthma and COPD. HDACi 
can modulate the NF-κB pathway, which could explain their anti-inflammatory properties. 
In line with this, our results indicate that the HDAC1-3 inhibitor MS-275 can modulate 
the NF-κB transcription factors in macrophages, which increases anti-inflammatory IL10 



148

Chapter 6

66

expression. In this thesis, we also demonstrate for the first time that the HDAC1-3 inhibitor 
MS-275 can attenuate inflammation in a COPD mouse model. 

Also for the HDACi, generating more selective inhibitors is still an area of future 
research where important steps can be made. A number of important insights have been 
acquired over the past recent years. For example, it is important to study the selectivity 
profile of HDACi in cells, since the inhibition at the level of recombinant HDACs has been 
shown to vary from the inhibition on HDACs in cells which are present in multiprotein 
complexes. A selectivity profile can also be generated at the level of the acetylome. Mass 
spectrometry has been particularly useful in allowing these kinds of analyses, which allow for 
a better characterization of HDACi targets and selectivity at different levels complementing 
each other. Off-targets of inhibitors can also be investigated using mass spectrometry based 
techniques. Next to studying IC50 values, it is important to take thermodynamic and kinetic 
parameters into account, such as the residence time of HDACi in recombinant HDACs, 
which has been shown to vary between hydroxamic acid and benzamide type HDACi.

Altogether, both HATi and HDACi have great potential for the treatment of 
inflammatory airway diseases. However, a clinical application in this field is still far from 
within reach. In the field of HATi, there is a need for more potent and selective inhibitors. 
For the HDACi, the recent insights as discussed above are crucial in the future development 
of more selective HDACi, and will drive the development of such HDACi. This is essential 
in broadening their application towards inflammatory lung diseases such as asthma and 
COPD. Future steps must also include further elucidation of the effects of HDACi in more 
advanced disease models. Finally, a challenge lies ahead in determining which specific 
HATs or HDACs need to be targeted by the inhibitors.
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4A1N, 4-amino-1-naphtol;
AA, anacardic acid;
AMC, 7-amino-4-methylcoumarin; 
BAL, bronchoalveolar lavage;
BAFF, B cell activating factor;
COPD, chronic obstructive pulmonary disease; 
COX-2, cyclooxygenase-2; 
CBP, cAMP-response-element-binding-protein-binding-protein;
DMEM, Dulbecco’s modified Eagle’s medium; 
DMF, dimethylformamide; 
DTT, dithiothreitol; 
FBS, fetal bovine serum; 
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; 
GNAT, GCN5-related N-acetyltransferase;
GCN5, general control nonderepressible 5;
GR, glucocorticoid receptor;
HAT, histone acetyltransferase; 
HATi, HAT inhibitor; 
HDAC, histone deacetylase; 
HDACi, HDAC inhibitor; 
IFNγ, interferon gamma; 
IL-1β, interleukin 1 beta;
IL-6, interleukin 6; 
IL-8, interleukin 8; 
IL-12b, interleukin 12 subunit beta; 
ILC2, innate lymphoid group 2 cells;
IgE, Immunoglobulin E;
iNOS, inducible nitric oxide synthase;
K, lysine; 
KAT8, lysine acetyltransferase 8; 
KC, keratinocyte-derived chemokine; 
LC, liquid chromatography; 
LDH, lactate dehydrogenase; 
LPS, lipopolysaccharide; 
LT, lymphotoxin;
MOZ, monocytic leukemic zinc finger;
MS/MS, tandem mass spectrometry;



Abbreviations

153

AA

NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells;
PCAF, P300/CBP-associated factor;
PCLS, precision-cut lung slices;
PMSF, phenylmethylsulfonyl fluoride;
RANKL, receptor activator of NF-κB ligand;
SAHA, suberanilohydroxamic acid; 
SDS PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis; 
SEAP, secreted embryonic alkaline phosphatase; 
siRNA, small interfering RNA;
Tip60, (TAT-interacting protein 60); 
TNF-α, tumor necrosis factor alpha;
TSA, trichostatin A; 
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Astma en chronic obstructive pulmonary disease (COPD) zijn veelvoorkomende longziekten 
waar wereldwijd miljoenen mensen aan lijden. Deze ziekten worden gekarakteriseerd door 
ontstekingsreacties in de longen. De standaardbehandeling voor deze ziekten bestaat 
uit corticosteroïden zoals prednisolon, maar niet alle patiënten reageren goed op deze 
medicijnen. De zorg voor deze astma en COPD patiënten brengt veel onkosten met zich mee 
en daarom zijn alternatieve behandelingsmethoden voor deze ziekten noodzakelijk. Eén van 
de mogelijkheden om hiertoe te komen is het bestuderen van de biologische processen die 
onderliggend zijn aan deze ziekten.

In dit proefschrift richten we ons op een onderliggend biologisch proces dat te 
maken heeft met eiwit acetylering. Eiwitten (ook bekend als proteïnen) zijn bestuurders 
van levensprocessen in het menselijk lichaam en onder andere verantwoordelijk voor de 
structuur, functie en regulatie van cellen. Er bestaan veel eiwitten met uiteenlopende functies. 
Zo bestaat er het eiwit NF-κB dat betrokken is bij de productie van ontstekingsreacties die 
plaatsvinden bij astma en COPD. 

Een acetylering is een chemische modificatie van een eiwit (zie ‘Ac’ in Fig. 1), die de 
activiteit van dit eiwit kan beïnvloeden als een soort van aan-uit schakelaar. Acetyleringen 
van NF-κB reguleren de activiteit van dit eiwit waardoor, en afhankelijk van het type 
acetylering, dit eiwit ‘aan’ of ‘uit’ kan worden gezet. Er zijn acetyleringen die activerend 
werken, terwijl anderen juist de NF-κB activiteit verminderen (Fig. 1). 

Daarnaast worden acetyleringen zelf ook gereguleerd door enzymen. Enzymen zijn 
ook eiwitten met een katalyserende functie bij bepaalde chemische reacties in een cel in het 
menselijk lichaam. Ze versnellen deze chemische reacties of maken ze überhaupt mogelijk 
in een cel. Er bestaan veel voorbeelden van enzymatische reacties, zoals bij het verteren van 
voedsel. Een enzym heeft vaak een hele specifieke functie en is toegewijd aan een specifieke 
chemische reactie zoals acetyleringen op NF-κB.

Er zijn twee soorten enzymen die belangrijk zijn voor acetylering op NF-κB. 
Enzymen genaamd histon acetyltransferases (HATs) plaatsen acetylering op eiwitten. 
Deze enzymen kunnen worden gezien als de ‘schrijvers’ van acetylering. Enzymen genaamd 
histon deacetylases (HDACs) verwijderen acetylering van eiwitten. Deze enzymen 
kunnen worden gezien als de ‘wissers’ van acetylering. Er bestaan verschillende soorten van 
de HATs en de HDACs. Voorbeelden van HATs zijn p300, Tip60 en MOF;  en voorbeelden 
van HDACs zijn HDAC1, HDAC2 en HDAC3. Verschillende HATs en HDACs zijn betrokken 
bij het ’schrijven’, of ‘verwijderen’, van specifieke acetyleringen van NF-κB.

Er bestaan ook chemische moleculen die aan deze HAT of HDAC enzymen 
binden en de activiteit van deze enzymen verminderen; de zogenaamde remmers. 
Dit proefschrift beschrijft het onderzoek naar deze remmers, en heeft als doel om te 
bestuderen of deze remmers de activiteit van het NF-κB eiwit verminderen, en of deze 
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remmers ontstekingsremmende werking hebben. HAT en HDAC remmers kunnen 
verschillende effecten op NF-κB activiteit hebben, en daardoor verschillende uitkomsten 
op ontstekingsreacties.

HAT remmers
Een deel van het onderzoek richt zich op HAT remmers en hun ontstekingsremmende 
eigenschappen in modelsystemen voor astma en COPD. De ontwikkeling van HAT remmers 
staat nog in de kinderschoenen waardoor er maar weinig goede HAT remmers bekend zijn. 
Desondanks hebben we in dit proefschrift de effecten van 3 HAT remmers onderzocht zoals 
weergegeven  in Tabel 1  en Fig. 2. 

 Hoofdstuk 2 beschrijft het onderzoek naar de HAT remmer C646. C646 is een 
remmer voor de HAT p300 en remt dit enzym al bij hele lage concentraties. Daarmee is C646 
één van de beste remmers voor de HATs  tot dusver beschreven. In dit proefschrift tonen we 
aan dat C646 ontstekingsremmende eigenschappen heeft. Daarnaast hebben wij ontdekt dat 
C646 ook HDACs remt. Dit is erg opvallend omdat deze stof juist werd ontwikkeld om een 
HAT enzym te remmen en niet de HDAC enzymen. We tonen dus aan dat deze remmer een 
bijeffect heeft. Bij het gebruik van deze stof in andere wetenschappelijke onderzoeken  moet 
men zich bewust zijn van dit opvallende bijeffect bij het gebruik van C646. In hoofdstuk 3 
bestuderen we de HAT remmer MG149. MG149 is een remmer voor de HATs Tip60 en MOF, 
en is een aantal jaren terug door onze afdeling ontwikkeld. In hoofdstuk 4 bestuderen 
we de recentelijk op onze afdeling ontdekte HAT remmer 13, welke de HATs p300, MOF 
en PCAF remt. We tonen aan dat MG149 en 4A1N ontstekingsremmende eigenschappen 
hebben. Dit doen we onder andere met plakjes longweefsel uit muizen als modelsystemen 
voor astma en COPD. De resultaten geven aanknopingspunten voor verder onderzoek naar 
HAT remmers en hun ontstekingsremmende eigenschappen in astma en COPD modellen.

	

Figuur 1. Schematische representatie van acetylering van het NF-κB eiwit. 
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HDAC remmers
Er is veel onderzoek gedaan naar de effecten van HDAC remmers, omdat voor deze enzymen 
veel goede remmers bekend zijn. Zo heeft onderzoek op muizen aangetoond dat deze 
medicijnen astma symptomen kunnen remmen. Het is nog niet bekend of HDAC remmers 
ook gunstige effecten hebben in modelsystemen voor andere longziekten zoals COPD, en 
hierop richten wij ons in hoofdstuk 5. We bestuderen in dit hoofdstuk de HDAC remmer 
MS-275 (Tabel 1 en Fig. 2); een HDAC remmer voor de HDAC soorten HDAC1, 2 en 3. We 
bestuderen of MS-275 ontsteking kan remmen in de longen van muizen die zijn blootgesteld 
aan sigarettenrook, wat inderdaad het geval blijkt te zijn! Ontstekingsremmende 
eigenschappen van HDAC remmers zijn nog niet eerder in COPD modellen aangetoond. 
Ook geeft het aanknopingspunten voor verder onderzoek naar HDAC remmers en hun 
ontstekingsremmende eigenschappen in astma en COPD modellen.

Hoe nu verder? 
In dit proefschrift wordt aangetoond dat HAT én HDAC remmers ontstekingsremmende 
eigenschappen hebben in modelsystemen voor astma en COPD, maar een klinische 
toepassing van deze remmers voor de behandeling van astma en COPD is er (voorlopig) 

Tabel 1.  Bestudeerde remmers 

HAT 

C646 p300 remmer

MG149 Tip60 en MOF remmer 

4A1N p300, PCAF en MOF remmer

HDAC

MS-275 HDAC1, 2 en 3 remmer

	

Figuur 2. Chemische structuren van de remmers
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nog niet. Een belangrijk doel voor verder onderzoek is om nog betere HAT remmers te 
ontwikkelen, zodat de ontstekingsremmende eigenschappen van deze stoffen beter kunnen 
worden bestudeerd. Ook is het belangrijk om specifieke remmers te verkrijgen die alleen 
het enzym van interesse remmen. Veel van de HDAC remmers die op dit moment worden 
gebruikt, remmen aspecifiek de activiteit van veel HDAC soorten. Voor toepassingen in 
de behandeling van astma en COPD zou het gunstiger zijn om alleen HDAC remmers te 
gebruiken voor de HDACs die een belangrijke rol spelen in NF-κB acetylering, waardoor 
er minder kans is op bijwerkingen. Welke HDACs dit precies zijn moet echter nog verder 
worden onderzocht. 

Voor de HDAC remmers zijn er al onderzoeken bekend die aantonen dat je met 
vernieuwende technieken de specificiteit van HDAC remmers beter in kaart kan brengen. 
Hierdoor is het mogelijk te onderzoeken welke HDAC enzymen aan  welke remmer in een 
cel kan binden. Voorheen werd dit vaak alleen op de geïsoleerde HDAC enzymen gedaan. 
Maar doordat HDAC enzymen zich in een cel anders kunnen gedragen door bijvoorbeeld 
interacties aan te gaan met andere eiwitten, kan de specificiteit van een HDAC remmer in 
een cel anders zijn. Het verkrijgen van meer inzicht in dit soort aspecten is belangrijk in de 
ontwikkeling van nog betere en specifiekere remmers.
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Dankwoord

En hier zijn ze dan: de meest gelezen pagina’s van dit proefschrift!
Ik wil graag beginnen met het bedanken van mijn eerste promotor, Prof. dr. F.J. 

Dekker. Beste Frank, wat heb ik geboft met jou als begeleider! Ik denk dat we elkaar goed 
aanvoelen en vaak op één lijn zitten, wat de samenwerking natuurlijk erg prettig maakt. 
De afgelopen 4 jaar heb ik onvoorstelbaar veel geleerd en ben ik een stuk volwassener 
geworden. Daar heb jij veel aan bijgedragen. Ik ben heel erg blij dat ik de kans heb gekregen 
om promotieonderzoek bij jou te doen. Bedankt daarvoor! Ik wens je veel succes met al je 
toekomstige werkzaamheden.

Natuurlijk wil ik ook graag mijn tweede promotor Prof. dr. H.J. Haisma 
bedanken. Beste Hidde, ook al was jouw begeleiding iets meer op afstand, deze heb ik ook 
zeer gewaardeerd! Ook jouw kantoor kon ik zomaar binnenwandelen voor advies. Je had 
soms een andere kijk op mijn resultaten dan Frank. Ik was blij met die andere inzichten! 
Dankjewel! 

Prof. dr. R.P.H. Bischoff heeft mij ook voor een belangrijk deel begeleid, met 
name gedurende de eerste paar jaren van mijn promotie. Beste Rainer, bedankt voor jouw 
zeer waardevolle inzichten omtrent mijn onderzoek! Je bent ook coauteur op (bijna) al 
mijn publicaties. Uit het nuttige commentaar dat je op deze publicaties had bleek elke keer 
weer dat je ze gedurende het schrijfproces met zorg en aandacht had doorgelezen. Dit is de 
artikelen zonder twijfel ten goede gekomen. Dat waardeer ik zeer! 

De leescommissie, bestaande uit Prof. dr. N.C. van de Merbel, Prof. dr. 
M.G. Rots en Prof. dr. W. Vanden Berghe, wil ik graag bedanken voor het lezen en 
positief beoordelen van dit proefschrift. Twee leden van de leescommissie ben ik al eerder 
tegengekomen tijdens mijn promotie of studie. Beste Nico, bij jou heb ik een aantal jaren 
geleden het vak Quantitative Bioanalysis gevolgd. Ik vond het leuk dat ik dat vak mocht 
volgen tijdens mijn promotie, en heb er veel baat bij gehad. Wat leuk dat je nu in de 
leescommissie zit voor mijn proefschrift! Beste Marianne, bij jou heb ik mijn eerste master 
stage gedaan. Dat is ondertussen alweer jaren geleden. Maar het is mij nog goed bijgebleven 
(en jou waarschijnlijk ook) dat het schrijven van mijn verslag een erg moeizaam proces was. 
Pas veel later bleek dat ik er bijzonder veel van had geleerd. Tijdens mijn promotie ging het 
schrijfwerk mij namelijk goed af, en nu rekenen Frank en ik het zelfs tot één van mijn betere 
kwaliteiten. Ik denk dat jij daar de grondslag voor hebt gelegd tijdens mijn master stage, en 
daar wil ik je graag heel erg voor bedanken! Ik vind het leuk dat je in de leescommissie zit 
voor mijn proefschrift!

For a moment I would also like to think back to my second master internship in the 
group of Prof. dr. G.J. Poelarends since it resulted in me being hired for a PhD position 
by Frank. First of all, I would like to thank Mehran Rahimi, my daily supervisor during 
this internship. Mehran, I learned a lot from you and really enjoyed my internship! Edzard 
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Geertsema, jij hebt me ook begeleid tijdens mijn stage. Ook van jou heb ik bijzonder veel 
geleerd, bedankt! Gerrit, bedankt dat je mij bij Frank hebt voorgedragen als kandidaat 
voor één van de promotieplaatsen die hij beschikbaar had! Ik ben erg blij dat ik die kans 
heb gekregen.

I would like to thank all the colleagues I’ve worked with throughout my PhD for the 
good collaboration, and for the good times both in and outside of the lab! I wish all of you 
the best for your future careers and personal lives! Additionally, I would like to address a 
number of you in person, starting with (mostly) the members and former members of our 
own department. I would like to start with my former colleague Rosalina Wisastra. I met 
you when I started my PhD early in 2013. You left Groningen later that year and I didn’t 
have a lot of time to spend with you. Yet you asked me to be your paranymph, which I was 
honored to accept. I would like to thank you for that again! My thanks also go out to my 
former colleague Elena Melillo, who helped me get familiar with our lab on the 3rd floor 
during the first few months of my PhD. My best wishes to you Elena!

In the same period I met my Greek colleagues. Nikolaos, the kind Greek guy at 
our lab! Nick, thank you for being there for me when needed, and also for our discussions 
about some of the differences between the Greek and Dutch culture. I have laughed with 
–and because of– you many times, which I mean in the best way. I would also like to thank 
your friends Dinos and Tryfon with whom I’ve also spent some time over the past years. 
Marilena, thank you for having been the driving force behind so many activities outside 
of the lab, which ranged from pubquizes to barbeques, I really appreciated that! It has been 
said before, and I will say it here once again: the lab is a lot more quiet now that you’re 
gone… 

Toen kwamen er al snel een aantal Nederlandse collega’s bij. Eerst Martijn als 
student bij Marilena, en nu als PhD student. Martijn, je hebt een hele sociale instelling, en 
volgens mij sta je voor heel veel mensen klaar om ze te helpen. Mij heb je ook een aantal 
keer geholpen, dankjewel! En ook bedankt voor de pubquiz avonden, die zijn altijd gezellig 
(waarvoor –even tussendoor– ook dank aan Edwin Kroon trouwens!). Later in 2013 
begon Hannah. Hannah, we hebben veel samengewerkt de afgelopen jaren en voor mijn 
gevoel ging dat erg goed! Ik denk dat je (net als ikzelf) goed nadenkt over de dingen die je 
doet. Bij jou thuis waren we ook een aantal keer welkom voor een etentje of om pepernoten 
te bakken, en dat was erg gezellig! Het was ook leuk om een aantal keer een optreden van 
jou te zien! Dankjewel! In dezelfde periode begon ook Niek, mijn oude kamergenoot. 
‘Onze’ kamer is erg stil nu je weg bent! Met jou heb ik, van alle collega’s, nog wel het meeste 
samengewerkt. Ik heb veel van je geleerd. De afgelopen jaren hebben we van alles en nog wat 
besproken, vaak met een kop koffie erbij. Bedankt voor alles! Jij en Petra waren een mooi 
duo samen. Petra, mede door jouw goede samenwerking met Niek hebben we nu een hele 
mooie publicatie (hoofdstuk 5)! Bedankt voor je hulp de afgelopen jaren! Ik heb trouwens 
ook een paar keer een optreden van jouw orkest bijgewoond, en dat vond ik erg leuk om te 
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zien! Aan die mooie publicatie heeft Kim natuurlijk ook een goede bijdrage geleverd. Kim, 
dankjewel! In de totstandkoming van hoofdstuk 5 is de hulp van Prof. Reinoud Gosens, 
Loes Kistemaker en Rutger Gjaltema ook belangrijk geweest, hartelijk dank!

Later on I met Olivia. I’ve always felt that you’re a very kind person. You really have 
a big heart. You’re brave to be so far away from home. I’m sure everything will work out 
for the best! Furthermore, I would like to thank Robbert, Janine, Hao, Bin, Ykelien, 
Lieuwe, Yvonne, Rita, Ingy, Magda and Jielin for our conversations and/or being 
there to help when needed. 

Throughout my PhD I have collaborated with a number of (former) members of the 
group of Prof. Bischoff for my mass spectrometry experiments. I would like to thank Alex 
Boichenko, Annalisa ‘d Urzo, Jos Hermans and Marcel Kwiatkowski for the good 
collaboration and their useful advice.

Verder zijn er een aantal leden van de andere groep op de 3e verdieping (onze ‘buren’ 
Farmacokinetiek, Toxicologie & Targeting) die ik graag wil benoemen. Ten eerste natuurlijk 
mijn oude kamergenoot Bert Stok. Bert, bedankt voor je gezelschap en getrouwe steun de 
afgelopen jaren! Ik wens jou en Mirjam het beste toe! Jan Visser, bedankt voor de gezellige 
praatjes die we de afgelopen 4 jaar hebben gemaakt, een enkele keer zelfs onder het genot 
van een glaasje glühwein of oranjebitter, waar je me dan spontaan voor uitnodigde. In 
2014 I went to Indonesia with Amirah Adlia. Dear Amirah, I think the trip we shared 
to Indonesia changed me a lot. I would like to thank you for the opportunity to stay with 
you and your family. Seeing a completely different way of life is something that made a 
tremendous impact and I think I’ve learned some lessons I will remember for the rest of my 
life. My best wishes to you and your family!

From the bottom of my heart I would like to thank Putri, Christel, Vessa, and 
Maureen. You are colleagues that have become true friends. I cherish the fact that this 
happened to us. Vessa was the first to leave Groningen, and I’m afraid more of us will follow. 
But – let’s keep seeing each other! We’ve had a good run so far ;) I really enjoyed all the 
dinners we had together, at the Dogs Bullocks (burgers!) or at one of our places. Putri and 
Christel, I would also like to thank you very much for the trip we had to Iceland! This was the 
other big trip I had during my PhD which made quite an impression. Iceland is really like a 
different planet. Christel, wat jammer dat je niet bij mijn promotie kan zijn!!

Het gezelschap Mondriaan wil ik ook graag bedanken, en in het bijzonder Marieke 
(&Jense), Jan, Lisanne, Cecile, Eline, Arjan, Nino, JP, Maarten, Jeroen, Chris, 
Nienke, en Joris. Bedankt voor de leuke uitjes die elke keer weer gezellig zijn! :) Daarnaast 
Emiel Drenth, bedankt dat we een aantal keer hebben gesproken over het doen van 
promotieonderzoek, dat waardeerde ik zeer!

Rianne, Hilda&Sjoerd, Tamara: wat kennen wij elkaar ondertussen al lang! 
Jullie hebben mij leren kennen toen we aan dezelfde studie begonnen (behalve Sjoerd, die 
kwam later), alweer bijna 10 jaar geleden! Ook de afgelopen 4 jaar hebben jullie meegemaakt 
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hoe het ging met mijn promotie. We zijn een klankbord voor elkaar. Ik kan de keren niet 
meer tellen dat we samen hebben gegeten. Ook kan ik de keren niet meer tellen dat we 
(kaart)spelletjes hebben gedaan. En dan alle tripjes die we samen hebben gemaakt. Het is 
teveel om allemaal hier te benoemen. Wat ben ik jullie daar dankbaar voor!!

Marianne: jou heb ik ooit leren kennen in de keiweek van 2007. Dat is ook alweer 
bijna 10 jaar geleden zeg! Sindsdien ben je altijd een goede vriendin geweest! Ook al woon 
je nu wat verder weg, gelukkig hebben we nog regelmatig contact. Zo hang ik bijvoorbeeld 
zomaar een uur met je aan de telefoon. Ik heb veel steun aan onze gesprekken over alles, 
bedankt!

Het vriendengroepje van de middelbare school, de Dickies, wil ik ook graag bedanken! 
Tesca, Harmke, Sébastien, Stefan, Stefan, en Tim, ik ben blij dat we elkaar al zo lang 
kennen, nog altijd afspreken, en weekendjes weg gaan! Bedankt voor jullie interesse in mijn 
promotie! Het betekent veel voor mij.

Susanne: jou ken ik ook nog van de middelbare school en ik ben blij dat we weer 
met elkaar in contact zijn gekomen. Ondertussen spreken we al jarenlang weer regelmatig 
af, en heb je op de voet gevolgd hoe mijn promotie verliep (en daarnaast ook allerlei andere 
dingen natuurlijk…). Daar hecht ik veel waarde aan. Ik heb er veel steun aan! Dankjewel!! 
Wat jammer dat je niet bij mijn promotie kan zijn!! 

Tenslotte wil ik graag een aantal familieleden bedanken die mijn promotie van 
dichtbij hebben meegemaakt. Gerda en Marien, bedankt voor jullie interesse in mijn 
promotie de afgelopen jaren! Ook bedankt voor de lunches en etentjes waar jullie mij af en 
toe voor uitnodigen! Ik vind het altijd weer erg gezellig met jullie. Mijn lieve broer en zus: 
bedankt dat jullie mijn paranimfen willen zijn! Ik ben er trots op dat jullie op mijn grote dag 
naast mij staan. Lieve opa, het grootste cadeau op die grote dag zou nog wel zijn, als jij er 
nog bij kan zijn! Ik hoop dat dat lukt. Mijn lieve ouders, het is natuurlijk niet voor niets dat 
ik dit proefschrift aan jullie opdraag. Bedankt voor jullie onvoorwaardelijke steun.

Thea
Groningen, april 2017
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