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SUMMARY
Histone post-translational modifications (PTMs), histone variants and enzymes responsible for the incorporation or the removal of the PTMs are being increasingly associated with human disease. Combinations of histone PTMs and the specific incorporation of variants contribute to the establishment of cellular identity and hence are potential markers that could be exploited in disease diagnostics and prognostics and therapy response prediction. Due to the scarcity of suitable antibodies and the pre-requirement of tissue homogenization for more advanced analytical techniques, comprehensive information regarding the spatial distribution of these factors at the tissue level has been lacking. MALDI imaging mass spectrometry (MALDI-IMS) provides an ideal platform to measure histone PTMs and variants from tissues while maintaining the information about their spatial distribution. In this review we discuss the relevance of histones in the context of human disease and the contribution of MALDI-IMS in measuring histones in situ. 
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INTRODUCTION
Life is a result of combined involvement of molecules like protein, nucleic acids, metabolites, etc. in a balancing act. Physical and/or functional alteration of any of the molecules either in isolation or combination results in disruption of the balance and hence, progression into what is conventionally known as disease. For eukaryotes, especially human beings, genetic and epigenetic mechanisms lie at the heart of this act. Since the inception of the term ‘epigenetics’ in the mid-20th century [1], an additional level of complexity has been incorporated to the already established milieu of genetic effects. Among the key molecules of the epigenetic machinery, proteins known as histones stand out because they are an integral part of the nucleoprotein complex that packages DNA within the eukaryotic nucleus and therefore has a strong influence on the regulation of gene expression. Extensive research over the last 2-3 decades has increasingly implicated the role of histones and their variants and post-translational modifications (PTMs) in a variety of human diseased states (for reviews see [2,3]). 
In order to understand the nature of diseases and provide possible therapeutic strategies, it is necessary to focus on molecular mechanisms that are causally related to their development. Often such an investigation is only feasible when all diagnostic information of the diseased tissue is kept intact. However, many analytical strategies involve the extraction of biological material from larger pieces of tissue thereby destroying the information about the spatial distribution of the analyte. A traditional method to overcome this information loss in pathological analysis is the use of antibodies in immunohistochemistry. However, this method is hampered by the need of an antibody that is very sensitive and highly specific for the antigen studied. Unfortunately, such tools are frequently not available. Moreover, due to technical limitations the degree of multiplexing (i.e. investigating the distribution of more than one feature in the tissue) is very limited when using antibodies. A technique that extracts information of a virtually unlimited number of features from a tissue while retaining spatial information is matrix assisted laser desorption/ionization imaging mass spectrometry (MALDI-IMS) [4]. MALDI-IMS is a state-of-the-art technique that combines the sensitivity and specificity of mass spectrometry and the visual brilliance of microscopy to generate molecular images of tissue sections. The technique provides a label free non-targeted screening approach directed on tissue sections. In this review we focus on the current status, recent developments and future perspectives of analysis of histones in tissues using MALDI-IMS.
HISTONES
In a eukaryotic nucleus, a tightly packaged array of histone-DNA complexes called nucleosomes [5,6] serve as the substrate for most of the DNA templated cellular processes. The nucleosome is composed of two copies of each of the core histones H2A, H2B, H3 and H4 around which 147 base pairs of DNA are wrapped in a left handed superhelix. Two successive nucleosomes are connected by a stretch of DNA containing the linker histone H1 [7,8]. H1 regulates chromatin folding and helps compaction of nucleosomes into a higher order structure [9,10].
Histones carry a whole array of post-translational modifications. These dynamic modifications include acetylation (ac), methylation (me), phosphorylation (phos), ADP-ribosylation (ADP-rib), SUMOylation (sum) and ubiquitylation (ub), which are tightly regulated. The combinations of histone modifications play a crucial role in coordinating the nucleosome structure and regulate the function of chromatin remodeling complexes, thereby controlling gene expression, cell cycle progression, differentiation and development (Table 1). The ‘histone code’ [11] or ‘nucleosome code’ [12] hypotheses underlines the fundamental importance of combinations of histone PTMs in regulating gene activity. Modifications are designated as active or repressive, depending on their association with either active or inactive genes. Usually, histone acetylation is considered to activate a gene in an additive manner [13], especially when acetylation levels are high. However, when acetylation levels are low, they can serve a variety of functions in a case specific manner [14-17]. Methylation can have different consequences depending on the functionally downstream proteins recognizing these PTMs. Often modifications at the flexible N-terminal tails of core histones are specifically recognized by reader proteins, which recruit other proteins acting as chromatin modifiers/remodelers [18,19]. Furthermore, the histones exist as different tissue and cell cycle stage specific variants [20]. Most of the functional studies on the effect of different histone isoforms (either variants or histones carrying different modifications) have been done on the core histones H2A/B, H3 and H4. However, numerous PTMs have also been identified on the linker histone H1, which also exists in multiple isoforms [9,21]. Interestingly, the functional relevance of most of the H1 modifications and variants are yet to be discovered. 
Considering their functional importance, it is generally assumed that alterations in the dynamics of histone modifications or variant distribution could lead to or be associated with human disease. Research work in the previous decades has shown that aberrant histone modifications characterize a wide variety of diseases ranging from cardiovascular disorders to neurological diseases to cancers [22-29]. Drugs targeting enzymes responsible for incorporating (‘writers’) and/or removing (‘erasers’) these modifications have also been used successfully for treatment of diseases such as cancer. Among the most advanced drugs targeting histone modifications are the histone deacetylase inhibitors (HDACis). These molecules prevent the deacetylation of acetyl-lysine residues in histones. Within this group of molecules are clinically approved drugs (for treatment of cutaneous T-cell lymphoma) like suberanilohydroxamic acid (SAHA; vorinostat) and romidepsin [30,31]. Regulation of HDACs have also been implicated in a variety of neurological disorders and consequently HDACis are increasingly being applied in such scenarios [32,33]. Currently, there are a considerable number of molecules in clinical trials targeting different HDACs [34]. Among these, panobinostat (LBH-589) has been shown to be responsible for H4 hyperacetylation in tumorous regions of a mouse model of gastrointestinal cancer by MALDI-IMS (Figure 1) [35]. The treatment with LBH-589 led to more hyperacetylated histones over time, whereas control samples showed more hypoacetylated histones (Figure 1a). The acetyl modifications could be assigned to a high degree to tumor regions as shown by the H&E stains (Figure 1b). This study demonstrates the utility of MALDI_IMS in revealing pharmacodynamics of drug responses through detection of histone PTMs in situ. Detection of multiple histone PTMs, therefore, could provide a convenient basis for a better understanding of disease processes and corresponding treatments. 











 Table 1: Cellular functions of different histone PTMs [36-43]
	Histone variants
	Modification 
	Modification site(s)
	Proposed function 

	Core histones

	


H2A
	ac
	K4, K5, K7
	Transcriptional activation

	
	phos
	S1, T119, S122, S129, S139
	Mitosis and DNA repair

	
	ub
	K119
	Spermatogenesis 

	
	sum
	K126
	Transcriptional repression

	




H2B
	ac 
	K5, K11, K12, K15, K16, K20
	Transcriptional activation 

	
	phos
	S10, S14, S33
	Apoptosis, DNA repair and transcriptional activation

	
	ub
	K120, K123
	Transcriptional activation, euchromatin

	
	sum
	K6/K7
	Transcriptional repression

	





H3
	ac
	K4, K9, K14, K18, K23, K27, K56
	Transcriptional activation, DNA replication and repair, histone deposition, euchromatin, apoptosis, angiogenesis

	
	me
	R2, K4, R8, K9, R17, R26, K27, K39, K79
	Transcriptional activation, repression and silencing depending on the level of methylation, genomic imprinting, DNA methylation, X chromosome – inactivation, euchromatin, heterochromatin and checkpoint response

	
	phos
	T3, S10, T11, S28
	Mitosis, meiosis, immediate-early gene activation, transcriptional activation

	





H4
	ac 
	K5, K8, K12, K16, K44, K91
	Histone deposition, transcriptional activation, DNA repair, telomeric silencing, euchromatin, chromatin assembly

	
	me
	R3, K20, K59
	Transcriptional repression, silencing, heterochromatin, checkpoint response

	
	phos
	S1
	Mitosis, chromatin assembly, DNA repair

	
	sum
	N-terminal tail
	Transcriptional repression

	Linker histone

	
H1
	me
	K26
	Transcriptional silencing

	
	ac
	K34
	Transcriptional activation 

	
	phos
	S27
	Transcriptional activation

	
	ub
	K63
	DNA repair 





Footnote: This table provides an overview of the well-studied histone modifications. For an exhaustive and particularly well classified list of all histone modifications detected so far, please see reference number 36.

Currently, there are no methods, which can detect several histone modifications/variants simultaneously, in situ. Antibodies lack specificity between different histone isoforms and also not all antibodies directed against specific modifications allow a precise analysis of histone PTMs [44-46]. Furthermore, only a very limited number of immunohistochemistry compatible anti histone antibodies exist that could provide spatial information. Most importantly, an inherent limitation of antibody probes is the lack of multiplicity. Simultaneous, in situ detection of a large number of different histones or histone modifications is not possible due to a general lack of secondary reagents and the partially overlapping detection chemistry. For this reason, researchers resorted to mass spectrometry for a label-free detection of multiple histone modifications/variants [47,48]. However, most of these studies were performed in tissue homogenates where the spatial distribution of molecules is lost. Imaging mass spectrometry (IMS), which combines the precision of mass spectrometry with visualization of spatial distribution patterns of biomolecules, could therefore overcome these restrictions in histone analysis. In the following sections, we discuss the basic principles and clinical applications of intact protein MALDI-IMS with a special emphasis on the recent developments that enables it to specifically detect histone modifications and variants in situ.
MALDI-IMS
MALDI-IMS produces an in situ spatial map of molecules (proteins, peptides, metabolites, etc.) directly on a tissue surface in a label-free manner. Usually a tissue specimen is covered with a matrix solution to generate co-crystallized analyte molecules preserving morphological and chemical tissue integrity. Masses of these molecules are then measured following their ionization from the matrix crystals by a UV laser. This method of ionization ensures that the underlying tissue morphology remains undisturbed. Using this technique particularly facilitates studies under both, physiological and pathological tissue conditions, as it allows a multiple feature extraction of multiple molecules within a complex tissue [49]. Imaging intact proteins and their isoforms and PTMs from tissues by IMS has been therefore often used to discern diseased states and discover new biomarker. Furthermore, no prior knowledge of protein expression and/or localization is required as compared to immunological techniques. 
Imaging studies of intact proteins usually perform well in unfixed fresh frozen tissue samples, as fixation with formaldehyde presents a challenge from a molecular perspective because of protein cross-linking complexes [50]. Alternatively, tissues that are preserved using protocols on the basis of alcohol fixation in terms of long-term storing are suitable for proteomic imaging studies [51,52]. Over the years, many approaches to detect and analyze intact proteins by IMS have been developed. Significant enhancement of protein signals was achieved by optimizing washing protocols to get rid of ion suppressants like lipids and salts [53]. Alcohol based wash protocols coupled with optimum measurement parameters were successful in detecting intact proteins in an extended mass range and higher spatial resolution [54-56]. On the other hand, aqueous washes have resulted in detection of membrane proteins and their PTMs [57-59]. High spatial resolution for imaging intact proteins primarily depends on the size of matrix droplets (along with measurement parameters), which should be ideally in the range of the laser spot size. Widely used commercial sprayers like ImagePrep (Bruker Daltoniks, Bremen, Germany) and SunCollect (SunChrom, Friedrichsdorf, Germany), produce droplets typically of the size of ≤ 50 m. Protein imaging with similar spatial resolution (35 m) was also achieved by using a TM-Sprayer (HTX Technologies, Carrboro, NC, USA) to spray matrix followed by rehydration/recrystallization at elevated temperature [60]. Substantial improvement of spatial resolution for MALDI imaging of intact proteins has been achieved recently through the development of a two-step matrix sublimation-recrystallization technique [61]. This protocol has allowed imaging proteins up to 30 kDa. with a spatial resolution of 10 m. Furthermore, a very recent development from the Caprioli laboratory has applied multimodal image fusion technique to observe and successfully predict protein abundances at spatial resolution of ~10 times higher than that measurable by MALDI imaging [62]. Cross-modality correspondences between images generated from MALDI-IMS and molecular microscopy leads to an unprecedented upsampling of different ion maps and thereby results in a spatially highly resolved dataset. It would, however be interesting to apply this method, in future, to different, often highly complex, diseased tissues in order to derive specific and quantitative protein signatures for a better understanding of the underlying mechanisms.  
Adoption of the improved sample preparation and measurement protocols has revealed protein signatures from model and clinical tissues for diagnostic, prognostic and predictive purposes. A considerable body of research involving MALDI-IMS of intact proteins was directed towards human cancer and many proteins, together or in isolation have been identified as potential biomarkers [63-72] and this has been reviewed recently [73]. Potential markers for human disorders like ageing, osteoarthritis and child absence epilepsy have also been identified by MALDI-IMS [74,75]. Interestingly, a couple of the above mentioned studies have identified histone H4, among others to be putative markers for metastatic melanoma and microvascular invasion in hepatocellular carcinoma (Table 2).
Since histones and their many isoforms are an integral part of the gene regulation machinery in eukaryotic cells, it makes them potent candidates for disease markers. In fact the bulk analysis of histone modification in leukemic cells or in various cancer cell lines revealed a change in the histone modification profiles when cells become cancerous [23,76].  The potential advantage of MALDI-IMS when performing such studies is the fact that the modifications can be studied in tissue section leaving the spatial information intact. However, only a few studies so far, have identified histones by IMS [35,63,71,77-80] in varied circumstances (Table 2). Core histones H2A, H2B, H3 and H4 were first detected among other proteins, to be abundant in tumor regions of a breast cancer xenograft model and human FFPE tissues by MALDI-IMS after in situ tryptic digestion [80]. MALDI-IMS studies identified histone H4 as a significantly abundant protein in poorly differentiated human gastric cancer tissues, which was corroborated by immunohistochemical studies [78]. On the other hand, a modified form of H4 (mono acetylated) along with core histones H2B and H3 were identified as survival markers in patients with better prognosis of melanoma metastatic at regional lymph nodes [63]. This IMS study complemented the previous hypothesis of H4 hypo-acetylation being a global mark for human cancers [23], which was based on genetic and bulk mass spectrometric studies. Furthermore, H4 could also be detected by IMS in cell culture system of human colon carcinoma rendering it a valuable tool for basic clinical research [79]. A recent IMS study by Poté et al. has identified H4(N-ac)K20me2 and H4(N-ac)K20me2K16ac to be novel biomarkers associated with post-operative recurrence of hepatocellular carcinoma through microvascular invasion [71]. Identification of histone PTMs in this study are particularly important for improved patient management as a pre-operative estimation (e.g. biopsies) of these modifications could enable the clinicians to develop surgical and therapeutic strategies in a patient specific way. Apart from these studies aimed at better and fast diagnosis and prognosis for human cancers, few core histones have also been profiled in mammalian brain and correlated with different neural cell types [77]. The study implies the potential benefits of MALDI-IMS as a tool to detect multiple histone proteins in case of neurological disorders.
However, a detailed histone profiling of healthy and diseased tissues, which might give an idea about the cell’s epigenetic status, is still lacking. Moreover, linker histone H1 isoforms, for which suitable antibodies are not available, have not been measured so far (Table 2). Simultaneous detection of histone H1 variants and their corresponding PTMs could provide a deeper insight into the epigenetic mechanisms regulating various diseased states.  
Table 2: Observation of core histones by IMS
	Histone variants
	PTMs
	Tissues
	Diseases
	Observed masses (Da.)
	Reference(s)

	Core Histones

	H4(N-ac)
	H4K16ac, H4K20me2
	Human liver, Rat brain
	Microvascular invasion in hepatocellular carcinoma
	11304, 11346
	[71,77]

	H4
	ac
	Human lymph node
	Melanoma lymph node metastases
	11307, 11349
	[63]

	H4
	-
	Human FFPE TMA
	Gastric cancer
	1325.6 (peptide)
	[78]

	H4(N-ac)
	ac, 2ac, 3ac, 4ac
	Mouse solid tumor
	Gastrointestinal cancer
	11309, 11348, 11389, 11431, 11474
	[35]

	H4
	-
	3 dimensional cell culture system
	Colon carcinoma
	1179.612, 1309.6936, 1325.6877 (peptides)
	[79]

	H4
	-
	MCF7 breast cancer xenograft and human FFPE samples
	Breast cancer
	11358.7 (protein), 1325.7, 1466.8 (peptides)
	[80]

	H3
	-
	Human lymph node
	Melanoma lymph node metastases
	15336
	[63]

	H3.1(N-ac)
	Na-adduct, Ox, ac
	Rat brain
	
	15338, 15357, 15376
	[77]

	H3
	-
	MCF7 breast cancer xenograft and human FFPE samples
	Breast cancer
	15314 (protein), 788.5, 831.5, 1032.6, 1489.9 (peptides)
	[80]

	H2A-1C
	N-ac, N-ac+2Ox
	Rat brain
	
	14014, 14047
	[77]

	H2A
	-
	MCF7 breast cancer xenograft and human FFPE samples
	Breast cancer
	850.5, 944.5, 2104.2, 2915.6 (peptides)
	[80]

	H2B type1
	-
	Human lymph node
	Melanoma lymph node metastases
	13778
	[63]

	H2B type1
	ac
	Rat brain
	
	13776, 13816
	[77]

	H2B
	-
	MCF7 breast cancer xenograft and human FFPE samples
	Breast cancer
	13787 (protein), 901.5, 1743.8, 1775.8 (peptides)
	[80]


Footnote: The term (protein) in the table refers to the measurement of the corresponding intact proteins from tissues by IMS. The term (peptides) in the table refers to the measured peptides after in situ tryptic digestion.

In a recent progress from our laboratories, we have developed a pipeline that enables detection and identification of multiple histone isoforms and PTMs in situ, from a single experiment [81]. An optimized sample preparation and measurement parameters led to improved s/n ratio in the high mass range covering the mass of the linker histone H1 variants (M.W. – 20000-25000 Da.). Masses, possibly derived from histones were predicted based on histological evaluation and statistical analysis. These masses overlapped fairly well, when compared to the theoretical histone mass database giving rise to what has been described as ‘histone regions’ of the mass spectrum. A further positive (both linear and non-linear) correlation analysis of these masses with nuclear area of the tissue excluded false positives (Figure 2). 
Identification of 12 out of the 18 masses showed in Figure 2 by bottom-up LC-MS/MS approach (on serial brain sections) [81,82] comprehensively validates the correlation approach for predicting histones in situ. Among the masses, which correlated strongly (R2 > 0.8) with nuclear density, 10 out of 11 were identified by LC-MS/MS.
This method led us for the first time, to profile all the H1 isoforms (except H1.1) in mammalian brain with an estimate of their relative contribution to the total H1 pool [81]. The novelty of this method is that it relies on innate tissue properties (nuclear density) and is therefore applicable to tissues from almost any origin and diseased state. Application of the method in cases of human cancer have resulted in the prediction of multiple histone isoforms as being more abundant in tumor regions as compared to stroma for human colon cancer (Figure 3a). In the case of human breast cancer, one of the predicted H1 isoforms is found to distinguish between different patient samples (Figure 3b). The specific histone isoforms identified or predicted could also provide a starting point for further investigation into the epigenetic mechanisms leading to the diseased state.  

As a corollary to this method, the correlation plots could be used as standard curves that would estimate the histone levels in any defined area of the tissue. The current workflow is not only able to identify different histone PTMs and variants but can also quantify their relative amounts, which is of imperative importance from a clinical perspective. MALDI-IMS is therefore capable of label-free detection of various histone modifications and variants directly from the tissue surface. With the newly developed methodology both core and linker histones can be imaged with an unprecedented multiplicity. 
However, the currently used set-up does not allow for direct identification of the proteins from tissues and is also limited by mass resolution. Since, histones exist as several variants of relatively close masses, a particular mass could actually predict many different combinations of variants and modifications. A recent report from Spraggins et al. [83] suggests that this problem could be resolved using high-end instrumentation. The authors have demonstrated mass spectra for proteins at very high resolution (~ 40,000 - 75,000 at m/z – 5000) and accuracy (< 5 ppm) using a 15T MALDI-FTICR mass spectrometer coupled to an imaging platform. The system is also capable of resolving the isotope envelopes for individual protein molecules, which requires distinguishing signals at a spacing of 0.5 Da.-1 Da. This setup is potentially ideally suited to distinguish isobaric histone variants and isoforms, which differ from each other by 2 Da.-10 Da. However, the layout is limited by the mass range and spatial resolution that it can cover. Currently, it performs well for proteins only up to 12 kDa. at a spatial resolution of 50 m – 75 m. Consequently, H2A/2B, H3 and H1 variants cannot be analyzed with this experimental framework. Moreover, modifications like me3 and ac, which differ by 0.0432 Da. cannot be distinguished yet either by MALDI-FTICR or MALDI-TOF on an imaging platform. A further salient requirement of histone analysis is the positional information of PTMs on the proteins. Imaging mass spectrometry is currently unable to provide any clue to this. One alternative could be the application of in situ digestion and subsequent analysis of the histones at the peptide level [80]. Nonetheless, this approach is limited by the lack of an associated chromatographic system with the imaging setup. In the absence of a chemical separation system, it would only be possible to detect the most abundant peptides (intuitively, peptides derived from cytoskeletal and nucleoskeletal proteins), those are co-crystallized with the matrix molecules. Considering the abundance of histones, few peptides can possibly be detected, but a thorough analysis of the existing histone modifications would not be possible. Furthermore, lack of a coupled high-throughput fragmentation system enabling thorough and precise identification of post-translationally modified peptides limits the capacity of MALDI imaging to directly identify, distinguish and localize histone PTMs. Therefore, a complementary approach like LC-MS/MS on serial tissue section homogenates would lead to precise identification of molecules. Nonetheless, the aforesaid method can screen the tissue proteome for histones and predict the occurrence of several histone modifications and isoforms in both, healthy and diseased states.













EXPERT COMMENTARY AND FIVE-YEAR VIEW 
As the specificity and selectivity of anti-histone antibodies are constantly being improved, it is, however, far-fetched to speculate the emergence of such antibodies for all different histone modifications and isoforms in the near future. IMS, on the other hand, should be able to reach a point, from where high-throughput screening of clinical samples for possible alterations in histones would be possible. Moreover, analysis of different genetically modified and diseased animal models, like induced tumor models, neurodegenerative disease models, etc. would provide a mechanistic insight into epigenetic regulation with an extraordinary versatility. Alternatively, one can also investigate various knock-out/knock-in animal models for proteins that are supposed to be key players in the epigenetic regulation pathway. Effect of those proteins could then be detected through the change in amounts observed for multiple proteins in the detectable limit. The recent developments in this direction should serve as a solid foundation, based on which, future research will focus on the involvement of histones in varied biological conditions. So far, only limited numbers of studies have identified histones in a few organs, focusing mainly on human malignant tumors. Comprehensive studies of different clinical samples/organs could lead to a further understanding of the epigenetics involved therein and provide a wider perspective. Contrary to other techniques, which focus on single type of molecules, IMS can analyze widely different types of molecules on the same platform. Furthermore, IMS can identify sub-populations of cells in diseased regions based on molecular signatures [84]. This subset of cells could then be isolated by techniques like laser capture micro-dissection (LCM) and processed for further molecular analysis. As epigenetics, and with it histone modifications and variants are increasingly being implicated in diseases either as causative agents or drug targets; a combination of IMS studies of drug distribution, histone modifications, metabolite profiling and histological morphology would lead to much improved disease management in the near future. In addition, for drugs, metabolites and other small molecules IMS can be used with high resolution and accuracy in both mass and space [85]. Recent upcoming liquid based IMS methods like liquid extraction surface analysis (LESA), desorption electrospray ionization (DESI), laser ablation electrospray ionization (LAESI), etc. could potentially provide the much needed mass resolution, accuracy and ability to fragment analytes that could, in turn, directly identify molecules from tissues in a high-throughput manner. However, an optimum combination of the different IMS platforms along with further development of different methodologies and their application, as outlined in this review is necessary to resolve the existing challenges for detailed analysis of diseased tissues by IMS. Considering the increasing cross-talk between health systems, academia and industry, establishment of the aforesaid methods and workflows should aid in establishing epigenetic targets and initiate drug development processes for human diseases. 



KEY ISSUES
· Histone family of proteins is an integral part of gene expression and regulation machinery in eukaryotes.
· Histones are extensively post-translationally modified proteins. Alteration in the steady-state of these modifications and/or the dynamics of establishment/removal of these marks is associated with a wide range of diseased conditions. 
· Progress in high-throughput detection of histones has been limited owing to the lack of specific and selective antibodies for histone PTMs and variants. Moreover, antibodies cannot provide the level of multiplicity required for analyzing combinatorial effects of different histone modifications and variants.
· MALDI-IMS provides a potential platform, where multiple histone PTMs and isoforms could be detected directly from tissue surfaces, thereby maintaining intact spatial and diagnostic information.
· Recently, we have developed a workflow that enables detection and identification of histone PTMs and variants based on an intrinsic property of eukaryotic cells, i.e. the presence of nucleus. The method is general in application and can be considered for any type of healthy or diseased tissue.    
· Our MALDI-IMS based method is currently the only one that has the desired specificity, multiplicity and generality that is required for histone analysis in clinical samples. This method could potentially develop into a powerful tool for high-throughput epigenetic screening of diseased states.
· Lastly, integration of upcoming IMS techniques and methods and a combined multi-analyte measurements on the same IMS platform could provide a comprehensive idea about the epigenetic landscape in a particular diseased state.
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FIGURE LEGENDS
Figure 1: Increase in acetylation of histone H4 upon treatment with HDACi LBH-589. (a) Treatment of mice with gastrointestinal cancer with HDACi LBH-589 causes a decrease of non-acetylated H4 and emergence of multiply acetylated states in a time dependent manner. (b) H&E stained images of mouse solid tumors. The distribution of multiply acetylated H4 in drug treated mice and hypoacetylated H4 in vehicle treated mice correlates well with the tumor regions. Scale bar – 0.25 mm. Adapted with permission from (Munteanu, B., Meyer, B., von Reitzenstein, C., Burgermeister, E., et al., Label-Free in Situ Monitoring of Histone Deacetylase Drug Target Engagement by Matrix-Assisted Laser Desorption Ionization-Mass Spectrometry Biotyping and Imaging. Analytical Chemistry 2014, 86, 4642-4647.). Copyright (2014) American Chemical Society.
Figure 2: Masses in the ‘histone regions’ of mouse brain showing positive correlation with nuclear density. The plots are an average of 3 replicates (All plots – Mean ± S.D.). Scale bars – 2 mm. H4 region – 11308 and 11348 Da.; H2B region – 13420, 13802, 13859 and 13900 Da.; H2A region – 14006 and 14046 Da.; H3 region – 15329 Da. Brain images: Left panel – False color representation of histone signals, Right panel – Merged, false color and H&E stained images. 
Figure 3: Examples of histone variants in different human cancers. (a) Human colon cancer shows a high abundance for a H2B variant (13776 Da.), H3 variant (15336 Da.) and a H1 variant (22488 Da.) in the tumor regions as compared to the stroma regions. Scale bars – 1 mm. (b) Example of H1.0-ac positive and tumor and H1.0-ac negative tumor in two different human breast cancer samples. Scale bars – 100 m.  
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