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HiHiMap: single-cell quantitation of histones and 
histone posttranslational modifications across 
the cell cycle by high-throughput imaging

ABSTRACT We describe High-throughput Histone Mapping (HiHiMap), a high-throughput 
imaging method to measure histones and histone posttranslational modifications (PTMs) in 
single cells. HiHiMap uses imaging-based quantification of DNA and cyclin A to stage indi-
vidual cells in the cell cycle to determine the levels of histones or histone PTMs in each stage 
of the cell cycle. As proof of principle, we apply HiHiMap to measure the level of 21 core 
histones, histone variants, and PTMs in primary, immortalized, and transformed cells. We 
identify several histone modifications associated with oncogenic transformation. HiHiMap 
allows the rapid, high-throughput study of histones and histone PTMs across the cell cycle 
and the study of subpopulations of cells.

INTRODUCTION
Histones are among the most evolutionarily conserved proteins in 
eukaryotic cells. Two copies of each core histone (H2A, H2B, H3, 
and H4) are assembled into octamers around which 147 base pairs 
of DNA are wrapped to form nucleosomes, the basic structural units 
of chromatin (Kornberg and Lorch, 1999). Histones are extensively 
modified on their N-terminal tails by posttranslational modifications 
(PTMs), including phosphorylation on serine or threonine residues, 
methylation on lysine or arginine, acetylation, ubiquitylation, and 
SUMOylation on lysine (Zhang et al., 2002; Tan et al., 2011). These 
modifications exert biological functions by affecting the recruitment 
of histone-binding proteins, such as chromatin remodelers or chro-
matin structural proteins (Swygert and Peterson, 2014; Tessarz and 
Kouzarides, 2014; Wike et al., 2016). Although some histone PTMs 
are known to be associated with active chromatin states, others 
are indicative of repressive chromatin (Jenuwein and Allis, 2001; 

Rothbart and Strahl, 2014). In addition to histone PTMs, histone vari-
ants also play an important role in the regulation of chromatin orga-
nization—for example, the replacement of canonical histones by 
nonallelic variants modifies nucleosome stability and chromatin dy-
namics (Weber and Henikoff, 2014). Histone variants and PTMs are 
important for regulation of basic genomic processes, including the 
DNA damage response, transcription, and replication (House et al., 
2014; Teves et al., 2014; Polo and Almouzni, 2015; Venkatesh and 
Workman, 2015; Almouzni and Cedar, 2016). Owing to their role in 
gene regulation and genome stability, histone variants and modifi-
cations have been implicated in carcinogenesis (Seligson et al., 
2005, 2009; Elsheikh et al., 2009; Sharma et al., 2010; Zane et al., 
2014).

To maintain sufficient levels of histones to ensure normal chro-
mosomal DNA compaction throughout the cell cycle, the synthesis 
of DNA and of core histones is tightly coordinated. Core histone 
protein levels double via transcriptional and posttranscriptional up-
regulation during the cell cycle as the genome is duplicated in S 
phase (Osley, 1991; Marzluff and Duronio, 2002; Marzluff et al., 
2008; Nelson et al., 2002).

PTMs must be reestablished on newly synthesized histones after 
DNA replication (Loyola et al., 2006; Scharf et al., 2009; Budhavar-
apu et al., 2013; Alabert et al., 2015). In contrast to the histone pro-
teins, histone PTMs rapidly turn over via action of histone-modifying 
enzymes and may thus fluctuate between individual cells, during the 
cell cycle, and within a cell cycle phase. The standard methods to 
analyze histones and histone PTMs are Western blotting and stable 
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examined 21 histones and histone modifications in an oncogenic 
cellular transformation model (Hahn et al., 1999, 2002; Elenbaas 
et al., 2001; Scaffidi and Misteli, 2011) and identified single cell–
level changes of several histone variants and PTMs during onco-
genic transformation.

RESULTS
HiHiMap outline
We sought to develop a rapid method to measure the levels of his-
tones and histone PTMs through the cell cycle at the single-cell level 
and in a high-throughput format to enable comprehensive analysis 
of the epigenetic landscape. HiHiMap is a high-throughput imag-
ing-based approach in which a combination of DAPI and cyclin A 
staining is used to stage individual cells in the cell cycle, and this 
information is combined with the use of antibody-based quantita-
tive detection of histones and histone PTMs in the same individual 
cells (Figure 1).

For HiHiMap, cells are plated in 384-well imaging plates, fixed in 
4% paraformaldehyde (PFA), and stained for cyclin A and a histone 
or histone PTM of interest for each well using specific antibodies 
(see Materials and Methods). For analysis, ∼1500 cells in 50 ran-
domly selected fields per well are imaged in multiple fluorescence 
channels using automated microscopy (see Materials and Methods). 
High-content image analysis is then used to segment the nuclei 
using the DAPI channel; in addition, averaged integrated DAPI, 
mean cyclin A, and integrated histone or histone PTM fluorescence 

isotope labeling with amino acids in cell culture (SILAC)–based 
quantitative mass spectrometry (MS; Ong et al., 2002; Pesavento 
et al., 2008; Scharf et al., 2009; Sweet et al., 2010; Zee et al., 2010; 
Xu et al., 2012). These methods are limited, in that they are only able 
to provide a population-based average measurement of histone lev-
els or PTMs and are unable to detect differences among subpopula-
tions or individual cells. Although they can be used for analysis of 
cell cycle fluctuations when combined with cell cycle synchronization 
methods, synchronization may affect the levels of some histones and 
histone PTMs. For SILAC-MS analysis, the labeling step requires ex-
tensive culturing of cells over several days. Both Western blotting 
and SILAC-MS require relatively large numbers of cells. In addition, 
these approaches cannot be easily scaled up for the parallel analysis 
of a large number of samples. This makes them unsuitable for a 
screening or eventually diagnostic or prognostic purposes.

To overcome these limitations, we developed High-throughput 
Histone Mapping (HiHiMap), a rapid method for single-cell quantifi-
cation of histone and histone PTM levels throughout the cell cycle. 
The approach is based on high-throughput imaging and uses cyclin 
A immunofluorescence (IF) and 4′,6-diamidino-2-phenylindole 
(DAPI) DNA staining for cell cycle staging, which allows the determi-
nation of the cell cycle stage of individual cells without the need for 
cell synchronization and, simultaneously, the measurement of his-
tones and histone PTM levels at the single-cell level. The high-
throughput nature of the method allows for parallel analysis of mul-
tiple histone PTMs in a single experiment. Using HiHiMap, we 

FIGURE 1: Outline of the HiHiMap method. Cells are plated in 384-well plates, fixed, and nuclei are stained with DAPI. 
Cells are incubated in the presence of an antibody against cyclin A and an antibody against a specific histone or histone 
PTMs of interest. Images of stained cells are acquired in two dimensions using a high-throughput confocal microscope, 
and automated image analysis is used to calculate the averaged integrated and mean fluorescence intensities of DAPI, 
cyclin A, and histone/PTM of interest in three different channels for each cell. The histograms of DNA content in the cell 
population are then calculated to generate cell cycle profiles using R. The first peak represents the G1 cell population, 
and its position is set to a value of 1. Cells in the G2 phase are distinguished from the cells in mitosis using a cyclin 
A intensity threshold in addition to the DAPI cutoffs. The single-cell level of normalized fluorescence intensity for a 
histone or a histone modification is represented for each cell cycle phase. Each dot represents one individual cell.
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expected, a major increase of H3S10ph levels was found in G2/M 
phase (9.2 ± 0.7-fold) in comparison to G1 cells (Figure 2, E and F). 
As a negative control, the transcription factor LHX9, involved in 
brain development (Vladimirova et al., 2009), did not vary with DNA 
levels in HDFs, and we observe only a marginal increase in the LHX9 
level during the cell cycle (ratio S/G1 = 1.2 ± 0.01; G2/G1 = 1.3 ± 
0.02; and M/G1 = 1.5 ± 0.08; Figure 2, H and I).

Analysis of the levels of core histones and variants during 
the cell cycle
To extend our analysis of histones, we measured the levels of three 
core histones (Figure 3A) and their variants (Figure 3B). Protein lev-
els of H2A, H3, and H4 increased in S phase by 1.7 ± 0.02-, 2 ± 0.03-, 
and 1.87 ± 0.03-fold, respectively, and by 2.3 ± 0.03-, 2.6 ± 0.04-, 
2.3 ± 0.03-fold, respectively, in G2 phase relative to G1 before de-
creasing 1.7 ± 0.09-, 1.6 ± 0.09-, and 1.7 ± 0.09-fold during mitosis 
in comparison to G2 phase (Figure 3A). Despite the slight differ-
ences observed in the variations of histone levels between histones, 
most likely due to the antibody quality, we conclude that HiHiMap 
detects cell cycle–related fluctuations in histone levels.

In contrast to canonical histones, the synthesis of histone variants 
is uncoupled from DNA replication (Talbert and Henikoff, 2010). 
Thus, to further validate our method, we applied HiHiMap to char-
acterize the cell cycle behavior of several histone variants (Figure 3B). 
Levels of the H3 variant H3.3 and the H2A variant H2AZ, respec-
tively, increased 1.2 ± 0.03- and 1.2 ± 0.01-fold from G1 to S phase 
and 1.4 ± 0.04- and 1.4 ± 0.02-fold to G2 before reaching a 1.5 ± 
0.16- and 1.9 ± 0.09-fold increase in M phase (Figure 3B), suggest-
ing that these variants are incorporated throughout the cell cycle. 
MacroH2A1 showed no increase from G1 to S and G2 phases (S/G1 
= 0.9 ± 0.02; G2/G1 = 1 ± 0.03), followed by a 1.7 ± 0.12-fold in-
crease between G2 and M, suggesting that macroH2A variants are 
preferentially incorporated into chromatin after DNA replication and 
are not incorporated significantly during S phase. Of interest, in con-
trast to other histone variants, H2AX showed larger fluctuations 
from G1 to S and to G2, with 1.4 ± 0.02- and 1.7 ± 0.03-fold in-
creases, respectively, followed by a slight decrease in mitosis (1.6 ± 
0.07-fold decrease). The H2AX results suggest mechanisms of chro-
matin assembly during DNA replication. This is consistent with the 
H2AX gene (H2AFX) containing features of both replication-depen-
dent and replication-independent histone species. In particular, 
H2AFX is a small, intron-less gene and has the stem–loop structure 
characteristic of replication-linked histones (Mannironi et al., 1989). 
We conclude that, in contrast to core histones, levels of several his-
tone variants, except H2AX, do not follow cellular DNA levels.

Characterization of cell cycle fluctuations of histone 
modifications
Histones undergo extensive PTMs (Zhang et al., 2002; Tan et al., 
2011). The kinetics of histone modifications during the cell cycle are 
relatively poorly characterized, in part due to the difficulty in gener-
ating cell cycle–staged cell populations for biochemical analysis and 
to the heterogeneity of modifications among individual cells. We 
used HiHiMap to characterize the cell cycle–related fluctuations of 
17 histone modifications and determine the variability of modifica-
tions between individual cells in the same cell cycle phase.

Using a set of commercially available antibodies, some of which 
were validated (Egelhofer et al., 2011; Supplemental Table S1), we 
detected the rapid increase after DNA replication of several H3K4 
methylation events. S/G1 ratios of monomethlyation, dimethyl-
ation, and trimethylation of H3K4 were increased 1.7 ± 0.03-, 1.4 ± 
0.02-, and 1.4 ± 0.01-fold, respectively, to reach a 2-fold increase in 

intensities are measured in three separate channels (DAPI, Alexa 
488, Alexa 647) over the nuclear mask generated in the segmenta-
tion step (see Materials and Methods). Each nucleus is assigned to a 
cell cycle stage based on integrated DAPI intensity and cyclin A 
staining, and the corresponding histone or histone PTM levels are 
measured in each cell cycle–staged nucleus. Results are represented 
as single-cell data sets (Figure 1). As proof of principle, HiHiMap is 
applied to the analysis of 25 histones, histone variants, and histone 
PTMs in hTERT immortalized CRL-1474 human dermal fibroblasts 
(HDFs; Scaffidi and Misteli, 2011; Fernandez et al., 2014; Supple-
mental Table S1).

Cell cycle staging
Single cells are staged in the cell cycle by measurement of the inte-
grated DAPI intensity of an individual cell nucleus, as previously 
described (Roukos et al., 2015). This approach of cell cycle staging 
gives similar results as fluorescence-activated cell sorting analysis 
(Roukos et al., 2015; Supplemental Figure S4). Typical imaging-
based DAPI intensity distributions are biphasic, with peak 1 repre-
senting G1 cells and peak 2 representing G2/M cells (Roukos et al., 
2015). Although the relative position of peaks 1 and 2 is generally 
constant, the absolute position of these peaks on the x-axis, 
(log2 integrated DAPI intensity), can slightly vary from well to well, 
possibly due to variations in DAPI staining and/or illumination. To 
compensate for these fluctuations and compare cell cycle distribu-
tions from independent wells, we normalized the integrated DAPI 
intensity for each well by assigning the value of 1 to the position of 
peak 1 estimated by using a mixed model algorithm in the statisti-
cal software R (for details, see Materials and Methods). In addition, 
to better distinguish cells in each cell cycle phase, we used a com-
bination of gates based on both the normalized integrated DAPI 
intensity and the cyclin A mean intensity, which is known to be 
elevated in S and G2 phases (Pagano et al., 1992). Using these 
empirically determined gates, G1 cells were defined as having nor-
malized DAPI intensity value between 0.75 and 1.75 while being 
cyclin A negative, S-phase cells as having DAPI intensity of 0.75–
1.75 and being cyclin A positive, G2 cells as having DAPI intensity 
of 1.75–2.5 and being cyclin A positive, and M-phase cells as 
having DAPI intensity 1.75–2.5 and being cyclin A negative (Sup-
plemental Figure S1A).

HiHiMap validation using core histones
To validate HiHiMap, we measured the levels of three nuclear pro-
teins with known cell cycle behavior in hTERT immortalized CRL-
1474 HDFs (Scaffidi and Misteli, 2011; Fernandez et al., 2014). His-
tone H4 is a core histone whose intensity level is known to follow 
DNA content during the cell cycle (Osley, 1991; Marzluff and Du-
ronio, 2002; Marzluff et al., 2008). As expected, histone H4 levels 
increase 1.9 ± 0.03-fold (mean ± SEM) and 2.3 ± 0.03-fold in S and 
G2 phases, respectively, in comparison to G1-phase cells (Figure 2, 
B and C). Results were highly reproducible in both technical and bio-
logical replicates (Supplemental Figure S2A), and similar results 
were observed with two different commercial antibodies directed 
against H4 (Supplemental Table S1 and Supplemental Figure S2B). 
Computational simulation of 10,000 comparisons of variable popu-
lation sizes generated by random subsampling of cells in G1 was 
used to determine that the minimally required sample size to 
achieve statistical confidence (>95%) is ∼230 cells per cell cycle 
stage per well (Kolmogorov–Smirnov [KS] test; p < 0.005; Supple-
mental Figure S1C; see Materials and Methods for details).

Phosphorylation on serine 10 of histone H3 (H3S10Ph) is a well-
characterized mitotic marker (Sawicka and Seiser, 2012). As 
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G2 (H3K4-me1: ratio S/G1 = 2.1 ± 0.04; 
-me2: 1.9 ± 0.04; -me3: 1.9 ± 0.02) and then 
decreased in mitosis (ratio M/G1: 1.4 ± 0.1-
fold, 1.7 ± 0.18 –fold, and 1.5 ± 0.1-fold for 
monomethlyation, dimethylation, and tri-
methylation, respectively; Figure 4A). The 
level of H3K9me1, commonly associated 
with transcriptional activation (Barski et al., 
2007), followed the same pattern as H3K4 
methylation during the cell cycle, with its 
highest level in G2 phase (ratio S/G1 = 1.2 ± 
0.01: ratio G2/G1 = 1.9 ± 0.04; ratio M/G1 = 
1.6 ± 0.1; Figure 4A). In contrast, the higher 
methylation states of H3K9, which are 
linked to transcriptional repression (Noma 
et al., 2001), modestly increased from G1 to 
S (ratio S/G1 = 1.2 ± 0.01 for H3K9me2 and 
1.3 ± 0.02 for H3K9me3; Figure 4A), and for 
H3K9me2 and H3K9me3, we observed 
1.5 ± 0.02- and 1.4 ± 0.02-fold increases, 
respectively, in G2 phase and 1.8 ± 0.07- 
and 2 ± 0.01-fold increases, respectively, in 
M phase compared with G1 (Figure 4A). 
H3K27me3, one of the most prominent re-
pressive histone marks (Barski et al., 2007; 
Schlesinger et al., 2007), increased by 1.6 ± 
0.03- and 1.7 ± 0.04-fold in S and G2 phases, 
respectively, before dropping off to a 1.3 ± 
0.08-fold increase in mitosis in comparison 
to G1 (Figure 4A). H3K36me3, which is en-
riched in the transcribed regions of active 
genes (Kolasinska-Zwierz et al., 2009; Chan-
talat et al., 2011), slightly increases during 
the cell cycle (ratios S/G1: 1.12 ± 0.02; G2/
G1: 1.24 ± 0.02) before a 1.61 ± 0.01-fold 
increase in mitosis compared with G1 
(Figure 4A). Furthermore, monomethylated 
and dimethylated H4K20, involved in DNA 
replication and DNA repair (Beck et al., 
2012a,b; Jorgensen et al., 2013), modestly 
increased from G1 into S phase (ratios S/G1: 
1.2 ± 0.03 for H4K20me1 and 1.1 ± 0.01 for 
H4K20me2) before increasing in G2 phase 
(ratio G2/G1: 2.5 ± 0.08) for H4K20me1 and 
in mitosis for H4K20me2 (1.73 ± 0.09; Figure 
4B). Similar results were obtained with a dif-
ferent antibody against H4K20me2 (Supple-
mental Figure S2C).

In contrast to histone methylation, analy-
sis by HiHiMap of H3K9Ac, H4K5Ac, and H3 
and H4 global acetylation levels showed in-
creases between G1 and S phases (ratio S/
G1 = 1.5 ± 0.02 for H3K9Ac; 1.5 ± 0.02 for 
H4K5Ac; 1.5 ± 0.03 for H3Ac; 1.5 ± 0.02 for 

FIGURE 2: Proof of principle of HiHiMap. Representative confocal images of (A) H4, a core 
histone, (D) H3S10Ph, a mitotic histone PTM, and (G) LHX9, a non–cell cycle–regulated 
transcription factor involved in brain development, and their cyclin A (far red) and/or DAPI 
staining (blue) in immortalized HDFs. Scale bar, 10 µm. Single-cell levels of H4 (B, C), H3S10Ph 
(E, F), and LHX9 (H, I) as a function of DNA amount (DAPI intensity level) and at each cell cycle 
stage. Each dot represents a single cell. In box plots, the line corresponds to the median, 
notches represent the estimated 95% CI for the median, the lower and upper hinges of the box 
plot indicate the 25th and 75th percentiles, respectively, and the whiskers correspond to ± 1.5 × 

IQR of the hinge, where IQR is the 
interquartile range or distance between the 
first and third quartiles. The numbers above 
the box plots represent the mean fold 
change compared with G1 levels. Each graph 
represents the results of two technical 
replicates. Scale bar, 20 µm.
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revealed the expected high levels of poly-
ploidy in the transformed cells, with the shift 
of the cell cycle profile toward higher levels 
of integrated DAPI intensity (Supplemental 
Figures S5 and S6). These results were con-
firmed by flow cytometry (Supplemental 
Figure S5).

To account for the tetraploid nature of 
transformed cells, the DAPI thresholds to 
stage cells were modified, and diploid G2 
cells were defined as cells with DAPI inten-
sity of 1.75–2.25 and cyclin A positive and 
tetraploid cells in G1 phase as DAPI intensity 
of 1.75–2.25 and cyclin A negative. Tetra-
ploid cells in S phase were defined as DAPI 
intensity of 2.25–2.75 and cyclin A positive 
and tetraploid cells in G2 as DAPI intensity 
of 2.75–3.25 and cyclin A positive (Supple-
mental Figure S7). The ploidy status of the 
transformed cells was confirmed by flow cy-
tometry to correctly assign cell cycle stages 
in these samples (Supplemental Figure S6). 
We also observed that transformed cells ex-
hibited higher background levels of cyclin A, 
and so we adjusted thresholds accordingly 
(Supplemental Figure S8). To account for the 
variability in genetic material between indi-
vidual cells, histone levels were normalized 
to the amount of DNA in each cell.

The values of 21 histone variants and 
modifications of primary, immortalized, and 
transformed cells are represented as a heat 
map in Figure 5. We normalized the levels of 
core histones and histone variants to the 
DNA content (Figure 5C). We observed an 

increase of 2.1 ± 0.02-, 1.5 ± 0.07-, 1.5 ± 0.04-, and 2.7 ± 0.03-fold 
in the level of H2AX variant after normalization to DNA amount in 
G1, S, G2, and M, respectively, between the primary and trans-
formed cells (p < 10–14 for each cell cycle stage, Student’s t test with 
Benjamini–Hochberg multiple testing correction) and an increase of 
2.6 ± 0.03-, 1.7 ± 0.05, 1.8 ± 0.03-, and 3.3 ± 0.08-fold in the level of 
this variant between the immortalized cells and their transformed 
counterparts in G1, S, G2, and M (p < 10–16, Student’s t test), respec-
tively (Figures 5C and 6A). We observed a slight decrease of 0.81 ± 
0.04- (p < 10–16), 0.87 ± 0.15- (p = 0.07), 0.81 ± 0.09- (p = 4.6 × 10–5), 
and 0.82 ± 0.11- (p = 0.001, Student’s t test) fold in the levels of 
H2AX between the primary and immortalized cells in G1, S, G2, and 
M phases, respectively. Representative results for a single cell line 
(AG06310) are shown, and all results were confirmed in three inde-
pendent experiments in the same cell line and in HDFs from addi-
tional individuals (Supplemental Figures S9C and S10C).

For analysis of modifications of histones H3 and H4, we normal-
ized their intensity levels to the intensity levels of the DNA content to 
account for the observed polyploidy in individual cells. Then, because 
the intensity levels of core histones vary between samples (Supple-
mental Figures S13–S15), we normalized them to the corresponding 
core histone (Figure 5, A and B). After normalization to DNA content 
and H3, H3K9me2 levels were decreased by 0.46 ± 0.03- (p < 10–16), 
0.44 ± 0.47- (p = 0.067), 0.62 ± 0.05- (p < 10–16), and 0.51 ± 0.06- (p < 
10–16) fold between primary and transformed cells and by 0.55 ± 0.03- 
(p < 10–16), 0.77 ± 0.5 (p = 0.006), 0.83 ± 0.05- (p = 5.5 × 10–7), and 
0.57 ± 0.06- (p < 10–16) fold between immortalized and transformed 

H4Ac), and increased further after DNA synthesis, leading to a 2-fold 
ratio between G2 and G1 phases (ratio G2/G1 = 2 ± 0.02 for H3K9Ac; 
2 ± 0.04 for H4K5Ac; 2.1 ± 0.04 for H3Ac; 1.9 ± 0.04 for H4Ac), fol-
lowed by a slight decrease in mitosis (ratio M/G1 = 1.86 ± 0.07 for 
H3K9Ac; 1.73 ± 0.01 for H4K5Ac; 1.7 ± 0.13 for H3Ac; 1.6 ± 0.09 for 
H4Ac; Figure 4, C and D). As expected, treatment with the histone 
deacetylase inhibitor trichostatin A (TSA) (Ugarte et al., 2015) resulted 
in a marked increase in the levels of H3Ac, H3K9Ac, and H3K56Ac 
and concomitant cell cycle changes (Supplemental Figure S3)

These observations delineate the cell cycle behavior of a com-
prehensive sets of histone modifications at the single-cell level.

Identification of dysregulated histones and histone PTMs 
during oncogenic transformation
To apply HiHiMap to a biological problem, we took advantage of the 
capacity of HiHiMap to systematically analyze histones and histone 
modifications during oncogenic transformation. To generate trans-
formed cells, we transduced primary human skin fibroblasts from 
three individuals with a combination of lentiviral vectors expressing 
hTERT, H-RasV12, and SV40 Large-T (LT) and Small-T (ST) antigens as 
previously described (Hahn et al., 1999, 2002; Elenbaas et al., 2001; 
Scaffidi and Misteli, 2011; Supplemental Figure S4). We confirmed 
the presence of the three transgenes at the RNA (Supplemental 
Figure S4A) and protein (Supplemental Figure S4B) levels and their 
ability to form colonies in soft agar at high rates (Supplemental 
Figure S4C). Comparative profiling of the cell cycle distribution of 
primary, hTERT-immortalized, and transformed cells by DAPI staining 

FIGURE 3: Single-cell levels of (A) core histones and (B) histone variants during the cell cycle. 
Each dot represents the level of the histone or histone modification of interest in a single cell. In 
box plots, the line corresponds to the median, notches represent the estimated 95% CI for the 
median, the lower and upper hinges of the box plot indicate the 25th and 75th percentiles, 
respectively, and the whiskers correspond to ± 1.5 × IQR of the hinge, where IQR is the 
interquartile range or distance between the first and third quartiles. The numbers above the box 
plots represent the mean fold change compared with G1 levels. Each graph represents the 
results of two technical replicates.
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respectively (Figures 5B and 6C). All results 
were confirmed in three independent ex-
periments, and similar results were observed 
in HDFs from three individuals (Figure 5B 
and Supplemental Figures S9B and S10B).

HiHiMap was also able to detect and dis-
play differences in the behavior of individual 
histones and histone modifications across 
the cell cycle (Figure 7). For this analysis, val-
ues were normalized to the G1 values for 
each modification. The values of 21 histone 
variants and modifications across the cell 
cycle of primary, immortalized, and trans-
formed cells are represented as a heat map 
in Figure 7. For example, the level of 
H4K20me2 normalized to H4 was relatively 
stable during the cell cycle in transformed 
cells, with 0.86 ± 0.04-, 0.96 ± 0.03-, and 
1.27 ± 0.03-fold changes in S, G2, and M 
phases compared with G1 (p = 8.3 × 10–5, 
2.17 × 10–1, and 2.97 × 10–13). However, a 
decrease of 0.47 ± 0.04- and 0.48 ± 0.04-
fold in S and G2 phases followed by an in-
crease of 1.3 ± 0.01-fold in mitosis com-
pared with G1 were observed in primary 
cells (p < 10–16 for all S vs. G1, G2 vs. G1, 
and M vs. G1 comparisons). A decrease of 
0.57 ± 0.03- and 0.55 ± 0.04-fold for 
H4K20me2 in S and G2 phases followed by 
a 1.17 ± 0.02-fold increase in M were also 
observed in immortalized cells (p = 1.42 × 
10–15, 7.4 × 10–14, and 1.87 × 10–3; Figures 
6C and 7B). Similar results were observed in 
HDFs of two additional individuals (Supple-
mental Figures 11B and 12B).

Similarly, the level of H2AX is stable dur-
ing the cell cycle in transformed cells, with a 
0.93 ± 0.05-, 0.82 ± 0.04-, and 0.86 ± 0.13-
fold change in S, G2, and M phases com-
pared with G1 (p = 2.29 × 10–2 in S, p = 3.7 × 
10–15 in G2, and p = 2.2 × 10–6 in M) but 
fluctuates by 1.31 ± 0.02- (p = 1.04 × 10–6) 
and 1.42 ± 0.02- (3.3 × 10–6) fold in S, by 
1.19 ± 0.02- (p = 5.6 × 10–6) and 1.2 ± 0.025-
fold in G2 (p = 8.4 × 10–5), and by 0.66 ± 
0.05- (p = 2.8 × 10–33) and 0.7 ± 0.05- (p = 1.1 
× 10–14) fold in M phase compared with G1, 
respectively, in primary and immortalized 
cells (Figures 6C and 7C). These results 
point to considerable effects on histones 
and histone modifications during oncogenic 
transformation.

DISCUSSION
We developed an imaging-based method, HiHiMap, to quickly and 
quantitatively measure histone and histone PTM levels throughout 
the cell cycle at the single-cell level using high-throughput micros-
copy. For validation, we showed that HiHiMap is able to detect 
several expected changes in histones and histone modifications 
through the cell cycle, demonstrated proof of principle by 
measurement of a comprehensive set of 25 histones and histone 

cells in G1, S, G2, and M phases, respectively (Figures 5A and 6B). 
The same observation was made in HDFs from another individual 
(AG04551; see Materials and Methods; Supplemental Figure S10A).

We observed a statistically significant decrease of 0.5 ± 0.04- 
(p < 10–16) and 0.5 ± 0.17- (p < 10–16) fold in the level of H4K20me2 
normalized to H4 between primary and transformed cells, as well as 
a decrease of 0.4 ± 0.05- (p < 10–16) and 0.5 ± 0.12- (p <10–16) fold 
between immortalized and transformed cells in G1 and M phases, 

FIGURE 4: Single-cell levels of histone H3 and H4 methylation and acetylation during the 
cell cycle. Each dot represents the level of the histone H3 or H4 (A, B) methylation or 
(C, D) acetylation in a single cell. In box plots, the line corresponds to the median, notches 
represent the estimated 95% CI for the median, the lower and upper hinges of the box plot 
indicate the 25th and 75th percentiles, respectively, and the whiskers correspond to ± 1.5 × IQR 
of the hinge, where IQR is the interquartile range or distance between the first and third 
quartiles. The numbers above the box plots represent the means fold change compared with G1 
levels. Each graph represents the results of two technical replicates.
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histone modifications in a fully automated 
manner, enabling comprehensive analysis of 
a large number of histones and histone 
modifications in a single experiment. HiHi-
Map is a rapid method, requiring only 48 h 
between seeding of cells and analysis of the 
results. If cells are seeded and cultured in 
384-well plates overnight, the fixation and 
staining steps can be performed the next 
day, the image acquisition overnight, and 
the image analysis on the second day (see 
Materials and Methods), further accelerating 
the method. In addition, considerably lower 
numbers of cells are needed for HiHiMap 
(3000–5000 cells/sample per histone or his-
tone PTM) than for the other methods (typi-
cally 106 cells/sample). This is particularly 
advantageous when working with patient 
samples. For example, to study 21 histones 
and histone PTMs during oncogenic trans-
formation, with the controls, a total of only 
∼150,000 cells/sample was needed.

HiHiMap allows comparing histone and 
PTM levels between samples with different 
cell cycle distributions in an accurate man-
ner by comparing the levels between sam-
ples at each cell cycle phase. Numerous 
studies aimed at investigating changes in 
histone PTM levels during biological pro-
cesses such as cancer and differentiation 
(Pogribny et al., 2006; Sridharan et al., 2013; 
Zhao et al., 2016; Piunti et al., 2017) analyze 
differences in histones and histone modifi-
cation levels in bulk, most often by Western 
blotting, enzyme-linked immunosorbent as-
say (ELISA; Ugarte et al., 2015), or Nu-ELISA 
(Dai et al., 2013), and normalize histone 
PTM levels to a core histone level. Mass 
spectrometry methods (Sridharan et al., 
2013; Piunti et al., 2017) routinely calculate 
the percentage of the peptide carrying the 
PTM of interest to the sum of all the iso-
forms of that peptide. These normalization 
approaches correct the variations in the 
PTM levels relative to the variations due to 
differences in core histone levels. However, 
as our observations show, histone PTM lev-
els during the cell cycle vary differently than 
the core histone levels (Figures 3–5). It is 
thus imperative to normalize at each cell 
cycle phase and compare histone PTM lev-

els between samples at similar cell cycle phases, especially if the 
samples display different cell cycle distributions. For example, dif-
ferences in cell cycle distribution between differentiated cells and 
stem cells are well documented, with stem cells showing a shorter 
G1 phase and more cells in S phase (Fan et al., 2011; Hindley and 
Philpott, 2013). HiHiMap enables detection of differences in the 
cell cycle regulation of histone modification levels during the cell 
cycle in different cell types. As such, HiHiMap, in contrast to bulk 
methods, is suitable to study with high accuracy the differences in 
histones and PTM levels between samples by distinguishing the 
contribution due to different cell cycle distribution versus potentially 

modifications, and showed its ability for discovery by identification 
of changes in a wide range of histone modifications during onco-
genic transformation

HiHiMap overcomes several limitations of traditional methods, 
such as Western blotting and SILAC-MS, to determine histones and 
histone modification levels across the cell cycle. HiHiMap does not 
require any cell synchronization, which often results in impure popu-
lations and may affect histone and histone PTM levels, nor does it 
necessitate in vivo protein labeling steps, which may interfere with 
protein function. HiHiMap also provides practical advantages in that 
it is a rapid and easy method to study a wide range of histones and 

FIGURE 5: Heat maps of changes in histone and PTM levels during carcinogenesis at each cell 
cycle phase. Fold changes in (A) H3 modification levels normalized to DNA amount and H3 
levels, (B) H4 modification levels normalized to DNA amount and H4 levels, and (C) histone and 
histone variant levels normalized to DNA amount in primary human skin fibroblasts and their 
hTERT-immortalized and transformed counterparts in AG06310 cells in G1, S, G2, and M phases. 
Each heat map represents the results of two technical replicates.



Volume 28 August 15, 2017 High-throughput histone mapping | 2297 

histone and histone modification levels rela-
tive to cellular features, for example, the for-
mation of senescence-associated hetero-
chromatin foci in individual cells in the 
population (Narita et al., 2003; Zhang et al., 
2005) or, as shown here, relative to the 
ploidy level of individual cells, a feature im-
portant in the analysis of cancer samples 
(Torres et al., 2008). Most importantly, HiHi-
Map is a single-cell analysis method and, in 
contrast to biochemical methods, which use 
bulk analysis and generate population aver-
ages, it measures histones and histone PTM 
in single cells whose position in the cell cy-
cle has been determined. The method thus 
allows the study of the behavior of subpop-
ulations of cells and of the variability within 
a population. For example, for most his-
tones and histone PTMs, we find much 
greater variability in the single-cell distribu-
tion of levels in transformed cells than within 
the primary or immortalized populations 
(Figure 6A). In addition, pooling of single-
cell data across the typically 1000–2000 
analyzed cells also allows derivation of pop-
ulation averages, making the data compa-
rable to biochemical data  sets. Of note, 
HiHiMap can be adapted with minor modifi-
cations to IF staining, image acquisition, 
and analysis to the simultaneous detec-
tion of additional cellular markers, for ex-
ample, to distinguish subpopulation of cells. 
Similarly, HiHiMap has the potential to be 
adapted to measure several histone marks 
in the same cell using cyclic immunofluo-
rescence, a procedure involving repeated 
rounds of fluorescence staining and fluo-
rophore inactivation (Lin et al., 2015, 2016). 
Such a multiplexing approach would allow 
correlation of the intensity levels of different 
histone PTMs to test whether correlations 
are lost during biological processes such as 
cancer. HiHiMap can also be applied to non-
adherent cells or primary cells by using 
poly-d-lysine–coated plates and a centrifu-
gation step (Hakim et al., 2012). Finally, this 
approach will also have utility in quickly veri-
fying antibodies by comparing the varia-
tions in the intensity levels through the cell 
cycle using different antibodies against the 
same histone or PTM of interest (Supple-
mental Figure S2).

A limitation of HiHiMap is that it cannot 
distinguish between free and bound his-
tones in the nucleus or between the same 
modifications on multiple isoforms of core 

histones. In addition, HiHiMap also does not distinguish preexisting 
from newly deposited histones or histone modifications after DNA 
replication. Furthermore, the method requires use of antibodies for 
detection. However, the abundance of well-characterized antibod-
ies against a wide array of histones and histone modifications in vari-
ous species lessens this concern. Furthermore, the highly compacted 

distinct cell cycle regulation of histone PTM levels. The high sensitiv-
ity of HiHiMap with regard to cell cycle distributions is of particular 
importance because changes in histones and PTM levels are often 
less than twofold.

Furthermore, HiHiMap allows visualization of the distribution of 
histones and PTM in individual nuclei, which enables correlations of 

FIGURE 6: Relative single-cell levels of histones and PTM at each cell cycle phase. Single-cell 
intensity levels of (A) histone H2AX normalized to DNA amount, (B) H3K9me2 normalized to H3 
levels, and (C) H4K20me2 normalized to H4 levels in primary, immortalized, and transformed 
cells in AG06310 cells in G1, S, G2, and M phases. Each dot represents the level of the histone 
or histone modification of interest in a single cell. In box plots, the line corresponds to the 
median, notches represent the estimated 95% CI for the median, the lower and upper hinges of 
the box plot indicate the 25th and 75th percentiles, respectively, and the whiskers correspond 
to ± 1.5 × IQR of the hinge, where IQR is the interquartile range or distance between the first 
and third quartiles. Each graph represents the results of two technical replicates.
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As proof of principle for its application as 
a discovery tool, we investigated global 
changes of histones and histone PTM levels 
during oncogenic transformation. In an es-
tablished cell-based transformation model, 
we find a number of changes in histones 
and histone modifications over the course 
of oncogenic transformation, pointing to 
potential biological mechanisms. Of signifi-
cance, we find reduction of H3K9me2 in the 
transformed cells compared with their pri-
mary and immortalized counterparts. This 
PTM is known to mark condensed hetero-
chromatin and thus gene inactivation 
(Lehnertz et al., 2003; Barski et al., 2007; 
Towbin et al., 2012) and was recently shown 
to be decreased in an in vitro tumor trans-
formation model of human primary mam-
mary cells and in breast cancer tissues (Zhao 
et al., 2016). Similarly, global levels of 
H3K9me2 are significantly lower in bladder 
cancer than in normal urothelial tissue, and 
levels in muscle invasive bladder cancer are 
lower compared with nonmuscle invasive 
bladder cancer (Ellinger et al., 2014). In 
prostate (Ellinger et al., 2010) and kidney 
(Seligson et al., 2009) cancers, as well as in 
clear cell renal cell carcinoma (Xing and He, 
2016), lower levels of H3K9me2 have been 
associated with disease outcome and pre-
dict poor prognosis. We also found a de-
crease in H4K20me2, the most abundant 
methylation mark on histone H4 in prolifer-
ating cells (Pesavento et al., 2008), which 
has been linked to DNA damage and 
DNA repair (Botuyan et al., 2006) and ge-
nomic instability (Jorgensen et al., 2013). In 
agreement with our results, hypomethyl-
ation of H4K20 has been shown in meta-
static and castration-resistant prostate can-
cer compared with normal prostate tissue 
(Behbahani et al., 2012) and in several other 
cancers, including bladder (Schneider et al., 
2011) and liver tumors (Pogribny et al., 
2006). Finally, we found increased levels of 
H2AX in transformed cells compared with 
their primary and immortalized counter-
parts. The histone variant H2AX has been 
implicated in tumor development by virtue 
of frequent mutations and deletions of chro-
mosome region 11q23, which contains the 

H2AX gene, in a large number of human cancers, especially hema-
topoietic malignancies (Thirman et al., 1993; Bassing et al., 2003) 
and head and neck squamous cell carcinoma (Parikh et al., 2007), 
and H2AX-knockout mice show increased genomic instability and a 
higher risk of developing cancers (Celeste et al., 2002). In addition, 
phosphorylation of H2AX plays a key role in the DNA damage re-
sponse (Rogakou et al., 1998), and its levels are increased in many 
cancer cells (Banath et al., 2004; Sedelnikova and Bonner, 2006; Yu 
et al., 2006; Nagelkerke et al., 2011).

We have developed a fast, versatile, and scalable method to 
measure in individual cells the levels of histones and histone PTMs 

chromatin in mitosis may interfere with the binding of the antibodies 
and with the automated nuclei detection, which explains the lower 
level of core histones in M phase than in G2 (Figure 3A). Finally, Hi-
HiMap, in contrast to mass spectrometry, is not able to determine 
whether two histone marks whose intensity levels correlate in fact 
co-occur on the same nucleosome or the same histone molecule 
nor does it, in contrast to combinatorial indexed chromatin immu-
noprecipitation (iChIP; Sadeh et al., 2016), co-ChIP (Weiner et al., 
2016) sequencing, or re-ChIP-sequencing (Kinkley et al., 2016) 
methods, provide information on the genomic location at which 
these interactions occur.

FIGURE 7: Heat map plots of changes in histone and histone PTM levels during the cell cycle. 
Fold changes in (A) H3 modification levels normalized to DNA amount and H3 levels, (B) H4 
modification levels normalized to H4 levels, and (C) histone and histone variant levels of primary, 
immortalized, and transformed cells after normalization to their respective level in AG06310 
cells in G1, S, G2, and M phases. Each heat map represents the results of two technical 
replicates.



Volume 28 August 15, 2017 High-throughput histone mapping | 2299 

(NanoDrop). The primer pairs used were as follows: hTERT-F, 
5′GAGCTGACGTGGAAGATGAG3′; hTERT-R, 5′CAGGATCTCCT-
CACGCAGAC3′; V12hRAS_4F, 5′GCAAGTGTGTGCTCTCCTGA3′; 
V12hRAS_4R, 5′CTGGCGAATTCCTACAGCTT3′; SV40_LT6_F, 
5′TTGGAGGCCTAGGCTTTTG3′, and SV40_LT6_R, 5′CAGGCA-
CTCCTTTCAAGACC3′; Scaffidi and Misteli, 2011). Each primer pair 
was designed to generate an amplicon across different exons to 
avoid genomic amplification. GAPDH was used as the reference 
gene for the normalization of results (GAPDH-R, 5′ACCCACTCCTC-
CACCTTTGA3′; GAPDH-F, 5′CTGTTGCTGTAGCCAAATTCGT3′). 
PCR was performed using iQ SYBR Green Supermix on a CFX96 
real-time PCR system (Bio-Rad). A large amount of cDNA was pre-
pared from the control cell line, 66+++ cells, a transformed human 
skin fibroblast cell line that forms colonies in soft agar and tumors in 
immunocompromised mice (Scaffidi and Misteli, 2011). The cDNA 
was diluted 10 times, aliquoted, and used as a calibrator. Serial dilu-
tions of 66+++ cDNA were used to determine the PCR efficiency of 
each primer. For relative quantification and normalization, the com-
parative Ct (or Eff-DDC) method was used (Livak and Schmittgen, 
2001).

Soft agar assay
Soft agar assays were performed in three-layer soft agar in six-well 
plates. A bottom layer of 0.6% Agar Noble (Lonza) in MEM was first 
placed onto 6-cm dishes. Five thousand immortalized or trans-
formed HDFs per well were seeded in 0.45% top agar in MEM with 
FBS, P/S, and Fungizone (250 μg/ml). Fresh top agar was added 
after 1.5 wk, and, after 3 wk, colonies were stained overnight at 
37°C with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (Sigma-Aldrich) at a concentration of 10 mg/ml (1:100) in 
phosphate-buffered saline (PBS). Colonies were counted by using 
ImageJ software.

High-throughput microscopy
Cells were plated in 384-well CellCarrier plates (PerkinElmer, 
Waltham, MA) at a concentration of 60 cells/μl (3000 cells/well) and 
incubated for 24 h before IF staining. Cells were fixed in 4% PFA in 
PBS for 15 min, washed for 5 min three times with PBS, and permea-
bilized in 0.5% Triton X-100/PBS for 15 min at room temperature. 
Cells were then washed for 5 min three times with PBS, blocked for 
20 min with 3% bovine serum albumin/PBS, and incubated with the 
indicated primary rabbit or mouse antibodies at the indicated con-
centrations (Supplemental Table S1) and anti–cyclin-A2 antibody 
(1:125; clone 6E6; ab16726; Abcam) for 30 min at room tempera-
ture and washed for 5 min three times with PBS before a 30-min in-
cubation with appropriate anti-rabbit or anti-mouse secondary anti-
bodies labeled with Alexa 488 (1:200; A11034) or Alexa 647 (1:200; 
A31571; Life Technologies). After three 5-min washes with PBS, 
DNA was counterstained with 10 μg/ml DAPI for 10 min at room 
temperature. Cells were left in 100 μl/well PBS and either immedi-
ately imaged or stored at 4°C in sealed plates until imaging. In all 
experiments, one histone or histone modification was detected per 
well using manual staining.

Image acquisition
Imaging was performed on an Opera QEHS high-content screening 
microscopy system (PerkinElmer) running the Opera 2.0.1 software 
using a 40× water immersion (numerical aperture [NA] 0.9) or a 20× 
water immersion (NA 0.7) objective lens and three 12-bit 1.3-mega-
pixel charge-coupled device cameras with a pixel binning setting of 
2, corresponding to a final pixel size of 323 nm for the 40× objective 
and 646 nm for the 20×. DAPI, Alexa 488, and Alexa 647 were 

throughout the cell cycle. We validated the method and applied it 
to identify changes in histones and histone modifications during on-
cogenic transformation. We anticipate that HiHiMap will be a useful 
tool to study the regulation of histone and histone PTM levels 
through the cell cycle in a wide range of physiological and patho-
logical conditions.

MATERIALS AND METHODS
Cell culture
hTERT-immortalized human diploid fibroblasts (HDFs), CRL-1575, 
and primary HDFs from healthy Caucasian individuals (AG06310A, 
AG06289A, and AG04551A; Coriell Cell Repository) were cultured 
in MEM (Life Technologies) supplemented with 15% (vol/vol) fetal 
bovine serum (FBS; Atlanta Biologicals), 1% (vol/vol) penicillin/
streptomycin (P/S), and 1% (vol/vol) l-glutamine (Life Technolo-
gies). TSA dissolved in dimethyl sulfoxide was purchased from 
Sigma-Aldrich.

Cell transformation
Immortalized and transformed human cell lines were generated as 
described (Hahn et al., 1999) from HDFs. Recombinant retroviral 
vectors expressing human telomerase hTERT, SV40 early region 
(LT and ST antigens), and oncogenic H-RasV12 were introduced si-
multaneously to generate transformed cells. Retroviral vector super-
natants were produced by cotransfecting 10-cm dishes of HEK293T 
cells (American Type Culture Collection) with each of the packaging 
plasmids pGAG-pol and pVSV-G and with pBABE-puro-hTERT, 
pBABE-zeo-large T genomic, or pBABE-neo-rasV12 (X-treme GENE 
HP DNA transfection reagent; Roche). The medium of 293T cells 
was changed 12 h after transfection, and 6 ml per 10-cm dish of 
fresh medium was added. Viral vector supernatants were harvested 
24 h later and used to transduce HDFs with 5 μg/ml Polybrene. Typi-
cally, 30–60% transduction efficiency of the HDFs was achieved by 
using this protocol as measured by parallel transductions with a 
green fluorescent protein–expressing retroviral vector instead of the 
infection with hTERT-expressing retroviral construct. Then trans-
duced cells were selected using puromycin (5 μg/ml), Zeocin (100 
μg/ml), or neomycin (0.5 μg/ml) for 15 d to purify polyclonal-trans-
duced populations. These immortalized and transformed cell lines 
were grown as described. All cells were grown at 37°C in 5% CO2.

Western blot and real-time quantitative reverse 
transcriptase–PCR
Briefly, cells were lysed and DNA was sonicated. After determining 
protein concentration, 5 μg of total proteins was loaded on a Nu-
PAGE Novex 4-12% Bis-Tris Protein Gel (ThermoFisher). After pro-
tein transfer on a polyvinylidene fluoride membrane (Immobilon P; 
161-0737; Millipore), expression of SV40LT and H-Ras proteins was 
measured by incubation of this membrane with SV40LT antibody 
Ab101 (1:1000; 554149; BD Pharmingen) and pan-Ras antibody (fi-
nal concentration 0.3 μg/ml; OP40; Calbiochem). Intensities of pro-
tein bands, revealed by chemiluminescent reagents, were measured 
using a ChemiDoc MP imaging system from Bio-Rad. The expres-
sion of pan-Ras and SV40LT was normalized to the endogenous ex-
pression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

For real-time quantitative reverse transcriptase–PCR, total cellu-
lar RNA was isolated using the RNeasy kit according to the manufac-
turer’s instructions (74136; Qiagen). The first-strand cDNA was syn-
thesized from 0.5 μg of RNA using random primers and MultiScribe 
reverse transcriptase (from a High-Capacity cDNA Reverse Tran-
scription kit; 4368813; Applied Biosystems). RNA concentration and 
purity were determined by ultraviolet (UV) spectrophotometry 



2300 | L. Zane et al. Molecular Biology of the Cell

To simplify the representation of the results, we show results for 
tetraploid cells, which is the major population of transformed cells. 
For example, the transformed cells of the AG06289 sample dis-
played a mixed population of diploid and tetraploid cells. The tetra-
ploid cells represent the main population, and their histone and 
histone PTM levels are indicated in the graphs. Note that after nor-
malization to the DNA amount, the results for the tetraploid and 
diploid cells gave similar results.

Cell cycle profiling by flow cytometry
Cell cycle distribution was assessed by measuring the DNA content 
of a suspension of fresh nuclei by flow cytometric analysis after 
propidium iodide (PI) staining. Cells from one 60–80% confluent 10-
cm dish were washed with PBS. The supernatant was discarded, and 
cells were resuspended in 50 μl of PBS and fixed with 450 μl of 70% 
ethanol for 30 min at 4°C and then stored at −20°C. After ethanol 
elimination, cells were washed twice with PBS and labeled with PI 
(P4864; Sigma-Aldrich) in the presence of RNase A (100 mg/ml; 
Sigma-Aldrich), scanned by flow cytometry using a FACSCalibur, 
and analyzed using BD Cell Quest Pro software.

Statistical analysis
Bar chart results are represented as mean ± 1 SD of a minimum of 
three biological replicates.

For comparisons of histone and histone PTM levels between 
groups, results are represented as notched box plots using R (R Core 
Team, 2015) and the ggplot2 package (Wickham, 2009). Box plot 
notches indicate the estimated 95% confidence interval (CI) for the 
estimated median value, calculated as ± 1.58 × IQR/√n, where IQR 
is the interquartile range or distance between the first and third 
quartiles, and n is the number of cells (McGill et al., 1978). The lower 
and upper hinges of the box plots correspond to the first and third 
quartiles (25th and 75th percentiles, respectively). The upper and 
lower whiskers extend from the hinge to ± 1.5 × IQR of the hinge.

The Student’s t test was used for all pairwise comparisons, and p 
values were adjusted using the Benjamini–Hochberg multiple test 
correction. p < 0.05 was considered statistically significant. All statis-
tical analyses were performed using R statistical analysis software.

To determine the minimal sample size, two randomly selected 
samples from a population of G1 cells from a single well were ran-
domly subsampled from a single population of G1 cells imaged in a 
single well, and their histone levels were compared using the two-
sample KS test. The subsampling simulation was repeated 10,000 
times for each indicated cell number, and the fraction of trials gener-
ating p < 0.005 was calculated. We find that to generate p < 0.005 in 
>95% of the cases, the size of the sample must be at least 230 cells.

sequentially acquired in 150 (when using the 40× lens) or 50 (when 
using the 20× lens) randomly sampled fields per well using a UV 
polychrome box (wide field), a 488-nm laser (confocal), and a 640-
nm laser (confocal). Typically, at least 3000 cells were imaged for 
each condition (∼1500 cells/well and two wells per histone or PTM).

Automated image analysis
Acquired images were analyzed with Columbus 2.5 or 2.6 (Perki-
nElmer) software. Nuclei were segmented based on the DAPI chan-
nel. Nuclear debris and/or nuclear segmentation errors were elimi-
nated by manually setting combined nuclear area and roundness 
filters. The resulting nucleus region of interest was then used as the 
search region to measure integrated and mean fluorescence intensi-
ties of DAPI, cyclin A, and histone or PTM of interest in the UV, Alexa 
488, and Alexa 647 channels, respectively.

Single-cell image analysis results were exported as tab-sepa-
rated text files and further analyzed with R statistical analysis soft-
ware (https://cran.r-project.org/). Cell cycle phases G1, S, and G2/M 
were determined as described previously (Roukos et al., 2015) using 
the DAPI intensity levels. In addition, we identified G2 cells by the 
marker protein cyclin A2.

Cell cycle profiling by imaging
For the high-throughput microscopy pipeline, a dedicated R script 
was generated. First, the cell cycle profiles for each well based on 
the integrated DAPI intensity were plotted, and, after a visualiza-
tion of the range of G1 and G2 peak values in different wells, the 
positions of the peak maxima were calculated using a nonparamet-
ric mixed model estimation in the R mixtools package (Benaglia, 
2009) or by manually determining the positions of the peaks when 
the model was unable to calculate them. The G1 peak value was 
set to 1 to define the same thresholds for G1, S, and G2/M phases 
in all samples (Supplemental Figure S1A). After plotting of a histo-
gram for the cyclin A intensity values, the cyclin A threshold for all 
wells of a 384-well plate was manually defined based on the back-
ground staining in the wells incubated without cyclin A antibody 
but with the secondary antibodies. Then the cell cycle stage asso-
ciated with each individual cell in the data set was determined 
based on both cyclin A and DAPI thresholds. Boxplots overlaid 
with dot plots of the integrated intensity of a histone or PTM at 
each cell cycle phase were created, and text files containing the 
geometric mean integrated intensity and mean fluorescence inten-
sity for each histone and PTM studied at each cell cycle stage were 
generated.

To compare the levels of histones and histone PTMs in primary, 
immortalized, and transformed cells, several steps were added to 
the R script. To take into consideration the ploidy status of the trans-
formed cells, the histone and histone PTM levels were normalized to 
the DAPI amount. For PTMs on H3 and H4, we normalized their 
levels to the mean of the level of the corresponding core histone as 
follows:

∑
( )

( )n

histone PTM/DNA

1 core histone/DNA

i

j
j

n

=1

where n is the number of cells, i is the level of histone PTM normalized 
to the DNA amount in one single cell, j is the level of the core histone 
corresponding to the histone PTM normalized to the DNA amount in 
one single cell, and i and j correspond to cells in different wells.

The levels of core histones and histone PTMs were normalized to 
their respective DNA amounts.
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