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Abstract

Cell-surface markers and transcription factors are being used in the assessment of stem cell fate
and therapeutic safety, but display significant variability in stem cell cultures. We assessed nuclear
patterns of 5-hydroxymethylcytosine (5hmC, associated with pluripotency), a second important
epigenetic mark, and its combination with 5-methylcytosine (5mC, associated with
differentiation), also in comparison to more established markers of pluripotency (Oct-4) and
endodermal differentiation (FoxA2, Sox17) in mouse embryonic stem cells (MESC) over a ten-day
differentiation course in vitro: by means of confocal and super-resolution imaging together with
high-content analysis, an essential tool in single-cell screening. In summary: 1) We did not
measure any significant correlation of putative markers with global 5mC or 5hmC. 2) While
average Oct-4 levels stagnated on a cell-population base (0.015 InlU per day), Sox17 and FoxA2
increased 22-fold and 3-fold faster, respectively (Sox17:0.343 InlU/day; FoxA2: 0.046 InlU/day).
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In comparison, DNA global methylation levels increased 4-fold faster (0.068 InlU/day), and
global hydroxymethylation declined at 0.046 InlU/day, both with a better explanation of the
temporal profile. 3) This progression was concomitant with the occurrence of distinct nuclear
codistribution patterns that represented a heterogeneous spectrum of states in differentiation;
converging to three major coexisting 5mC/5hmC phenotypes by day 10: 5ShmC*/5mC™,
5hmC*/5mC*, and 5hmC~/5mC™ cells. 4) Using optical nanoscopy we could delineate the
respective topologies of 5SmC/5hmC colocalization in subregions of nuclear DNA: in the majority
of 5hmC*/smC* cells 5hmC and 5mC predominantly occupied mutually exclusive territories
resembling euchromatic and heterochromatic regions, respectively. Simultaneously, in a smaller
subset of cells we observed a tighter colocalization of the two cytosine variants, presumably
delineating chromatin domains in remodeling. We conclude that 1) 5mC emerges as the most
differential marker in our model system. 2) However, the combined enrollment of the two DNA
modifications provided higher-definition screening and lead to the identification of cell
subpopulations based on differential 5hmC/5mC phenotypes corresponding to different
5hmC/5mC ratios. The results encourage: a) assessing the regenerative potential of early-
endodermal cells enriched for the three DNA methylation/hydroxymethylation categories, and b)
exploring the universality of this type of epigenetic phenotyping across other lineage-specific
differentiations.
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Introduction

Pluripotent stem cells such as ESC and induced pluripotent stem cells (iPSC) provide an
unlimited source of cells for disease modeling, and therapeutic intervention (regenerative
medicine) of damaged tissue by cell transplantation and/or pharmaceutical approaches [1-3].
The assessment of stem cell fate during in vitro propagation and differentiation is an
important factor in the evaluation of such biomedical operations, also in terms of therapeutic
safety [4]. Molecular markers derived from cell phenotyping and transcriptional profiling
are amongst the most established indicators in this field. However, much evidence has
brought to light that pluripotent cell populations in the embryo or in ESC cultures display
significant heterogeneity at the molecular level that could be associated with the
probabilistic nature of fate determination [5, 6]. This molecular heterogeneity is reflected by
the variability in expression of cell surface antigens and also more cell-interior early-lineage
differentiation markers, such as the nuclear DNA-binding protein forkhead box A2 (FoxA2)
and the transcription factor sex determining region Y (SRY)-related HMG-box (Sox17), that
we recently confirmed on a cell-by-cell resolution using multi-parametric high-content
analysis (HCA) of mouse ESC [7]. In the search for additional and more deterministic
indicators of stem cell differentiation we assessed the utility of global DNA methylation, an
epigenetic key regulator of chromatin structure and relevant DNA expression in cellular
differentiation and functionality [8]. In comparison, we had found that during the six days of
early endodermal lineage commitment global DNA methylation increased in a linear
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fashion. As a result of this development we had observed distinct DNA methylation
phenotypes that did not correlate with the expression of the two differentiation markers, as
well as with other proteins that we had covisualized and analyzed together with 5-
methylcytosine: including the canonical pluripotency marker octamer-binding transcription
factor 4 (Oct-4), the cell-cell adhesion molecule E-cadherin-1 (CDH1), and the insulin-like
growth factor 1 receptor (IGFR) involved in cell transformation, which are respective
indicators of the epithelial and mesenchymal phenotypes of cells. By tracking nuclear load
and spatial distribution patterns of 5mC we found that changes in these parameters seem to
follow more deterministic cues as opposed to the covisualized protein markers. In fact, we
were able to identify progressive 5mC-based chromatin texture patterns indicative of the
very early stages of lineage commitment: with the ultimate notion of finding in situ patterns
of epigenetic marks as signatures for the selection of multipotent (non-pluripotent) cell
phenotypes for regenerative medicine applications. Nevertheless, the field of hematology/
immunology, in which cell phenotyping is routinely applied for quantifying the different
cellular constituents in blood, has established the use of more than one marker. This
screening practice can lead to the identification of cellular subpopulations and subsequently
to a higher-definition phenotyping in blood testing. In order to emulate this successful model
we were tempted to recruit additional DNA-specific epigenetic modifications to be tested in
combination with 5mC as biomarkers towards a more detailed characterization of mouse
ESC cultures. For this purpose, we focused on 5-hydroxymethylcytosine, a chemical
modification of 5mC, that had been originally discovered in bacteriophages [9], and is
gaining much attention in biology and the biomedical space since its recent re-encounters in
human and mouse brain cells [10]. In mammals, it appears as a product of 5mC oxidation by
ten-eleven translocation (TET) family of enzymes [11]. In human and mouse embryonic
stem cells, 5hmC is not as abundant as in Purkinje neurons but still at significant levels [12—
15] and highly enriched in primordial germ cells [16], therefore seemingly playing a role in
the gender-specific resetting of genome-wide imprints with importance for embryonic
development [17] and chromatin states related to pluripotency [18]. Genome-wide analyses
using chromatin immunoprecipitation with antibodies specific to 5mC and 5hmC have
revealed that the two cytosine variants occupy mutually exclusive sites within the genome,
and that 5hmC decreases as a result of down-regulation of TET enzymes, concomitant with
the down-regulation of pluripotency-related genes and an increase in global DNA
methylation, in parallel to elevated expression of lineage-specific markers [14]. Considering
the existing knowledge, here we report on the recruit of 5hmC as a second DNA-specific
epigenetic imprint and a putative marker for pluripotency for the higher-definition
phenotyping of ESC cultures in early endodermal differentiation. The novelty of the work is
a) in part based on the application of confocal and cutting-edge super-resolution imaging in
combination with highly-parallel cell-by-cell data extraction, and b) in part based on the
utility of bigdata analysis principles that lend themselves to time-saving higher-throughput
stem cell screening. Thereby the notion was to reveal the parallel dynamics in the levels and
phenotypes (spatial distributions) of 5hmC and 5mC and their respective cell population
using mouse early endodermal differentiation as a model.

Exp Cell Res. Author manuscript; available in PMC 2016 March 15.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tajbakhsh et al. Page 4

Materials and methods

Stem-cell culture and endodermal differentiation

We used mouse ES cell line R1 (SCRC-1011, American Type Tissue Collection, Manassas,
VA). For maintenance culture, ES cells were kept on a mitotically inactivated feeder-layer
of mouse embryonic fibroblasts in Dulbecco’s Modified Eagle’s Medium (DMEM) high
glucose (Life Technologies, Carlsbad, CA) supplemented with 15% ES-qualified fetal
bovine serum (FBS) (Atlanta Biotech), 10 mM of 2-mercaptoethanol (Sigma, St. Louis,
MO), 2 mM L-glutamine (Invitrogen), and 10 ng/ml of leukemia inhibitory factor (LIF)
(Life Technologies). The cells were initially divided into subpopulations that were cultured
on 18 mm round glass coverslips (Fisher Scientific) —that were placed into a 12-well
microplate and coated with Type | collagen (Sigma)— for immunofluorescence (IF) assays.
ES cells were removed from culture wells and seeded at a density of 8,000-12,000 cells/cm2
for the naive control population and Day 1-3 propagation, and 4,000-6,000 cells/cm2 for
Day 5-10 propagation in the abovementioned medium but without LIF and substituted with
heat-inactivated FBS and 100 ng/ml aFGF (Sigma). Parallel cultures were allowed to grow
up to six different time points: 24 hours = day 1, day 3, day 5, day 7, and day 10. At each
time point cells were fixed for 30 minutes in 4% paraformaldehyde (Sigma) before
cytochemical processing.

Immunofluorescence

Immunofluorescence was performed according to previously established protocols [7, 19].
Additional primary and secondary antibody sets included unconjugated monoclonal mouse
anti-5-methylcytosine monoclonal antibody (Cat. No. AMM99021, Aviva Systems Biology,
San Diego, CA) and rabbit anti-hydroxymethylcytosine, polyclonal IgG (Cat. No. 39791,
Active Motif, Carlsbad, CA), both at the concentration of 1 pg/ml, as well as secondary
Alexa488-linked donkey anti-mouse 1gG (Cat. No. A21202, Life Technologies, Carlsbhad,
CA) and Alexa 647-conjugated chicken anti-rabbit 1gG (Cat. No. A21443, Life
Technologies), respectively at 5 pg/ml final concentration. The specificity/dynamic range of
the antibodies was tested as previously reported in [20] (data not shown in here).

Confocal and super-resolution imaging, 3-D reconstruction, analysis and animation

Confocal microscopy and three-dimensional (3-D) image analysis were performed as
previously described in [7]. 3-D reconstructions of confocal images were performed with the
CytoFx software (Illucida, LLC). The process used maximum intensity projection combined
with shadow projection [21]. Channels were shown in different combinations. For super-
resolution imaging we applied 3-D localization by ground state depletion (3D-GSD) using a
Leica SR GSD 3-D nanoscope (Leica Microsystems, Mannheim, Germany). The system has
a 20 nm lateral resolution and an improved axial resolution of 50 nm. 3-D reconstructions of
super-resolution images were performed with the Leica Application Suite Advanced
Fluorescence (LAS AF).
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Statistical data analysis

Results

Analysis of obtained imaging data was performed with the statistical package STATA 12
(StataCorp, College Station, TX). We conducted the statistical analysis in two stages. In the
first part we have analyzed the data using Principle Component Analysis (PCA), one of the
oldest multivariate exploratory statistical analyses that are still in use [22]. The purpose of
these exploratory analyses was to determine the number and types of groups of cells that can
be identified based on the six biomarkers utilized in this study and across a period of 10 days
of incubation. In the second and final step we utilized weighted least-squares regression
analysis with the weights estimated by an iterative process called robust regression. The
process is an alternative to ordinary linear regression in cases where the observed data is
contaminated with outliers or influential observations. It can also be used for the purpose of
detecting influential observations.

Spatiotemporal changes in the distribution of cell phenotypes during early differentiation

The objective of our study was to characterize mouse ESC during early in vitro
differentiation towards definitive endoderm (day 0 — day10) regarding their global nuclear
DNA methylation and hydroxymethylation patterns. Lineage-specific differentiation was
induced by culturing ESC in the presence of acidic fibroblast growth factor 1 (aFGF), as
previously reported [7, 23]. Subpopulations of the cells deriving from one initially
undifferentiated batch were cultured in parallel and fixed at day 0 (after the cells had
attached to the culture dish surface), and subsequently at 24 hours post induction of
differentiation (day 1), as well as at days 3, 5, 7 and 10. The analyzed nuclear targets besides
5mC and 5hmC included Oct-4, FoxA2, Sox17, and global DNA (gDNA) visualized by 4',6-
diamidino-2-phenylindole (DAPI). The high-content assay and analysis was performed on
the three-dimensional quantitative DNA methylation imaging (3D-gDMI) platform that we
had previously introduced [19, 24-26]. The technology constitutes an image-cytometric
approach, by which fluorescence signals of nuclear targets —generated through established
immunocytochemistry and light microscopy— are extracted from 3-D images to visualize
and measure changes in global DNA methylation and hydroxymethylation in nuclei of
thousands of cells in parallel. This capability to analyze cell populations on a per-cell basis
is a powerful means in addressing ESC population heterogeneity that usually display a high
level of spatiotemporal complexity [27,28] in the regulation of pluripotency maintenance
and lineage commitment, in an intricate network of stochastic and binary signaling cues.
Thereby fluctuations at the single-cell level can often also shape changes in the development
of cell populations [29]. Following the in situ visualization of cells, the subsequent
quantitative analyses were based on the three extracted features: 1) the overall abundance
level of each target measured as the respective mean nuclear intensity, and 2) the
codistributions of 5mC, 5hmC, and gDNA (DAPI); both parameters were used for
phenotyping of cells. 3) As an additional parameter, we determined the heterogeneity of the
two first features in interrogated cell populations. For each day and combination of targets
we were able to image multiple ES cell colonies containing a representative subset of ~2,000
propagated cells for statistical evaluation.
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Fig. 1 shows sample cell colonies on the three days 0, 5, and 10, which in comparison
revealed more significant changes in cell phenotypes and colony structure than the days in
between (day 3 and day 7). Fig. 2 illustrates the 3-D reconstruction of the same cell
populations for an enhanced visual impression of the topographical and subcellular
topological (tectonic) changes of the visualized markers. Both animations clearly
demonstrate that originally more spherical colonies grew into diverse directions (as seen at
day 5), before they seemingly segregated into smaller cores as observed on day 7 (not shown
in here) and day 10. These cores became surrounded by a large number of cells including a
majority of differentiating cells as judged by their enlarged and flatter morphology in
conjunction with comparatively increased levels of 5mC signal. The outbound migration of
these derivative cells from the cores then formed a tighter meshwork of valley cells in
between the remaining slightly elevated cores, as can be discerned from the 3D
reconstructed images in Fig. 2.

In summary, the confocal images from the individual channels and the composite images in
Fig. 1 provide an overall impression that agrees with previous observations that we and
other investigators had experienced. As differentiation progressed we found an increasing
number of cells with lower abundance of markers associated with pluripotency, i.e. Oct-4
and 5hmC. Simultaneously, we observed a growth in the number of cells with increasing
levels of differentiation markers such as FoxA2, Sox17 (not shown in here) and 5mC.
However, from a visual perspective it is often challenging to estimate the proportions of the
individual markers in cells. Nevertheless, a topological evolution regarding the composition
of cells with differential marker presentation (cellular heterogeneity) can be perceived along
differentiation. We assume that day 5 may have marked the start of a transition interval, at
which we observed the highest degree of cellular heterogeneity, before cell populations
became regionally diverged with pockets that resemble more the original pluripotent day O-
population and areas with more heterogeneous phenotypes. This is concordant with the fact
that ESC differentiation (also in vitro) is an asymmetric process resulting in a remainder of
pluripotent cells that steadily give rise to new differentiating cells. Therefore, even advanced
cell populations still harbor cells that represent the various differentiation stages. An
example is provided in Fig. 2B for a day 10-population: showing cells with three major
phenotypes (codistribution signatures) of the two cytosine modifications, including
5hmC*/5mC- cells, 5ShmC*/5mC™ cells, and 5hmC~/5mC* cells representing consecutive
stages in ESC differentiation. Interestingly, in cells displaying both markers, 5hmC and 5mC
occupied distinct nuclear territories but also partially overlapped in localization. We then
performed super-resolution microscopy using 3-D localization by ground state depletion
(3D-GSD) that had been first experimentally demonstrated in 2007 [30], and has produced
images of nuclear patterns similar to direct stochastic optical reconstruction microscopy
(dSTORM) [31]. Utilizing this technology, we were able to retrieve images from day 10
cells at single-antibody resolution, and to make the following observations (displayed in Fig.
3): (i) the overwhelming majority of 5mC signals were concentrated in smaller to larger foci,
whereas 5hmC signals exhibited a more punctate pattern throughout the nucleus. (ii) The
two signals largely occupied exclusive regions. However, in a smaller subset of cells we
could find a few areas in which 5hmC colocalized with 5hmC signals. The two cytosine
analogs either a) formed mixed-sprinkled hubs (Fig. 3C) or b) smaller 5hmC foci were
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found next to larger 5mC hubs, some of them even engulfed by a 5mC focus (Fig. 3D). Our
interpretation of these observations is that 5mC is more prevalent in high-density
heterochromatic regions of the genome, whereas the majority of 5hmcC signals could be
retrieved from the more scattered euchromatin compartment. The visual impressions very
much complemented the respective association and putative roles of the two molecules in
transcriptional silencing and compaction of DNA versus maintenance of the permissive state
of DNA in connection with a more open chromatin structure. Therefore, we speculate that
colocalized foci of both cytosine modifications represented proximal loci that needed to be
regulated (and occasionally spatially separated) for the two opposite transcriptional states. In
this scenario, the different types of colocalized 5hmC signals may have constituted sites of
ongoing DNA demethylation by oxidation.

Our observations were largely concordant with earlier reports based on immunofluorescence
and immunoprecipitation (IP) of methylated and hydroxymethylated DNA from mESCs
(using target-specific antibodies of the same clone as used in our study) followed by
massively parallel sequencing (IP-seq) [14,32]. The IP-seq based investigation had unveiled
the existence of genomic regions that are enriched for either cytosine modification but also
ambiguous regions with enrichment (at different ratios) for both variants. Though IP-seq
experiments provide information at the single-nucleotide resolution, it is often difficult to
interpret their average calls across a large number of cells in terms of cell-to-cell variability.
The single-molecule resolution imaging and the single-cell 3-D image analysis used in our
study confirmed that this ambiguity can indeed be attributed to the coexistence of the two
epigenetic marks within tight genomic regions and was not only due to the possible
heterogeneity of marker localization among different cells in the tested populations.
Certainly, single-cell sequencing could ultimately elucidate the highest precision in genomic
localization and proximity of 5ShmC/5mC overlap.

Measuring phenotypic heterogeneity in differentiating stem cell populations

In this study our second aim was to characterize stem cell population heterogeneity based on
determined cell phenotypes. Therefore, although the generated data has been derived from
imaging signals as previously described [7], in here we report a different strategy for data
analysis that would be more compatible with higher throughput and even real-time image
analysis, which constitutes a desired application mode of HCA in the assessment of stem
cells for therapeutic screening [33]. Hence, data analysis was conducted in two steps. In an
initial step, we explored the covariance/correlation of the pairwise relationship between the
six markers assessed in this study. Since Sox17 and FoxA2 were non-simultaneously
visualized in different groups of cells, we evaluated the overall generated data in two
batches, one including FoxA2 parameters and one analogously containing Sox17 features.
For simplicity we have displayed a sample matrix of pairwise two-dimensional (2-D) plots
for day 0 (Fig. 4). The complete 2D-plot matrices for all six days (time points) can be found
in the Supplementary Fig. S1.

Following this procedure it became apparent that the pairwise relationship between the
various markers was more complex than just calculating a simple covariance or the lack of
it. By 2D-plotting we observed graphical clustering of the cells, with each cluster showing a
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different (specific) covariance. Furthermore, because the data had been derived from
different batches of cells —cultured in parallel and frozen in time at the six different days—
it was not possible to conduct a continuous assessment of covariance over time, i.e. for the
ten days of differentiation. Therefore, we needed to apply a comprehensive exploratory
statistical approach that enables the reduction of observed variables, while preserving a large
portion of the variance in the data. Using PCA, the new produced variables were derived in
decreasing order of importance pertaining to the amount of variation they explain of the
original variables. For example, principle component 1 explains for as much of the
variability of the original data as possible. The second principle component explains as
much of the remaining variance as possible under assertion that it is not correlated to
principle component 1, etc. This reduction is useful as our data could be graphically
summarized, which simplified the further analysis that we based on Fig. 5. An informal rule
for the selection of principle components is to consider components, where the eigenvalues
are greater than 1, which in our case was true for two principle components. Also, the initial
Scree-Plot (not shown in here) that we generated for estimation of components justified the
use of two principle components separately for both, the FoxA2 and Sox17 data sets. The
first two components explained 75% (60%) of the variance in case of FOXA2 (Sox17), as
displayed in the Supplementary Table S1. Ultimately, we decided to further analyze the
FoxA2-data due to its better graphical segregation. Furthermore, the loading matrix (Table
S1) showed that principle component 1 (PC1) is an average of the 4 markers applying equal
weight to 5mC, 5hmC, Oct-4 and FoxA2, while principle component 2 (PC2) is dominated
by day and DAPI variables. For improved visualization, Fig. 5 shows a reduced
representation of the results for the selected days 0, 5 and 10 as they appeared almost
equidistant from each other exhibiting a less crowded segregation. The scatter plots of the
predictions of PC2 versus PC1 revealed a repetitive pattern between the different days, in
which two clusters of cells can be identified for each day: one that forms a diagonal line and
another cluster of data resembling a cloud.

Based on the cutoff values for PC2, the two groups of cells showed distinct mean intensity
values in their DAPI channels: Group 1 with 50-200 intensity units (IU) and Group 2 with
650-900 1U, respectively (Tables 1 and 2).

We assumed that probably Group 1 objects in the diagonal line cluster included cells in G1-
phase of the cell cycle but also to a large extent outlier objects with low DAPI and extremely
high values for the other four markers: 5mC, 5hmC, Oct-4, and FoxA2 (see Fig. 5). These
objects may represent non-viable cells and larger cell debris (especially in day 5 cell
colonies as seen in Figs. 1 and 2A) that might have been slipped through size exclusion
during automated image processing; whereas Group 2 comprised seemingly healthy cells in
all cell cycle interphases (G1 and S/G2). In order to assess the influence of 5hmC on the
outcome of PCA, we performed the same analyses without the input of 5mC-specific data.
We observed a significant reduction in data segregation (data not shown). We then decided
to separately analyze the signal distribution of each marker across the reported days for the
two groups, since Groupl objects showed extreme variability and consisted of outliers with
intensity properties that were difficult to interpret. The results are presented in Fig. 6: Group
1 cells start off as a single distribution on day 0 with low levels of all targets including DAPI
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signals (JDNA content). Then, on day 5 a dichotomous population appears, harboring
partially cells that resembled day 0 values and a second cohort of objects with DAPI signals
in the range of (200-300 1U) and extreme high intensities (3000-4000 1U) for all other
targets. We assume that these signals partially derive from perishing (apoptotic) cells, which
is a frequent observation in in vitro propagated stem-cell colonies beyond day 3 in early
differentiation that we also previously experienced [7]. Interestingly, on day 10 we again
observed single populations with values similar to day 0. As mentioned above, Group 1 cells
seemed less consistent in normal distribution and therefore less predictable for modeling of
differentiation, thus had been omitted from further analyses. In contrast, histograms derived
from Group 2 cells showed single Gaussian distributions for all nuclear targets across all
days, which explains that the cells within a population acted more uniformly in their early
developmental path, and may had not yet branched into the different lineage-specific cell
types. A more precise observation of the histograms lead to the general impression across all
markers that the Group 2 cells had a narrower bandwidth on day 0 compared to the
following days, and that by time the curves developed tails. For Oct-4 the maximum did not
change but tail development was symmetrical, indicating that cells (~15% for each category)
had evolved with either reduced or increased levels of the pluripotency marker. In the case
of 5hmC the maximum changed from ~400 1U to ~250 U with an increasing tail of cells
(~25%) that exhibited DNA hydroxymethylation levels below 200 IU. For 5mC the
maximum did not change significantly (from ~400 IU to ~500 1U). However, a tail occurred
comprising ~20% cells that had doubled to quadrupled levels of global DNA methylation
(1000-2000 1U), especially on day 10. Along the same lines, the FoxA2 maximum slightly
shifted from ~300 1U to ~500 1U, but at the same time a majority (~65%) of the cells were
found to have FoxA2 levels between 500 IU and 1300 IU. The shift in the latter two markers
must have happened between days 5 and 10, which are indications for day 5 to possibly be a
key day for endodermal commitment of cells in vitro. The observations were consistent with
previous experimental results that had been reported in [7].

In summary, we would like to highlight the following crystalizing aspects. PCA analysis
reported the existence of two groups of cells, where Group 2 most likely consisted of
healthy cells. All markers displayed heterogeneity across all time points. 5mC and FoxA2
initially had significantly tighter distributions —equivalent to a smaller standard deviation—
underlining their lower heterogeneity in abundance within cell populations, as compared
with 5hmC and Oct-4. However, FoxA2 distribution radically increased beyond day 5 with
extreme cellular heterogeneity, emphasizing the fact that the endodermal marker is
expressed at different levels in differentiating cells. This could have been due to either the
fact that the cells in cultured populations were not synchronized in differentiation or that
generally differentiating cells may exert stochasticity of the marker in the early phases of
lineage commitment. In contrast, 5mC largely maintained its major bandwidth, although
with a steady increase in the number of hypermethylated cells (>500 1U) towards day 10.
While the markers successfully segregated the cells into two major populations, the intensity
distribution of each of the markers (presented as histograms) for the two groups of cells over
time revealed more details during developmental changes. This was most obvious for Group
2 cells, as they resembled Gaussian distribution. In the second step of statistical analyses, we
were trying to quantify the abovementioned changes in marker levels for Group 2 cells on
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per day basis utilizing robust regression analysis. Based on derived normal-quantile plots for
each biomarker (Fig. S3) we identified high- and low-value outliers for all markers in Group
2 cells. Log-transformation was used to normalize the data. Furthermore, in order to reduce
the effect of outliers on the data we applied robust regression methodology. A reciprocal (to
5mC) but weaker shift can be gleaned for 5hmC. Fig. 7 illustrates the global linear trends of
the five biomarkers 5mC, 5hmC, Oct-4, FoxA2 and Sox17: represented by the regression-
line slopes of the respective overall mean intensities across imaged cell populations over a
ten-day inspection (six time points).

With the exception of 5hmC, the other four markers showed their highest average at day 7,
and declined to ~400 500 U on day 10. We assume that somewhere around day 7 another
significant change in the differentiation path of the original stem-cell clusters occurred,
which coincided with alterations in the spatial organization of these colonies: as mentioned
above on day 7 we observed the formation of smaller cell foci around assumingly poorly
differentiated Oct-4-positive cells (not shown in here). This segregation became more
distinct on day 10 (as seen in Fig. 1). Hence we focused on the estimation including all days.
The pluripotency marker Oct-4 showed a relatively weak increase (0.015 InlU per day,
P<0.0001), almost resembling stagnation. This may partially be due to the asymmetric stem-
cell division that maintains a certain contingent of highly Oct-4 expressing (pluripotent)
cells, even invitro. Furthermore, both epigenetic markers had close average starting levels
before initiation of differentiation (day 0) with 5hmC (~400 IU) exceeding 5mC by only
~20% (~350 1U). Also, the endodermal markers FoxA2 and Sox17 showed comparable
starting volumes of ~350 U and ~150 1U, respectively. A possible explanation could be the
uncontrolled spontaneous and rapid differentiation of cells during in vitro maintenance
culturing of cells. Concisely, only 5hmC presented a statistically significant decrease
(=0.047 InlU per day, P<0.0001). In contrast, among those recruited markers that are known
to increase during the course of early differentiation in mouse cells, 5mC showed the second
highest slope, which was significantly different than the slope of all other targets
(P<0.0001). The highest estimated slope and therefore the most rapid increase was extracted
for Sox17 (0.34 InlU daily, P<0.0001). However, Sox17 faired the weakest match, where
only two points lined up with the model: an indication that the simple univariate regression
model based on day as independent variable could not adequately explain the temporal
pattern of Sox17. In stark contrast to Sox17, prediction curves for 5mC and 5hmC were
close to the majority of mean day estimates (regression line) signifying compatibility
between observed data and the simple regression model.

Discussion

Our approach to evaluate the co-evolution of the two cytosine modifications 5mC and 5hmC
in differentiating pluripotent stem cells of the mouse system included three novelties: 1) the
use of PCA for the high-throughput analysis of all imaged cells within cultured cell
populations without any time and labor-consuming pre-selection of cells, 2) the quantitative
assessment of changes in 5mC/5hmC load heterogeneity within differentiating cell
populations, and 3) the identification of differential 5mC/5hmC colocalization patterns using
optical nanoscopy. We conclude that based on our findings all studied biomarkers with the
exception of Oct-4 showed anticipated trends during induced early cellular differentiation
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and commitment, in our experiments. The average Oct-4 levels almost stagnated, although
we observed an increase of cells with lower Oct-4 levels. Hence we assume that the
asymmetric division of stem cells may have resulted in the co-existence of low-expressing
Oct-4 cells and a remainder of pluripotent cells with extremely high Oct-4 volumes that
balances the average population value. In contrast, 5mC revealed the second highest average
increase (slope) among the tested markers up to day 10. By that we found that 5mC, also in
comparison to 5hmC, provides the most differential marker in in vitro cell development.
Furthermore, the addition of 5hmC as a second imprint led to the identification of distinct
cellular subtypes that represent and correlate with different levels and codistribution patterns
of the two cytosine modifications. It is conceivable that the initial quantities of the two
epigenetic markers may vary depending on the degree of spontaneous differentiation. From
a population perspective, day 3 seems to be a time point by which a vast number of cells
enter endodermal commitment. This number continues to grow until day 7. For that day we
calculated an approximate quadrupling of the cells’ 5mC content, concomitant with an
average decline of ~24% in 5ShmC content compared with the initial day-0 values. The
disproportional changes in the two markers may be explained by two proven facts: (i) that
alterations in DNA methylation on the gene-specific as well as the global level are important
in driving stem-cell differentiation [34-37], and (ii) the recent finding that 5hmC is
predominantly present in gene-rich euchromatic regions that harbor CpG islands, which
comprise only up to ~2% of the mammalian genome and being gradually depleted during
ESC differentiation [14,31]. In contrast, the bulk of de novo DNA methylation during
differentiation occurs at repeat sequences within heterochromatic regions representing a
substantial portion (~45%) of the genome that appear as DAPI-dense nuclear areas in
fluorescence microscopy [11, 38—40]. This fact may have contributed to the relatively more
massive increase in 5mC. Conversely, the induction of pluripotent stem cells from
terminally differentiated cells has revealed the exact opposite mechanisms during cellular
dedifferentiation, namely a decrease in global 5mC levels accompanied by an increase in
global hydroxymethylation [15], partially due to the conversion of 5mC to 5hmC in CpG
islands of genes by the TET family of enzymes. Beyond these more global cell population-
specific observations we gleaned subcellular topological information on the codistribution of
5hmC and 5mC sites, previously not reported. The novel application of single-molecule
imaging visually uncovered genomic regions, at which the two cytosine variants could be
found in close spatial proximity. These areas that are below the resolution of conventional
confocal microscopy (~100 nm axial and up to ~500 nm vertical) may present captured
5mC-rich sites that were possibly undergoing active DNA demethylation through oxidation
and conversion to 5hmC. Several lines of evidence exist that describe DNA methylation and
demethylation as dynamic processes, with hypomethylation occurring during the embryonic
blastocyst stage and also lasting through differentiation [41,42]. Previously we had observed
that up to the sixth day in early differentiation the mouse genome becomes predominantly
hypermethylated, first in its euchromatic compartments followed by heterochromatin [7].
However, differentiated mouse cells show a distinct 5mC phenotype, in which only the
heterochromatic regions (chromocenters) appear as hypermethylated foci. These
observations imply additional demethylation steps in the following period that would be
necessary to create the more mature DNA methylation profiles and relevant nuclear patterns
in differentiated cells. As seen in day-10 cell nuclei (Fig. 3, panel D), the type of optical
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nanoscopy we applied in here revealed conceivable sites of demethylation in both genomic
domains, providing a visual snapshot of chromatin areas under remodeling. These visual
evidences speak in favor of DNA methylation and demethylation via hydroxymethylation as
iterative epigenetic processes for fine-tuning the genome during cellular differentiation.

Conclusion

Based on the abovementioned findings and the results of our study, we derive that DNA
methylation/hydroxymethylation phenotyping —i.e. tracking the ratio of the two epigenetic
marks and their codistribution patterns as the cytosine-modification index (CMI) in cells
using 3D high-content screening— might have the potential to serve as an indicator of either
cellular fate (directions), at least for endodermal differentiation of ESCs. The results
encourage the appraisal of functional implications of the CMI: by using our cytometric
approach in the selection of propagated stem cells for engraftment studies and evaluating the
regenerative potential of enriched early-endodermal cells based on differential 5mC/5hmC
phenotypes. In parallel, it would be worth to test the universality of our hypothesis in other
types of lineage-specific differentiations derived from diverse types of pluripotent stem
cells. As cytosine-modification indexing is compatible with high-throughput automation —
an essential tool in the in vitro characterization of cell populations at various scales—
feasible biomedical applications are: the quality assessment of stem cell differentiation, also
involving patient-derived iPSC, that are increasingly utilized as autologous sources towards
cellular therapies and personalized cell models for drug screening [1, 32].
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Refer to Web version on PubMed Central for supplementary material.
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ESC embryonic stem cell

iPSC induced pluripotent stem cell

5mC 5-methylcytosine

5hmC 5-hydroxymethylcytosine

FoxA2 forkhead box A2

Sox17 sex determining region Y box 17
Oct-4 octamer-binding transcription factor 4
CDH1 E-cadherin-1
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IGFR insulin-like growth factor 1 receptor
TET ten-eleven translocation
LIF leukemia inhibitory factor
FBS fetal bovine serum
aFGF acidic fibroblast growth factor
DMEM Dulbecco’s Modified Eagle’s Medium
3-Dor 3D three-dimensional
gDNA global DNA
DAPI 4',6-diamidino-2-phenylindole
dSTORM direct stochastic optical reconstruction microscopy
3D-GSD microscopy three-dimensional ground state depletion microscopy
HCA high-content analysis
PCA principle component analysis
U intensity unit
InlU natural logarithm of the intensity unit
CMI cytosine-modification index
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Fig. 1.
Structure and cellular heterogeneity of mESC colonies regarding five visualized nuclear

markers by confocal scanning microscopy: gDNA (represented by DAPI), Oct-4, 5hmC,
5mC, and FoxA2. Each marker (false-colored) was recorded in a separate channel. For each
colony (day) all channels —including the five-color overlay image— are presented from the
same focal plane (midsection). The aerial views depict changes in overall structure and
marker heterogeneity during the 10-day period of early endodermal differentiation. At day 5,
the colonies reached their maximal size before they transitioned into smaller core colonies
with more Oct-4 positive (pluripotent) cells surrounded by a mesh of detached cells that
appear to be in the various stages of differentiation. In addition, Oct-4-positive regions also
include cells with strong 5hmC and low 5mC signals. The 5mC channel reveals a number of
high-intensity objects that may represent non-viable cells or larger cell debris from dying
cells. White bar is 20 pm.
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ShimC (red channel)

Fig. 2.
3-D reconstruction of mESC colonies presented in Fig. 1. Rendering was performed with the

respective stacks of confocal 2-D images. The volume reconstruction used maximum
intensity projection combined with shadow projection in order to augment the structural and
subcellular spatiotemporal changes that occurred during differentiation. (A) The additional
shadow projection allows for a better perception of the regional thicknesses of and within
the cell clusters. Regions with a higher number of strong 5hmC-positive cells (Oct-4
positive as seen in Fig. 1) are more elevated and resemble the pluripotent cores of the
cluster(s), whereas strong 5mC-positive cells (that are 5hmC* or 5ShmC~) appear relatively
flat. (B) Magnification of a subregion of the day-10 sample image (5hmC/5mC overlay)
discloses three major cell subtypes based on the abundance of the two epigenetic markers:
5hmC*/5mC- cells, 5hmC*/5mC* cells, and 5hmC~/5mC* cells. The three phenotypes
supposedly correspond to cells at various differentiation stages. The corresponding
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quantitative scatter plots indicate that in type-2 cells, which display both markers (at near-
equivalent ratios), 5hmC and 5mC occupy distinct nuclear territories but also tightly
colocalize in nuclear subregions. Bars are 20 pm.
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Fig. 3.
Dynamic nuclear topology of 5mC and 5hmC of day-10 cells as disclosed by 3-D

superresolution localization using ground state depletion nanoscopy. Images were taken
from midsections of cells that had been dual-labeled for 5hmC (red) and 5mC (green). No
DAPI counterstaining was used, as it would have caused bleed-through of the DAPI signal
into all other channels, due to the use of high-power lasers necessary for GSD. Panels A-D:
3-D reconstructions revealed nuclear abundance and spatial distribution of both cytosine
variants within nuclear DNA and the degree of colocalization in sub-genomic regions. Each
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panel represents one nucleus, with sub-regions (framed in blue) being magnified and
displayed at various angles (top views and cross sections). 5hmC showed a more punctate
and dispersed pattern, whereas 5mC appeared more concentrated in larger foci. In nuclei
with higher 5hmC and lower 5mC content (supposedly in pluripotent cells) the two types of
molecules occupied separate areas, even at closer proximity (A4 and B2-B5). In contrast, in
nuclei of transitioning cells with approximately equal amounts of both cytosine variants, the
two analogs colocalized in less-condensed foci (C2 and C4). Finally in cells with an
overwhelming 5mC pattern and relatively minimal 5hmC signals (assumingly representing
early-differentiated cells), the two cytosine variants were seen more apart similar to
pluripotent cells; with a few larger 5mC foci harboring 5hmC sites as seen in Fig. D4. White
bars are 2 um.
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Fig. 4.
Graphical summary of the correlation of the overall intensities of the five markers (signal

channels), i.e. DAPI, FoxA2, 5hmC, 5mC, and Oct-4 and display as a matrix of 2-D
scatterplots for day 0: whereby each plot represents the pairwise values of two channels per
cell/nucleus (hollow dot). The individual plots indicate the coexistence of different
subgroups. Particularly, in the DAPI-specific plots we observed two cell fractions, with one
fraction having very low DAPI intensities and low to high intensities for the other channels
(markers), therefore suspected to represent perishing cells and cell debris.
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Fig. 5.
Principle Component Analysis (with two components) of the entire data (mean nuclear

intensities of the five targets). For each day, the data segregates into two distinct populations
(groups) as pointed out by circles for day 1: Group 1 (arm) presumably a mixture of haploid
G1-cells and nonviable cells and debris, and Group 2 (cloud) more likely a collection of
viable cells in various cell cycle interphases (G1 and S/G2), as judged by their respective
DAPI signals (JDNA content) listed in Tables 1 and 2. Each dot corresponds to one object
(intended to be a segmented nucleus). On day 5, Group 1 is divided into a main group (arm)
and a separate outlier group of objects (arm extension).
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DAPI

i g

Fig. 6.

In?ensity distribution among sampled cells. The histograms show dynamic alterations in
marker heterogeneity in cell populations during differentiation. Group 1-objects and Group
2-objects are described in Fig. 5. In Group 1-objects, red histograms represent outlier objects
with extreme intensities in the channels for Oct-4, 5hmC, 5mC, and FoxAz2, but low DAPI
values.

Exp Cell Res. Author manuscript; available in PMC 2016 March 15.



Tajbakhsh et al.

1duosnuepy Joyiny

1duosnuep Joyiny

1duosnuepy Joyiny

Fig. 7.
Regression plots of mean nuclear intensities of the five markers Oct 4, Sox17, FOxXA2, as
well as 5mC, and 5hmC (co-plotted for direct comparison).
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