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Abstract

cells.

Single cell experimental techniques reveal transcriptomic and epigenetic heterogeneity among cells, but how these
are related is unclear. We present MATCHER, an approach for integrating multiple types of single cell measurements.
MATCHER uses manifold alignment to infer single cell multi-omic profiles from transcriptomic and epigenetic
measurements performed on different cells of the same type. Using scM&T-seq and sc-GEM data, we confirm
that MATCHER accurately predicts true single cell correlations between DNA methylation and gene expression
without using known cell correspondences. MATCHER also reveals new insights into the dynamic interplay
between the transcriptome and epigenome in single embryonic stem cells and induced pluripotent stem

Keywords: Single cell RNA-seq, Single cell epigenomics, Manifold learning, Manifold alignment

Background
Understanding the mechanisms that regulate gene
expression across space and time is a fundamental chal-
lenge in biology. Epigenetic modifications such as DNA
methylation, histone marks, and chromatin accessibility
are known to regulate gene expression, but the precise
details of this regulation are not well understood. Single
cell genomic technologies reveal heterogeneity within
populations of cells, including complex tissues, tumors,
and cells undergoing temporal changes [1, 2]. Further-
more, because bulk data consist of measurements aver-
aged across a population of cells, single cell genomic data
enable, in principle, much more precise study of how
epigenetic changes and gene expression vary together.
Single cell RNA-sequencing (RNA-seq) has been
applied with great success to the study of sequential cel-
lular processes such as differentiation and reprogram-
ming [3-7]. In such experiments, each sequenced cell is
assumed to be at one point in the process and sequen-
cing enough cells can reveal the progression of gene
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expression changes that occur during the process [8, 9].
More recently, several experimental techniques for per-
forming single cell epigenetic measurements have been
developed [10-17] and several studies have demon-
strated that single cell epigenetic data can be also used
to elucidate the series of changes in a sequential
process [16, 18, 19].

Identifying correlations among epigenome and tran-
scriptome dynamics would allow more complete under-
standing of the sequential changes that cells undergo
during biological processes. Measuring multiple genomic
quantities from a single cell, or multi-omic profiling
[20, 21], would be the best way to identify such correla-
tions. Unfortunately, performing single cell multi-omic
profiling is very difficult experimentally, because an assay
on chromatin or RNA destroys the respective molecules
and only tiny amounts of DNA and RNA are present in a
single cell. In certain cases, it is possible to assay RNA and
DNA [14, 22-24] or RNA and proteins [25, 26] from the
same single cell, but experimentally performing multiple
assays on either chromatin or RNA from the same cell is
extremely challenging.

Our knowledge of epigenetic regulation suggests that
any large changes in gene expression, such as those that
occur during differentiation, are accompanied by epigenetic
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changes. Therefore, it should be possible, in principle, to
infer sequential changes in cellular epigenetic state during
a process. Furthermore, if cells undergoing a common
process are sequenced using multiple genomic techniques,
examining any of the genomic quantities should reveal the
same underlying biological process. For example, the main
difference among cells undergoing differentiation will be
the extent of their differentiation progress, whether you
look at the gene expression profiles or the chromatin acces-
sibility profiles of the cells.

We reasoned that this property of single cell data
could be used to infer correspondence between different
types of single cell measurements. To infer single cell
correspondences, we use a technique called manifold
alignment [27, 28]. Intuitively, manifold alignment con-
structs a low-dimensional representation (manifold) for
each of the observed data types, then projects these rep-
resentations into a common space (alignment) in which
measurements of different types are directly comparable.
To the best of our knowledge, manifold alignment has
never been used in genomics. However, other application
areas recognize the technique as a powerful tool for
multimodal data fusion, such as retrieving images based
on a text description, and multilingual search without dir-
ect translation [28]. We refer to our method as MATCHER
(Manifold Alignment to CHaracterize Experimental Rela-
tionships). Using MATCHER, we identified correlations
between transcriptomic and epigenetic changes in single
mouse embryonic stem cells (mESCs) and single human
induced pluripotent stem cells (iPSCs).

Results and discussion

Overview of MATCHER

Manifold alignment is an approach for integrating mul-
tiple types of data that describe different aspects of a
common phenomenon. For example, a video of a person
speaking, an audio recording of the speech, and a writ-
ten transcript of the words uttered all describe a com-
mon set of events from different perspectives. The key
idea of manifold alignment, as initially proposed by Ham
et al. [29], is to integrate multiple data types by discover-
ing the common manifold structure that underlies them.
In many real-world settings, the assumption of a com-
mon underlying manifold generating multiple data types
is a reasonable one. There are two main types of manifold
alignment, distinguished by whether they require exam-
ples of precisely corresponding measurements to align
manifolds (manifold alignment with correspondence) [29]
or simply use geometric information (manifold alignment
without correspondence) [30]. Gaussian process latent
variable models have also been used to perform manifold
alignment (with correspondence) by learning completely
[31, 32] or partially [31] shared latent representations of
high-dimensional, multimodal data. Given a set of images
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and corresponding text descriptions, manifold alignment
can be used to identify a low-dimensional representation
that allows the prediction of a caption for a new image.
This is somewhat analogous to the problem of retrieving a
corresponding epigenetic measurement for a given single
cell transcriptome. However, in the context of single cell
genomic data, correspondence information is not gener-
ally available to train a model, because it is very difficult to
measure more than one quantity on a single cell. There-
fore, we developed a novel approach for manifold align-
ment without correspondence that leverages the unique
aspects of this problem.
We assume that:

1. Single cell genomic data from cells proceeding
through a biological process lie along a
one-dimensional manifold. Another way of saying this
is that the variation among cells can be explained
mainly by a single latent variable (“pseudotime”)
corresponding to position within the process.

2. Each of the genomic quantities under
consideration changes in response to the same
underlying process.

3. The biological process is monotonic, meaning that
progress occurs only in one direction. Processes that
alternate between forward and backward progress or
repeat cyclically would violate this assumption.

4. The cells in each experiment are sampled from the
same population, process, and cell type.

Given these assumptions, there are only three possible
types of differences among the one-dimensional mani-
fold representations of each data type: orientation; scale;
and “time warping” (Fig. 1a). We can perform manifold
alignment without correspondence information by ac-
counting for these three types of differences. Differences
in orientation can occur if the biological process corre-
sponds to increasing manifold coordinates for one type of
genomic data but decreasing coordinates for another data
type. We can reconcile different orientations by simply re-
versing the order of one set of manifold coordinates. It is
not possible to infer the correct orientation from data, so
we rely on biological prior knowledge to choose the cor-
rect orientation for the manifold inferred from each type
of data. To address scale differences, we can normalize the
manifold coordinates to lie between 0 and 1. Time
warping effects can occur if different genomic quan-
tities change at different rates. For example, gene ex-
pression changes may occur slowly at the beginning
of a process and gradually speed up, while changes in
chromatin accessibility may show exactly the opposite
trend during the process (Fig. la). We account for
time warping effects by learning a monotonic warping
function for each type of data (see below for details).
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Fig. 1 MATCHER method overview. a We infer manifold representations of each dataset using a Gaussian process latent variable model (GPLVM).
However, the resulting “pseudotime” values from different genomic data types are not directly comparable due to differences in orientation, scale, and
“time warping.” Both the color of the curve (black to yellow) and cell morphology (blob to oblong) indicate position within this hypothetical process.

b, ¢ To account for these effects, pseudotime for each kind of data is modeled as a non-linear function (warping function) of master time using a
Gaussian process. d MATCHER infers “master time” in which the steps of a biological process correspond to values uniformly distributed between 0
and 1 and are comparable among different data types. However, different datasets are measured from different physical cells and thus
may sample different points in the biological process and even different numbers of cells. @ Diagram showing how MATCHER's generative
model can infer corresponding cell measurements. The generated cell is drawn with transparency to indicate that this is an inferred rather than observed
quantity. f Applying MATCHER to multiple types of data provides exactly corresponding measurements from observed cells and unobserved

We use a Gaussian process latent variable model
(GPLVM) to infer pseudotime values separately for each
type of data. A GPLVM is a non-linear, probabilistic, gen-
erative dimensionality reduction technique that models
high-dimensional observations as a function of one or
more latent variables [33]. The key property of a GPLVM
is that the generating function is a Gaussian process,
which allows Bayesian inference of latent variables non-
linearly related to the high-dimensional observations
[34, 35]. The non-linear nature of this model makes
it more flexible than a technique such as principal
component analysis (PCA) that uses a linear model.
In fact, PCA can be derived as a special case of a GPLVM
in which the Gaussian process generating function uses a
linear kernel [33]. Importantly, GPLVMs are also genera-
tive models, meaning that they can answer the counterfac-
tual question of what an unobserved high-dimensional
data point at a certain location on a manifold would look
like. The generative nature of GPLVMs is particularly

important to our approach: we use this property to infer
correspondence among single cell genomic quantities
measured in different ways. We note that GPLVMs have
previously been used to infer latent variables underlying
differences among single cell gene expression profiles
[36-38]; our approach differs from these previous ap-
proaches in that we use GPLVMs as part of a manifold
alignment approach and generate measurements from un-
observed cells to integrate multiple types of single cell
measurements.

After inferring pseudotime separately for each type of
data, we learn a monotonic warping function (Fig. 1b, c)
that maps pseudotime values to “master time” values,
which are uniformly distributed between 0 and 1 (Fig. 1d).
This is equivalent to aligning the quantiles of the pseudo-
time distribution to match the quantiles of a uniform ran-
dom variable. Master time values inferred from different
data types are then directly comparable, corresponding to
the same points in the underlying biological process.
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The model that we use to infer master time values
(Fig. 1e) allows us to generate corresponding cell mea-
surements even from datasets where the measurements
were performed on different single cells. The different
types of measurements may produce datasets with cells
from different positions in the biological process and
even different numbers of cells (Fig. 1e). To generate a
corresponding measurement for a cell, we take the master
time value inferred for a given cell, such as one measured
with RNA-seq. Then we map this master time value
through the warping function to a pseudotime value
for a different type of data, such as ATAC-sequencing
(ATAC-seq). Using the GPLVM trained on ATAC-seq
data, we can output a corresponding cell based on
this pseudotime value. As Fig. 1f shows, the genera-
tive nature of the model allows MATCHER to infer
what unobserved cells measured with one experimental
technique would look like if they corresponded exactly
to the cells measured using a different technique. These
corresponding cell measurements can then be used in a
variety of ways, such as computing correlation between
gene expression and chromatin accessibility.

Although it is very difficult in general to measure mul-
tiple genomic quantities on the same single cell, two
protocols, scM&T-seq [14] and sc-GEM [39], have been
developed for measuring DNA methylation and gene
expression in the same single cell. It is possible that
future protocols will enable other joint measurements.
In such cases, MATCHER can perform manifold align-
ment with correspondence using a shared GPLVM [40]
to infer a shared pseudotime latent variable for both data
types (see below for details).

MATCHER takes as input multiple types of single cell
measurements performed on cells of the same type, but
not necessarily the exact same cells. Each type of data is
provided to MATCHER as a matrix, where rows cor-
respond to cells and columns correspond to features.
MATCHER outputs master time values for each cell
and inferred corresponding measurements.

Data description and processing

Several high-throughput single cell versions of epigenetic
assays have been developed, including single cell bisulfite
sequencing (DNA methylation) [14], ATAC-seq (chroma-
tin accessibility) [13], and chromatin immunoprecipitation
sequencing (ChIP-seq) (histone modification) [12]. Each
of the initial studies that pioneered these methods applied
them to mESCs grown in serum, a classic model system
of stem cell biology. Cells in this system are heteroge-
neous, differing depending on where they are located
along a spectrum ranging from a pluripotent ground state
to a differentiation primed state [41]. Note that mESCs
grown in serum have different properties than mESCs
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cultured in 2i medium, which are much more homoge-
neous and differ primarily in their cell cycle stage [36, 41].

We also analyzed single cell gene expression and DNA
methylation data generated by sc-GEM [39], a protocol
that measures DNA methylation and gene expression in
the same cells, from human cells undergoing reprogram-
ming to iPSCs.

We collected the publicly available data from these
papers. In total, we have four kinds of single cell data
from a total of 5151 cells: 250 cells with gene expression
data only [41], 238 with DNA methylation and gene
expression [14, 39], 76 with chromatin accessibility [13],
and 4587 with H3K4me2 ChIP [12].

The processing of single cell epigenetic data is more
difficult than RNA-seq, because the epigenetic data are
nearly binary at each genomic position (apart from
allele-specific effects and copy number variations) and
extremely sparse, with only a few thousand reads per cell
in many cases. This makes it very difficult to extract any
meaningful information at base pair resolution from a
single cell. Instead, we followed the data processing steps
laid out in each of the respective papers that developed
these techniques and aggregated the reads across related
genomic intervals (see “Methods” for details). For ex-
ample, we followed the authors’ lead in summing the
chromatin accessibility data values from ATAC-seq in a
given cell across all of the binding sites for a given tran-
scription factor. Doing this for each of 186 transcription
factors results in a matrix of 186 chromatin accessibility
signatures across the set of cells. The DNA methylation
data and H3K4me2 ChIP-seq data were aggregated in a
similar way. We obtained the processed DNA methyla-
tion and ChIP-seq data from the initial publications. The
processed ATAC-seq data are not publicly available, so
we processed the data by implementing ourselves the
pipeline described in the paper. We found that the pro-
portion of relevant events (methylated CpGs, accessible
chromatin sites, or histone modifications) captured per
cell was the highest for the DNA methylation data; the
ChIP-seq data were the sparsest. Consequently, it was
sufficient to aggregate the DNA methylation data over
relatively small genomic intervals such as individual
promoters or CpG islands.

Single cell transcriptome and epigenome data show
common modes of variation
It seems likely that gene expression, DNA methylation,
chromatin accessibility, and histone modifications will
all change during the transition from pluripotency to a
differentiation primed state. However, we wanted to
investigate that this crucial assumption holds in this
particular system.

To test our hypothesis that each of these epigenetic
data types are changing over the course of a common
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underlying process, we first attempted to construct a cell
trajectory for each type of data. Using SLICER, a method
we previously developed [9], we visualized each type of
data as a two-dimensional (2D) projection and inferred a
one-dimensional ordering for the cells. The 2D projections
show that each type of data resembles a one-dimensional
trajectory rather than a 2D blob of points (Fig. 2a—d). Note
that these 2D projections do not force the data into a one-
dimensional shape; the plots could look like a diffuse point
cloud and the fact that they instead resemble trajectories
shows that the differences can be explained by a single
latent variable. Furthermore, the projections of each kind
of data are strikingly similar visually (Fig. 2a—d).

We further investigated these trajectories to determine
whether they correspond to the same underlying
process. The trajectory built from RNA data shows de-
creasing expression of pluripotency genes such as SOX2,
consistent with previously published analyses [41]
(Fig. 2e). DNA methylation of the gene body of RexI, a
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gene that is shut off during the transition from pluripo-
tency to differentiation priming [42], increases during
the process (Fig. 2f). The single cell ATAC-seq data
show that the chromatin accessibility of binding sites for
the SOX2 transcription factor decreases over pseudo-
time (Fig. 2g). Similarly, the levels of H3K4me2, a
histone modification associated with active enhancers
and promoters, decrease at SOX2 binding sites (Fig. 2h).
The RNA-seq data show increasing expression of previ-
ously identified differentiation markers [41] such as Krt8
(Fig. 2i). DNA methylation of the promoter for Mael in-
creases, consistent with previous findings [42] (Fig. 2j).
Both the chromatin accessibility (Fig. 2k) and H3K4me2
levels (Fig. 21) at REST binding sites increase, consistent
with the known role of REST in repressing key lineage-
specifying genes [43, 44]. In summary, our analysis indi-
cates that each type of single cell data varies along a
trajectory, establishing a continuum that ranges from
pluripotency to a differentiation primed state.
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We used SLICER to perform this initial exploratory ana-
lysis, but for the rest of this study, we use MATCHER,
which is completely separate from SLICER and does not
rely on the method in any way. We did confirm, however,
that the master time values inferred by MATCHER are
highly correlated with the pseudotime values inferred by
SLICER (Additional file 1: Figure S1). Note also that
SLICER cannot be used to integrate multiple types of sin-
gle cell measurements in the way the MATCHER does,
because the model underlying SLICER is not generative.

MATCHER accurately models synthetic and real data

To evaluate the accuracy of MATCHER, we generated
synthetic data for which ground truth master time is
known. We generated data by sampling 100 master time
values uniformly at random from the interval [0, 1], then
mapping these to pseudotime values through a warping
function. Using the resulting pseudotime values, we gen-
erated 600 “genes,” each following a slightly different
“expression pattern” (function of pseudotime). Normally
distributed noise was added to each gene expression
value. We then used MATCHER to infer master time
from these simulated gene expression values and mea-
sured accuracy as the correlation between true and in-
ferred master time values. Note that we use Pearson
rather than Spearman correlation because we expect true
and inferred master time to be linearly related (equal, in
fact), and a non-linear relationship would indicate that the
inference process is inaccurate. The results of our simula-
tions indicate that MATCHER accurately infers master
time across a range of different warping functions and
noise levels (Additional file 1: Figures S2 and S3). The
method is very robust to noise in the simulated genes,
yielding a correlation of 0.92 at a noise level of o = 9,
which is greater than 50% of the range of the simulated
features.

We also tested MATCHER on real data. We used
scM&T-seq data, in which DNA methylation and gene
expression are measured in the same single cells [14], so
that the true correspondence between single cell mea-
surements is known. Note that we used the known cell
correspondence information for validation only, not
during the inference process; we are using the corres-
pondence information provided by scM&T-seq as a gold
standard and the method does not require such informa-
tion. We first checked the relationship between master
time inferred by MATCHER from RNA-seq and DNA
methylation data by calculating the correlation between
inferred master time values for corresponding DNA
methylation and RNA-seq cells. This showed that the
master time values, although not identical, are highly
concordant (Pearson p = 0.63).

Predicting covariance of multiple genomic quantities
across single cells is one of the key applications of
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MATCHER. Therefore, as an additional test, we investi-
gated whether MATCHER can accurately infer correla-
tions between DNA methylation events and gene
expression. Here, we used Spearman correlation because
we are interested in both linear and non-linear relation-
ships. We selected a set of genes and proximal methyl-
ated loci that showed statistically significant correlation
in the original analysis of the scM&T-seq data [14].
Angermueller et al. grouped these pairs according to the
type of region where the methylation site occurred. We
selected the three types of regions with the largest num-
ber of significant pairs (low methylation regions,
H3K27me3 peaks, and P300 binding sites). Then, for
each significant pair, we compared the true correlation
(calculated using true cell correspondences) and correl-
ation inferred by MATCHER (calculated using inferred
cell correspondences). We also used MATCHER to com-
pute correlations for the same gene-locus pairs using a
single cell RNA-seq dataset published by a different lab
[41]. In this dataset, the cells measured using RNA-seq
are the same cell type, but not the same physical cells as
those assayed for DNA methylation by Angermueller et
al. In both cases, the inferred correlations closely match
the true correlations (Fig. 3). The mean absolute devi-
ation between true and observed correlations in the
Angermueller dataset is 0.16. The correlations com-
puted using the Kolodziejczyk data show slightly less
concordance with the ground truth (mean absolute
deviation = 0.27), likely due to the inevitable biological
and technical variation that occur when different labs
repeat an experiment. Even so, the vast majority of
inferred correlations have the correct sign and the relative
magnitude of correlations tends to be preserved.

Correlations among single cell gene expression,
chromatin accessibility, and histone modifications

We next used MATCHER to investigate the relation-
ships among gene expression, chromatin accessibility,
and histone modifications during the transition from
pluripotency to a differentiation primed state in mESCs.
To our knowledge, this is the first time that investigation
of the relationship among these three genomic quantities
has been performed in single cells. We performed this
analysis with two primary goals: (1) to confirm that the
correlations among gene expression, chromatin accessi-
bility, and H3K4me2 agree with what is known from
bulk analysis (Fig. 4a, c); and (2) to demonstrate some of
the unique insights that can be derived by correlating
these quantities across individual cells (Fig. 4b, d-f).
All of the correlation analyses described below are
computed by taking the vector of values for a gene or
set of genomic regions (such as binding sites for SOX2)
across a set of single cells and correlating this vector
with the values for another gene or set of genomic
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Fig. 3 MATCHER accurately infers known correlations between DNA methylation and gene expression. a-c Heatmaps comparing true correlations
between gene expression and DNA methylation of related regions (H3K27me3 peaks, LMRs, and P300 binding sites). The first column of each heatmap
shows the true correlation based on known correspondence information, the second column shows the correlation inferred by MATCHER in the same
dataset, and the third column is correlation inferred by MATCHER using a completely different single cell RNA-seq dataset from mESCs grown in serum.
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regions (such as binding sites for OCT4) across the set
of single cells. Because the gene expression, chromatin
accessibility, and H3K4me2 measurements that we are
analyzing were performed on different single cells, this
analysis is possible only because of MATCHER’s ability
to infer corresponding measurements. In summary,
although some of the results that we describe recapitu-
late previous results from analysis of bulk data, all of
our analyses here are novel in that correlations are
computed across individual cells within a heterogeneous
population.

As an initial sanity check, we tested whether H3K4me2
and chromatin accessibility values within corresponding
sets of genomic regions are positively correlated across
the set of single cells (Fig. 4a). Because H3K4me?2 is a his-
tone modification associated with promoter and enhancer
activation, we expect levels of the modification to

correlate positively with chromatin accessibility. We con-
firmed this is, indeed, the case by inferring correlations
between chromatin accessibility and H3K4me2 at the re-
spective regions bound by 186 transcription factors and
DNA binding proteins. For example, we correlated the
chromatin accessibility at SOX2 binding sites across cells
with the H3K4me2 levels at SOX2 binding sites across
cells. The vast majority of these correlations are positive,
consistent with previous findings from bulk data and with
the role of H3K4me?2 as an activating chromatin mark.
While investigating the correlation between H3K4me2
and chromatin accessibility, we found that the genomic
binding regions clustered into two main groups: (1) plur-
ipotency transcription factors and the NuRD complex;
and (2) chromatin remodeling factors that repress or
activate lineage specific genes (Fig. 4b). Rotem et al.
noted a similar relationship in the H3K4me2 data [12].
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The accessibility of binding sites for OCT4 (also known
as POUSF1), NANOG, and SOX2, well-established plur-
ipotency transcription factors, is strongly anticorrelated
with the accessibility of binding sites for EZH2, RING1B,
and SUZ12, which are Polycomb Group (PcG) proteins
[45]. The targets of the transcription factor YY1, which
recruits PcG proteins [46], show a similar trend to the
PcG proteins. Given that PcG proteins play a key role in
repressing neuronal lineage genes in pluripotent cells
[47], this anticorrelation suggests that chromatin is being
remodeled to prime lineage-specific genes while shutting
down regions associated with pluripotency. REST and
COREST show a similar pattern to the PcG proteins;
these proteins are known to co-associate with the poly-
comb repressive complex (PRC2) and also to repress key
lineage specific genes in pluripotent cells [43, 44].

Interestingly, the targets of USF1, which is known to
recruit Trithorax Group (TrxQG) proteins [48], also show
a pattern of increasing chromatin accessibility. The TrxG
proteins are chromatin activators that regulate lineage
differentiation genes [47-49], suggesting that the activa-
tion of certain differentiation genes is occurring while
their repression by PRC2 is being lifted. Finally, targets
of LSD1, MI2, HDAC]1, and HDAC?2, components of the
NuRD complex, show positive correlation with targets of
pluripotency factors. The NuRD complex contains chro-
matin remodeling proteins that remove histone methyla-
tion and histone acetylation marks and function to
“decommission” pluripotency enhancers during early
differentiation [50]. In summary, our analysis of correl-
ation between chromatin accessibility and H3K4me2
marks indicate that the overall trend in both types of
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data is toward chromatin changes that shut off pluripo-
tency and begin to lift lineage repression in preparation
for differentiation.

As an additional sanity check, we investigated whether
chromatin accessibility and H3K4me2 are positively cor-
related with the expression of genes within the corre-
sponding regions. For this analysis, we chose to focus
specifically on the binding regions for EZH2, RING1B,
TCF3, OCT4, SOX2, and NANOG. Because of the way
we aggregated genomic regions when analyzing chroma-
tin accessibility and ChIP-seq data, we needed a compar-
able way to aggregate the expression of genes within
these regions. After locating genes whose promoters
overlapped each of these binding regions, we filtered the
sets of genes to remove genes that occurred in multiple
binding regions. We then normalized the expression of
each gene (zero mean, unit variance) and calculated the
aggregate expression within each cell for each set of
genes. These aggregate expression levels of genes whose
promoters occur within the binding regions of each of
the six proteins are then directly comparable with the
chromatin accessibility and H3K4me2 from the same set
of binding regions within each cell. Note again that we
are correlating these quantities across single cells—each
cell has six aggregate expression values and correspond-
ing chromatin accessibility and H3K4me2 values. As
expected, the aggregate expression of these sets of genes
correlates well with the chromatin accessibility and
H3K4me2 of the gene promoters (Fig. 4c, d), with the
exception of OCT4. The expression of OCT4 targets are
only weakly correlated with the aggregate chromatin
accessibility and H3K4me2. Additional file 1: Figures S4
and S5 show the corresponding values inferred by
MATCHER for gene expression, chromatin accessibility,
and H3K4me?2 values in the same single cells.

To demonstrate that MATCHER can reveal unique
insights not possible with bulk data, we investigated how
the gene expression levels of key pluripotency factors
and chromatin remodeling proteins correlate with the
chromatin accessibility of their binding sites during the
transition from naive to primed pluripotency (Fig. 4e—g).
In this analysis, we made use of the fact that MATCHER
tells us both (1) the relationship between chromatin
accessibility and gene expression in individual cells and
(2) the trends of both of these quantities over master time.
This allowed us to begin to tease apart how different
regulatory mechanisms—both chromatin and expressio-
n—operate during a sequential biological process. Using
the same transcription factors and DNA binding proteins
as in Fig. 4b, we inferred corresponding expression levels
for each gene and the overall chromatin accessibility of
the sites where its protein product binds to the genome
(Fig. 4e). For example, we correlated the vector of expres-
sion levels for the Sox2 gene across the set of single cells
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with the vector of chromatin accessibility for the targets of
the SOX2 protein across the set of cells. Note that we are
looking at the accessibility of the targets of these DNA
binding proteins, not the promoters of the genes that en-
code these factors (although, in some cases, a protein may
target the promoter of the gene that encodes it).

The pluripotency transcription factors ESRRB, NANOG,
POUS5F1, and SOX2 each show positive correlation be-
tween expression and chromatin accessibility, with both
expression and chromatin accessibility showing an overall
decreasing trend over master time (Fig. 4e). Figure 4f
shows the corresponding gene expression and chromatin
accessibility values inferred for SOX2 and their relation-
ship with master time. This indicates that the expression
of these genes is being shut off at the RNA level at the
same time as the binding of the factors is shut off at the
chromatin level. Interestingly, 7cf7[2 gene expression
shows strong negative correlation with the chromatin
accessibility of its targets. We speculate that this negative
correlation may be due to the fact that TCF7L2 functions
primarily as a transcriptional repressor [51] and thus
increased expression will lead to more repression of its
targets.

In contrast to the pluripotency factors, the expression
of genes involved in chromatin remodeling show weak
negative correlation with the accessibility of their bind-
ing sites (Fig. 4e). The chromatin accessibility of these
factors’ targets shows an increasing trend over master
time, but the expression of the chromatin remodeling
factors does not vary significantly over master time. The
inferred corresponding values for Yyl are shown as an
example in Fig. 4g. Thus, changes in the chromatin
accessibility of the targets of these chromatin remodeling
complexes occurs without accompanying changes in the
gene expression levels of the remodelers, indicating that
regulation is occurring primarily at the chromatin level
in this case. The one exception is the Rest gene, whose
expression decreases over master time and shows
strong negative correlation with the accessibility of its
binding sites.

To understand the advantages of using MATCHER in
this way to analyze a combination of omics data from
single cells, it is instructive to imagine a comparable
bulk experiment and what insights it might yield. One
could perform bulk RNA-seq, ATAC-seq, and ChIP-seq
on separate populations of ESCs. However, the cellular
differences that we have observed here occur among
stem cells grown in a common culture environment. A
comparable bulk analysis would require some sort of
purification (FACS, MACS, etc.) to isolate populations
of naive and primed cells grown in serum. Even if such
populations were purified, they would likely still contain
a mixture of cells at various points on the spectrum
from ground state to primed pluripotency. Furthermore,
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such an experiment would allow only “early” and “late”
comparisons, rather than examination of the continuous
trends that MATCHER provides. Consequently, one could
identify genes with higher population expression in
ground state versus primed cells and regions of chromatin
that are generally more accessible in ground state versus
primed cells, but not any of the intermediate changes in
expression or chromatin that occur during the transition
from ground state to primed pluripotency. The point of
this discussion is not to disparage bulk sequencing experi-
ments, which are extremely useful, but rather to argue
that there is also a place for the sort of integrative single
cell multi-omic analysis that we performed here. We be-
lieve that, just as trajectory analysis of single cell RNA-seq
data has proven useful for studying many important bio-
logical processes, MATCHER will reveal novel biology
when applied to future single cell transcriptomic and
epigenomic data.
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Relationship between DNA methylation and gene
expression during transition from ground state to primed
pluripotency

We next used MATCHER to investigate the interplay be-
tween gene expression and DNA methylation in mESCs.
We first examined the relationship between master time
inferred from gene expression and master time inferred
for the same cells using DNA methylation (Fig. 5a). (Note
that here we are using the known correspondences
available from scM&T-seq to compare master time
values inferred separately from DNA methylation and
gene expression for identical cells.) This analysis
showed an intriguing relationship: DNA methylation
and gene expression master time track together quite
well until a specific point in gene expression master
time, around master time =0.3. After that point, the
degree of coupling suddenly decreases. This result is
consistent with the results of the initial analysis of
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Fig. 5 Relationship between gene expression and DNA methylation in transition from ground state to primed pluripotency. a Scatterplot showing
the relationship between master time inferred from gene expression and master time inferred from DNA methylation. Points are colored by the
log10 expression of Rex1. The dotted line is the y = x line. Note that the gene expression and DNA methylation master time values are more correlated
before master time = 0.3 than after. b, ¢ Density plots showing the distribution of pseudotime inferred from b gene expression and ¢ DNA
methylation. The vertical dotted line indicates the 30th percentile of pseudotime (master time = 0.3). d Violin plot showing the distribution of
Rex1 expression in cells before master time = 0.3 (“early”) and after master time = 0.3 (“late”). e Expression of Dnmt3b as a function of gene
expression master time. The red line is a LOESS smoothing function indicating the overall expression trend. The black vertical line indicates
master time = 0.3. f Expression of Tet] as a function of gene expression master time. The red line is a LOESS smoothing function indicating the
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the scM&T-seq data, which found variability in the
strength of coupling between gene expression and
DNA methylation across the set of cells [14].

To assess the significance of the apparent partial
decoupling between DNA methylation and gene expres-
sion, we computed separate Pearson correlation values
for cells with gene expression master time less than 0.3
and greater than 0.3. Then we performed Fisher’s r-to-z
transformation on the correlations and computed a p
value for the null hypothesis that the correlation before
master time = 0.3 is less than or equal to the correlation
after master time = 0.3 (one-tailed test). The p value was
0.037, indicating a significant difference at p = 0.05. We
also performed a permutation test, in which we sampled
(without repetition) a random division of the cells into
two groups consisting of approximately 30% and 70% of
cells, calculated the Spearman correlation between the
gene expression and DNA methylation master time
values in the two groups separately, and subtracted the
two correlation values. Repeating this sampling proced-
ure 100,000 times gave an empirical p value of 0.0025
for the null hypothesis that the correlation before master
time = 0.3 is less than or equal to the correlation after
master time = 0.3. We also confirmed that both analyses
are robust to the choice of division point in master time:
the difference in correlations is also significant (p < 0.05)
if master time = 0.5 is used as the dividing line.

We hypothesized that the observed relationship may
occur because specific de novo DNA methylation changes
are required to trigger a key step in the process of gene ex-
pression changes during the transition from ground state
pluripotency to a primed state, but after this point in the
process, the sequential gene expression changes proceed
somewhat independently from the DNA methylation
changes. A previous single cell study of mESCs grown in
serum showed the existence of two metastable expression
states, corresponding to ground state and primed pluripo-
tency [42]. The RexI gene was previously shown to be a
marker for these metastable expression states, with high
Rex1 expression in the ground state and low RexI expres-
sion in the primed state [42]. Singer et al. also found that
the transition between these two states is dependent on
the activity of DNA methyltransferase (DNMT) enzymes,
and knocking out DNMT activity greatly increases the
proportion of cells in the RexI-high state [42].

In support of this hypothesis, the cells in which DNA
methylation and gene expression correlate strongly show
high levels of Rex! expression, while the remaining cells
show much lower expression (Fig. 5a and d). We also
found that the distributions of pseudotime values for
both gene expression and DNA methylation are highly
non-uniform and roughly bimodal (Fig. 5b and c). This
pattern is consistent with the existence of two metasta-
ble states, suggesting that cells tend to accumulate
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toward the beginning and end of pseudotime and transi-
tion fairly rapidly in between. In further support of this
model, the two modes of the distribution account for ap-
proximately 30% and 70% of cells, respectively (Fig. 5b
and c); these proportions correspond to the divergence
point (master time = 0.3) noted in Fig. 5a.

To further investigate the potential role of de novo
methylation in the transition from the ground state to
the primed state, we examined the expression trends of
Dnmt3b, a gene encoding a DNMT, and Tetl, a gene im-
plicated in demethylation (Fig. 5e and f). Singer et al.
previously found the expression of these two genes to be
strongly negatively and positively correlated with Rex1I
expression, respectively [42]. Intriguingly, we find that
Dnmt3b shows a transient pulse of expression, with
initially increasing expression that peaks, then steadily
decreases (Fig. 5e). The peak of Dnmt3b expression oc-
curs precisely at master time = 0.3, which fits well with
the data in Fig. 5a—d and is also consistent with a model
in which de novo methylation activity increases to help
cells escape the RexI-high state. TetI expression is high-
est at the beginning of master time and steadily
decreases (Fig. 5f). These two observations together sug-
gest that Tetl actively maintains low methylation levels
in the RexI-high state but is gradually downregulated
while a pulse of Dnmt3b expression occurs, leading to
the accumulation of methylation and transition to the
RexI-low state. These results also suggest that de novo
methylation is required primarily to transition away from
the RexI-high state, and both de novo methylation activity
and demethylation gradually subside after this transition,
stabilizing the DNA methylation profiles of the cells.

It is worth noting that the partial decoupling we have
just described is not the same as complete decoupling.
The master time values that MATCHER inferred separ-
ately from DNA methylation and gene expression are
highly correlated (p =0.63), and our results shows that
the method accurately predicts the ground truth correla-
tions between DNA methylation and gene expression in
single cells (mean absolute deviation of 0.16). We have
chosen to use the term “partial decoupling” to indicate
that DNA methylation and gene expression are some-
what, but not completely, predictive of each other.
MATCHER does not require that the measurements be
completely coupled and our analysis here shows that the
method still performs well even in the presence of partial
decoupling. It is perhaps not surprising that DNA methy-
lation and gene expression do not perfectly predict each
other, because gene expression is regulated by many fac-
tors in addition to DNA methylation. Our discovery of
this partial decoupling does highlight the fact that simul-
taneous experimental measurements, such as scM&T-seq,
provide additional information that MATCHER cannot
infer. Nevertheless, MATCHER provides a useful tool for
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analyzing single cell transcriptomic and epigenomic data,
whether or not experimentally determined cell correspon-
dences are available.

Analysis of gene expression and DNA methylation
changes during human iPSC reprogramming

We used MATCHER to analyze data from sc-GEM, a
protocol (distinct from scM&T-seq) that allows simultan-
eous measurement of pre-selected DNA methylation and
gene expression markers in single cells using polymerase
chain reaction (PCR) [39]. Cheow et al. performed sc-GEM
on human fibroblasts undergoing iPS cell reprogramming.
Unlike the mESC data that we analyzed above, the Cheow
dataset contains multiple time points, from 0 to 24 days
after the start of the reprogramming process. We down-
loaded the processed, normalized PCR data from the
Cheow paper, and did not perform additional processing.

When we used MATCHER to analyze the Cheow data,
we found that, as with the mESCs, the distribution of
pseudotime inferred from both DNA methylation and
gene expression was bimodal rather than uniform (Fig. 6a
and b). This pattern suggests that only unprogrammed
fibroblast cells and successfully reprogrammed iPSCs are
stable; cells transitioning between states are relatively
unstable and thus transition relatively rapidly. Unlike in
the case of ESCs, DNA methylation and gene expres-
sion master time values appear to be strongly corre-
lated throughout the entire iPS reprogramming process
(Pearson p = 0.89; see Fig. 6¢).

Because sc-GEM provides measurements where the true
correspondence between cells and correlation between
DNA methylation and gene expression are known, this
dataset provides an additional opportunity to assess the
accuracy of MATCHER. To do this, we computed the true
Spearman correlation between all pairs of genes and pro-
moters assayed in the sc-GEM experiment. Then, we
compared these true values to the values inferred by
MATCHER. As with the scM&T-seq dataset described
above, MATCHER’s inferred correlations closely matched
the true values (Fig. 6d and e), with a mean absolute
deviation of 0.17.

The experimental design of the Cheow dataset, which
contains multiple time points, allows us to utilize both
temporal and pseudotemporal information. We therefore
investigated whether we could use the time point infor-
mation to learn anything about the relative ordering of
DNA methylation and gene expression changes. Our
analysis suggests that DNA methylation changes lag
behind gene expression changes. As Fig. 6f shows, the
day 0 (BJ) fibroblasts and day 8 fibroblasts span nearly
identical portions of master time inferred from DNA
methylation and signs of reprogramming are apparent
only at day 16 or beyond. In contrast, gene expression
master time shows a continual, steady progression, with
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only a handful of cells overlapping the master time range
of the previous time point (Fig. 6g). Thus, enough gene
expression changes occur within eight days of the repro-
gramming process to distinguish untreated cells and day
8 cells, but it takes longer than eight days for distin-
guishing DNA methylation changes to occur. In other
words, the gene expression changes occur temporally
prior to the DNA methylation changes. Consistent with
this result, the relative height of the iPSC mode in Fig. 6b
is less than the relative height of the iPSC mode in
Fig. 6a, indicating that fewer cells have moved beyond
the DNA methylation profile of the starting fibroblast
state than have moved beyond the starting gene expres-
sion state. We note that sc-GEM experiment measured
only a pre-selected subset of genes and promoters, so we
cannot rule out the possibility that the DNA methylation
status of other genomic loci could distinguish the
untreated and day 8 fibroblasts. Nevertheless, our find-
ings are consistent with a previous report that the vast
majority of the DNA methylation changes in iPS repro-
gramming occur after day 9 [52].

One of the motivations for developing MATCHER was
to enable integration of single cell datasets in which cells
do not exactly correspond. Therefore, we performed
additional analysis to demonstrate that, even though
sc-GEM provides measurements from exactly corre-
sponding cells, MATCHER does not require this informa-
tion. To simulate datasets in which DNA methylation and
gene expression were measured separately on distinct cells
of the same type, we repeatedly sampled a random 75% or
50% of sc-GEM gene expression profiles and a random
75% or 50% of sc-GEM DNA methylation profiles. This
analysis showed that we could reproduce the results in
Fig. 6 using a dataset without exactly corresponding cells
(Additional file 1: Figure S6).

Finally, we note that the lagging behavior observed here
does not violate the assumptions of MATCHER; in fact,
this is an example of just the sort of “time warping” behav-
ior that is shown in the hypothetical example of Fig. la.
Comparing the master time ranges for corresponding time
points in Fig. 6f and g shows that the warping functions
inferred by MATCHER are largely able to correct for this
effect. For example, days 0—8 span the same master time
range for both DNA methylation and gene expression. If
MATCHER did not correct for time warping, day 8 DNA
methylation measurements would be matched only with
day O gene expression cells; day 16 DNA methylation cells
would be matched only with day 8 gene expression mea-
surements; and so on.

Incorporating known cell correspondence information to
infer shared master time

So far, we have used MATCHER to infer separate master
time values for each type of transcriptomic or epigenomic
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measurement. Our results demonstrate that such an
approach can reveal important insights, whether the
true cell correspondences are known or unknown.
However, in cases where multiple measurements are
performed simultaneously on the same cells, as with
scM&T-seq and sc-GEM, it could also be informative
to infer a shared cell ordering that indicates each cell’s
overall progress in terms of both transcriptomic and
epigenomic changes. We now demonstrate how to infer
“shared master time” using MATCHER and give an
example of how such analysis can be useful.

To infer shared master time, MATCHER uses a shared
GPLVM [40] to infer pseudotime in place of a separate
GPLVM for each data type. The shared GPLVM assumes
that each type of measurement is generated, through dif-
ferent mappings, from a common (“shared”) latent space
[40]. After inferring pseudotime using a shared GPLVM,
MATCHER uses Gaussian process regression to learn a
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warping function and infer master time values that are
uniformly distributed between 0 and 1, in the same way
as when pseudotime values are inferred separately for
each data type.

We first used MATCHER to infer a shared master
time value using both DNA methylation and gene ex-
pression data for each cell assayed with scM&T-seq
(Fig. 7a and b). The resulting shared master time values
reconcile the sequence of changes occurring in both
genomic quantities. The Pearson correlation between
DNA methylation master time and RNA master time is
0.63. In contrast, the correlation between DNA methyla-
tion master time and shared master time is 0.93 (Fig. 7a);
the correlation between RNA master time and shared
master time is 0.84 (Fig. 7b).

We also inferred shared master time for cells assayed
with sc-GEM (Fig. 7c—e). As an example of how this
shared master time can be used, we identified “lagging

a_ b c_
S T . S %, =5 A
KN % e, s
L IPY o e | 4
S ® . L. ® - o d ® 4
E£° 0. ® e g° . ’ © o
S 4 ° . [}
B . « . e £
T e e b g © * o T
s ST o o % £ 37 % *, 5o x
é °® //. * o @ e . ° r;u X
‘E <4 ks < . ./', ° ° o S 3 x X
E3s o o 3 ] o X
E © ® e g 5
@ E o o & o %
£ C o o o . o~ 3
» O Lo L. ° d x
g 2 %o, 0 &
= .
g o_| o .’... = s.
o 5 o
J ) J J ) T ° o T J T J J BJ ds d16T+ 24T+ iPs
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 X )
Shared Master Time Shared Master Time Time Point
d e
Sdve oge S8 [ %)
*d8 ed8
diers L d16T+ 'x.
24T+ o d24T+ ¥
«iPS & .iPS .
0
° S ;‘ g- Qo
£ “E’ o
; =
£ © T
173 4 X 3 0
g o 78
= K g o X
s X = .
@ - ] $
5 <] : s x g, & . 4
g ° .‘ i )
& A 1] . °
] o d = o %, >€< X
c o2 < & . X
[ = o % X
O o ) [=) oo,
S . g 4 oo M
L)
. ¢ X
(]
o :‘ ‘o
' X
(=}
ISk ..o g 4 e o
T T T T T T T T T T
BJ d8 d16T+ d24T+ iPS BJ ds d16T+ d24T+ iPS
Time Point Time Point

Fig. 7 Incorporating known cell correspondence information to compute shared master time. a Scatterplot of shared master time inferred from
both gene expression and DNA methylation (x-axis) and master time inferred using DNA methylation only (y-axis). b Scatterplot of shared master
time inferred from both gene expression and DNA methylation (x-axis) and master time inferred using gene expression only (y-axis). ¢ Plot showing
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cells” whose shared master time values overlap with the
shared master time values of cells from an earlier time
point (Fig. 7c). These cells lag behind other cells from
the same time point in terms of both their gene expres-
sion and DNA methylation reprogramming progress.
Using either gene expression (Fig. 7d) or DNA methyla-
tion (Fig. 7e) alone to identify lagging cells gives conflict-
ing sets of cells; some cells whose gene expression lags
show timely methylation changes and vice versa. Thus, it
is not clear which of these cells should be considered
lagging in the overall process of reprogramming both
DNA methylation and gene expression. Shared master
time provides a principled way to reconcile the two
perspectives obtained from gene expression and DNA
methylation measurements and determine the overall
reprogramming progress of each cell.

Conclusion

In this study, we used MATCHER to characterize the
corresponding transcriptomic and epigenetic changes in
ESCs undergoing the transition from pluripotency to a
differentiation primed state and iPSCs undergoing repro-
gramming. Interesting future directions of research
include extending the model to align manifolds with
dimensionality higher than one, as well as adapting the
method for cell populations whose cells fall into discrete
clusters rather than along one continuous spectrum. In
addition, our model does not explicitly account for
branching trajectories, which can arise in biological pro-
cesses with multiple outcomes [3, 9]. A simple way to han-
dle such situations would be to assign cells to branches
before running MATCHER, and then perform manifold
alignment on each branch separately.

Although the Hi-C protocol for measuring chromatin
conformation has been adapted to single cells [10], we
did not include single cell Hi-C data in this study for
two reasons. First, to the best of our knowledge, there
are no published single cell Hi-C datasets from the cell
types that we investigated. In addition, Hi-C data are a
set of pairwise interactions (a matrix for each cell rather
than a vector), and it is not clear how to construct a tra-
jectory from this type of data. Further work is necessary
to investigate whether chromatin conformation shows
sequential changes during biological processes, as well
as the best ways infer such sequential changes and
integrate them with other types of data.

One promising application of the method is aggregating
single cell measurements into biologically meaningful
groups. Cells can be grouped by their inferred master time
values, and measurements within these groups can be ag-
gregated. In experiments with thousands of cells, this will
likely enable correlation between individual loci and re-
lated genes, which is currently impossible because of the
extreme sparsity of the epigenetic data. Computational
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aggregation of measurements from many similar sin-
gle cells may be the most immediate way to address
the sparsity of single cell epigenetic measurements, al-
though experimental protocols will likely improve
over the long term.

MATCHER gives insight into the sequential changes
of genomic information, allowing the use of both single
cell gene expression and epigenetic data in the construc-
tion of cell trajectories. In addition, it reveals the con-
nections among these changes, enabling investigation of
gene regulatory mechanisms at single cell resolution.
MATCHER promises to be useful for studying a variety
of biological processes, such as differentiation, repro-
gramming, immune cell activation, and tumorigenesis.

Methods

RNA-seq data processing

We obtained the processed RNA-seq data for 250 cells
from Kolodziejczyk et al. [41]. In the original paper, gene
quantification was performed using read counts that
were normalized for sequencing depth and batch effects
[41]. We log transformed these normalized counts and
used our previously published neighborhood variance
method to select an informative subset of genes to feed
into MATCHER.

To identify populations of RNA molecules with a clear
relationship to the aggregated genomic regions used to
compute chromatin accessibility and histone modifica-
tion measurements (see below), we computed analogous
aggregated gene expression measurements. We did this
by identifying genes whose promoters overlap binding
sites for each of six proteins (EZH2, RING1B, TCF3,
OCT4, SOX2, and NANOG). We then filtered the gene
lists so that a given gene appears on only one of the six
lists. Then we scaled and centered each gene to have
zero mean and unit variance and computed the sum of
the genes on each list per cell, as well as the total sum of
expressed genes in each cell. The final values used to
compute correlations shown in Fig. 4c and d are the
centered and scaled differences of the sum for each list
of genes and the total sum of gene expression per cell;
we refer to these values as gene expression signatures.

ATAC-seq data processing

The processed single cell ATAC-seq data are not pub-
licly available, so we implemented the data processing
pipeline described by Buenrostro et al. [13] For each cell,
we aligned reads to mm10 using bowtie2, removed PCR
duplicates, and counted the number of reads aligning to
each of the 50,000 peaks identified in the initial paper
[13]. We converted these integer read counts, which are
predominantly 1 or O at a given peak, into binary values
(1 for accessible chromatin, O for inaccessible) to avoid
potential confounding factors that could cause high
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counts such as copy number variations and repeat ele-
ments. Then we used FIMO [53] to identify, for each
peak, which of the 186 transcription factor motifs in the
JASPAR database [54] occurs in the peak region. Using
this peak-to-TF mapping, we aggregated the peak counts
for each cell by summing the peaks for each transcrip-
tion factor motif. This gave a matrix with 186 features
across 96 cells. We subsequently removed all cells with
fewer than 1000 peaks detected per cell, leaving 77 cells.
Dimensionality reduction using PCA and a GPLVM on
the 77 cells indicated that one cell was a significant out-
lier, so we removed this additional cell. The remaining
76 cells were used for all subsequent analyses. We then
normalized the 186 x 76 matrix to account for differ-
ences among cells in numbers of peaks detected. We
normalized the value of f; (feature i in cell j) by multiply-
ing by the following scale factor: s; = (3_t;/n) /(1000-¢;),
where ¢ is the total number of accessible peaks in cell ;.
(The 1000 in the denominator of the scale factor scales
the measurements so that the f;; are close to 1.)

ChIP-seq data processing

We obtained the processed data from Rotem et al. [12],
which consists of H3K4me2 ChIP-seq reads from 4587
cells, aggregated using 91 chromatin signatures. We
found that these data required further normalization for
the total sum of signature values per cell. We normal-
ized the value of f; (signature i in cell j) by multiplying
by the following scale factor: s;; = 10-(3_;¢;/n) /tj, where
t; is the total sum of signatures in cell j. (The 10 in the
numerator of the scale factor scales the measurements
so that the f;; are close to 1).

scM&T-seq data processing

RNA-seq and DNA methylation data from Angermueller
et al. [14] are publicly available in fully processed form,
so we did not perform any further processing. In the ori-
ginal paper, the gene expression levels were computed
by counting unique molecular identifiers (UMIs) and
subsequently normalized. The DNA methylation values
from Angermueller were also normalized in the original
paper [14].

We initially tried using the methylation values from all
positions in the genome, but PCA and GPLVM results on
the full dataset showed no systematic variation related to
pluripotency and differentiation. This is likely because
only a subset of methylation sites shows systematic bio-
logical variation in excess of technical variation during the
transition from pluripotency to differentiation priming.
We therefore selected methylation sites based on a previ-
ously validated marker, Mael, whose methylation is known
to change during the transition to a differentiation primed
state [42]. We selected all methylation sites whose
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correlation with the promoter methylation of Mael was at
least 0.2. This gave a set of approximately 13,000 methyla-
tion sites. There were essentially no methylation sites
anticorrelated with Mael, consistent with the fact that
pluripotent cells are globally demethylated, so that
methylation changes in preparation for differentiation
occur primarily in a single direction. We also found
that using only data from low methylation regions
(LMRs), which are known to change methylation state
dramatically during differentiation, gives similar results
[55].

Inferring pseudotime

We infer pseudotime using a Gaussian process latent
variable model (GPLVM) with a single latent variable &.
For a more thorough introduction to Gaussian processes
and GPLVMs, see Rasmussen [56] or Damianou [35].
Under our model, the observed high-dimensional data
(RNA-seq, ATAC-seq, ChIP-seq, DNA methylation, etc.)
are generated from £ by a function f with the addition of
Gaussian noise:

Y=f(t)+ ¢

where e~ (0, 6%I).
The key property of a GPLVM is that the prior distri-
bution of fis a Gaussian process:

f(t) ~ QP(O,k(t, t'))

A linear kernel yields a model equivalent to probabilistic
PCA, but if we choose the kernel function k to be non-
linear, the GPLVM can infer non-linear relationships be-
tween ¢t and Y. We use the popular radial basis function
(RBF) kernel, also called the squared exponential kernel.

1
k(tit) = oy exp(—? (ti—t,)z)

Because a Gaussian process is a collection of random
variables for which the covariance of any finite set is a
multivariate Gaussian, we have:

P(Ylt,0% 0%y.1) = N(YI0,Ky + 1)

where Ky is the covariance matrix defined by the kernel
function k. A simple approach to inferring the latent
variable £ would be to find the values that maximize the
posterior distribution:

tmap = arg mtaxP(Y|t)P(t)

Instead of MAP estimation, we use the method of
Damianou [35], which estimates the posterior using a
variational approximation. A key advantage of this
approach is that it provides a distributional estimate of
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the latent variables rather than just a point estimate. The
approximation relies on the introduction of auxiliary
variables called inducing inputs to derive an analytical
lower bound on the marginal likelihood. Inference is
then performed by maximizing the lower bound with
respect to the inducing inputs and the hyperparameters
o, ofbﬁ and /. We used ten inducing inputs for all of our
analyses, although we confirmed that the results are ro-
bust to the number of inducing inputs used. We used
the Bayesian GPLVM model implemented in the GPy
package, with the default initialization setting, which
uses PCA to determine the initial values for the latent
space before optimization.

To infer shared master time from simultaneous mea-
surements (such as scM&T-seq or sc-GEM), we first use
a shared GPLVM [40] to infer pseudotime, then proceed
to infer a warping function in the same way as for pseu-
dotime values inferred from a regular GPLVM (see next
section for details). The shared GPLVM model extends
the regular GPLVM by assuming that multiple types of
high-dimensional data (such as gene expression and
DNA methylation measurements) Y, ¥® are generated
from a shared latent space through different mapping
functions:

YW = f1t) + «
y® = fa(t) + &

As with the regular GPLVM, we used an RBF kernel k
to calculate covariance among points in the latent space;
however, for the shared GPLVM, each data type has a
separate set of hyperparameters o, ofbf, and /. The
shared GPLVM model is a special case of a more general
technique called manifold relevance determination, in
which latent dimensions can be weighted differently in
the covariance function for each data type [31]. The
manifold relevance determination model uses an auto-
matic relevance determination (ARD) kernel with a sep-
arate weight for each latent dimension. For example, for
the RBF automatic relevance determination kernel is:

1
k(tit) = gy exp _Ezwk(tik‘t/k)z
k

Using a separate set of weights w'") and w® for each
data type allows the model to assign the latent dimen-
sions weights that differ between data types. We use the
manifold relevance determination model implemented
in GPy but constrain the model to use an ordinary RBF
kernel rather than an ARD kernel. This model is thus
equivalent to a shared GPLVM. The GPy implementation
of manifold relevance determination uses a variational
approximation to estimate the posterior, optimizing
the evidence lower bound with respect to separate
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hyperparameters o7, afb/, and [ for each data type. We
use the default initialization provided in GPy, which
initializes the value of the latent space by performing
PCA on the concatenated datasets.

Learning warping functions

To learn warping functions from pseudotime to master
time, we compute the sample quantiles of pseudotime
for a specified number of quantiles, then align these
sample quantiles with the theoretical quantiles of a uni-
form (0, 1) random variable. More precisely, we treat the
sample quantiles of pseudotime as the independent
values of an unobserved function and the theoretical
quantiles of a uniform (0, 1) random variable as the
dependent values of the function. Then we use either
Gaussian process regression or linear interpolation to
approximate the warping function that maps a pseudo-
time value to a master time value. We used 50 quantiles
for all analyses in the manuscript, but found that the
warping functions are robust to the number of quantiles
used. Gaussian process regression is an attractive choice
for learning a warping function due to the capability to
capture non-linear effects and uncertainty, but Gaussian
processes are not theoretically guaranteed to be mono-
tonic. In practice, we found that the mean of the Gaussian
process fit is monotonic in most cases, because the train-
ing data are monotonically increasing quantiles. For cases
when the mean of the Gaussian process is not monotonic
(as is the case for the single cell ChIP-seq data), we use
linear interpolation. The monotonicity of the quantiles
guarantees that the linear interpolation will be monotonic.
The warping functions inferred for datasets in this study
are shown in Additional file 1: Figure S7.

Additional file

Additional file 1: Supplementary figures and legends. In this file, each
legend links to the corresponding figure. (PDF 1350 kb)

Funding

Funding was provided by National Institutes of Health (NIH) (HG06272) to
JFP and NIH BD2K Fellowship (T32 CA201159) and NIH F31 Fellowship
(HG008912) to JDW. AJH gratefully acknowledges partial support from NIH
grants U0T HG007900-01 and ROT GM118551-01.

Availability of data and materials

A Python implementation of MATCHER is available at https://github.com/
jw156605/MATCHER under the MIT License. MATCHER is also available on
the Python Package Index (PyPl) and can thus be installed using pip. The
code has been assigned a DOI through Zenodo: https://doi.org/10.5281/
zenodo.810176. Installation instructions, detailed documentation, and a
Jupyter notebook demonstrating how to use the package are available on
the GitHub page. All data used in the paper are previously published and
freely available.

Authors’ contributions

JDW, JFP, and AJH developed the MATCHER algorithm. JDW implemented
the code and performed all analyses. JDW and JFP wrote the manuscript. All
authors have read and approved the paper.


dx.doi.org/10.1186/s13059-017-1269-0
https://github.com/jw156605/MATCHER
https://github.com/jw156605/MATCHER
https://doi.org/10.5281/zenodo.810176
https://doi.org/10.5281/zenodo.810176

Welch et al. Genome Biology (2017) 18:138

Ethics approval and consent to participate
Not applicable in this study.

Competing interests
The authors declare that they have no competing interests.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Department of Computer Science, The University of North Carolina at
Chapel Hill, Chapel Hill, NC, USA. *Curriculum in Bioinformatics and
Computational Biology, The University of North Carolina at Chapel Hill,
Chapel Hill, NC, USA. *Department of Computer Science, Duke University,
Durham, NC, USA.

Received: 17 March 2017 Accepted: 5 July 2017
Published online: 24 July 2017

References

1.

Sandberg R. Entering the era of single-cell transcriptomics in biology and
medicine. Nat Methods. 2013:11:22-4.

Shapiro E, Biezuner T, Linnarsson S. Single-cell sequencing-based
technologies will revolutionize whole-organism science. Nat Rev Genet.
2013;14:618-30.

Trapnell C, Cacchiarelli D, Grimsby J, Pokharel P, Li S, Morse M, et al. The
dynamics and regulators of cell fate decisions are revealed by
pseudotemporal ordering of single cells. Nat Biotechnol. 2014;32:381-6.
Llorens-Bobadilla E, Zhao S, Baser A, Saiz-Castro G, Zwadlo K, Martin-Villalba A.
Single-cell transcriptomics reveals a population of dormant neural stem cells
that become activated upon brain injury. Cell Stem Cell. 2015;17:329-40.
Macaulay IC, Svensson V, Labalette C, Ferreira L, Hamey F, Voet T, et al.
Single-cell RNA-sequencing reveals a continuous spectrum of differentiation
in hematopoietic cells. Cell Rep. 2016;14:966-77.

Hanchate NK, Kondoh K, Lu Z, Kuang D, Ye X, Qiu X, et al. Single-cell
transcriptomics reveals receptor transformations during olfactory
neurogenesis. Science. 2015;350:1251-5.

Treutlein B, Brownfield DG, Wu AR, Neff NF, Mantalas GL, Espinoza FH, et al.
Reconstructing lineage hierarchies of the distal lung epithelium using
single-cell RNA-seq. Nature. 2014;509:371-5.

Kolodziejczyk AA, Kim JK, Svensson V, Marioni JC, Teichmann SA. The
technology and biology of single-cell RNA sequencing. Mol Cell. 2015;
58:610-20.

Welch JD, Hartemink AJ, Prins JF. SLICER: inferring branched, nonlinear
cellular trajectories from single cell RNA-seq data. Genome Biol. 2016;17:106.
Nagano T, Lubling Y, Stevens TJ, Schoenfelder S, Yaffe E, Dean W, et al.
Single-cell Hi-C reveals cell-to-cell variability in chromosome structure.
Nature. 2013;502:59-64.

Smallwood SA, Lee HJ, Angermueller C, Krueger F, Saadeh H, Peat J, et al.
Single-cell genome-wide bisulfite sequencing for assessing epigenetic
heterogeneity. Nat Methods. 2014;11:817-20.

Rotem A, Ram O, Shoresh N, Sperling RA, Goren A, Weitz DA, et al. Single-
cell ChiP-seq reveals cell subpopulations defined by chromatin state. Nat
Biotechnol. 2015,33:1165-72.

Buenrostro JD, Wu B, Litzenburger UM, Ruff D, Gonzales ML, Snyder MP, et
al. Single-cell chromatin accessibility reveals principles of regulatory
variation. Nature. 2015;523:486-90.

Angermueller C, Clark SJ, Lee HJ, Macaulay IC, Teng MJ, Hu TX, et al. Parallel
single-cell sequencing links transcriptional and epigenetic heterogeneity.
Nat Methods. 2016;13:229-32.

Jin W, Tang Q, Wan M, Cui K, Zhang Y, Ren G, et al. Genome-wide detection
of DNase | hypersensitive sites in single cells and FFPE tissue samples.
Nature. 2015;528:142-6.

Zhu C, Gao Y, Guo H, Xia B, Song J, Wu X, et al. Single-cell 5-formylcytosine
landscapes of mammalian early embryos and ESCs at single-base resolution.
Cell Stem Cell. 2017;338:1622-6.

Mooijman D, Dey SS, Boisset J-C, Crosetto N, van Oudenaarden A. Single-
cell 5ShmC sequencing reveals chromosome-wide cell-to-cell variability and
enables lineage reconstruction. Nat Biotechnol. 2016;34:852-6.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

32.

33

34.

35.

36.

37.

38.

39.

40.

42.

43.

Page 18 of 19

Farlik M, Sheffield NC, Nuzzo A, Datlinger P, Schénegger A, Klughammer J,
et al. Single-cell DNA methylome sequencing and bioinformatic inference
of epigenomic cell-state dynamics. Cell Rep. 2015;10:1386-97.

Corces MR, Buenrostro JD, Wu B, Greenside PG, Chan SM, Koenig JL, et al.
Lineage-specific and single-cell chromatin accessibility charts human
hematopoiesis and leukemia evolution. Nat Genet. 2016;48:1193-203.

Bock C, Farlik M, Sheffield NC. Multi-omics of single cells: strategies and
applications. Trends Biotechnol. 2016;34:605-8.

Macaulay IC, Ponting CP, Voet T. Single-cell multiomics: multiple
measurements from single cells. Trends Genet. 2017,33:155-68.

Dey SS, Kester L, Spanjaard B, Bienko M, van Oudenaarden A. Integrated
genome and transcriptome sequencing of the same cell. Nat Biotechnol.
2015;33:285-9.

Macaulay IC, Haerty W, Kumar P, Li YI, Hu TX, Teng MJ, et al. G&T-seq;:
parallel sequencing of single-cell genomes and transcriptomes. Nat
Methods. 2015;12:519-22.

Hou Y, Guo H, Cao C, Li X, Hu B, Zhu P, et al. Single-cell triple omics
sequencing reveals genetic, epigenetic, and transcriptomic heterogeneity in
hepatocellular carcinomas. Cell Res. 2016;26:304-19.

Darmanis S, Gallant CJ, Marinescu VD, Niklasson M, Segerman A, Flamourakis
G, et al. Simultaneous multiplexed measurement of RNA and proteins in
single cells. Cell Rep. 2016;14:380-9.

Genshaft AS, Li S, Gallant CJ, Darmanis S, Prakadan SM, Ziegler CGK, et al.
Multiplexed, targeted profiling of single-cell proteomes and transcriptomes
in a single reaction. Genome Biol. 2016;17:188.

Ham J, Lee DD, Saul LK. Semisupervised alignment of manifolds. Proc 10th
Intnl Conf on Artificial Intelligence and Statistics. SAIS. 2005;120-27.

Wang C, Mahadevan S. A general framework for manifold alignment. Palo
Alto, CA: AAAI; 2009.

Ham JH, Lee DD, Saul LK. Learning high dimensional correspondences from
low dimensional manifolds. Proc 20th Intnl Conf on Machine Learning.
AAAI. 2003.

Wang C, Mahadevan S. Manifold alignment without correspondence. Proc
21st Intnl Joint Conf on Artificial Intelligence. AAAI. 2009;1273-78.
Damianou A, Ek C, Titsias M, Lawrence N. Manifold relevance determination.
Proc 29th Intnl Conf on Machine Learning. ACM. 2012;531-538.
Eleftheriadis S, Rudovic O, Pantic M. Discriminative shared gaussian
processes for multiview and view-invariant facial expression recognition.
IEEE Trans Image Process. 2015,24:189-204.

Lawrence ND. Gaussian process latent variable models for visualisation of
high dimensional data. Adv Neural Inf Process Syst. 2004;16:329-36.

Titsias MK, Lawrence ND. Bayesian Gaussian process latent variable model. Proc
13th Intnl Conf on Artifical Intelligence and Statistics. SAIS. 2010,844-51.
Damianou AC, Titsias MK, Lawrence ND. Variational inference for latent variables
and uncertain inputs in Gaussian processes. J Mach Learn Res. 2016;17:1-62.
Buettner F, Natarajan KN, Casale FP, Proserpio V, Scialdone A, Theis FJ, et al.
Computational analysis of cell-to-cell heterogeneity in single-cell RNA-
sequencing data reveals hidden subpopulations of cells. Nat Biotechnol.
2015;33:155-60.

Reid JE, Wernisch L. Pseudotime estimation: deconfounding single cell time
series. Bioinformatics. 2016;32(19):2973-80.

Campbell KR, Yau C. Order under uncertainty: robust differential expression
analysis using probabilistic models for pseudotime inference. PLOS Comput
Biol. 2016;12:¢1005212.

Cheow LF, Courtois ET, Tan Y, Viswanathan R, Xing Q, Tan RZ, et al.
Single-cell multimodal profiling reveals cellular epigenetic heterogeneity.
Nat Methods. 2016;13:8333-6.

Ek CH. Shared Gaussian process latent variables models. Oxford: Oxford
Brookes University; 2009.

Kolodziejczyk A, Kim JK, Tsang J, llicic T, Henriksson J, Natarajan K; et al.
Single cell RNA-sequencing of pluripotent states unlocks modular
transcriptional variation. Cell Stem Cell. 2015;17:471-85.

Singer ZS, Yong J, Tischler J, Hackett JA, Altinok A, Surani MA, et al. Dynamic
heterogeneity and DNA methylation in embryonic stem cells. Mol Cell.
2014;55:319-31.

Jorgensen HF, Terry A, Beretta C, Pereira CF, Leleu M, Chen Z-F, et al. REST
selectively represses a subset of RE1-containing neuronal genes in mouse
embryonic stem cells. Development. 2009;136:715-21.

Dietrich N, Lerdrup M, Landt E, Agrawal-Singh S, Bak M, Tommerup N, et al.
REST-mediated recruitment of polycomb repressor complexes in
mammalian cells. PLoS Genet. 2012,8:¢1002494.



Welch et al. Genome Biology (2017) 18:138 Page 19 of 19

45.  Margueron R, Reinberg D. The Polycomb complex PRC2 and its mark in life.
Nature. 2011,469:343-9.

46.  Basu A, Wilkinson FH, Colavita K, Fennelly C, Atchison ML. YY1 DNA binding
and interaction with YAF2 is essential for Polycomb recruitment. Nucleic
Acids Res. 2014,42:2208-23.

47.  Surface LE, Thornton SR, Boyer LA. Polycomb group proteins set the stage
for early lineage commitment. Cell Stem Cell. 2010;7:288-98.

48. Deng G, Li Y, Liang S, Cui K, Salz T, Yang H, et al. USF1 and hSETTA
mediated epigenetic modifications regulate lineage differentiation and
HoxB4 transcription. PLoS Genet. 2013,9:21003524.

49. Bernstein BE, Mikkelsen TS, Xie X, Kamal M, Huebert DJ, Cuff J, et al. A
bivalent chromatin structure marks key developmental genes in embryonic
stem cells. Cell. 2006;125:315-26.

50.  Whyte WA, Bilodeau S, Orlando DA, Hoke HA, Frampton GM, Foster CT, et
al. Enhancer decommissioning by LSD1 during embryonic stem cell
differentiation. Nature. 2012;482:221.

51. Sokol SY. Maintaining embryonic stem cell pluripotency with Wnt signaling.
Development. 2011;138:4341-50.

52. Polo JM, Anderssen E, Walsh RM, Schwarz BA, Nefzger CM, Lim SM, et al.

A molecular roadmap of reprogramming somatic cells into iPS cells. Cell.
2012;,151:1617-32.

53.  Grant CE, Bailey TL, Noble WS. FIMO: scanning for occurrences of a given
motif. Bioinformatics. 2011,27:1017-8.

54. Mathelier A, Zhao X, Zhang AW, Parcy F, Worsley-Hunt R, Arenillas DJ, et al.
JASPAR 2014: an extensively expanded and updated open-access database
of transcription factor binding profiles. Nucleic Acids Res. 2014;42:D142-7.

55. Stadler MB, Murr R, Burger L, Ivanek R, Lienert F, Schoéler A, et al.
DNA-binding factors shape the mouse methylome at distal regulatory
regions. Nature. 2011;480:490-5.

56. Rasmussen CE, Williams CKI, Sutton RS, Barto AG, Spirtes P, Glymour C, et al.
Gaussian processes for machine learning. Cambridge, MA: MIT Press; 2006.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at .
www.biomedcentral.com/submit () BiolMed Central




	Abstract
	Background
	Results and discussion
	Overview of MATCHER
	Data description and processing
	Single cell transcriptome and epigenome data show common modes of variation
	MATCHER accurately models synthetic and real data
	Correlations among single cell gene expression, chromatin accessibility, and histone modifications
	Relationship between DNA methylation and gene expression during transition from ground state to primed pluripotency
	Analysis of gene expression and DNA methylation changes during human iPSC reprogramming
	Incorporating known cell correspondence information to infer shared master time

	Conclusion
	Methods
	RNA-seq data processing
	ATAC-seq data processing
	ChIP-seq data processing
	scM&T-seq data processing
	Inferring pseudotime
	Learning warping functions

	Additional file
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Competing interests
	Publisher’s note
	Author details
	References

