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Abstract

Engineering complex genetic functions in mammalian cells will
require predictive models of gene regulation. Since gene
expression is stochastic, leading to cell-to-cell heterogeneity,
these models depend on single-cell measurements. Here, we
summarize recent microscopy and sequencing-based singlecell measurements of transcription and its chromatin-based
regulation. Then, we describe synthetic biology methods for
manipulating chromatin, and highlight how they could be
coupled to single-cell measurements. We discuss theoretical
models that connect some chromatin inputs to transcriptional
outputs. Finally, we point out the connections between the
models that would allow us to integrate them into one global
input–output gene regulatory function.
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Introduction
Transformative increases in our understanding of gene
regulation, along with technologies like sequencing and
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genome editing, allow us to envision a new era of
medicine, in which diagnosis is personalized and therapies are targeted to specific genes, through manipulations of their expression patterns and epigenetic states.
One key obstacle to realizing this vision is that we
currently lack a predictive, quantitative, and unified
theoretical framework for eukaryotic gene regulation.
Such a framework would provide an effective “inpute
output” response for each gene, representing the
dependence of its expression level and epigenetic
memory on inputs like transcription factor concentrations, specific epigenetic marks, and location within the
nucleus. Constructing such a framework is challenging
because it has to incorporate many distinct mechanisms
of gene regulation.
To experimentally map the effective inputeoutput
behavior of a gene, two types of technologies are
essential. First, because gene regulation is a highly stochastic process, it can only be understood quantitatively
through single-cell measurements. Second, the ability to
design synthetic genes and alter natural ones is critical
for exploring how sequence, chromatin state, cell
context, and specific regulatory factors collectively
control gene expression. Mammalian single-cell analysis
and synthetic biology are rapidly becoming much more
powerful, making this an ideal time to address these
problems.
Here we review recent work that has taken promising
initial steps towards the kind of quantitative, singlecell gene regulation framework that will enable us to
understand, predict, and design gene regulatory systems in mammalian cells. We highlight recent developments in measuring the chromatin inputs
(Fig. 1a) and transcriptional output (Fig. 1b) using
single-cell methods (Table 1), manipulating those
inputs with synthetic biology (Table 2), and modeling
the inputeoutput function (Fig. 2). We omit many
important factors and mechanisms controlling gene
expression including: splicing, non-coding RNAs, posttranscriptional regulation (e.g. miRNA), RNA stability
and export, translational and post-translational protein
control. However, all of these will ultimately need to
be incorporated for a more comprehensive description
of gene regulation.
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Fig. 1
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Input-output function of a unified single-cell model of gene regulation. To develop a complete model of gene regulation, a function that relates
inputs like transcription factor binding and chromatin state to transcriptional output is required. (a) Inputs: modulators of transcription, single-cell
measurements and synthetic manipulation. Recently developed tools to measure (gray panels) and manipulate (cyan panels) many determinants of
gene regulation (i.e. chromatin modifications, transcription factors and polymerases at enhancers and promoters, chromatin architecture, and nuclear
localization). Abbreviations: scBisulﬁte-seq: single cell bisulfite sequencing of DNA methylation; smFRET for DNAme: single-molecule fluorescence
resonance energy transfer measurement of DNA methylation variants; SCRAM: single-cell restriction analysis of methylation; Drop-ChIP-seq: chromatin immunoprecipitation in droplets followed by sequencing; DBD: DNA-binding domain; CR: chromatin regulator; TF: transcription factor; NLS/NES:
nuclear localization/export signal; MPRA: massively parallel reporter assay; scATAC-seq: single cell assay for transposase accessible chromatin
followed by sequencing; scHi-C: single cell high-throughput chromosome conformation capture; DNA-FISH: DNA fluorescent in situ hybridization;
CTCF: CCCTC-binding factor; TAD: topologically associated domain; LAD: lamina associated domain; TRIP: thousands of reporters integrated in
parallel. (b) Output: dynamic measurements of transcription at the single-cell level. Transcription from a specific locus can be monitored by analyzing
fluorescently labeled mRNA over time (top panel) [137,166,167]. The RNA is genetically modified to contain MS2 or PP7 RNA loops that are recognized
by cognate RNA-binding proteins fused to fluorescent proteins (FP). Transcription activity can also be inferred from the levels of fluorescently labeled
proteins over time (bottom panel). For proteins fused to a destabilization tag, the levels of fluorescence mirror the changes in mRNA. For stable proteins
(fused to H2B), the slope of fluorescence intensity (change per unit time) reflects the level of transcription [23,168].

Output: measurements of transcription at
the single-cell level
Here, we define the output of gene regulation as the
level of mRNA produced, as well as its variability over
time and from cell to cell. Work in both cell culture and
embryos has revealed that transcription occurs in bursts,
alternating between ‘on’ and ‘off ’ periods of mRNA
production (reviewed in Refs. [1e4]). Mammalian
mRNA bursting was indirectly inferred by analyzing
mRNA distributions in fixed single cells by microscopy
using Fluorescence in Situ Hybridization (RNA-FISH)
[5]. Theoretically, burst-like gene expression processes
produce a negative binomial distribution of mRNA
numbers, different from the Poisson distribution that
would be expected if mRNA were produced at a constant
www.sciencedirect.com

rate. This difference is especially important when the
rate of bursting is low, leading to high cell-to-cell variability in the form of a long tail of cells with large
numbers of mRNAs [2]). RNA-FISH has been recently
modified to measure hundreds to thousands of mRNA
species in single cells by using sequential rounds of hybridization and removal of the fluorescent signal, allowing for “barcoding” each mRNA species [6,7]. These
types of multiplexed measurements, including singlecell RNA sequencing methods [8,9], can be used to
measure the output of all genes that share a common
input in single cells. They can be especially powerful
when used as an end-point measurement coupled to a
time-course recording of the dynamic history of gene
expression (movie-FISH) [10,11].
Current Opinion in Biomedical Engineering 2017, 4:174–193

Single-cell measurements of gene regulatory inputs and outputs.
Category
Microscopy

Method

Measures

Advantages

Limitations

Ref.
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RNA-FISH: Fluorescent in situ hybridization
of selected RNA

RNA

- Quantification and localization of individual
mRNA molecules

- Samples need to be fixed
- Not dynamic
- Limited to 1–4 mRNAs per cell (number of
available fluorophores)

[5]

seqFISH: sequential barcoded FISH

RNA

- Quantification and localization of tenshundreds of RNA species in single cells
- Sequential hybridization and removal of
fluorescent probes
- scales exponentially with the number of
fluorophores

- Not dynamic
- Requires specialized synthesis of probe
library
- Problems quantifying high abundance and
aggregated transcripts (by imaging)

[6]

MERFISH: multiplexed error-robust FISH

RNA

- Quantification and localization of hundredsthousands of RNA species in single cells
- Combinatorial hybridization labeling and
encoding scheme for error correction

- Not dynamic
- Requires specialized synthesis of probe
library
- Problems quantifying high abundance and
aggregated transcripts (by imaging)

[7]

FISSEQ: Fluorescent in situ sequencing

RNA

- Quantification and localization of hundreds
of RNA species in single cells

- Not dynamic
- Can’t detect low abundance transcripts,
limited by mRNA to cDNA conversion
- Low signal-noise ratio between bound and
unbound fluorophore

[169]

RNA binding protein-fluorophore fusions that
bind RNA stem loops (e.g. MS2,PP7)

RNA

- Quantification of nascent mRNA
- Records temporal dynamics

- Need to engineer the mRNA
- Stem loops may affect the stability of the
mRNA

[12,13]

RNA Mimics of GFP (e.g. spinach,
broccoli)

RNA

- Quantification of mRNA levels
- Records temporal dynamics

- Need to engineer the mRNA
- Aptamer may affect the stability of the
mRNA
- Signal of original aptamers was low

[14]

RNA-targeting Cas-fluorophore

RNA

- Measures localization of concentrated RNA
(e.g. stress granules)
- Can target any RNA without genetically
engineering it

- Low signal-noise ratio due to unbound Casfluorophore

[15,16]

Super-resolution microscopy (e.g. PALM,
STORM) of fluorescently labeled TFs,
polymerases, or histone modifications

Proteins

- Track the locations of single proteins
- Temporal dynamics

- Photobleaching of fluorophore (duration
imagining limited)
- Phototoxicity

[20,22,27–30]

Inserting methylation-sensitive fluorescent
reporter near CpG region of interest

5mC
(indirectly)

- Live single-cell fluorescent visualization of
changes in DNA methylation states at a
specific locus

- Other silencing factors may affect the
reporter

[81]

Single molecule fluorescence energy
transfer (smFRET) of DNA methylation and
hydroxymethylation

5mC and
5hmC

- Able to detect and quantify 5hmC and 5mC
single molecules from trace amounts of
DNA
- Detects multiple DNA modifications on the
same DNA

- 5mC labeling relies on Tet1 conversion to
5hmC; Tet1 is inefficient
- Incomplete labeling
- Photobleaching of fluorophores
- Not dynamic

[86]
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Table 1
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Sequencing

3D-chromatin
and nuclear
localization

- Localization of individual DNA molecules
within the nucleus

- Not dynamic
- Limited number of loci

[170] comparison
with Hi-C

OligoPaints

3D-chromatin

- When combined with super resolution
microscopy, it can reveal 3D chromatin
organization in a single cell

- Single locus (or limited number)
- Requires specialized synthesis of probe
library

[116,117]

HIPMap: High-throughput imaging method for
mapping spatial gene positions

Nuclear
localization

- Automated, high throughput imaging and
analysis pipeline for 3D analysis of DNAFISH probes

- Automation of image analysis may detect
false FISH signals

[141]

dCas9-fluorophore labeling of genomic
loci

Nuclear
localization

- Live visualization of endogenous loci
- 3D visualization

- Potential off-target binding of dCas9fluorophore
- Low signal-noise ratio between bound and
unbound fluorophore (better at repetitive
sequences or with multiple targeting)

[142]

Drop-ChIP-seq: Chromatin
immunoprecipitation from single cells isolated
in droplets

Histone
modifications

- High-throughput analysis of chromatin
states in single cells using microfluidics
and DNA barcoding

- Sparse coverage of the genome in the
single cells

[66]

scWGBS: Whole-genome sequencing of
DNA methylation by bisulfite conversion
of sorted single cells

5mC or 5hmC,
indistinguishably

- Whole-genome
- Single-base resolution of CpG and non-CpG
methylation sites

- Bisulfite conversion cannot distinguish
between 5mC and 5hmC
- Allele-specific differences in methylation are
difficult to detect
- Sparse coverage
- DNA degradation occurs during bisulfite
conversions

[82]

SCRAM: Single-cell restriction analysis of
methylation

5mC

- No DNA degradation; thus, no locus dropout
- Accurate analyses of CpG methylation at a
specific genomic locus in single cells

- Limited number of loci
- Readout is a binary (yes or no) for the entire
methylation state of a locus

[83]

sc-GEM: Single-cell analysis of genotype,
expression and methylation

DNA
RNA
5mC

- Simultaneous measurement of genomic
DNA variant, gene expression, and DNA
methylation
- Single-cell (using microfluidics)
- no locus dropout

- Only a snapshot, not dynamic
- Limited number of loci, not whole-genome
- Readout is a binary (yes or no) for the entire
methylation state of a locus

[171]

scAba-seq: Single-cell 5hmc sequencing by
5hmC glucosylation and glucosylationdependent digestion of DNA by AbaSI

5hmC

- Highly specific, genome-wide detection of
the 5hmC epigenetic mark

- Limited coverage in single cells

[85]

scATAC-seq: Single cell assay for
transposase accessible chromatin with
sequencing

3D-chromatin
accessibility

- Simple library preparation protocol
- Requires no sonication, antibodies, or
sensitive enzymatic digestions
- Can identify co-accessible regions (enhancers and promoters)

- Snapshot, not dynamic
- Limited coverage in single cells

[101–104]

(continued on next page)
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DNA-FISH: Fluorescent in situ hybridization
of selected DNA in fixed cells

[53,54]

- Oligo synthesis limits size of regulatory
sequence that can be tested
- High-throughput
- Lentiviral constructs can accommodate
large inserts (up to 10 kb), can assay long
regulatory sequences
- Lentivirally-delivered reporter genes display
relatively fast expression dynamics (<48 h)
Gene
expression
MPRA: Massively Parallel Reporter Assay

[140]

- Random integration of reporters into
essential genes could cause cell death
- High throughput and multiplexed
- Do not need to isolate clonal cell lines
because reporters are barcoded
Gene
expression
TRIP: Thousands of Reporters integrated
in Parallel

Limitations

- Sparse 3D map and limited coverage
- Require a large amount of sequencing

Advantages

Method
scHi-C: High-throughput chromosome
conformation capture in single cells
Category

Table 1 (continued )

Measures
3D-chromatin
contacts

- Segregate 3D genome maps by where they
are in the cell cycle

Ref.
[107–110]

178 Synthetic Biology and Biomedical Engineering

Current Opinion in Biomedical Engineering 2017, 4:174–193

Such temporal dynamics of a particular gene can be
directly visualized in live cells by detecting fluorescentlylabeled mRNA molecules at the transcription initiation
site (Fig. 1b) [12e14]. New CRISPR-based methods
could make it possible to track any mRNA of interest by
reprogramming RCas9 [15] or Cas13a [16] with guide
RNAs, doing away with the need to engineer the mRNA
itself to include label-binding sites.
Transcription dynamics can also be inferred from
measuring protein expression. However, the impact of
transcription on protein levels is sensitive to mRNA and
protein degradation rates (Fig. 1b). When the reporter
protein and its transcript are destabilized, fluctuations
in protein levels track transcriptional burst kinetics
[17]. At the other extreme, for very stable proteins such
as histone 2B (H2B)-fluorescent protein fusions, the
derivative of protein accumulation over time is a good
proxy of promoter activity [18,19]. These live-cell experiments, measuring protein or mRNA outputs, allow
readout of the transcriptional output over time, in individual cells, during and after modulation of a transcriptional input.
Transcriptional variation occurs across many timescales,
which can relate to the genomic length scale of the
causative molecular changes. For example, fast bursting
dynamics (seconds-minutes) can result from transcription factors (TFs) binding, RNA polymerase (RNAP)
binding and initiating transcription, or chromatin modifications with fast turnover rates (i.e. histone acetylation) [20e22]. Longer time-scale switching (hoursdays) can result from changes in more stable chromatin
modifications such as DNA and histone methylation,
which are associated with epigenetic memory
[11,23,24]. Therefore, in order to understand transcription at different time scales, we need to systematically measure and manipulate its inputs across
different chromatin length scales.

Transcriptional inputs: single-cell
measurements and synthetic manipulation
Transcription from a specific DNA locus is controlled by
multiple factors (Fig. 1a), including RNA polymerase
and transcription factors (TFs) bound at promoter and
enhancer sequences, nucleosome occupancy, chromatin
modifications and regulators, the 3D structure of chromatin, and nuclear localization (reviewed in Ref. [1]). In
this section, we review the latest advances that allow us
to measure each of these transcriptional control layers at
the single-cell level and manipulate them using synthetic biology approaches (reviewed in Refs. [25,26]).
Polymerase and transcription factors at promoters
and enhancers

In order to quantify the effect of TFs and polymerases
on transcription, we need to measure and manipulate
www.sciencedirect.com
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their concentration, DNA binding kinetics, activation/
repression strength, and binding site number and
position.
Measurements

Advances in super-resolution microscopy and fluorescent labeling allow monitoring of single polymerase and
TF molecules over time in the nucleus (reviewed in Ref.
[27]). Simultaneous imaging of both RNA polymerase II
(Pol II) binding at a promoter (by PALM) and the
mRNA produced from that locus (by STORM) revealed
that RNA polymerases assemble in transient clusters (of
w80 polymerases) that last 5e25 s. The lifetime of Pol
II clusters correlates linearly with the number of
mRNAs produced during that burst of transcription
[20,21]. A subset of the TFs tracked with superresolution microscopy were also shown to form dynamic clusters (e.g. Sox2 [28]) or to diffuse in a
compacted manner suggestive of local interactions with
nuclear structures (P-TEFb [29]). Indeed, the Sox2
clusters co-localized with Pol II-rich regions [30],
suggesting a direct relationship between local TF and
polymerase concentrations and transcriptional bursting.
The exact molecular mechanisms of Pol II and TF dynamic clustering and their connection with the 3D
chromatin architecture are not yet known. However, it is
likely that these dynamic clusters rely on strong binding
of TFs to chromatin (Sox2) and synergistic interactions
between TFs and the Pol II CTD tail (Sox2 and PTEFb) [30], as TFs that don’t have these features
diffuse more freely around the nucleus (c-Myc [29]).
Regardless of the mechanism, this information about the
dynamic local distributions of TFs in the nucleus can
now be incorporated into theoretical models of gene
expression [31].
Manipulations

The ideal way to determine gene expression inpute
output relationships would be to precisely control the
concentration and binding dynamics of TFs at promoters and enhancers and measure their effects on
expression. Modulating the concentration of endogenous TFs at a gene is generally done by allowing cells to
differentiate into cell fates with distinct TF activity
profiles, or by stimulating them with a global signal (e.g.
serum [32,33], Zinc [32], or TNF-alpha [34]). While
these stimuli resemble physiological perturbations, they
can lead to off-target changes in other factors that may
influence transcription, such as inducing other TFs and
changing local or global chromatin state.
In contrast to these broad perturbations, modern synthetic tools enable faster and more precise control over
TF concentration in the nucleus. Simply turning on/off
expression of a gene encoding for the TF is not ideal

www.sciencedirect.com
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because it’s slow to respond (hours) and can be noisy,
especially at low expression levels (due to transcriptional bursting). Faster and more graded regulation of
TF availability can be achieved by controlling mRNA/
protein stability or nuclear localization by fusing the
mRNA or protein to a tag responding to external signals
that don’t affect the rest of the cell (reviewed in Refs.
[26,35]). These signals can be: 1) chemical small molecules that can easily diffuse inside cells and control
mRNA stability via ribozymes (reviewed in Ref. [36]),
protein stability via degradation domains [37e39], or
protein localization [40e42]; 2) optical specific wavelengths of light that control protein nuclear localization
[43e49] or stability [50,51]; and more recently 3)
magnetic or radio waves [52]. With the advent of
CRISPR technology and viral delivery methods, these
types of tags are now easier to install on various TFs in
order to systematically and precisely sweep through a
wide range of input TF concentrations.
Beyond concentration, one can vary the TF binding site
strengths and numbers by changing the DNA sequence of
a promoter or enhancer. DNA synthesis and delivery
methods have made it easier to generate barcoded libraries
that test tens of thousands of DNA constructs bearing TF
binding motifs, in massively parallel reporter assays
[53,54]. These high-throughput methods effectively
sample a large sequence space, provide direct measurements of DNA sequence as an input to transcription, and
infer combinations of TFs that act synergistically.
Alternatively, synthetic TFs with tunable DNA binding
and activation/repression domains can be used to
manipulate transcriptional outputs. While TFs with
inducible bacterially-derived DNA binding domains,
such as TetR-VP16, proved useful for early studies of
transcriptional bursting [5], more recent programmable
DNA binding domains (ZFs, TALEs and dCas9) allow
for multiplexing and ease of exploration of binding site
location and number at endogenous genes [32,55e58].
The number and strength of activation or repression
domains can also be tuned for synthetic TFs, making
them an appealing tool for dissecting the inputeoutput
transcriptional regulatory function. Overall, these approaches to tune the concentration of TFs, alter the
DNA sequence of promoters or enhancers, and target
synthetic TFs are enabling precise manipulation of gene
regulation directly at the site of transcription initiation.
Chromatin modifications and chromatin regulators

Polymerase and TF binding is strongly correlated with
chromatin modifications [59e61], as has been
acknowledged since the discovery of chromatin modifications [62]. However, improving our understanding
from correlations to causation remains a major challenge.
Recent technological advances in imaging, sequencing,
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Synthetic biology manipulations of gene regulatory inputs.
Method

Manipulated Input

Category

Purpose

Limitations and Improvements

RNA engineering

Tune concentration of TFs with a small
- Cannot usually go to zero RNA levels in [36]
molecule-responsive ribozyme integrated
mammalian cells
in the TFs’ mRNA
- Small molecule may interfere with other
cell functions

Inducible NLS/NES

Protein engineering

An amino acid sequence that tags a
- Intrinsic NLS of TF may interfere with [40–42]
protein for import into (NLS) or export out
localization
- Having multiple NLS/NES can improve
(NES) of the nucleus
efficiency

Inducible degron tag

Protein engineering

Fusing TF with degron tag enables
controlled degradation

RNA-based gene
control with
aptamers

TF concentration

References

- Fusing TF with degron may disrupt [37–39]
normal TF function

Recruit TFs with
DNA-binding
domains

TF localization

Protein engineering

Recruitment of TFs to promoters or
- Binding strength and efficiency of DBDs [32,58,172,173]
enhancers via programmable DBDs (i.e. can vary, confounding results
ZFs, TALEs, dCas9)

Recruit CRs with
DNA-binding
domains

CR localization

Protein engineering

Fusion to DBDs enables recruitment of - Binding strength and efficiency of DBDs [48,87,92–94,98,172,174 –181]
CRs to specific genomic sites to modify can vary
chromatin
- CRs are generally large, which can
make delivery inefficient

Insert HSP70 loci
near gene of
interest

Gene localization

Genome engineering

- Inserting the HSP70 loci into the [148]
Inserting HSP70 loci near endogenous
genome with CRISPR-Cas9 will allow
genes enables heat-shock inducible
for greater flexibility in sites of insertion
control of gene localization to the nuclear
interior

Protein engineering

Recruiting nuclear membrane protein to
- Recruiting nuclear membrane proteins [144–147]
locus (via LacI) allows for tethering of gene with dCas9 will allow for programmable
to nuclear periphery
nuclear periphery localization of any
gene

Tether locus to
lamina via nuclear
membrane protein

www.sciencedirect.com

Remove, insert, or Chromatin organization Genome engineering Small changes in genome sequence
flip CTCF binding
enable chromatin re-organization of
sites
large domains

- CRISPR-Cas9 insertions and paired- [98,121–123]
guide deletions are relatively inefficient
- dCas9-targeted DNA methylation may
be a more efficient means of inhibiting
CTCF binding

Edit TAD size with
Cre-loxP
recombineering

Genome engineering Grow and shrink TADs by 100’s of
kilobases, or generate inversions and
duplications of TADs

- More efficient for large deletions and [130]
inversions but lower-throughput than
recent CRISPR-Cas9 approaches

Forced enhancer
looping

Protein engineering

Fusing a domain of the nuclear factor - Different looping mechanism than most [135,136]
Ldb1 to a designer zinc finger creates a endogenous chromatin loops
synthetic protein that forces an
- Zinc fingers are relatively laborious to reenhancer-promoter loop at the b-globin target to other loci
- Alternative CRISPR-Cas9 CLouD platlocus
form is simpler to re-target, but has not
yet been tested at many loci
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Table 2
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and synthetic biology make it possible to measure and
manipulate the level of chromatin regulators and modifications at a specific locus in single cells (reviewed in
Refs. [63,64]).
Histone modifications measurements

In order to relate changes in chromatin modification to
changes in transcription at a specific gene, one needs to
quantitatively measure chromatin modifications in
single cells at that locus. This is more difficult than
measuring transcription in single cells, because both the
chromatin modifications and the DNA sequence need to
be detected at the same time, and the signal is weak
(especially from chromatin, due to weak antibody
binding to histone modifications).
One approach to solving this problem is to amplify the
signal by inserting hundreds of copies of a gene at a
genomic locus. Using this approach in conjunction with
imaging via antigen-binding fragments (Fabs) conjugated
to fluorescent dyes it was possible to monitor TF-GFP
local concentration, histone acetylation, and RNA polymerase in live cells [22]. These data showed that histone
acetylation speeds up the binding kinetics of TFs, as well
as the RNAP transition from initiation to elongation.
Another imaging approach is to amplify the co-localization
signal between a gene labeled with a DNA biotin probe
and an antibody against a histone modification by using a
proximity ligation assay (PLA) in fixed cells [65]. This
method could be used as an end-point measurement in
conjunction with time-lapse microscopy analysis of gene
expression to study the relationship between transcription and histone modifications.
An alternative approach to imaging is to separate the
cells with microfluidics, barcode them, and then pool
them and perform traditional chromatin immunoprecipitation followed by DNA sequencing (Drop-ChIP)
[66]. These measurements revealed that chromatin
modifications are indeed heterogeneous in embryonic
stem cells, especially at pluripotency enhancers and
Polycomb targets. In the future, this technique could be
combined with single-cell RNA-seq to interrogate the
relationship between chromatin and RNA levels,
although currently data from both techniques are too
sparse. More recently, single-molecule imaging of multiple histone modifications on nucleosomes immobilized
on slides was combined with single-molecule sequencing
of the DNA associated with each nucleosome [67]. This
technique demonstrated that active and repressive
modifications (H3K4me3 and H3K27me3) can co-exist
on the same nucleosome and that the frequency of
finding them together is higher in embryonic cells
compared with differentiated cells. This finding underscores the need to understand how changing the cell
type modulates the dynamics of chromatin-mediated
gene regulation. Overall, these approaches will help
decrypt the dynamic combinations of modifications that
www.sciencedirect.com
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are read by transcription complexes in the single cells
that make up heterogeneous populations and tissues.
DNA modification measurements

The main DNA modification known to modulate transcription is cytosine methylation (5mC) at CpG dinucleotides. However, over the last decade, new DNA
modifications, such as 5-hydroxymethylcytosine (5hmC)
[68,69] and N6-methyladenine (N6-mA) [70], have surfaced as potential modulators of transcription in
mammalian cells. The causal and quantitative effect of
these modifications on gene expression is still under
investigation. Since it is becoming clear that there is a lot
of cell-to-cell variability in the level of these modifications, single-cell methods are essential in dissecting both
the role of these modifications in development and disease, and their connection to transcription.
Historically, 5mC has been associated with repressed
transcription (reviewed in Refs. [71,72]), and 5hmC was
thought to simply serve as an intermediate in the process of methylation removal and, thus, was associated
with gene activity (reviewed in Ref. [73]). However, this
classical view is currently being revised. Since DNA
methylation can directly modulate the binding of
diverse TFs and organizational proteins (histones,
CTCF) [74,75], its effects on transcription depend on
the sites affected. Notably, there are important exceptions in which DNA methylation activates gene
expression, for example, by eliminating CTCF-binding
at an insulator domain separating a distal enhancer
from its promoter [76,77]. Recently, methylation preferences for a large library of transcription factors were
measured by methylation-sensitive SELEX (systematic
evolution of ligands by exponential enrichment) [78].
This in vitro method revealed that many activators,
including POU5F1 (OCT4) and HOXB13, preferentially bind motifs with 5mC, and this result was validated by ChIP in mouse embryonic stem cells (mESCs)
and crystallography. Moreover, 5hmC can also modulate
the binding of TFs and CRs [79,80] and, hence, could
serve as an additional direct input to transcription,
especially in stem cells and neurons where this modification is found in abundance. Our understanding of
DNA methylation’s impact on gene regulation is deepening as these mechanistic links are revealed, and its
multiple functions underscore the need for methods
that can simultaneously detect methylation and transcriptional dynamics.
In that direction, a methylation-sensitive fluorescent
reporter was developed to monitor 5mC presence at a
locus in single cells over time: it consists of a minimal
imprinted gene promoter that can be repressed or activated depending on the DNA methylation state of
adjacent sequences [81]. The reporter was inserted near
super-enhancers associated with pluripotency (of Sox2
and mirR290) to monitor loci-specific DNA methylation
Current Opinion in Biomedical Engineering 2017, 4:174–193
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changes during mouse ES cell differentiation and
reprogramming of mouse fibroblast cells into iPSCs.
This reporter could also be used to answer basic questions about how DNA methylation spreads and how the
level of methylation quantitatively affects transcription.
However, to answer these questions, one would also
need to measure the levels of 5mC methylation in the
same cells.
Multiple single-cell methods for detecting DNA
methylation at a specific locus or genome-wide were
developed recently (reviewed in Refs. [63,64]), although
some of them can’t differentiate between 5mC and
5hmC. Traditionally, DNA methylation was measured
using bisulfite conversion, a method that converts unmodified cytosines (Cs) to uracils (Us). This process has
been adapted to measure the lack of cytosine modifications in single cells in a method called whole genome
bisulfite sequencing (scWGBS) [82]. However, since this
technique cannot differentiate between 5mC and 5hmC,
it is not ideal for dissecting their effects on gene
expression. Alternatively, mapping of DNA methylation
can be done with restriction enzymes that are inhibited
by specific DNA modifications. For instance, single-cell
restriction analysis of methylation (SCRAM) combines
microfluidics, restriction digestion, and locus-specific
DNA amplification [83]. While this technique was used
with enzymes that cut unmodified Cs (and hence
mapped both 5mC and 5hmC), in principle it could be
modified to map 5hmC by using PvuRts1, an enzyme that
specifically cuts 5hmC DNA [84]. A similar restrictionbased approach was used in Aba-seq for single-cell
genome-wide 5hmC mapping in which the enzyme,
AbaSI, caused 5hmC glucosylation and glucosylationdependent digestion of DNA [85]. This study revealed
that two opposite strands of DNA can display up to
tenfold difference in hydroxymethylation levels [85].
This strand bias may serve as a source of strand-specific
(and hence cell-progeny specific) epigenetic memory to
regulate DNA-binding protein interactions.
Intriguingly, 5mC and 5hmC can co-exists in very close
proximity on DNA purified from mouse cerebellum, as
measured by single-molecule fluorescence resonance
energy transfer (smFRET) between fluorophorelabeled 5mC and 5hmC sites [86]. Moreover, hydroxymethylated sites on the opposite strand of DNA
methylated sites inhibited the binding of repressive
DNA-binding domains (e.g. methyl-CpG binding domains) at these sites; thus, suggesting a potential
function of 5mC-5hmC combinations in promoting gene
expression. Together, results from single-cell mapping of
DNA modifications underscore the cell-to-cell heterogeneity of these modification, their importance in cell
decisions during differentiation and reprogramming, as
well as the need for assays that can distinguish between
the different types of DNA modifications if we are to
understand their effect on gene expression.
Current Opinion in Biomedical Engineering 2017, 4:174–193

Manipulations of chromatin modifications

Synthetic biologists are building a toolbox for precision
epigenome editing by recruiting different chromatin
regulators along the genome (reviewed in Refs.
[55,56,87,88]). Since in mammalian cells most chromatin regulators (CRs) do not have consensus DNA
binding sites, they have been traditionally recruited to
DNA by fusing them with DNA binding domains
borrowed from bacteria or yeast (LexA [89], Gal4 [90],
or TetR [91]) and introducing their cognate sequences
in the genome, either near an artificial reporter or
endogenous gene. Recently, this method has been used
to shed new light on the effect of silencing chromatin
regulators on chromatin spreading [24] and the dynamics of gene expression in single-cells [23,24]. These
studies have shown that upon recruitment of various
silencing CRs (HP1, EED, KRAB, DNMT3B, HDAC4),
a fraction of cells silence completely in a stochastic
manner, and this fraction depends on the recruitment
time. Moreover, after the end of recruitment some cells
retain permanent epigenetic memory, and the fraction of
cells permanently silenced depends on the duration and
strength of CR recruitment [23,24]. However, the
ability to silence a gene permanently does not depend
only on the CR recruited, but also on cell type [24,92e
94] and local genomic context [93,94]. A quantitative
and systematic analysis of how these variables interact to
determine the dynamics of CR-mediated silencing,
activation, and epigenetic memory would enable regulation of genetic circuits over wide domains of time and
component concentrations.
Looking forward, programmable DNA-targeting tools
(zinc fingers, TALEs and dCas9) enable a much more
systematic and direct mapping of the connection between chromatin regulators and gene expression
(reviewed in Refs. [55,56,88,95]. Fusing CRs to programmable DNA binding domains allows recruitment of
various CRs to any genomic locus (without installing
cognate sequences), including both promoters and
distal enhancers [96,97]. For example, targeting of
dCas9-Tet1 fusions to endogenous promoter or enhancer
sequences has recently been utilized to demethylate
these sequences; thus activating the expression of genes
involved in neuron development or facilitating reprogramming of fibroblasts into myoblasts [98]. Combining
these new tools with single-cell dynamic monitoring of
transcription will greatly improve our understanding of
chromatin-mediated transcriptional control of endogenous genes.
Dynamic chromatin accessibility

In the nucleus of a human cell, two meters of chromosomal DNA is compacted w10,000 fold into chromatin.
As such, gene expression depends on the controlled
physical organization of the genome, ensuring that
certain genes are accessible to transcription machinery
while meeting strict spatial requirements.
www.sciencedirect.com
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Measurements

DNA accessibility has historically been measured by
digesting chromatin with DNase I and determining which
sequences were hypersensitive to cleavage, as this implies
they were not protected by compacted histones [99,100].
More recently, accessibility has been measured in bulk
and single cells with Assay for Transposase-Accessible
Chromatin (ATAC-seq), in which an engineered Tn5
transposase selectively integrates sequencing adapters
into accessible chromatin [101e104]. The single-cell
ATAC-seq experiments demonstrate that cell-to-cell
variability in accessibility is associated with specific
trans-factors, particularly at binding motifs where multiple
transcription factors compete (e.g. GATA1 and GATA2) or
where chromatin effectors bind (e.g. BRG1 and P300)
[102]. Improving scATAC-seq throughput with combinatorial indexing enabled 15,000 single-cells to be assayed
in parallel [103], but the data’s sparsity still presents
challenges. Further development to couple these techniques with RNA measurements in the same cells, by
using microscopy or sequencing, may clarify the relationship between accessibility variation and transcriptional
variation. Intriguingly, local variation of accessibility is
highly correlated with large-scale chromosome organization into compartments [102,105], which suggests that
the larger 3D genome structure may help explain the
variable accessibility of these short DNA sequences.
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to variation in gene expression. These single-cell contact
maps can be phased in cell-cycle pseudotime to study
and model how loops, TADs, and larger chromatin
compartments stabilize and dissolve [114]. These
single-cell data should be useful for constraining models
of chromosome conformation to fit their measured variation, and thus represent an important step towards a
model of transcription that can account for the dynamic
3D genome. However, as a static snapshot method, Hi-C
lacks the ability to explain the dynamics of individual
loops that affect expression of particular genes.
Ultimately, live-cell microscopy could measure these
dynamics. Already, static FISH is established as an
important complement to Hi-C, because it directly
measures spatial distances in intact single cells.
Recently, the integration of FISH with super resolution
microscopy (STORM) has revealed distinct properties
of chromatin domains in different epigenetic states,
with unprecedented resolution [115]. Entire domains in
the active, inactive, or polycomb-repressed states were
visualized by hybridizing FISH probes across kilobaseto-megabase regions [116,117]. This led to the discovery that chromatin domains obey a power-law scaling
between their length and physical volume, with
different scaling exponents depending on the chromatin
state. Notably, polycomb-repressed chromatin is the
densest, and its density increases with domain length.

The 3D dynamic structure of chromatin

Beyond local accessibility of specific DNA sequences,
transcription of many genes depends on their interaction with distal regulatory elements, such as enhancers
[106]. Dynamic promotereenhancer interactions, and
the chromatin domains which structure those interactions, can be measured and manipulated to reveal
their contributions to transcriptional outputs.
Measurements

Long-range chromatin interactions and loops are predominantly measured with variations on two foundational approaches: 1) DNA Fluorescent in Situ
Hybridization (DNA-FISH) and 2) chromosome
conformation capture-based methods (3C). DNA-FISH
imaging provides the distribution of the spatial distance
between two selected genomic locations across many
single cells. High-throughput 3C-based methods (HiC) measure the frequency of contacts between all pairs
of genomic locations by cross-linking chromatin,
digesting the DNA into short fragments, and then
performing a dilute ‘proximity ligation’ reaction followed
by sequencing across the ligation junctions [107e110].
At the megabase scale, Hi-C shows the genome is
organized into highly-interacting Topologically Associated Domains (TADs), which rarely interact across
domain boundaries [108,111].
Single-cell Hi-C data demonstrates heterogeneity in
contact frequencies [112,113], which could contribute
www.sciencedirect.com

A diverse, growing suite of chromatin architecture measurements [110,118,119] should uncover key parameters
for the transcriptional inputeoutput function, including
enhancer-promoter interaction frequencies, and structure of insulated domains that constrain chromatin state
spreading. Coupling these chromatin structure measurements with single-cell expression measurements
could reveal the relationship between chromatin architecture inputs and transcriptional outputs.
Manipulations

Manipulating the size and organization of chromatin
domains, or TADs, also presents a path to better understand their dynamics. The CCCTC-binding factor
(CTCF) is an architectural protein that binds DNA and
acts as a barrier factor to define TAD boundaries [120].
As such, genome-editing of CTCF binding sites is a
straightforward method to manipulate the looping interactions within TADs [98,121e123]. Two adjacent
TADs can be merged by disrupting the CTCF sites that
separate them, or new loops can be formed by installing
new CTCF sites with genome-editing. These experiments provide evidence that the TAD-scale genome
organization can be accurately inferred from the occupancy and orientation of CTCF sites (see Section Loop
extrusion) [121,124], although the higher-order genome
organization into active and inactive compartments depends on different factors [125].
Current Opinion in Biomedical Engineering 2017, 4:174–193
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TAD organization regulates gene expression [125e127].
Several studies have shown that deletion of a CTCF site
can result in ectopic enhancer-promoter interactions
that affect gene expression [122,123,128,129], establishing the CTCF-mediated looping landscape as an
input to transcription. Larger-scale editing of TADs to
decrease and increase their size have demonstrated that
TADs can act as a buffer against the effect of changing
linear distance between an enhancer and promoter
[130]. CTCF-site deletion followed by FACS and RNAFISH demonstrated that CTCF sites can reduce variability in cell-to-cell gene expression levels by mediating enhancer-promoter interactions [131]. Now,
pooled CRISPR-Cas9 screening can be employed to edit
thousands of sites [96,97,132e134]. By targeting CTCF
sites and TAD boundaries, experimentalists can efficiently test the effects of chromatin architecture on
gene expression at many more sites across the genome.

fold less mRNA expression compared to inter-LAD regions. This reduced activity of reporters in LADs may be
caused by low density of functional enhancers and
reduced binding of transcription factors at LADs.

The tools of synthetic biology have also been applied to
‘force’ enhancer-promoter looping without relying on
the endogenous CTCF-cohesin looping factors
[135,136]. By fusing a domain of the nuclear factor Ldb1
(which forms a complex at the globin LCR enhancer) to
a designer zinc finger that binds the B-globin promoter,
the authors created a synthetic protein that effectively
forces an enhancer-promoter loop and activates transcription. They measured the resultant transcriptional
bursts with single molecule RNA-FISH and found the
forced loop increased the frequency of transcriptional
bursts, but not their size. Intriguingly, recent work in
Drosophila showed that an enhancer can drive transcriptional bursts from two distal genes at the same time
[137], challenging the traditional cartoon of enhancerpromoter looping. These data suggest the formation of
3D dynamic clusters containing multiple enhancers and
promoters. It remains to be seen if this is a general mode
of regulation in mammalian cells. In this direction,
recent demonstrations of dCas9-mediated forced looping [138] lay the groundwork for higher-throughput efforts to measure the consequences of looping at any
location in the genome.

In addition to the static methods above, the CRISPRCas9 system has been optimized to allow for the dynamic visualization of endogenous loci [142,143]. Using
EGFP-tagged dCas9 targeted to specific repetitive
genomic loci, these studies monitored telomere dynamics [142,143], as well as the localization of the
Mucin genes locus during mitosis [142]. Live tracking of
genomic loci via fluorescently-tagged dCas9 coupled to
single-cell monitoring of transcription would shed light
on the connection between gene localization and
expression dynamics.

Localization of genes within the nucleus
Measurements

Compartmentalization of the genome into different
types of chromatin domains and the spatial positioning
of genes within the nucleus are ways of regulating gene
expression through localization [139]. Measurements of
position effects on gene expression have been made
with the TRIP (Thousands of Reporter Integrated in
Parallel) method. Thousands of reporter transgenes
were randomly integrated into the genome of mESCs
[140]. The expression levels of each reporter were
linked with the genomic and epigenomic features of
their integration site, by sequencing both the genomic
DNA and the reporter mRNA. Reporters integrated in
lamina-associated domains (LADs) produced 5- to 6Current Opinion in Biomedical Engineering 2017, 4:174–193

The molecular mechanisms of gene localization are not
yet fully understood. Another method called highthroughput imaging positioning mapping (HIPMap)
utilizes DNA-FISH and image analysis to map the 3D
position of multiple endogenous loci within the nucleus
[141]. Applying HIPMap in a siRNA screen for genome
organization factors revealed 50 genes (ranging from
chromatin remodelers to nuclear envelope and pore
proteins) that are required for positioning, reflecting the
complex control of this input to gene expression.
Coupling HIPMap with RNA-FISH could provide a
complete map of the transcriptional capacity of any
position in the nucleus.

Manipulations

Synthetic protein fusions enable researchers to forcibly
relocate genes to the nuclear periphery for silencing. A
specific gene can be relocated by tagging it with a
LacO array to recruit an engineered lac repressor
(LacI) fused to an inner nuclear membrane protein.
This manipulation directly demonstrated transcriptional repression of genes located near the nuclear
periphery [144,145]. More recently, two nucleoporin
sub-complexes Nup133 and Nup50 were individually
fused to LacI-CFP, such that they bound an intranuclear LacO array. This protein fusion recruited
additional nucleoporin sub-complexes to the LacO site
and, as before, translocated this site to the nuclear
periphery [146]. Interestingly, these studies reveal that
nucleoporin domains are sufficient to promote gene
relocation to the nuclear periphery as compared to fulllength nuclear membrane proteins. The combination
of programmable DNA binding domains like dCas9
with small localization domains from nucleoporins
could enable the targeted relocation of any gene,
enabling genome-wide studies of gene localization’s
contribution to expression dynamics.
Sequence-specific DNA binding proteins also play a role
in controlling the spatial positioning of genes. The DNA
binding sites of the transcription factor YY1 (Ying-Yang1)
www.sciencedirect.com
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are sufficient for targeting ectopic sites to the nuclear
periphery [147]. Relocation of the binding site is
reversed upon shRNA-mediated knockdown of YY1
suggesting that YY1 expression is necessary for relocation to occur. Moreover, tethering of the YY1 transcription factor to a reporter locus using the LacI/lacO
system caused local accumulation of repressive histone
modifications and the relocation of the locus to the
nuclear periphery. These results reveal that a diverse
input of TFs, repressive chromatin modifications, and
lamina proteins are required for repression associated
with re-positioning of endogenous genes to the nuclear
periphery.
Additionally, in mammalian cells, the heat shock protein
70 (HSP70) loci can move from their location at the
nuclear periphery to interchromatin regions of the
nucleoplasm, known as nuclear speckles, upon heat shock
[148]. Contact of the HSP70 loci to nuclear speckles
leads to increased gene expression of these loci. Inserting
the HSP70 loci near endogenous genes (by CRISPR for
example) would allow for heat-shock inducible control of
these genes via change in localization.

Model global input–output function of
transcription
For each of the inputs that modulate transcription, there
is currently at least one model that should be incorporated into an integrated gene regulation model: the
bursting model for connecting transcription factors and
chromatin to transcription (Fig. 2a), the chromatin
spreading model for relating feedback between chromatin modifications and transcription (Fig. 2b), and the
loop extrusion model for describing the dynamical organization of chromatin and its connection with chromatin spreading and enhancer activation (Fig. 2c).
The difficulty with integrating all these models into one
coherent global model is that they vary widely in flavor
and scope. Some models are molecular e based on
physical and biological principles. Molecular models
usually start out as cartoons, then advance to dynamic
simulations and, rarely, to analytical solutions. The
chromatin spreading and loop extrusion models fall in
this category. Other models are phenomenological e
they are based on fits to experimental data and used to
extract key features. The transcriptional bursting model
and bioinformatics analysis such as ChromHMM [149]
fall in this category. These latter models are very
useful to get a handle on the data and to disentangle
molecular details in early stages of studying a system,
when the molecular details are incompletely understood. They are also very useful approximations to
employ on a daily basis, even once the molecular details
are clear. Here, we review the current state of these
isolated models and make suggestions as to how they
could be connected.
www.sciencedirect.com
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Extended transcriptional bursting model

A phenomenological model called the telegraph model
was proposed to explain transcriptional bursting
(Fig. 2a) [150e152]. Here we describe the two-state
telegraph model, and recent developments that
extend this model to include the effects of chromatin
and transcription factors on mRNA production.
In the original two-state telegraph model, a promoter
can switch between two states (ON and OFF) at rates
kon and koff (Fig. 2a, active chromatin). Transcription can
only initiate from the ON state, and leads to mRNA
production at a rate km . This effective rate km absorbs in
it all the rates associated with transcription initiation,
elongation, and termination. In this model, the burst
frequency is determined by kon, the burst duration is
determined by koff , and the burst amplitude by km.
Hence the burst size (duration times amplitude) depends both on koff and km . This model describes transcriptional bursting from a gene located at an active
chromatin locus.
The chromatin state of the gene can also undergo stochastic transitions among three states: active, reversibly
silent and irreversibly silent (Fig. 2a) [23]. The promoter is OFF in the reversibly and irreversibly silent
states, and can switch between ON and OFF in the
active state, as described above. The rates of reversible
silencing (kS ), reactivation (kA ), and irreversible
commitment ( kI ) determine the percentage of cells
having the gene of interest in an active chromatin state
as a function of time, and set the timescale of epigenetic
memory at the population level. The rates in this model
can be extracted from single-cell measurements of gene
expression over time.
Now the questions are: how do the different transcriptional inputs modulate the rates in this model and how
do we describe these effects mathematically?
Transcription factors binding at the promoter have been
shown to affect the rates related to bursting in the
chromatin active state (reviewed in Ref. [1]). Increasing
the concentration of an activating TF increases kon ,
stronger DNA binding domains decrease koff , and
stronger activation domains increase km [32]. Enhancers
mainly control kon , presumably by increasing the local
concentration of TFs via looping [136,137]. One
simplifying approach to incorporating the effects of TFs
into the rate kinetics formalism is to assume that TF
binding and enhancer looping are much faster than
chromatin and promoter transition rates, and thus can be
assumed to reach equilibrium between the steps in the
extended telegraph model. In this case, one can mathematically describe the effect of a TF by multiplying the
rate it affects by the probability of finding the TF at that
locus. However, the experimentally measured response
in gene expression to changes in TF concentration is
Current Opinion in Biomedical Engineering 2017, 4:174–193
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Fig. 2
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Models of gene regulation and chromatin dynamics are connected. (a) Extended transcriptional bursting model (adapted from Ref. [23]). The
chromatin switches between active, reversibly silent, and irreversibly silent states. mRNA can only be expressed in the active state. (b) Minimal
chromatin spreading model that includes transcription (based on [155,157,158]). A nucleosome switches between active, neutral, and silent states. A
nucleosome’s state affects the probability of its neighboring nucleosomes switching their states. The extent of its influence on neighboring nucleosomes’
states may be affected by their 3D interactions and intervening barrier factors. (c) The loop extrusion model. A molecular dynamics simulation of the
chromatin fiber (brown) folding under excluded volume forces, with additional dynamic loops formed by extrusion and barrier factors, recapitulates
features of chromosome conformation maps (adapted from Refs. [121,124]). (d) The three main models in (a–c) can be integrated with connections at
several elements of chromatin and transcription.

much sharper than would be predicted by theoretical
modeling using equilibrium statistics, suggesting that
this equilibrium assumption might not be correct [153].
Moreover, while most efforts have concentrated on TF
binding in the accessible chromatin state, it is likely that
some transcription factors, especially pioneer factors
that bind to chromatin, can modulate the transitions
between different chromatin states (kA , kS , kI ).
Chromatin modifications have been shown to affect all
the rates in the extended telegraph model. In the
active state, higher acetylation is correlated with
Current Opinion in Biomedical Engineering 2017, 4:174–193

increased TF binding kinetics (hence increased kon ), as
well as increased transcription elongation rates (hence
increased km ) [22]. Complete removal of histone
acetylation leads to reversible silencing (kS ) [23]. DNA
and repressive histone methylation are associated with
the transitions to reversible and irreversible silencing
such that writing of DNA methylation leads to irreversible silencing (kI ) [23,81,93] while histone
methylation (H3K9me3 and H3K27me3) can affect all
three rates (kS , kA and kI ) [23,24]. Therefore, histone
acetylation plays a role in setting the level of transcription in the active state, while the interplay among
www.sciencedirect.com
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DNA methylation and histone modifications control
the fraction of cells in the active state. However, it is
not clear how to mathematically connect the microscopic rates of histone and DNA modifications to the
phenomenologically measured rates in the kinetic
model presented here.
Chromatin spreading

As outlined in the previous sections, chromatin modifications have a strong effect on gene expression. One key
feature associated with many types of modifications is
their ability to spread across large distances [154].
Multiple groups have modeled this spreading to match
the experimentally observed chromatin domain sizes
[155e157], and more recently to connect the dynamics
of chromatin modification spreading to gene expression
[158]. In order to get heritable chromatin domains, a
model generally needs two ingredients: 1) having more
than two states for each nucleosome (e.g. activating,
neutral, and silencing) and 2) positive feedback loops
(Fig. 2b). The positive feedback loops consist of modifications recruiting chromatin regulator complexes that
write the same modification or remove the opposing
modification at other nucleosomes. There are two types
of positive feedback: linear spreading, where immediate
neighbors can affect each other [156,158], and loopingmediated spreading, where complexes bound at a
certain location can contact and modify nucleosomes
that are far in linear genomic space [155,157]. While
both models can produce stable chromatin domains,
only the looping model matches the kinetics of chromatin domains that result from recruitment and removal
of chromatin regulators in yeast [157]. Moreover, one
can get the appearance of a domain that would suggest
spreading even in the absence of positive feedback,
simply by tethering a chromatin regulator to DNA [157].
It is therefore important to understand the probability
of contact between any two points as a function of distance in order to connect spreading of chromatin modifications to gene expression changes.
Loop extrusion

Measurements of chromatin contacts using Hi-C technology have shown that the contact probability, I, follows a power law dependence on genomic distance, s,
such that IðsÞ ¼ sg with a scaling coefficient
g ¼ 0:75 [121]. This phenomenological function can
be reproduced by molecular simulations of polymer
folding [121,124] using a loop extrusion model. In this
molecular model, the chromatin fiber is modeled as a
polymer made of monomers each 600e1000 bp. This
polymer folds due to excluded volume forces. The
model also includes loop extrusion factors (such as
cohesin) that can bind the chromatin fiber and produce
dynamic loops, and barrier factors (CTCF) that stop the
translocation of these loops [121,124]. These simulations recapitulate Hi-C maps and often predict the
www.sciencedirect.com
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results of CTCF site editing experiments, in which
barrier removal alters the TAD boundaries.
There are still remaining questions in this model about
the behavior of chromatin at length-scales smaller than
1000 bp and larger than 10,000,000 bp (nuclear compartments) [124e126] and the role of chromatin modifications and transcription in the contact probability
function. Nevertheless, contact probability as a function
of genomic distance can be incorporated into the
bursting model to describe the dynamics of enhancer
looping, and into the chromatin spreading model to
calculate the probability of chromatin spreading among
non-adjacent points.
Bioinformatics algorithms and functional genomics

Large scale epigenomic mapping efforts, like the
Roadmap Epigenomics Consortium and ENCODE,
have contributed a wealth of data from diverse cell
types and underscore the need for models that can
aggregate and interpret diverse data. ChromHMM is
one such model; it is a hidden Markov model that learns
complex patterns from chromatin modification (obtained from ChIP-seq and other experiments) and then
reports interpretable chromatin states (i.e. active promoter, strong enhancer, insulator, etc.) [149,159].
Currently, these methods have been used for the
annotation of bulk cell populations, but could be
applied to the emerging single-cell epigenomic data
[160]. Bioinformatics algorithms are necessary to tease
out coarse-grained trends from very large data sets that
would impossible to process otherwise. These trends
can be used to generate mechanistic hypotheses, and
ultimately the results from testing these hypotheses
need to be incorporated back in the bioinformatics
algorithms.

Conclusions
There has been an explosion of single-cell methods for
measuring mammalian gene expression and its determinants e polymerases, TFs, and chromatin state
(modifications, accessibility, and 3D architecture).
These methods were possible because of advances in
microscopy, sequencing, and synthetic biology. In microscopy, super-resolution methods, brighter dyes, and
tagging mRNA and proteins with multiple geneticallyencoded fluorophores allow for single-molecule detection and fast dynamic measurements (reviewed in Refs.
[25,27]). In addition, incubation chambers and reliable
auto-focus control have become more common for
fluorescent microscopes allowing the imaging of
mammalian cells over many days [161]. Next generation
sequencing coupled with microfluidics and barcoding
methods have enabled single-cell genome-wide measurements of RNA expression [162], chromatin modifications [66], and chromatin accessibility [102,103],
albeit with sparser data than from a single locus with
microscopy. Up to date, most studies focused on
Current Opinion in Biomedical Engineering 2017, 4:174–193
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measuring a single variable at a time; however, both
microscopy and sequencing are moving towards
measuring both the transcriptional output and its inputs
in the same cell.
Advances in mammalian synthetic biology in the last few
years include: improved DNA synthesis and delivery,
improved genome and epigenome editing with programmable DNA binding domains and protein engineering to enable new drug- or light-inducible functions
[26]. These advances have contributed to improving
microscopy (by allowing fluorescent tagging of any
endogenous protein [163]) and sequencing-based
methods (employing synthesis and delivery of large libraries [53]). We are witnessing a systematic, highthroughput, and targeted approach for tuning each of
the factors that control transcription.
Despite these great technological advances, we are still
far from having a global, coherent, and predictive model
of the gene regulatory function. There has been progress
modeling isolated aspects of this function at different
length scales (i.e. promoters and enhancers for transcriptional bursting, tens to hundreds of nucleosomes
for chromatin spreading, and hundreds of kilobases for
loop extrusion) and times scales (i.e. seconds to minutes
for TF and RNAP binding, and hours to days for
chromatin-associated processes). It is necessary to take
a systems-wide view and integrate these models across
time and space. While post-transcriptional regulation
was beyond the scope of this article, its integration will
be critical to link transcriptional outputs to phenotypes.
Additionally, we need to take into consideration that
transcription itself is not only an output, but can
modulate inputs by removing histones from DNA,
changing supercoiling and chromatin organization, and
recruiting additional input factors via the nascent RNA
(reviewed in Refs. [164,165]). As such, a complete
model of gene regulation will necessarily integrate
mechanisms beyond what was discussed here. This
global model will provide a better foundation for
building gene regulation tools to be used routinely and
reliably in basic biology studies and cellular engineering
applications.
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