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Multicellular organisms depend on cell-type-specific division of labor for survival. Specific cell types have
their unique developmental program and respond differently to environmental challenges, yet are orches-
trated by the same genetic blueprint. A key challenge in biology is thus to understand how genes are ex-
pressed in the right place, at the right time, and to the right level. Further, this exquisite control of gene
expression is perturbed in many diseases. As a consequence, coordinated physiological responses to the
environment are compromised. Recently, innovative tools have been developed that are able to capture
genome-wide gene expression using cell-type-specific approaches. These novel techniques allow us to un-
derstand gene regulation in vivo with unprecedented resolution and give us mechanistic insights into how
multicellular organisms adapt to changing environments. In this article, we discuss the considerations
needed when designing your own cell-type-specific experiment from the isolation of your starting material
through selecting the appropriate controls and validating the data.
Introduction
Multicellular organisms are composed of distinct cell types of

different morphology and function. This specialization allows or-

ganisms to compartmentalize their physiological processes,

ensuring, for example, the efficient metabolism of nutrients. A

given environmental stimulus evokes different responses and

changes in gene activity within distinct cell types (Teleman,

2011). Moreover, the regulation of cell-type-specific responses

is pathologically altered in many diseases, including metabolic

and neurological disorders (Bernstein et al., 2015; Huynh and

Casaccia, 2013). Gene activity changes in these situations can

be maladaptive, worsening the ability of an organism to deal

with its environment and impacting its health and survival.

Since all distinct cell types within complex organisms, with few

exceptions, have the same genomic sequence, a key challenge

of biology is to understand how genes are expressed in the right

place and at the right time. There is also great interest in being

able to capture gene activity changes in the specific cell types

that respond to a particular environmental cue. To achieve

cellular resolution, innovative tools capable of capturing and re-

porting gene expression or chromatin structure changes with

both cell-type-specific and genome-wide resolution have thus

been developed. These advances in genomics poise us to sys-

tematically study the nexus between gene regulation and phys-

iology with unprecedented resolution.

In the past, distinct cell types were defined primarily on

morphology or the expression of particular genes. The availabil-

ity of such markers was amilestone in studying the development

and function of particular cell types, and resulted in useful diag-

nostic approaches, such as in cancer biology. Current genomic
and proteomic approaches can measure the expression of

many, if not all, genes and protein levels. However, most

genomic studies focus on cultured cells, whole organisms, or tis-

sues, and thus lack the resolution necessary to observe gene

expression within the highly specific cell types that make up

complex organs in vivo.

Methods have now been developed that couple cell-type-spe-

cific tools to high-throughput sequencing, improving our ability to

monitor gene expression and chromatin structure at cell-type-

specific resolution. This reviewsummarizes the available technol-

ogies, with a particular focus on the most recently developed

techniques.Wehighlight the typeof information that eachmethod

provides, and emphasize how these techniques go beyond

identifying the genes expressed in a particular cell type and envi-

ronmental condition. In fact, these techniques facilitate ourmech-

anistic understanding of gene regulation in vivo. We spell out the

major benefits of each technique and guide readers in the use

of suitable experimental controls to reduce artifacts, allowing in-

vestigators to choose the most appropriate method for their bio-

logical question. The developments we report on will allow us to

obtain a biologically more refined, comprehensive, and quantita-

tive understanding of gene regulation, a pre-requisite for sys-

tems-level analyses of gene regulation and physiology.

Selecting the Technique and the Experimental Design
Gene expression can be measured at multiple points from gene

activation to mRNA translation. Cell-type-specific tools thus

differ on the specific gene regulatory step they report on.

For example, there are different tools to profile nuclear RNAs,

ribosome-bound mRNAs, or global mRNA levels. There are also
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Figure 1. Overview of Workflow Used to Obtain Cell-Type-Specific
Genome-wide Data
All cell-type-specific genomics analyses follow a similar workflow. The cell
type of interest needs to be identified and labeled (step 1). The chromatin or
RNA from that cell type is then isolated and assayed (steps 2 and 3).
Computational analysis of the data reveals cell-type-specific features that are
experimentally validated (steps 4 and 5).
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multiple tools to analyze chromatin states or RNA polymerase II

binding sites, or to profile the binding of regulatory proteins such

as transcription factors to the genome. Each of these distinct

biological readouts can be used alone or in combination with

each other to further deepen our understanding of the molecular

mechanisms defining the specialized function of a specific cell

type. For example, knowing that components of a particular

signaling pathway are regulated at the translational level in one

cell type, and at the level of RNA polymerase II binding in another

cell type, gives us a greater understanding of how that pathway

is uniquely used between the different cell types.

The major difference between the cell-type-specific tech-

niques is how a particular cell(s) of interest (or components

thereof) is isolated and captured from within complex tissues.

When selecting an approach, there are therefore three aspects

that need to be considered: the biological question being ad-

dressed, the physical limitations of the biological material (e.g.,

abundance of cell type, genetically tractable model organism

versus human tissue), and the equipment or other resources

that are available to the experimentalist. In addition to this, it is

also critical to consider the controls required for the experiment.

This is because the controls can influence how the biological

question is addressed, which model system is used, and what

resources are required for the study. Below, we discuss the gen-

eral controls that should be included in the experimental design

of cell-type-specific genomic analysis.
Identifying the Appropriate Experimental Controls
For each type of assay, identifying the appropriate controls

needed to reduce or limit the impact of artifacts is essential.

Designing experiments with biological replicates is vital, and is

required for many bioinformatics tools. Most of the cell-type-

specific approaches described in this review depend on trans-

genic tools, which may cause cellular or organismal phenotypes.
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Even when no obvious phenotypes are observed, transgenic

lines can have subtle differences seen in genome-wide data for

specific loci and transcripts. In most approaches, the transgenic

protein is used only to label a particular cellular compartment,

such as the nucleus, and is not required as a functional protein

beyond this. So long as the tagged protein has no gain-of-func-

tion effect that impacts the health of the organism, the transgene

can be used as a viable tool. However, for some studies, fully

preserving the activity of the tagged protein is important, such

as for mapping the chromatin binding sites of a transcription fac-

tor. To determine whether the tagged protein functions in the

same way as the endogenous protein, a rescue experiment of

null mutants and/or checking that the fusion protein localizes

to the same genomic locus as the endogenous protein are ideal

(Schauer et al., 2013). In addition, backcrossing transgenic ani-

mals to the wild-type line is recommended to avoid differences

between genetic backgrounds. Even when transgenic lines

have the same genetic background, it is useful to make compar-

isons between the ‘‘inputs’’ of different transgenic lines in order

to identify loci or transcripts that change due to the transgenic

construct. The use of such controls allows one to exclude spe-

cific loci from computational analysis, or tomodify the transgenic

constructs and tagging strategy in such a way as to eliminate the

potential artifacts.

All cell-type-specific experiments discussed below follow a

similar workflow, regardless of whether researchers seek to cap-

ture, profile, and quantify cell-type-specific chromatin features

or RNAs. The steps include (a) labeling the cell type of interest,

(b) isolating the labeled material, (c) performing genome-wide

profiling, (d) computationally analyzing, and (e) validating the ob-

servations (Figure 1). We structure the review according to this

workflow.

Labeling the Cell Type of Interest
Independently of whether the isolation procedure targets whole

cells, nuclei, or specific proteins and their complexes, or whether

DNA or RNA is being measured, all current approaches rely on

marking the target cell type. Currently, two approaches are

used to label the cell type of interest. The first approach is to ex-

press a transgene, often an epitope-tagged fusion protein. The

second approach uses immunolabeling of endogenous cell-

type-specific markers. The transgenic approach is suitable for

model organisms whose genome can easily be engineered,

whereas the immunostainingmethod is suited to studying organ-

isms whose genome cannot be manipulated, such as human tis-

sue samples.

Each genetic model organism has tools to achieve the cell-

type-specific expression of transgenic constructs (reviewed in

Huang and Zeng, 2013;Weber and Köster, 2013; del Valle Rodrı́-

guez et al., 2012). In general, these tools depend on a binary sys-

tem of two transgenes, such as the Gal4/UAS or the Cre/LoxP

systems. One transgene controls the expression of the other

transgene, which often encodes a fluorescent fusion protein or

another protein tag. Current advances in genome-editing tech-

nologies (e.g., CRISPR/Cas9, ZFNs, and TALENs) further enable

direct tagging of cell-type-specific proteins (reviewed in Ain

et al., 2015; Doudna and Charpentier, 2014). It is important to

evaluate how cell-type-specific the method of labeling particular



Table 1. Cell-Type-Specific Approaches for Isolating RNA and Chromatin

Method Species Reference

Whole Cell Isolation

Manual manual human, mouse, fly Noguchi et al., 1994; Hempel et al., 2007;

Nagoshi et al., 2010

LCM/LDM laser-capture/directed micro-dissection human, mouse Emmert-Buck et al., 1996; Chung et al., 2005;

Rossner et al., 2006

FACS fluorescence-activated cell sorting mouse, fly, worm Tomomura et al., 2001; Fox et al., 2007;

Lobo et al., 2006; Weake et al., 2011;

Berger et al., 2012

Nuclear Isolation

Nuclear sorting BiTS-ChIP (batch isolation of tissue-specific

chromatin for immunoprecipitation); FANS

(fluorescence-activated nuclei sorting)

human, fly, worm Jiang et al., 2008b; Haenni et al., 2012;

Bonn et al., 2012b

INTACT isolation of nuclei tagged in specific cell types plant, fly, worm Deal and Henikoff, 2010; Steiner et al., 2012;

Henry et al., 2012

Biochemical/RNA Profiling

PAB RNA polyA-binding protein RNA tagging fly, worm Roy et al., 2002; Yang et al., 2005

miRAP microRNA tagging and affinity purification mouse He et al., 2012

TRAP translating ribosome affinity purification;

also called RiboTag

mouse, fly Heiman et al., 2008; Doyle et al., 2008;

Sanz et al., 2009; Thomas et al., 2012

TU tagging 4-thiouracil tagging mouse, fly Miller et al., 2009; Gay et al., 2014

Biochemical/Chromatin Profiling

CAST-ChIP chromatin affinity purification from

specific cell types

fly Schauer et al., 2013

TaDa targeted DamID fly Southall et al., 2013

The approaches are divided according to what cell or cellular component the methods profile. Species refers to the model systems these approaches

have been developed for.References lists articles thatmade the landmark contributions to these innovations and provide helpful technical information.
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cells is. We recommend using immunohistochemistry to image

the localization of the tagged protein and compare it with known

markers for the target cell type.

A limitation of transgenic approaches is that the expression of

a tagged fusion protein can result in undesired phenotypes.

Although organisms can tolerate the expression of many fusion

proteins, more subtle effects are often only seen when the con-

trols discussed earlier are added to genome-wide experimental

designs.

Immunostaining against endogenous proteins avoids many of

the problems associated with transgenes, and can be used in

systems that are not genetically tractable, such as human tissue

samples. However, it is only useful in labeling cell types for which

unique endogenous markers exist. One drawback to immuno-

labeling is that samples may begin to degrade due to the addi-

tional manipulation required for staining, which can generate

difficulties for RNA analysis, in particular. In contrast, genetically

encoded fluorescent tags can be visualized directly, usually

without prolonged sample manipulation, rendering RNA analysis

more robust.

Isolating Cell-Type-Specific Features for ChIP-Seq and
RNA-Seq Analysis
Isolating the labeled cell population of interest is achieved by

either fluorescence detection combined with physical separa-

tion, or by biochemically purifying the tagged protein. The
methods discussed below are grouped into three categories:

(I) whole-cell transcriptome profiling, (II) transcriptional and chro-

matin analysis within the nucleus, and (III) direct biochemical

isolation methods (Table 1).

I: Whole-Cell Transcriptomics of Specific Cell Types
The transcriptome provides information about the function, iden-

tity, and state of a particular cell type. The receptors, signaling

pathways, metabolic networks, and other processes active in a

given cell under a given stimulus can be inferred from the anal-

ysis of transcriptomes, and provide information about how a

cell type fulfills its functional roles. Since mRNAs localize to the

cytoplasm and nucleus, and different mRNAs are subject to

distinct post-transcriptional regulation and stability, a method

for whole-cell isolation is useful in order to collect as complete

a transcriptional profile from a given cell as possible. Typical

methods include manual isolation, fluorescence-activated cell

sorting (FACS), and laser-capture micro-dissection (LCM;

Figure 2). As these tools are well established, we will not further

describe the experimental procedures here (Espina et al., 2006;

Hempel et al., 2007; Tung et al., 2007); however, we do highlight

important features of them below.

Comparing Whole-Cell Isolation Techniques
FACS, LCM, and manual isolation approaches each have

advantages and disadvantages, which must be considered
Molecular Cell 58, May 21, 2015 ª2015 Elsevier Inc. 623
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Figure 2. Methods for the Cell-Type-Specific Purification of Whole
Cells
Manual and FACS methods depend on protease dissociation of cells. For
manual isolation, GFP-positive cells are separated manually from non-fluo-
rescent cells under a fluorescence-dissectingmicroscope. The FACSmachine
separates cells based on fluorescence. For LCM, a thin, transparent film
becomes adhesive when irradiated by an infrared laser that is placed over the
cryosectioned tissue. After identifying the cell of interest by staining, immu-
nohistochemistry, or GFP signal, an infrared laser focused over the cell of
interest causes the cell(s) to adhere to the film, allowing the cell(s) of interest to
be selectively removed from the tissue section.
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when choosing one for your analysis (Table 2; see also Okaty

et al., 2011). First, there are differences in how the cells are

treated. Manual sorting and FACS generally use protease-

treated cells, a potential stress, and the cells remain alive during

the lengthy isolation procedure, which may alter gene expres-

sion (Richardson et al., 2015). Since cells need to be dissociated

from each other, non-specific RNAs from lysed cells may stick to

the cells of interest, causing contamination. FACS and manual

approaches may have significantly less contamination from

other cell types than LCM (Okaty et al., 2011). LCM can reach

the resolution of a few micrometers; however, contamination

by neighboring cells or missing segments (e.g., axon branches)

in tightly packed tissues are to be expected (Cheng et al., 2013).

Second, material and time constraints must be considered.

Manual sorting is slow relative to FACS and LCM. With manual

sorting, tens to hundreds of cells can be collected (Hempel

et al., 2007; Nagoshi et al., 2010). In practice, since ChIP-seq re-

quires at least hundreds of cells (Lara-Astiaso et al., 2014), the

manual isolationmethod is essentially limited to gene expression

profiling. Chromatin analyses are possible with LCM and FACS

(Weake et al., 2011). Using LCM, it is reasonable to collect cell

numbers in the high hundreds, and for FACS thousands of cells

can be readily purified. Although faster thanmanual sorting, LCM

and FACS remain time-consuming, particularly for rare cell types

within a complex sample.

The last consideration is the cost of the experiment and the

access to specialized equipment. Both LCM and FACS require

relatively expensive, often overbooked equipment that needs

specialist training. In contrast, manual sorting has a simple
624 Molecular Cell 58, May 21, 2015 ª2015 Elsevier Inc.
setup, no state-of-the-art equipment is needed, and it can be

widely applied, but requires a lab member spending long hours

sorting cells, which adds to the experimental cost.

II: Measuring Transcription Activity and Chromatin
States within the Nucleus
Whole-cell transcriptomes provide an overview of the steady-

state mRNA levels. However, analyzing newly synthesized RNA

transcripts within the nucleus is a more direct measure of

transcriptional activity of individual genes. In addition, isolating

cell-type-specific nuclei allows the efficient purification of cell-

type-specific chromatin. Isolating nuclei facilitates an array of

techniques for studying chromatin and transcriptional regulation,

such as transcription factor binding sites, which can reveal

the gene-regulatory mechanisms controlling the expression of

specific genes (Bonn et al., 2012a). Chromatin structure, which

is instrumental in cell-type-specific gene regulation, can also

be probed by studying three-dimensional organization of nuclei

(Ghavi-Helm et al., 2014). Further, post-translational modifica-

tions of histones and DNA modifications reveal information

about gene activity and regulation (Barth and Imhof, 2010;

Delatte et al., 2014). Using nuclei-isolation techniques, our ability

to look at transcription with hitherto unavailable cell-type-spe-

cific resolution will bring about new lessons in gene regulation

and chromatin biology.

FACS-Based Isolation of Cell-Type-Specific Nuclei
FACS-based procedures are frequently used to sort nuclei for

expression and chromatin profiling (Figure 3). Following the initial

development for human and mouse tissues (Jiang et al., 2008b),

the basic approach has been given several names, including

batch isolation of tissue-specific chromatin for immunoprecipita-

tion (BiTS-ChIP; Bonn et al., 2012a) and fluorescence-activated

nuclear sorting (FANS; Haenni et al., 2012) when developed for

Drosophila and C. elegans (Table 1). Both approaches rely on

sorting nuclei. Nuclei can be sorted more readily than whole

cells, in part because nuclei are more uniform in size and shape.

BiTS-ChIP and FANS work with both transgenic and immuno-

staining labeling approaches (Figure 3A), which makes this

method applicable to all multicellular organisms. Depending on

the intended use of the sorted nuclei, they can either be cross-

linked with formaldehyde (for ChIP-seq studies) or left in the

native state (for native ChIP or RNA isolation). It should be noted

that unfixed nuclei lose their integrity more easily, whereas fixed

nuclei are prone to clumping (Jiang et al., 2008b). In both cases,

this reduces the yield of nuclei. Depending on the specific cell

type that is targeted, millions of nuclei can be collected using

BiTS-ChIP or FANS, with high purity in a number of hours.

INTACT
Isolation of nuclei tagged in specific cell types (INTACT) is a

powerful alternative method to BiTS and FANS for isolating

nuclei that eliminates some of the limitations of FACS sorting

(Table 2). INTACT was developed in Arabidopsis (Deal and He-

nikoff, 2010) and adapted to C. elegans and D. melanogaster

(Henry et al., 2012; Steiner et al., 2012) (Table 1). This biochem-

ical method relies on expressing a tag localized to the outer

surface of the nuclear envelope, then immunopurifying the



Table 2. Evaluation of Cell-Type-Specific Genomic Profiling Methods

Method Application Advantages Limitations

Whole Cell

Manual transcriptome allows users to hand-pick cells time and labor intensive

LCM transcriptome no cell dissociation specialized equipment needed; cross-

contamination in densely packed tissues

FACS transcriptome high throughput time intensive; expensive equipment needed

Nuclei

FANS/BiTS-ChIP chromatin profiling/

nuclear RNA

high purity; transgene-free options time intensive and high material loss;

expensive equipment needed

INTACT chromatin profiling/

nuclear RNA

fast; no specialist equipment crosslinking after isolation; need specific,

ChIP-grade antibodies

Biochemical

PAB processed mRNAs fast; no specialist equipment tagged PAB-1 may be toxic in some systems

miRAP miRNA profiling fast; no specialist equipment limited to profiling miRNAs

TRAP/RiboTag translatome fast; no specialist equipment does not profile all RNAs in a cell

TU tagging newly transcribed RNAs fast; no specialist equipment;

in vivo tagging

4TU may be toxic in some systems

CAST-ChIP chromatin profiling fast; no specialist equipment;

low starting material; no need to

develop a ChIP-grade antibody

the tagged protein may lose activity

TaDa chromatin profiling fast; low cell numbers;

transient interactions captured

peaks are broader than in ChIP-seq;

level of Dam expression highly important;

tagged protein may lose activity

Method refers to the cellular level fromwhere the RNA or DNA is collected and lists the specific technique used to isolate the cell-type-specificmaterial.

Application refers to whether the approach allows RNA expression or DNA/chromatin profiling.Advantages and Limitations briefly summarize the char-

acteristics that guide investigators in selecting a particular approach.
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nuclei using anti-tag magnetic beads (Figure 3). In the original

Arabidopsis approach, the nuclear envelope targeting protein

(NETP) was biotinylated in vivo by the E. coli biotin ligase

BirA, and the labeled nuclei were isolated using streptavidin.

A simplified version in Drosophila, using a GFP-NETP construct

and GFP antibodies for immunopurifying the nuclei, results in a

more streamlined experimental setup (Henry et al., 2012).

Comparing FACS-Based and INTACT Nuclear Isolation
Approaches
There are major differences between these techniques in the

amount of material and time required, and whether a tagged

transgene is necessary (Table 1). Just as with the FACS isolation

of whole cells, BiTS-ChIP and FANS are relatively time-con-

suming and inefficient when isolating sparse cell types (�50%

loss; Jiang et al., 2008a). INTACT is comparatively fast, can

achieve a higher yield of nuclei from less starting material, and

is broadly accessible, since no FACS machine is necessary.

On the other hand, sorting nuclei labeled with an antibody

against an endogenous nuclear protein completely circumvents

the need to express a transgene, which is necessary with

INTACT. This important aspect makes BiTS-ChIP and FANS

particularly powerful for analyzing human tissue samples.

Another major difference is that most FACS protocols use

formaldehyde crosslinking for ChIP. In contrast, INTACT is

generally carried out under native, non-crosslinked conditions,

with the exception of C. elegans (Steiner et al., 2012). Fixing
samples may result in tagged proteins not being recognized

by the antibody or fluorescent proteins losing their optical prop-

erties. However, fixing may be crucial for some ChIP experi-

ments. The choice to fix nuclei or not depends on whether

RNA or the binding of specific proteins to chromatin is being

analyzed. Some chromatin binding can be remarkably stable

during the isolation procedure even in the absence of crosslink-

ing (Kasinathan et al., 2014), while others are highly dynamic

and may require crosslinking to detect binding. The harsh

effects of crosslinking on RNA quality is becoming less of a

problem, as new RNA-isolation kits promise to make isolating

RNA from crosslinked material more accessible (Adiconis

et al., 2013).

III: Direct Biochemical Methods to Profile Cell-Type-
Specific Gene Expression
One of the biggest challenges in obtaining cell-type-specific in-

formation is being able to collect sufficient material for the exper-

iment. Instead of tagging whole cells or nuclei, one strategy has

been to tag proteins that interact directly with DNA or RNA, al-

lowing small populations of cells to be analyzed (Table 1). This

bypasses the need to extract and separate whole cells or nuclei.

In short, the advantage of these biochemical methods over

others is that they are more simple, rapid, and efficient in terms

of DNA/RNA yield (Table 2). They preserve sample integrity,

reduce sample loss, and are applicable in more laboratories,

since they require only basic equipment.
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Direct Tagging and Affinity Purification
of the RNA-Binding Machinery
The two most commonly used techniques to affinity purify

mRNAs from specific cell types are polyA-binding protein

tagging (PAB; Roy et al., 2002) and ribosome tagging (named

translating ribosome affinity purification, TRAP; Heiman et al.,

2008, or RiboTag; Sanz et al., 2009). A further technique is

Ago-2 tagging, named miRAP, which enables cell-type-specific

isolation of microRNAs (He et al., 2012) (Figure 4).

The PAB-based method was first developed in C. elegans

muscle cells (Roy et al., 2002). The technique involves express-

ing a FLAG-tagged PAB1 in the cell type of interest, crosslink-

ing the sample, affinity purifying FLAG-PAB-1 with FLAG

antibody, and purifying associated mRNAs. This approach

was later applied to profiling Drosophila photoreceptor cells

(Yang et al., 2005) and many different cell types and develop-

mental stages in C. elegans (Kunitomo et al., 2005; Pauli

et al., 2006; Spencer et al., 2011; Von Stetina et al., 2007;

Yang et al., 2005).

TRAP has been the method of choice for mRNA profiling in the

mouse (Dougherty et al., 2010; Doyle et al., 2008; Heiman et al.,

2008; Hupe et al., 2014). In this method, the ribosomal subunit
626 Molecular Cell 58, May 21, 2015 ª2015 Elsevier Inc.
RpL10A is tagged with GFP and expressed in the cell type of

interest. RiboTag differs from TRAP in that an HA-tagged

RpL22 is used (Sanz et al., 2009). A ribosomal extraction is

made fromwhole tissue, and the tagged ribosomes are immuno-

purified along with their specific mRNA cargo. TRAP is well es-

tablished in themouse, and there are ‘‘bac-TRAP’’ lines available

for specific cell types (Doyle et al., 2008). TRAP has also been

adapted forDrosophila to profile a small population of�200 cells

in the brain (Thomas et al., 2012), and later for zebrafish (Tryon

et al., 2013).

A related approach has also been developed to profile micro-

RNAs, which are implicated in regulating mRNA stability and
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translation (Newman and Hammond, 2010) in many cell-type-

specific responses (Bernstein et al., 2015; Huynh and Casaccia,

2013; Lynn, 2009; Olde Loohuis et al., 2012). The tight associa-

tion of a tagged Argonaute protein (Ago-2) with its miRNAs has

made it possible to purify microRNAs expressed in subsets of

neurons (He et al., 2012). The authors estimate that yields for a

specific microRNA are 70- to 400-fold higher using miRAP

compared to FACS from the same amount of starting material.

This supports the idea that biochemical methods may be more

useful to isolate material from small sample sizes compared to

FACS-based methods.

TU Tagging of RNAs to Reveal Synthesis
and Decay Rates
Steady-state mRNA expression profiling approaches like PAB,

TRAP, and RiboTag do not provide insight into mRNA kinetics.

The TU tagging method has been developed to capture the

kinetics of RNA synthesis and degradation in cell culture and

yeast (Dölken et al., 2008; Melvin et al., 1978; Miller et al.,

2011) (Figure 4). In TU tagging, the ribonucleoside analog

4-thiouridine (4TU) is incorporated into mRNAs, and the 4TU

is then readily biotinylated and isolated using streptavidin

beads. In cell-type-specific TU tagging, the Toxoplasma gondii

enzyme uracil phosphoribosyltransferase (UPRT) is expressed

in the desired cell type. UPRT synthesizes 4TU from 2,4-

dithiouracil (DTU) in vivo (Cleary et al., 2005); thus, only

RNAs synthesized in the cell type of interest are labeled by

4TU. TU tagging, as implemented in Drosophila (Miller et al.,

2009) and the mouse (Gay et al., 2014), has not been used

as widely as other cell-type-specific tools, in part because

feeding 4TU to these model organisms adds a complication

to these experiments.

Comparing Cell-Type-Specific mRNA
Profiling Techniques
Of the available mRNA profiling techniques, TRAP has been the

most widely used in published reports, possibly due to concerns

over the toxicity of tagged PAB and 4-thiouracil labeling in vivo

(Thomas et al., 2012). However, since this approach opens the

possibilities of obtaining kinetic information on RNA metabolism

rates in specific cell types, TU tagging should not be overlooked

as a powerful cell-type-specific technique (Dölken et al., 2008;

Miller et al., 2011). On the other hand, TRAP is useful in identi-

fying those mRNAs that are bound to the ribosome, providing

a closer estimate of what genes may be in the process of being

translated.

Direct Chromatin Profiling Methods
Two recently established techniques (chromatin affinity purifica-

tion from specific cell types [CAST-ChIP] and targeted DamID

[TaDa]; Schauer et al., 2013; Southall et al., 2013) make it

possible to profile genome-wide protein-DNA interactions in

specific cell types without the need to isolate cells or nuclei

(Figure 4).

CAST-ChIP directly measures cell-type-specific protein-DNA

interactions by expressing a tagged form of the desired

chromatin-binding protein in the cell type of interest. In CAST-

ChIP, chromatin is made from whole tissue, and then used for
ChIP-seq by immunoprecipitating the tagged protein. We have

currently established and validated this technique for RNA poly-

merase II (using an eGFP-tagged RPB3 subunit) and histone

H2AZ-GFP to profile gene activity and chromatin structure in

neurons, glia, and the fatbody of Drosophila heads (Schauer

et al., 2013).

Targeted TaDa (Southall et al., 2013) is based on DamID

technology (van Steensel and Henikoff, 2000), and was devel-

oped as a cell-type-specific system to profile RNA polymerase

II binding sites in neuronal stem cells. In this technique, a chro-

matin binding protein is fused to a bacterial sequence-specific

DNA methylase (Dam), which methylates the DNA in the region

the chromatin protein binds. The DNA is extracted and digested

with a methyl-specific restriction enzyme, DpnI, to generate

DNA fragments used for genomic analysis. Overexpression

of Dam fusions is toxic; thus, directly driving the expression

of the Dam fusion in the desired cell type will not work. To

attenuate the protein levels, a bicistronic construct is used,

where the Dam fusion is translated as a secondary ORF, and

thus is only translated at low levels. This reduces the toxicity

of the Dam fusion and enhances the cell-type-specificity of

the assay.

Comparing CAST-ChIP with TaDa Chromatin Profiling
CAST-ChIP and TaDa are limited to profiling chromatin binding

sites of proteins that can be functionally tagged and expressed

as transgenes, and currently cannot report on post-translational

modifications, such as histone modifications. A concern with

these methods is the difference in the level of transgene expres-

sion between cell types or experimental conditions. For

example, if using cell-type-specific promoters with different ac-

tivity, there might be a much higher expression of the fusion pro-

tein in one cell type compared to another. This might lead to

more binding sites being identified in a particular cell type simply

because they are more occupied by the overexpressed fusion

protein. To reduce the likelihood of this artifact, western blot

analysis should be used to assess differences in expression of

the tagged protein. Levels of the tagged protein can then be

adjusted by changing the copy number of the promoter driving

the transgene, for example.

TaDa has the benefit over CAST-ChIP in that no immunopre-

cipitation is needed; therefore, it does not depend on the

specificity of antibodies or the efficiency of the immunopre-

cipitation assay, so less material is required as input. Both

techniques are faster and require less starting material than

whole-cell or nuclei isolation methods. TaDa requires less

material than CAST-ChIP, but is unable to detect temporally

dynamic events, since once methylated by Dam methylase,

eukaryotic cells have no known mechanism to actively remove

this modification. For certain chromatin factors, such as ATP-

dependent nucleosome remodelers, which are likely to have

a very dynamic association with chromatin and have been

challenging to analyze by ChIP, TaDa might be ideal, as it

may catch more transient binding events. However, DamID

binding data are of generally lower resolution than CAST-

ChIP, the peaks are much broader, and the identified peaks

are biased due to the Dam specificity for GATC sites in the

genome (Table 2).
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Identifying and Validating Cell-Type-Specific Gene
Expression or Chromatin Features
Data analysis is a vital and often underappreciated part of all

genome-wide approaches. The range of bioinformatics and sta-

tistical tools available for high-throughput sequencing methods

is rapidly growing. These include Cuffdiff, baySeq, edgeR,

DESeq, diffreps, and bitSeq to mention a few (reviewed in Lun

and Smyth, 2014; Rapaport et al., 2013). Tools of the Bio-

conductor project, and most other tools, are publicly available

(see http://www.bioconductor.org/). To aid the computational

analysis, the caveats that come with all genomic analysis should

be considered in the experimental design. The depth of

sequencing and the number of replicates impact the reliability

of the cell-type-specific features identified (Sims et al., 2014).

Particularly for RNA-seq experiments, where relative abundance

of transcripts between cell types is assayed, internal controls

such as spike-in RNAs can allow a far more accurate analysis

between samples (Munro et al., 2014). In general, the output of

these analyses is a list of genes or features that is specific to

each cell type.

Once genes, chromatin features, or mRNA transcripts are

identified as being cell-type-specific, validation of the observa-

tion is paramount. Commonly used options to evaluate the

cell-type-specific findings from ChIP-seq or RNA-seq include

computational analysis, quantitative PCR, and imaging assays

using reporter tools. Computing correlations between replicates

for experimental and control samples aids in evaluating the

quality of the data and the experimental design. Commonly

used tests include Pearson correlations (Haenni et al., 2012;

Henry et al., 2012; Okaty et al., 2011) and principle component

analysis (Brennecke et al., 2013). Gene ontology (GO) analysis

is often used as a quick way to evaluate whether there are genes

with the expected characteristics enriched in the dataset. How-

ever, one caveat of GO analysis is that annotations are far from

complete. Further, the less well known a particular cell type is,

the more difficult it is to find enriched GO terms. Another useful

informatics approach is to use other expression datasets, such

as the FlyAtlas in Drosophila (Chintapalli et al., 2007). For

example, we used the variance in the expression level of genes

across tissues to test the hypothesis that one set of genes is

cell-type-specifically expressed and another set of genes is

more universally expressed (Schauer et al., 2013). Other

methods, such as clustering, might reveal how specific sets of

genes are co-regulated. For example, Hilbert curves (Anders,

2009) can be used to visualize the genomic location of cell-

type-specific genes and their modifications in specific neuronal

cell types (Henry et al., 2012). This analysis allowed several

candidate transcription factors involved in octopaminergic

neuron specification to be identified (Henry et al., 2012). Often

clustering is used to compare expression or binding of a factor

to chromatin in one cell type versus another. In Deal and Henikoff

(2010), K-means clustering of cell-type-specific expression data

and histone marks was used to find out that mechanisms other

than the H3K4me3/H3K27me3 balance regulate cell-type-spe-

cific gene expression. These informatics techniques are useful

for evaluating the quality of the experiment, checking the cell

type specificity, and developing hypotheses, but cannot sup-

plant experimental validation.
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Findings from genomic analyses thus also need to be

validated experimentally. Fluorescence microscopy is often

used to validate the expression pattern of particular genes. For

example, RNA in situ hybridizations were used to confirm

co-localization of a Drosophila mesoderm marker (Mef2) with

the expression of mesoderm-specific genes identified by BiTS-

ChIP (Bonn et al., 2012a), confirming the predicted activity of

regulatory regions. In many cases, a reporter can be expressed

using the promoter or enhancer of the identified gene (Schauer

et al., 2013). The Drosophila Gal4/UAS or the mouse Cre/LoxP

system are ideal for such experiments, as there are thousands

of lines available that reflect the gene activity of the given locus.

The third option is to perform immunohistochemistry by co-

staining the protein of interest with already-known cell-type-

specific markers. Of course, as cell-type-specific data become

more sophisticated, it will be valuable to test emerging hypo-

theses with cell-type-specific knockdowns of particular genes

of interest.

Where Do We Go from Here?
The goal to understanding gene regulation is to know how genes

are expressed at the right time, in the right place. Tools that

allow us to observe gene regulation at specific time points and

in highly specific cell types are thus essential. Prior to genome-

wide datasets, we thought that most genes were regulated

by RNA polymerase II recruitment to their promoter and that

only a handful of genes, such as heat shock-responsive genes,

were regulated at the level of transcriptional elongation. Now,

with the advent of genomics, we appreciate that in metazoans

the expression of many genes is regulated at the elongation

stage (reviewed in Adelman and Lis, 2012). Because of the

diversity of cell-type-specific tools now available, we can now

move toward documenting which genes are expressed where

with high temporal and spatial resolution, understanding the

mechanisms regulating particular genes in a specific cell type,

and their response to a particular environmental challenge.

Still, many of our tools can be developed further. For example,

TRAP and RiboTag, which are very useful to isolate cell-type-

specific mRNAs, might be developed further to better measure

translation. There are many examples of mRNAs bound to ribo-

somes that are not actively translated (Meijer and Thomas,

2002). Footprinting the ribosome to determine the density of

ribosomes on a given RNA might therefore more closely report

the mRNAs actually being translated (Ingolia et al., 2009).

Another interesting development is profiling RNAs associated

with ribosomes in specific sub-cellular compartments, such as

mitochondria (Williams et al., 2014) and the ER (Jan et al.,

2014). Further development of these powerful cell-type-specific

tools will allow us to probe gene expression at even higher

resolution. In addition, other already-established techniques

such as DNase-seq (Boyle et al., 2008), FAIRE (Giresi et al.,

2007), Gro-seq (Core et al., 2008), and NET-seq (Churchman

and Weissman, 2011) can be used to study chromatin and

transcription in specific cell types.

Great strides are also being made toward single-cell profiling

(see the two review articles in this issue ofMolecular Cell: Kolod-

ziejczyk et al., 2015; Wang and Navin, 2015). We are also moving

from analyzing rather abundant materials, such as cultured cells
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or whole tissues, toward low-yield sub-populations of cells

within complex tissues. This has been bolstered by leaps in

genomic sequencing. The decreasing cost of sequencing means

that several different cell types can be compared at the same

time without excessive cost. The amount of material demanded

for high-quality sequencing is decreasing, meaning that a key

limitation of the techniques described here, the low number of

cells that can be isolated, may soon be a problem of the past.

The future looks particularly bright for RNA-seq experiments,

where the amount of material required has dropped from 10 mg

to 10 ng of total RNA (Bhargava et al., 2014; Saliba et al.,

2014). Further, advances in single-molecule tracking within live

cells will enable us to follow molecular processes with unprece-

dented time and spatial resolution (Kusumi et al., 2014). Compu-

tational methods will evolve alongside, and novel statistical

methods will be needed to distinguish biological variation from

high levels of technical noise in single-cell analysis (Brennecke

et al., 2013).

In conclusion, cell-type-specific genomic tools provide an

opportunity to test models of gene regulation that have been

pioneered in cell culture, yeast, and embryos with exquisite res-

olution. These tools will reveal biological insights that go well

beyond gene regulation. Knowing which genes are expressed

where provides a foundation to discover novel mechanisms

across all areas of biology. With continuing refinement of cell-

type-specific tools and the ability to obtain genome-wide data

from small sample sizes, we will be able to define in rather exact,

quantitative terms how changes in gene activity at multiple levels

of regulation allow complex organisms to readily adapt gene

expression and thus cellular activities to an ever-changing envi-

ronment.
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