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Abstract

To reduce attrition in drug development, it is crucial to consider the development and
implementation of translational phenotypic assays as well as decipher diverse molecular
mechanisms of action for new molecular entities. High-throughput fluorescence and confocal
microscopes with advanced analysis software have simplified the simultaneous identification and
quantification of various cellular processes through what is now referred to as high-content
screening (HCS). HCS permits automated identification of modifiers of accessible and
biologically relevant targets and can thus be used to detect gene interactions or identify toxic
pathways of drug candidates to improve drug discovery and development processes. In this review,
we summarize several HCS-compatible, biochemical, and molecular biology-driven assays,
including immunohistochemistry, RNAI, reporter gene assay, CRISPR-Cas9 system, and protein-
protein interactions to assess a variety of cellular processes, including proliferation, morphological
changes, protein expression, localization, post-translational modifications, and protein-protein
interactions. These cell-based assay methods can be applied to not only 2D cell culture but also 3D
cell culture systems in a high-throughput manner.
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Introduction

Drug discovery and development are crucial to finding treatments for diseases with unmet
medical needs, such as cancers and neurodegenerative diseases; however, drug development
is a challenging process that is expensive, time consuming, and troubled by failures.
Specifically, developing a marketable drug can take 12-15 years and cost in excess of $1
billion [53, 84]. During pre-clinical development, drug candidates are identified, validated,
optimized, and tested for safety and efficacy in animal models, a process which can last for
~3-6 years [84, 115]. Following this, an investigational new drug (IND) application is filed
with the FDA and, if accepted, clinical trials begin. One-third of drugs fail the first clinical
phase, and approximately half of drug candidates entering clinical trials fail at some point
owing to unforeseen toxicity in humans [44, 65]. All of these failures had been predicted to
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be non-toxic in humans based on animal models prior to beginning clinical trials.
Additionally, another quarter of drug candidates fail in clinical trials because the drug proves
ineffective in humans [68, 70]. Thus, it is a goal to test compounds for safety and
effectiveness in the early stages of the drug discovery process with in vitro testing on human
cells and tissues to predict human-compound interactions prior to clinical trials. Owing to
the large combinatorial space associated with drug candidates, testable outcomes, and organ
systems within the human body, it is desirable to do so in a high-throughput manner.

High-throughput screening (HTS) has been widely applied to rapidly evaluate diverse
compound libraries. However, maximizing throughput has not directly translated into an
expected increase in new drug approvals, primarily as a result of biochemical screening
assays being unable to reflect the complexity of living systems [32]. Thus, more
sophisticated biological assays are needed to accurately evaluate the biological activity and
potential toxicity of compound libraries.

To address this challenge, cell-based assays have been increasingly used in HTS campaigns.
In vitro cell culture models can provide substantive information on various cellular
responses from exposure to a compound [16]. Integrating advanced microscopy with cell-
based assays is attractive because cellular events can be monitored with both spatial and
temporal resolution. This approach has driven the development of high-content screening
(HCS) technologies. Broadly speaking, HCS refers to any cell-based experiment that is
monitored through myriad techniques, including reporter signals, morphological analysis,
and phenotypic profiling, all used to measure cellular responses to a controlled stimulus.
Several pioneering studies have used HCS to characterize drug efficacy [89], rapidly screen
small molecules for biological activity [106], categorize subcellular localizations of target
proteins [8], identify subcellular phenotypes by using RNA interference (RNAI) [18], and
screen gene-deletion libraries by time-lapse imaging of live human cells [81].

These assays require sophisticated biochemical and molecular biology tools that permit
quantitative observation of cell phenotypes, including characterization of cellular
morphology, protein expression, localization, and post-translational modifications. Herein,
we summarize several methods commonly used in phenotypic characterization of cells that
are readily adaptable to high content screening purposes. Additionally, we highlight studies
that have successfully integrated three-dimensional (3D) cell culture models with HTS and
HCS experiments.

Immunohistochemistry-Based Assays

Immunohistochemistry (IHC) is a powerful and widespread method used to understand the
distribution, localization, and extent of protein expression in various cell types and
biological tissues. IHC is used to detect protein expression in a similar manner to that of
western blotting and ELISA, both of which use antibodies for identification of specific
proteins obtained from homogeneous cell lysates. However, unlike western blotting and
ELISA, IHC can be used to detect protein expression within an intact cellular structure.
Importantly, IHC is able to identify spatial patterns of protein expression. This is particularly
advantageous when assessing the effects of drugs on a specific, often low fraction cell type

J Microbiol Biotechnol. Author manuscript; available in PMC 2018 April 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nierode et al.

Page 3

within a heterogeneous cell population, such as within a stem cell niche or a tumor [72].
Spatial resolution prevents signal dilution, which can occur when a biomarker is partially
expressed within a heterogeneous cell population (e.g., a specific type of cell within a
culture of differentiating stem cells). Thus, unlike western blotting and ELISA, IHC has the
ability to detect both the level of protein expression and the percentage of cells expressing
target proteins. IHC can be performed on small tissue biopsies or prepared samples that can
be stored in paraffin for long times, making IHC readily available for drug discovery efforts.
Additionally, there are many readily available antibodies that have been developed and
validated for detecting target proteins (/.e., http://www.antibodies-online.com). However,
many IHC assays are time-consuming and involve area density measurements, semi-
quantitative hand counts, and scoring based on “representative” microscopy fields of view of
heterogeneous cells and tissues. To overcome these limitations, multiplexed and automated
IHC assays have been advanced, such as for rapid quantification of protein expression. This
has facilitated the use of fluorescence-based IHC assays in HCS campaigns [31] to measure
multiple cellular parameters and define relationships among molecular target activities,
subcellular localization, and morphologic features [31].

In addition to microscopy, flow cytometry can be used to simultaneously measure multiple
events within single cells. High-end instruments use multiple lasers and detectors to measure
signals from as many as 17 different fluorophores simultaneously [88]. However, it is
difficult to image individual cells. For example, detailed cellular processes such as
subcellular localization of proteins are unobservable. To overcome this limitation, an
imaging flow cytometry method has been described that combines the precise electronic
tracking of moving cells associated with flow cytometry with a high-resolution multispectral
imaging system [25]. Imaging flow cytometry could be used by a clinician or researcher to
obtain traditional fluorescent cytometry data (e.g., histograms and dot plots) while also
analyzing cell morphology and phenotype, but the adoption of this technology has been
limited to date.

RNAI Screening

RNA interference (RNAI) is a method used to silence expression of a specific gene. A
complementary RNA strand of a specific gene is introduced into a cell, leading to binding to
its complementary mRNA strand and breakdown of the target mMRNA. The process is self-
propagative and leads to destruction of all complementary RNA to the introduced strand,
which results in the knockdown of a given gene’s function. Thus, the crucial components of
an RNA. experiment include generating appropriate RNA libraries and efficiently
introducing the RNA. into cells primarily via transfection. RNAi technology has provided
researchers with the appropriate tools needed to perform functional genomic analysis in
human cells [104]. The results of large-scale RNAI screens have led to new understanding of
gene function relevant in many fields, including infection, cancer, obesity, and aging [77].

RNAI screening has been accelerated through high-throughput parallel transfection, and this
has enabled genome-wide RNAI screens in mammalian cell culture [86, 89, 103].
Transfections are typically performed with twodimensional (2D) monolayers of cells grown
in 96- or 384-well plates through the addition of RNAi-liposome complexes using liquid-
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handling robotics [38]. As an alternative, reverse transfection of RNAI has been studied to
perform high-throughput transfections for phenotypic analysis coupled with simple light
microscopy [30, 63, 81, 101, 120]. For example, cell transfection arrays can be prepared by
spotting siRNA oligonucleotides pre-mixed with transfection and matrix reagents. These
spots are allowed to dry and a uniform layer of cells is subsequently seeded onto transfection
arrays, which permits local transfection at each spot through a solid phase transfection into a
monolayer (2D) cell culture [28, 30]. A large number of conditions can be spotted in parallel
with several replicates. These arrays can be stored for subsequent use in various screening
applications without the need of additional robotic handling [81]. The risk of cross-
contamination from neighboring spots has been reduced by using multiwell plates for solid
phase transfection [29].

Cell-Based Fluorescence Reporter Gene Assays

Unlike IHC assays, non-invasive techniques can provide better insight into the biological
role of target molecules by allowing researchers to study the dynamic processes that occur in
living cells in real time. One of the most commonly used cell-based assays is a reporter gene
assay, which has been used for cell-based screening to identify primary signal pathway
modulators [10, 20, 36]. Traditional RGAs are based on introducing reporter genes,
transiently or stably transfected, into an appropriate host. Among the most commonly used
reporter genes are enzymes such as B-galactosidase, chloramphenicol acyltransferase (CAT),
and luciferase [3, 80]. Green fluorescent protein (GFP) has also been used widely as a
reporter because multiple colored variants are available and quantification does not require
cell lysis or substrate addition [100]. Additionally, GFP allows non-invasive kinetic studies
to be performed in living cells [66].

GFP expression is controlled by cis-regulatory elements, recognized by a target transcription
factor that can easily be monitored through fluorescence as a surrogate indicator of
transcriptional activity. Regulatory elements upstream of the reporter gene might include
known or putative promoters, or portions of them, or response and enhancer elements.
Thousands of predicted transcription factor binding sites are known, which enables a large
number of targets to be screened using RGAs [71]. In addition, hundreds of artificial
promoter-reporter gene assays have been developed, many of which are commercially
available. Promoter-reporter gene assays require internal controls because of potential for
artifacts or off-target interference. To overcome this concern, dual promoter systems have
been developed that employ two distinct reporter genes under the control of an inducible
promoter of interest and a constitutive promoter used as control for a specific effect,
respectively. The main concern in using RGAs for HCS is that the use of an artificially
engineered assay system may not accurately reflect the endogenous cellular regulation.
Endogenous gene promoters are regulated by many signaling circuits, and artificial
promoters often do not account for such tight regulation.

To circumvent this limitation, bacterial artificial chromosome (BAC) reporter gene
constructs have been generated leading to BAC reporter cell lines. The large capacity of
BACs (up to 350 kb of genomic sequence) enables the inclusion of all required regulatory
elements and ensures appropriate regulation of the gene of interest. Specifically, sequences
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encoding GFP can be introduced into the target locus (e.g., an exon or C-terminus of a gene)
by homologous recombination (Fig. 1A). The modified BAC can then be transfected into a
specific cell line [79, 82], which results in introduction of a gene associated with a GFP
reporter with its endogenous regulatory elements [26, 116]. BAC reporter cell lines allow
highly accurate representation of endogenous gene expression. As an example, different
mouse embryonic GFP reporter stem cell lines have been constructed for specific safety
evaluation (ToxTracker Assay), including apoptotic cellular stress (Btg2-GFP), DNA
damage (Bscl2-GFP), oxidative stress (Srxn1-GFP), and the unfolded protein response
(Ddit3-GFP) [46] (Fig. 1B). Reporter cell lines such as these can be used to identify the
biological reactivity and potential carcinogenic properties of newly developed compounds in
a single test and can easily be automated for high-throughput compound screening [46, 59].

CRISPR-Cas9 System

CRISPR-Cas9 was originally discovered to be a bacterial “immune-like” response against
bacteriophages [51, 114]. The system is composed of two essential components: the
targeting RNA and Cas9 nuclease. The RNA component is composed of a CRISPR RNA
(crRNA) fused to a normally frans-encoded tracrRNA, which can direct Cas9 nuclease to
sequence-specifically cleave target DNA matching crRNA [69]. For the binding of Cas9
protein, the target DNA sequence must also contain the correct protospacer adjacent motif
sequence (NGG) immediately following the target sequence [57].

New genome engineering technologies are beginning to be developed based on CRISPR-
associated RNA-guided Cas9 (endonuclease), which enable the rapid and precise
manipulation of cellular genomes [17, 70]. Whereas the utility of RNAI is limited by the
inherent incompleteness of protein depletion, temporary inhibition of gene function, and
unpredictable off-target effects [56], CRISPR/Cas9-mediated gene knockout provides
effective methods of introducing targeted loss-of function mutations at specific sites in the
genome, resulting in increasing specificity and efficiency [52]. Moreover, CRISPR/Cas9 can
target promoters, enhancers, and introns. Conversely, RNAI is limited to RNA transcripts
only. Recently, Shalem et al. [98] successfully performed genome-scale CRISPR-Cas9
knockout (GeCKO) screening using a sequence-specific guide RNA (sgRNA) library,
resulting in targeting 18,080 genes in human cells.

In addition to enabling genome-wide knockouts using the GeCKO library, CRISPR/Cas9-
mediated genome engineering is able to fuse fluorescent proteins (FP) to an endogenous
gene. Recently, Yang et al. [117] reported one-step generation of an endogenous reporter
allele. As shown in Fig. 2, FP could be inserted into an endogenous locus (e.g., Nanog gene)
by co-transfecting a pCas-guide plasmid carrying both Cas9 and sgRNA genes and a donor
plasmid carrying the gene encoding the 2A-FP reporter with homologous arms into
embryonic stem (ES) cells. They designed a sgRNA targeting the stop codon of the target
gene (NManog) and a corresponding oligo to fuse the FP before the stop codon. When the
fusion protein (Nanog-2AFP) was expressed in ES cells, the self-cleaving 2A peptides
allowed simultaneous individual expression of Nanog and FP. Fluorescent detection of FP
could quantify the endogenous expression of the target protein, Nanog (Fig. 2).
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Cell-Based Assays for Detecting Protein-Protein Interactions

Protein—protein interactions (PPIs) are cellular processes guided by a complex spatial and
temporal interplay of proteins that are essential for cell functions. PPIs are PGK,
phosphoglycerate kinase promoter; IRES, internal ribosomal entry site; NEO, neomycin
resistance gene. therapeutically important because abnormal PPIs are associated with
various diseases, including cancer, diabetes, and viral infections [94]. Thus, modulators of
PPIs are attractive drug candidates [2, 112]. Cell-based PPI assays are useful because they
offer insight into a test compound’s activity within a more relevant cellular environment [55,
60]. A classical approach to analyze PPlIs is the yeast two-hybrid (Y2H) system. In such a
system, a gene encoding a protein of interest (Bait) is fused to the DNA-binding domain of
the yeast protein GAL4, while another gene (Prey) is fused to the transcriptional activation
domain (AD) [35, 43] (Fig. 3A). These two-hybrid constructs are co-transfected into a
suitable yeast strain. If Bait (target protein) and Prey (proteins for screening) interact, they
create a functional transcription activator by bringing the activation domain into close
proximity with the DNA binding domain. This can be detected by expression of the reporter
gene, but it is associated with several technical difficulties such as generation of false
positives [43]. An alternative to the Y2H system, with relevance to human drug screening, is
use of mammalian cells. A major advantage of the mammalian two-hybrid assay over the
Y2H system is that protein-protein interactions of mammalian proteins can be studied in
their endogenous environments. This permits researchers to study interactions between
mammalian proteins that may not fold correctly in yeast or require post-translational
modifications or external stimulations that are not present in yeast [85, 113].

Another elegant approach to detect PPls in mammalian cells is protein-fragment
complementation assays (PCAs), which is based on protein complementation. In the PCA
method, PPIs can be detected by fusing each of the proteins of interest to one of two
fragments of a “reporter” protein that has been rationally dissected into two fragments using
protein engineering strategies (Fig. 3B) [58, 76, 87]. When the reporter protein fragments
are brought into proximity of one another through the association of the two interacting
proteins of interest, they can recombine and fold into a functional reporter protein. PCAs can
be created with many types of reporter proteins, including murine dihydrofolate reductase
[74, 87, 92], glycinamide ribonucleotide transformylase [76], aminoglycoside kinase [76],
hygromycin B kinase [76], B-lactamase [37], GFP [41], and luciferases [91]. However,
because reconstitution is often irreversible, this method is not well suited to screen for
compounds that disrupt protein-protein interactions after they have been formed.

Similarly, it is possible to quantify signal transduction based on protein phosphorylation
within the cell [96, 97, 107]. For example, Sato et al. [97] visualized signal transduction
based on protein phosphorylation in living cells by joining two different GFP variants (YFP
and CFP) through a tandem fusion domain composed of a substrate domain (SubD) for the
protein kinase of interest, a flexible linker sequence, and a phosphorylation recognition
domain (PhosRD) that binds with the phosphorylated substrate domain (Fig. 3C) [97].
Intramolecular interaction of the substrate domain and the adjacent phosphorylation
recognition domain is then dependent upon phosphorylation of the substrate domain by a
protein kinase, which influences the efficiency of fluorescence resonance energy transfer
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(FRET) between the fluorescent proteins. This assay was originally designed to visualize
protein phosphorylation by the insulin receptor but can also be adapted for other proteins
(e.g., the phosphorylation of a-synuclein at Serine 129, which is closely associated with a-
synuclein aggregate formation) [14, 42]. Thus, these fluorescent indicators can provide
biologically significant molecular events in single living cells with high spatial and temporal
resolution. In addition, the indicators provide a powerful tool for performing high-
throughput, highcontent screening of pharmaceuticals that regulate second messengers,
protein Kinases, or nuclear receptors.

HCS in 3D Cell Culture System

The cell-based assay methods for detecting target genes and proteins have been applied to
high-throughput 2D cell culture systems. However, the relevance of studying cells in
traditional 2D culture environments has begun to be questioned because such an
environment is not highly representative of the natural environments and niches present in
vivo [45]. Alternatively, the use of artificial 3D matrices for cell encapsulation or growth of
3D organoid cultures permits screening of cells within more complex cellular
microenvironments [54, 83]. Implementing 3D cell culture in HTS and HCS campaigns,
however, remains challenging often due to the lack of methods available to interrogate and
analyze cells within a 3D environment in a high-throughput manner.

Recently, immunofluorescence-based IHC methods were described for the detection and
quantification of target proteins within microscale 3D cell cultures [33, 34]. These on-chip,
in-cell immunofluorescence assays involve the binding of a primary antibody to a target
protein and the subsequent binding of a secondary antibody conjugated with horseradish
peroxidase (HRP), followed by addition of a signal amplification substrate (Fig. 4A). A laser
scanner was then used to assess population-level protein expression in 3D cultured cells in
addition to evaluation of the effects of small molecules on target protein levels in cancer
cells [34], primary cell lines [64], and stem/progenitor cells [73]. High content analysis, such
as single-cell protein expression, of cells within 3D systems is possible with this type of
approach if coupled with more advanced imaging platforms (/.e., automated fluorescence
mMIicroscopes).

In addition to IHC methods, fluorescent reporter cell lines can be used for purposes such as
detecting target proteins, promoter-specific activity, and PPl within 3D culture systems [12,
33, 108]. Stable cell lines can be prepared prior to formation of organoid or embedded
culture systems and analyzed with fluorescent techniques (/.e., confocal microscopy).
However, there is a notable shortage of methods that can be used to accurately measure
high-content readouts of 3D systems. A combination of automated confocal microscopy
with advanced analytical methods was recently described for analysis of cytotoxicity,
architectural changes, and size-dependent responses of cells in 3D culture [13], but
additional methods are needed to measure more complex phenomena (such as protein co-
localization). Additionally, genome-wide loss-of-function screens to identify associations
between common genetic variation and drug response remain challenging in 3D cell culture
systems owing to inefficient gene delivery [21]. Viral gene delivery using recombinant
adenoviruses has recently been described for 3D culture gene delivery into organoids [111].
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A similar gene delivery approach was also described for 3D microscale cultures on a
complementary micropillar/microwell chip system that is compatible with high-throughput
screening methods (Fig. 4B) [64]. These advances could potentially be used for viral
delivery of RNAI to mediate target gene knockdown for subsequent screening of large
chemical libraries in 3D microenvironments.

Application of Cell-Based Assay Tools in Drug Discovery

Successful drug discovery requires a comprehensive understanding of the genetic variations
and corresponding molecular phenotypes in relation to clinical phenotypes. However,
functional annotation of the human genome is still challenging because genetic variants
associated with a disease cannot easily be evaluated in a proper molecular environment. A
multidisciplinary approach integrating genomic information, gene and protein expression,
and biological parameters is often required. HCS approaches have begun to generate
enormous amounts of raw data that can be used to understand the interactions between
different cellular processes or the function of unknown genes. Since methods to
systematically modify gene function (e.g., RNAi-mediated gene silencing, overexpression
libraries) are now accessible [18], high-throughput RNAI screening has become a suitable
investigative tool to interrogate the gene or pathway function within cell models [9, 78].
However, the majority of cell-based assays have used simplistic readouts (/.e., population-
level changes) of complex biological processes. These one-dimensional assays can
potentially miss subtle but essential effects or changes (/.e., morphological or gene
expression alteration from treatment with a compound) that are only present in a subset of
cells. To better understand how genes, signal networks, and environmental factors such as
the extracellular matrix (ECM) cooperate to regulate the complex phenotypes in
heterogeneous populations of cells, we have to progress toward multi-dimensional/multi-
parametric assays at the single-cell level using advanced techniques associated with HCS.
Although continued development of automated high-quality fluorescent and confocal
microscopes and advanced analysis software (e.g., the Cellomics ArrayScan from Thermo
Scientific) [16, 18, 19] is essential to achieving this goal, appropriate cell-based tools must
also be developed and optimized. Importantly, these tools and assays reviewed herein and
summarized in Table 1 can be used to genetically or chemically modify a cell and its
environment while also simultaneously providing feedback on the consequences of each
manipulation. When combined, HCS can be used to aid in drug discovery and addressing
meaningful biological questions.

Future Directions

Initial integration of cell-based HTS assays into the drug development process resulted in
relatively poor efficiency in the identification of safe and effective drug candidates. It is
believed that population-averaged readouts (/.e., a result on an entire well, not individual
cells) associated with cell-based assays contributed to the poor translation from benchtop to
clinic [105]. Thus, a continual challenge is to acquire accurate information from cell-based
assays to increase success rates of drugs in clinical trials. This is where the potential of HCS
lies, in that HCS can be used to image cell populations and assess complex phenotypic
outcomes of individual cells within a heterogeneous cell population. This eliminates the
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variability of population-based averages. Overall, these profiling methods allow for the
measurement of multiple integrated parameters at the level of single cells to facilitate more
complex analysis such as target prediction of a drug candidate [67, 89] or precise
identification of proteins involved in biological processes [40].

HCS has been exploited in screening campaigns to identify changes in biological pathways
that impact specific cellular responses to small molecule drug candidates [22, 110].
Moreover, HCS can facilitate “drug repositioning” strategies, which seek to identify new
pharmacological targets for existing molecules that have already been evaluated for toxicity
and pharmacokinetics. This approach would reduce costs associated with drug discovery [4,
15]. However, drug repositioning is often limited commercially owing to the lack of clear
patent coverage, which often deters pharmaceutical companies from broader pursuit of this
approach [5].

Recent developments in ES and induced pluripotent stem (iPS) cells have opened up new
opportunities for HCS to be used in understanding phenotypic profiling and molecular
mechanisms associated with diseased cell phenotypes and differentiating cells. Specifically,
patient-derived iPS cells from familial cases of genetically linked diseases may represent
unique sources of biological material to better understand disease progression without the
need for exogenous expression systems. There remains a need for robust phenotypic assays
that can be used in combination with target-based assays (described in this review), however,
and continual improvements with automated fluid dispensing and miniaturized detection
systems compatible with HCS campaigns. Combined with advances in biochemical and
molecular biology tools, 3D cellular models, live cell imaging and data analysis, and cell-
based HCS, the research community should be able to obtain important answers to key
questions surrounding molecular mechanisms of diseases, resulting in accelerated drug
discovery.
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Schematics of (A) introduction of GFP into a specific target locus (Exon 2) and (B) the

construction of GFP reporter cell lines using BAC technology for chemical safety

assessment (ToxTracker Assay).

PGK, phosphoglycerate kinase promoter; IRES, internal ribosomal entry site; NEO,

neomycin resistance gene.
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Fig. 2. One-step incorporation of fluorescent protein (FP) into the specific locus of an endogenous
target gene (e.g., Nanog)

The CRISPR-Cas9 genome editing system requires the co-expression of a Cas9 protein with
a guide RNA vector expressed from the human U6 polymerase I11 promoter. LHA, left
homologous arm; RHA, right homologous arm; CMV, constitutive cytomegalovirus

promoter; gRNA; guide RNA.
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Fig. 3. Schematics of cell-based assay for identifying proteinprotein interactions
(A) Mammalian two-hybrid system. Interaction between the two test proteins (Bait and

Prey), expressed as DNA binding domain (BD-Bait) and RNA polymerase activation domain
(PolAD-Prey) fusion constructs, results in an increase in the expression of reporter genes
over the negative controls. (B) Protein-fragment complementation assays (PCAS).
Interacting proteins are fused to either of the two complementary fragments of a reporter
protein (blue and red). Interaction of the two proteins brings the unfolded reporter-protein
fragments into proximity, allowing them to fold into their active conformation. (C)
Fluorescent indicators for protein phosphorylation in living cells. Upon phosphorylation of
the substrate domain (SubD) within the fusion protein by the protein kinase, the adjacent
phosphorylation recognition domain (PhosRD) binds with the phosphorylated substrate
domain, which changes the efficiency of FRET between the GFP mutants. CFP, cyan
fluorescent protein; YFP, yellow fluorescent protein; P in an open circle, the phosphorylated
residue.
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Fig. 4. HCS strategies in 3D cell culture system
(A) In-cell immunofluorescence assay of biomarkers (target proteins) in 3D cell culture on

the microarray chip [34, 64]. (B) Micropillar/microwell chip platform for RNAI delivery into
3D cell culture [64]. The micropillar chip can be transferred to a microwell chip containing a
target compound after incubation with lentiviruses carrying the RNAI library.
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Table 1
Biochemical and molecular biology tools for HCS: summary of their application, advantages, and potential
pitfalls.
Assay tools Applications Advantages Potential pitfalls Selected References
IHC . Quantification of . Detection of . Laborious [31]
drug target endogenous procedures [118]
proteins protein levels requiring [50]
. . optimization [95]
. Identification of . Detection of
subcellular phosphorylated . False positives
localizations proteins based on
i o antibody
. Phenotypic . Antibodies quality
characterization readily available
for a multitude of . Background
. Cell-ECM antigens signals from
interaction non-specific
studies . Multiplex protein antibody
detection binding
. No requirement . Terminal assay,
of gene delivery not real-time
RNAI screen . Functional . Non-terminal/ . Variability and [11]
gemomics invasive assay degree of [24]
through genome- . knockdown [49]
scale loss-of- . RNAI libraries [61, 62]
function screens readily available . Only temporary [9]
. inhibition of [78]
. Validation of new * No requirement gene function
drug targets of generation of )
stable cell lines . Potential non-
. Therapeutic drug specificity
repositioning . Large-scale,
phenotype-based . Not every gene
screens is susceptible to
RNAI
RGA . Studies for gene . Non-terminal . Limitation of [39]
expression and assay multiplex [6]
regulation i i protein [23]
) . (_Zompatlble Wlt_h detection 27
. Phenotypic time-lapse studies [68]
characterization . Cell-to-cell [46]
) . Amenable to variability in [47]
. Mechanism- modifications expression can
based toxicity such as signal confound
assays amplification and results
i i gene delivery
. Studies relating method . Indirect
to cell-cell and measurement of
cell-ECM . Sensitive, rapid, expression
interactions and reproducible
. Poor
transfection
efficiencies
. Laborious

procedure to
generate stable
cell lines

Reporter
systems cannot
accurately
capture
complexity of
gene regulation
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Assay tools Applications Advantages Potential pitfalls Selected References
CRISPR-Cas9 . Functional . Non-terminal . Laborious [99]

genomics assay protocols for [109]
. . isolation of [7]
. Phenotypic . Detection of successfully [93]
characterization endogenous targeted cells [119]
L protein levels
. Quantification of . Current lack of
target proteins . Fewer false arrayed
signals screening
] - resources (e.g.,
. Compatible with genome-séalg
time-lapse studies collections of
. Large-scale, SgRNAs)
phenotype-based
screens
PPI . Identification of . Non-terminal . Indirect [96]
protein-protein assay measurement [102]
interactions i i i [107]
. Compatible with . Requirementof 75
. Identification of time-lapse stable cell lines  [4g]
small-molecule- imaging or high [1
targeted ) transfection [90]
pathways . Detection of efficiency
phosphorylated
. Identification of proteins . Non-specific

optimal targets
for a network of
interest

Robust and high
specificity

Direct detection
of molecular
interactions

Detection of
subcellular
localizations and
translocations of
protein
complexes

protein binding
leading to false
signals
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