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2.1 Introduction to Transcription Factors and Diseases

The survival of cellular life depends on the accurate and coordinated maintenance
of biological processes at the single-cell level such as cell-cycle progression, dif-
ferentiation, metabolism, development, and programmed cell death (Rudel and
Sommer 2003; Hanahan and Weinberg 2011; DeBerardinis and Thompson 2012).
Consequently, simultaneous regulation of complex intracellular programs is heavily
reliant on the precision of gene expression at the transcriptional level. Eukaryotic
gene expression begins typically with the assembly of transcription-related protein
complexes and cofactors on DNA before genetic information is transcribed into
messenger RNA molecules, through the recruitment of RNA polymerase and cofac-
tors, allowing for downstream protein translation (Lee and Young 2000). Sequence-
specific DNA-binding transcription factors (TFs) are an integral part of the
transcriptional machinery that regulate gene expression rates through the recogni-
tion and binding to precise DNA motifs (enhancer regions or response elements)
resulting in either transcriptional activation or repression (Robertson et al. 2006)
through further interaction with co-regulators and histone modifiers (HATs, HDACs)
(Schaefer et al. 2011). Whole-genome studies have predicted 2000-3000 TFs in the
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human genome (Babu et al. 2004; Kummerfeld and Teichmann 2006; Venter et al.
2001), and bioinformatics, transcriptome analysis estimates that TFs account for
~8-10% of human genes expressed (Messina et al. 2004; Kummerfeld and
Teichmann 2006).

DNA-binding transcription factors are typically modular and generally con-
tain a DNA-binding domain (DBD) which controls DNA binding and gene speci-
ficity, and a transactivation domain (TAD) to regulate transcription through
interaction with protein factors of the transcriptional machinery. The basis of
DNA selectivity lies within the DBD, which can be classified based on structure
and function. Three classes are most prolifically expressed in humans: the C,H,
zinc finger, homeodomain, and helix-loop-helix families (Vaquerizas et al. 2009).
TADs are generally disordered and less structured than DBDs within TF fami-
lies, allowing for promiscuity in protein interaction and cofactor recruitment.
Distinct categories of TADs are observed in different classes of TFs and are
grouped based on the amino acid composition: acidic, isoleucine-rich, proline-
rich, and glutamine-rich domains (Mermod et al. 1989; Okuda et al. 2016;
Mognol et al. 2016; Hibino et al. 2016). In addition, the nine amino acid transac-
tivation domain (9aaTAD) is a class common to eukaryotic transcription factors
(Piskacek et al. 2007). Table 2.1 shows seven of the most cited TFs in the litera-
ture to date (Vaquerizas et al. 2009).

As expected, the deregulation of proper transcriptional activity has been associ-
ated with many human diseases. For example, mutations in the transcription fac-
tors HNF1beta, HNF1lalpha, and HNF4alpha have been linked to maturity-onset
diabetes of the young (MODY) by respectively affecting differentiation processes
in the pancreas and decreasing glucose-dependent insulin secretion in beta-cells
(Maestro et al. 2007). The autoimmune regulator AIRE, a transcription factor
expressed in the thymus, is responsible for the identification and negative selection
of self-reactive T-cells, and its inactivation causes type-I autoimmune polyendocri-
nopathy syndrome (APS-1) (Kyewski and Klein 2006). Aberrant gene expression
from deregulated transcription factors can occur at the genetic level as a result of
increased TF expression (increased copy number from gene duplication, epigene-
tic modifications, or chromosomal translocations), or at the protein level (post-
translational modifications or a derailment in biochemical pathways like protein
turnover rates). Examples include translocation of the AML1 (or RUNXI1) tran-
scription factor (resulting in oncogenic fusion proteins like AML1-ETO) com-
monly associated with several forms of leukemia (Licht 2001; Lukasik et al. 2002),
and the HPV (human papillomavirus)-related viral protein E6 which, when present
in cells during viral infections, facilitates the degradation of the tumor-suppressor
p53 and promotes cervical carcinogenesis (Mantovani and Banks 2001).
Additionally, mutations in cis-acting regulatory DNA elements as well as inactivat-
ing mutations within the reading frame of a gene can affect mRNA splicing, pro-
tein translation, or protein structure, and have all been described and linked to
disease phenotypes (Lee and Young 2013).
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Table 2.1 List of most cited transcription factors and their involvement in health and diseases

Transcription

factor Description References

p53 Master tumor suppressor that regulates cellular programs | Lane (1992),
that decide cell fate (e.g., growth arrest, senescence, Vousden and Lane
apoptosis) in response to genetic aberrations. It is (2007), Vogelstein
frequently mutated in many forms of human cancer. et al. (2000)

Estrogen Nuclear receptor family transcription factor activated by Ascenzi et al.

receptor the steroid hormone estrogen. Responsible for the (2006)

(ER) maintenance of reproductive, immune, cardiac, and skeletal
systems. Overexpressed in many types of breast cancer,
constituting a common prognostic and treatment target.

FOS Forms the AP-1 complex with c-jun and regulates many | Milde-Langosch
cellular processes that govern differentiation, growth, (2005)
and survival. Often implicated in cancer and also
involved in cancer-related processes such as hypoxia,
angiogenesis, and epithelial-mesenchymal transition.

MYC A potent oncogene frequently active during Meyer and Penn
tumorigenesis through mutagenesis, chromosal (2008)
translocation and deregulated protein biochemistry.

Binds DNA through basic helix-loop-helix domain to
regulate cell fate. Overexpressed in many cancers.

JUN Forms homo- or heterodimeric (c-fos) transcription Eferl and Wagner
factors. Often required in cellular transformation due to (2003)
proliferative and anti-apoptotic signals. Associated with
increased aggressiveness, tissue invasion, and metastatic
cancer phenotypes.

Androgen Nuclear receptor transcription factor that responds to Heinlein and Chang

receptor androgenic hormones. Often required for the (2004)

(AR) development and maintenance of male sexual organs. AR
activity is strongly associated with prostate cancer
development and progression.

SP1 Zinc finger TF involved in many cellular processes such | Beishline and
as cellular growth and differentiation, chromatin Azizkhan-Clifford
remodeling, immune system, and apoptosis. (2015)

NF-xB Modulates the inflammatory response of the innate Gilmore (2006)
immune system through dimerization with members
within the NF-xB family in response to biochemical
signals. Displays a double-edged role in cancer
development depending on cellular context.

2.2  Transcription Factors in Cancer

Cellular transformation and the development of cancer have been acutely linked to
numerous transcription factors responsible for distinct cellular processes. The
tumor-promoting c-Myc transcription factor is the most frequently amplified onco-
protein in human cancers (Lin et al. 2012). c-Myc recognizes and binds DNA
enhancer motifs (E-boxes) through heterodimerization with another TF, Max
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(myc-associated factor x) (Blackwood and Eisenman 1991), to elevate expression of
genes involved in cell proliferation and metabolism, promoting cell growth (Ji et al.
2011). Furthermore, tumorigenic cellular programs have also been ascribed to
simultaneous activation of transcriptional networks. Elevated transcriptional activ-
ity of TALI is observed in 40% of all T-ALL (T-cell acute lymphoblastic leukemia)
cases and has been reported as a master regulator of transcriptional circuitries
involving other TFs including RUNX, GATA3, HEB, and E2A (Sanda et al. 2012).

The rest of this chapter focuses on three transcription factors: the p53 tumor sup-
pressor, estrogen receptor, and NF-kB; their roles in cancer; as well as past and
current technologies designed at targeting them for diagnostic purposes.

2.2.1 The p53 Tumor Suppressor

The p53 tumor suppressor (also known as the guardian of the genome) is a master
regulator that sits at a central node within a sophisticated network of cellular pro-
grams (Lane 1992). It functions primarily as a transcription factor that acts to safe-
guard the genomic integrity of an organism by inducing biochemical pathways that
ultimately determine cell fate (including cell cycle arrest, apoptosis, senescence)
p53 responds to upstream stress signals and prevents cellular transformation caused
by genetic aberrations (Vogelstein et al. 2000). Stress signals that activate p53 take
many forms but typically result in DNA mutations or chromosomal damage when
left unchecked. Examples include DNA or chromosomal breakages, ionizing radia-
tion, hypoxia, dNTP depletion, and glucose starvation (Bieging et al. 2014).

p53 shares significant homology with its family members, transcription factors
p63 and p73, and they are each organized to carry several critical domains including
an N-terminal transactivation domain (TAD), a proline-rich domain (PD), a well-
ordered DNA-binding domain (DBD), an oligomerization domain (OD), and an
unstructured carboxy-terminal domain (CTD) (Vousden and Lane 2007). In addi-
tion, p63 and p73 possess a sterile a-motif (SAM) domain that participates in
protein-protein interactions (Thanos and Bowie 1999). The physiological functions
of p53’s unstructured CTD have been highly controversial and both early reports
and in vitro experiments have suggested an auto-inhibitory role possibly through
interacting with the DBD (Hupp et al. 1992; Goh et al. 2010). However, recent ani-
mal and biochemical studies reveal more evidence of the CTD’s involvement in
p53-DNA interaction, particularly in the selectivity and coordinated binding of p53
to DNA response elements and also in the precise induction of p53 response in cells
(Laptenko et al. 2015, 2016). There are also postulations that the CTD can help
mediate sequence-specific p53-DNA binding through weak interactions between
the positively charged lysine-rich regions and the negatively charged phosphate
DNA backbone (Friedler et al. 2005). This interaction may also facilitate the sens-
ing of DNA damage and expedite DNA repair (Reed et al. 1995). The DNA-binding
core of p53 is responsible for interacting with DNA in a sequence-specific manner
through a highly ordered domain that is well conserved within the protein family
(Belyi et al. 2010). The DBD core structure consists of a f-sandwich scaffold con-
sisting of two antiparallel p-sheets projecting a loop-sheet-helix motif and two
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additional large loops that make DNA contacts (Cho et al. 1994). p53 functions as a
TF by recognizing and binding cognate DNA elements known as p53 response ele-
ments (p5S3-RE) which contain two palindromic half-site decamers, each carrying
the consensus sequence 5'-RRRC(A/T)(T/A)GYYY-3’ (where Y = pyrimidine and
R = purine) separated by a spacer ranging from 0 to 13 base pairs (el-Deiry et al.
1992). A stable complex (dimer of dimers) is formed with each monomer contacting
a 5-bp quarter site when p53 tetramerizes on DNA, resulting in a close to 100-fold
increase in binding affinity over monomeric units alone (Balagurumoorthy et al.
1995). The DNA core motif C(A/T)(T/A)G within each decamer half-site, in par-
ticular, has been shown to have a profound influence on p53 DBD binding (Wang
et al. 2009a). Wild-type p53 is known to regulate hundreds of gene targets, through
transcriptional activation or repression, by interacting with DNA REs located across
the entire genome. More than 200 RE sites have been established as empirically
verifiable p53 response elements (Menendez et al. 2009; Riley et al. 2008; Zeron-
Medina et al. 2013), with thousands more possible p53-binding sites identified
through predictive algorithms and whole-genome studies (Tebaldi et al. 2015;
Smeenk et al. 2008; Chang et al. 2014; Sammons et al. 2015). Furthermore, the low
intrinsic thermodynamic stability of the p53 core (9-min half-life at body tempera-
ture), a likely result of evolutionary adaptations, has been linked to structural plas-
ticity, allowing for interaction with diverse protein partners and DNA sequences
(Joerger and Fersht 2010). Indeed, gene expression regulating p53-REs have shown
considerable degeneracy in sequence and size, seen in noncanonical motifs like
half- and three-quarter sites (Jordan et al. 2008; Tebaldi et al. 2015).

In the classical p53 response, cellular stress stimuli result in the activation of p53
modifiers like ATM (ataxia telangiectasia mutated), ATR (ataxia telangiectasia and
Rad3-related protein), and CHKI1/2 (checkpoint kinase 1/2) serine/threonine
protein-kinase which phosphorylates p53 at key residues leading to the stabilization
of intracellular protein levels, nuclear accumulation, and increased transcriptional
activity on target genes (Cheng and Chen 2010). Acetylation of lysine residues
found in the DBD and CTD, through the recruitment of histone or lysine acetyl-
transferases, can further contribute to this process (Dornan and Hupp 2001; Lambert
et al. 1998). The precision of p53 gene target selection is regulated at many levels
including p53 post-translational modifications (such as phosphorylation, acetyla-
tion, and ubiquitination of precise residues) (Meek and Anderson 2009), histone
remodeling factors (HATs, HDACs), as well as p53-protein interaction (protein
cofactors and p53 isoforms) (Khoury and Bourdon 2011; Beckerman and Prives
2010). The result is a downstream augmentation of canonical p53 cellular responses
through the upregulation of classic gene targets including p21, GADDA45, and 14-3-
3o which mediate growth arrest and DNA repair (Hermeking et al. 1997; Chin et al.
1997; el-Deiry et al. 1993), as well as Puma, Bax, and Noxa that induces apoptosis
(Nakano and Vousden 2001; Miyashita and Reed 1995), all by virtue of high-affinity
p53-REs (Weinberg et al. 2005).

Transcriptional upregulation is also achieved through the ablation of an auto-
regulated negative feedback mechanism mediated by Mdm2, a p53 target gene
product. p53 activity is kept low under normal cellular conditions by Mdm?2, a ubig-
uitin E3-ligase capable of inactivating p53 through TAD binding and sequestration,
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followed by cytosolic translocation and ubiquitin-dependent proteasome degrada-
tion through the modification of lysine residues with poly-ubiquitin chains (Kussie
et al. 1996; Lohrum et al. 2001). Overexpression of Mdm?2 leads to the attenuation
of the p53 response and promotes cancer development. High levels of Mdm?2 are
found in several types of human malignancies and hence it constitutes a promising
therapeutic and prognostic target in cancer (Rayburn et al. 2005; Andre et al. 2014).

The crucial role of p53 in cancer development is obvious when examining
Li-Fraumeni patients who carry germline mutations in the p53 encoding TP53
gene, resulting in cancer predisposition at a young age (particularly sarcomas
and cancers of the breast, brain, and adrenal glands) (Malkin 2011). The derail-
ment of p53 pathways leading to constitutive proliferative, or pro-survival, cel-
lular signals can be seen in almost all human cancers, particularly in above 50%
of cases where p53 exists in 7P53 mutations which results in mutation-inacti-
vated forms with compromised transcriptional functions. In human breast cancer,
TP53 is one of the most frequently mutated genes (up to 80% in certain sub-
types), and demonstrates a correlation between mutation type (e.g. insertational/
deletion or missense mutations) and molecular subtype (Powell et al. 2014;
Ciriello et al. 2015). In 75% of TP53 mutations which results in fully translated
proteins carrying a single-amino acid mutation, 95% reside in the DNA-binding
core domain causing varying extents of structural perturbations, abating wild-
type DNA binding (Bullock and Fersht 2001). Several particular mutations,
known as the “hotspot” mutations, occur most frequently in human cancers
(G245S, R273H, R248Q, R175H, R282W, and R249S). In addition to losing the
ability to bind canonical p53 DNA REs and transcribing p53 target genes (loss of
function), these mutants are also known to possess tumorigenic functions (onco-
genic gain-of-function) and provide poor disease prognosis (Joerger and Fersht
2007; Powell et al. 2014). In particular, mutants R273H and R175H have been
shown to associate with other DNA-binding transcription factors to increase
tumor aggressiveness and metastasis through numerous mechanisms such as
exerting a dominant-negative effect over tumor-suppressing TFs (p63, p73) or
associating with oncogenic TFs (eg. ETS2) to induce pro-survival programs and
promote chromosomal instability (Lu et al. 2013; Martinez et al. 2016; Solomon
et al. 2012; Song et al. 2007). Indeed, the requirement for 7P53 mutation as an
early initiation event in pathogenesis shows almost complete penetrance in high-
grade serous ovarian carcinoma (Vang et al. 2016), where mutant p53 contributes
to anoikis resistance (Cai et al. 2015) and tissue invasion (Iwanicki et al. 2016).

2.2.2 Estrogen Receptor (ER)

The intracellular estrogen receptors (ERa and ERP) belong to the class of nuclear
receptor (NR) superfamily of ligand-regulated transcription factors and respond to
the sex steroid hormone estrogen. It functions primarily in the maintenance of the
female reproductive system, but also in physiological processes including skeletal,
neuroendocrine, cardiovascular, and immune systems (Swedenborg et al. 2009).
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ER, like other members of the NR family, show highly conserved functional
domains which comprise an N-terminus transactivation domain (AF-1), a DBD, a
hinge domain containing the nuclear localization signal, and a C-terminus ligand-
binding and transactivation domain (LBD and AF-2) (Le Romancer et al. 2011).
ERa and ER have high homology within their DBD (~96%) and differ functionally
by their N-termini transcriptional activity (AF-1 domain) which regulates hormone-
independent transcription (Kuiper et al. 1996). Both forms of ER are expressed
widely in many tissues and their relative expression in cells determines tissue-spe-
cific responsiveness to the presence of estrogen (Thomas and Gustafsson 2011).
Additionally, numerous amino acid residues on ER are susceptible to post-
translational modifications which influences transcriptional function, DNA selectiv-
ity, and interaction with ER-coregulators (Le Romancer et al. 2011).

Estrogen-dependent tumorigenesis has been linked to the development of many
cancer types including breast, ovary, colon, and prostate (Shang 2007), and is
largely ascribed to the transcriptional activity of ERa which is responsible for medi-
ating pro-survival and proliferative signals (Liang and Shang 2013). In contrast ER}
has been reported to inhibit estrogen-dependent cell growth and also displays ERa
antagonism when ectopically expressed in ERa-positive breast cancer cells, reduc-
ing cell proliferation (Strom et al. 2004). Estrogen exists predominantly as
17p-estradiol (E2) in cells, but can also take other forms like estrone (E1) and estriol
(E3). Long-term exposure to estrogenic compounds, such as in hormone replace-
ment therapy (HRT), constitutes a major risk factor in developing breast cancer
(Narod 2011). Upon ligand binding, estrogen receptors are activated through
homodimerization, further allowing binding to estrogen response elements (ERE)
in the nucleus. Receptor dimerization has also been reported to result in interaction
with other transcription factors (such as p53, NF-kB, RUNX1), allowing ER to
regulate gene expression in the absence of estrogen REs (Jerry et al. 2010; Stender
et al. 2010).

2.2.3 Nuclear Factor Kappa B (NF-xB)

The nuclear factor NF-kB, originally discovered as a transcriptional regulator of
immunoglobulin kappa-light-chain-activated B cells, is now known to be widely
expressed in many cell types and mediates the inflammatory response, as part of the
innate immune system, as well as cellular growth and death (Wan and Lenardo 2009).

The family of NF-«xB transcription factors contains five members (RelA, RelB,
c-Rel, NF-kB1, and NF-kB2) and regulates transcription in a modular way by form-
ing homo- and heterodimers with each other in virtually every possible permutation.
All members are evolutionarily conserved and carry the approximately 300-residue
Rel homology domain (RHD) responsible for dimerization, nuclear localization,
and DNA interaction (Wan and Lenardo 2009). RelA, RelB, and c-Rel each contain
one or more C-terminal transactivation domains (TA) (May and Ghosh 1997) but
are usually inhibited in quiescent cells by interacting with members of the IkB fam-
ily (inhibitors of NF-kB). In addition to obscuring the nuclear localization signals
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on NF-kB proteins and preventing nuclear translocation when bound (Jacobs and
Harrison 1998), IkB family proteins (IkBa, IkBp, IkBe, IkBy, IxkB{, BCL-3, and
precursors p105 and p100) (Wan and Lenardo 2009) all carry characteristic ankyrin
repeats responsible for associating with RHD DNA-binding domains and render
NF-xB proteins transcriptionally inactive (Verma et al. 1995). Release from IkB
inhibition is required for NF-xB transcriptional activity and occurs in part through
proteasome-dependent degradation of the inhibitors. The process is catalyzed
through the poly-ubiquitination of lysine residues on IkB molecules by unique
E3-ligases (SCFPTCP, beta-transducin repeat-containing protein) through the recog-
nition of a specific double-phosphorylated substrate catalyzed by IKK complexes
(IxB kinase) (Karin and Ben-Neriah 2000). The remaining two NF-xB family pro-
teins, NF-kB1 (p105) and NF-xB2 (p100), lack a transactivation domain and are
synthesized as precursors that remain inactive through the negative self-regulating
ankyrin repeats they carry. These inhibitory domains are cleaved during the matura-
tion process resulting in the active forms, p5S0 and p52 (Hayden and Ghosh 2012).
Homodimers of p5S0 and p52 act as transcriptional repressors as they bind kB DNA
elements but lack a transactivation domain. NF-kB TFs recognize and bind DNA
motifs containing the kB consensus sequence 5'GGGRNYYYCC3’ (where
R =purine, Y = pyrimidine, and N = any nucleotide) (Chen et al. 1998). Additionally,
precise transcriptional response and DNA-binding selectivity are also achieved
through post-translational modifications of NF-kB complexes and from different
combinations of heterodimerization, resulting in cellular context-dependent activ-
ity. For instance, phosphorylation of serine 536 on RelA can result in IkBa dissocia-
tion, nuclear accumulation, and enhanced transcriptional activity (Sasaki et al.
2005), but also enhances RelB association, leading to decreased kB DNA sites bind-
ing in the nucleus (Jacque et al. 2005).

In the classical pathway of NF-kB activation, upstream receptor-mediated sig-
nals (for example Toll-like receptor (TLR) stimulation from bacterial cell wall
lipopolysaccharides or tumor necrosis factor receptor (TNFR) activation) lead to
activation of IKK complexes which phosphorylate and target IxkB family mem-
bers to the proteasome, hence liberating NF-«B for nuclear localization and acti-
vation of inflammatory responses. While acute inflammation can lead to activation
of cytotoxic immunity against transformed cells, chronic inflammation has been
associated with pro-tumorigenic outcomes. Stimulation of NF-kB pathways can
result in pro-survival signals in cells as a response to withstand physiological
causes of the inflammation (Hoesel and Schmid 2013). Furthermore, release of
ROS (reactive oxygen species) by neutrophils can also cause DNA damage and
propagate cancer-driving mutations (Liou and Storz 2010). RANK (receptor acti-
vator of NF-kB) belongs to the TNF receptor family and is etiologically linked to
some forms of metastatic bone tumors and mammary carcinoma through the
activation of NF-kB signaling (Hanada et al. 2011). Recent studies using mouse
models have presented RANK receptor and its ligand RANKL as potential diag-
nostic and therapeutic targets of breast cancer in carriers of BRCAI mutations
(Nolan et al. 2016). Furthermore, NF-xB signaling is also reported to drive can-
cer aggression by regulating EMT (epithelial mesenchymal transition) and can
contribute to metastasis as well as angiogenesis by upregulating VEGF and
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increasing tumor vascularization (vascular endothelial growth factor) (Huber
et al. 2004; Xie et al. 2010).

2.3  Detecting Transcription Factors in Cancer Diagnostics

As illustrated in the sections above, transcription factors in general (and in particu-
lar p53, ER, and NF-kB) are acutely linked to cellular transformation and cancer
development by eliciting erroneous cellular programs or transcriptional functions
through TF-DNA interaction. The ability to qualitatively and quantitatively assess
DNA-binding functions of transcription factors using clinical samples will undoubt-
edly provide valuable information on disease prognosis or opportunities for early
disease detection. For example, stabilization of ERa proteins associated with cer-
tain unique DNA-binding properties may result in the early detection of pro-survival
cells (Fan et al. 2015). Oncogenic point mutations in NF-kB and RelA have also
been detected in Hodgkin lymphomas, likely carrying altered but specific DNA-
binding signatures (Hoesel and Schmid 2013).

Conventional and early methods for detecting TF-DNA binding are crude and
often only semiquantitative. They are also labor intensive, have low throughput and
sensitivity, and frequently require the use of radioactive materials to increase signal-
to-noise detection. Examples include electrophoretic mobility shift assay (EMSA)
which involves the electrophoretic separation of protein-DNA complexes using non-
denaturing agarose or polyacrylamide gels followed by visualization. TF-DNA com-
plexes can be further “super-shifted” when the overall molecular weight of the
complex is increased by the addition of a TF-specific antibody. DNA fragments are
often radioactively labeled to increase the detection limit and sensitivity of the assay
(Fried 1989). In DNase footprinting assay, DNA fragments mixed with a protein of
interest (a transcription factor) are later subjected to restriction endonuclease diges-
tion. Binding of a protein to a specific region on the DNA provides protection from
endonuclease activity resulting in different fragmentation patterns and allows the
identification of DNA sequence involved in binding (Brenowitz et al. 1986). As
before, ¥P-labeled DNA can be used (through PCR amplification using radioactively
labeled primers) for increased signal detection. Enzyme-linked immunosorbent assay
(ELISA) is a common serological diagnostic technique which involves the use of
protein-specific antibodies. In the classic approach, antigens (or targets of interest) are
first immobilized on a solid matrix (typically a polystyrene microtiter plate) through
either adsorption or a “capture” antibody (sandwich ELISA). Next, an antigen-target-
ing “detection” antibody is added followed by an enzyme-linked (e.g., horseradish
peroxidase, HRP) secondary antibody which produces a chromogenic or fluorogenic
signal when mixed with the appropriate substrate solution, giving an indication of the
amount of antigen present in the sample (Lequin 2005). In ELISA, the “capture” and
“detection” moieties can be replaced by many protein-protein or protein-chemical
interacting modules, including streptavidin, biotin, peptides, protein affinity tags, and
nucleic acids, making this technique modular and flexible. Jagelska and colleagues
reconfigured the classic ELISA format to measure p53-DNA binding by immobiliz-
ing biotin-conjugated p53 DNA response element onto streptavidin-treated plates.
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p53-containing samples were then added and detected using a p53-specific antibody
(Jagelska et al. 2002). Although ELISA is amenable to high-throughput applications
and can be highly specific, the success is heavily reliant on the availability of good
antibodies and faces caveats like moderate sensitivity and low signal-to-noise. In the
following sections, we examine new technologies developed more recently to inter-
rogate transcription factors functionally and their ability to bind DNA sequence—spe-
cifically through the unique integration of materials, reagents, and techniques.

24  Optical Biosensor for Detecting Transcription Factors

Optical biosensors are powerful tools for the functional study of transcription fac-
tors due to their high specificity, sensitivity, and cost-effectiveness as compared to
conventional bioassays like EMSA and DNase footprinting (Garner and Revzin
1981; Galas and Schmitz 1978). Optical biosensors typically comprise optically
labeled probes and optical transducers to facilitate the detection of protein func-
tions. In the last decade, technological development of optical biosensors has expe-
rienced significant growth in studying sequence-specific TF-DNA interactions due
to the increase demands for direct, real-time, and label-free sensing. Three different
types of optical sensing techniques including colorimetric, fluorescence, and sur-
face plasmon resonance (SPR) have been employed extensively for this purpose and
are discussed here.

2.4.1 Fluorescence Assays

Fluorescence assays are one of the most widely applied optical techniques to study
protein-DNA interactions. Noureddine and coworkers developed a fluorescent
microsphere-based technique termed MAPD (microsphere assay for protein-DNA
binding) that can measure p53-DNA binding in a multiplexed platform. Microspheres
carrying individual fluorescent signatures are annealed with different p53 response
elements of varying binding affinities (p21, PUMA, consensus sequence A and C,
GADDA45, and non-binding control DNA) and exposed to p53-activating drug
(doxorubicin)-treated whole-cell lysates containing endogenous p53 in a multi-
plexed reaction. Using fluorescently tagged antibody to detect bead-bound p53 mol-
ecules, a profile of relative fluorescence intensity detailing p53 binding levels (from
DNA binding) for each respective microsphere-RE is generated, showing the degree
of sequence-specific DNA interactions (Noureddine et al. 2009). MAPD assay was
highly sensitive and could accurately discern the binding affinities of wild-type and
mutant p53 (R175H and S121F) towards different REs as well as sequences carry-
ing single-nucleotide mutations (SNPs). Additionally, MAPD binding data also cor-
related to results from luciferase transactivation reporter assay in cells, demonstrating
biological relevance (Noureddine et al. 2009). In another study that targets the p53
pathway, Goh and colleagues developed a biosensor using a conditionally fluoresc-
ing molecular rotor conjugate. Molecular rotors are a unique class of fluorescent
chemicals that can undergo twisted intramolecular charge transfer (TICT),
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according to an optical property of conditional fluorescence when excited in a steri-
cally restrictive molecular environment (due to a red-shifted fluorescence emission
instead of non-radiative torsional relaxation (Grabowski et al. 2003)). Julolidine
rotor, when conjugated to the 12.1 peptide sequence (p53 N-terminal analogue that
binds Mdm?2 protein), behaved as a switchable molecular sensor for the presence of
Mdm?2 proteins. Experimental and computational data shows that the binding-
induced alpha helix of the peptide-rotor conjugate can be subtly altered through
single-amino acid substitution to suit the modality of protein-protein interaction and
fluorescence turn-on sensitivity (Goh et al. 2014). Through the use of a cell-
penetrating fluorophore with the aggregation-induced emission (AIE) property, the
application was further developed for detecting p53 transcriptional activity in live
cells through microscopy imaging by visualizing the increase in Mdm?2 production
following p53 induction (Geng et al. 2015). In a separate microscopy technique,
streptavidin-coated magnetic beads conjugated to different DNA-REs displayed
preferential binding when exposed to different variants of the p53 transcription fac-
tor (binding-competent wild-type p53 or inactivated mutant p53) visualized through
the use of a fluorescently labeled anti-p53 antibody. The authors further demon-
strate a multiplexing function by attaching different fluorescent dyes with unique
DNA sequences (Ong et al. 2012). In a similar concept from a seperate technolgy
with higher throughput capabilities, biotinylated single-nucleotide polyphormic
p53 proteins are microarrayed on neutravidin-dextran coated glass slides function-
ally assessed through binding to fluorescently, or radioactively labelled GADDA45
DNA-RE (Boutell et al. 2004).

The basic concept of fluorescence resonance energy transfer (FRET) describes
energy transfer between two chromophores where a donor chromophore in the
ground state initially transfers energy to an acceptor chromophore through non-
radioactive dipole-dipole coupling (Jares-Erijman and Jovin 2003). Here, the prox-
imity between acceptor and donor chromophore plays an essential role in producing
an effective energy transfer, typically in the range of 10100 A. Apart from dis-
tance, the spectral overlap integral (the effective overlap between acceptor chromo-
phore’s absorption/excitation spectrum and emission spectrum of the donor
chromophore) is another key determinant of FRET efficacy. The efficiency of
energy transfer (E) decreases very rapidly with increasing distance (r) between the
donor and acceptor, according to the relationship E o [1 + (r/R)]~!, where R, is the
distance at which E is 50%.

Ambra and coworkers developed a FRET-based protein-DNA binding assay for
the successful detection of an active form of NF-kB, p50 (Giannetti et al. 2006).
FRET was harnessed to study TF-DNA binding interaction between p50 proteins
and double-strand DNA (dsDNA) immobilized in a glass capillary. The comple-
mentary sequence of the single-stranded DNA (ssDNA) is labeled with a Cy5 dye,
and the p50 protein with a black hole quencher (BHQ-3), constituting an effective
FRET pair. A change in fluorescence intensity occurs when p50 interacts with the
DNA duplex. Accordingly, the optimal emission wavelength of Cy5-labeled DNA
(670 nm) overlaps effectively with the excitation wavelength of BHQ-3 quencher
(636 nm) when p50 binds DNA, resulting in a 90% drop in fluorescence intensity
relative to pure CyS5 alone. Despite the effectiveness of this assay, fluorescence
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Fig. 2.1 Schematic illustration for the detection of DNA-binding protein (NF-kB) using hairpin
DNA (hpDNA) and cationic conjugated polymer (CCP) (reproduced with permission from Liu
et al. (2013), Copyright Elsevier, 2012)

labeling of proteins may limit its practical application, making label-free methods
more attractive. Xingfen et al. developed a label-free FRET-based assay to study
interactions between NF-xB and its target DNA (Liu et al. 2013). In this study, bind-
ing of the NF-kB protein to its DNA response elements shields it from digestion by
exonuclease III (Fig. 2.1). The fluorescent cationic conjugated polymer (CCP) then
interacts with the DNA duplex through strong electrostatic interactions with the
DNA phosphate backbone, resulting in highly efficient FRET activity due to the
presence of intercalated SYBR green by dsDNA that remains intact from p50 pro-
tection. In the absence of a sequence-specific binding protein, the enzyme digests
the DNA duplex into single-stranded DNA fragments, preventing FRET activity.
Furthermore, by using label-free hairpin DNA molecules containing two protein-
binding site (PBS) as detection probes, an even lower detection limit of 1 pg/mL
(with low error rates) has been achieved to detect NF-kB in HeLa cell nuclear
extract. In another application, graphene oxide (GO) was used as the fluorochrome
quencher. In this study, a FAM-labeled ssDNA carrying an NF-xB recognition site
at the stem region of the hairpin conformation associates strongly onto the surface
of the GO matrix (due to m-stacking interacting forces between the GO sheet and
nucleotide bases) leading to fluorescence quenching. However, addition of NF-kB
which binds to the kB consensus site on the hairpin leads to DNA desorption from
the GO surface and FAM emission (Liu et al. 2012).

Certain fluorescence applications for sensing protein-DNA interactions can be
labor intensive and unsuitable for complex biological samples. Molecular beacons
are a class of facile, yet sensitive autonomous molecular sensors. In an early study,
Heyduk and Heyduk developed a FRET-based molecular beacon for the detection of
CAP proteins (a bacterial TF). The technique involves the use of a pair of DNA
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Fig. 2.2 Transcription factor (TF) beacons for the quantitative detection of DNA binding activity.
DNA sequences containing the recognition site for a specific DNA-binding protein (here shown as
red stem for TATA-binding protein (TBP)) are engineered into switches alternating between “non-
binding” (left) and “binding-competent” (right) conformations. Binding of the protein to response
element site present only in the “binding-competent” form shifts the switch’s conformational equi-
librium and stabilizes it in this form, which is associated with an increase in fluorescence due to
the separation of dye and quencher (reproduced with permission from Vallée-Bélisle et al. (2011),
Copyright American Chemical Society, 2011)

fragments each carrying a CAP-binding half-site conjugated to either an acceptor or
a donor fluorochrome. In addition, each pair of half-sites carry a short complemen-
tary overhang which will only anneal when brought into proximity of each other
during TF binding resulting in FRET and fluorescence activity. The background
signal from spontaneous annealing of half-sites is kept low by making adjustments
to probe concentration and complementary sequence (Heyduk and Heyduk 2002).
Fang and colleagues developed a molecular beacon variant consisting of a hairpin-
shaped single-stranded oligonucleotide labeled with a fluorophore/quencher pair at
opposite ends. The oligonucleotide probe is designed to adopt a stem-and-loop
structure in solution, bringing the fluorophore and quencher in close proximity
which results in fluorescence quenching (Wang et al. 2009b; Fang et al. 2000).
Additionally, the loop portion contains a sequence that is complementary to a target
sequence which upon hybridization to target nucleic acids changes from a hairpin
shape to the more rigid rodlike double helix. This conformational change forces the
two arms of the hairpin to straighten, hence separating fluorophore and quencher
and resulting in fluorescent activation (Vallée-Bélisle and Plaxco 2010; Tyagi 2009).
The early utility of molecular beacons confined to ssSDNA or ssDNA-binding pro-
teins detection soon expanded to include more targets. Alexis and team developed a
TF beacon strategy (Wang et al. 2009b; Stojanovic and Kolpashchikov 2004) based
on the concept of structure-switching oligonucleotide probes. Accordingly, DNA
probes conjugated to a fluorophore and quencher probe at two specific residues are
designed with sequences that allow switching between two states of stem-loop
structures in constant equilibrium. In the “non-binding” state, the formation of two
smaller stem-loops results in the adjacent placement of dye and quencher leading to
fluorescence quenching. In a second “binding-competent” conformation, the oligo-
nucleotide probe takes a larger single stem-loop structure where the quencher is
positioned distally from the fluorophore and also displays a TF-binding site at the
stem region (Fig. 2.2). The addition of appropriate transcription factors



44 W.L. Goh et al.

L g
<J.J§

é Exo Ill g % é N é
< 5 -y
£ e o SR —_—
e 2 2 Pl
%DNAZ % 2 % ; ? Reports DNA<
: 3 P eporter
onm B z 5 L
step 1 step 2 step 3 step 1 step 2 step 3 step 4 step 5a

>

o o . n s - R / ) \ Stem-loop DNA
| C DNAI: 5-AGA TGG GAC TTT CCT i <

{7 GTG GTC ACT GAG A-3' | % +¢ N cycles

! DNA2:5-TCT CAG TGA CCA CCT CAG CAG | "\2

GAA AGT CCC ATC T-3' i y " P
y step8  gpep 7% £ =

MB: 5'-Cy3-GGG ACT TTC CTG CTG AGG -] 53
TGG TCA CTG AGA AAG TCC C-BHQ2-3' i
Nb.BbvCl 2

step 6 é

2

Fig. 2.3 Schematic representation of the TMDA fluorescence assay. Exonuclease I1I protection of
DNA1/DNA2 duplex from NF-kB binding results in the release of reporter DNA fragments which
hybridizes with stem-loop DNA (and fluorophore/quencher pair), constituting a Nb.BbvClI restric-
tion site. Cleavage of this site releases free fluorophore into solution and returns reporter DNA
fragment for hybridization process again (reproduced with permission from Zhang et al. (2016),
Copyright Elsevier, 2016)

(TATA-binding protein, NF-kB, and Myc-Max heterodimers) stabilizes and shifts
the equilibrium towards the ‘binding-competent’ form, leading to an increase in
fluorescence activity. Additionally, the authors show that either conformation within
the equilibrium can be stabilized by altering the probe’s DNA sequence at the stem
region (Vallee-Belisle et al. 2011).

In an even more sophisticated application of molecular beacon sensors, Zhang
and coworkers describe a procedural method which generates a self-perpetuating
signal amplification. The method begins with the protection of a specific DNA site
from exonuclease III digestion through NF-xB (p50) binding. This leads to the lib-
eration of a single-stranded ‘reporter DNA’ fragment which hybridizes with a stem-
loop beacon probe (carrying a quencher/fluorophore pair) resulting in a dsDNA
fragment containing a restriction endonuclease site not present before. Cleavage of
this restriction site releases the fluorophore into the solution (hence increasing the
fluorescence signal) and simultaneously releases the reporter DNA fragment, allow-
ing it to target another stem-loop DNA probe, creating a self-perpetuating signal
cycle (Fig. 2.3) (Zhang et al. 2016).

In another study, fluorescent readout from real-time qPCR cycling was used to
sensitively and exponentially amplify detection signals from p53-DNA binding
experiments. Double-stranded DNA probes each consisting of a different p53
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response element (p21, PUMA, RGC, P2XM) placed adjacent to a qPCR quantifi-
able tag were used to detect sequence-specific DNA binding by immuno-capturing
p53-DNA complexes before bound DNA are eluted and analyzed. Specific binding
towards each RE was quantified by normalizing RE-binding signals against back-
ground signals from binding non-consensus DNA (qPCR tag alone), conveying
absolute sequence-specific DNA binding values, and correlated well with pub-
lished affinity constants. Furthermore, binding to different REs can be multiplexed
in a single reaction by “barcoding” each RE with a unique qPCR tag that can be
subsequently addressed with different primer sets (Goh et al. 2010). More recently,
Sha et al. designed an elaborate sensor based on hairpin DNA cascade amplifier
(HDCA). A dsDNA containing NF-kB p50 response element is first mixed with a
specially designed ssDNA trigger in the presence of Ag+ to form a triplex. In the
presence of p50, the triplex is destabilized leading to the release of the ssDNA trig-
ger. The released trigger is then able to activate the HDCA, leading to the hybrid-
ization of specific hairpin probes, which in turn acts as an effective template for the
formation of fluorescent CuNPs (Sha et al. 2016). This fluorescence-based bio-
sensing strategy is ultrasensitive, achieving a detection limit of 0.096 pM with very
high reproducibility.

2.4.2 Surface Plasmon Resonance

Surface plasmon resonance (SPR) relies on changes in refractive index at the sur-
face/solution interface upon the binding of analyte for real-time measurements.
SPR has been frequently applied for real-time monitoring of TF-DNA binding. To
study the conformational effects of ligand binding on estrogen receptor alpha (ERa)
and the induced selectivity towards different DNA elements (ERE or nonspecific
DNA), SPR was combined with quartz crystal microbalance with dissipation moni-
toring (QCM-D) (Peh et al. 2007; Su et al. 2006). Here, it was observed that specific
ERoa-ERE complexes adopted a more compact conformation as compared to non-
specific complexes. QCM-D thus allowed for the study of conformational changes
arising from ER-DNA interactions. Further evaluation of the binding capacity of
ERa to ERE revealed that ligand binding affected viscoelasticity and structural con-
formations of protein-DNA complexes. SPR was used in this study to complement
QCM as a tool for direct quantitative analysis of protein-DNA binding, as well as to
elucidate ligand-dependent ERa binding capacity.

Apart from a direct detection of TF-DNA binding, additional surface modifica-
tions can allow for multiple detection modes and additional utility. As demonstrated
by Wang et al., a sandwich assay format was adopted to achieve low detection limits
and simultaneous measurement of total proteins using cancer cell lysates. In addi-
tion, wild-type p53 and mutant p53 were interrogated simultaneously by a dual-
channel SPR technique. The surface of the SPR chip was co-immobilized with both
the consensus dsDNA, to which wild-type p53 has high affinity, and monoclonal
antibodies allowing the capture and quantitation of both wild-type and mutant p53
proteins (Wang et al. 2009¢). This technique offers several advantages such as low
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Fig. 2.4 Schematic diagram showing SPR-based detection of wild-type p53 through consensus
DNA response elements (left), and total p53 proteins using monoclonal antibodies (right) in sepa-
rate fluidic channels over a gold sensor chip functionalized with dextran (reproduced with permis-
sion from Wang et al. (2009¢c), Copyright American Chemical Society 2009)

detection limits for p53 proteins (10.6 pM for wild-type p53 and 1.06 pM for total
pS3 proteins), high specificity, and the feature of quantifying mutant p53 levels
through signal differences between wild-type and total p53 proteins. Moreover, the
dynamic range of the assay is impressive, allowing accurate measurement of p53
over a wide concentration range (Fig. 2.4).

2.4.3 Colorimetric Assay

Colorimetric assays are highly applicable as point-of-care diagnostics due to their
instrument-free nature. Generally, noble metals such as gold or silver nanoparti-
cles are suitable as colorimetric indicators due to their excellent extinction coef-
ficients and strong distance-dependent optical properties (Wang et al. 2009¢c; Liu
et al. 2009; Thaxton et al. 2006). Numerous colorimetric techniques have been
developed for the sensitive and visually enabled analysis of metal ions, small
molecules, proteins, as well as transcription factor-DNA binding. For example,
colorimetric assays have been designed to sense estrogen receptor (ER) and speci-
ficity protein 1 (SP1) using metal nanoparticle probes (Tan et al. 2010a, b, 2011,
2013, 2014; Seow et al. 2015). One example is the measurement of ERa binding to
its response elements (ERE), which for the purpose of this scheme, involved half-
sites of the full response element conjugated on metal nanoparticles. Interaction of
ER with nanoparticle-ERE probes leads to a decrease in aggregation (red spheres)
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Fig. 2.5 Schematic diagram of AuNP colorimetric sensing of ER-DNA binding principle. Gold
nanoparticles (AuNPs) are modified to carry either half of an ERE sequence (vl and v2) with a
3-base complementary overhang and will aggregate spontaneously when mixed (middle). Addition
of KClI salt reduces charge repulsion between DNA-AuNPs and promotes rapid particle aggrega-
tion and a consequent solution color change from red to purple (left). Addition of ERa results in
DNA binding to full ERE sequence and exerts steric force to stabilize AuNPs resulting in solution
color to remain red (right) (reproduced with permission from Tan et al. (2010b), Copyright
American Chemical Society, 2010)

of DNA-metal nanoparticles from the introduction of steric protection forces
between the nanoparticles in the presence of salt (Fig. 2.5).

Yan and group reported a user-friendly and sensitive colorimetric method to
detect NF-kB p50 with an isothermal exponential amplification reaction (EXPAR)
approach. Sequence-specific binding of p50 to a specially designed dsDNA results
in the blocking of exonuclease III activity at a position which preserves and releases
a ssDNA “DNA trigger” molecule to initiate the EXPAR cycle. DNA triggers anneal
with an EXPAR ssDNA template allowing the synthesis of the antisense strand (in
the presence of DNA polymerases) and the introduction of a nicking endonuclease
site in between two copies of DNA triggers (Fig. 2.6). Endonuclease activity at this
site leads to the release of a DNA trigger molecule which participates in another
EXPAR cycle, creating an exponential increase in ssDNA trigger molecules which
eventually serves as reporter oligonucleotides by aggregating AuNP probes through
sequence complementarity and producing a color change (Fig. 2.6) (Zhang et al.
2012). However, in the absence of an appropriate DNA-binding protein, exonucle-
ase IIT quickly degrades the DNA duplex preventing EXPAR amplification and
resulting in no AuNP aggregation.
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Fig. 2.6 Schematic diagram showing EXPAR-based colorimetric assay. Binding of p50 leads to
the protection of dsDNA and subsequent release of trigger DNA molecule cycling and signal ampli-
fication in further EXPAR reactions. Trigger ssDNA also acts as reporter oligonucleotides that pro-
mote AuNP aggregation through DNA hybridization producing a colorimetric readout (reproduced
with permission from Zhang et al. (2012), Copyright American Chemical Society, 2012)

2.5 Electrical Biosensors for Transcription Factor Detection

Electrical biosensors which include electrochemical sensors and electronic sensors are
usually accurate, fast, and sensitive methods for molecular sensing. In addition, they
provide operating simplicity, the option for miniaturization, cost-effectiveness, and
have attracted much attention in the area of point-of-care diagnostics.
Electrochemical biosensors based on DNA-mediated charge transport offer an
interesting approach to study transcription factor-DNA binding. Gorodetsky et al.
demonstrated the use of DNA-modified microelectrodes to rapidly detect nanomo-
lar concentrations of TATA-binding proteins (TBP), a ubiquitous transcription
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Fig.2.7 Real-time monitoring of mutant p53 using MOSFET. Plot of drain current versus time in
response to mutant p53 (R248W) and wild-type p53 on a single MOSFET device at an applied
voltage of 2.0 V (reproduced with permission from Han et al. (2010), Copyright Elsevier, 2010)

factor (Gorodetsky et al. 2008). The double-stranded TBP-specific REs were immo-
bilized on microelectrodes via Au-S chemistry and the distal ends of REs were
modified with redox-active Nile Blue to give electrochemical signals. The binding
of TBP bends the duplex RE and decreases the DNA-mediated reduction of Nile
Blue, thus lowering the electrochemical signal. This electrochemical sensor can
also be easily modified and applied to other TFs. It is also worth highlighting that
the use of a microelectrode array can further allow the multiplexed detection of a
panel of TFs on a single chip.

Besides electrochemical biosensors, metal oxide semiconductor field-effect tran-
sistor (MOSFET) is another popular electrical biosensor consisting of four terminals
including the source, gate, drain, and substrate. Operation of the MOSFET depends
on the electric field to control the size and shape of a channel from the source to the
drain. Upon exposure to an analyte, a gate modulates the flow of electrons through
the channel, thereby inducing changes in the drain current. Based on this principle,
Han et al. pioneered the design of a field effect transistor (FET)-based biosensor to
evaluate the DNA binding activity of wild-type and mutant p53 proteins. The
MOSFET was immobilized with p53-specific GADD45 REs. As shown in Fig. 2.7,
a significant increase in drain current was observed upon the addition of 100 nM
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wild-type p53, whereas addition of mutant p53 protein (R248W) gives no response
(Han et al. 2010). This label-free method also allows real-time monitoring of p53-
DNA binding. However, no detailed calibration has yet been performed to determine
the limit of detection for this MOSFET; thus more studies are necessary to further
apply this technology.

More recently, transcription factor biosensing at the level of single molecules has
been successfully achieved by Squires et al. using a solid-state nanopore platform.
Nanopores are label-free and ultrasensitive biosensors that are usually used to char-
acterize biopolymers such as DNA, RNA, or proteins at the single-molecule level.
An electrical field is applied to the nanopore to guide movement of the biopolymer
into the nanopore, thus allowing the study of individual molecules. The ability to
rapidly measure hundreds of samples and to resolve fine structural features alludes to
the potential of nanopores in TF sensing. In this study, the DNA-binding domain of
the early growth response protein 1 (EGR1), also known as zinc finger protein zif268,
was used as the model TF (Squires et al. 2015). zif268-DNA binding was detected
according to current blockage sublevels and duration of translocation through the
nanopore. It was also demonstrated that different binding modes of zif268 will give
rise to distinct current blockage patterns, demonstrating the feature of characterizing
TF protein conformation. This unique nanopore technique provides a novel way to
study transcription factor-DNA binding at the single-molecule level and will undeni-
ably unveil new information about detailed molecular interaction.

2,6 Other Sensing Technology

In this section, we briefly visit TF sensing techniques using alternative detection
methods as well as powerful protein sensing methods that could be repurposed for
the functional sensing of transcription factors.

As an alternative to ELISA, Oberlander et al. developed a scintillation proximity
assay (SPA) to measure total p53 protein in cell extracts. SPA beads are embedded
scintillants, which give out light when they come close to radioactive compounds.
The SPA beads are first immobilized with capture antibodies, and in the presence of
p53 proteins, associate with biotinylated anti-53 antibodies. Addition of 35S-labeled
streptavidin triggers the SPA, allowing photometric detection. This assay is sensi-
tive enough to detect very low levels of p53 (50-300 pg) in small volumes of bio-
logical extracts, but requires the use of harmful radioactive labels (Oberlander et al.
2010). In a more recent EXPAR-based TF sensing technique, Ma and coworkers
describe the detection of NF-kB p50 activity with remarkable sensitivity (10 fM)
through the use of a dual-EXPAR scheme and G-quadruplex DNAzyme as reporter
molecules. Binding of NF-kB p50 to a unique dsDNA provides protection from the
nuclease activity of exonuclease I and III, sequentially added to disintegrate
unbound DNA molecules. Intact DNA copies remaining serve as a template for
RNA polymerase, producing RNA trigger molecules. RNA triggers then prime
EXPAR ssDNA templates for DNA polymerization, producing a DNA duplex con-
taining two trigger copies and an HRP-mimicking DNAzyme separated by nicking
endonuclease sites. Cleavage of these sites releases more DNA trigger molecules (to
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initiate additional EXPAR cycles), a DNAzyme reporter molecule and the initial
RNA trigger-EXPAR DNA template-bound fragment for elongation by DNA poly-
merase again; hence constituting a self-perpetuating signal amplification cycle.
DNAzyme reporter molecules produced eventually catalyze a luminol-dependent
chemiluminescence signal in the presence of hemin (Ma et al. 2014).

A powerful technique that is highly amenable for detecting TF-DNA interaction
was developed by Langer et al. and involves a biochip with electrically actuated
DNA levers able to sensitively detect hydrodynamic conformational changes. This
biochip consists of four individually addressable flow channels on a glass substrate
(Langer et al. 2013). Within each channel, six gold microelectrodes are immobilized
with Cy3-labeled dsDNA. When positive potential is applied, the Au electrode
attracts the negatively charged DNA molecules, leading to fluorescence quenching.
When the potential is reversed, the DNA reverts back to an upright state, leading to
fluorescence recovery. An epifluorescence setup is used to measure the change in
fluorescence intensity during the DNA switching process. By applying designated
capture sequences to the DNA fragment’s distal ends, the DNA levers can specifi-
cally bind target proteins from solution. Protein binding slows down the DNA
switching motion which is correlated to its hydrodynamic size. In addition, this
method led to the development of an analytical model that predicts the hydrody-
namic diameter of the bound protein from the kinetics of DNA-protein motion. This
approach has also been successfully applied to detect post-translational modifica-
tions such as phosphorylation and glycosylation of proteins. Other notable advan-
tages include microelectrode arrays for multiplexing and low sample consumption
through the use of microfluidics.

2,7 Concluding Remarks

The last decade has witnessed a rapid advancement in the integration of biology,
chemistry, and physics to yield novel, highly sensitive hybrid biosensors. This par-
allels the trend seen for latest-generation DNA-sequencing technologies that con-
tinue to push the limits of throughput and accuracy. The different detection methods
reviewed here offer unique advantages each but present their own caveats. The
popularity of fluorescence assays can be attributed to their high sensitivity, specific-
ity, and multiplexing feasibility, but often require special labels. SPR techniques are
label-free and provide real-time monitoring of binding kinetics but are less sensi-
tive, and require extensive optimization and instrumentation. While colorimetric
assays are more amenable as point-of-care detection tools due to their instrument-
free and visually permissive detection modes, they often face the limitations of
sample solution color. Electrical sensors can be highly sensitive down to the single-
molecule level, but are prone to environmental interferences and may require expen-
sive setups or complicated fabrication of sensor chips. Further integration, coupled
with exciting advances in site-specific protein labeling (Proft 2010; Ravikumar
etal. 2015), will advance the development of next-generation biosensors. These will
find important use in multiplexed liquid biopsies to detect the ever-increasing num-
ber of clinically significant biomarkers.
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