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Of numbers and movement – understanding transcription factor
pathogenesis by advanced microscopy
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ABSTRACT
Transcription factors (TFs) are life-sustaining and, therefore, the subject
of intensive research. By regulating gene expression, TFs control a
plethora of developmental and physiological processes, and their
abnormal function commonly leads to various developmental defects
and diseases in humans. Normal TF function often depends on gene
dosage, which can be altered by copy-number variation or loss-of-
function mutations. This explains why TF haploinsufficiency (HI) can
lead to disease. Since aberrant TF numbers frequently result in
pathogenic abnormalities of gene expression, quantitative analyses of
TFs are a priority in the field. In vitro single-molecule methodologies
have significantly aided the identification of links between TF gene
dosage and transcriptional outcomes. Additionally, advances in
quantitative microscopy have contributed mechanistic insights into
normal and aberrant TF function. However, to understand TF biology,
TF-chromatin interactions must be characterised in vivo, in a
tissue-specific manner and in the context of both normal and altered
TF numbers. Here, we summarise the advanced microscopy
methodologies most frequently used to link TF abundance to function
and dissect the molecular mechanisms underlying TF HIs. Increased
application of advanced single-molecule and super-resolution
microscopy modalities will improve our understanding of how TF HIs
drive disease.
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Introduction
Precise tissue- and cell-specific regulation of gene expression is
required for development and homeostasis. Transcription factors
(TFs) tightly control transcriptional programmes in a cell- and tissue-
dependent manner. General TFs and the core transcriptional
machinery bind to gene promoters, whereas specific activating and
repressing TFs bind to gene regulatory elements – i.e. transcriptional
enhancers or silencers – and interact with promoter-bound complexes
to control transcription (Horikoshi et al., 1988). This interaction is

thought to occur through the Mediator complex, a multi-subunit
protein complex that recognises enhancer-bound TF complexes and
signals to RNA polymerase II to transcribe genes. The Mediator
complex was first discovered in yeast (Kim et al., 1994); in humans,
the basic Mediator complexes generally enhance transcription
(Andrey et al., 2013; Bergiers et al., 2018; Ernst et al., 2011;
Golan-Lagziel et al., 2018; Heintzman et al., 2009; Noordermeer
et al., 2011; van Bömmel et al., 2018). Thus, cell type-specific gene
expression is mainly influenced by the ability of TFs to bind their
target sites within promoters or enhancers, which, in turn, relies on
the chromatin state of these sites (Ernst et al., 2011).

The main TF families are classified according to their DNA-
binding domains. These include the helix-turn-helix (HTH),
zinc-finger (ZNF), basic helix-loop-helix (bHLH), basic leucine
zipper (bZIP) and nuclear hormone receptor binding domains
(Table 1), each featuring distinct mechanisms of sequence-specific
DNA recognition and binding (Badis et al., 2009; Lambert et al.,
2018; Wei et al., 2010). Furthermore, TFs often work in unique
combinations, for example during development and differentiation
(Bergiers et al., 2018). Thus, different cell types can be
distinguished based on their TF repertoires. Thereby, the
clustering of TF-binding sites in enhancer sequences favours
functional synergies of TFs that are co-expressed in the same tissue
(Golan-Lagziel et al., 2018).

The aberrant function of TFs can have profound effects on
development and disease. Of particular interest is how reduced
levels of some TFs may influence their function and result in
haploinsufficient phenotypes. Haploinsufficiency (HI) is the inability
of a gene to rely on only one (of its two) alleles to exhibit its normal
function. Therefore, HIs generally result in loss-of-function (LOF),
often abnormal, phenotypes. It follows that HIs are properties of
genes and, although ‘dosage-sensitive genes’ is a broader term than ‘HI
genes’, henceforth, for simplicity,weuse the two terms interchangeably.

LOFmutations or deletions of HI genes are inherited in a dominant
manner, resulting in phenotypic alterations or abnormalities caused
by the insufficiency of one intact allele to confer full gene
functionality. Computational models aim to predict the tolerance of
a system at the cell, tissue or organismal level to a single functional
copy of a gene. Such models have mainly focussed on predicting the
probability of genes being LOF-intolerant (pLI) (Lek et al., 2016), i.e.
rating genes with a score of n≥0.9 as intolerant and with a score of
n≤0.1 as tolerant to LOFmutations (Lek et al., 2016). Bioinformatics
approaches and machine learning have identified 7841 HI genes in
the human genome (Shihab et al., 2017), linking them to a number of
dominantly inherited HI diseases. Key examples are eye disorders,
such as aniridia (Jordan et al., 1992), keratitis (Mirzayans et al., 1995)
and ocular colobomas (Sanyanusin et al., 1995; Williamson et al.,
2014), as well as multiple cranial, facial and limb diseases – including
synpolydactyly (Muragaki et al., 1996), schizencephaly (Brunelli
et al., 1996), craniosynostosis of Adelaide type (Hollway et al., 1995;
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Jabs et al., 1993) and Greig cephalopolysyndactyly syndrome
(Hui and Joyner, 1993; reviewed by Dang et al., 2008). Disease
phenotypes have been attributed to ∼300 HI genes and range from
primary immunodeficiencies (Franco-Jarava et al., 2018; Torgerson
and Ochs, 2014) to ribosomopathies (Kyritsis et al., 2019) and cancer
(Inoue and Fry, 2017; Jennings et al., 2012; Largaespada, 2001).
Interestingly, a significant proportion of dosage-sensitive genes
encode TFs, with higher relative numbers of these TF genes
exhibiting HI compared to other human genes (Ni et al., 2019).
Over 1600 human TF genes have been grouped into gene families

(Lambert et al., 2018), allowing for in-depth analysis of HI
incidence in specific subsets of TFs (Table 1). Overall, 122 TFs
from 32 gene families were identified and designated as the most
reliable dosage-sensitive (MRDS) genes (Ni et al., 2019). This
categorisation of TF families has attempted to explain the sensitivity
– or insensitivity – of different TFs to dosage and found HI to be
predominantly correlated with small TF families. Such small TF
families – comprising fewer than eleven members, e.g. the
Grainyhead and C2H2-ZNF/homeodomain families – are present

in the MRDS dataset, whereas the largest subgroup of the
zinc-finger TF family Krüppel-associated box (KRAB) domain-
containing zinc finger proteins (KZFPs), is found to be dosage-
insensitive and is not present in the MRDS dataset (Ni et al., 2019).
This observation is yet to be explained, with evolutionary pressure
being a plausible cause for limiting TF family size (Ni et al., 2019).
Why other evolutionary mechanisms, such as gene duplication and
divergence (Gehring et al., 2009), have not been deployed to expand
these small families of TFs and alleviate HI remains unknown.
Additional mechanisms that could account for such bias may relate to
the regulatory, activating or repressing, behaviour of such TFs, or to
the numbers of downstream-regulated genes. Thus, more work is
needed to identify possible structural or functional similarities
between dosage-sensitive TFs to further pinpoint the underlying
disease-causing mechanisms of HIs. This Review summarises how
the advanced quantitative microscopy methodologies aid in the study
of biophysical and functional properties of TFs, such that TF dosage-
sensitivity at the molecular level may be linked to development
and disease.

Table 1. Overview of TF families according to their DNA-binding domains and main structural characteristics of binding site recognition

TF families and
DNA-binding
domains

DNA-binding properties and structural
characteristics TF examples (human or as indicated) References

Helix-turn-helix
(HTH)

These TFs contain four α-helices and an
N-terminal flexible arm. The third α-helix forms
base-specific contacts with the major DNA
groove, the N-terminal flexible arm interacts with
the minor DNA groove in a sequence-specific
manner. The turn between the first and second
helix interacts with the DNA backbone.

PAX6, POU5F1 (OCT4), HOXA1,
DUX4, SOX2

(Gruschus et al., 1997; Holland et al., 2007;
Kissinger et al., 1990; Qian et al., 1993)

C2H2 zinc
finger (ZNF)

This family contains one β-sheet (β-hairpin) and
one α-helix, stabilised by a zinc ion (Zn2+)
between two cysteine and two histidine (C2H2)
residues. In this ‘classic’ ZNF, three amino acid
residues within the α-helix bind a major DNA
groove triplet. Multiple ZNF domains allow
binding of extended DNA sequences.

CTCF, PRDM1, GLI1, MTF1,
HIVEP1

(Chen et al., 1999a; Elrod-Erickson et al., 1996;
Keller and Maniatis, 1992; Klug, 1999;
Maekawa et al., 1989; Najafabadi et al., 2015;
Pavletich and Pabo, 1991, 1993; Radtke
et al., 1993)

Basic helix-
loop-helix
(bHLH)

Two amphipathic α-helices are separated by a
linker region (the loop) that can vary in length.
TFs containing this domain can form both homo-
and heterodimers by interaction of hydrophobic
residues with the corresponding surfaces of
each helix.

TCF4, MYC, MYOD1
ASCL1 (MASH1)

(Cao et al., 2002; Davis et al., 1990, 1987;
Krause et al., 1990; Meredith and
Johnson, 2000; Murre et al., 1989;
Sun and Baltimore, 1991)

Basic leucine
zipper (bZIP)

DNA binding takes place via basic ‘arms’ adjacent
to the bZIP protein-dimerization domain.
Dimerization is crucial for DNA binding and
transcriptional regulation. For this, the leucine
residues between the right-handed
amphipathic α-helices of the two domains form a
coiled-coil dimer. These TFs can
form homo- or heterodimers.

FOS, JUN, CREB3L4 (CREB4),
BACH1, MYC,
C/EBPA (zebrafish),
GCN4 (yeast)

(Bohmann et al., 1987; Dang et al., 2008;
Ellenberger et al., 1992; Landschulz et al.,
1988; O’Shea et al., 1991;
Oyake et al., 1996; Petrovick et al., 1998;
Sassone-Corsi et al., 1988)

Nuclear
hormone
(steroid)
receptors

Receptor TFs bear a conserved DNA-binding
region, comprising two zinc fingers, and a
specific hormone-binding region in their C
termini. Ligand binding can cause nucleo–
cytoplasmic translocation and may affect their
ability to bind DNA. α-helices of the DNA-binding
domain contact DNA half sites. Homo- or
heterodimers regulate transcription and act
either as co-activator or co-repressor complexes.

Homodimeric receptors:
glucocorticoid (NR3C1),
mineralocorticoid (NR3C2),
progesterone (NR3C3), estrogen
(ESR1, ESR2) receptors;
androgen receptor isoforms A and B
(AR-A and AR-B), triiodothyronine
receptor (THRA/THRB)
Heterodimeric receptors:
retinoid X receptors alpha, beta and
gamma (RXRA, RXRB, RXRG),
vitamin D receptor (VDR)

(Chandra et al., 2008; Giguere et al., 1987;
Green et al., 1986; Hollenberg et al., 1985;
Lippman et al., 1973; Luisi et al., 1991;
Mangelsdorf et al., 1990; Miesfeld et al.,
1986; Petkovich et al., 1987)
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Factors resulting in HIs
Insufficient TF protein levels are the common denominator of
haploinsufficient TF genes. In these cases, the abnormal phenotypes
are triggered in a dosage-dependent manner (Gidekel et al., 2003;
Gilchrist and Nijhout, 2001; Nishimura et al., 2001; Takeuchi et al.,
2011). At the molecular level, altered TF numbers impair their
functionality by interfering with their dynamic behaviour in cells
and, thereby altering their transcriptional programmes (Bottani and
Veitia, 2017; Veitia, 2003). We examine the following molecular
and functional properties of TFs, which may underlie TF HIs in a
tissue-specific manner (for a schematic representation, see Fig. 1):
a. absolute TF numbers;
b. stoichiometry of TFs and their interacting proteins;
c. availability and binding kinetics to their TF target sites;
d. stochastic nature of gene transcription;
e. biophysical properties, such as their ability to form

condensates.
How these parameters vary simultaneously between or within

cells, tissues or entire organisms adds to the sheer complexity in
characterising the causes of dosage sensitivity and HI in humans
(Elowitz et al., 2002; Veitia, 2002). HI may manifest in a range of
related phenotypes in humans. Moreover, it is gradually becoming
clear that not one single molecular mechanism is responsible for TF
HIs; rather, parameters that determine TF function or dysfunction
act in concert.
Studying the mechanisms of TF concentration and function in TF

HIs is becoming increasingly possible thanks to the continuous
advancement of microscopy methods. Table 2 briefly outlines these
methodologies and their potential applications to investigate TF
biology, and selected methodologies are depicted in Fig. 2.

Absolute TF numbers
Most TFs are expressed and, typically, act in a cell type- or tissue-
specific manner. RNA sequencing (RNA-seq) analyses of human

TFs found over a third of them to be enriched in specific tissues
(Lambert et al., 2018; Uhlen et al., 2015). Spatiotemporally precise
TF levels are key to driving cell specification and differentiation.
Particularly during early development, different levels of stemness
TFs control the fate of individual cells. For example, in mouse
blastocysts, the distribution of SOX2 and POU5F1 (hereafter, referred
to as OCT4), two of the key stemness TFs, confers an initial
differentiation bias at the 4-cell stage (Goolam et al., 2016; Kaur et al.,
2013; White et al., 2016). Later in embryonic development,
differential expression of NANOG and GATA6 in a ‘salt-and-
pepper’ pattern in the mouse embryonic inner cell mass controls
the segregation of the epiblast from primitive endoderm lineages
(Chazaud et al., 2006). Stemness TF levels continue to control the
pluripotency of different stem cell populations in development
(Adachi et al., 2013). For instance, the intrinsically fluctuating
amounts of OCT4 and SOX2 contribute to the lineage commitment
of mouse embryonic stem cells (ESCs) during differentiation
(Strebinger et al., 2019). When Pou5f1 and Sox2 become
downregulated, mouse ESCs can differentiate and activate the
trophoblast stem cell TF networks required for normal embryonic
development (Adachi et al., 2013; Masui et al., 2007; Niwa et al.,
2000, 2005). This continued dependence on concentration for the
precise function of TFs during development explains why aberrant
TF gene dosage can have detrimental effects on development and
physiology. Changes to the required concentration of TFs at different
points in development can elicit diverse effects in gene regulation
and, thus, result in different pathogenic phenotypes.

At the subnuclear level, local concentrations of TFs affect gene
expression by controlling the kinetics of TF binding to chromatin,
recruitment of RNAPolII and transcriptional bursting (Nelson et al.,
2004; Senecal et al., 2014). In mouse ESCs, the clustering of SOX2-
bound enhancers modulates the search for local SOX2 target sites
and facilitates gene transcription (Liu et al., 2014). RNAPolII
activity at the POU5F1 enhancer is regulated by the accumulation of
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Fig. 1. Quantitative mechanisms that affect TF function. (A) a1: N, absolute numbers of TF molecules. a2: Quantitative TF-chromatin binding dynamics.
(B) Number and availability of TF-binding sites on chromatin (red DNA stretches represent TF-binding sites). (C) Stoichiometry of TF-interacting proteins.
(D) Stochastic gene expression. (E) e1: TF co-condensate formation with chromatin, Mediator and RNA Pol II. e2: Intranuclear buffering of TF concentration
caused by formation condensate. BS, binding site. Blue, red and green circles represent different TFs; grey cylinders represent nucleosomes; circles with
a light green background represent condensates.
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SOX2 and the chromatin reader BRD4, their chromatin-binding
dynamics, as well as their interactions with the Mediator complex
and the elongation controller P-TEFb, a cyclin-dependent kinase
consisting of CDK9 and one of several cyclin subunits (Li et al.,
2019). The subnuclear localisation of TFs may also vary between
cell cycle stages and many TFs (including SOX2) become enriched
on mitotic chromosomes, a phenomenon referred to as ‘mitotic
bookmarking’ (Caravaca et al., 2013; Dufourt et al., 2018; Kadauke
et al., 2012; Young et al., 2007). This local enrichment is mediated
by the active nuclear import of TFs (Teves et al., 2016). TF binding
persists through cell divisions, thus conferring transcriptional
‘memory’. At the cellular level, the concentration of TFs may
provide cells with a molecular ‘readout’ of their relative positions in
a tissue. For example, in Drosophila embryos, the chromatin-
binding activity of Bicoid (Bcd), a maternally provided TF and key
morphogen, which determines embryonic anteroposterior polarity,
remains unaltered despite its low levels within posterior nuclei. This
is achieved when Bcd binds hubs together with the pioneer TF Zelda
(Zld), which results in increased local concentrations (Mir et al.,
2017). Thus, while distinct concentrations of TFs may elicit
differential cell fates, cells can deploy alternative mechanisms to
preferentially counteract the effect of different TF concentrations
when needed.
Although TF function has been extensively studied in flies, the

latter are a rather inappropriate model to study TF HIs, as

the majority of heterozygous mutations do not cause observable
developmental defects. This may be explained by the fact that
the Drosophila genome is ∼20 times smaller than the human
genome, but the average concentration of TFs regulating this
smaller genome is not proportionately decreased. Additionally,
extensive endoreplication, which takes place in several fly tissues,
produces polyploid cells during development, which are expected to
be able to better buffer low TF gene dosage than diploid cells (Sher
et al., 2013). However, gene regulation by TFs has been studied very
extensively in this organism, therefore, we discuss crucial findings
fromDrosophila. Taken together, the discussed findings support the
notion that the absolute number of TFs is an important determinant
affecting gene expression by means of various mechanisms.

The importance of TF numbers and their subnuclear localisation for
normal function are an enticing subject of research. The absolute
number of TFs can bemeasured in living or fixed cells by fluorescence
correlation spectroscopy (FCS) or super-resolution microscopy
(SRM), respectively (Table 2 and Fig. 2). FCS allows the
measurement of TF numbers and their molecular mobility with high
temporal resolution (Ehrenberg and Rigler, 1974; Papadopoulos et al.,
2010; Vukojevic et al., 2010). Additionally, the spatial variability of
TF numbers within or between cell nuclei can be simultaneously
analysed by employing massively parallel FCS (mpFCS) that uses an
array of detectors coupled to diffractive optical elements (EM-CCDs)
(Capoulade et al., 2011; Krmpot et al., 2019; Papadopoulos et al.,

SSMT/SPTFFRETBBiFC CCSDSpinning disk 
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Excitation Detection 

FFCS  

FFCCS  

AFM  

In
te

ns
it

y 

Direction of
scanning 

1 2  

3  4

FFRAP
t t 

Two-photon  excitation  

IR
 P

ho
to

ns
FI

FI

t

tPALM/STORM  

1 2 

3 4 

Conventional Super-resolution image

Depletion laser
(doughnut)  

Excitation
laser    

STED  

TIRF  

Cell membrane  
Evanescent wave 

FI
mpFCS  

t 

t 

FI

t  

FI

Total internal reflection
of incident light

Fig. 2. Outline of quantitative microscopy methodologies used to study the concentration, dynamic behaviour, stoichiometry and subnuclear
localisation of TFs. For details on each approach, see Table 2.
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2015), or by selective plane illumination microscopy (SPIM) coupled
to fast cameras, such as electron-multiplying charge-coupled devices
(EM-CCDs) (Capoulade et al., 2011; Krieger et al., 2015, 2014;
Wohland et al., 2010). FCS has been used to study the dynamic
behaviour of TF binding to chromatin, such as in the case of the
formation of the Bcd gradient during early Drosophila development
(Abu-Arish et al., 2010), the TF-chromatin binding dynamics of
SOX2-OCT4 (Chen et al., 2014b), TetR (Normanno et al., 2015), the
specific and non-specific binding of the Hox TF Sex combs reduced
(Scr) (Papadopoulos et al., 2010; Vukojevic et al., 2010) and the
variable dynamic binding behaviour of the TF MYC (Rosales et al.,
2013). FCS has also been employed to study the variability in TF
concentration and how this leads to the acquisition of differential
developmental fates as, for example, in the case of the TF Senseless in
theDrosophilawing imaginal discs (Giri et al., 2020), FOS and JUN
in HeLa cells (Szalóki et al., 2015) or the transcriptional co-activator
Yorkie (the ortholog of the human YAP transcriptional co-activator)
in different subcellular compartments of the developing Drosophila
airways (Skouloudaki et al., 2019). Taken together, these studies
show how diverse FCSmethodologies can provide information onTF
dynamic behaviour in live cells.
SRM methodologies, however, provide higher spatial resolution

to visualise the distribution of subnuclear TFs and, therefore,
complement FCS. Despite lacking the temporal and quantitative
information, which FCS allows to derive by studying live samples,
SRM methodologies provide excellent spatial information, which
FCS methodologies cannot. Single-molecule spatial resolution may
be achieved by limiting the number of fluorescent light-emitting
molecules through selective illumination and/or sparse excitation
(see Table 2 and Fig. 2). In these cases, TFs can be located − with
high precision – on chromatin, whereas the concentration of TFs
can still be inferred semi-quantitatively, by comparing their
fluorescence intensity levels with those derived from a sample of
known TF concentration (Lasker et al., 2020; Li et al., 2019; Reisser
et al., 2018; Wollman and Leake, 2015). Furthermore, the
quantification of TF transcripts can provide information about
relative gene expression levels and, in some cases, may be used as a
proxy to quantify TF abundance in a population of cells. Such
relative measures of TF messages, their target transcriptomes and/or
cell-to-cell heterogeneities of transcript numbers can be obtained by
detection of RNA in single-cells. These measures scale with, albeit
do not necessarily predict, TF variability at protein level and include
single-molecule fluorescence in situ hybridisation (smFISH) and
single-cell RNA sequencing (scRNA-seq). smFISH has been used
to measure levels of FOXO mRNA (Blice-Baum et al., 2019),
NKX2-2 mRNA distribution in mouse pancreatic islet cells (Cui
et al., 2018) and OCT4/SOX1/T-BRACHYURY transcription in
differentiating mouse ESCs (Lanctôt, 2015). A main advantage of
scRNA-seq is that it can distinguish between cells on the basis of
their expressed mRNA repertoire (transcriptome profiling), and can
measure the levels of individual TF messages, such as of OCT4/
SOX2 in developing mouse embryos (Goolam et al., 2016), or PAX6
in a subclass of mouse cortical cells (Zeisel et al., 2015). The
combination of microscopy-based and transcriptomics modalities
allows researchers to precisely quantify the cell-to-cell variability of
TF concentration at the protein or mRNA level, as well as to assess
how such variability affects their target transcriptome. Overall, one
can link the absolute amount of TFs to their function in
transcriptional regulation. To understand how aberrant levels of
TFs may lead to HI phenotypes, the absolute number of TFs needs
to be efficiently measured in single cells and between different cells
in a tissue. Therefore, quantitative methodologies need continuous

advancement to become routinely accessible and accommodate a
continuously increasing demand for precision.

Stoichiometry of TF complexes
TFs rarely act alone. They predominantly bind target enhancers
jointly with other TFs or cofactors to regulate the transcription of
their target genes (Golan-Lagziel et al., 2018; Veitia, 2002). Hence,
the formation of TF complexes depends on TF numbers, a
phenomenon that appears to be conserved in evolution (Papp
et al., 2003; Sopko et al., 2006; Veitia, 2002, 2003). A study by Ni
et al. showed that dosage-sensitive TFs – which often drive HI
phenotypes – interact with a total of 851 proteins, 25% of which are
other TFs (Ni et al., 2019). Dosage-insensitive TFs, by contrast,
interact only with 263 proteins, of which 17% are other TFs (Ni
et al., 2019). Whether such TF-TF interactions are required for TF
function and whether HIs of some TF genes are partially caused by
abnormal TF stoichiometry within complexes remain to be shown.
However, this disparity is striking and might shed light into the
widespread downstream transcriptional effects triggered by reduced
levels of individual TFs in HIs.

Many TF complexes display cooperative binding to chromatin,
rendering the maintenance of stable cell type-specific transcriptional
programmes reasonably sensitive to TF numbers (Bartman et al., 2016;
Fukaya et al., 2016). This might explain why either a reduction or
increase in individual TF protein levels can have deleterious effects on
normal cellular function (Chen et al., 2008; Cox et al., 2010; Gao et al.,
2012; Papp et al., 2003; Veitia, 2002; Wang et al., 2006; Wuebben
et al., 2012). An extensively studied example of this is regulation of the
ESC state by distinct TF combinations and levels (Chen et al., 2008;
Cox et al., 2010; Gao et al., 2012; Wuebben et al., 2012). A second
example is the cooperative binding between PAX6 and SOX2 during
optic field induction. Here, both Pax6 overexpression (e.g. through a
third-copy allele) and heterozygous pathogenic mutations result in
ocular developmental defects that are similar between mice (Ouyang
et al., 2006; Schedl et al., 1996) and humans (Gerth-Kahlert et al.,
2013; Hall et al., 2019) – see Fig. 3 for developmental abnormalities in
the eye, caused by heterozygous PAX6 and SOX2 mutations. Such
strong dependence on TF abundance, in which either increased or
decreased TF numbers trigger a similar abnormality, is particularly
interesting and may hold true for other, less well-studied TF genes. In
addition to cooperative binding, TFs may recruit – or assist the binding
of – other factors to chromatin. ‘Pioneer’ TFs, such as the HI-
associated forkheadboxA1 and 2 (FOXA1/2) and SPI1 (also known as
PU.1), bind ‘closed’ chromatin, making it accessible to non-pioneer
TFs that act either alone or through interactions with chromatin
remodelers (Barozzi et al., 2014; Cirillo et al., 2002; Heinz et al., 2010;
Li et al., 2012; Zaret, 2018).

The functional impairment of protein complexes in disease has
been recently summarised by Bergendahl et al., 2019, who discuss
possible mechanisms by which disease-causing mutations alter
protein structure. This, in turn, may result in aberrant complex
formation by affecting the protein stoichiometry or by inhibiting
other protein interactions, thus causing abnormal cell and tissue
functions, ultimately leading to disease. Therefore, the number of
TFs may influence the function of other TFs when transcriptional
regulation depends on TF-cofactor complexes.

Single-molecule analysis of the stoichiometry of TF complexes
can be performed in both living or fixed cells. The proximity of
molecules, as an implicit measure of complex formation, can be
analysed by Förster resonance energy transfer (FRET) (Dikovskaya
et al., 2019; Szalóki et al., 2015) or bimolecular fluorescence
complementation (BiFC) (Hu and Kerppola, 2003; Moustaqil et al.,
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2018; Papadopoulos et al., 2015) (see Table 2 and Fig. 2). However,
steric hindrance and the need for correct three-dimensional orientation
of TF complexes are main limiting factors of these methods, and may
cause false-negative results. FRET, FCS and combined SPIM-
fluorescence cross-correlation spectroscopy (SPIM-FCCS) have been
used in combination to show that FOS forms homodimers that are also
capable to bind chromatin when JUN is not present in equal
concentrations to FOS (Szalóki et al., 2015). As the formation and
transcriptional regulatory activity of FOS homodimers were suggested
to play a role in oncogenesis, the stoichiometry of TF complexes and
their activity have been investigated by combining different
quantitative approaches in the context of FOS overexpression
(Szalóki et al., 2015). TF complexes at specific nuclear
compartments or gene loci, which are rendered visible in BiFC or
undergo energy transfer in FRET, may also be imaged by using SRM
(Kwon et al., 2017; Yamamoto et al., 2014) (see Table 2 and Fig. 2).
Furthermore, one can analyse how the stoichiometry of TF complexes
changes during development or varies across cells in the same tissue.
This is possible by using FCS, as in studies regarding the
homodimerization of Scr on chromatin (Papadopoulos et al., 2015;
Papadopoulos et al., 2019; Rosales et al., 2013; Skouloudaki et al.,
2019; Szalóki et al., 2015; Vukojevic et al., 2010) and FOS (Szalóki
et al., 2015). FCS has also been applied to study the formation of
heterocomplexes between MYC and the transcriptional regulator
MAX (Rosales et al., 2013). Oligomerisation of the mitochondrial TF
TFAM on chromatin was similarly investigated using fast-scanning
stimulated emission depletion (STED) microscopy (Heller et al.,
2013). Moreover, TF complexes have been studied by using dual
labelling strategies. For example, Savatier and co-workers used two-
photon FCCS to investigate the interactions between alpha and beta
estrogen receptors (ESR1 and ESR2, respectively) or between ESRs
and TIF2 (Savatier et al., 2010). The colocalisation of glucocorticoid
receptor (NR3C1) and its interacting protein GRIP1, as well as of the
transcriptional activators BMAL (aslo known as ARNTL) and
CLOCK was similarly visualised by using dual-colour single-
particle tracking (SPT) (Gebhardt et al., 2013). Thus, TF complexes
can be quantitatively analysed in time and in space to provide
molecular insights into how their interactions and concentrations affect
entire regulatory networks. To uncover the roles of TFs in HI, their
interactome needs to be thoroughly investigated and quantitative
microscopy methods should be used to characterise the potentiially
abnormal TF function based upon aberrant TF stoichiometries.

Target site number, accessibility and binding
The cell- and tissue-specific sensitivity to TF levels also depend on
the number of TF target-binding sites on chromatin and their

accessibility – which might be subject to developmental control, as
well as how TF molecules dynamically move in nuclei and undergo
various interactions with chromatin, until they find and bind to their
target sites. On average, the number of TF molecules per cell is
between thousands and tens-of-thousands (Simicevic et al., 2013).
This is roughly one order of magnitude higher than the number of
specific TF binding sites, which is on average several hundreds to a
few thousands (Ganapathi et al., 2011; Johnson et al., 2007; Palii
et al., 2011; Robertson et al., 2007). Therefore, the number of binding
sites of a given TF in a certain cell type cannot always explain why
reduced TF amounts may not suffice for proper TF function.
Additionally, genes controlled by a single TF may be more sensitive
to molecular numbers than those controlled by two or more TFs,
making the correlation between the ‘number of TF molecules’ and
the ‘number of TF-binding sites’ far from straightforward. The
complexity increases whenwe consider the existence ofmechanisms,
which overcome the dependence of transcriptional control on the
stoichiometry of TF molecules to binding sites, i.e. by allowing the
expression of important developmental genes to also depend on
collaborating TFs. This is achieved by the evolutionary ‘addition’ of
such ‘collaborating’ TF-binding sites into enhancers. For instance,
the presence of both Zld- and Dorsal (Dl)-binding sites in an
enhancer of the short gastrulation (sog) gene guarantees the
potentiation of sog transcription in the early the Drosophila
embryo, such that all cells express the same amount of sog – even
in positions where the Dl morphogen TF concentration is low
(Papadopoulos and Tomancak, 2019; Yamada et al., 2019). In this
case, additional Zld-binding sites convert sog expression from
‘analog’ – i.e. proportional to Dl concentration along the Dl
dorsoventral gradient – to ‘digital’, whereby Zld guarantees
efficient sog expression as long as Zld-binding sites are present in
the sog enhancer (Papadopoulos and Tomancak, 2019; Yamada
et al., 2019). Thus, studies from the fly shed light onto how some
target genes maintain robust expression, even upon limiting
amounts of the TFs that regulate them. Such collaborating and
‘potentiating’ TFs may themselves be expressed in a tissue-
specific manner. In this case, expression of the same target gene
across different tissues or of different target genes in the same
tissue both depend on the amount of TF. This might explain why
certain TFs result in HIs in one tissue but not in another. Generally,
the number of TF-binding sites may strongly influence the
expression of specific genes in the same tissue or of the same
gene in some tissues only and not in others, making gene
expression less, or more, sensitive to TF numbers. Therefore, TF
HIs that result in developmental abnormalities or disease
frequently manifest in a subset of tissues, at distinct

A B C

Fig. 3. Abnormal TF numbers and TF HI have important phenotypic consequences. Human ocular developmental abnormalities can be caused by
heterozygous mutations in the PAX6 and SOX2 TF genes. (A) Eye of a patient with a phenotype typical of PAX6 HI, showing near-complete aniridia (absence of
the iris) andmild ptosis (drooping of the eyelid). The patient had cataract surgery in young adulthood (Hall et al., 2019). Image courtesy of David Hall, Critical Care,
Royal Infirmary of Edinburgh, UK. (B,C) An affected son (B) and his mother (C), both bearing a SOX2 mutation that causes HI, which results in unilateral
anophthalmia (absence of the eye). Although they carry the same mutation, their phenotypic abnormalities only affect the right or the left eye, respectively.
Image adapted with permission from Gerth-Kahlert et al. (2013) under the terms of the CC-BY 3.0 license.
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developmental stages or are due to the mis-regulation of only some
of their target genes.
The binding affinity of TFs on their DNA-binding sites is another

important factor required for normal gene regulation (Levine, 2010).
This chiefly depends on the binding site sequence and defines how
‘strongly’ a TF binds to this site. Low-affinity binding sites are, thus,
less likely to be boundwhen TF concentrations are low and, therefore,
may require higher numbers of TFs and/or cofactors for
transcriptional regulation (Arthur et al., 2017; Tsai et al., 2017).
This may serve as an additional control mechanism for differential
gene expression in space and time. In Drosophila, the Hox TF
Ultrabithorax can bind low-affinity target sites on certain shavenbaby
enhancers when complexed with the Hox cofactors Extradenticle and
Homothorax. This confers region-specific control for the formation of
epidermal denticle belts in the embryonic cuticle (Crocker et al.,
2015; Tsai et al., 2017). While low-affinity binding sites render gene
expression more sensitive to TF levels, their existence can be
important for safeguarding the specificity of TF binding. This is of
particular importance for the specification, development and
differentiation of body structures. Additionally, it is an important
mechanism to control and exploit the function of TFs that exhibit very
similar binding behaviours, such as Hox TFs. As a result, the
transcriptional output of genes with multiple low-affinity binding
sites can be dosage dependent (Crocker et al., 2015; Driever and
Nüsslein-Volhard, 1988; Giorgetti et al., 2010; Lorberbaum and
Barolo, 2013; Ochoa-Espinosa et al., 2005; Ramos and Barolo, 2013;
Stewart-Ornstein et al., 2013; Struhl et al., 1989; Tsai et al., 2017).
This, in turn, enables cells to acquire distinct developmental fates
based on their position along a TF concentration gradient (Driever
and Nüsslein-Volhard, 1988; Lorberbaum and Barolo, 2013; Ochoa-
Espinosa et al., 2005; Ramos and Barolo, 2013; Struhl et al., 1989).
For instance, the homeodomain TF CUX1, a tumour suppressor,
binds distal target enhancers in cultured human cells in concert with
co-activators and cohesin. Loss of one CUX1 allele abolishes CUX1
binding, and genes that contain multiple low-affinity CUX1-binding
sites become mis-regulated (Arthur et al., 2017). Furthermore,
Louphrasitthiphol et al. (2020) recently investigated the binding
between microphthalmia-associated transcription factor (MITF) and
chromatin, and suggested that low-affinity binding sites also act as a
TF ‘reservoir’ in the genome. Chromatin immunoprecipitation
sequencing (ChIP-seq) and single-molecule tracking (SMT) were
used to show that the binding affinity betweenMITF and chromatin is
increased by MITF acetylation, and that an acetylation-mutant MITF
exhibits increased numbers of transient interactions with chromatin at
low-affinity binding sites (Louphrasitthiphol et al., 2020). The
authors suggested that low-affinity sites act as a reservoir for non-
acetylated MITF, which is released upon acetylation in order to bind
high-affinity sites (Louphrasitthiphol et al., 2020). Although both
high- and low-affinity binding sites can favour TF specificity and
facilitate differential gene expression, the number of TF-binding sites
in enhancers, as well as their affinity, may also strongly affect the
sensitivity of gene expression relative to TFs and, therefore, may
result in TF HI.
Yet, cell- or tissue-specific transcriptional responsiveness of

genes relative to the level of certain TFs may stem from the
differential accessibility of their binding sites, and the set of TFs and
cofactors targeting them. Both processes contribute to the kinetics
of TF target site search and binding (Liu et al., 2014; Tsai et al.,
2017). To find their specific binding sites, TFs ‘search’ chromatin
by diffusion and transient, non-specific electrostatic interactions
(Chen et al., 2014b; Elf et al., 2007; Liu et al., 2014;
Louphrasitthiphol et al., 2020; Papadopoulos et al., 2010;

Raccaud et al., 2019; Slutsky and Mirny, 2004; Voss et al., 2011;
Vukojevic et al., 2010). Specific binding to their cognate sites
depends on the strength of weak dipole interactions, such as
hydrogen bonds and Van der Waals forces, which are exercised
between amino acid (aa) residues of the TF and the DNA bases.
Thus, the balance between non-specific and specific chromatin
interactions determines the amount of TF molecules available to
bind their cognate sites – an important determinant of how
efficiently TFs find these specific binding sites.

The accessibility of binding sites depends on chromatin
conformation and nuclear organisation, and may modulate the
ability of TFs to efficiently search for and find their target sites.
Chromatin organisation within cell nuclei is dynamic, cell type-
specific and has been extensively studied with respect to its effect on
gene expression. The degree of chromatin compaction affects TF
binding and gene expression (Akhtar et al., 2013). Additionally,
topologically associated domains (TADs), i.e. regions of self-
interacting chromatin, are thought to regulate gene expression by
establishing chromatin contacts within and between TADs, as well
as by generating transcriptional microenvironments (Dixon et al.,
2015; Tsai et al., 2017; reviewed by Gonzalez-Sandoval and Gasser,
2016). For example, Tsai and collaborators suggested that, in
Drosophila, clustering of enhancers with low-affinity binding sites
permits the formation of high local concentrations of the TF
Ultrabithorax, which potentiates its binding interactions with
chromatin (Tsai et al., 2017). TADs are also dynamic and cell
type-specific, and have been studied with regard to differentiation
(Kaur et al., 2013; Plachta et al., 2011; White et al., 2016),
reprogramming (Beagan et al., 2016) and their role in HOX gene
expression during limb development (Gebhardt et al., 2013;
Langowski, 2017; Paakinaho et al., 2017; Rehó et al., 2020;
Savatier et al., 2010; Vámosi et al., 2008). Nucleosome positioning
further influences chromatin accessibility and, thereby, TF binding
to gene regulatory elements (Chen et al., 2014a,b; Gebhardt et al.,
2013; Hansen et al., 2017; Li et al., 2019; Mir et al., 2017;
Normanno et al., 2015; Tirosh and Barkai, 2008; White et al., 2016;
Wollman et al., 2019; Yao et al., 2006; Zhao et al., 2017). At the
whole-genome level, histone modification signatures dictate
chromatin accessibility and are subjected to developmental
control (Bell et al., 2010). As such, the effect of binding site
accessibility on TF-chromatin binding kinetics may trigger
differential gene expression and differentiation biases between
seemingly identical cells, even when the TFs mainly responsible
for such processes are expressed in all cells at the same levels. In
mouse preimplantation embryos, OCT4 exhibits differential
chromatin-binding kinetics as early as at the 8-cell stage, which
is one of the first determinants of differentiation bias towards inner
cell mass or trophectoderm (Plachta et al., 2011). Moreover, the
chromatin-binding kinetics of SOX2 and OCT4 can be used to
predict cell fate (White et al., 2016). In pluripotent cells, OCT4
and SOX2 bind chromatin more stably than in extraembryonic
cells (Kaur et al., 2013). Long-lived SOX2–chromatin binding is
regulated by methylation of histone H3 at arginine 26 (H3R26),
such that reduction in H3R26 methylation decreases the lifetime of
SOX2-bound complexes. As a result, SOX2 target expression
declines, and so do the numbers of pluripotent cells (White et al.,
2016). These are excellent examples of how the kinetics of TF
binding and the epigenetic landscape can influence development.
Therefore, the dependence of gene expression on TF
concentrations in a cell- and tissue-specific manner also relies on
the number, affinity, accessibility and chromatin-binding kinetics
of TF-binding sites.
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It follows that quantitative analyses of TF-chromatin interaction
kinetics and studies of cognate site configuration provide a deeper
insight into gene- and cell-specific sensitivity to TF levels. FCS and
SPT are used to obtain the fractions of freely diffusing TFmolecules
that seem to facilitate cognate site search, as well as of TF molecules
bound to chromatin (see Fig. 2 and Table 2). For example, FCS
studies of Scr in flies suggest that slowly diffusing TFs
predominantly engage in rapid electrostatic interactions with
chromatin, thereby reflecting the molecular movement TF
molecules exhibit while searching for their specific DNA-binding
sites (Papadopoulos et al., 2010; Vukojevic et al., 2010).
Interestingly, the diffusion of MYC and P-TEFb – as measured
by SPT – suggests that a binding site search may be TF- and target
site-specific (Izeddin et al., 2014). By using SPT, enhancer
clustering has been suggested to facilitate target-site search and
binding (Liu et al., 2014). Chen and collaborators combined multi-
focus SMT and FCS to study how mutant and wild-type SOX2 and
OCT4 in mouse ESCs display differential binding dynamics on
enhanceosomes, as well as the effects chromatin modifications have
on TF molecules searching for their cognate DNA sites (Chen et al.,
2014b). Once bound, the DNA-residence time of a TF reflects its
binding affinity. SPT is better suited to measure long-lived –
presumably specific – TF-DNA interactions. Monitoring of these
interactions does not require very high temporal resolution and
photobleaching can, thus, be avoided by time-lapse imaging
experiments with longer ‘dark’ intervals between rounds of image
acquisition. For example, by using reflected light-sheet microscopy
(RLSM)-SPT, Gebhardt and colleagues compared the DNA-
residence time of NR3C1 and of ESR monomers and dimers
(Gebhardt et al., 2013). Mazza and collaborators combined SPT
with FCS and FRAP to identify different proportions and residence
times of mutant p53 (Mazza et al., 2012). FRAP can also be used to
characterise TF-chromatin interactions by investigating their kinetic
on- and off-chromatin rates, for instance, how TFs bind mitotic
chromosomes. Here, the TFs exhibit high on-rates and reduced
mobility during interphase, resulting in a more efficient search of
TFs for binding sites (Raccaud et al., 2019). Furthermore,
application of FRAP and SPT showed that SOX2-chromatin
binding behaviour during mitosis is more dynamic than during
interphase (Teves et al., 2016). FRAP experiments also identified
that mutations in the high-mobility group domain of SOX2 largely
abolished its clustering at the POU5F1 enhancer, again suggesting
that TFs can engage in different modes of chromatin-binding
behaviour (Li et al., 2019). In addition, the chromatin-binding
behaviour of TF heterocomplexes with other TFs has been studied
by FCCS; particularly in cases where TF heterodimerisation is
known to be required for DNA binding, such as for the dimers
between FOS and JUN (Langowski, 2017), retinoic acid receptor
(RAR) and retinoid X receptor (RXR) (Rehó et al., 2020), and
ESR1/2 and TIF2 (Savatier et al., 2010). FRET has similarly been
used to study chromatin binding of TF dimers and complexes, in
some studies in combination with FCS or FCCS. Dimerisation and
chromatin-bound intermediates of the basic helix-loop-helix leucine
zipper (bHLH-LZ) domains of the TFs MYC and MAX were
investigated by single-molecule FRET (smFRET) and FCS
(Vancraenenbroeck and Hofmann, 2018). FCCS and FRET have
also been used to study the chromatin-binding dynamics and inter-
molecular distance between FOS and JUN in homo- and
heterodimers (Szalóki et al., 2015; Vámosi et al., 2008).
Additionally, ternary complexes between FOS, JUN and the
NFκB subunit p65 have been investigated by BiFC-FRET (Shyu
et al., 2008).

The signal-to-noise ratio in FCS and SPT can be increased by
reducing the illumination volume, for example, by using lattice
light-sheet microscopy (LLSM) in combination with SPT (LLSM-
SPT) (Chen et al., 2014a; Mir et al., 2017), LLSM-FCS (Mir et al.,
2017), RLSM-SPT (Gebhardt et al., 2013), highly inclined
laminated optical sheet (HILO)-SPT (Hansen et al., 2017) or
spatial light interference microscopy (SLIM)-SPT (Wollman et al.,
2019), as well as by implementing sparse-excitation methodologies,
such as 3D-STED (Li et al., 2019), single-particle tracking photo-
activated localization microscopy (sptPALM) (Normanno et al.,
2015), photo-activatable (PA)-FCS (White et al., 2016; Zhao et al.,
2017) and multiphoton FCS (Yao et al., 2006) (see Table 2 and
Fig. 2). The interaction of the GTPase RAP1 with nucleosomes and
the resultant local opening of chromatin have also been studied in
vitro by a combination of smFRET and TIRF (Mivelaz et al., 2020).
Moreover, the spatial intranuclear variability in TF concentrations
and chromatin-binding behaviour can simultaneously be addressed
by novel methods, such as mpFCS (Krmpot et al., 2019;
Papadopoulos et al., 2015) and 3D-SPT (Chen et al., 2014a).
However, linking TF dynamics and concentration to their function
by visualising specific genomic loci and their conformation has so
far proven challenging.

To address these challenges, CRISPR/dCas9- and TALE-based
labeling of specific DNA sequences can be used in live cells to
visualise TF dynamics. However, the low signal-to-noise ratio has so
far restricted this application to repetitive sequences (Chen et al.,
2013; Knight et al., 2015; Ma et al., 2013; Thanisch et al., 2014). In a
recent study, Li et al. targeted dCas9 to distal enhancers of the Pou5f1
andNanog genes, to link clusters of BRD4 and enhancers with active
transcription (Li et al., 2020). However, the authors did not address
the dynamic behaviour that might underlie such interactions. Specific
conformations of TF-binding sites can be analysed using SRM in
combination with chromatin markers associated with accessibility
and active transcription (Cai et al., 2019). The kinetics and variability
of TF-chromatin interactions can be analysed by quantitative
microscopy at high temporal or spatial resolution. These
methodologies allow to link the intercellular variability of TF-
chromatin interactions and gene expression to gene- and cell-specific
target site availability, and – from there – to further understand the
role of TF-binding dynamics in the context of HIs.

Stochastic gene expression
Although highly significant, TF-chromatin interactions alone do not
sufficiently explain the significance of TF stoichiometry underlying
HIs. Aberrant TF numbers can also affect gene expression because
this in itself is an inherently stochastic process. Transcription is a
‘noisy’ process and, for a plethora of genes, it occurs in bursts,
resulting in temporally fluctuating levels of mRNA (Bothma et al.,
2014; Chubb et al., 2006; Fukaya et al., 2016; Larsson et al., 2019;
Lee et al., 2019; Rodriguez et al., 2019). Because the frequency of
transcriptional bursts depends on TF concentration (Senecal et al.,
2014), when TF numbers are low, transcriptional noise can become a
limiting factor for the normal expression of some genes and may
result in abnormal function. The aforementioned stochasticity further
results in temporally and spatially variable gene expression within a
cell, and elicits heterogeneity between cells in both prokaryotic
(Kierzek et al., 2001; Ozbudak et al., 2002; Wolf and Arkin, 2002)
and eukaryotic organisms (Blake et al., 2003; Raser and O’Shea,
2004). In mammals, gene expression noise occurs both during
development (Abranches et al., 2014; Mohammed et al., 2017;
Olsson et al., 2016; Trapnell et al., 2014) and in disease (Avraham
et al., 2015; Shaffer et al., 2017; Tirosh et al., 2016).
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In bacteria, auto-activation of the competence TF ComK confers
resistance to environmental stress by transcribing genes involved in
the uptake of DNA (Maamar and Dubnau, 2005; Smits et al., 2005;
Süel et al., 2006). Perturbing ComK levels by upregulating the rate of
transcription and downregulating translation decreased the noise of
ComK-dependent gene expression and reduced overall competency.
This observation underlines that a subset of cells may exploit this cell-
to-cell variability – introduced by transcriptional noise – to confer a
group advantage (Maamar et al., 2007; Ozbudak et al., 2002; Süel
et al., 2007; Thattai and van Oudenaarden, 2001). Albeit shown in a
simple system, this indicates that stochasticity can result in
transcriptional heterogeneity and increase the level of ‘fitness’ in a
population. Similarly, in multicellular organisms, perturbations in TF
numbers may amplify the cell-to-cell variability of transcriptional
programmes. For example, in humans, deletions of one allele of the
TF-encoding gene NKX3.1 have been described in ∼40% of prostate
cancers (Bova et al., 1993; Bowen et al., 2000; Macoska et al., 1995).
Mouse models recapitulating this deletion display NKX3.1 HI,
aberrant target gene expression and progressive prostate diseases
(Abdulkadir et al., 2002; Magee et al., 2003). Transcriptional
‘bursting-like’ behaviour and the resulting cell-to-cell variability have
been specifically associated with HIs of tumour suppressor genes
(Kemkemer et al., 2002). The inactivation of a single allele of NF1
results in neurofibromas in humans (Fahsold et al., 2000; Hoffmeyer
et al., 1998). Furthermore, cultured melanocytes derived from
patients with a single functional NF1 allele exhibited variable
dendritic outgrowth, owing to increased stochastic transcriptional
noise compared to normal melanocytes (Kemkemer et al., 2002).
Overall, such variabilities can lead to excessive divergence in gene
expression, even among cells of the same lineage that feature very
similar transcriptional programmes. Such paradigms underscore the
complexity of TF HIs. That is, gene transcription might only become
intolerably impaired in a subset of functionally identical cells – yet
still lead to abnormal organ function and disease. Therefore, although
it is established that low TF concentrations significantly influence
‘bursty’ gene expression, more studies will be needed to identify
which target genes become the most severely impaired.
The inherently stochastic nature of transcription, discussed above,

can be quantified by using single-molecule and single-cell
methodologies and, thus, be linked to TF HIs. The dynamics of
transcription can be observed in vivo by incorporating labelled
nucleotides to monitor the production of nascent transcripts
(Morisaki et al., 2014) or it can be visualised at specific loci by
smFISH (Hsu et al., 2017; Kochan et al., 2015; Mehta et al., 2018;
Titlow et al., 2018). Tagging the untranslated regions of endogenous
genes with stem-loop-encoding sequences of bacteriophages MS2
or PP7, fused to a fluorescent reporter, allows the visualisation of
nascent RNA and, thus, is suitable to track the expression of genes
of interest (Bothma et al., 2014; Katz et al., 2018). Intercellular
variability of transcription can be quantified by smFISH and
scRNA-seq (Beach et al., 1999; Bertrand et al., 1998; Guo et al.,
2017; Halpern et al., 2017; Hocine et al., 2013; Treutlein et al.,
2016; Yan et al., 2013). Further, advances in scRNA-seq have
allowed the analysis of allele-specific ‘bursting’ to be used as a
means of identifying imbalances of gene expression (Borel et al.,
2015; Chen et al., 2016; Deng et al., 2014; Faddah et al., 2013; Jiang
et al., 2017; Kim and Marioni, 2013; Marks et al., 2015). In other
studies, the cellular transcriptional activity has been inferred by
examining localisation and dynamics of the transcriptional
machinery (Cho et al., 2018; Cisse et al., 2013; Li et al., 2019;
Steurer et al., 2018). From this, it becomes clear that to link TF
behaviour to gene expression at high temporal and spatial

resolution, studies often have to utilise both live- and fixed-cell
methods to obtain complementary information. For example, the
local concentration and dynamics of SOX2, CDK9, BRD4 and
MED22 were measured by 3D STED and FRAP, and nascent
POU5F1 transcripts were visualised by MS2-MCP labelling
(Li et al., 2019). This correlation between local concentrations of
TFs and gene expression leads to the final TF HI-influencing
mechanism explored in this Review: the formation of condensates.

Control of TF function through the formation of condensates
In recent years, phase separation of proteins has gained substantial
attention in biological research. The formation of biomolecular
condensates has been implicated in a plethora of cellular functions.
These are as diverse as membrane-less organelles, such as the
nucleolus (Feric et al., 2016), as well as the normal and abnormal
variants of widely studied proteins, such as FUS, G3BP1, TDP43
(officially known as TARDBP) and BRD4 (Han et al., 2020;
McGurk et al., 2018; Niaki et al., 2020; Riback et al., 2020; Yang
et al., 2020) which are implicated in disease pathogenesis. However,
our understanding of the biological meaning of condensate
formation, particularly by TFs, remains incomplete. As such,
phase separation of TFs, aiding nuclear compartmentalisation and
gene regulation, is a relatively novel concept (Boija et al., 2018).

Phase separation of proteins depends on physico-chemical
conditions, such as protein concentration, charge, 3D structure and
cellular pH (Taratuta et al., 1990; Wang et al., 2018). The
thermodynamics of phase-separated systems predicts that protein
concentration inside condensates is higher than in the surrounding
dilute phase (Klosin et al., 2020). Condensates may possess liquid,
gel or solid-like properties but the biological consequences of such
phase-separated entities – and whether they are beneficial or not –
remain ill-defined (Brangwynne et al., 2009; Conicella et al., 2016;
Kato et al., 2012; Lin et al., 2015; Strom et al., 2017). Condensates
exhibit rapid protein exchange with the surrounding dilute phase,
movement within the dense phase, as well as fusion and fission
phenomena during their formation and maturation (Brangwynne
et al., 2009; Handwerger et al., 2005; Phair and Misteli, 2000;
Strasser et al., 2008). Although the exact biophysical mechanism of
condensate formation remains elusive, weak multivalent interactions
between intrinsically disordered regions seem to be the main driver
(Dzuricky et al., 2020; Kato et al., 2012; Lin et al., 2017; Sabari et al.,
2018; Wei et al., 2017).

As previously discussed, the intranuclear concentration of some
TFs substantially influences gene regulation and function. Since
condensate formation buffers concentration and functionally
compartmentalises the nucleus (Klosin et al., 2020), condensates
can control local TF concentrations. Super-enhancers are clusters of
enhancers that accumulate components of the transcriptional
machinery. They are thought to harness the formation of
condensates to favour biochemical reactions through local increases
in TF concentration and the formation of compartmentalised reaction/
diffusion networks, without excluding additional mechanisms. In
this way, the molecular crowding brings regulatory sequences and
promoters into close proximity (Hnisz et al., 2013), and such
reversible local reaction/diffusion networks favour gene expression.
Such a process can depend on nucleation events triggered by
physiological (e.g. NF-κB in inflammation; Nair et al., 2019),
developmental (e.g. Prospero in neural differentiation; Liu et al.,
2020) or molecular processes (e.g. depletion of proteins such as the
Mediator complex and BRD4; Sabari et al., 2018). The high-density
assemblies of transcriptional machinery components at enhancers is,
by definition, substantially assisted by the formation of condensates.
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This is because TFs, e.g. SOX2, OCT4 and NANOG (Boija et al.,
2018), co-activators, e.g. BRD4 and MED1 (Sabari et al., 2018) and
RNAPolII (Boehning et al., 2018; Cho et al., 2018) all form
condensates. However, to what extent this depends on condensate
formation alone or on clustered DNA-binding interactions, remains
under investigation (Li et al., 2020). So far, studies of the function of
TF condensates in the regulation of gene expression remain scarce
and have mostly focussed on linking condensate formation to
transcriptional output (Li et al., 2020; Sabari et al., 2018), examining
silencing of genes, such as prospero inDrosophila (Liu et al., 2020),
and investigating diseases, such as HOXD13-associated
synpolydactyly (Basu et al., 2020). Alternatively, condensate
formation has been recently proposed to be involved in buffering
the concentration of TFs in the dilute phase (Klosin et al., 2020),
thereby dampening the variability of TF concentration. Although the
universality of such functions remains to be experimentally
confirmed, it is intriguing that many TFs depend on a stringent
regulation of their local concentration for normal function. Examples
include PAX6/SOX2 during ocular development (Matsushima et al.,
2011), OCT4 in the preimplantation embryo (Gerovska and Araúzo-
Bravo, 2019) and NANOG during blastocyst formation (Bessonnard
et al., 2014). Therefore, formation of condensates and how they
control TF variability across cells warrant further investigation in the
context of HIs.
Understanding the biological function of TF condensate

formation requires the characterisation of their constituents, their
subcellular location and their dynamic behaviour over time. Fast
scanning microscopy – such as confocal spinning-disk (CSD)
microscopy and LLSM – is used to observe cellular localisation and
co-partitioning of proteins into condensates (Chong et al., 2018;
Sabari et al., 2018), and can be quantified by SRM (Cai et al., 2019;
Chong et al., 2018; Sabari et al., 2018) (see Table 2 and Fig. 2).
The mobility of TFs within condensates, and the exchange of

molecules between condensates and the environment, have been
measured by FRAP, FCS and SPT. Condensates formed by
transcriptional machinery components, such as BRD4 and MED1
(Boija et al., 2018; Cai et al., 2019; Chong et al., 2018; Gibson
et al., 2019; Guillén-Boixet et al., 2020; Klosin et al., 2020; Liu
et al., 2020; Sabari et al., 2018; Teves et al., 2016; Zamudio et al.,
2019), and TF condensates, such as OCT4 (Boija et al., 2018),
have been also studied by FRAP. Additionally, the formation of TF
condensates driven by low complexity domains has been studied
by FRAP and SPT (Chong et al., 2018). Stress-induced
condensates, e.g. YAP, have also been studied by FRAP (Cai
et al., 2019), and the formation and maturation of G3BP1-related
stress granules have recently been investigated by FRAP and FCS
(Guillén-Boixet et al., 2020).
It will be interesting to further investigate the biological functions

of TF condensates through a combination of single-molecule
approaches to link TF numbers and their dynamic behaviour to gene
expression and HIs.

Conclusions
Here, we have outlined how TF abundance and dynamic interactions
with chromatin are required for normal development and how
abnormalities in such regulation can result in disease.
We have discussed the key factors and cellular functions that

control TF abundance in cells and tissues. TFs undergo complex
kinetic interactions with chromatin; therefore, investigating TF
numbers and molecular movement at the cellular and tissue levels is
essential. Studied paradigms of dosage-sensitivity and HI
emphasise how recent quantitative microscopy advances help

researchers to investigate such complex TF interactions and their
malfunction in disease. To date, such information on TFs and
TF-cofactor complexes can be obtained with high spatiotemporal
resolution. When these methodologies are applied to multiple cell
types and disease models, they help to understand the molecular
underpinnings of HI-associated diseases. However, a remaining
challenge is to simultaneously study the behaviour of collaborating
TFs and TF-complexes in live cells and tissues. This shortcoming is
likely to result from the limitations of fluorescence microscopy to
faithfully investigate several differently labelled proteins at the same
time. Mass spectroscopy, RNA-seq and ChIP-seq methods do
provide much broader, albeit static, datasets of TF binding and
protein and mRNA abundances in cells but lack the dynamic
information of live systems. A further challenge is to combine
temporal and spatial super-resolution methods so that the mobility
and chromatin-binding dynamics of individual TFs can be
investigated at specific genomic loci. As discussed, this is
currently limited to repetitive loci, which can be studied in
tandem using the same fluorescent probe. Non-repetitive DNA
sequences require a large number of sequence-specific probes to
sufficiently increase the signal-to-noise ratio for fluorescence
imaging (Chen et al., 2013; Knight et al., 2015; Ma et al., 2013;
Thanisch et al., 2014).

Nevertheless, when studying the function of fluorescently
labelled TFs, microscopy methodologies have become sensitive
enough to detect molecules at low, physiologically relevant
concentrations and by using low excitation power, which largely
preserves the normal cell function. In fact, smaller and brighter
fluorescent tags have been identified (Govindan et al., 2018;
Oliinyk et al., 2019) but tagging genes non-disruptively does
necessitate functional, i.e. genetic, validation of the endogenous
behaviour of TFs. Additionally, the generation of further tissue
and live animal models will explain the aberrant function(s) of TFs
at the molecular level, in a biologically relevant context. For
example, heterozygous LOF mutations of the widely expressed
transcriptional co-activator YAP1 cause diverse defects in
patients, such as ocular abnormalities or craniofacial/intellectual
disabilities, suggesting that the observed phenotypes are the result
of tissue-specific HIs of YAP1 (Williamson et al., 2014). The
generation of animal models to study the underlying mechanism of
these defects will facilitate understanding the phenotypic
variability observed in human patients by means of quantitative
microscopy methodologies.

From a translational perspective, new animal models will enable the
detection of early developmental transcriptional and signalling defects
that normally lead to disease onset and progression. This will be
possible by combining high spatial and temporal resolution
microscopy – as discussed in this Review – with in vitro
quantification of TF transcriptomes and interactomes. To date, most
studies on TF function have addressed the impact of their mutations in
disease only qualitatively. The information on intracellular TF
concentrations and chromatin-binding behaviour is scarce, and may
have been underappreciated. Until now, computational and
bioinformatics analyses, coupled to machine learning and high-
throughput screening, have been predominantly deployed to predict
TF binding sites (Elmas et al., 2017; Shen et al., 2018) or TF-binding
behaviour based on DNA structure (Zhou et al., 2015). Further
approaches need to be developed to investigate the levels and
molecular behaviour of TFs, and to predict transcriptional outcomes.
To this end, the ample availability of current and future single-cell
transcriptome datasets should be exploited to study how TF dosage
affects gene transcription. This will enable us to understand the
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underlying mechanisms and the causal relationships between
abnormal TF numbers, impaired TF behaviour and the manifestation
of disease.
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Krmpot, A. J., Nikolić, S. N., Oasa, S., Papadopoulos, D. K., Vitali, M., Oura, M.,
Mikuni, S., Thyberg, P., Tisa, S., Kinjo, M. et al. (2019). Functional fluorescence
microscopy imaging: quantitative scanning-free confocal fluorescence
microscopy for the characterization of fast dynamic processes in live cells. Anal.
Chem. 91, 11129-11137. doi:10.1021/acs.analchem.9b01813

Kwon, H.-K., Chen, H.-M., Mathis, D. and Benoist, C. (2017). Different molecular
complexes that mediate transcriptional induction and repression by FoxP3. Nat.
Immunol. 18, 1238-1248. doi:10.1038/ni.3835

Kyritsis, K. A., Angelis, L., Ouzounis, C. and Vizirianakis, I. (2019). Chapter 3 -
Understanding specialized ribosomal protein functions and associated
ribosomopathies by navigating across sequence, literature, and phenotype
information resources. In Leveraging Biomedical and Healthcare Data (ed. F.
Kobeissy, A. Alawieh, F. A. Zaraket and K. Wang), pp. 35-51: Academic Press.

Lambert, S. A., Jolma, A., Campitelli, L. F., Das, P. K., Yin, Y., Albu, M., Chen, X.,
Taipale, J., Hughes, T. R. and Weirauch, M. T. (2018). The human transcription
factors. Cell 172, 650-665. doi:10.1016/j.cell.2018.01.029

Lanctôt, C. (2015). Single cell analysis reveals concomitant transcription of
pluripotent and lineage markers during the early steps of differentiation of
embryonic stem cells. Stem Cells 33, 2949-2960. doi:10.1002/stem.2108

Landschulz,W. H., Johnson, P. F. andMcKnight, S. L. (1988). The leucine zipper:
a hypothetical structure common to a new class of DNA binding proteins. Science
240, 1759-1764. doi:10.1126/science.3289117

Langowski, J. (2017). Single plane illumination microscopy as a tool for studying
nucleome dynamics. Methods 123, 3-10. doi:10.1016/j.ymeth.2017.06.021

Largaespada, D. A. (2001). Haploinsufficiency for tumor suppression: the hazards
of being single and living a long time. J. Exp. Med. 193, F15-F18. doi:10.1084/jem.
193.4.F15

Larsson, A. J. M., Johnsson, P., Hagemann-Jensen, M., Hartmanis, L.,
Faridani, O. R., Reinius, B., Segerstolpe, Å., Rivera, C. M., Ren, B. and
Sandberg, R. (2019). Genomic encoding of transcriptional burst kinetics. Nature
565, 251-254. doi:10.1038/s41586-018-0836-1

Lasker, K., von Diezmann, L., Zhou, X., Ahrens, D. G., Mann, T. H., Moerner,
W. E. and Shapiro, L. (2020). Selective sequestration of signalling proteins in a
membraneless organelle reinforces the spatial regulation of asymmetry in
Caulobacter crescentus. Nat Microbiol 5, 418-429. doi:10.1038/s41564-019-
0647-7

Lee, C., Shin, H. and Kimble, J. (2019). Dynamics of Notch-dependent
transcriptional bursting in its native context. Dev. Cell 50, 426-435.e4. doi:10.
1016/j.devcel.2019.07.001

Lek, M., Karczewski, K. J., Minikel, E. V., Samocha, K. E., Banks, E., Fennell, T.,
O’Donnell-Luria, A. H., Ware, J. S., Hill, A. J., Cummings, B. B. et al. (2016).

Analysis of protein-coding genetic variation in 60,706 humans. Nature 536,
285-291. doi:10.1038/nature19057

Levine, M. (2010). Transcriptional enhancers in animal development and evolution.
Curr. Biol. 20, R754-R763. doi:10.1016/j.cub.2010.06.070

Li, Z., Gadue, P., Chen, K., Jiao, Y., Tuteja, G., Schug, J., Li, W. and Kaestner,
K. H. (2012). Foxa2 and H2A.Z mediate nucleosome depletion during embryonic
stem cell differentiation. Cell 151, 1608-1616. doi:10.1016/j.cell.2012.11.018

Li, J., Dong, A., Saydaminova, K., Chang, H., Wang, G., Ochiai, H., Yamamoto,
T. and Pertsinidis, A. (2019). Single-molecule nanoscopy elucidates RNA
polymerase II transcription at single genes in live cells. Cell 178, 491-506.e28.
doi:10.1016/j.cell.2019.05.029

Li, J., Hsu, A., Hua, Y., Wang, G., Cheng, L., Ochiai, H., Yamamoto, T. and
Pertsinidis, A. (2020). Single-gene imaging links genome topology, promoter-
enhancer communication and transcription control. Nat. Struct. Mol. Biol. doi:10.
1038/s41594-020-0493-6

Lin, Y., Protter, D. S. W., Rosen, M. K. and Parker, R. (2015). Formation and
maturation of phase-separated liquid droplets by RNA-binding proteins. Mol. Cell
60, 208-219. doi:10.1016/j.molcel.2015.08.018

Lin, Y., Currie, S. L. and Rosen, M. K. (2017). Intrinsically disordered sequences
enable modulation of protein phase separation through distributed tyrosine motifs.
J. Biol. Chem. 292, 19110-19120. doi:10.1074/jbc.M117.800466

Lippman, M. E., Halterman, R. H., Leventhal, B. G., Perry, S. and Thompson,
E. B. (1973). Glucocorticoid-binding proteins in human acute lymphoblastic
leukemic blast cells. J. Clin. Invest. 52, 1715-1725. doi:10.1172/JCI107353

Liu, Z., Legant,W. R., Chen, B.-C., Li, L., Grimm, J. B., Lavis, L. D., Betzig, E. and
Tjian, R. (2014). 3D imaging of Sox2 enhancer clusters in embryonic stem cells.
eLife 3, e04236. doi:10.7554/eLife.04236

Liu, X., Shen, J., Xie, L., Wei, Z., Wong, C., Li, Y., Zheng, X., Li, P. and Song, Y.
(2020). Mitotic implantation of the transcription factor prospero via phase
separation drives terminal neuronal differentiation. Dev. Cell 52, 277-293.e8.
doi:10.1016/j.devcel.2019.11.019

Lorberbaum, D. S. and Barolo, S. (2013). Gene regulation: when analog beats
digital. Curr. Biol. 23, R1054-R1056. doi:10.1016/j.cub.2013.10.004

Louphrasitthiphol, P., Siddaway, R., Loffreda, A., Pogenberg, V., Friedrichsen,
H., Schepsky, A., Zeng, Z., Lu, M., Strub, T., Freter, R. et al. (2020). Tuning
transcription factor availability through acetylation-mediated genomic
redistribution. Mol. Cell 79, 472-487.e10. doi:10.1016/j.molcel.2020.05.025

Luisi, B. F., Xu, W. X., Otwinowski, Z., Freedman, L. P., Yamamoto, K. R. and
Sigler, P. B. (1991). Crystallographic analysis of the interaction of the
glucocorticoid receptor with DNA. Nature 352, 497-505. doi:10.1038/352497a0

Ma, H., Reyes-Gutierrez, P. and Pederson, T. (2013). Visualization of repetitive
DNA sequences in human chromosomes with transcription activator-like
effectors. Proc. Natl. Acad. Sci. USA 110, 21048-21053. doi:10.1073/pnas.
1319097110

Maamar, H. and Dubnau, D. (2005). Bistability in the Bacillus subtilis K-state
(competence) system requires a positive feedback loop. Mol. Microbiol. 56,
615-624. doi:10.1111/j.1365-2958.2005.04592.x

Maamar, H., Raj, A. and Dubnau, D. (2007). Noise in gene expression determines
cell fate in Bacillus subtilis. Science 317, 526-529. doi:10.1126/science.1140818

Macoska, J. A., Trybus, T. M., Benson, P. D., Sakr, W. A., Grignon, D. J., Wojno,
K. D., Pietruk, T. and Powell, I. J. (1995). Evidence for three tumor suppressor
gene loci on chromosome 8p in human prostate cancer. Cancer Res. 55,
5390-5395.

Maekawa, T., Sakura, H., Sudo, T. and Ishii, S. (1989). Putative metal finger
structure of the human immunodeficiency virus type 1 enhancer binding protein
HIV-EP1. J. Biol. Chem. 264, 14591-14593.

Magde, D., Elson, E. and Webb, W. W. (1972). Thermodynamic fluctuations in a
reacting system—measurement by fluorescence correlation spectroscopy. Phys.
Rev. Lett. 29, 705-708. doi:10.1103/PhysRevLett.29.705

Magee, J. A., Abdulkadir, S. A. and Milbrandt, J. (2003). Haploinsufficiency at the
Nkx3.1 locus. A paradigm for stochastic, dosage-sensitive gene regulation during
tumor initiation. Cancer Cell 3, 273-283. doi:10.1016/S1535-6108(03)00047-3

Mangelsdorf, D. J., Ong, E. S., Dyck, J. A. and Evans, R. M. (1990). Nuclear
receptor that identifies a novel retinoic acid response pathway. Nature 345,
224-229. doi:10.1038/345224a0

Marks, H., Kerstens, H. H. D., Barakat, T. S., Splinter, E., Dirks, R. A. M., van
Mierlo, G., Joshi, O., Wang, S.-Y., Babak, T., Albers, C. A. et al. (2015).
Dynamics of gene silencing during X inactivation using allele-specific RNA-seq.
Genome Biol. 16, 149. doi:10.1186/s13059-015-0698-x

Masui, S., Nakatake, Y., Toyooka, Y., Shimosato, D., Yagi, R., Takahashi, K.,
Okochi, H., Okuda, A., Matoba, R., Sharov, A. A. et al. (2007). Pluripotency
governed by Sox2 via regulation of Oct3/4 expression in mouse embryonic stem
cells. Nat. Cell Biol. 9, 625-635. doi:10.1038/ncb1589

Matsushima, D., Heavner, W. and Pevny, L. H. (2011). Combinatorial regulation of
optic cup progenitor cell fate by SOX2 and PAX6. Development 138, 443-454.
doi:10.1242/dev.055178

Mazza, D., Abernathy, A., Golob, N., Morisaki, T. and McNally, J. G. (2012). A
benchmark for chromatin binding measurements in live cells. Nucleic Acids Res.
40, e119. doi:10.1093/nar/gks701

20

REVIEW Disease Models & Mechanisms (2020) 13, dmm046516. doi:10.1242/dmm.046516

D
is
ea

se
M
o
d
el
s
&
M
ec
h
an

is
m
s

https://doi.org/10.1074/jbc.M006264200
https://doi.org/10.1074/jbc.M006264200
https://doi.org/10.1074/jbc.M006264200
https://doi.org/10.1186/gb-2013-14-1-r7
https://doi.org/10.1186/gb-2013-14-1-r7
https://doi.org/10.1186/gb-2013-14-1-r7
https://doi.org/10.1016/0092-8674(94)90221-6
https://doi.org/10.1016/0092-8674(94)90221-6
https://doi.org/10.1016/0092-8674(94)90221-6
https://doi.org/10.1016/0092-8674(94)90221-6
https://doi.org/10.1016/0092-8674(90)90453-L
https://doi.org/10.1016/0092-8674(90)90453-L
https://doi.org/10.1016/0092-8674(90)90453-L
https://doi.org/10.1016/0092-8674(90)90453-L
https://doi.org/10.1126/science.aav6691
https://doi.org/10.1126/science.aav6691
https://doi.org/10.1126/science.aav6691
https://doi.org/10.1006/jmbi.1999.3007
https://doi.org/10.1006/jmbi.1999.3007
https://doi.org/10.1126/science.aac6572
https://doi.org/10.1126/science.aac6572
https://doi.org/10.1126/science.aac6572
https://doi.org/10.1126/science.aac6572
https://doi.org/10.2144/000114340
https://doi.org/10.2144/000114340
https://doi.org/10.2144/000114340
https://doi.org/10.2144/000114340
https://doi.org/10.1016/0092-8674(90)90494-Y
https://doi.org/10.1016/0092-8674(90)90494-Y
https://doi.org/10.1016/0092-8674(90)90494-Y
https://doi.org/10.1364/OE.22.002358
https://doi.org/10.1364/OE.22.002358
https://doi.org/10.1364/OE.22.002358
https://doi.org/10.1364/OE.22.002358
https://doi.org/10.1038/nprot.2015.100
https://doi.org/10.1038/nprot.2015.100
https://doi.org/10.1038/nprot.2015.100
https://doi.org/10.1038/nprot.2015.100
https://doi.org/10.1021/acs.analchem.9b01813
https://doi.org/10.1021/acs.analchem.9b01813
https://doi.org/10.1021/acs.analchem.9b01813
https://doi.org/10.1021/acs.analchem.9b01813
https://doi.org/10.1021/acs.analchem.9b01813
https://doi.org/10.1038/ni.3835
https://doi.org/10.1038/ni.3835
https://doi.org/10.1038/ni.3835
https://doi.org/10.1016/j.cell.2018.01.029
https://doi.org/10.1016/j.cell.2018.01.029
https://doi.org/10.1016/j.cell.2018.01.029
https://doi.org/10.1002/stem.2108
https://doi.org/10.1002/stem.2108
https://doi.org/10.1002/stem.2108
https://doi.org/10.1126/science.3289117
https://doi.org/10.1126/science.3289117
https://doi.org/10.1126/science.3289117
https://doi.org/10.1016/j.ymeth.2017.06.021
https://doi.org/10.1016/j.ymeth.2017.06.021
https://doi.org/10.1084/jem.193.4.F15
https://doi.org/10.1084/jem.193.4.F15
https://doi.org/10.1084/jem.193.4.F15
https://doi.org/10.1038/s41586-018-0836-1
https://doi.org/10.1038/s41586-018-0836-1
https://doi.org/10.1038/s41586-018-0836-1
https://doi.org/10.1038/s41586-018-0836-1
https://doi.org/10.1038/s41564-019-0647-7
https://doi.org/10.1038/s41564-019-0647-7
https://doi.org/10.1038/s41564-019-0647-7
https://doi.org/10.1038/s41564-019-0647-7
https://doi.org/10.1038/s41564-019-0647-7
https://doi.org/10.1016/j.devcel.2019.07.001
https://doi.org/10.1016/j.devcel.2019.07.001
https://doi.org/10.1016/j.devcel.2019.07.001
https://doi.org/10.1038/nature19057
https://doi.org/10.1038/nature19057
https://doi.org/10.1038/nature19057
https://doi.org/10.1038/nature19057
https://doi.org/10.1016/j.cub.2010.06.070
https://doi.org/10.1016/j.cub.2010.06.070
https://doi.org/10.1016/j.cell.2012.11.018
https://doi.org/10.1016/j.cell.2012.11.018
https://doi.org/10.1016/j.cell.2012.11.018
https://doi.org/10.1016/j.cell.2019.05.029
https://doi.org/10.1016/j.cell.2019.05.029
https://doi.org/10.1016/j.cell.2019.05.029
https://doi.org/10.1016/j.cell.2019.05.029
https://doi.org/10.1038/s41594-020-0493-6
https://doi.org/10.1038/s41594-020-0493-6
https://doi.org/10.1038/s41594-020-0493-6
https://doi.org/10.1038/s41594-020-0493-6
https://doi.org/10.1016/j.molcel.2015.08.018
https://doi.org/10.1016/j.molcel.2015.08.018
https://doi.org/10.1016/j.molcel.2015.08.018
https://doi.org/10.1074/jbc.M117.800466
https://doi.org/10.1074/jbc.M117.800466
https://doi.org/10.1074/jbc.M117.800466
https://doi.org/10.1172/JCI107353
https://doi.org/10.1172/JCI107353
https://doi.org/10.1172/JCI107353
https://doi.org/10.7554/eLife.04236
https://doi.org/10.7554/eLife.04236
https://doi.org/10.7554/eLife.04236
https://doi.org/10.1016/j.devcel.2019.11.019
https://doi.org/10.1016/j.devcel.2019.11.019
https://doi.org/10.1016/j.devcel.2019.11.019
https://doi.org/10.1016/j.devcel.2019.11.019
https://doi.org/10.1016/j.cub.2013.10.004
https://doi.org/10.1016/j.cub.2013.10.004
https://doi.org/10.1016/j.molcel.2020.05.025
https://doi.org/10.1016/j.molcel.2020.05.025
https://doi.org/10.1016/j.molcel.2020.05.025
https://doi.org/10.1016/j.molcel.2020.05.025
https://doi.org/10.1038/352497a0
https://doi.org/10.1038/352497a0
https://doi.org/10.1038/352497a0
https://doi.org/10.1073/pnas.1319097110
https://doi.org/10.1073/pnas.1319097110
https://doi.org/10.1073/pnas.1319097110
https://doi.org/10.1073/pnas.1319097110
https://doi.org/10.1111/j.1365-2958.2005.04592.x
https://doi.org/10.1111/j.1365-2958.2005.04592.x
https://doi.org/10.1111/j.1365-2958.2005.04592.x
https://doi.org/10.1126/science.1140818
https://doi.org/10.1126/science.1140818
https://doi.org/10.1103/PhysRevLett.29.705
https://doi.org/10.1103/PhysRevLett.29.705
https://doi.org/10.1103/PhysRevLett.29.705
https://doi.org/10.1016/S1535-6108(03)00047-3
https://doi.org/10.1016/S1535-6108(03)00047-3
https://doi.org/10.1016/S1535-6108(03)00047-3
https://doi.org/10.1038/345224a0
https://doi.org/10.1038/345224a0
https://doi.org/10.1038/345224a0
https://doi.org/10.1186/s13059-015-0698-x
https://doi.org/10.1186/s13059-015-0698-x
https://doi.org/10.1186/s13059-015-0698-x
https://doi.org/10.1186/s13059-015-0698-x
https://doi.org/10.1038/ncb1589
https://doi.org/10.1038/ncb1589
https://doi.org/10.1038/ncb1589
https://doi.org/10.1038/ncb1589
https://doi.org/10.1242/dev.055178
https://doi.org/10.1242/dev.055178
https://doi.org/10.1242/dev.055178
https://doi.org/10.1093/nar/gks701
https://doi.org/10.1093/nar/gks701
https://doi.org/10.1093/nar/gks701


McGurk, L., Gomes, E., Guo, L., Mojsilovic-Petrovic, J., Tran, V., Kalb, R. G.,
Shorter, J. and Bonini, N. M. (2018). Poly(ADP-Ribose) prevents pathological
phase separation of TDP-43 by promoting liquid demixing and stress granule
localization. Mol. Cell 71, 703-717.e9. doi:10.1016/j.molcel.2018.07.002

Mehta, G. D., Ball, D. A., Eriksson, P. R., Chereji, R. V., Clark, D. J., McNally, J. G.
andKarpova, T. S. (2018). Single-molecule analysis reveals linked cycles of RSC
chromatin remodeling and Ace1p transcription factor binding in yeast. Mol. Cell
72, 875-887.e9. doi:10.1016/j.molcel.2018.09.009

Meredith, A. and Johnson, J. E. (2000). Negative autoregulation of Mash1
expression in CNS development.Dev. Biol. 222, 336-346. doi:10.1006/dbio.2000.
9697

Miesfeld, R., Rusconi, S., Godowski, P. J., Maler, B. A., Okret, S., Wikström, A.-
C., Gustafsson, J.-A. and Yamamoto, K. R. (1986). Genetic complementation of
a glucocorticoid receptor deficiency by expression of cloned receptor cDNA. Cell
46, 389-399. doi:10.1016/0092-8674(86)90659-8

Mikuni, S., Yamamoto, J., Horio, T. and Kinjo, M. (2017). Negative correlation
between the diffusion coefficient and transcriptional activity of the glucocorticoid
receptor. Int. J. Mol. Sci. 18, 1855. doi:10.3390/ijms18091855

Mir, M., Reimer, A., Haines, J. E., Li, X.-Y., Stadler, M., Garcia, H., Eisen, M. B.
and Darzacq, X. (2017). Dense Bicoid hubs accentuate binding along the
morphogen gradient. Genes Dev. 31, 1784-1794. doi:10.1101/gad.305078.117

Mirzayans, F., Pearce, W. G., MacDonald, I. M. andWalter, M. A. (1995). Mutation
of the PAX6 gene in patients with autosomal dominant keratitis. Am. J. Hum.
Genet. 57, 539-548.

Mivelaz, M., Cao, A.-M., Kubik, S., Zencir, S., Hovius, R., Boichenko, I.,
Stachowicz, A. M., Kurat, C. F., Shore, D. and Fierz, B. (2020). Chromatin fiber
invasion and nucleosome displacement by the Rap1 transcription factor.Mol. Cell
77, 488-500.e9. doi:10.1016/j.molcel.2019.10.025

Mohammed, H., Hernando-Herraez, I., Savino, A., Scialdone, A., Macaulay, I.,
Mulas, C., Chandra, T., Voet, T., Dean, W., Nichols, J. et al. (2017). Single-cell
landscape of transcriptional heterogeneity and cell fate decisions during mouse
early gastrulation. Cell Rep. 20, 1215-1228. doi:10.1016/j.celrep.2017.07.009

Morisaki, T., Müller,W.G., Golob, N., Mazza, D. andMcNally, J. G. (2014). Single-
molecule analysis of transcription factor binding at transcription sites in live cells.
Nat. Commun. 5, 4456. doi:10.1038/ncomms5456

Moustaqil, M., Fontaine, F., Overman, J., McCann, A., Bailey, T. L., Rudolffi
Soto, P., Bhumkar, A., Giles, N., Hunter, D. J. B., Gambin, Y. et al. (2018).
Homodimerization regulates an endothelial specific signature of the SOX18
transcription factor.Nucleic Acids Res. 46, 11381-11395. doi:10.1093/nar/gky897

Muragaki, Y., Mundlos, S., Upton, J. and Olsen, B. R. (1996). Altered growth and
branching patterns in synpolydactyly caused by mutations in HOXD13. Science
272, 548-551. doi:10.1126/science.272.5261.548

Murre, C., McCaw, P. S. and Baltimore, D. (1989). A new DNA binding and
dimerization motif in immunoglobulin enhancer binding, daughterless, MyoD, and
myc proteins. Cell 56, 777-783. doi:10.1016/0092-8674(89)90682-X

Musselman, C. A., Gibson, M. D., Hartwick, E. W., North, J. A., Gatchalian, J.,
Poirier, M. G. and Kutateladze, T. G. (2013). Binding of PHF1 Tudor to
H3K36me3 enhances nucleosome accessibility. Nat. Commun. 4, 2969. doi:10.
1038/ncomms3969

Nair, S. J., Yang, L., Meluzzi, D., Oh, S., Yang, F., Friedman, M. J., Wang, S.,
Suter, T., Alshareedah, I., Gamliel, A. et al. (2019). Phase separation of ligand-
activated enhancers licenses cooperative chromosomal enhancer assembly.Nat.
Struct. Mol. Biol. 26, 193-203. doi:10.1038/s41594-019-0190-5

Najafabadi, H. S., Mnaimneh, S., Schmitges, F.W., Garton, M., Lam, K. N., Yang,
A., Albu, M., Weirauch, M. T., Radovani, E., Kim, P. M. et al. (2015). C2H2 zinc
finger proteins greatly expand the human regulatory lexicon. Nat. Biotechnol. 33,
555-562. doi:10.1038/nbt.3128

Needleman, D. J., Xu, Y. and Mitchison, T. J. (2009). Pin-hole array correlation
imaging: highly parallel fluorescence correlation spectroscopy. Biophys. J. 96,
5050-5059. doi:10.1016/j.bpj.2009.03.023

Nelson, D. E., Ihekwaba, A. E., Elliott, M., Johnson, J. R., Gibney, C. A.,
Foreman, B. E., Nelson, G., See, V., Horton, C. A., Spiller, D. G. et al. (2004).
Oscillations in NF-kappaB signaling control the dynamics of gene expression.
Science 306, 704-708. doi:10.1126/science.1099962

Ni, Z., Zhou, X.-Y., Aslam, S. and Niu, D.-K. (2019). Characterization of human
dosage-sensitive transcription factor genes. Front. Genet. 10, 1208. doi:10.3389/
fgene.2019.01208

Niaki, A. G., Sarkar, J., Cai, X., Rhine, K., Vidaurre, V., Guy, B., Hurst, M., Lee,
J. C., Koh, H. R., Guo, L. et al. (2020). Loss of dynamic RNA interaction and
aberrant phase separation induced by two distinct types of ALS/FTD-linked FUS
mutations. Mol. Cell 77, 82-94.e4. doi:10.1016/j.molcel.2019.09.022

Nishimura, D. Y., Searby, C. C., Alward, W. L., Walton, D., Craig, J. E., Mackey,
D. A., Kawase, K., Kanis, A. B., Patil, S. R., Stone, E. M. et al. (2001). A
spectrum of FOXC1 mutations suggests gene dosage as a mechanism for
developmental defects of the anterior chamber of the eye. Am. J. Hum. Genet. 68,
364-372. doi:10.1086/318183

Niwa, H., Miyazaki, J. and Smith, A. G. (2000). Quantitative expression of Oct-3/4
defines differentiation, dedifferentiation or self-renewal of ES cells.Nat. Genet. 24,
372-376. doi:10.1038/74199

Niwa, H., Toyooka, Y., Shimosato, D., Strumpf, D., Takahashi, K., Yagi, R. and
Rossant, J. (2005). Interaction between Oct3/4 and Cdx2 determines
trophectoderm differentiation. Cell 123, 917-929. doi:10.1016/j.cell.2005.08.040

Noordermeer, D., de Wit, E., Klous, P., van de Werken, H., Simonis, M., Lopez-
Jones, M., Eussen, B., de Klein, A., Singer, R. H. and de Laat, W. (2011).
Variegated gene expression caused by cell-specific long-range DNA interactions.
Nat. Cell Biol. 13, 944-951. doi:10.1038/ncb2278
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Tomancak, P., Rigler, R., Gehring, W. J. and Vukojević, V. (2015). Probing the
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