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    Chapter 7   
 Perspectives of FRET Imaging to Study 
Epigenetics and Mechanobiology 
in the Nucleus                     

     Qin     Peng    ,     Binbin     Cheng    ,     Shaoying     Lu    ,     Shu     Chien     , and     Yingxiao     Wang    

    Abstract     Epigenetic modulations are crucial for the regulation of chromatin 
 structures and genomic organizations, which are key factors determining gene 
expressions and cellular functions. Mechanical cues have also been shown to play 
important roles in modulating gene expressions and cellular functions. While there 
have been signifi cant advances in our understanding of mechanotransduction in the 
nucleus, there is a lack of knowledge on the molecular details by which mechanical 
cues affect epigenetic and chromatin regulations to determine genetic outcomes. In 
this chapter we fi rst introduce the current understanding on epigenetic regulations, 
particularly on histone modifi cations and DNA methylations. This is followed by 
the epigenetic regulations related to mechanobiology in the nucleus. We then intro-
duce the development of genetically encoded molecular biosensors and the princi-
ples based on fl uorescence proteins (FPs) and fl uorescence resonance energy 
transfer (FRET) for the visualization of dynamic epigenetic regulations in single 
cells. Lastly, we present examples of the application of biosensors to visualize 
mechanotransduction events occurring in the nucleus in live cells. The single cell 
imaging of nuclear mechanotransduction can shed new lights on the molecular 
mechanisms regulating physiological and pathophysiological processes in living 
cells under different mechanical environments.  
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7.1       Introduction 

 Epigenetics refers to  molecular variations in cells   that change gene expression with-
out altering DNA sequence, typically through changes in DNA modifi cations and 
chromatin proteins, e.g., DNA methylations and histone posttranslational modifi ca-
tions that alter DNA accessibility for the activation or silencing of transcription. It 
has been well documented that epigenetics and its modulation can govern genomic 
regulation and ultimately cell fates (Li et al.  2012 ). In particular, epigenetics has 
been shown to mediate the  cellular functions   in response to the changing mechani-
cal cues in the cell microenvironment (Downing et al.  2013 ; Tan et al.  2014 ). 
However, it remains largely unclear how epigenetics is regulated in space and time 
in relation to the genomics upon receiving the mechanical cues. Most current stud-
ies utilize the  DNA sequencing     , Chip-on-Chip, and Chip-Seq  technologies            to inves-
tigate epigenetic regulation (Li et al.  2012 ). However, these assays in general require 
the signals to be averaged from a large number of lysed cells obtained at a given 
time. As such, the dynamic nature of epigenetic signals crucial for cellular functions 
in single cells, such as  cell cycle control  , can be masked by the noise engendered 
from the cell–cell heterogeneity, particularly in non-synchronized cells with rela-
tively varied cellular processes. Therefore, there is an urgent need for the develop-
ment of new imaging technologies and detection methods in order to elucidate the 
spatiotemporal landscape and epigenetic regulation.  

7.2     Epigenetic Regulation and Mechanobiology 
in the Nucleus 

7.2.1       Chromatin   

 Chromatins are highly ordered nuclear structures that contain DNAs, histones, and 
other chromosomal proteins. A fundamental subunit of chromatin  in eukaryotes   is 
the nucleosome, which consists of approximately 147 base pairs (bp) of DNA asso-
ciated with a complex of eight core histones (two copies each of histone H2A, H2B, 
H3, and H4). The wrapping of  genomic DNA sequence   in 1.6 turns around the 
octamer results in a fi ve- to tenfold compaction of DNA (Kornberg  1974 ; Kornberg 
and Thomas  1974 ; Black et al.  2012 ). The compact DNA is only partially accessible 
to regulatory proteins, but it can become more available if there is a conformational 
alteration of the nucleosome, or if the DNA is partly unwound from the histones. 
The histone tails protrude from the core complex and are readily accessible. 
 Enzymes   can chemically modify these tails to create docking motifs and recruit 
various chromatin modulators for the regulation of nucleosome remodeling and 
DNA unwinding, which can have profound effects on the chromatin complex and 
genomic regulation (Felsenfeld and Groudine  2003 ). Since chromatin has a very 
compact organization and most DNA sequences are structurally inaccessible at rest, 
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it is in general unfavorable for transcription. It has been shown that enzymes 
 recognizing DNA sequences have easier access to nucleosomes associated with 
active genes (Weintraub and Groudine  1976 ), suggesting a selective unfolding of 
the compact structure to activate gene transcription (Felsenfeld and Groudine  2003 ). 

 Chromatins  and nucleosomes   are subject to modifi cations to potentially alter 
their structures and regulate gene activity. There are three general ways in which 
chromatin  structure   can be altered by nucleosome modifi cation. First, utilizing ATP, 
nucleosome remodeling can be directly induced by chromatin remodeling com-
plexes designed specifi cally for the task (Becker and Horz  2002 ). Second, covalent 
modifi cations of histones can occur in the histone tails to recruit chromatin remod-
eling proteins (Zhang and Reinberg  2001 ). Third, histone variants may replace one 
or more of the core histones (Ahmad and Henikoff  2002 ; Redon et al.  2002 ; Smith 
 2002 ; Felsenfeld and Groudine  2003 ).  

7.2.2     Chromatin  and   Histone   Posttranslational 
Modifi cations ( PTM)   

 Since the pioneering studies by Allfrey in the early 1960s, posttranslational modifi -
cations on histones have been well documented (Allfrey et al.  1964 ). A large num-
ber of different histone posttranslational modifi cations (PTMs) have been reported 
and  categorized      (Table  7.1  and Fig.  7.1 ) (Luger et al.  1997 ; Cota et al.  2013 ). Among 
all the PTMs, histone acetylation, methylation, and phosphorylation are the most 
prevalent forms. In fact, all histones can be modifi ed at different sites by acetylation, 
methylation, and phosphorylation. The determination of the high-resolution X-ray 
structure of the  nucleosome   in 1997 led to the insights into how these histone PTMs 
could affect chromatin structure (Luger et al.  1997 ). The resolved structure indi-
cates that the highly basic histone amino (N)-terminal tails can extend from their 

   Table 7.1    Different  classes   of modifi cations identifi ed on histones (Kouzarides  2007 )   

 Chromatin modifi cations  Residues modifi ed  Functions regulated 

 Acetylation   K -ac  Transcription, repair, replication, 
condensation 

 Methylation (Iysines)   K -me1  K -me2 
 K -me3 

 Transcription, repair 

 Methylation (arginines)   R -me1  R -me2a 
 R -me2s 

 Transcription 

 Phosphorylation   S -ph  T -ph  Transcription, repair, condensation 
 Ubiquitylation   K -ub  Transcription, repair 
 Sumoylation   K -su  Transcription 
 ADP ribosylation   E -ar  Transcription 
 Deimination   R > Cit   Transcription 
 Proline Isomerization   P-cis > P-trans   Transcription 
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own nucleosome and make contact with adjacent nucleosomes. It is likely that the 
modifi cation of these tails can affect  inter-nucleosomal interactions   and thus affect 
the structure of the whole chromatin (Bannister and Kouzarides  2011 ).

    Histone  acetylation   was fi rst reported in 1964 (Allfrey et al.  1964 ). The acetyla-
tion on lysine sites is highly dynamic and regulated by the opposing action of two 
families of enzymes, histone acetyltransferases ( HATs)      and histone deacetylase 
( HDACs)      (Fig.  7.2 ) (Xhemalce et al.  2011 ). The HATs utilize acetyl CoA as a 
cofactor and catalyze the transfer of an acetyl group to the lysine side chains. This 
action neutralizes the lysine’s positive charge, and has the potential to weaken the 
interactions between histones and DNA for chromatin remodeling (Bannister and 
Kouzarides  2011 ).

   Histone  phosphorylation   takes place on residues including serine, threonine, and 
tyrosine, predominantly in the N-terminal histone tails (Xhemalce et al.  2011 ). Like 
histone acetylation, the phosphorylation of histones is also highly dynamic. The 
phosphorylation level is controlled by kinases and phosphatases that add and remove 
the phosphate group, respectively (Oki et al.  2007 ). Histone  kinases transfer   a phos-
phate group from ATP to the hydroxyl group of the target amino acid side chain, 
adding negative charge to the histone to affect the chromatin structure. However, it 
is unclear how the kinases are accurately recruited to the phosphorylation sites on 
histones at chromatins. Even less information is available regarding the roles of 
histone phosphatases, although it is clear that a high level of phosphatase activity 
exists in the nucleus to direct a rapid turnover of histone  dephosphorylations  . For 
example, the  proteins phosphatase 1 (PP1)   can rapidly neutralize the action of 
Aurora B kinase, which causes genome-wide phosphorylation events at  H3S10      
 during mitosis (Fig.  7.3 ) (Goto et al.  2002 ; Sugiyama et al.  2002 ; Bannister and 
Kouzarides  2011 ).

  Fig. 7.1     Nucleosome   with histone posttranslational modifi cations (Cota et al.  2013 )       
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   Unlike  acetylation   and  phosphorylation  , histone methylation does not alter the 
charge of histone proteins. Lysines and arginines are the main targets for histone 
 methylation  , with lysines being mono-, di-, or tri-methylated (Fig.  7.4 ) whereas 
 arginines   being mono-, or symmetrically or asymmetrically di-methylated 
(Bannister and Kouzarides  2005 ; Bedford and Clarke  2009 ; Lan and Shi  2009 ; Ng 
et al.  2009 ; Bannister and Kouzarides  2011 ; Xhemalce et al.  2011 ). The methylation 
level is controlled by methyl-transferase and demethylase that can add and remove 
the methyl group, respectively.

   Among the different  methyl-transferases  ,  SUV39H1      is the fi rst identifi ed  histone 
lysine methyl-transferase (HKMT)  , which targets H3K9 for tri-methylation 

  Fig. 7.2    The diagram of histone  acetylation   regulation (Cota et al.  2013 )       

  Fig. 7.3    The  phosphory-
lation   and 
 dephosphorylation   of 
 H3S10      by Aurora kinase 
and PP1, respectively (Oki 
et al.  2007 )       
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(Bannister and Kouzarides  2005 ). Numerous HKMTs have since been identifi ed, 
with the vast majority of them methylating lysines at the N-terminal tails of histone 
proteins. Except the Dot1 enzyme that methylates H3K79 in the histone globular 
core, HKMTs that methylate N-terminal lysines contain a so-called  SET domain   
harboring the enzymatic activity, which can specifi cally catalyze the transfer of a 
methyl group from   S -adenosylmethionine (SAM)   to a lysine’s ε-amino group. The 
resulted outcome can be either activation or repression of corresponding gene tran-
scriptions (Martinez-Balbas et al.  1995 ; Bannister and Kouzarides  2011 ). 

 Current information suggests that some lysine methylation sites on histones are 
associated with  transcriptional activation  , e.g., H3K4, H3K36, and H3K79, with 
H3K4me and H3K36me implicated in transcriptional elongation. Other lysine 
methylation sites are connected to the repression of transcription, e.g., H3K9, 
H3K27, and H4K20. Methylation at H3K9 is implicated in the silencing of euchro-
matic genes, as well as forming silent heterochromatin such as pericentric hetero-
chromatin surrounding centromeres.  Gene repression   related to the H3K9 
methylation may involve the recruitment of methyl-transferase and  heterochromatin 
protein 1 (HP1)   to the promoter region of repressed genes. It is interesting that 
H3K9me3 and HP1γ are enriched in the coding region of active genes (Martinez- 
Balbas et al.  1995 ). It is possible that H3K9 methylation represents active signals 
within the coding regions, while promoting gene repression at the promoter sites 
(Kouzarides  2007 ). 

 Via histone posttranslational modifi cations,  chromatin   can undergo dynamic 
structural alterations to control the activation or repression of specifi c genes, e.g., 
during the cell cycle processes or in response to mechanical environmental cues. 
Indeed, the distinct H3 and H4 tail modifi cations may act sequentially or in combi-
nation to effect unique biological outcomes, constituting the so-called  histone code      
(Strahl and Allis  2000 ). For example,  H3K14 acetylation   is required in addition to 
H3S10 phosphorylation to repel HP1 during G2/M transition in a cell cycle 
(Mateescu et al.  2004 ), with a minor infl uence of H3S10 phosphorylation observed 
on the HP1 binding to the tri-methylated H3K9 (Vermeulen et al.  2010 ).  H3S10 
phosphorylation      can also lead to the recruitment of histone deacetylase HST2 for 

  Fig. 7.4    The diagram of different  lysine methylations   (Rea et al.  2000 )       
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the deacetylation of H4K16 and its interaction with H2A for chromatin  condensation 
(Wilkins et al.  2014 ). However, it remains unclear on how this hierarchy of multiple 
modifi cations extends (depicted as “higher-order combinations”), or how distinct 
combinatorial sets are established or maintained in the localized regions of the chro-
matin structure  .  

7.2.3     Cell Cycle and  Histone  Modifi cations   

 In  eukaryotic cells  , chromosomes occupy relatively large and intertwined regions in 
the interphase nucleus. As such, the packing and unpacking of chromosomes into 
discrete units are key tasks during cell division. The mechanics of chromatin organi-
zation is also important during cell division. For example,  centromeres  , the distinct 
chromatin regions of chromosome on which kinetochores form during mitosis, allow 
kinetochore formation and attachment to the mitotic spindle, which mechanically 
moves chromosomes into daughter cells. It has been shown that the large displace-
ment of transcription factors from chromatin and general transcription are suppressed 
during mitosis (Gottesfeld and Forbes  1997 ; Egli et al.  2008 ). Since the defi ning 
features of a specifi c cell lineage can be maintained epigenetically during cell prolif-
eration, mechanisms must also exist to ensure a “memory” of transcriptional pro-
gram is inherited through mitosis (Egli et al.  2008 ; Moazed  2011 ; Sarkies and Sale 
 2012 ), which usually involves chromatin remodeling (Wang and Higgins  2013 ). 

 In order to replicate the DNA sequence and pass it on in the genome, chromatin 
undergoes dynamic cycles of compaction and unpacking during cell cycle proces-
sion. Previous studies on replication timing have demonstrated that distinct chroma-
tin replications happen at different times during S phases (Kennedy et al.  2000 ; 
Dimitrova and Berezney  2002 ). Euchromatic regions in general replicate early in the 
interior of the nucleus, followed by the replication of heterochromatin regions associ-
ated with the nuclear lamina. During this process, the local changes of chromatin 
microenvironment could dictate cell cycle and proliferation rate by regulating genes 
directly. The requirement of  KMT4/Dot1   for the effi cient entry into S phase is an 
example of transcriptional control of cell cycle genes through H3K79 di- methylation 
(Schulze et al.  2009 ). The chromatin microenvironment can also affect cell cycle 
indirectly by changing the replication timing. For example,  KMT6/EZH2  , by regulat-
ing epigenetic H3K27me3 levels, can target transcriptional regulations of cell cycle 
proteins Cyclin D1, E1, and A2 (Bracken et al.  2003 ; Black and Whetstine  2011 ). 
The overexpression of the H3K9me3 demethylase KDM4A results in a faster pro-
gression through S phase, possibly due to the better chromatin accessibility, increase 
in replication forks, and altered replication timing at heterochromatin regions (Black 
et al.  2012 ). Similarly, the loss of  KDM4A   in MDA-MB-231 breast cancer cells leads 
to a G1/S arrest and decreased proliferation rates (Black et al.  2010 ). Consistent with 
these results, H3K9me3 levels are reduced in S phase, accompanied by an increase in 
H3K9me1/2 levels (Fig.  7.5 ) (O’Sullivan et al.  2010 ). Although the  complete molec-
ular mechanisms remain to be elucidated, these results suggest that H3K9me3 and 
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other histone epigenetic marks may serve as conserved determinants of replication 
timing to regulate cell cycle processes. Therefore, the modulation of cell cycle genes 
can be a key determinant in cell cycle, which can be regulated by a dynamic  balance 
between histone methyl-transferases and demethylases.

7.2.4        The Role of     H3K9me3         and Chromatin 
Condensation in Cell Mitosis 

 In the interphase nucleus, chromatin is highly ordered for the storage of the genetic 
material (Campos and Reinberg  2009 ). Chromosome condensation occurs during 
mitosis to facilitate the separation of sister chromatids and the maintenance of 
genomic stability. It was demonstrated that histone modifi cation within the nucleo-
some can trigger the structural changes for chromosome condensation (Trojer and 
Reinberg  2007 ; Duan et al.  2008 ). In fact, H3K9me3 was identifi ed as a marker of 
heterochromatin and epigenetic silencing regions, which typically are located close 
to the centromeres (Schotta et al.  2004 ; Stewart et al.  2005 ). Accordingly, H3K9me3 
is dynamically regulated in a cell cycle-dependent manner (McManus et al.  2006 ; 

  Fig. 7.5    Histone methylations, as well as KMTs and KDMs, are dynamically regulated during the 
cell  cycle            (Black et al.  2012 )       
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Duan et al.  2008 ; Park et al.  2011 ). H3K9me3 increased rapidly in G2 to reach a 
maximum, followed by a quick decline (McManus et al.  2006 ). Loss of H3K9me3 
is correlated with mitotic defects such as failure of chromosomes alignment, as 
shown in  mouse embryonic fi broblasts (MEFs)   following the elimination of histone- 
lysine-  N -methyl transferases (SUV39h1/h2−/− cells) (Peters et al.  2001 ; McManus 
et al.  2006 ). Both SUV39h1 and SUV39h2 are primary enzymes catalyzing the tri- 
methylation of H3K9 (Rea et al.  2000 ; Heit et al.  2009 ). In these  SUV39h1/2 knock-
out cells  , the mitotic checkpoint is active and kinetochore proteins localize properly. 
However, pericentric chromatin in these cells is less condensed. Mis-segregation of 
chromosomes is also observed in cells treated with the methylation inhibitor  ade-
nosine dialdehyde (AdOx)  , which affects the tri-methylation of both H3K9 and 
H4K20. The reduced integrity of pericentric heterochromatin might be responsible 
for the loss of tension at the centromere and activation of the spindle assembly 
checkpoint in AdOx-treated cells, which leads to the mitotic defects. Therefore, an 
increase in H3K9me3 at late G2 phase and early mitosis may be needed to stabilize 
the pericentric heterochromatin so that the centromeres and kinetochores have a 
rigid structure needed for proper tension transmission to the inner centromere (Heit 
et al.  2009 ). However, this result based on immunostaining is in contrast to the more 
recent results of genome-wide dynamic change of H3K9me3 in the overall cell 
cycle (Fig.  7.5 ). A recent study further revealed an association between chromatin 
and a lysine demethylase KDM4C during mitosis, which is accompanied by a 
decrease in the mitotic levels of H3K9me3 (Kupershmit et al.  2014 ). 

 Epigenetic modifi cations including histone methylation at different residues are 
early events that can guide gene regulation networks and expressions. The histone 
methylations and their combinations can serve as codes to determine the overall 
gene expressions and phenotypic outcomes. For example, mounting evidence sug-
gests a direct role of histone H3K9 methylation as a histone marker positively cor-
relating with DNA methylation and participating in repressive heterochromatin 
formation in tumorigenesis. In the cell cycle, H3K9me3 is important for HP1γ 
recruitment to regulate gene expression, chromatin packaging, and heterochromatin 
formation. However, the dynamics of H3K9me3 remains controversial, mainly due 
to the lack of the appropriate tool for H3K9me3 detection in living    cells .  

7.2.5     Epigenetics in    Mechanobiology      

 Increasing evidence suggests that epigenetic modulations in DNA methylation and 
histone modifi cation play a crucial role in regulating gene expression and cellular 
functions under different mechanical environments. Early studies have demon-
strated that shear stress can cause the chromatin remodeling on both histones H3 
and H4 to result in the  eNOS gene expression   modulation at the transcriptional 
level (Illi et al.  2003 ; Fish et al.  2005 ). Recently, hemodynamic force-induced 
histone modifi cations in cardiovascular systems have been extensively studied 
(Chen et al.  2013 ), mainly on  histone acetylation/deacetylation (HAT/HDAC)  . 
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Three main groups of HDACs sensitive to hemodynamic force were characterized: 
class I (HDAC-1/2/3 and HDAC-8), class II (HDAC-4/5/6/7 and HDAC-9/10), and 
class III sirtuins (SIRT). Laminar fl ow was shown to increase the activity of class 
I HDACs and induce the association between HDAC1 and p53, leading to the 
deacetylation of p53 at Lys-320 and Lys-373 in ECs for the cell cycle arrest (Zeng 
et al.  2003 ). Oscillatory fl ow was also shown to modulate cell proliferation by 
increasing the activity of class I HDAC 1/2/3, but not class II HDAC4/7 (Lee et al. 
 2012 ). Both Class II and III HDACs have been demonstrated to play a critical role 
in the shear stress-induced eNOS expression (Illi et al.  2008 ; Chen et al.  2010 ), 
with Class III HDACs also playing a protective role in atherosclerosis (Stein and 
Matter  2011 ). Besides the modifi cation of histones, DNA hypermethylation was 
shown to result in atheroprone gene expression in  human umbilical vein endothe-
lial cells (HUVECs)   and rat carotid arteries as well as hematopoietic cell develop-
ment (Lund et al.  2004 ; Zhou et al.  2014 ). Kim et al. further demonstrated that both 
the global DNA methylation profi les in atherosclerotic tissues and the DNA meth-
ylation patterns of estrogen receptor-β are correlated to the atherosclerotic devel-
opment (Post et al.  1999 ). 

 Mechanical signals are also important regulators of epigenetics in guiding stem 
cell behavior and cell/tissue differentiation. Recent study has demonstrated that cues 
from the mechanical microenvironment can alter the DNA methylation in promoter 
regions of osteogenic genes in  bone marrow mesenchymal stem cells (bMSCs)   to 
control the osteogenic cell fate (Arnsdorf et al.  2010 ). Biophysical cues such as 
microgroove topography were also shown to increase the histone H3 acetylation in 
somatic fi broblasts to promote cell reprogramming (Downing et al.  2013 ). 
Mechanical matrix stiffness was further shown to affect structural protein lamin-A 
and guide cell differentiations (Swift et al.  2013 ). In fact, stem cell differentiation 
into fat cells on soft matrices and into bone cells on stiff matrices can be enhanced 
by the low and high lamin-A levels, respectively (Swift et al.  2013 ). These observa-
tions are consistent with the subcellular location and function of lamin-A proteins, 
lying inside the nuclear envelope and interacting with both chromatins and the cyto-
skeleton to transmit mechanical signals into the nucleus for the regulation of epi-
genetics and gene expression. Recent observation revealed that a high level of  H3K9 
tri-methylation   is correlated with the peripheral localization of chromosomes proxi-
mal to Lamins, with the inhibition of H3K9 tri-methylation leading to the relocation 
of chromosomes (Bian et al.  2013 ). Consistently, Lamin-A/C-defi cient (Lmna −/− )    
and  Lmna N195K/N195K  mutant cells   have impaired nuclear morphology and down-
stream signaling of the mechanosensitive transcription factor MKL1 (Ho et al. 
 2013 ). Moreover, a single point mutation (G608G) in lamin-A gene ( LMNA ) caused 
aging-associated nuclear defects including disorganization of nuclear lamina and 
loss of heterochromatin (Scaffi di and Misteli  2005 ; Scaffi di and Misteli  2006 ; 
Dechat et al.  2008 ; Pegoraro et al.  2009 ). This critical role of lamin A in regulating 
epigenetics and gene expression can also be seen in  Hutchinson–Gilford progeria 
syndrome (HGPS) fi broblasts  , which showed abnormal nuclear morphology and 
lamina, loss of heterochromatin markers H3K9me3, HP1α, and HDAC1 (Liu et al. 
 2011 ). Therefore, lamin A, by mechanically connecting cytoskeleton outside and 
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chromatin inside the nucleus, may serve as a mechanotransducer to relay mechani-
cal signals into nucleus to regulate epigenetic modifi cations and gene transcriptions 
for the determination of cell fates  .   

7.3      FRET   Imaging of Epigenetic Regulations in Single Cells 

7.3.1     FRET   Imaging   

 Recent advances in genetic technologies have allowed the sequencing of the whole 
human genome, providing invaluable information toward our molecular under-
standing of human pathophysiological regulations. However, genomic sequences 
lack spatial and temporal information of the target molecules, as well as informa-
tion on post-genomic modifi cations, which directly link to biological regulations in 
health and disease. Therefore, imaging technologies are crucial for the direct deter-
minations of the spatiotemporal characteristics of different functional molecules in 
cells and organisms (Wang et al.  2008 ; Wang and Wang  2009 ). Parallel progresses 
in the developments of molecular imaging probes and microscopic technologies 
have allowed the dynamic monitoring of molecular localization, activities, and 
interactions in real time in live cells. In this aspect, the fl uorescence proteins ( FPs  )    
and fl uorescence resonance energy transfer (FRET) technology have become 
timely developments.  FPs   such as the green-colored GFP have allowed a variety of 
revolutionary discoveries, but the limitation of the GFP-tagging approach is that 
only the location of the molecules can be monitored. In contrast, FRET technology, 
which utilizes  FPs   to provide ratiometric readout on molecular activities and inter-
actions, has been increasingly powerful in  live cell imaging   (Wang et al.  2008 ; 
Wang and Wang  2009 ). 

 The concept of FRET is based on the interactions of a pair of  FPs  . When two  FPs   
are very close in distance, with the emission spectrum of the donor FP overlapping 
the excitation spectrum of the acceptor FP, energy transfer occurs if these two  FPs   
are in favorable orientations (Clegg  1996 ; Clegg  2005 ; Wang and Wang  2009 ). The 
FRET effi ciency between the donor and acceptor  FPs   of a FRET pair is mainly 
dependent on three factors: The fi rst is the overlapping area between the emission 
spectrum of the donor and the excitation spectrum of the acceptor (Fig.  7.6a ), with 
a larger area providing a higher effi ciency. The second factor is the distance between 
the donor and acceptor. The FRET effi ciency is inversely proportional to the 6th 
power of the distance between donor and acceptor. Hence, a slight modifi cation of 
this distance can markedly affect the FRET signals. Typically, suffi cient FRET 
between  FPs   occurs only when this distance is within 10 nm (Fig.  7.6b ). The second 
factor is the relative orientation between donor and acceptor. It has been reported 
that FRET can change dramatically by changing the orientation while maintaining 
the distance between the two  FPs   (Nagai et al.  2004 ; Giepmans et al.  2006 ). Because 
FRET can provide such a high sensitivity in detecting a change in the distance or 
orientation between the donor and acceptor  FPs  , it has been widely applied to 
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designing biosensors for the measurement of molecular signals  with high precision 
(Piston and Kremers  2007 ; Wang et al.  2008 ; Wang and Wang  2009 ).

7.3.2        FRET    Biosensors      

 Based on the principle of FRET, different kinds of biosensors have been developed 
for biological applications. For example,  hybridized sensors   consisting of polypep-
tides and protein domains recognizing active target molecules have been applied to 
detect the small GTPases RhoA and Cdc42 (Nalbant et al.  2004 ; Pertz and Hahn 
 2004 ; Hodgson et al.  2008 ). However, genetically encoded FRET biosensors are 
particularly appealing for  live cell imaging  , because these biosensors can be conve-
niently introduced into cells for targeting subcellular compartments to continuously 

  Fig. 7.6    ( a ) The  excitation   and emission spectra of a typical FRET pair, with cyan fl uorescent 
protein (CFP) as the donor and yellow fl uorescent protein (YFP) as the acceptor. The  broken lines  
represent the excitation spectra and the  solid lines  the emission spectra of CFP and YFP. The spec-
tra curves of CFP and YFP are color-coded with  cyan  and  yellow , respectively. The  shaded red 
area  represents the overlap between the CFP emission and the YFP excitation. ( b ) The cartoon 
shows that the FRET effi ciency between a typical FRET pair, enhanced CFP ( ECFP  ) as the donor 
and enhanced YFP ( EYFP  ) as the acceptor, is mainly dependent on the distance and the relative 
orientation between the donor and acceptor (Wang and Wang  2009 )       
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monitor local molecular signals (Wang et al.  2008 ; Wang and Wang  2009 ). For the 
development of genetically encoded FRET biosensors, researchers have originally 
chosen the enhanced and  blue-colored EBFP   and  green-colored EGFP   as the FRET 
donor and acceptor pair (Romoser et al.  1997 ; Mahajan et al.  1998 ). Although the 
acceptor EGFP is quite bright, the donor  EBFP   is dim and poor in photo-stability, 
hence hampering further usage of the EBFP/EGFP FRET pair. Later, it was discov-
ered that the enhanced cyan-colored  ECFP   and yellow-colored  EYFP  , including the 
yellow-colored variants of EYFP such as Venus and Citrine, provide excellent 
FRET pairs (Miyawaki et al.  1997 ; Griesbeck et al.  2001 ; Itoh et al.  2002 ; Nagai 
et al.  2002 ; Yoshizaki et al.  2003 ). Therefore, these FRET pairs have become 
increasingly popular for the biosensor development. In fact, ECFP and a YFP vari-
ant, YPet, have been shown to serve as a high-effi ciency FRET pair for a variety of 
biosensors (Ouyang et al.  2008 ). At this stage, it seems that the brightness of ECFP 
is still a limiting factor for cell imaging. Recently, new variants for EBFP and ECFP 
have been developed, including Azurite (Mena et al.  2006 ), EBFP2 (Pedelacq et al. 
 2006 ), Cerulean (Rizzo et al.  2004 ), and mTFP1 (Ai et al.  2006 ). All these newly 
developed FP variants display signifi cantly enhanced fl uorescent properties, such as 
brightness and photo-stability, and they provide promising candidates for further 
improvement of FRET biosensors (Wang and Wang  2009 ). 

 A  single-molecule FRET biosensor   typically consists of a FRET pair of  FPs   and 
two intramolecular domains capable of interacting with each other. For example, a 
FRET-based biosensor capable of detecting Src kinase activation has been developed 
consisting of an N-terminal  ECFP  , a SH2 domain derived from Src kinase, a fl exible 
linker, a substrate peptide derived from p130cas and specifi cally sensitive to Src phos-
phorylation, and a C-terminal Citrine ( EYFP  ) (Wang et al.  2005 ; Wang et al.  2008 ; 
Wang and Wang  2009 ). This  Src FRET biosensor   has been applied to monitor Src 
activity continuously in live cells (Wang et al.  2005 ; Wang et al.  2008 ; Wang and Wang 
 2009 ). Alternatively, the donor and acceptor  FPs   can also be fused with two different 
target molecules, with the distance between donor and acceptor representing the inter-
action or separation of two target molecules (Zaccolo et al.  2000 ; Ai et al.  2006 ; Schulze 
et al.  2009 ; Wang and Wang  2009 ). Comparing these design approaches, the  single-
molecule FRET biosensors   have two advantages: (1) the intramolecular interaction 
between the biosensor domains is robust and resistant to the interference caused by the 
interactions between the endogenous target molecules and the biosensor domains; (2) 
the acceptor/donor ratio will not be infl uenced by the relative expression levels of 
donors and acceptors in a single cell. Therefore, the single-molecule FRET biosensors 
are quite popular for monitoring intracellular signals   (Wang and Wang  2009 ).  

7.3.3     FRET-Based   Epigenetic Biosensor 

 FRET-based  biosensors      have been recently developed to study the dynamics of his-
tone epigenetics at single living cell level, and to investigate the mechanism of epi-
genetic regulations on cell fates. The Ting group fi rst developed FRET-based histone 
methylation reporters to visualize H3K9me3 and H3K27me3 in vitro and in single 
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living cells (Lin et al.  2004 ). To visualize the spatial patterns of aurora B kinase in 
anaphase, Fuller et al. developed a strategy using FRET-based sensors to report 
quantitative changes in substrate phosphorylation in living cells (Fuller et al.  2008 ). 
Sasaki et al. developed a FRET-based histone acetylation biosensor, which moni-
tored the dynamic fl uctuation of histone H4 acetylation levels during mitosis (Sasaki 
et al.  2009 ). Later, Chu et al. developed another FRET-based and centromere- 
targeted H3K9me3 biosensor to visualize the methylation dynamics during chromo-
some segregation (Chu et al.  2012 ). However, the usage of current FRET-based 
epigenetic biosensors are relatively limited, possibly due to: (1) the substrates of 
those epigenetic biosensors are in general short histone peptides (N-terminal tail), 
which cannot be incorporated correctly into target nucleosomes. Therefore, the 
specifi city of the resulting biosensors is not high; (2) the sensitivity of most current 
epigenetic biosensors is still awaiting further improvement (Sasaki et al.  2009 ) (Tan 
et al.  2014 ). As such, some physiologically important epigenetic signals with mod-
erate magnitude may not be readily detectable. These limitations have led to the 
scarce application of epigenetic FRET biosensors in mechanobiology. An H3K9me3 
FRET biosensor was applied to reveal a low level of H3K9me3 in tumor- repopulating 
cells (TRCs), which is unresponsive to matrix stiffness or applied forces (Tan et al. 
 2014 ). It is apparent that more FRET biosensors will be available to monitor epigen-
etic modulations, and this may promote the study of epigenetic regulations in 
mechanobiology  .   

7.4     Conclusions and Perspectives 

 Given the crucial role of epigenetics in genomic regulations and cellular fate deter-
minations, there is a great need to monitor the epigenetic regulation in space and 
time. FRET biosensors should provide powerful tools in elucidating these spatio-
temporal landscapes of epigenetic regulations, particularly in single live cells. The 
results should advance our precise understanding on the dynamic coordination of 
epigenetics and genomic regulations at different chromatin locations inside the 
nucleus, which should exceed the capability of traditional bulky assays based on the 
averaged extraction of a large number of cells. 

 It is expected that, with the rapid development in computational molecular mod-
eling and high-throughput screening of large mutant libraries, highly sensitive and 
specifi c FRET biosensors will be developed in a systematic and rapid fashion. These 
biosensors, together with DNA binding domains and genome targeting motifs, 
should allow the precise monitoring of spatiotemporal epigenetic regulations at spe-
cifi c locus-sites. Similar approaches should also lead to the development of novel 
FRET biosensors capable of monitoring the spatiotemporal landscapes of DNA 
methylation evolution during different  cellular processes   including mechanotrans-
duction, i.e., how cells perceive the mechanical environmental cues and transmit 
them into the regulation signals of epigenome and genome. In summary, the single 
cell study of epigenetic regulations in mechanobiology is at its infant stage. FRET 
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imaging integrated with rapidly progressing sequencing technologies should allow 
the revelation and construction of the spatiotemporal landscape of epigenetic regu-
lations in response to mechanical cues in the near future. 
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