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Histone modifications play significant roles in many cellular processes, including cell cycle 

regulation, stress responses, cell fate decisions, and cell development and differentiation.[44] H3 

lysine 27 trimethylation is a repressive histone modification regulated by methyltransferase 

enzyme EZH2 and demethylases KDM6. 
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Previous research shows that staurosporine resulted in the cleavage of caspase-3, decrease 

of cell viability and decrease of histone H3 lysine 27 trimethylation (H3K27me3)[1]. However, 

this process has not been visualized in living cells and the mechanism of caspase-3 substrate 

proteins that lead to the H3K27me3 decline have not been fully specified yet. In this paper, we 

monitored the dynamics of H3K27me3 and caspase-3 in HeLa cells via engineered caspase-3 NES 

FRET biosensor and H3k27me3 FRET biosensor. Imaging results intuitively revealed the dynamic 

decrease of H3K27me3 as a consequence of caspase-3 activation, which is consistent with 

previous findings. Caspase-6 and lamin A were the downstream proteins of caspase-3 involved in 

this process and by inhibiting caspase-6, the un-cleaved lamin A accelerated the decline of 

H3K27me3 during apoptosis. We hypothesize that caspase-3 activation induces the 

downregulation of EZH2 and the upregulation of KDM6, which ultimately leads to the diminish 

of H3K27 tri-methylation. Furthermore, the lack of lamin A disrupts the heterochromatin-lamina 

interaction, leading to the reduced accessibility of H3K27me3 by KDM6 and therefore a decreased 

rate of demethylation. 
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1. Background  

1.1 Histone modifications and histone methylation 

DNA carries genetic information that defines the fundamental characteristics of organisms. 

While the length of stretched DNA in a human cell is around 2 meters, the diameter of a nucleus 

is only around 6 µm. [2] It is therefore extremely challenging to organize the entire DNA strands 

in the nuclear structure.[2] 

In eukaryotes, DNA double helix is tightly bound to histone protein particles and then form 

nucleosomes, which are the basic unit of chromosome. In order to allow DNA to become compact 

and accessible to the enzymes for replication, recombination and repair, histone not only acts as a 

DNA scaffold that wraps it around but also plays an important role in gene regulation via post-

transcriptional modification of histone. Modification of histone tails changes nucleosomes spacing 

or recruitment of histone modifiers and finally leads to alternative gene expression, which includes 

methylation, phosphorylation, acetylation, ubiquitylation and sumoylation of the five major 

families: H1/H5, H2A, H2B, H3, and H4.[3]  

Histone methylation modifies certain amino acids by adding methyl groups, which occurs 

predominantly on histone H3 and H4 targeting either arginine(R) or lysine(K) residues. Regarding 

single lysine, not only the three methylation levels: mono-, di- or tri-methylation but also the 

variation of residue sites could lead to distinctive effects on chromatin function. For example, 

H3K4 trimethylation is involved in active gene transcription. However, H3K27 trimethylation is 

involved in transcriptional silencing while heterochromatin formation and histone 

methyltransferase(HMTs) Enhancer of zeste homolog (EZH2) are recruited. [4,5] With the help of 

histone coiling, DNA is compacted in a way that can easily become available, and gene 

transcription can be regulated under different circumstances. 
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1.1.1 Role of Histone H3 lysine 27 trimethylation and EZH2 

            Previous research observed that the H3K27me3 at the target promoter was catalyzed by 

EZH2 via addition of methyl group resulting in downregulating expression of tumor suppressor 

genes and upregulating oncogenes. [6,7] Therefore, the overexpression of EZH2 and high level of 

H3K27me3 lead to hyperactivation of cancer cells, including cell survival, proliferation and 

invasion. [6,7] 

            Polycomb group (PcG) proteins contain two multi-complexes: Polycomb Repressive 

Complexes 1(PRC1) and 2(PCR2), which contain a catalytic subunit EZH2, embryonic ectoderm 

development (EED) and suppressor of zeste 12 (SUZ12).  EZH2 constructs in specific structural 

motifs and contains several key domains, which are needed to maintain its normal function as  

histone methyltransferase (HMTs). An SET domain at the C-terminus maintains HMT's activity, 

trimethylated H3K27, silence targeted genes and involvement in various biological functions. The 

ncRBD and CXC domain are function as linker to connect regulatory proteins and PRC2 

components. [8,9] After recruitments of SUZ12, EED and EZH2 and the addition of tri-methyl 

group to H3K27, PRC1 catalyze lysine 110 mono-ubiquitylation (K119) of histone H2A, and 

H2AK119Ub 1 result in compaction of chromatin and inhibition of transcriptional 

elongation.[10,11] 

 

 1.2 Apoptosis and caspase-3 apoptosis pathways 

            Apoptosis is defined by distinct morphological changes including cell and nucleus volume 

shrinkage, cell fragmentation, chromatin condensation, blebbing and apoptotic bodies formation, 

and energy-dependent biochemical mechanisms that stimulated by a group of cysteine proteases 
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caspase and cause a cascade of molecular events before cell death. [12,13,14] There are two main 

apoptotic pathways:  extrinsic and intrinsic, and both of them converge into the same execution 

pathway which is activated by the cleavage of Caspase-3.  

            The extrinsic pathway initiates apoptosis by using extracellular signals that stimulate 

transmembrane receptor-mediated interactions. This process involves with cell death signals 

including the Fas ligand, TNF-related apoptosis inducing ligands, and tumor necrosis factor(TNF), 

which bind to death receptors. [15] After the adaptor death domain is recruited, death-inducing 

signaling complex(DISC) is composed of initiator procaspases-8 and -10 which bind to the adaptor 

protein. Execution Caspase-3, -6 and -7 are activated once the caspase-8 is cleaved by DISC and 

start cleavage of proteins and the cytoskeleton resulting in cell death.[16,17]  

            In this paper, we focus on using Staurosporine(STS) as a death stimulus to trigger caspase-

3 programmed cell death. 

 

1.2.1 Roles of lamin A 

            Even though caspase-6 and -7 have similar significant sequences as caspase-3, they are 

downstream caspase effectors of caspase-3 and play relatively minor or highly specialized 

roles.[18] Fodrin, gelsolin and RB are substrates that are directly cut by globally primary 

executioner caspase-3, while, lamin A and PARP are the major substrates that are targeted by 

caspase-6 and -7.[18] As a consequence, we used a caspase-6 inhibitor to protect Lamin A from 

degradation.   

 Lamin A is one of the major component that makes up nuclear lamina, the filamentous 

structure that lies underneath the inner nuclear membrane regulating chromatin dynamics [19,20]. 

It is essential in both maintaining mechanical and genomic stability through DNA double-strand 
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break(DSB) repair process and embryonic differentiation [21,22]. A genetic point mutation of 

Lamin A could cause Hutchinson–Gilford progeria syndrome (HGPS), an uncommon genetic 

disorder resulting in accelerated aging in children. It activates the cryptic splicing site near the C-

terminus of prelamin A mRNA and causes the deletion of a 150-base-long RNA fragment which 

includes a protein that promotes the formation of mature lamin A [23,24,25]. Thus, the shortage 

of normal mature lamin A in HGPS patients in consequence of accumulated DNA damages, 

chromosomal instability, faster cell replication, accelerated aging with a relatively short life 

expectancy of 14 years.[26-33]. 

 

1.3 Fluorescence Resonance Energy Transfer Biosensors 

            Fluorescence resonance energy transfer(FRET) is a physical process in which an excited 

molecular fluorophore, the donor, transfers nonradioactive energy to another fluorophore, the 

acceptor.[34] This intermolecular dipole-dipole coupling depends on proper spectral overlap, the 

distance between the fluorophores, and the relative orientation of the fluorophore’s transition 

dipole moments which makes FRET a spatiotemporal sensitive technique for detecting the changes 

in molecular proximity during biological events.[34] By utilizing FRET in genetically encoded 

biosensors, we can study the activity of cellular signaling molecules, protein interactions, and 

characterization of gene expression in living cell imaging via using this technique. [35,36] 

 

1.3.1 17mer-linker H3K27me3 biosensor 

            In order to better visualize the tri-methylation modification at lysine position 27 on histone 

H3 in living cell, our lab successfully constructed a FRET biosensor based on Alice Ting group’s 

design with accurate localization and enhanced FRET contrast compared to its basal level. By 
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adjusting the linker length and the binding affinity, we finalized our design with truncated 

Drosophila Polycomb (Pc) chromodomain, a full-length histone H3 containing the lysine K27 

position and fluorophores ECFP and YPet linked by 17mer-linker.[44] (Figure 1A) 

 

Figure 1: Construction of H3K27me3 FRET biosensor. A) Map of H3K27me3 WT biosensor.  
B) Schematic presentation of the FRET mechanism of the H3K27me3 WT biosensor in cells. Adapted 
from Gong Ya’s thesis. [44] 
 
            At the resting stage, fluorescent pairs are too far to cause FRET energy transfer. While 

H3K27 trimethylation occurs, the PC chromodomain binds to the H3K27me3 substrate to shorten 

the distance between the fluorescent protein pairs and cause FRET change(Figure 1B). This is a 

reversible activity, therefore, the change of FRET ratio, !"#$
%$&'	#)!* reflects on the alternation of 

global tri-methylation level on H3K27me3.[44] In order to have a negative control, a mutation on 

Y26 from the aromatic ring side chains to lysine was introduced in Pc chromodomain resulting in 

sensor and ligand recognition and binding failure. From experimental data shown in Gong’s paper, 

we confirmed that the FRET ratio in the H3K27me3 WT biosensor was significantly higher than 

the H3K27me3 Y26K biosensor.[44] Therefore, in this research, we used WT biosensor to detect 

H3K27me3 global activity and used Y26K as a negative control during caspase-3 programmed 

cell death. 
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1.3.2 Caspase-3 FRET biosensor 

            Caspase-3 FRET biosensor constructs containing fluorescent protein pairs LSSmOrange 

(excitation/emission at 437/572nm) linked by a 20 amino acid processing caspase-3 recognition 

site, DEVD, to mKate2(excitation/emission at 460/605nm).(Figure 2A) [37] At the resting stage, 

LssmOrange and mKate2 are close enough to have FRET signal. While, by adding staurosporine, 

the activation of caspase-3 is accompanied by a parallel increase in cleavage of the introduced 

caspase-3 FRET biosensor at DEVD site, resulting in the change of spatial arrangement of the 

LSSmOrange and mKate 2. (Figure 2B)[38] 

 

Figure 2: Construction of Caspase-3 FRET biosensor. a) Map of Caspase-3 FRET biosensor.  
b) Schematic presentation of the FRET mechanism of the Caspase-3 FRET biosensor in cell. Adapted from [38]. 
 
 
1.3.3 Dual FRET pairs 

 LssmOrange fills up an existing spectral gap and applies to simultaneously image two 

FRET pairs by using single excitation wavelength. However, caspase-3 FRET Biosensor 

localizes in the whole cell and causes some minor overlapping signal while coupling with 
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H3K27me3 FRET biosensor because some microscopy channels capture both of the signals 

emitted from fluorophores LSSmOrange and YPet. Therefore, we engineered and constructed a 

caspase-3 FRET biosensor with nuclear export signal (NES) at C-terminal to compare them. In 

consequence, we can monitor the H3K27me3 and apoptotic activity at the same time in a single 

cell by using LSSmOrange-mKate2 and ECFP-YFP and measuring the FRET ratio change of 

these two biosensors.  

 

2. Results 

2.1Construction and imaging verification of caspase-3 NES FRET biosensor 

            In order to visualize the dynamics of caspase-3 and H3K27me3, corresponding 

biosensors were used in live cell imaging. For the H3K27me3 WT biosensor, the fluorescent 

pairs were ECFP (excitation 434nm, emission 477nm) and YPet (excitation 517nm, emission 

530nm). For caspase-3 biosensor, the fluorescent pairs were LSSmOrange (excitation 437nm, 

emission 572nm) and mKate2 (excitation 588nm, emission 633nm). Because the emission 

wavelength of Ypet and LSSmOrange fell into the same range of some filters, the mixture of 

signals from two biosensors were captured. For example, in LSSmOrange channel (575nm 

DF20), it majorly received emission signal from LSSmorange but part of YPet signal was 

captured which should not happen ideally. Even though one of the biosensors is dominant, FRET 

biosensor is a sensitive tool and a small effect could lead to inaccuracy. Therefore, we decided to 

separate the two biosensors spatially to minimize this type of error.  

            H3K27me3 biosensor contained a nuclear localization signal (NLS) in the H3 domain 

and could efficiently localize into the nucleus. Hence, we reconstructed the caspase-3 biosensor 

by inserting a nuclear localization signal (NES) sequence which prevented it from getting into 
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the nucleus. When the caspase-3 was inactive, LSSmOrange and mKate2 were linked by DEVD 

so the FRET signal was generated. When caspase-3 was active and able to cleave DEVD, the 

fluorophores separated and then the FRET signal was lost (Figure 3A).  

After successfully constructing the biosensor, we transiently transfected caspase-3 

biosensor or caspase-3 NES biosensor into HeLa cells. We took a 500 minutes time series 

imaging and added 2uM staurosporine at 20 minutes for both groups of cells. Compared with 

caspase-3 biosensor, the construct with NES were efficiently located in cytoplasm and did not 

cause any significant effect on the viability and conditions of the cells. Only the signals within 

the selected area (red circle) were captured, meanwhile the  +,,-./01234-50637	89:;+,,-./0123  ratio was 

generated from the quantitative measurement of emission wavelengths acquired by these two 

channels (Figure 3c). From the normalized FRET ratio, both biosensors presented similar trends 

and decreased within 200 to 350 minutes (Figure 3c). Even though the FRET ratio of caspase-3 

biosensor had a larger decrease in quantity, the drop of caspase-3 NES biosensor was sufficient 

to indicate the activation of caspase-3 and the FRET Ratio change in terms of time was major 

concern in the following experiments. 

            After solving the signal overlapping problem, we combined caspase-3 NES biosensor and 

H3K27me3 biosensor to visualize the dynamic change of H3K27me3 during caspase-3 

programmed cell death.  
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Figure3: Construction and imaging verification of caspase-3 NES FRET biosensor. a) Map and schematic of 
caspase-3 NES FRET Biosensor with NES sequences inserted at -C terminal. b) HeLa cells transiently transfected 
with caspase-3 biosensor or caspase-3 NES biosensor and took a 500 minutes imaging with 20µM of staurosporine 
added at 20 minutes. Representative images of cells at t=0 minutes in DIC, LSSmOrange, mKate2, LssmOrange-
mKate2 FRET channels and LssmOrange-mKate2 FRET Ratio. c) Normalized FRET Ratio trend of caspase-3 
biosensor with or without NES.  
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2.2 Imaging of caspase-3 NES biosensor with H3K27me3 WT or Y26k biosensor  

HeLa cells were transiently co-transfected with H3K27me3 WT biosensor and caspase-3 

NES biosensor in 2:1ratio. After 48 hours, cells were seeded on a glass bottom dish and monitored 

under microscope, with 10-minute time intervals for 400 minutes. At the beginning, the nuclear 

membrane was structurally normal and functionally complete, which separated the caspase-3 NES 

biosensor from the H3K27me3 WT biosensor. At 20 minutes, 20µM of STS was added into the 

cell, which activated caspase-3 and caused the cleavage of DEVD in caspase-3 NES biosensor 

(Figure 4a). 

Within the first 160 minutes, both FRET ratios remained almost unchanged. After then, the 

cell slightly rounded up and detached from the surface, and the nuclear envelope started to 

fragment. Also, the FRET ratio of caspase-3 NES biosensor in the transfected HeLa cells gradually 

decreased with the decreasing LSSmOrange-mKate2 FRET fluorescence intensity and increasing 

LSSmOrange, compared with those before treatment. The FRET ratio reached the minimum at 

240 minutes when the cell outlines become convoluted and form extensions. A more than 20% 

reduce of  +,,-./01234-50637	89:;+,,-./0123  ratio indicated that the occurrence of fusion protein 

LSSmOrange-DEVD-mKate2 cleavage, while H3K27me3 stayed almost the same.  At around 320 

minutes, the extensions spread, and the cell membrane warped with cellular organelles and nucleus 

fragments to form small blebs and apoptotic bodies. Starting from 290 minutes, the H3K27me3 

level decreased moderately and reached the minimum FRET ratio at around 340 minutes, which 

suggested that the unbinding of K27me3 to Pc chromodomain with the decreasing of YPet FRET 

signal. At 400 min, the cell was disintegrating and the apoptotic bodies were rapidly phagocytosed 

into neighboring cells. As we can see, the time of H3K27me3 and caspase-3 started to drop is 

different but they followed the same trend. The time distance between them, ∆t , is,  
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Figure 4, Imaging data and  analysis of HeLa cells with caspase-3 NES biosensor and H3K27me3 WT or Y26k 
biosensor. Cells co-transfected with H3K27me3 WT or Y26K biosensor and Caspase-3 NES biosensor were 
visualized using a Nikon microscope in a 400 minutes time series and 10 minutes interval. 20µM of STS was added 
into cells at 20min after imaging. a) Overview of experimental plan. b) Representative images of HeLa cell in 
ECFP-YPET FRET Ratio showed the activity of H3K27me3 WT biosensor and LSSmOrange-mKate2 FRET Ratio 
showed activity of Caspase-3 NES biosensor. c) Graph shows the FRET ratios trend of two biosensors. Blue line 
represents H3K27me3 WT biosensor; Orange line represents Caspase-3 NES biosensor. ∆t measures the time 
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distance between >?, the point that ECFP/ YPet FRET ratio started to drop and the point >@ that LSSmOrange-
mKate2 FRET/ LSSmOrange started to drop. d)Histogram of t for a total 34 HeLa cells. e) Representative images of 
HeLa cell double transfected with H3K27me3 Y26K biosensor and Caspase-3 NES biosensor. E) Graph of the 
FRET ratio trends for H3K27me3 level observed from H3K27me3 Y26K biosensor and Caspase-3 activity. 
 

∆t = >? − >@ = 290 − 160 = 130	 minutes for this cell. It revealed that the time for H3K27me3 

to react to the apoptosis is 130 min after caspase-3 activation. Due to the FRET ratio trends for 

both biosensors were similar, we used cross-correlation function in Matlab to analyze the time 

displacement of H3K27me3 FRET ratio relative to caspase-3’s with correlation coefficient above 

0.6. Histogram in figure 2d showed the time distance of 34 cells in the range of 60 minutes to 140 

minutes with mean 97.3 minutes, mode 110 minutes and median 100 minutes. 

            In order to confirm the dynamic observed from H3K27me3 WT biosensor reflected to the 

real biological change of H3K27me3 in chromatin, a negative control experiment was done with 

same setting except we used mutated version of H3K27me3 instead of WT. A mutation on Y26 

to lysine was introduced to the Pc domain, which was expected to cause the unrecognition 

between Pc domain and K27me3, therefore, there should be no change in FRET ratio during 

caspase-3 apoptosis. H3K27me3 Y26K biosensor and caspase-3 NES biosensor were co-

transfected into HeLa cells in ratio 2:1 and imaged after 48 hours. Activity of Caspase-3 and cell 

in DIC channel exhibited same behavior as experimental group that caspase-3 gradually drop 

around 110 minutes and cell went through the morphological changed under apoptosis, for 

example cell shrinkage, nuclear membrane fragmentation, membrane blebbing and so on. The 

difference from the experimental group is that the H3K27me3 FRET ratio observed from the 

H3K27me3 Y26K biosensor stayed almost unchanged compared to the cell before STS 

treatment. By using cross-correlation to analysis data, we found out the average correlation 

coefficient was 0.3 which indicated that the signal observed from H3K27me3 Y26K biosensor 

did not have significant correlation to the caspase-3 activity.  
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            By comparing the results from the experimental group with the control group, we 

confirmed that H3K27me3 decrease followed by the activated caspase-3 in STS induced 

caspase-3 apoptosis.  

 

2.3 Imaging of caspase-3 NES biosensor with H3K27me3 WT biosensor with caspase-6 

inhibitor 

            As shown in the relationship chart , caspase-6 is the downstream caspase effectors of 

caspase-3 and its activation would directly lead to the cleavage of Lamin A (Figure 5a). 

Additionally, McCord RP’s research suggested in Hutchinson-Gilford progeria syndrome 

(HGPS) fibroblasts, which lack mature Lamin A, the H3K27me3 level is lower than the health 

cell. 

            Based on previous research and conclusion draw from the first experiment, we further 

hypothesized that caspase-6 and Lamin A were the key component that connected caspase-3 and 

H3K27me3. Therefore, we used Z-VEID-FMK as a caspase-6 inhibitor to prevent the 

degradation of Lamin A while using STS to induce the activation of caspase-3. 

            We transiently transfect LaminA-mCherry construct into HeLa cells and treated with 100 

µM of caspase-6 inhibitor for 3 hours in 37°C  before imaging for the experimental group. 

Images were captured in the mCherry channel using Nikon 2 microscope for a 400 minutes and 

10 minutes interval. At 20min after imaging began, 20µM of STS was added to experimental and 

control groups. The morphological change in the DIC channel revealed that these two groups of 

cells underwent caspase-3 apoptosis. At the beginning, the mCherry signal appeared insensitive 

on the edge of the nuclear membrane, indicating the location of Lamin A.  
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Figure 5. Imaging data and  analysis of HeLa cells with H3K27me3 WT and caspase-3 NES biosensor treated with 
caspase-6 inhibitor. a) Relationship chart of the key component involved in H3K27me3 dynamic during caspase-3 
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apoptosis and experimental plan b) Representative cells images are shown in DIC and mCherry channels. LaminA-
mCherry plasmids transiently transfect into cells. After 48 hours, treated them with or without caspase-6 inhibitor 
for 3 hours. c) Representative images of cells. HeLa cells double transfected with H3K27me3 WT biosensor and 
Caspase-3 NES biosensor were taken live cell imaging under Nikon 2 microscope for each 10-minute time interval 
for 400 minutes. Cells were treated with 100 µM of caspase-6 inhibitor for 3 hours in 37°C humidified-incubator 
with 5% CO2 before imaging and 20µM of STS was added at 20min after imaging. d) FRET ratio change of 
H3K27me3 observed from H3K27me3 WT biosensor and caspase-3 observed from caspase-3 NES biosensor with 
caspase-6 inhibitor treatment for a representative cell. e) Histogram of ∆t for total 27 HeLa cells calculated by using 
cross correlation function in Matlab. f) Negative control. Images of HeLa Cells treated with 100 µM of caspase-6 
inhibitor for 3 hours in 37°C humidified-incubator with 5% CO2 before imaging and HeLa cells added 20µM of 
STS in different channels. 
 

After STS was taking effect, caspase-3 was activated to cleave caspase-6, and in 

consequence Lamin A was cut without the caspase-6 inhibitor. Due to the split of Lamin A-

mCherry, mCherry was no longer fixed to the nuclear membrane so we can see it floated freely 

in the nuclear from the brightness in the mCherry channel. Lamin A-mCherry is a constitutive 

biosensor which means the amounts of mCherry were constant in a cell. Therefore, the sudden 

brightness was due to the shrinkage of cell, concentrated mCherry and mCherry relocation by 

comparison with the Caspase-6 inhibitor treated cell. The unchanged of mCherry in the treatment 

group indicated that the caspase-6 inhibitor targeted the membrane associated protein Lamin A 

and successfully prevented it from cleavage (figure 5b).  

Then we treated the HeLa cell with H3K27me3 WT biosensor and caspase-3 NES 

biosensor with 100 µM of caspase-6 inhibitor 3 hours before live cell imaging and 20µM of STS 

at 20 minutes after imaging. From DIC channels, we observed that HeLa cells experienced 

caspase-3 programmed cell death, starting from normal and flat shape to unattached and blebbing 

cells with apoptotic bodies. From figure 5e, the FRET ratio observed from H3K27me3 WT and 

caspase-3 NES biosensors changed simultaneously, which consists of cell images and both of 

them decreased gradually from 310 minutes with more than a 20% drop. For the representative 

cell, the time lag between H3K27me3 and caspase-3 activation is 0. By comparing the 
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correlation of FRET ratios for 27 cell samples using Matlab, ∆t was shown in histogram with 

mean at 8.5 minutes, median at 10 minutes, and mode at 10 minutes. 

3. Discussion 

Hyun’s research suggests that lysine methylation levels are precisely balanced by the 

action of methyltransferase as writers to add methyl groups and demethylases as erasers to take 

out methyl groups.[39] The loss of methyltransferase EZH2 and the gain of demethylases KDM6 

lead to the net loss of global H3K27me3 level. Consistent with our result, He’s research shows 

that caspase-3 activation leads to H3K27me3 level decrease due to the significant upregulation 

of KDM6A and KDM6B and downregulation of EZH2. [40] Other than the direct decrease of 

EZH2, some recruiter proteins required in the process of H3K27me3, such as retinoblastoma 

protein (pRB), were degraded during caspase-3 apoptosis, which further block the addition of 

methyl group. [41] In the early research, microscopy images exhibit the H3K27me3 location 

adjacent to the Lamin A’s. [42] Later on, H3K27me3 was found out that it has a tight association 

with the nuclear lamina through lamina-associated domains. [43] Therefore, we hypothesize that, 

with the protection of caspase-6, Lamin A are complete and H3K27me3 is able to interact with 

nuclear lamina, making it easier for demethylases to locate and bind to H3K27me3, and remove 

the methyl group afterward. This series of processes ultimately results in the H3K27me3 level 

reduces faster in the group treated with caspase-6 inhibitor.  

During the experiments, we observed that in some of the cells, as the caspase-3 FRET 

ratio declined, the H3K27me3 FRET ratio slightly increased but eventually went back and did 

not affect the overall trend. For example, in figure 2E, at 160 minutes, the caspase-3 FRET ratio 

dropped while the H3K27me3 FRET ratio increased. This is an unspecified event that happens 

randomly in different groups of HeLa cells. One possible reason might be the two biosensors 
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were no longer compartmentalized due to the nuclear membrane damaged during apoptosis. 

Therefore, in YPet channel, not only the YPet intensity was captured but also a part of the 

LSSmOrange result in the overall signal acquired from YPet channel was increased. Another 

reason might be the unspecific chromatin regulation was triggered when cell volume shrinks, 

nuclear condensed, morphology changes or dies…. 

In the future study, on the one hand, it would be interesting to further study  the ∆t in 

normal cells and HGPS cells which have Lamina A deficiency, in order to better understand the 

mechanism and the role Lamin A plays in the H3K27me3 during caspase-3 apoptosis. On the 

other hand, after validating that H3K27me3 FRET biosensor is a sensitive tool to monitor 

heterochromatin global H3K27me3 dynamic, we can further use it to monitor the local 

epigenetic changes at a specific genomic locus. We can trigger DSB (double strand DNA 

breakage) at a region of interest by chemical inducible CRISPR-associated protein 9 and indicate 

the region by engineered DSB binding protein with fluorophore, for example GFP-Ku. FRET 

biosensor was transfected into cells and detect the change around the DSB. 

In conclusion, we found that caspase-3 activation led to the global H3K27me3 level 

decreasing. Caspase-6 and lamin A were the downstream proteins of caspase-3 involved in this 

process and the existence of inactivated caspase-6 and un-cleaved lamin A could have 

accelerated the decline of H3K27me3 during apoptosis. We predict that caspase-3 activation 

induced downregulation of EZH2 and upregulation of KDM6 which ultimately lead to 

diminishment of H3K27me3 and the lack of lamin A disrupted heterochromatin-lamina 

interaction which brings a difficulty for KDM6 to target H3K27me3. 
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4.  Materials & Methods 

4.1 Caspase-3 Biosensor Construct with Nuclear export signal(NES) 

            Inserting -NES DNA sequence(-ttagccttgaaattagcaggtcttgatatcgggagc-) into Caspase-3 

Biosensor via polymerase chain reaction (PCR). Caspase-3 Biosensor plasmid (cat#60883) 

served as template reacts with two primers which included NES sequence and Q5 high-fidelity 

DNA polymerase (New England BioLabs, cat#: M0491L) during PCR. Purifying and extracting 

sample via DNA electrophoresis and gel extraction. DH5acompetent E. coli cells were used for 

transformation, heated shock for 35 second, recovered in SOC incubated at 37C for 1 hour and 

plated in agar plate with kanamycin antibiotic for overnight at 37C. Single colony grew in LB 

media with Kanamycin (1:5000 dilution) at 37C shaker for 12-16 hours. After amplification, 

mini-prep the sample via Quagent Kit resulted in concentrated Caspase3-NES biosensor plasmid. 

The model of the thermal cycler used was the Bio-Rad C1000 TouchTM Thermal Cycler for PCR 

reactions. 

 

      4.2Cell Culture and Transient Transfection 

            HEK293 cells [American Tissue Culture Collection (ATCC) (Manassas, VA) ] and HeLa 

cells were cultured in Dulbecco’s modified Eagle medium (DMEM) (Gibco) supplemented with 

10% fetal bovine serum (FBS) (Atlanta Biologicals, Lawrenceville, GA), and 1% 

penicillin/streptomycin (Invitrogen) in 37°C humidified-incubator with 5% CO2. They were 

transiently transfected with the Caspase3 biosensor, Caspase3-NES biosensor, H3K27me3 WT 

biosensor, H3K27me3 Y26K biosensor or LaminA-mCherry plasmid using Lipofectamine 3000 

kit (Sigma-Aldrich) 48 hours before imaging. HeLa cells at 70-90% confluent was double-
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transiently transfected with Caspase3-NES biosensor and H3K27me3 WT or Y26K biosensor in 

1:2 ratio. 

  

4.3 Imagine Acquisition and Analysis   

            Cells were plated onto glass-bottom dishes (Cell E&G) coated with fibronectin (Sigma) 

at 10 µg/mL and diluted with PBS one night before imaging. Caspase-6 inhibitor (R&D 

Systems™ Caspase-6 Inhibitor Z-VEID-FMK) at final concentration of 100 µM was treated with 

cells 3 hours before imaging. Staurosporine(STS) was added to the cell at 20min, the gap 

between the second and third time frame at final concentration 20µM.  

            Nikon eclipse Ti inverted microscope with 100x DIC Nikon microscope objective 

(Numerical aperture1.4), a 300W Xenon lamp (Atlas Specialty Lighting), an electron-

multiplying (EM) charge-coupled device camera (QuantEM:512SC, Photometrics)  

 and MetaFluor Fluorescence Ratio Imaging Software (Molecular Devices) was used to collect 

microscopic images. Images were captured with a 420DF20 excitation filter, a 450DRLP 

dichroic mirror, and four emission filters controlled by a filter changer corresponding with six 

channels (475DF40 forECFP, 535DF25 forECFP-YPET FRET, 575DF20 for LssOrange, 

630DF20 for LssOrangemKate2FRET, 630DF20 for mKate2). Dual FRET with single-

wavelength excitation, LssOrangemKate2FRET setup with exposure 400ms andECFP-YPET 

FRET setup with exposure 600ms. Life imaging duration was 400 min, total 41 time points and 

every 10 min. 

            Imaging data were processed on FluoCell JAVA developed by the Wang lab. The 

background and noise signal were subtracted automatically. FRET ratio is an average value for a 

whole cell and was normalized by the value at the first frame (t=0). Cross-correlation function 
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was used to compare the trend and the similarity of two biosensors signals within one cell. All 

the code was generated via Matlab. 
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