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ABSTRACT: Histone methylations play a crucial role in
chromatin remodeling and genome regulations. However, there is
a lack of tools to visualize these histone modifications with high

Cell Nucleus

spatiotemporal resolutions in live cells. We have developed a P - /\' S~
biosensor based on fluorescence resonance energy transfer (FRET) -

and incorporated it into nucleosomes, capable of monitoring the @tz}’ g~

trimethylation of H3K27 (H3K27me3) in live cells. We also ( Histones . 7y \ &
revealed that the performance of the FRET biosensor can be P icicd @{:&*)
significantly improved by adjusting the linkers within the biosensor. \ ot k2T med

An improved biosensor enables the live-cell imaging of different ~ Methylated u}nm 7
histone methylation status, induced by the suppressive H3.3K27M g i

or existing in breast cancer cells with varying genetic backgrounds.
We have further applied the biosensor to reveal the dynamic
coupling between H3K27me3 changes and caspase activity representing the initiation of apoptosis in cancer cells by imaging both
H3K27me3 and caspase activity simultaneously in the same live cells. Thus, this new FRET biosensor can provide a powerful tool to
visualize the epigenetic regulation in live cells with high spatial temporal resolutions.

KEYWORDS: FRET, histone modification, H3K27me3, apoptosis, live-cell imaging

I Iistone proteins in chromatin can undergo various to chemotherapy. For example, MDA-MB-231, a poorly

modifications, including methylation, acetylation, phos- differentiated triple-negative breast cancer cell line that lacks
phorylation, ubiquitylation, and sumoylation." Of these histone estrogen receptors (ER), progesterone receptor expression,
modifications, histone methylation is a vital epigenetic and human epidermal growth receptor 2 (HER2)," is less
regulation that mainly occurs on the side chain of lysine and sensitive to the widely used drug tamoxifen, a selective
arginine, in which lysine can be mono-, di-, or trimethylated, estr?§en receptor modulator,® than the ER-positive MCE-7
whereas arginine can only be mono- and dimethylated due to cell.” Consistently, it was reported that MDA-MB-231 cells
their respective chemical characteristics.” Indeed, histone have a higher expression of the EZH2 and H3K27me3 than
methylations have a profound impact on cellular processes, MCEF-7 cells,"* which may have contributed to the drug
including cell cycle control, senescence, cell fate decisions, and resistance of MDA-MB-231 cells. Since the H3K27me3 level at

genomic loci has also been well-established to affect gene

(H3K27me3), catalyzed mainly by the enhancer of the zeste repressions, it has become a popular target for epigenetic

homolog (EZH2), is associated with transcriptional silencing research and anticancer drug development. However, there

and heterochromatin formation.*~¢ is a lack of tools to monitor and track H3K27me3 in live cells,

The dysregulation of H3K27me3 and its modifiers is Whlc}fl h?ngers.the reflated stuc'l.1es.. s i

frequently found in various cancers, including but not limited The induction of apoptosis in target cancer cels 15 a
7 ] : 8 cor T 9 common therapeutic strategy in cancer therapy.”’ At the same

to prostate cancer,” endometrial carcinoma,” pediatric glioma, . : . > ) ey

and breast cancers.'” For instance, the histone H3.3K27M time, the increase in antiapoptosis capacity is commonly

mutation, which has been demonstrated to sufficiently reduce

tumorigenesis.” Specifically, histone 3 lysine 27 trimethylation

the amounts of endogenous H3K27me3 in vitro,"" was found Received: August 5, 2021
in 60% of high-grade pediatric glioma cases with a median Accepted:  November 29, 2021
survival of about one year in patients after diagnosis.9 Published: December 8, 2021

Furthermore, different types of cancer with various genetic
backgrounds have diverse epigenetic levels, leading to the
differential epigenetic adaptation and responses of cancer cells

© 2021 American Chemical Society https://doi.org/10.1021/acssensors.1c01670
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. : 18,1
observed in most of the chemotherapy-resistant cancers,"*"”

resulting in tumor survival, drug resistance, or recurrence of
cancer. Epigenetic modifications have been reported to be
closely correlated with drug resistance and response in cancer
cells, but the underlying mechanism still remains unclear.”’~>*
The H3K27me3 writer EZH2 has been demonstrated to be
frequently overexpressed in a wide variety of human cancers™
and directly regulates cancer cell death.”* A previous study has
shown that the inhibition of the EZH2 in osteosarcoma cells
led to cisplatin resistance by decreasing the H3K27me3
levels.*® In other cases, triptolide, an antitumor drug candidate,
could trigger caspase-dependent apoptosis of myeloma cells by
decreasing the trimethylation of histone H3K27.°*” However,
despite these reported interplays between epigenetic mod-
ifications and drug response in cancer cells, the kinetics of
histone modifications, such as H3K27me3, in drug-induced
apoptotic cells is still unclear, especially in a single live cell. The
revelation of this interactive information on the epigenetic
modifications and the apoptotic process would lead to a deeper
understanding of epigenetic modifications under chemo-
therapy and facilitate the development of anticancer drugs
and better therapeutic strategies.

Most of the current studies on the association between
histone methylation and cell phenotypes are based on genome-
wide or locus-specific chromatin immunoprecipitation fol-
lowed by sequencing (ChIP-seq) studies.”® However, since
chromatin is extracted from cells during the ChIP-seq process,
it is difficult to visualize and quantify the spatiotemporal
characteristics of H3K27me3 under its natural context inside a
single living cell. Genetically encoded biosensors based on
fluorescence resonance energy transfer (FRET) can provide a
powerful tool in visualizing the dynamics of epigenetic
modifications at subcellular levels. For instance, recombinant
protein probes with the epigenetic modification recognition
domain of H3K14ac™ or heterochromatin®” were developed to
directly monitor the spatial distribution and abundance in the
cell nucleus. In addition, modular bimolecular fluorescence
complementation (BiFC)-based sensors were also developed
to detect the DNA methylation and H3K9me3 at endogenous
genomic sites in live cells.>' In addition, intramolecular FRET
biosensors have the advantages of a high signal-to-noise ratio
and simple radiometric image analysis.”> >* These FRET
biosensors have been successfully used to visualize the
activities of cellular signaling molecules such as Ca?",
phospholipids, and protein kinases.”*® For the imaging of
epigenetic modifications, the FRET-based biosensor of histone
H4 hyperacetylation enables the real-time monitoring of
dynamic fluctuations of histone H4 acetylation®” or H4K12-
specific acetylation®® levels during cell mitosis and in response
to inhibitors. However, since the development of FRET
biosensors often requires tedious and substantial trial-and-error
experiments, few biosensors have been developed to visualize
the H3K27me3 changes in live cells. Previously, a histone
methylation reporter based on a partial H3 peptide and a
methyllysine binding domain was developed,” which could be
used to detect methyltransferase or demethylase activity to
represent the averaged methylation level in the nucleus.
However, this reporter was not integrated into the
nucleosomes and hence may have difficulty in monitoring
the in situ histone methylation occurring at the nucleosomes.
Furthermore, this reporter was not tested in live cells over
prolonged periods for tracking biological processes in cancer
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cells under drug treatment and showed a relatively mild
contrast between the methylated and nonmethylated states.
In this study, we have constructed an H3K27me3 FRET
biosensor with relatively high specificity and a large dynamic
range in live cells. Different from the previous design of the
H3K27me3 biosensor, in which the biosensors diffuse in the
whole nucleus,” our biosensor adopted a different structure
and utilized the entire H3 protein so that the biosensor can be
integrated into nucleosomes to report and quantify the histone
changes in situ, which led to an enhanced FRET contrast. We
further improved the sensitivity of this FRET biosensor by
adjusting the linker length, which may provide a general
strategy to enhance the sensitivity for other epigenetic FRET
biosensors. Our H3K27me3 FRET biosensor, together with a
caspase biosensor, further allowed the simultaneous visual-
ization of H3K27me3 changes and caspase activity to reveal
their spatiotemporal interplays in single live cancer cells.

B RESULTS

Engineering the Prototype H3K27me3 Biosensor.
Our prototype biosensors were assembled based on the
previous methylation reporters® and an H3K9me3 reporter
from our group.”® Specifically, a truncated Drosophila
polycomb (Pc) chromodomain (residues 21 to 78) was used
as the binding domain to H3K27me3 of the histone.
Additionally, ECFP/YPet, the optimized FRET pair, was
linked together with an EV linker (primary linker) and
sandwiched between the binding domain and histone H3 as
the substrate. Since the biosensor is connected to the full-
length H3, it can be directly integrated into nucleosomes to
quantify the histone changes. We hypothesized that when
H3K27 is not trimethylated, the biosensor stays at its “off”
state, with the fluorescent proteins relatively far away from
each other containing little FRET; when H3K27 is
trimethylated, the Pc domain binds to H3K27me3, which
converts the biosensor into an “on” state, bringing YPet closer
to ECFP to cause a stronger FRET. As such, by calculating the
ratio of FRET/ECFP in single live cells, we can visualize and
track the trimethylation dynamics on H3K27 (Figure la).

The wild type and its corresponding mutant biosensors were
able to precisely locate into the cell nucleus without any
significant effects on the viability of the cells (Figure 1b,c). In
order to validate that FRET only occurs when H3K27 is
trimethylated, we created two biosensor mutants, the 27 lysine-
to-leucine (K27L) or lysine-to-methionine (K27M) mutation
to eliminate the H3K27 methylation substrate in the biosensor,
and compared their signals to that of the wild-type biosensor.*’
When the FRET ratio of different experimental groups was
measured, the wild-type (WT) biosensor had a higher FRET
ratio than the K27L or K27M biosensor (Figure 1b), indicating
the specificity of the biosensor FRET signal in detecting
H3K27me3 levels in live cells. H3K27M has been previously
reported to inhibit global endogenous H3K27me3 by
sequestrating the H3K27 methyltransferase EZH2."" Consis-
tently, we observed lower FRET signals from the K27M
biosensor group (Figure 1b). The change of the average
FRET/ECFP ratio of the prototype biosensor upon mutation
is around 13% (WT vs K27M), suggesting a moderate
sensitivity of the biosensor.

Optimization of Linkers Improves the H3K27me3
FRET Biosensor. To investigate whether a flexible linker in
between the Pc domain and YPet (linker-1) could further
improve the sensitivity of the biosensor, we inserted an

https://doi.org/10.1021/acssensors.1c01670
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Figure 1. Construction and characterization of the prototype
H3K27me3 biosensor. (a) Schematic drawing of the domain
structures and the proposed activation mechanism of the prototype
H3K27me3 biosensor. (b) Basal FRET ratios of the wild-type and
mutant prototype biosensors (K27L and K27M) inside the HEK cells.
From left to right, n = 69, 71, and S1, with **p = 0.0079, *p = 0.0182,
and ****p < 0.0001, one-way ANOVA. Error bars, mean + SD. (c)
Representative DIC and FRET ratio images of the wild-type and
mutant prototype biosensors (K27L and K27M) expressed inside
HEK cells (scale bar, 10 um).

additional GGS linker of 15 amino acids (aa) in the prototype
biosensor in between the Pc domain and YPet (Figure 2a).
While retaining its specificity, the FRET efficiency of the GGS-
linker biosensor was significantly improved compared to the
prototype biosensor (Figure 2b,c). The ratios of both the
prototype and the GGS-linker biosensors without their H3K27
trimethylation were similar, as shown by the results of their
K27M mutants (Figures 1b and 2b). This suggests that the 15-
mer GGS linker, while without affecting the FRET levels when
the FRET pair of a donor and an acceptor is sufficiently
separated, could have provided a better binding orientation of
the FRET pair in the presence of H3K27me3 for a stronger
FRET signal. It is also worth noticing that the relative positions
of the binding domain and the substrate in the biosensor play a
critical role in FRET sensitivity. This was illustrated by
swapping the locations of the YPet and Pc domains in the
biosensor. Either with or without a GGS linker, the change in
the relative position between Pc and H3 has led to
dysfunctional biosensors (Figure S1). Nevertheless, after this
additional 15-mer GGS-linker insertion, the FRET ratio
contrast between the “on” and “off” states of the biosensor
increased to 24.2%.

The FRET efficiency of intramolecular FRET biosensors is
dependent primarily on the distance and relative orientation of
the two fluorophores,” which can be controlled by the linker
between the FRET donor and acceptor (primary linker). Thus,
we hypothesized that decreasing the linker length between
YPet and ECFP would increase the FRET efficiency of the
biosensor in live cells since the binding affinity from the Pc
domain to H3K27me3 is moderate (K; = 5 uM)."" Decreasing
the linker length may hence increase the probability of
interaction between the binding domain and the H3 substrate
when trimethylated.

To test this hypothesis, we rezplaced the primary EV linker
(120-mer) with a 34-mer linker*” and a 17-mer linker** on the
GGS-linker biosensors. Indeed, with the decrease in the linker
length, the basal FRET ratio increased significantly as the
distance between the donor and the receptor decreased
(Figure 2d—i). These biosensor variants with different linkers
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Figure 2. Varying linker length improves the sensitivity of the
biosensor. (a) Schematic drawing of the biosensor with a primary EV
linker and an additional 15-mer GGS linker in between the Pc domain
and YPet. (b,c) Quantified FRET ratio averages of the wild-type and
mutant (K27L and K27M) biosensors with a primary EV linker and
an additional 15-mer GGS linker (b) and their representative DIC
and FRET ratio images (c) in HEK cells. One-way ANOVA, from left
to right, n = 43, 37, and 73, with ***p = 0.0005 and ****p < 0.0001.
(d) Schematic drawing of the GGS-linker biosensor with a primary
34-mer linker. (e,f) Quantified FRET ratio averages of the wild-type
and mutant (K27L, K27M, and Y26K) GGS-linker biosensors with a
primary 34-mer linker (e) and their DIC and FRET ratio images (f)
in HEK cells. From left to right, n = 35, 32, 38, and 47, with *¥p =
0.0013 and 0.0059 and ****p < 0.0001, one-way ANOVA. (g)
Schematic drawing of the GGS-linker biosensor with a primary 17-
mer linker. (h,i) Quantified FRET ratio averages of the wild-type and
mutant (K27L, K27M, and Y26K) GGS-linker biosensors with a
primary 17-mer linker (h) and their DIC and FRET ratio images (i)
in HEK. From left to right, n = 52, 36, 32, and 50, with **p = 0.0015
and 0.0037, ***p = 00002, ****p < 0,0001, and *p = 0.0408, one-
way ANOVA.

also maintained their specificity and nuclear localization
(Figure 2fi). The FRET signal was further confirmed to be
mediated by the methylation of the H3K27 tail and the
binding of the Pc domain, as we designed. Indeed, when a
point mutation on the binding domain (Y26K"') was
introduced, the biosensor FRET ratio decreased significantly
(Figure 2e/h). Overall, among the different primary linkers, the
17-mer linker biosensor (GGS17-H3K27me3 biosensor)
showed the best performance as the FRET contrast between
its “on” and “off” states increased to 43.5% (Figure 2g—i). It
should be noted that the 15-mer GGS linker and the primary
linker play synergistic roles in determining the biosensor
performance because changing only the primary linker did not
lead to such a significant improvement of the biosensor (Figure
S2). Furthermore, with this optimized GGS17-H3K27me3
biosensor, a strong correlation of the FRET ratio signal of the
wild-type FRET biosensor with the immunofluorescence image
of H3K27me3 was observed in the nucleus. In contrast, the
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control biosensor with a Y26K mutation did not show a clear
pattern and correlation to the immunofluorescence data
(Figure S3). These results suggest a high fidelity of our
nucleosome-incorporated biosensor in reporting the spatial
distribution of H3K27me3 epigenetics.

In summary, by optimizing the linkers in the prototype
biosensor, we have successfully generated a FRET biosensor
with improved sensitivity that is capable of monitoring
H3K27me3 levels in the live-cell nucleus. We named this
biosensor GGS17-H3K27me3, which is used in the remaining
text.

The GGS17-H3K27me3 Biosensor Is Capable of
Detecting the H3.3K27M-Induced Epigenetic Changes.
The histone H3.3K27M mutation, which was found in 60% of
high-grade pediatric glioma cases,” has been demonstrated to
sufficiently reduce the level of endogenous H3K27me3 in
vitro."" To validate that the GGS17-H3K27me3 biosensor can
be applied in quantifying the H3.3K27M-induced epigenetic
changes, specifically H3K27me3, we generated HEK cell lines
stably expressing the FLAG-H3.3K27M mutant (H3.3M) or
wild-type H3.3 (H3.3WT). Western blotting revealed that the
H3.3K27M cell line has minimal H3K27me3 in both the
exogenous biosensors and endogenous H3 proteins, compared
to the cells that express WT-H3.3 (Figure 3a). The GGS17-
H3K27me3 biosensor also showed a significantly higher FRET
ratio in the H3.3WT cell line than in the H3.3K27M cell line,
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Figure 3. Detecting the H3.3M mutation-induced suppression of
H3K27me3 signals. (a) Immunoblots of trimethylation levels on
endogenous H3 and FLAG-H3.3 in H3.3WT and H3.3M HEK cell
lines. (b) Representative images of the biosensor (FRET ratio) and
FLAG-H3.3 (mCherry) in fixed H3.3WT and H3.3M cells. (c) Basal
FRET ratios of the wild-type and mutant (K27M) GGS17-
H3K27me3 biosensors in H3.3WT and H3.3M HEK cells lines
(left). From left to right, n = 38, 27, 20, and 22, with **p = 0.0087, *p
= 0.0222, and ***p = 0.0004, one-way ANOVA. (d) FRET ratio
images of the GGS17-H3K27me3 biosensor in cells coexpressing
wild-type or mutant H3.3. (e) Basal FRET ratios of the GGS17-
H3K27me3 biosensor in cells coexpressing wild-type or mutant H3.3.
From left to right, n = 48 and 33, with ****p < 0.0001, Student’s ¢-
test (scale bar, 10 ym; error bar, mean + SD in all figures).
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accurately reflecting the suppressed H3K27me3 levels caused
by the expression of H3.3K27M (Figure 3b,c).

We further constructed a GGS17-H3K27me3 biosensor
connected to WT-H3.3 or H3.3M via a P2A cleavage site. After
being expressed in the cell, the transgene WT-H3.3 or H3.3M
will be cleaved at the P2A site and separated from the GGS17-
H3K27me3 biosensor. This strategy can render the same copy
number of biosensors and transgene products in a single live
cell. Consistent with the previous results, the GGS17-
H3K27me3 biosensor can again detect the suppression of
H3K27me3 in the H3.3M transduced cells (Figure 3d,e).
These results demonstrate the capability of the GGS17-
H3K27me3 biosensor in monitoring the epigenetic changes in
live cells induced by a histone genetic mutant.

Imaging H3K27me3 in Breast Cancer Cells with
Different Genetic Backgrounds. Although MDA-MB-231
and MCF-7 are both breast cancer cell lines, the different
genetic backgrounds lead to their differential phenotypes and
responses of cells to chemotherapy, with MDA-MB-231 more
metastatic and resistant to drugs.” Given the crucial role of
H3K27me3 in metastasis and resistamce,zs_27 we examined
whether our GGS17-H3K27me3 biosensor can distinguish
these two cell types based on their H3K27me3 levels. We
infected both cells with the GGS17-H3K27me3 biosensors and
compared the FRET signals. To ensure that the biosensor
yields comparable signals in different cells, we compared the
level of biosensor expression by quantifying the YPet intensity.
There was no significant difference in YPet intensity between
MCEF-7 and MDA-MB-231 cells, indicating a similar expression
level of biosensors in these two cell types (Figure S4). In both
the MDA-MB-231 and MCE-7 cell lines, the GGS17-
H3K27me3 biosensor has a significantly higher ratio compared
to its negative Y26K mutant (Figure 4a—d), confirming the
functionality of the biosensor in reporting H3K27me3 levels in
both of the breast cancer cell lines. The GGS17-H3K27me3
biosensor showed a significantly higher FRET ratio in the
MDA-MB-231 cells than that in the MCF-7 cells (Figure 4e),
suggesting a higher H3K27me3 level in MDA-MB-231 cells
compared to MCF-7 cells. These results suggest that our
GGS17-H3K27me3 biosensor can detect the H3K27me3
difference across cancer cells with different genetic back-
grounds.

Tracking of H3K27me3 and Caspase Activity Dynam-
ics in Breast Cancer Cells. Since the epigenetic H3K27me3
has been reported to be involved in the drug resistance of
cancer cells”™*” and closely associated with caspase-3
dependent apoptosis,”* we utilized our GGS17-H3K27me3
biosensor to investigate the relationship between the caspase-3
activity and H3K27me3 along with the kinetics of these two
different molecular events in the same cancer cell during
apoptotic processes induced by a kinase inhibitor, e.g,
staurosporine. The caspase-3-NES FRET biosensor is adapted
from the caspase-3 FRET biosensor developed by Shcherba-
kova’s group.”* When the caspase-3 enzyme is activated, the
DEVD substrate site in between the FRET donor and acceptor
in the biosensor is cleaved by caspase-3, leading to the
separation of the donor/acceptor pair and the reduction of
FRET siganls (Figure Sa). The donor and acceptor FRET pair
of long Stokes shift mOrange (LSS-mOrange) and mKate2 in
the caspase-3 biosensor is compatible in color with the ECFP—
YPet pair of the GGS17-H3K27me3 biosensor, allowing the
simultaneous monitoring of both biosensors in the same live
cell. Since the caspase-3 activity mainly occurs outside the
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Figure 4. Detecting the H3K27me3 levels in breast cancer cells with
different genetic backgrounds. (a,b) Images (a) and basal FRET ratios
(b) of the wild-type or mutant (Y26K) GGS17-H3K27me3
biosensors in MDA-MB231 cells. From left to right, n = 23 and 20,
with ****p < 0.0001, Student’s t-test. (c,d) Images (c) and basal
FRET ratios (d) of the wild-type and mutant (Y26K) GGS17-
H3K27me3 biosensors in MCF-7 cells. From left to right, n = 21 and
21, with ****p < 00001, Student’s t-test. (e) Comparison of
H3K27me3 between MDA-MB231 and MCF-7 cell lines as detected
by the GGS17-H3K27me3 biosensor. From left to right, n = 23 and
21, with **p = 0.0012, Student’s t-test (scale bar, 10 um; error bar,
mean =+ SD in all figures).

nucleus whereas H3K27me3 activity occurs within the nucleus,
a nuclear export signal was added to the C-terminal of the
original caspase-3 FRET biosensor (NES-caspase-3 biosensor)
to separate the two biosensors and molecular events into the
different cellular compartments to further minimize the
bleedthrough among different signal channels. When ex-
pressed, the newly developed NES-caspase-3 biosensor stayed
only in the cytoplasm, while the original caspase biosensor
diffused in the whole cell body (Figure SSa). The response
time and dynamic change of the NES-caspase-3 biosensor and
the original caspase biosensor remained similar (Figure S5b,c).
These results suggest that the NES tag can successfully target
the caspase-3 biosensor at the subcellular space of the
cytoplasm, without imparing its response functions.

To investigate the kinetic coupling between caspase-3
activity and H3K27me3 in cancer cells, we further infected
HeLa cancer cells with GGS17-H3K27me3 and NES-caspase-3
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FRET biosensors. The initiation of the apoptotic process in the
cancer cells upon staurosporine treatment, represented by the
change of the NES-caspase-3 FRET biosensor, was found to
occur significantly earlier than the decrease in H3K27me3
reported by the GGS17-H3K27me3 biosensor. To further
confirm the histone demethylation, we performed immuno-
fluorescence staining to quantify the H3K27me3 biochemically
during apoptosis. Since the median time of demethylation
measured by the FRET assay in HeLa cells upon staurosporine
treatment is 250 min, we analyzed the H3K27me3 level of the
cells after 4 h (240 min) of staurosporine treatment (Figure
S6a). The immunofluorescence staining results showed
significant demethylation of H3K27me3 in HeLa cells,
consistent with the results as reported by the FRET biosensor
(Figure S6b,c). Furthermore, the median time difference (At)
between the starting time of the decrease in the caspase-3
FRET ratio (tc) and that of H3K27me3 (t;) in 34 cells is at
100 min, suggesting that the protease caspase-3 cleavage
actions in the cytoplasm occur significantly earlier than the
epigenetic H3K27me3 alteration in the nucleus in staurospor-
ine-induced apoptotic processes in cancer cells (Figure Sb—d).
To quantitatively evaluate the relationship between
H3K27me3 and caspase activities, we used the temporal
cross-correlation of caspase-3 activity and H3K27me3, which
integrates the time course data from multiple cells to assess the
kinetic coupling of these two molecular events despite
heterogeneous signaling among different cells (Figure Se).
The correlation coefficient between the changes of caspase-3
activity and H3K27me3 is high at 0.736, indicating a high
association and kinetic coupling of these two signaling events.
In contrast, the correlation coefficient between the signals of
caspase-3 activity and the control negative H3K27me3
biosensor with the Y26K mutation has a significantly lower
value, suggesting that the detected coupling between caspase-3
and H3K27me3 is biologically specific but not due to
nonspecific morphological changes (Figure Se). In summary,
by combining the color-compatible GGS17-H3K27me3 and
NES-caspase-3 FRET biosensors, the dynamic changes of
protease caspase-3 activity and epigenetic H3K27me3 were
simultaneously visualized and quantified during the apoptotic
process in the same live cancer cells. These results should lead
to our in-depth understanding of molecular coordinations in
cancer cells in response to drug treatment.

B DISCUSSION

In this work, we have developed a FRET biosensor capable of
visualizing the dynamic changes of H3K27me3, a key
epigenetic and chromatin signal related to the local repression
of genes. We have systematically changed the linkers in the
biosensor to improve the specificity. It is clear that the primary
linker between the FRET donor and acceptor, in this case,
ECFP and YPet, is important for the overall FRET levels. The
shorter primary linkers produce stronger FRET signals (Figure
2g), presumably by allowing a higher probability for the donor
and acceptor to form a favorable distance/orientation for
FRET when the histone tail is trimethylated at the H3K27
residue, overcoming the relative weak binding affinity of the Pc
domain toward H3K27me3."' This higher level of overall
FRET signals also leads to a larger dynamic range of the
biosensor between its nonmethylated and methylated states. It
should be noted that the 15-mer GGS linker between Pc and
YPet in our biosensor also caused a better dynamic range,
possibly by allowing a more flexible orientation to result in a
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Figure 5. Development and integration of the caspase-3-NES biosensor for the visualization of dynamic coordination between H3K27me3 and
caspase-3. (a) Schematic drawing of the NES-tagged caspase-3 FRET biosensor and the proposed activation mechanism. (b,c) Images (b) and time
courses (c) of FRET ratio changes of the caspase-3-NES biosensor and the GGS17-H3K27me3 biosensor in the same HeLa cells. (d) Time lag
between the FRET ratio decreases of caspase-3 and those of H3K27me3. The median time (100 min) is represented by the red line, and the upper
and lower quartile is represented by the blue dashed lines. n = 34. (e) Comparison of the correlation coefficients calculated between the caspase-3-
NES biosensor and the wild-type or mutant (Y26K) GGS17-H3K27me3 biosensors. From left to right, n = 33 and 24, with ****p < 0.0001,
Student’s t-test (scale bar, 10 ym; error bar, mean + SD in all figures).

higher FRET signal facilitated by the dimerization tendency of
ECFP and YPet when histone methylation occurs. The
polycomb (Pc) chromodomain used in this study has been
demonstrated to have high specificity (Kg = S uM) to the
trimethyl-Lys 27 H3, as shown in previous studies.”""** Since
there are about 30 million copies of nucleosomes and H3 tails
in the nucleus before the genome duplication and the
integration of the biosensor into nucleosomes is rather
random, the Pc domain in the biosensor carrying the histone
peptide mutant may interact with the adjacent trimethyl-Lys
27 residues of the endogenous histone tails. In contrast, the
disruption of the Pc domain via Y26K mutation can abolish the
interactions of the Pc domain with the biosensor as well as
native histone peptides. This difference between the histone
peptide mutant and the Pc domain mutant of the biosensor
may have led to a higher basal FRET ratio in the histone
peptide mutant than the Pc domain mutant of the biosensor
(Figure 2h). With this combined engineering effort on multiple
linkers, the final GGS17-H3K27me3 biosensor had an ~43%
change between the “on” and “off” states, whereas the
prototype biosensor only had an ~13% change. It is of note
that the FRET-based images can have differences from the
antibody-based immunostaining data (Figure S3). The anti-
body staining may lead to false-positive signals where the
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chromatin is condensed with multiple copies of histone tails
even when these histone tails are not highly methylated. In
contrast, the intensity-modulated display (IMD) images of
FRET signals are based on the ratiometric calculation of
FRET/ECFP. With each biosensor containing one donor and
one acceptor, this acceptor/donor ratiometric calculation can
eliminate the noise engendered from the copy number
difference of the biosensors at different subnuclear regions
and hence can reflect more precisely the histone methyl-
transferase activities but not the copy number of histone tails
in the local areas.

The GGS17-H3K27me3 biosensor enables the detection of
H3K27me3 changes induced by the genetic H3.3K27M
mutation and the comparison of H3K27me3 levels in breast
cancer subtypes with different genetic backgrounds in single
live cells. Specifically, the drug-resistant and metastatic triple-
negative MDA-MB-231 cells were found to have a higher level
of H3K27me3 than the less invasive HER2* MCE-7 cells.
Furthermore, together with a caspase biosensor, we achieved
multicolor imaging of two molecular events, namely, caspase
activity and H3K27me3 modulations, simultaneously in the
same live cells. Our results revealed that when staurosporine
was applied to treat cancer cells, caspase activation occurs first

in the cytoplasm to trigger apoptosis followed by a delayed
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H3K27me3 reduction in the nucleus. Intriguingly, there is an
average of an around 100 min gap between the activation of
caspase-3 and H3K27me3 measured in the same live cells. We
reasoned that this occurs because there are multiple steps of
molecular actions in between these two events. The actions of
caspase-3 may trigger an accumulative effect until it reaches a
threshold to cause the ultimate change of the epigenetic
H3K27 methylations, which eventually lead to cell death.
Based on our results, the wild-type biosensor showed a
significant reduction of the FRET ratio compared to the loss of
function mutant (Y26K) biosensors in the FRET assay after 4
h of staurosporine treatment (Figure S7), which demonstrated
that the WT biosensor indeed has the specificity in detecting
the demethylation in the apoptotic cells. In addition, it was
reported that the degradation of histone after high-concen-
tration staurosporine (1 M) treatment happens after 24 h,*
which occurs much later than our detecting point (2.5 uM, 4
h). Nevertheless, we cannot entirely rule out the possibility
that the observed demethylation of the apoptotic cells may be
due to the degradation of histones, fragmentation of DNA, or
global changes in chromatin organization.

Epigenetic histone modifications play a crucial role in
regulating genomic coordination, cellular functions, and
subsequently various pathophysiological processes.”
H3K27me3 is generally considered a repressive motif for
gene expressions. Emerging evidence indicates that over-
expression of the H3K27me3 methyltransferase EZH2 is highly
indicative of pancreatic cancer progression.””*® Global-level
EZH2 inhibition decreases pancreatic cancer cell migration
and sensitizes the cellular response toward the chemo-
therapeutic gemcitabine.”” ™" On the other hand, low levels
of H3K27me3, or the loss of H3K27me3, have been associated
with poor prognosis in breast, ovarian, and pancreatic
cancers.'””> These seemingly contradictory reports on
H3K27me3 and their corresponding methyltransferases
probably reflect the highly complex and heterogeneous nature
of cancer cells. In this study, a significant reduction of the
H3K27me3 level was found in HeLa cells in the FRET assay
with the WT biosensor (Figure Sb,c) and immunofluorescence
staining assay (Figure S6b,c). Meanwhile, these results were in
line with a previous study showing that staurosporine
treatment could reduce the H3K27me3 level in multiple
cancer cells after 2 h of treatment using a Western blot assay.”'
However, in another study, the authors reported that
trimethylation of H3K27 was induced by staurosporine (1
UM, 3 h) in G292 cells, a human osteosarcoma cell line, which
is different from our findings. It is possible that the influence of
the drugs on histone methylation may have dose- or cell-
specific responses, possibly due to the difference in genetic
backgrounds. Future studies could focus on the spatiotemporal
characteristics of H3K27me3 in different cell lines under
apoptosis. Thus, our H3K27me3 biosensor can be a crucial
tool to reveal the dynamic and subcellular H3K27me3 status in
these live cells. We can foresee that integrating live-cell locus-
specific labeling tools>* with our nucleosome-integrated FRET
biosensors would further provide the genomic locus-specific
and dynamic epigenetic changes in single live cells. This
biosensor can also be applied to visualize and quantify the
epigenetic adaptation of drug resistance responses in cancer
cells as well as support the live-cell screening of inhibitors with
high precision for their therapeutic efficacy.

4375

B MATERIALS AND METHODS

Construction of the H3K27me3 and Caspase-3-NES FRET
Biosensors. The ¢cDNA of the truncated polycomb domain was
generated by PCR using the pcDNA3-K27 histone methylation
reporter (Addgene, cat. no. 22865) as a template, and the EV-linker-
ECFP-H3 fragment was generated by PCR using the pCBI-H3K9me3
biosensor from our group as a template. The two fragments were
assembled into a pcDNA3.1+ vector (Thermo Fisher Scientific) via
Gibson assembly using the Gibson Assembly Master Mix (New
England BioLabs) to generate the prototype wild-type H3K27me3
biosensor. A short 45 base pair linker 3'-GGGTCTACATCTG-
GATCTGGGAAGCCGGGTTCTGGTGAGGGTTCT-3’ purchased
from IDT gBlocks Gene Fragment was inserted after the polycomb
domain and before YPet to make the GGS-linker prototype
H3K27me3 biosensor via Gibson assembly. Point mutations of
K27L, K27M on full-length H3, and Y26K on the truncated polycomb
domain were introduced into both the prototype H3K27me3
biosensor and the GGS-linker prototype H3K27me3 biosensor
using a QS site-directed mutagenesis kit (New England BioLabs).

The YPet-Pc swapped H3K27me3 wild-type or mutant biosensors
were created by swapping the YPet and the truncated polycomb
domain on the prototype wild-type or mutant H3K27me3 biosensors
through PCR and Gibson assembly. The 34-mer linker 5'-
GSTSGSGKPGSGEGSTKGSTSGSGKPGSGEGSTK-3' and the 17-
mer linker 5'-GSTSGSGKPGSGEGSTK-3’ were synthesized in IDT’s
gBlocks Gene Fragment and replaced the EV linker in the GGS-linker
prototype biosensors via Gibson assembly to produce 34-mer linker
biosensors and 17-mer linker biosensors. The nuclear export signal
sequence 5'TTAGCCTTGAAATTAGCAGGTCTTGATATCGG-
GAGC-3' was cloned into a caspase-3 biosensor (Addgene, Cat
#60883) by PCR and ligation.

Cell Culture and Transfection. HEK 293T, MDA-MB-231,
MCEF-7, and HeLa cells were cultured in high-glucose, pyruvate-
supplemented Dulbecco’s modified Eagle medium (Life Technologies
Corporation) with 10% (vol/vol) heat-inactivated fetal bovine serum
(Life Technologies Corporation) and 100 units/mL penicillin—
streptomycin (Thermo Fisher Scientific) at 1 atm and 37 °C with 5%
CO,. Cell transfection with plasmid DNAs was performed using
lipofectamine 3000 (Invitrogen) following the manufacturer’s
instructions.

Lentiviral Infection. The lentivirus of biosensors and transgenes
were cotransfected with pCMV-AR and pCMV-VSVG plasmids into
HEK 293T cells at 70% confluency using a ProFection mammalian
transfection system (Promega) following the manufacturer’s in-
structions. 48—72 h after transfection, the viral supernatant was
harvested, filtered through a 0.45 pm polyethersulfone filter, and
concentrated to 100X using PEG-it virus precipitation solution
(System Biosciences) before use. HEK cells and Hela cells were
incubated with a virus-containing medium for 48—72 h during viral
infection. Cells were then incubated in 1 yg/mL puromycin for 24—
72 h for selection and passaged into the complete medium before
imaging or immunoblotting.

Image Acquisition and Analysis. Cells were plated onto glass-
bottom dishes (Cell E&G) coated with fibronectin (Sigma) diluted
with PBS at 10 ug/mL one night before imaging. In the caspase-3-
NES biosensor coupled experiment, staurosporine (Cell Signaling, cat.
no. 9953) was added to the cell at 20 min at a final concentration of 2
UM.
A Nikon Eclipse Ti inverted microscope with a 100X DIC Nikon
microscope objective (numerical aperture, 1.4), a 300 W 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 four
channels (47SDF40 for ECFP, S3SDF2S for ECFP—YPet FRET,
575DF20 for LSSmOrange, and 630DF20 for LSSmOrange-mKate2
FRET). For dual FRET imaging with single-wavelength excitation, the
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images of LSSmOrange-mKate2 channels were collected with an
exposure time of 400 ms and those of ECFP—YPet channels at 600
ms. The whole duration of imaging for a single cell was about 500 min
with a time interval of 10 min.

Supplementary figures: images of control biosensors,
spatial distribution of H3K27me3 in the nucleus,
quantification of biosensor expression in different cell

Imaging data were processed on JAVA-MATLAB-based Fluocell types, characterization of the caspase-3-NES biosensor,
developed by our lab.*> The background and noise signals were and verification of H3K27 demethylation during
subtracted automatically by Fluocell before further analysis. The apoptosis (PDF)
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