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Background: Certain tumors rely heavily on their DNA repair capability to survive the DNA damage induced by
chemotherapeutic agents. Therefore, it is important to monitor the dynamics of DNA repair in patient samples
during the course of their treatment, in order to determine whether a particular drug regimen perturbs the
DNA repair networks in cancer cells and provides therapeutic benefits. Quantitative measurement of proteins
and/or their posttranslational modification(s) at DNA double strand breaks (DSBs) induced by laser
microirradiation provides an applicable diagnostic approach to examine DNA repair and its dynamics. However,
its use is restricted to adherent cell lines and not employed in suspension tumor cells that include the many he-
matological malignancies.
Methods: Here, we report the development of an assay to laser micro-irradiate and quantitatively measure DNA
repair transactions at DSB sites in normalmononuclear cells and a variety of suspension leukemia and lymphoma
cells including primary patient samples.
Findings: We show that global changes in the H3K27me3-ac switch modulated by inhibitors of Class I HDACs,
EZH2 methyltransferase and (or) H3K27me3 demethylases do not reflect the dynamic changes in H3K27me3
that occur at double-strand break sites during DNA repair.
Interpretation: Results from our mechanistic studies and proof-of-principle data with patient samples together
show the effectiveness of using the modifiedmicro-laser-based assay to examine DNA repair directly in suspen-
sion cancer cells, and has important clinical implications by serving as a valuable tool to assess drug efficacies in
hematological cancer cells that grow in suspension.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Many new components of the DNA damage response were identi-
fied in the past two decades, which include proteins that function as
DNA damage sensors or transducers, or those that act in the actual
DNA repair. Because the majority of these factors act primarily at the
sites of DNA breaks, they can be detected using immunofluorescence
(IF) as coalesced structures called foci after exposure to DNA damaging
agents. However, this standard IF approach fails to detect proteins that
bind transiently to DNA break sites, and it does not permit the quantita-
tive measurement of the spreading of DNA damage signal and the tem-
poral examination of the assembly/disassembly of repair proteins at
break sites. These limitations of the standard IF approach were
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overcome by the development of localized irradiation technique using
micro-laser-fitted microscopes and its combination with immunofluo-
rescence. Moreover, laser micro-irradiation has enabled the induction
of breaks at discrete regions within the nucleus and has allowed the
assessment of DNA repair dynamics in real time. Using the laser
micro-irradiation technique, novel roles for several chromatinmodifiers
and remodelers at the sites of DNA damage were elucidated [1–3].
While this versatile approach has contributed significantly to the DNA
repair field, its use has been restricted to adherent cells, particularly
HeLa and U2OS cell lines [3–5], and it was not optimized for use in ‘liq-
uid tumors’ or suspension cells that include hematological malignan-
cies, such as, leukemia and lymphoma.

Misregulated DNA repair contributes to the pathogenesis of and/or
treatment resistance in many hematological cancers [6,7]. An underly-
ing aberrant or altered epigenetic mechanism, such as histone post-
translational modifications, contributes to the poor prognosis in many
of these cancers. For instance, changes in histone H3 lysine-27
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Research in context

Evidence before this study

Investigations into DNA repair dynamics at DNA break sites using
microlaser-induced DNA damage has provided valuable insights
into various facets of the DNA repair process. However, the use
of this powerful techniquewas restricted to solid tumors or adher-
ent cells, and not employed in liquid tumors or suspension cells
that include the many hematological cancers. We have previously
used the microlaser technique to demonstrate the effects of his-
tone deacetylase (HDAC) inhibitors on DNA repair in leukemia
and lymphoma cells.

Added value of this study

We present here a detailed methodology to study DNA repair at
microlaser-induced double strand breaks in a variety of suspension
hematological cells that include normal blood cells and liquid tu-
mors. We show that the microlaser technique can be used as an
assay to examine the dynamics of DNA repair in hematological
cancer cells. Using the optimized methodology, we provide in-
sights into the mechanisms that regulate H3K27me3 epigenetic
mark at double-strand break sites during DNA repair in hematolog-
ical cancer cells. Overall, this study is of value to theHDACs, DNA
repair, epigenetics and chromatin fields, and it also has an impor-
tant application in the field of cancer therapeutics—by serving as
a diagnostic tool to evaluate treatment efficacy in either preclinical
or clinical setting.

Implications of all the available evidence

Using the refined microlaser technique and small molecule inhibi-
tors, we demonstrate the mechanistic interplay between epige-
netic enzymes—HDAC1,2, EZH2 H3K27 methyltransferase and
H3K27me3 demethylases—during DNA repair in suspension can-
cer cells. Therefore, findings from our study show that the
microlaser technique can be used to examine epigenetic and
other regulatory mechanisms that occur during DNA repair, di-
rectly in hematological cells. Thus, obviating the need to extrapo-
late results obtained from adherent cancer cells to liquid tumors.
Moreover, the methodology described here provides a diagnostic
test in clinics, to evaluate the efficacies of drugs, especially
those targeting aberrant DNA repair, and guide treatment plans
with mono- or combination therapies for hematological cancers.
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trimethylation (H3K27me3) are associated with poor prognosis in lym-
phoid malignancies [8–10]. Overexpression of EZH2 H3K27 methyl-
transferase occurs in many lymphoid malignancies including Burkitt
lymphoma, follicular lymphoma, diffuse large B-cell lymphoma
(DLBCL), mantle cell lymphoma and multiple myeloma, and EZH2
gain-of-function mutation is observed in germinal center-derived
DLBCL and follicular lymphomas [11,12]. UTX, the demethylase for
H3K27, is mutated in multiple hematological malignancies [13] and its
inhibition is proposed as a potential epigenetic therapy for T-cell acute
lymphoblastic leukemia [14]. EZH2 and H3K27me3 are linked to DNA
double-strand break repair [15,16]. The H3K27 residue undergoes mu-
tually exclusive acetylation (ac) andmethylationmodifications. We de-
veloped a method to laser micro-irradiate suspension cells, and using
this modified approach, we previously reported a novel functional rela-
tionship between epigenetic enzymes, histone deacetylase 1 and 2
(HDAC1,2) and the EZH2 H3K27 methyltransferase, regulating the
H3K27me3-ac switch during DNA repair in suspension EZH2 gain-of-
function mutant DLBCL cells [3]. Translating the findings from the
micro-laser-based assay, we reported that histone deacetylase (HDAC)
inhibitors either in isolation or in combination with standard chemo-
therapies impair DNA repair, reset the altered H3K27me3-ac epigenetic
switch and provide therapeutic benefits in the EZH2 gain-of-function
(GOF) mutant DLBCL cells [3]. Therefore, based on this published
study and given the importance of DNA repair in hematological malig-
nancies and their drug response [6,7,17], it has become essential to de-
velop a methodology to track and measure DNA repair dynamics in
suspension cancer cells, which in turn could greatly enhance our ability
to treat these cancers in an effective manner.

Here, we now present a detailed methodology to micro-irradiate a
variety of suspension cancer cells including those obtained from pri-
mary patients with hematological cancers, and to detect DNA repair
proteins or protein post-translational modifications at the sites of
laser-induced DNA damage directly in suspension cells. We further
highlight the use of the modifiedmicro-laser technique for mechanistic
studies by demonstrating the effects of small molecule inhibitors of
HDACs, EZH2 or UTX on the deposition of H3K27me3 mark at DNA
break sites in suspension cells. Overall, the micro-laser technique de-
scribed here provides a powerful system to further our fundamental un-
derstanding of DNA repair mechanisms in suspension cancer cells,
while advancing the clinical applicability of theDNA repair-based assays
as biomarkers for cancer treatment.

2. Materials used in the study

2.1. Cell culture

Human lymphoma cells were maintained in culture medium in an
exponentially growing state in a 37 °C, 5% CO2 incubator. Culture me-
dium was prepared by adding 20% heat inactivated fetal bovine serum
(FBS), 1% Penicillin-Streptomycin, and 1% L-Glutamine to RPMI 1640.
Primary lymphoma patient cells and normal peripheral blood mononu-
clear cells were maintained in Mononuclear Cell Medium purchased
from PromoCell. The patient sample culture was carried out in accor-
dance with the University of Utah IRB guidelines. The samples are
de-identified samples and hence we do not have access to the patient
history. SupB15 leukemia cells were cultured in IMDM supplemented
with 20% fetal bovine serum and penicillin-streptomycin.

2.2. Reagents used

Karpas-422 DLBCL cell line (Sigma, 06101702-1VL), SupB15 leuke-
mia cell line (ATCC, CRL-1929), RPMI 1640 Medium (Caisson, RPL09-
500ML), Fetal Bovine Serum (HyClone, SH30910.03), L-Glutamine
(Corning, 25-005-Cl), NaHCO3 (Sigma, S4019), NaOH Pellets
(Mallinckrodt Analytical, 7708-10), Cell-Tak Cell and Tissue Adhesive
(Corning, 354240), HCl (Fisher, A144-212), NaCl (Fisher, S671-3), KCl
(Fisher, P217-500), Na2HPO4 (Fisher, S374-1), KH2PO4 (Fisher, P285-
500), Hoechst 33342 Solution in Water (Thermo, H3570), Formalin
1:10 (Fisher, 23-245-685), Triton X-100 (Sigma, X100-1L), Normal
Goat Serum (Sigma, G9023-10ML), Mouse α-γH2AX (Millipore, 05-
636), Rabbit α-γH2AX (Cell Signaling, 2577), Rabbit α H3K27me3
(Cell Signaling, 9733), Mouse α-pS1981-ATM (Rockland, 200-301-
400S), Rabbit α-Cleaved Caspase-3 (Cell Signaling, 9661), Goat α
Mouse Alexa 546 (Thermo-Life Technologies, A11030), Goat α Rabbit
Alexa 488 (Thermo-Life Technologies, A11034), Goat α Mouse Alexa
488 (Thermo-Life Technologies, A11029), Goat α Rabbit Alexa 546
(Thermo-Life Technologies, A11035), Fluoromount-G (Southern Bio-
tech, 0100–01). Sodium Bicarbonate Solution: Dissolve 0.42 g of
NaHCO3 in 50 mL of sterile H2O to make a 0.1 M solution and add HCl
to bring solution to pH8. Cell Tak Solution: To prepare 100 μl of solution,
1.25 μl 1 M NaOH and 2.5 μl Cell-Tak was added to 96.25 μl 0.1 M
NaHCO3 to obtain final concentrations of 12.5 mM NaOH and 5 μg
Cell-Tak in 0.1 M NaHCO3.
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2.3. Preparation of chromatin

Chromatin fractions from DLBCL and Pre-B-ALL cells were made as
described previously [24]. Briefly, 3-4 × 106 cells were pelleted and re-
suspended in buffer A containing a mixture of 10 mM HEPES (pH 7.9),
10 mM KCl, 1.5 mMMgCl2, 0.34 M sucrose, 10% glycerol, 1 mM dithio-
threitol and protease inhibitor cocktail). Triton-X-100 was added to
the samples at a final concentration of 0.1% and incubated on ice for
8 min. Nuclei were collected by centrifugation at 8000 rpm for 5 min
at 4 °C and lysed on ice for 30 min in buffer B (3 mM EDTA, 0.2 mM
EGTA, 1mMdithiothreitol and protease inhibitor cocktail). The chroma-
tin fraction was separated from the soluble fraction by centrifugation at
10,000 rpm at 4 °C for 5 min. The supernatant was discarded and the
chromatin pellet was resuspended in RIPA buffer with protease inhibi-
tor and sonicated prior to immunoblotting.

2.4. Transient attachment of suspension cells to chamber slides

The Corning™ Cell-Tak reagent is a solution derived from the ‘poly-
phenolic proteins’ secretedby themarinemussel that enable it to anchor
itself onto solid structures [42]. The Cell-Tak reagent acts as a cell adhe-
sive, and therefore can be used to attach the suspension leukemia or
lymphoma cancer cells onto the chamber dish. The Cell-Tak reagent
was diluted in a solution of NaHCO3 and NaOH outlined above. We
coated the chamber dish wells with this solution (100 μl/cm3/well of
an 8-well chamber) and left the chamber undisturbed in the tissue cul-
ture hood at room temperature for 30 min. Following this incubation,
the solution was removed and wells were washed with sterile water
prior to adding the cells. During the last 10 min of this 30-min coating
period, cells that were either untreated or pre-treated with drugs were
centrifuged (4000 rpm, 5 min) and re-suspended in 300 μl fresh culture
media before adding them to the Cell-Tak-treatedwells. Cells were then
allowed to settle for 15–20min in a 5% CO2 incubator at 37 °C. Following
the attachment of cells to the dish and prior to micro-irradiation,
Hoechst 33342 solution was added to a final concentration of 55 μM to
stain DNA to identify the nucleus. We found that the timing between
plating of cells and laser micro-irradiation is critical for the successful
implementation of this protocol. Imaging of live cells with or without
laser micro-irradiation showed that cells get washed off 4–8 h after
their initial adhesion to the Cell-Tak-treated chamber (Fig. 1A). There-
fore, it is important to performmicro-irradiation immediately following
a 15–20 min incubation of cells in the Cell-Tak coated culture dishes.

2.5. Laser micro-irradiation

For micro-irradiation, we used a 405 nm solid-state laser, and a 60×
oil-immersion Plan Apo,1.4 numerical aperture (NA) objective with a
pinhole of 1.8 airy units (AU) on aNikon A1R (or Nikon A1) confocalmi-
croscope that was controlled using the Nikon Instruments Software
(NIS-Elements). During irradiation, the microscope was programmed
to utilize the laser to irradiate specific regions in the well. The areas
targeted for laser irradiation are termed as regions of interest (ROIs)
in the NIS-Elements software (Fig. 1B). Because B-cells (and their nu-
clei) are smaller in size compared to the adherent cells (such as HeLa
or U2OS), we chose to use 24 ROIs for irradiation as opposed to 12
ROIs used for HeLa or U2OS cells, in order to irradiate the maximum
number of B-cells (Fig. 1B–C).

Utilizing the NIS-Elements software, we created target areas using
the ROI manager by selecting the “rectangle ROI” option and drawing
rectangles across the field of view. We then duplicated the rectangle
until there were 24 ROIs spanning the region (Fig. 1B), with each ROI
measuring 208 × 1.7 μm2. When creating these ROIs, it was important
to ensure that they were labeled as “stimulation ROIs” in order for the
laser to recognize them as areas to be irradiated. We set the 405 nm
laser to irradiate the 24 ROIs spanning the field under view. Each well
was irradiated over a period of five minutes and this time period
includedmoving to each field of viewwithin the samewell.We focused
on a corner of the well and then worked our way across the edge to ir-
radiate 2–3 fields of view (Fig. 1C). We found that the ~2min 5× irradi-
ation cycle in addition to focusing on the next field of view allowed for
2–3 fields to be irradiated in the allotted 5 min. Following the 5 min
of micro-irradiation, cells in each well were allowed to recover for an
additional 10 min before fixing them with 3.7% formalin for 10 min.

2.6. Immunofluorescence

Immunofluorescence followingmicro irradiationwas performed ac-
cording the protocol described previously except that 0.1% instead of
0.5% Triton-X-100 was used [43]. The images were overlaid using the
NIS elements software.

2.7. Statistical analyses

At least 100 cells with γH2AX lines per experiment were used to
determine if H3K27me3 co-localizes with γH2AX and each experiment
had at least three biological replicates. Averages and standard errors
from three or more biological replicates were determined. All the
p-values were calculated using the student's two tailed t-test.

3. Results

3.1. Detection of DSB tracks in suspension cancer cells

Having optimized the conditions to immobilize suspension cells
onto chamber slides using the Cell-Tak reagent (see methods section
for details), we then determined the correct laser settings to induce
double strand breaks. We used a wide range of laser power and found
that the damage lines or tracks are most distinct when a 100% power
of irradiation was used. We further validated the suitability of this
high-power setting by micro-irradiating immobilized B-cells and
performing time-lapse live cell imaging. A number of regions were sub-
jected to micro-irradiation and each region was imaged every half hour
for 8 h. We also performed multiple cycles of irradiation to identify the
optimal dose of DNA damage for suspension cells. One cycle includes
one round of irradiation of all the regions of interest (ROIs), and five
cycles of 24 ROIs refers to zapping each of the 24 micro-lasered lines
five times for a total of 120 irradiations over a particular field of view.
No significant changes in cell morphology were observed in the irradi-
ated regions under these conditions (Fig. 1D). We also performed im-
munostaining of laser irradiated cells to detect the cleaved form of
caspase-3 (an apoptosis marker), which showed that cell viability was
not compromised when laser irradiation was performed for 5 cycles,
but a statistically significant number of cells undergoing active apopto-
sis were observed when irradiation was done for ≥10 cycles (Fig. 1D).

γH2AX or H2AX serine-139 phosphorylation is the gold standard for
detecting DNA damage [18]. We manipulated the scan speed (that is,
speed at which one field of view is imaged or irradiated) and pixel
dwell (which is inversely related to the scan speed; a higher scan
speed refers to a lower laser dwell time), in order to further examine
if changing the irradiation intensity affected the formation of γH2AX
lines. Our results showed that the settings detailed above can effectively
cause laser-induced damage lines at both scan speeds and pixel dwell
time (Fig. 2A).We also irradiated the same field of viewwith increasing
number of cycles (2–8 cycles) and found that increasing the cycle num-
ber magnifies the spreading of the damage signal, as evidenced by the
broadening of the γH2AX tracks with increasing cycle numbers
(Fig. 2B). An increased number of cycles may be optimal when using
an older laser, as overall laser power can decrease over time with
usage of the microscope. We measured the time for γH2AX tracks to
be formed or seen after laser irradiation. We find that it takes
5–10 min after laser irradiation to detect the γH2AX-labeled tracks
(Fig. 2B). In our standard γH2AX immunofluorescence assays, we see
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that it can take N24 h for the disappearance of radiation-induced γH2AX
foci (Supplementary Fig. 1). This poses a technical impediment to mea-
sure dephosphorylation of γH2AX in our micro-laser assays, as the sus-
pension cells start to detach from the assay plate after 4–8 h following
Cell-Tak-mediated adherence (Fig. 1A).

The DNA damage tracks were observed in both lymphoma (Karpas-
422) as well as leukemia (SupB15) cells (Fig. 3A), demonstrating the
feasibility and effectiveness of the technique across different cell
types. In addition, the settings that were used in SupB15 and Karpas-
422 cells also created γH2AX damage and H3K27me3 stripes in
adherent U2OS cells, except that we used 12 ROIs instead of 24 ROIs
and did not use the Cell-Tak reagent for U2OS cells (Fig. 3B). Therefore,
comparison of repair dynamics in suspension as well as adherent cells
can also be made using our newly developed technology (Fig. 3B).

3.2. Detection of DSB proteins at micro-laser damage sites in DLBCL lines as
well as in primary DLBCL patient samples

To detect proteins at laser-induced DNA breaks following immuno-
fluorescence, imaging was done in various Z-stacks to determine
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whether a protein of interest co-localizes with γH2AX containing dam-
age lines in different planes. Cells were imaged by Z-stacks utilizing a
60× Plan Apo objective on a Nikon A1R (or Nikon A1) confocal micro-
scope. The software was set to perform imaging at increments of 0.5
μm to result in an average of 5–15 steps per Z-stack. In order to visualize
the nucleus, the protein-of-interest andγH2AX, three channelswere se-
lected for imaging: 405 nm (blue), 488 nm (green), and 561 nm (red),
respectively. Using the selected stack, the number of γH2AX lines
within a focal plane were counted. Only lines for the protein-of-
interest that co-localized with the γH2AX line were counted as a true
DNA damage signal. Approximately, 100–300 cells with γH2AX lines
per treatment were counted and the experiment was repeated at least
three times in order to obtain statistically significant data. To confirm
that our laser settings induced DNA double strand breaks (DSBs), we
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examined DNA repair proteins that localize to DSB sites and not to
single-strand DNA breaks, namely, components of the MRN complex
(Mre11-Rad50-Nbs1) [19]. Our results showed an efficient localization
ofMre11, Rad50 andNbs1 to the laser-induced break sites (Fig. 4A), ver-
ifying that themicro-laser technique that we have optimized for blood-
related or hematological cancers creates double-strand DNA breaks.

ATM is a key regulator of DNA damage response [20]. During DNA
repair, ATM is phosphorylated at Serine-1981 in response to DSB induc-
tion, and ATM phosphorylation dissociates the inactive dimers to active
monomers [21,22]. We then examinedwhether our optimized protocol
can detect post-translationalmodification(s) of DNA repair factors as ef-
fectively as histone modifications. Given the link we established be-
tween HDAC1,2 activity and DSB repair [3,23–25], we examined
whether HDAC1,2 inhibition affects phospho-ATM levels at DSB sites
in EZH2 gain-of-function mutant DLBCL cells. Control DMSO-treated
cells or the HDAC1,2 inhibitor (RCY957) treated cells were co-stained
with antibodies that detect H3K27me3 or phospho-ATM along with
γH2AX. Our data showed that HDAC1,2 inhibition decreases
H3K27me3 at DSB sites in agreement with our previous results [3],
and that HDAC1,2 inhibition does not affect phospho-ATM at DSB
sites (Fig. 4B-C). These findings together indicate that HDAC1,2 inhibi-
tion impairs EZH2-mediated but not ATM-dependent DNA repair sig-
naling. Collectively, our results (as shown in Fig. 4A-C) demonstrate
that the micro-laser technique we optimized can successfully detect
proteins and their post-translational modifications at DSBs in suspen-
sion cells.

We used the settings detailed above to successfully irradiate and de-
tect γH2AX tracks in primary mantle cell lymphoma (Fig. 5A), primary
Burkitt lymphoma mononuclear cells (Fig. 5B), and in normal human
peripheral blood mononuclear cells (PBMCs) (Fig. 5C). Importantly,
we found that HDAC1,2 inhibition reduced H3K27me3 in primaryman-
tle cell lymphoma (Fig. 5D), similar to that seen in EZH2 gain-of-
function mutant DLBCL cells (Fig. 4B) [3]. Therefore, regulation of
H3K27me3 byHDAC1,2 appears to be a general phenomenon seen in di-
verse cell lines and also occurs in primary patient samples. More impor-
tantly, these results demonstrate that our micro-laser technique can be
applied to monitor DNA repair dynamics directly in normal PBMCs and
in primary patient suspension cancer cells.

3.3. Use of the optimizedmicro-laser technique to examine H3K27me3 dur-
ing DNA repair in suspension DLBCL cells following small molecule inhibi-
tion of epigenetic modifiers

Next, we employed ourmodifiedmicro-laser approach to determine
the changes in the DNA repair-associated H3K27me3 at DSBs following
treatment of suspension diffuse large B-cell lymphoma cells with small
molecule inhibitors of enzymes that regulate this epigenetic mark. We
chose two different DLBCL cell lines for the study: SUDHL4, a germinal
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and H3K27me3. A reduction in H3K27me3 is seen following treatment of cells with HDAC1,2 inhibitor (RCY957). C. Karpas-422 DLBCL cells were micro-irradiated and stained with anti-
γH2AX and phospho-ATM. No change in phospho-ATM localization was observed following treatment of Karpas-422 cells with HDAC1,2-selective inhibitor (RCY957).

144 D.P. Johnson et al. / EBioMedicine 43 (2019) 138–149
center-derived diffuse large B-cell lymphoma (GC-DLBCL) line with a
gain-of-function mutation in EZH2 [3] and SUDHL2, an activated B-
cell-derived diffuse large B-cell lymphoma (ABC-DLBCL) line with
wild-type EZH2 and expressing a truncated mutant form of the p300
histone acetyltransferase (HAT) that catalyzes histone H3K27 acetyla-
tion [26]. We treated these lymphoma lines with small molecule inhib-
itors of three different epigenetic enzymes: 1) DZNep that degrades the
PRC2 complex that contains the EZH2 H3K27 methyltransferase [27];
2) GSKJ4, an inhibitor of JMJD3/UTX H3K27 demethylases [28] [29,30];
and 3) RCY957, an HDAC1,2 selective inhibitor that could indirectly im-
pact H3K27me3 via regulating H3K27 acetylation [3].

Wefirst examined the effects of these smallmolecule inhibitor treat-
ments on bulk H3K27me3 andH3K27ac levels using immunoblotting. A
dose dependent increase in bulk H3K27me3 levels was observed upon
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treatment of SUDHL2 or SUDHL4 cells with GSKJ4 (Fig. 6A–B),
confirming the inhibition of H3K27 demethylases by this compound.
We previously showed that treatment of SUDHL4 cells with HDAC1,2
inhibitor RCY957 or EZH2 inhibitor DZNep does not affect global
H3K27me3 levels [3]. A robust increase in H3K27ac was obtained in
both SUDHL4 and SUDHL2 cells following treatmentwith RCY957, dem-
onstrating its ability to inhibit the deacetylase activities of HDAC1,2
(Fig. 6C–D, compare lanes 1–2). We find that SUDHL2 cells possess
H3K27ac even in the absence of a functional p300 acetyltransferase,
suggesting that the homologous CBP acetyltransferasemight be catalyz-
ing H3K27ac (Fig. 6C). A subtle increase in H3K27ac was observed fol-
lowing treatment with DZNep (Fig. 6C-D, compare lanes 1–3), which
could be ascribed to an increased access to the substrate H3K27 residue
by acetyltransferases as a result of the reported DZNep-mediated dis-
ruption of the EZH2-containing PRC2 complex [27]. A decrease in bulk
H3K27ac was observed following treatment with GSKJ4 (Fig. 6C–D,
compare lanes 1–4), which correlates well with the increase in
bulk H3K27me3 levels upon inhibiting the H3K27 demethylases
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(Fig. 6A–B). Pre-treatment of SUDHL2 or SUDHL4 cells with DZNep or
addition of DZNep to RCY957-treated cells led to an accumulation of
H3K27acmark globally (Fig. 6C–D), further demonstrating an increased
access to the substrate by acetyltransferases and inhibition of HDAC1,2
activities. Pre-treatment of SUDHL2 or SUDHL4 cells with the H3K27
demethylase inhibitor GSKJ4 prior to HDAC1,2 inhibition prevented
the accumulation of H3K27ac (Fig. 6C-D, lane 7), suggesting an acquisi-
tion of a ‘saturated’ methylated state at H3K27 globally that effectively
blocks acetylation. Addition of GSKJ4 to cells pretreated with RCY957
also prevented the accumulation of H3K27ac (Fig. 6C–D, lane 8), show-
ing that the effects of RCY957 are reversible. Taken together, these re-
sults show the effectiveness of the small molecules in inhibiting the
enzymes involved in establishing the H3K27me3-ac epigenetic switch
in DLBCL cells.

We then tested the effects of these small molecule inhibitors on cell
viability and the cell cycle progression of SUDHL2 and SUDHL4 lines
after different treatment times. The HDAC1,2 inhibitor (RCY957) or
EZH2 inhibitor (DZNep) treatment showed no effect on cell viability
or the cell cycle phases after 24 h treatment (Supplemental Fig. 2), but
increased the sub-G1 or dead cell population after 72 h treatment (Sup-
plemental Fig. 3), which agrees well with our previous study [3]. The
H3K27 demethylase inhibitor GSKJ4 alone or when added before or
after RCY957 caused death in SUDHL2 and SUDHL4 cells after 12 h treat-
ment (Supplemental Fig. 2), and resulted in a robust cell death after 72h
treatment (Supplemental Fig. 3). Surprisingly, SUDHL4 cells expressing
the hyperactive mutant EZH2 and containing elevated levels of
H3K27me3 were more sensitive to GSKJ4 treatment than SUDHL2
cells expressing wild-type EZH2 (Supplemental Figs. 2 and 3). This re-
sult reveals for the first time that increasing the already high
H3K27me3 levels by inhibiting H3K27 demethylation in the EZH2
gain-of-function mutant SUDHL4 cells can also be detrimental. Collec-
tively, results from these cell cycle assays suggest that altering the levels
of H3K27me3 and H3K27ac compromises the viability of SUDHL2 and
SUDHL4 DLBCL cells.

Wenext used our optimizedmicro-laser assay to examine the effects
of these small molecule inhibitors on H3K27me3 at DSB sites in the sus-
pension DLBCL cells. For this assay, we chose treatment time points
where the inhibitors showed no significant induction of cell death.
Therefore, we used the 24 h treatment time-point for HDAC1,2 inhibitor
(RCY957) or EZH2 inhibitor (DZNep) and the 12 h time-point for the
H3K27 demethylase inhibitor (GSKJ4), (Supplemental Figs. 2 and 4).
While treatment with GSKJ4 increased global H3K27me3 levels
(Fig. 6A-B), an increase in H3K27me3 was not evident at the micro-
laser-inducedDSBs (Fig. 6E) and the differencewas statistically insignif-
icant between DMSO and GSKJ4 treatments in SUDHL2 (p = .5243) or
SUDHL4 cells (p = .842). This finding indicates to a limitation of the
micro-laser assays in general, wherein increased accumulation of a
preexisting factor or protein post-translational modification at DSBs
are not easily measurable. Interestingly, DZNep treatment caused a
very modest reduction in H3K27me3 at DSB sites in SUDHL2 cells (p
= .107), but showed greater reduction in SUDHL4 cells (p = .0303)
(Fig. 6E-F), alluding to a likely higher sensitivity of the EZH2hyperactive
mutant-containing PRC2 complex in the latter cell line to the DZNep-
mediated disassembly. While HDAC1,2 inhibition by RCY957 robustly
increases global H3K27ac (Fig. 6C–D), it does not reduce global
H3K27me3 [3]. However, H3K27me3 deposition at DSBs is severely re-
duced following RCY957 treatment in both SUDHL2 (p = .0098) and
SUDHL4 (p = .0148) cells (Fig. 6E–F), suggesting that increased
H3K27ac as a result of HDAC1,2 inhibition blocks the active deposition
of EZH2-catalyzed H3K27me3 at DSBs during DNA repair. We were un-
able to reliably assess H3K27ac at DSB sites as it exhibited a pan nuclear
staining pattern in immunofluorescence (data not shown). Neverthe-
less, our results show that the micro-laser assay can be effectively
used to detect and measure factors that are actively recruited to or de-
posited at DSBs during DNA repair, such as, the MRN complex and
phospho-ATM (Fig. 4A–C) in addition to H3K27me3. Moreover, these
results also demonstrate that themicro-laser assay can provide valuable
insights into the mode-of-action of small molecule inhibitors at DSBs
during DNA repair.

We also used our optimized micro-laser assay to examine the ef-
fects of sequential inhibitor treatments on H3K27me3 at DSBs. Pre-
treatment with RCY957 did not significantly impact the effects of
the H3K27 demethylase inhibitor GSKJ4 on H3K27me3 at DSBs in ei-
ther SUDHL2 (p = .164) or SUDHL4 (p = .156) cell lines (Fig. 6E–F).
Because of its high cytotoxicity (Supplemental Figs. 2 and 3), we
were unable to examine the effects of pretreatment with GSKJ4.
However, pretreatment of SUDHL2 or SUDHL4 cells with RCY957 be-
fore DZNep or vice versa, both caused a statistically significant de-
crease in H3K27me3 when compared to DZNep treatment alone (p
b .05) (Fig. 6E–F). Based on this observation, we tested the effects
of RCY957 and DZNep combination treatments on cell viability. Our
results showed a robust cell death induced by the combination or se-
quential treatments when compared to the single agent treatments
(Supplemental Fig. 3) [3]. This result suggests that the HDAC1,2
and EZH2 inhibitors can possibly serve as a mechanism-based com-
bination therapeutic strategy for EZH2 gain-of-function DLBCL. Im-
portantly, these results strongly support the use of micro-laser
assay to guide treatment plans in the clinic.

4. Discussion

Here we report the development and application of the micro-laser
DNA repair assay that can now be used for liquid tumor cells.We report
extensive optimizations for this assay that include determining the ad-
herence strategy, the cell density, the laser power and microscope set-
tings for successful micro-irradiation and imaging of suspension
lymphoma and leukemia cells (Figs. 1–3). We have confirmed that the
optimized settings and conditions do not compromise cell viability
(Fig. 1D).

We recently reported that inhibition of Class I family histone
deacetylases HDAC1 and HDAC2 (HDAC1,2) reduces the amount
of DNA break-induced silencing in cis (DISC) during DSB repair,
a phenomenon that normally affects several kilobases flanking
DSBs [25]. DISC is regulated by two histone modifications belong-
ing to the EZH2 repair pathway: H3K27me3 installed by EZH2, and
the PBAF nucleosome remodeler complex controlled H2AK119
monoubiquitination (H2AK119ub1), another transcriptional re-
pression mark that acts downstream of EZH2 during DNA repair
[1,16,25]. H3K27 acetylation (ac) acts as a positive epigenetic sig-
nal during transcription [31]. Acetylation blocks methylation at
H3K27 residue, and thus creating an epigenetic switch between
these two signaling states. Consistent with this model, using the
micro-laser technique, we have found that HDAC1,2 inhibition de-
creases H3K27me3 at DSBs during DNA repair and increases global
levels of H3K27ac in DLBCL cells [3] (Fig. 6). Thus, using our opti-
mized micro-laser technique, we have made a novel link between
HDAC1,2 and EZH2 in DNA repair for the first time in DLBCL cells
[3]. Overall, our optimized microlaser technique enables deter-
mining the recruitment of factors including chromatin modifiers
or remodelers to DSB sites, and uncovering their functions in
DNA repair, directly in liquid tumor cells.

DLBCL is the most common disease entity of B-cell non-Hodgkin
lymphoma (NHL) in adults, and has one of the highest mortality rates
[32]. DLBCL subtypes, GC and ABC, originate from germinal center
B-cells or activated B-cells, respectively [33]. While N50% of DLBCL pa-
tients are cured with the available multi-agent chemo, radio- or
immune-therapies, ~30–40% of patients develop a relapsed or refractory
disease [34] and many respond poorly to a second line therapy using
high-dose chemotherapy and autologous stem cell transplantation
[35–37]. Therefore, there is a compelling need for new and effective
therapeutic strategies and prognostic biomarkers. Sequencing of
lymph node biopsies from DLBCL patients has identified recurrent
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somatic mutations in the polycomb group proto-oncogene EZH2 [38],
occurring in ~22% of GC-DLBCL subtype. These are gain-of-function
(GOF) mutations within the epigenetic modifier EZH2's catalytic SET
domain resulting in a hyperactive enzyme producing high levels of
H3K27 trimethylation (K27me3) [8,39]. EZH2 GOF GC-DLBCL cells
with aberrantly elevatedH3K27me3 are chemoresistant toDNAdamag-
ing agents such as doxorubicin compared to GC-DLBCL with wild-type
EZH2 [40].

Small molecule inhibitors of EZH2 have reached clinical trials for
these refractory EZH2GOF B-cell lymphomas. In addition to EZH2 inhibi-
tors, we have shown a novel strategy of targeting the EZH2 gain-of-
function mutant DLBCL using HDAC1,2 selective inhibitors [3]. We
reported that HDAC1,2 inhibitor decreases the survival advantages pro-
moted by the EZH2 GOF mutation in DLBCL cells. In addition to EZH2,
H3K27 demethylase JMJD3 or KDM6B is overexpressed in germinal
center-derived DLBCL and this high expression of JMJD3 is also corre-
lated with poor prognosis [41]. Here, we have now shown that GSKJ4,
an inhibitor of H3K27me3 demethylase, causes rapid and robust apo-
ptosis in GC-DLBCL cells (Supplementary Figs. 2 and 3). Interestingly,
the EZH2 gain-of-function mutant DLBCL cells with high H3K27me3
are more sensitive to GSKJ4 treatment than DLBCL cells with wild-
type EZH2 (Supplemental Figs. 2 and 3). This finding along with those
obtained using EZH2 and HDAC1,2 inhibitors together allude to a
model where maintaining the H3K27me3-H3K27ac balance is critical
for DNA repair capabilities and survival of certain subset of cancer
cells. The use of laser-based repair assay optimized here for hematolog-
ical liquid cancers fills a major void that currently exist between
assessing global histone modifications and chromatin dynamics that
occur globally and those that occur specifically at DSB sites in liquid tu-
mors. Because the suspension cells remain attached to the Cell-Tak-
coated culture dish for a limited time (4–8 h), one limitation of the
assay is the inability to measure γH2AX dephosphorylation and attenu-
ation of DNA damage signal, which take several hours to be completed
(Supplemental Fig. 1).

The era of using the same treatment plan for all DLBCLs is fading
away as personalized medicine approaches gain ground. As illustrated
by our data, the technique presented here could lend itself to important
clinical applications as we demonstrate the applicability of this tech-
nique in primary lymphoma patient sample cultures. We performed
micro-irradiation in two different primary patient lymphoma samples
and were able to detect γH2AX and/or H3K27me3 at the DSB laser
stripes (Fig. 5A–B). We could also observe a decrease in H3K27me3 at
the DSB laser tracks following HDAC1,2 inhibitor treatment in a primary
DLBCL patient sample (Fig. 5D). Thus, our data demonstrate an impor-
tant and direct applicability of our optimized micro-laser technique to
predict the response of a blood cancer patient to chemotherapy and
guide the manipulation of the drug dosage or regimen for subsequent
treatments using bone marrow aspirates. The optimized micro-
irradiation followed by immunofluorescence described here can be
used to assess the DNA repair efficiency in patients recruited to clinical
trials, as the standard immunofluorescence technique to examine epi-
genetic histone marks or DNA damage markers would not inform us
about the rapid DNA repair events that occurr at DSB sites. In summary,
the method described here is not only useful to decipher the mecha-
nisms of action of novel drugs, but can also provide a valuable diagnostic
tool that could be used to devise mechanism-based therapeutic
strategies.
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