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How DNA damage and repair processes affect the biomechanical properties of the nucleus interior remains
unknown. Here, an opto-acoustic microscope based on time-domain Brillouin spectroscopy (TDBS) was used to
investigate the induced regulation of intra-nuclear mechanics. With this ultrafast pump-probe technique,
coherent acoustic phonons were tracked along their propagation in the intra-nucleus nanostructure and the
complex stiffness moduli and thicknesses were measured with an optical resolution. Osteosarcoma cells were
exposed to methyl methanesulfonate (MMS) and the presence of DNA damage was tested using immunodetection
targeted against damage signaling proteins. TDBS revealed that the intra-nuclear storage modulus decreased
significantly upon exposure to MMS, as a result of the chromatin decondensation and reorganization that favors
molecular diffusion within the organelle. When the damaging agent was removed and cells incubated for 2 h in
the buffer solution before fixation the intra-nuclear reorganization led to an inverse evolution of the storage
modulus, the nucleus stiffened. The same tendency was measured when DNA double-strand breaks were caused
by cell exposure to ionizing radiation. TDBS microscopy also revealed changes in acoustic dissipation, another
mechanical probe of the intra-nucleus organization at the nano-scale, and changes in nucleus thickness during
exposure to MMS and after recovery.

1. Introduction behavior of the interior of the nucleus is thus expected to give a better
understanding of the structural changes that accompany the cell
response to DNA damage.

DNA is mainly packed in compacted histone-DNA complexes forming

Gene integrity is continuously challenged by DNA lesions caused by
normal metabolic activities or environmental factors. In the event of a

DNA break, the cell activates DNA damage response pathways that allow
detection and repair of the lesion. Failures to repair are important
sources of genome instability, giving rise to chromosomal aberrations
and severe biological consequences including tumorigenesis and cell
death [1,2]. Although studies have been conducted to explore changes
in the physical organization of the nucleus in response to DNA damage
[3-5], the description remains incomplete mainly due to the limitation
of the existing technologies [6,7]. However, research has shown that
both DNA damage and repair lead to the activation of different
biochemical pathways and to major nuclear reorganization, for which
alteration of the nucleus mechanics has been increasingly recognized as
the hallmark event [8-10]. Direct measurement of the mechanical
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nucleosomes, the building blocks of chromatin. Through epigenetic
regulation, chromatin can be packaged into different conformations and
higher-order structures that modulate gene expression and access of
transcription factors to their binding sites [11,12]. Chromatin compac-
tion thus prevents DNA damage and determines the accessibility of DNA
to the repair machinery [3,4,7]. Chromatin fiber is the main component
of the nucleus interior. It has been identified as the major load-bearing
element of the nucleus [12,13], and the chromatin condensation state
has been shown to dictate nuclear stiffness [14-17]. Moreover, it has
been demonstrated in vitro and in living cells that the self-association of
nucleosomal arrays produces supramolecular condensates in which the
chromatin is physically constrained and solid-like. This solid-like
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behavior stands even under conditions that produce limited interactions
between chromatin fibers. Chromatin networking thus provides a solid
scaffold that resists external forces and supports liquid-liquid phase
separation and chromatin binding proteins [18].

Although chromatin relaxation and reorganization following DNA
damage have been documented, very little is known about how this
impacts nuclear structure and mechanics. The challenge encountered
with the existing contact-based measurement techniques of the nuclear
mechanics is the masking effect that the stiff cytoskeletal fibers around
the nucleus have on measurements. Because of this, many studies resort
to the use of isolated nuclei by removing the cytoskeleton entirely [7,
19]. The physiological environment is then lost and, moreover, the
mechanics of the probed nucleus is then primarily governed not by the
chromatin but rather by the nuclear lamina, a dense complex meshwork
of proteins less than 100 nm thick that resides between the nuclear
membrane and the chromatin. A new methodology that allows the
in-depth study of the nucleus interior is thus required to understand how
the changes in chromatin organization, that accompany DNA damage
and repair, influence the mechanical behavior of the nucleus [7].

In this work, we present an ultrafast opto-acoustic pump-probe
technique to launch and record the propagation of GHz coherent
acoustic phonons (CAPs) inside cell nuclei. Using this entirely optical
mean we measure in time-domain the Brillouin frequency shift that re-
sults from the interaction of the probe light pulses with the plane
acoustic wavefront propagating in the chromatin domain. The CAPs’
velocity and attenuation are analyzed in terms of a complex longitudinal
modulus, with the storage modulus depending primarily on the chro-
matin compaction and conformation and the loss modulus revealing
dissipation due to fiber flexibility or scattering by in-homogeneities of a
size close to the phonon wavelength.

We induced DNA damage in sarcoma cells by exposing them to a
DNA alkylating agent for different exposure times. We performed
immunodetection to image the damage foci and quantified their
numbers. The changes in the complex longitudinal modulus inside the
nuclei were measured with cells fixed after exposure and 2 h after the
damaging agent was removed. The mechanical changes caused by the
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nanostructure reorganization were also measured when the DNA dam-
age was induced using ionizing radiation. We demonstrate the sensi-
tivity of time-domain Brillouin spectroscopy to changes in the
viscoelastic properties of the intra-nucleus induced by the damaging
agents and during recovery.

This novel label-free microscopy modality provides unique insights
into the biomechanics of DNA damage and recovery. It allows us to
probe the intra-nuclear mechanics remotely and as such it opens up new
research avenues into the physical organization of the nuclear
chromatin.

2. Materials and methods
2.1. Pump-probe opto-acoustic microscope

In this work, the all-optical tracking of coherent acoustic phonons
(CAPs) was carried out by using the setup shown in Fig. 1a. A compact
dual-oscillator (t-Pulse Duo, Amplitudes Systemes®), containing two
passively mode-locked Yb: KYW laser cavities, emits two trains of laser
pulses (400 fs) with one serving as the pump (1030 nm) and the other as
the probe (515 nm). The two laser pulses are operated at approximately
fo = 48 MHz, while with a slight shift, Af, between the two repetition
frequencies to achieve asynchronous optical sampling (ASOPS). Af is
generated by a frequency synthesizer and is stabilized at 2 kHz using an
active feedback loop. In such a configuration, a time delay of ~20 ns,
reciprocal of fy, is scanned within 500 ps, reciprocal of Af, with a time
resolution of 870 fs, without involving any mechanical scanning, e.g. ina
mechanical delay line. Hence, this scheme avoids several intrinsic
drawbacks encountered in the conventional mechanically-controlled
delays scanning, for instance, beam pointing fluctuation, modifications
of the size of the focal spot on the sample, and long acquisition time. The
two beams are coaxially aligned and focused by an objective lens, x 50
(beam diameter is approximately 1.0 um), through a sample (cell) onto
the surface of a Ti plate, which is situated on a translation stage
(PI15633D, Physik Instrumente®), thus allowing the 1D and/or 2D
scanning of the sample with a high precision down to 2 nm. At the
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Fig. 1. Principle of TDBS microscopy of nucleus viscoelastic properties and thickness. (a) Pump and probe laser beams are integrated into a commercial reflected-
light bright-field microscope. TDBS uses the asynchronous optical sampling technique where a pair of fs-oscillators are operated at slightly different repetition rates,
fo (48 MHz) and fy +Af (2 kHz). In such a configuration, a time delay of ~20 ns, reciprocal of fj, is scanned within 500 ps, reciprocal of Af, with a time resolution of
870 fs, without involving any mechanical scanning. (b) Cells are cultured on a Titanium (Ti) opto-acoustic transducer. Absorption of the pump pulse in Ti leads to the
generation of coherent acoustic phonons through the transient thermoelastic effect, hence amplifying the Brillouin scattering signal detected by the probe pulses. (c)
Representative TDBS waveform (dots) acquired in the cell nucleus of an osteosarcoma cell. It is fitted by a damped sine wave to extract the frequency (purple) and
attenuation (pink) of the time-domain Brillouin oscillations. Arrows show the moment when the CAPs reach the boundary of the cell nucleus. (d) By scanning the co-
axially aligned pump and probe beams, the mechanical properties, averaged through the nucleus thickness, can be mapped with a diffraction-limited 1 pm resolution,
as illustrated with the overlay of the optical image of an osteosarcoma cell with the image of the bulk longitudinal storage modulus, M’, measured in the nucleus
region. (e) The thickness, L, in the nuclear region is also extracted by processing the TDBS signals.
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sample/Ti interface, each pump pulse launches a longitudinal strain
pulse, which alters the intensity of the reflected probe light during its
propagation. The resulting intensity variation of the probe light is
monitored by a photodetector (PDB440A, Thorlabs®) in connection
with a 14-bit digitizer (PXI-5122, National Instruments®). The data
readout and averaging is done by homemade Labview (National In-
struments®) programmes installed on a computer that communicates
with the digitizer via a GPIB interface. During measurements, low pump
and probe powers at 3 mW and 1 mW, respectively, were used to avoid
any possible photo-damage to the cells. Power was measured by a power
meter (1917-R, Newport®) placed just beneath the objective lens.
Thanks to the high acquisition speed of ASOPS configuration, this setup
can determine optical reflectivity changes as small as 10~ within
approximately 5 s. This yields 12 pixels per minute in a raster scan
fashion. Another notable feature of this setup is its high compatibility
with other commonly used microscopic methods. In this setup, the main
apparatus involved in the PU detection are accommodated in a com-
mercial reflected light microscope (BXFM-F, Olympus®). By translating
the switchable mirrors allocated between the objective nosepiece and
the filter cube, it is simple to switch the function of the setup between PU
microscopy, using the 100 % reflection mirror, and reflected field mi-
croscopy, using the 50 % or the 100 % transmission mirror. This gives
not only precise alignment of the laser beams onto a target cell but also
convenient access to other microscopic knowledge of the cell under
inspection.

2.2. Cell culture and cell preparation

Osteosarcoma cell line (HTB96 U20S, ATCC) was maintained in
McCoy’s 5 A Medium supplemented with Fetal Bovine Serum (10 % v/v,
FBS) and streptomycin/penicillin (100 pg/ml). Cells were kept in a
humidified atmosphere at 37 °C and 5 % (v/v) CO3. For both chemical
treatment and irradiation experiments 20,000 cells were drop-seeded in
specific cell dishes 20 h before treatment. A mock sample was used as a
control, which was treated in the same way with the exception of the
DNA-damaging treatment. For opto-acoustic measurements, cells were
plated on Ti plates and treated with paraformaldehyde as for the
immunodetection protocol. Once fixed, cells were rinsed with PBS (pH
7.4) and kept in ethanol 70 % (v/v) at + 4 °C.

2.3. Methyl methanesulfonate (MMS) treatment

MMS was dissolved in dimethyl sulfoxide just before use. Treatments
with MMS were performed in McCoy’s 5 A Medium supplemented with
serum and antibiotics. All solutions were prepared just before treatment.
MMS was used at a concentration of 1.5 mM with different exposure
times (3 min, 30 min, 3 h, and 8 h).

2.4. Irradiation

6 MV medical X-Rays irradiations were performed with a Clinical
Linear Accelerator (CLINAC, Varian Medical Systems), routinely in use
at the Department of Radiotherapy, Institut Bergonié (Bordeaux,
France). Cells were irradiated using 6 MV X-Rays beams with 2 and 6 Gy
delivered at a dose-rate of 2 Gy/min. Cells were plated on glass cover-
slips or on Ti plates. The cell monolayer was covered by 15 mm of me-
dium to achieve electronic equilibrium. The X-ray beam was collimated
to a 15 x 15 cm? square field. The irradiations were carried out with a
single beam oriented at 0° (single vertical beam). Coverslips or Ti plates
were immersed in 9.6 ml of growth medium (McCoy’s 5 A) in a 6-well
plate.

2.5. Immunodetection

The co-immunostaining of yH2A.X and P-ATM was performed
following the protocols described by Bennett et al [20]. Briefly, after
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exposure, cells were paraformaldehyde-fixed (4 % w/v) in PBS for
15 min at room temperature. Then, cells were incubated using a
blocking buffer (Triton X-100, 0.2 % v/v and FBS, 10 % v/v in PBS) for
30 min at room temperature. After three washes in PBS for 5 min,
samples were incubated overnight, at 4 °C with anti-human yH2A.X
rabbit monoclonal antibody (1:1000, 20E3, Cell Signaling). After three
more washes in PBS, samples were incubated for 3 h at room tempera-
ture with goat anti-rabbit conjugated to Alexa Fluor*® antibody (1:2000
Molecular Probes, Invitrogen). The same process was repeated with
anti-human P-ATM mouse monoclonal antibody (1:1000, 10H11. E12,
Cell Signaling), and goat anti-mouse conjugated to Alexa Fluor®®* anti-
body (1:2000, Molecular Probes, Invitrogen). Nuclei were stained with
Hoechst33342 (1 pM, 10 min at room temperature). Image acquisition
was performed using a Carl Zeiss fluorescent microscope with a 63X/0il
immersion objective. The number of foci was counted in 40-60 cells per
condition with a custom-made Image J macro [21].

3. Results
3.1. Time-domain Brillouin micro-spectroscopy (TDBS)

TDBS [22,23] is an all-optical and label-free modality that allows the
remote measurement of the cell nucleus’ mechanical properties. It relies
on the ultrafast pump-probe spectroscopy of the interaction of light with
optically launched GHz coherent acoustic phonons (CAPs). By imple-
menting TDBS in a reflected light microscope, shown schematically in
Fig. la, we developed a Brillouin pulsed opto-acoustic microscope
(B-POM) that enables the microscopic quantitative imaging of both
nucleus elasticity and nucleus thickness. To achieve microscopy of the
cell viscoelasticity cells were cultured on the surface of a titanium plate
serving as a biocompatible opto-acoustic transducer that boosted the
generation of CAPs in cells upon absorption of the pump light by the
metal, Fig. 1b [24]. Hence it actively generated the Brillouin scattering
measured within the cell by the probe light. This is one feature that
distinguishes TDBS from conventional Brillouin light spectroscopy
(BLS), which is based on passive detection of the spontaneous Brillouin
scattering arising from weak incoherent phonons [25-28]. In TDBS, the
scattering occurs throughout the coherent propagation of the transient
acoustic phonons in the cell nucleus. The beating, at a GHz frequency, of
the scattered light with the reflection of the probe light at an interface in
the sample was monitored with sub-picosecond time resolution using
the asynchronous optical sampling technique [29]. Fig. 1c presents a
typical waveform (blue) measured in the nucleus of an osteosarcoma
cell. It is characterized by a damped sinusoid at the so-called Brillouin
frequency fz = 2nv/4, in the case of normal incidence, with n the
refractive index of the cell nucleus, v the longitudinal sound velocity of
CAPs, and 4 the light wavelength of the probe laser, 515 nm in this work.
Fitting the measured waveform with a damped sinusoid, as illustrated
with the pink and purple curves in Fig. 1c, is convenient to extract the
frequency f and lifetime 7 of the Brillouin oscillations. The two quan-
tities are related to the intra-nuclear elasticity and losses, respectively.
From the general equation governing the acoustic propagation in a
viscoelastic medium, the complex modulus M* can be expressed by:

2
M =M +iM =p+i? ™
nfpT

with the real and imaginary parts describing the longitudinal storage
and loss moduli, respectively. TDBS measurements can therefore be used
to assess the complex modulus, given the known mass density, p, and
optical refractive index, n, of the sample [30]. Moreover, the presence of
a stepwise signature in the measured waveform, as labeled with arrows
in Fig. 1c, marks the moment when the CAPs reach the top surface of the
cell nucleus. With the pre-determined sound velocity, one can thus
simultaneously obtain the nucleus thickness, as illustrated with the top
axis in Fig. lc. This is another difference between TDBS and
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conventional Brillouin spectroscopy, where thickness information is not
accessible. A detailed description of the procedures involved in
extracting the nucleus complex modulus and thickness is presented in
the data processing section in Supplementary Information (SI).

The lateral resolution in the TDBS imaging is inherently limited by
optical diffraction: down to submicron can be achieved using high-
magnification objective lenses. In this work, we used a 50x-objective
to yield a lateral resolution of ~ 1.0 um. It was therefore possible to
collect a large amount of signal in a single nucleus, which typically has a
diameter of around 10-15 pm, an usual size for osteosarcoma. Online
movie 1 shows changes in the probe reflectivity for 418 ps at a frame
rate of ~ 2 fr/ps. As an example, Fig. 1d presents the overlay of the
optical image of an osteosarcoma cell, provided by the built-in reflected
light microscope, with one acoustic image showing the mapping of the
storage modulus, M, through the thickness of cell, in the nuclear region.
By further processing the TDBS signals, maps of thickness L can also be
obtained in the nuclear region, as shown in Fig. le.

3.2. Methyl methanesulfonate (MMS) and radiation-induced DNA
damages

A routinely used DNA alkylating agent, MMS was used to induce
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DNA damage to sarcoma cells. MMS has been used for many years for
this purpose. It modifies both guanine (to 7-methylguanine) and adenine
(to 3-methlyladenine) to cause base mispairing and replication blocks,
respectively [31]. DNA damage caused by alkylating agents is pre-
dominantly repaired by the base excision repair pathway and DNA alkyl
transferases [32]. We treated sarcoma cells with MMS at several expo-
sure times: 3 min, 30 min, 1, 3, and 8 h. After exposure, cells were
thoroughly rinsed with the buffer solution containing no MMS to remove
residual traces. Cells not subjected to MMS exposure were reserved as
control (CT) samples for comparisons. Sarcoma cells were also exposed
to ionizing radiation (IR) to inflict radiation-induced DNA damage.

In order to validate the efficacy of the MMS treatment and radiation
exposure conditions, we tested the presence of DNA damage by using
immunodetection targeted against the specific phosphorylated form of
DNA damage signaling proteins (H2A.X and ATM). Cells were
paraformaldehyde-fixed and treated with antibodies targeted against
the phosphorylated form of H2A.X isoform, named yH2A.X (phos-
phorylation on serine 139) and ATM (phosphorylation on serine 1981)
[33]. Histone H2A.X is rapidly phosphorylated in the chromatin
microenvironment surrounding a DNA double-strand break (DSB),
where it recruits repair and checkpoint protein complexes. YH2A.X foci
formation is considered to be a sensitive and selective signal for the

MMS treatment - iati
() (c) X-rays radiation
CcT 3 Min 30 Min 3H 8H 2 Gy 6 Gy

(d)
®) o 150 oH
100
5 100 5 :
o =] . |
£ E o =
=3 | =3
z Z 450 20 H
o . o
o o
L 50 f‘f] j : = L 100 :
= | = B === H 50 . t
0  mwermam | ] 0 e [y’ x|
CT 3Min CT 30Min CT 3H CT 8H cT 2 Gy 6 Gy

Fig. 2. yYH2A.X and P-ATM foci in sarcoma cells treated with methyl methanesulfonate (MMS) or exposed to ionizing radiation (IR). (a). Immunodetection performed
on fixed cells immediately after MMS treatment. Cells were incubated in the presence of MMS at 1.5 mM for 3 min, 30 min, 3 h and 8 h, respectively. Top and bottom
rows show several cells for each condition. Control cells show a weak presence of foci in the cell nuclei for both phosphorylated H2A.X (yH2A.X, green) and
phosphorylated ATM (red). YH2A.X foci number increased with incubation time with MMS, with a maximum at 3 h. Nuclei (in blue) were stained with Hoechst33342,
Scale bar 10 um. (b) Quantification of yYH2A.X foci in sarcoma cells immediately after MMS treatment. The number of foci is not related to incubation time. (c)
Immunodetection of YH2A.X and P-ATM radiation-induced foci in sarcoma cells after 6 MV X-Rays exposures (2 and 6 Gy). Control cells show a weak presence of foci
in the cell nuclei for both phosphorylated H2A.X (green) and ATM (red). 2 h after irradiation, irradiated cells show bright foci with increased diameter. Nuclei (in
blue) were stained with Hoechst®>3**2. Scale bar 10 um. (d) Quantification of yH2A.X foci in sarcoma cells. The number of foci observed 2 and 20 h after irradiation
depends on the dose delivered, and decreases over time in irradiated cells. In (b) and (d) data are shown with orange dots, box and whiskers indicate minimum, first
quartile, third quartile and maximum, black line is for median, orange diamond is for mean value and black dots are for outliers. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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existence of DSB. As shown in Fig. 2a, the kinetics of yYH2A.X foci for-
mation showed rapid DSB formation for cells treated immediately after
MMS treatment (1.5mM for 3 min), whereas very few foci were
detectable in control cells. Moreover, the double staining with YH2A.X
and P-ATM revealed with their co-localization that they were DNA DSBs.
The quantitative analysis, Fig. 2b, revealed a maximum of YH2A.X foci
formation for 3 h MMS exposure.

We also irradiated cells with 6 MV X-Rays at doses of 2 and 6 Gy and
tested the presence of radiation-induced DNA DSBs by immunodetection
2 and 20 h after irradiation. Control cells show a weak presence of foci in
the cell nuclei for both phosphorylated H2A.X (green) and ATM (red), as
illustrated in Fig. 2c. By contrast, irradiated cells show bright foci with
increased diameter size and yH2A.X foci quantification revealed an
increase in foci number with dose. We also show in Fig. 2d that the
number of foci observed 2 and 20 h after irradiation is dependent on the
dose delivered, and decrease over time after irradiation is observed.

3.3. Changes in intra-nucleus mechanical properties following exposure to
MMS and to ionizing radiation

The acquisition time of a single signal with the TDBS technique, see
Fig. 1(c), is of the order of seconds. Detection of fine mechanical changes
requires statistics over a large number of data to be collected for several
minutes. This is not compatible with the dynamics of the cell response to
damage thus real-time evaluation was not possible. The dynamics of the
response was thus sampled by fixing cells after several exposure dura-
tions. The effect of fixative on the mechanical changes we measured is
detailed further in Section 4.1 where the assessing to the cell nano-
structure with GHz phonons is discussed.

Three groups of samples were prepared, all with cells cultured on
titanium plates to allow for opto-acoustic experiments, see Section 2.
The first two groups included control samples and samples with cells
exposed to MMS (1.5 mM) for 30 min, 1 h or 3 h.

Cells in the first group were immediately fixed with para-
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formaldehyde after MMS exposure, rinsed with phosphate buffer saline
and dehydrated in ethanol (70 % v/v). We used B-POM to perform TDBS
measurements and to evaluate remotely the intra-nuclear GHz visco-
elastic properties, namely the storage modulus (M') and loss modulus
(M'1), and the nucleus thickness (L), see Supplementary Information (SI)
for details on data processing. For each exposure time, numerous TDBS
measurements were performed in the cell nuclei, in total 720 individual
measurements out of 20 individual cells. For each cell, a 6 x 6 scan, 36
points, was carried out in the nucleus with a step of 1 um. The statistical
analysis of the measured moduli and thicknesses are presented in
Fig. 3a-c with box-whisker plots, respectively. In these plots, the height
of the box spans the first quartile to the third quartile. The horizontal
line and the cross inside the box represent the median and the mean
value, respectively. The top/bottom vertical lines represent the mean
value plus/minus the standard deviation (16). A Kolmogorov-Smirnov
test was performed to quantify the significance of differences between
the measurements for MMS-treated samples and for control samples
[34]. This test was chosen owing to the non-normal nature of the dis-
tributions of both the storage and loss moduli measurements. The test
reveals that the differences with respect to the control samples are sig-
nificant (p < 0.001) for all measurement statistics of M’ and of M’".
Moreover, monotonic changes according to exposure time are observed
for both real and imaginary parts of the intra-nuclear viscoelastic co-
efficients. The mean value of the storage modulus decreased by as much
as — 7 £ 2 % [35] when cells were fixed immediately after exposure to
MMS for 3 h, Fig. 3a. After MMS exposure, the distributions of the
storage modulus values, M’, clearly change from a normal distribution
for the control samples to skewed distributions for MMS-treated sam-
ples, especially for the 30 min and 1h exposure times, with the
increasing number of data revealing a drastic decrease in the storage
modulus. These results are in line with the kinetics of the YH2A.X foci
formation showing rapid DSB formation and changes in the foci number
from balanced to skewed when exposure time increases, Fig. 2b. The
TDBS results also show that the mean loss modulus increases by up to 14
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+ 13 % [35] after exposure for 3 h and immediate fixation, Fig. 3b. The

statistics for the nuclei thickness measurements however reveal less
significant changes with respect to the control samples for long exposure
times of 1 and 3 h, with greater p values meaning that thickness does not
seem to change with respect to CT.

In addition to this analysis, which considers each sample in this first
group as a whole, we performed a cell-by-cell analysis for each sample,
thanks to the large number of intra-nuclear data we collected. We could
then discuss the homogeneity of the changes in elastic moduli from one
cell to another in the same batch, i.e. for each exposure time, and also the
homogeneity of the changes inside nuclei. Results are given in the SI and
the tendencies we found are discussed further on.

In a second group, MMS-treated cells were rinsed and incubated in
their cell culture medium for 2 h before fixation. The same fixation and
de-hydration protocols were used as for the cells in the first group.
During this 2-hour period the DNA damage response may involve
several factors such as cell mobility, cell shrinking, and cell death. In
addition, the DNA repair pathways, which were activated for 3 min only
after MMS exposure according to the immunodetection results, can be
still active whereas the DNA damaging agent was removed.

Again, 720 individual TDBS measurements were conducted in 20
individual cells for the control sample and also for samples exposed to
MMS. The statistics of the measured storage and loss moduli and
thicknesses are presented in Fig. 3d-f. Regarding the storage modulus,
we measured an opposite tendency compared to that obtained when
cells were fixed immediately after exposure to MMS. Here, we recorded
a significant monotonic increase in the mean storage modulus, up to 7
+ 2 % [35] when cells were exposed to MMS for 3 h, Fig. 3d. This effect
is accompanied by a balancing of the data statistics showing that more
cells have higher storage moduli.

No clear monotonic tendency could be found for the changes in loss
moduli and no significant changes in the nuclei thicknesses with respect
to CT were detected. However, we did notice an increase in Fig. 3f in the
spreading of thickness data with respect to the control cells and also to
cells fixed after exposure to the damaging agents, Fig. 3¢, especially for
cells exposed to MMS for 30 min. This spreading reveals an increase in
the roughness of the nucleus surface. The B-POM has already proved its
capability to measure greater nucleus roughness for abnormal cells than
for healthy cells [36]. Nuclear herniations and blebbing are indeed cell
phenotypes that have long been considered for some cancer diagnosis
and for tumor grading [7,37]. Here, the globulated morphologies could
be caused by chromatin relocation or chromatin remodeling [38] during
recovery.

In Fig. 4a, we plot the relative changes in mean storage modulus, loss
tangent and nucleus thickness with respect to their initial values as
measured for CT, AX,/X, with AX; = X, — X, where X stands for the
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mean of either the storage modulus, M/, or the loss tangent M’ /M, and
the subscript denotes exposure time to MMS. Fig. 4b shows the relative
changes in data measured after recovery. Here, the reference values we
considered were not for CT but instead we used as reference the mean
values we measured when cells were fixed immediately after exposure, i.
e. counterparts of the same colors in Fig. 3. We thus plotted AX,/X;
with AXp = Xyo — X;, where AX,| is the mean value measured after
exposure for t and recovery for 2 h. Therefore Fig. 4b presents relative
changes in these quantities during solely the recovery period of 2 h, as a
function of the exposure time. Fig. 4 shows the relative changes of M’
and M’ during exposure and during recovery do not evolve linearly with
the exposure time. These distinct relative changes in mean values will be
commented further on in the discussion section.

So far, we have presented the results we obtained by TDBS mea-
surements for two different groups of cells treated by MMS. Remarkably,
we obtained statistically significant changes in the intra-nucleus storage
moduli with opposite tendencies. The cell nuclei are softened, compared
to their control counterparts, when cells were fixed immediately after
exposure to MMS, whereas they become stiffer when the cell response to
DNA damage was not blocked after the DNA damaging agent was
removed.

On the basis of these findings, we decided to investigate whether the
B-POM could probe the mechanical changes in cell nuclei exposed to IR.
Osteosarcoma cells in the third group we prepared were exposed to IR
(6 MV X-Rays at 6 Gy) and incubated in the buffer solution for two hours
before fixation, following the same protocol as for cells exposed to MMS.

TDBS measurements were performed in the nucleus of several cells
from the control sample and from the sample exposed to IR. For each of
these samples, 720 individual TDBS measurements were carried out on
20 individual cells. The results in terms of storage modulus, thickness,
and loss modulus are illustrated in Fig. 3g-i, respectively. Clear nucleus
stiffening is observed after irradiation and recovery for 2 h, with a 10
+2 % increase [39] in the mean storage modulus and a wider
non-skewed distribution of the data, Fig. 3 g, whereas changes in the loss
modulus are not significant, Fig. 3 h. We thus measured the same me-
chanical response as the one observed when cells were treated with
MMS and kept in the buffer solution for 2 h after the damaging agent
was removed, Fig. 3d-e. This is consistent with the immunodetection
tests we presented previously, Fig. 2, showing similar damage foci
numbers after MMS exposure and IR exposure. One can thus assume that
the same processes may explain the stiffening measured after the re-
covery time.

Fig. 4. Relative changes in mean storage
modulus (red, circles) and loss tangent (blue,
squares). (a) Relative changes, compared to CT,
in mean values of data measured after exposure
to MMS. (b) Relative changes in mean values of
data measured after a 2-hour recovery. In this
case, in order to represent cell activity during
the recovery period only, relative changes are
calculated with respect to data measured when
cells were fixed immediately after exposure.
Data and estimation of uncertainties are in SI.
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4. Discussion
4.1. Probing the cell nanostructure with GHz phonons

We now briefly review some results, published earlier, showing
connections between the complex storage modulus, as measured at GHz
frequencies, and the nanostructure of cell sub-components. We then
discuss our results in light of these works.

Brillouin light microscopy (BLM) [27,40,41], an emerging imaging
technique based on BLS, has shown ability to provide the elasticity
characteristics of nanostructured hydrogels at their mesoscale [42], and
it could be applied to map the intracellular mechanical properties [43].
To investigate the sensitivity to liquid-solid regulation under different
osmotic conditions, sucrose was added to the cell medium to generate
osmotic pressure. A substantial linear increase in the cell elastic modulus
was measured with the increase in sucrose concentration, attributed to
an increase in the solid volume fraction inside the cell [44]. In addition,
the sensitivity of the Brillouin shift to actin polymerization and to
branching of actin fibres, two major mechanisms of cytoskeleton stiff-
ening, was verified with actin gels in vitro; and in cells with the inhibi-
tion of the actin polymerization with cytochalasin D [43]. A decrease in
cell stiffness was measured in the same way when cells were treated with
latrunculin-A, a toxin that prevents polymerization of actin filaments
[45]. Nuclear mechanics also, and notably the effect on it of chromatin
decondensation, was investigated with BLM [17,46]. With this goal,
cells were treated with Trichostatin A (TSA) to inhibit histone deace-
tylase and to cause chromatin decondensation [47]. In accordance with
the softening measured previously with other means, the Brillouin shifts
revealed a decrease in the nucleus longitudinal modulus with chromatin
decondensation, i.e. when treated with TSA.

Evidence of sensitivity of TDBS to the nanostructure of the sub-cell
components was first provided by experiments in the micron-thick
wall of vegetal cells [48]. This wall is made of cellulose microfibrils
embedded in a pectin matrix and its mechanical behavior can be seen as
that of a fibre-reinforced composite material. TDBS experiments showed
that the high transverse stiffness of a single-cell wall, in the direction
perpendicular to the epidermis layer, is due to the strong bonding of
microfibrils by hemicelluloses.

The micro-rheology of the nucleus of mammalian cells was explored
at GHz frequencies with TDBS [49]. As for BLM and other experimental
techniques, the results are consistent with a model that considers het-
erogeneous scaffolds of chromatin fibres with diverse globular confor-
mations and concentration as the main load-bearing component, bathed
in an interstitial cytosol-like fluid [11,50]. The large number of con-
formations of the nuclear components at various length scales yields a
multiplicity of relaxation times and leads to a weak power-law rheology
[13] resembling that found in polymer networks [51]. In this study, the
attenuation we derived at high frequencies for osteosarcoma gives a
longitudinal loss tangent for control cells of tan § = M'/M'7 ~ 0.06 only.
This low value of the loss tangent is consistent with our previous ob-
servations, in several types of mammalian cells, of an intra-nuclear
behavior similar to that of a solid glass at GHz frequencies.

The phonon wavelength in TDBS experiments 1/2n ~ 140 nm is
longer than the characteristic length of the fibres and interstices, so
homogenization theory applies to describe the mechanical behavior we
are probing [49]. In this context, the network and fluid behave as an
iso-strain two-phase system of which the effective storage modulus can
be obtained by a Voigt average of the moduli of the network and of the
fluid, weighted by their respective volume fractions. To give numbers,
the storage modulus, as probed by classic Brillouin light scattering, is
typically Mpy, ~ 8 GPa for DNA, as for most proteins [52], and can
reach M, ~ 22 GPa for dry globular proteins [53]. Considering that the
network is stiffer than the fluid, the effective modulus is approximated
with M = @M ,,, where @ and M, denote the volume fraction and
storage modulus of the solid chromatin network. Considering that M,
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cannot be larger than My, the value for effective M’ we measured for
control cells, Fig. 3, gives a plausible value for the volume fraction of the
chromatin network of > 0.6 [15]. These results, together with previous
studies [49] confirm a view of the nucleus as a solid network of chro-
matin and other intra-nuclear components bathed in a cytosol-like fluid,
rather than a homogeneous viscous compartment [50]. In this context,
the effective storage modulus we are measuring depends primarily on
the stiffness of the DNA chains [54], on the conformation of their
packing with proteins, and on the concentration of the chromatin fibres
they form. This asset makes TDBS a suitable means to probe changes in
the intra-nuclear mechanical properties.

The mechanical changes we imaged are not caused by DNA damage
directly but by the molecular structural changes the cell triggers in the
nucleus volume to promote damage signaling and repair. Thus although
the size of the damage foci could be submicron the in-plane resolution of
the TDBS measurements, ~ 1 um in this work that could be improved
using a shorter light wavelength or a higher magnification, is suited to
explore the inhomogeneity of the cell response to exposures to DNA
damaging agents.

As mentioned previously, exploration of the cell response to DNA
damaging agents requires statistical analysis over a large number of
experimental data, of which the acquisition is made possible by fixing
cells after exposure. Cell mechanics and dynamics are mediated by
protein motions that occur on time scales greater than typical relaxation
times of the order of milliseconds [55]. Fixation with aldehydes may
hamper the movements of these proteins within cells hence impacting
on the mechanical response of cells to dynamic solicitations at fre-
quencies less than kHz. At higher GHz frequencies, relaxation hinders
the motion of these proteins. The cell behavior approaches that of a
solid, with a storage modulus typically in the GPa range, and it is
dominated by structural conformations [55]. These conformations do
not evolve with fixation. This was confirmed with Brillouin spectroscopy
performed with live and fixed HeLa cells showing a maximum increase
of the Brillouin shift of only 4.9 % for fixed cells compared to live
counterparts [56]. Interestingly moreover, it was found that the fre-
quency ratio of the fixed and live cells is the same in the cytoplasm,
nucleus and nucleoli meaning that it does not depend on the
nano-structuration, thus this ratio should neither depend on the chro-
matin condensation in particular. It is therefore consistent to consider
that the differential in nucleus’ mechanical properties we are measuring
in fixed conditions is significant of the differential that would be
measured with in vitro conditions.

4.2. Changes in the intra-nucleus mechanics following DNA damage by
MMS

Given the previous conclusions, it is clear that the TDBS results
reveal changes in the intra-nucleus nanostructure. Deciphering which
nano-structural changes, among those listed above, are predominant
would however require complementary molecular imaging analysis or
coupling with numerical models dedicated to the mechanics of the cell
nucleus. Nevertheless, discussion of our TDBS results together with
immunodetection observations enables us to identify connections be-
tween the changes in the intra-nucleus mechanical properties we
measured and the nanostructure changes the cell activates when the
damaging agent is applied, or after.

The changes in the storage modulus M’ of the cells in the first group
reveal changes in the intra-nucleus nanostructure that strongly soften
the nucleus. We believe that the mechanical changes may not arise
directly from DSBs but rather from events that they trigger and that
affect the nuclear mechanics further downstream [9]. As mentioned in
literature and summarized above, the softening of the load-bearing
scaffold can be related to changes in the conformation of DNA packing
by the histone proteins that result in a softening of the chromatin fibers,
or a decrease in the concentration of chromatin fibers [3,4,7,9,17,54].
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Such structural changes favor the recruitment of repair and checkpoint
protein complexes in the chromatin microenvironment surrounding the
DNA damage and support the active repair of DNA damage [9].

The cell-by-cell analysis, see SI, gives access to the spatial spreading
of the softening within cells, and to a comparison of softening from one
cell to another. This suggests that on average the damage, as revealed by
stiffness decrease, is uniform inside each cell nucleus for all exposure
times. In addition, this shows first that the softening effect is nearly the
same for all cells when samples are exposed to MMS for a short time,
30 min. Second, our analysis shows that for a longer exposure time, 1 h,
some cells were more susceptible to a further increase in the softening
caused by DNA damage than others. This is consistent with the increase
in the standard deviation of the number of damage foci per cell shown in
our preliminary immunodetection experiments, Fig. 2b.

The changes in the loss tangent M'//M’ reveal a change in acoustic
dissipation. In polymers, this is a consequence of local segmental motion
and of polymeric chain modes both contributing to the dynamics
relaxation in the region of the considered acoustic spectrum [57]. The
large increase, by 22 + 12 % [35], in the mean of acoustic loss tangent
that we measured in the nuclei of cells in the first group reveals a large
increase in the acoustic dissipation processes. This can result from an
increased number of segmental complexes of a similar size to the
acoustic wavelength we are probing, ~ 140 nm, possibly chromatin
bundles or clustering of proteins at the damage foci [58]. Damaged ends
are indeed surrounded by many proteins forming the repair focus [59].
This compartment is more than 50 times more concentrated in some
repair proteins (Rad52) compared to undamaged cells [60]. In addition,
checkpoint proteins bind to the phosphorylated histone H2A.X [61].
Such clustering also favours dissipation of the CAPs energy.

Increased dissipation can also be caused by changes in the flexural
rigidity of chromatin fibers, making their flexural modes match the
acoustic spectrum. It has indeed been reported that changes in the
chromatin fiber flexional rigidity are scale-dependent [10] and can have
several causes. On the one hand, histone eviction from the chromatin at
the damaged sites, facilitating the recruitment of repair factors, in-
creases the fibers’ flexibility [5]. On the other hand, histone H2A
phosphorylation may explain global chromatin flexional stiffening
throughout the genome after local DSB damage, as reported in recent
studies of chromatin dynamics in yeast [8]. Local flexional stiffening can
also be caused by the proteins recruited to repair the DSB. Notably, it has
been shown that the presence of Rad51 at the broken ends rigidifies DNA
at the break [10].

These nano-structure changes are consistent with those mentioned
previously in this section that possibly cause the decrease in the storage
modulus M. It is also worth noting that the kinetics of protein recruit-
ment at the DNA breaks is of the order of minutes [62] less than the
minimum exposure time we considered for the TDBS evaluation. The
changes with the exposure time of M’ that we measured must thus be
attributed to the increasing number of DSBs and to chromatin decon-
densation rather than to the dynamics of the protein recruitment at the
DNA breaks.

4.3. Opposite mechanical response when cells recover

Interestingly, the reverse evolution was measured when the
damaging agent, MMS, was removed and cells were incubated for two
hours in the buffer medium before fixation. An increase in the storage
modulus M’ with respect to the control sample was measured and this
change increases with the exposure time to MMS. Having in mind that
the storage modulus decreases with exposure to MMS, see above, the
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changes in the storage modulus over 2h, ie. with respect to the
damaged cells, is even greater. We measured that the mean storage
modulus increased by 14 + 3 % [35] after exposure to MMS for 3 h, see
Fig. 4a and data shown with red labels in Fig. 3a and Fig. 3d. The in-
crease in the storage modulus could be related to the stiffening of the
chromatin fibre as a mechanism underlying increased chromatin
mobility [10]. This stiffening could also be considered in light of the
interplay of internal nuclear components with the intracellular micro-
environment. For instance, a significant increase in the longitudinal
modulus of the nucleus was measured when cells are treated with
nocodazole, which is known to disrupt microtubules, indicating that
nuclear mechanics can be affected by the cytoskeletal behavior [46].

The cell-by-cell analysis of the spatially resolved data, see SI, sug-
gests that recovery was not homogenous inside each nucleus and that
zones of dense chromatin scaffold were firstly stiffened. Where there is
more chromatin seems to be where the response to damage is more
active. Moreover, inside a group of cells exposed for a short time, our
data suggest that cells with the softer nucleus, i.e. with the greater effect
of damage in terms of chromatin decondensation, are cells where stift-
ening during recovery is greater. For long exposure times, the recovery,
as revealed by the increase in the storage modulus, seems to be the same
for all nuclei.

Because the storage modulus retrieved after 2 h' recovery is higher
than for the control cells, re-stiffening of the chromatin fibres and re-
condensation of the chromatin scaffold are probably not the only pro-
cesses in play. Because the mean value of nucleus thickness does not
decrease we also excluded shrinking of the chromatin scaffold, despite
the fact that it could explain abnormal chromatin condensation. Cell
death was also excluded because the cells still adhered to the titanium
layer, otherwise TDBS measurements could not be achieved. In addition,
the staining of nuclei with Hoechst®*3*2 revealed no DNA condensation,
Fig. 2a, suggesting the absence of apoptosis [63].

4.4. Two competitive responses

The dimensionless relative change in the storage modulus is a key
internal variable to describe damage mechanics in solids [64]. Here, it is
representative of the density of damage or repair activity regardless of
the initial chromatin density or chromatin stiffness, and it is shown with
red lines in Fig. 4. We hypothesize that the changes in M’ are the result of
competitive processes with opposite effects. Once MMS had diffused to
DNA, DSB yielded chromatin decondensation and changes in chromatin
conformation that caused the decrease in the chromatin density and
stiffness, resulting in a decrease in the mean storage modulus, as we
plotted with the red line in Fig. 4a. The subsequent recruitment of
proteins at the DSB foci, such as DNA damage checkpoint factors, DNA
repair factors, and chromatin modulators, seems to provoke stiffening of
the interior of the nucleus, as shown with the red line in Fig. 4b, since
after MMS was rinsed and MMS had diffused to chromatin the repair
activity remains primarily.

We thus infer that the damaging effect caused by changes to chro-
matin is greater during MMS exposure than the one we measured, red
lines in Fig. 4a, because it was counter-balanced by the stiffening asso-
ciated with protein recruitment. The relative dynamics and magnitude
of these two processes with opposite effects yield a maximum decrease
in the storage modulus at one-hour exposure, with saturation afterwards
implying no change or only minor change in the storage modulus. These
dynamics are consistent with the changes in foci number as quantified
by the immunostaining of YH2A.X, Fig. 2b.

The relative changes in mean nucleus thicknesses we measured, see
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Section 3.1 and SI, also show opposite tendencies. We measured an in-
crease of 16 + 13 % [35] in relative mean thickness when cells were
exposed for 30 min, which was not detected when cells were exposed for
longer. This means that the nucleus expands during the first exposure
period and contracts afterwards, still during the exposure. Interestingly,
an opposite relative decrease was measured when cells exposed for
30 min had recovered for 2 h. During recovery also, the nucleus actively
recovers its initial thickness.

Osmotic nuclear swelling following damage-induced inflammation is
a mechanism that was reported recently [15,65]. The nucleus thickness
changes and the dynamics we measured could be correlated with this
signalling process. A clear connection would however require further
investigation with B-POM since swelling/unswelling could also be
caused by metabolic changes induced by cellular stresses mediated by
media rinsing or temperature changes.

The relative changes in the loss tangent we plotted with blue lines in
Fig. 4 are representative of the evolution of the sources for acoustic
dissipation at a wavelength of ~ 140 nm. The increase of dissipation
sources follows the same pattern during exposure as the decrease in the
storage modulus. This suggests that at least part of dissipation is related
to chromatin changes that cause a decrease in the storage modulus, such
as chromatin decondensation, changes in chromatin conformation and
stiffness. We noticed, however, that for a short exposure time, 30 min,
the increase in dissipation sources was still active during recovery, while
the decrease in the storage modulus was not, which suggests that other
dissipation sources are active in this case during recovery.

5. Conclusions

DNA is vital for nearly all cellular processes and must consequently
be repaired when damaged. To do this, mammalian cells have evolved
genome maintenance strategies that are appropriately mobilized. At
present, it remains unknown how DNA damage response is functionally
linked to the nuclear architecture and chromatin organization. We
validated TDBS as a label-free method for the remote characterization of
intra-nuclear mechanics. We observed mechanical changes in the nu-
cleus due to the epigenetic modulation of nanoscale nuclear compo-
nents. We found different types of behavior during exposure to the DNA
damaging agent and after it was removed. We attributed the changes in
storage modulus to the cumulative effect of opposite tendencies. Soft-
ening, initiated at MMS exposure, can be subsequent to chromatin
decondensation and to changes in chromatin conformation that favor
the recruitment of repair and checkpoint proteins in the chromatin
microenvironment. This is counter-balanced by apparent stiffening of
the interior of the nucleus caused by the later recruitment of these
proteins. The changes in chromatin flexibility and molecular crowding
are also probed with the changes of the loss modulus we measured intra-
nucleus.

With its ability to probe the intra-nuclear mechanics, time-domain
Brillouin microscopy opens up new avenues for research aiming at
deciphering the mechanisms involved in the cell’s response to DNA
damage. It will notably be of interest to determine the mechanisms
through which nuclear mechanics influence DNA damage levels, as this
would influence therapeutic resistance. It will be of complementary
interest to dissect the mechanism by which DNA damage response dic-
tates changes in the nuclear mechanics that opens pathways to signalling
and repair proteins, as it would influence therapeutic access to the
genome.
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Appendix A. Supporting material

Supplementary information: details of the processing of the opto-
acoustic signals and cell-by-cell analysis of the numerous data ac-
quired for each group of cells.

Online movie: dynamic reflectivity changes, measured at a nano-
second time scale, of a single nucleus.
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Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.pacs.2022.100385.
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