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Abstract

DNA is known to be a mechanically and thermally stable structure. In its double
stranded form it is densely packed within the cell nucleus and is thermo-resistant
up to 70 °C. In contrast, we found a sudden loss of cell nuclei integrity at
relatively moderate temperatures ranging from 45 to 55 °C. In our study, sus-
pended cells held in an optical double beam trap were heated under controlled
conditions while monitoring the nuclear shape. At specific critical temperatures,
an irreversible sudden shape transition of the nuclei was observed. These tem-
perature induced transitions differ in abundance and intensity for various normal
and cancerous epithelial breast cells, which clearly characterizes different cell
types. Our results show that temperatures slightly higher than physiological
conditions are able to induce instabilities of nuclear structures, eventually
leading to cell death. This is a surprising finding since recent thermorheological
cell studies have shown that cells have a lower viscosity and are thus more
deformable upon temperature increase. Since the nucleus is tightly coupled to
the outer cell shape via the cytoskeleton, the force propagation of nuclear
reshaping to the cell membrane was investigated in combination with the
application of cytoskeletal drugs.
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1. Introduction

In eukaryotic cells the nucleus is the largest organelle. For instance, the nuclei of suspended
cells can occupy about half of the volume of entire cells (see figure 1). The nucleus is not just an
unstructured compartment densely packed with DNA. Its spatial organization is quintessential
for the transcription of DNA to RNA, as well as translation during the process of gene
expression [1].

Within cells, the nuclei are the stiffest cell compartment (2 to 10 times stiffer than the
surrounding cytoplasm) [2, 3]. A key structural element is the nuclear lamina, which is a
complex 2D intermediate filament meshwork connecting the nuclear envelope to the nuclear
interior, as well as the nuclear matrix network branching throughout the inner DNA filled
nucleus [4]. Further important organizing proteins are histones [5, 6], which are mainly
responsible for packing DNA into compact chromosomes and regulating gene expression.
Moreover, physical properties, such as the mechanical stability of the nucleus, contribute
strongly to cell fate and survival [7]. Nuclear stiffness is a determining factor for cancer
progression and metastasis [8].

Nuclear rigidity and tight bonding to the cytoskeleton are required to sustain the functional
and structural integrity of a cell [7, 9, 10]. Mutations in nuclear envelope proteins (e.g. lamin,
nesprin), which determine nuclear stiffness and nuclear coupling to the cytoskeleton [11-13],
lead to several diseases, including Emery—Dreifuss muscular dystrophy [14, 15], limb-girdle
muscular dystrophy, and dilated cardiomyopathy [16]. Alterations in the nuclear matrix protein
assembly can also cause several cancer types, including (human colon [17], bladder [18],
benign prostatic hyperplasia, prostate [19], etc) Werner, Bloom, and Cockayne syndromes, and
Fanconi anemia [20] diseases.

Generally, nature has designed DNA as a highly stable structure that protects cellular
integrity, as seen by its high stability against external forces [21] and heating [22, 23]. The
nucleus needs to be very robust against temperature changes because it comprises the genetic
material. For instance, human cells might be exposed to low temperatures in a cold water bath
or by eating ice, or to high temperatures in saunas or by drinking hot coffee. Indeed, the DNA
double helix keeps its structural shape up to 70 °C [22] before losing its tertiary bounding and
splitting into two strands. Only at temperatures above 80 °C is the double helix fully divided
[22]. Thus, DNA polymers are much more thermo-resistant than most proteins in human cells,
which often denature a few degrees above 40 °C [23]. To this end, small temperature changes
tremendously affect the efficiency of many cellular functions or even stop them [24-26]. A
constant body temperature in homeothermic animals, such as humans, is important since the
temperature range for optimal cell function is very tight.

How the mechanical stability of the nucleus and cell body is connected to variations of
temperature is hardly known. However, optical traps allow combined measurements of thermal
and mechanical effects on living cells, as recently demonstrated by KieBling et a/ [27]. This
study proposes the application of time-temperature-superposition to complex biological
systems, such as whole cells. Besides a linear cellular response to fast temperature changes,
cells have seen shown to behave unsteadily for long-term measurements in which cells adapt to
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Figure 1. Single suspended MCEF-7 cells optically trapped in the optical stretcher. (a)
Phase contrast image. (b) Phase contrast image overlaid by a fluorescence microscopy
image of the nucleus. (c) Close up of the fluorescently labeled nucleus. The red line
indicates the detected nuclear edge. The yellow line represents the diameter in laser
direction used for calculating the longitudinal deformation of the nucleus during the
experiment. Scale bars represent 5 ym.

new thermal conditions. Nevertheless, temperature effects are usually neglected during
measurements, and optical double beam traps have conventionally been used to probe
mechanical properties of cells [28, 29]; for example, to study the influence of keratin to cellular
stiffness [30] and to examine biomechanical differences between cancer and healthy cells
[31, 32]. On the other hand, heating effects due to the absorption of the laser light by the cell in
the optical trap can be used to trigger Ca*? influx and to study its impact on cell stiffness [33].
As shown by Wetzel et al [34], the heating of cells in the optical trap does not cause apoptosis
as long as the light exposure is short with laser powers below 2 W per laser fiber.

While the mechanical effects on the nucleus have been widely investigated
[2, 7, 15, 35, 36], we report for the first time on the drastic impact of small temperature
changes on the nucleus and the restructuring of its shape triggered by laser induced heating
using a dual beam trap. A priori, due to the high thermoresistance of DNA, one might expect
that the whole nuclear complex is similarly stable against heating. Here we show that the
nucleus loses integrity at temperatures slightly above physiological temperatures. We find that
temperatures above 45°C already cause irreversible damage to the nucleus, which is
accompanied by drastic and sudden changes in nuclear shape.

Although the nucleus in general is a strong and stiff structure, we find that cell nuclei
exhibit a surprisingly low mechanical stability against heating. While damage occurs for
different cell types at approximately the same transition temperature, the characteristics of the
morphological changes of the nucleus induced by temperature turned out to be cell type
specific. We investigate the thermal origin of nuclear restructuring, revealing differences when
cells were heated quickly or slowly, and correlate nuclear instability to cell viability.
Furthermore, the strong connectivity between cytoskeleton and nucleus becomes visible when
the initial nuclear shape change propagates to the cytoplasm towards the cell membrane.
Employing Latrunculin A as a drug to inhibit F-actin polymerization, our study demonstrates a
new approach to investigate temperature induced intracellular force propagation between the
nucleus, the cytoskeleton, and the external cell shape.
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2. Materials and methods

2.1. Cell preparation

2.1.1. Cell culture. Mechanical changes, such as cell softening, have been established as a
rheological signature distinguishing malignant cells from their normal counterparts
[28, 30-32, 37, 38]. Moreover, recent work has shown the critical role that cell nuclei
stiffness plays in metastasis [8]. Softer cell nuclei are a prerequisite for cancer cells to migrate
through dense tissues [11]. It appears to be a common denominator that cancerous cells lose
mechanical strength and show drastically altered nuclei [39].

Therefore, we have chosen commonly used normal and malignant breast cell lines to study
the temperature stability of their nuclei. Most experiments were conducted with the malignant
MCEF-7 cell line (HTB-22). This epithelial breast cancer cell line was obtained from the
American Type Culture Collection (ATCC, Manassas, VA). MCF-7 cells were maintained in

88% Eagle’s Minimal Essential Medium, supplemented with 10 ug ml™' insulin, 110 g ml™’
sodium pyruvate, 10% fetal bovine serum, 1% penicillin/streptomycin, and 1% non-essential
amino acids, all from Sigma-Aldrich (St. Louis, Missouri, US).

The other malignant cell lines that we used are MDA-MB-231 (HTB-26) and MDA-MB-
436 (HTB-130), both obtained from ATCC. Both metastatic breast cell lines were cultured in
the same medium composed of 90% Dulbecco’s modified Eagle’s medium (DMEM), 10% fetal
calf serum (FCS), and 100 U/ml penicillin/streptomycin (all Sigma-Aldrich).

As normal reference MCF-10A (ATCC, CRL-10317), a non-tumorigenic epithelial cell
line was used. Its culture medium contained a 1:1 mixture of Dulbecco’s modified Eagle’s

medium and Ham’s F12 medium, supplemented with 5% horse serum, 20 ng ml™' epidermal
growth factor, 10 ug ml™" insulin, 100 ng ml™" cholera toxin, 500 ng ml™' hydrocortisone, and

100 Uml™" penicillin/streptomycin (all Sigma-Aldrich). However, since MCF-10A is an
immortalized cell line, it might also show characteristics found in malignant cells. Thus, HMEC
cells (normal primary breast epithelial cells A10565), were obtained from Invitrogen (Life
Technologies, Carlsbad, USA). The culture medium contained HUMEC Basal Serum Free

Medium supplemented by 1% HuMEC supplement and 50 ug ml™' bovine pituitary extract
(Invitrogen).

2.1.2. Cell staining, drug treatment, and measurement.  Prior to measurements, the cells were
cultured in 25cm? flasks. The cells were detached by application of 1 ml 0.0025% trypsin-
EDTA solution, resuspended in 5 ml of culture medium, and centrifuged at 100 g for 4 min. In

the end, single cells were resuspended in culture medium to a concentration of about 5%¥10° cells
per ml and loaded into the optical stretcher.

Due to their poor visibility in phase contrast, the nuclei were stained using a standard dye
and observed using fluorescence microscopy. The vital Hoechst 33258 dye (Invitrogen/
Molecular Probes, Cat. No. H21491) was used since it minimally interferes with the nucleus,
providing good viability [40]. To label cell nuclei for observation, 10 ug ml™' Hoechst was
added to the cell medium one hour before detaching the cells from the culture dish to prepare a
single cell suspension for the optical stretcher measurements. Furthermore, no Hoechst dye was
added to the resuspended cell solution during the measurement.
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Figure 2. The optical stretcher and heat laser setup. (a) 3D sketch of the setup. Single
suspended cells are transported through a square glass capillary placed perpendicularly
to the optical fibers. Two counter-propagating ‘stretch laser fibers’ (yellow) form the
classical optical stretcher trap, where the cells can be held and stretched by optical
forces [43]. In our setup, the temperature of the trapped cells can be changed quickly by
laser light emission of the additional ‘heat laser fibers’ (red). (b) The phase contrast
image of the optical stretcher setup. The dashed circle indicates the size of a typical cell
in the trap. The bright stripes in the capillary show emitted laser light. Although the heat
laser light does not interact directly with trapped cells, it increases the temperature in the
trapping region within milliseconds. Right: spatial temperature distribution measured in
the capillary. In (c) only stretch lasers were activated at a power of 800 mW each. (d)
Heat lasers additionally emitted a power of 1000 mW each. (e) The temperature
distribution is plotted over the channel position. The blue curve reflects the situation in
(c) and the red graph in (d), respectively. The temperature increasing factor of the

stretch lasers was calculated to AT, = 26 KW™' (per fiber) and the temperature

increasing factor of the heat lasers was AT, = 7K W' (per fiber). The figures are
adapted from [27].

To investigate the influence of actin in the cytoskeleton, attached MCF-7 cells in culture
were treated with 0.25 yM Latrunculin A (Sigma-Aldrich) for 8 hours to depolymerize the F-
actin network. After trypsinization, Latrunculin A was kept in the cell suspension.

2.2. Optical stretcher with temperature controllable stage

We used an optical double beam trap, which is generally referred to as the automated optical
stretcher. This is a valuable device to investigate the mechanical and thermal properties of
single suspended cells with significant throughput (measurements of about 200 cells and nuclei
per hour are possible). In this study, we mainly focused on the thermal properties of cell nuclei.

The optical stretcher setup generally consists of a small square glass capillary (80 ym inner
diameter, 40 ym wall thickness, ST8508, VitroCom, USA), where the cells are pumped
through. Two laser fibers (standard HI-1060 single mode fibers) are aligned perpendicularly, as
shown in figure 2(a). The setup is mounted on an inverted Axio Observer Z1 microscope (Carl
Zeiss, Jena, Germany), while the area in which cells are trapped (‘trap-region’) is magnified
with a 63x air objective (Carl Zeiss, Jena, Germany). The cell images were recorded by a
PHYTEC FireWire-CAM-111 H camera (PHYTEC, Mainz, Germany).

Single suspended cells were transported by microfluidic flow into the trap-region between
two counter-propagating laser beams (laser wavelength: 4 = 1064 nm (YLM-2-1064, IPG
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Photonics, Germany)). Due to the higher refractive index of cells compared to the surrounding
medium, the laser light refracts on the cell surface. The resulting forces, due to a small applied
laser power (F,,, = 100 mW), trap cells stably between both laser beams (see figure 1(a)) [41].

Raising the laser power increases the effective temperature of cells due to light absorption.
In the following experiments a linear increasing laser pattern was employed with a laser power
increase of AP, . ~ 300 mW s~' corresponding to an increase of about 7.8 + 1.2 K s™". Since
an applied laser power of 1 W for each laser fiber leads to effective heating of about 26 +4 K
[27, 42] (figure 2), the accompanied increase of stretching force (mainly acting on the outer cell
surface) did not induce structural changes of the nuclei, as shown in section 3.3. After the laser
power was switched off, the temperature of the medium in the trap-region returned to its initial
value before the next cell was analyzed.

To analyze the nuclear shape and possible changes during laser induced heating we
recorded fluorescence images of the cell nucleus during the time the cell was trapped and heated
in the trap-region. The nuclear shape was later analyzed by a custom gradient-based edge
detection algorithm written in MATLAB (Mathworks, US), similar to the algorithm described
in [29].

A temperature controlled stage was used to adjust the various constant stage temperatures
of the whole optical stretcher setup and the including cell container [27]. This enabled the
investigation of cellular response to varying ambient temperatures in long-term temperature
assays, within approximately 30 min. In addition, the stage temperature was kept stable at 23 °C
for the other experiments.

2.3. Optical stretcher heat laser setup

Stretching cells in the optical stretcher has two effects: (1) a pulling force acts on the cell
membrane, and (2) cells are heated due to laser light absorption within the cells and its
surrounding medium. Another innovation for the examination of fast temperature effects is the
use of two additional heat laser fibers (standard HI-1060 single mode fibers) aligned next to the
stretch laser fibers (figure 2). Thus, by increasing the heat laser power, the effective temperature
in the trap-region rises within milliseconds, without direct light exposure to the cells. Hence, we
are able to analyze cellular and nuclear reactions to ultra-fast temperature jumps, where the cells
do not have the time to adapt to the new ambient temperatures. The detailed setup, its temperature
distribution, its temperature calibration, as well as extensive measurements on thermorheology of
single cells were previously published by KieBlling et al [27].

The temperature increase within the trap-region was determined for the stretch lasers

=26KW™', and for the heat lasers AT

heat

AT

stretch

(figure 2(e)).

=7KW™" per fiber, respectively

3. Experimental results

3.1. Nuclear restructuring in the optical stretcher

To investigate the influence of heat on cell nuclei integrity, MCF-7 cells were trapped by two
counter-propagating laser beams in the automated optical stretcher. While linearly increasing laser
power, the fluorescently labeled nucleus was monitored. If the laser power increased as seen in
figure 3(a), no visible deformation of nuclei occurred below a certain threshold laser power. Above
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Figure 3. (a) Typical deformation curve of an individual MCF-7 cell nucleus (blue) in
response to a linearly increasing stretch laser power (red). At low laser powers up to
approximately t=2.1s (B,,,,;, 700 mW corresponding 7, ~ 41 °C), the nuclear width

stretch
slightly decreases despite increasing optical stress. Subsequently, the nucleus starts to
extend, indicating initial nuclear reshaping. During further temperature increase, the
nuclear elongation reaches a local maximal value (II), further denoted as the starting
point of the nuclear pop event (T, , = 46.7 °C) . Subsequently, the nucleus contracts to
a minimal width () (7, ~ 49.1°C) followed by a drastic increase of nuclear
elongation (=~ 30%) to a new local maximal value (IV) (corresponding to an effective
temperature of 7, , &~ 52.0 °C), where the nuclear pop ends. (b) Deformation data of 667
individual MCF-7 cell nuclei. The blue line shows the mean deformation and the
surrounding patch indicates the 95% confidence interval. Note, this deformation curve
is qualitatively similar to (a) while the extension of the mean elongation (from ‘min’ to
‘end’) is only about 9%. (c) Fluorescence images of the nucleus shown in (a) at
characteristic points. The detected nuclear edge is shown in red, elongation in laser
direction in yellow, and the initial diameter (t = 0) is indicated by dashed lines. The
scale bar represents 10 ym. (d) Distribution of the pop start event (II) for 667 measured
MCEF-7 nuclei. (e) Shows the distribution for the pop extension (the nuclear elongation
from minimal nuclear size (III) to maximal size (IV)).
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this threshold the nuclei suddenly contracted and subsequently elongated significantly by
approximately 10% towards the laser direction before reaching a new final shape. We term this
sudden instability in longitudinal nuclear extension (axial elongation of the nucleus parallel to laser
direction) nuclear pop due to its similarity to popcorn; compare figure 3 for a typical example.

A representative video of a nuclear pop is presented in the supporting material (see video
S1, available at stacks.iop.org/njp/16/073009/mmedia). Structural reshaping of the nucleus was
observed in 96 +3% of all examined MCF-7 cells. The remaining nuclei did not contract nor
extended significantly but rather kept their shape without having a visible nuclear pop. For a
quantification of the nuclear pop, we define certain characteristic points in the nuclear
deformation curve, see figure 3. The initial nuclear contraction is denoted as the starting point of
the nuclear pop, the corresponding laser power as pop start power (P, ). The associated
effective temperature was calculated to T, , & 47 °C (as described in section 2.3). Alterations of
the nuclear size between minimal and maximal nuclear elongation is termed pop extension and
was determined to pop = 12% for MCF-7 cells.

Interestingly, no correlations were observed between the nuclear volume and the
characteristics of the nuclear pop (e.g. P, or pop_) within the same populations of MCF-7

tart
cells (data not shown).

To exclude an influence of the Hoechst dye to the nuclear pop, we examined MCF-7 cells
without Hoechst dye application in phase contrast microscopy during laser exposure in the
optical stretcher. The nuclear pop was still clearly observable, corroborating that the employed
dye does not affect the nuclear pop.

3.2. Nuclear pop characteristics vary between different cell lines

We investigated several cell types under identical experimental conditions to evaluate if the
nuclear pop occurs only for MCFE-7 cells. Breast cancer cell lines, such as MCF-7, MDA-MB-
231, and MDA-MB-436, as well as healthy breast cells, such as MCF-10A and primary human
mammary epithelial cells (HMEC), were examined and compared.

Figure 4 displays observed nuclear deformation characteristics for all five cell types in
response to the same heating conditions from identical linearly increasing laser power patterns
in the optical stretcher.

HMEC cell nuclei showed a similar extension in nuclear deformation curves, as seen for
the MCF-7 cells, while the average difference between minimum and maximum nucleus
elongation is less pronounced with pop.., &~ 7% (table 1). The nuclear pop started by an
effective temperature of approximately 47 °C, as seen for MCF-7 cells. Again, about 94% of all
nuclei showed nuclear instability. The nuclei of MDA-MB-436 and MDA-MB-231 cell lines
exhibited a less pronounced nuclear contraction before the nuclear pop occurred. Only slight
extensions in nuclear elongation during linear increasing laser power were observed. Detailed
information are provided in table 1.

The smallest nuclear reshaping was observed for MCF-10A cells. As seen in figure 4, the
nuclear deformations did not show characteristics of nuclear contraction and subsequent
elongation.

It is remarkable that all of the reshaping nuclei expanded parallel to the laser axis before
contracting and initiating the nuclear pop during optical heating. At a closer look, the details of
nuclear pop characteristics are differently expressed in various cell types. We assume a different
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Figure 4. The mean deformation curves of four epithelial breast cell lines and primary
HMEC cells. Despite being exposed to the same linearly increasing laser power (red),
the characteristics of nuclear reshaping differ between cell types. MCF-7 (blue) and
HMEC (cyan) showed most distinct nuclear reshaping with high extensions between
minimal to maximal nuclear elongation. Both MDA-MB cell lines (436 in orange and
231 in pink) showed slight but significant nuclear contraction and subsequent
elongation. For MCF-10A cells (green) no significant nuclear restructuring was
observable. Nuclear instability starts between 2.5 and 3 s (corresponding to an effective
temperature of Ty, = 45 to 49 °C) reaching its equilibrium between 4 and 4.5 s
(T,,.s = 57 to 61 °C). Patches around the mean curves indicate the 95% confidence
interval.

assembly of the nuclear protein structure causing different nuclear pop characteristics, which
might not be correlated to the cancer state of the cells. In the following, we investigated the
nuclear pop event and how it is triggered in more detail.

3.3. Nuclear pop is triggered by heating

When laser light propagates from the cell culture medium into the cell, the momentum of the
light increases, resulting in a pulling force acting on the cell surface due to conservation of
momentum [41]. It might be expected that optically induced forces are responsible for the
observed nuclear restructuring since the entire cell extends along the laser axis. However, the
stretching forces are quite small, only about 10Pa peak stress [43] is acting in the laser
direction. In contrast, the cell nuclei are quite stiff with a Young’s modulus of about 1 kPa [44].
The question arises, is the nuclear pop caused by laser light induced forces acting on the cell
surface or by laser induced heating in the optical stretcher? Since the nuclear pop appears most
conspicuous in MCF-7 cells, the following experiments refer to this cell type.
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Table 1. Overview of investigated cell types ordered by the probability of nuclear
reshaping (poppmb). All measurements were conducted at T, = 23 °C. Most MCF-7

and HMEC cell nuclei show nuclear restructuring with the highest relative extension
(POpexr) in nuclear size (difference from minimal to maximal nuclear elongation). Both
MDA-MB cell lines exhibit minor nuclear pop characteristics: only about half of all

measured cells showed nuclear pops, with smaller pop extensions (pop,) too. Only
about 5% of all MCF-10A cell nuclei are reshaped, showing only a small nuclear
extension (pop..,). T,,.» T ... and T , yield an effective temperature of the initial con-
traction, minimal elongation, and the maximal elongation of the nuclear shape during
the pop events. Values are medians with the mean deviation calculated by equation (1);

compare with the mean graphs in figure 4.

Celltype pOpPVOb ’I;ra)'t [OC] Tmin [OC] ’I;lzd [OC] pOp [%]

ext

MCF-7 957% 46,7 +1.0 491 +09 520+1.0 11.5+57
HMEC 944% 47112 505+07 542+12 71+44
MDA-436  53.5% 46.7+19 504+ 15 556+19 56+38
MDA-231 38.6% 467 +23 496+ 19 559+23 39+23
MCF-10A  48% 448 +16 470x12 538+22 31+1.1

To test whether a mechanical pull on the cell body originates the sudden nuclear
instability, bovine serum albumin (BSA) was added to the cell medium in the microfluidic
channels. Thus, the refractive index of the cell medium was matched to the refractive index of
the cellular cytosol, corresponding to n = 1.36—-1.39 [45-47]. Hence, mechanical pulling forces
acting on the cell membrane and transmitting to the nucleus were minimized due to missing
alterations of refractive indices.

Unexpectedly, the nuclear pop still occurred at slightly lower laser powers (= 96% of the
laser power compared to measurements without BSA). Additionally, the used medium-BSA
solution absorbs slightly (~ 5%) more light than medium without BSA. Since the nuclear pop is
triggered by lower laser power, in a medium with a higher absorption rate we assumed a similar
threshold temperature inducing the nuclear pop, which is examined in the following.

3.3.1. Alteration of stage temperature. To verify that nuclear reshaping is a thermally
triggered effect induced by a certain threshold temperature, we investigated the nuclear reaction
by making alterations of the entire stage temperature in the optical stretcher. We heated the
whole experimental stage in order to observe the nuclear pop for lower stretch laser powers.
Briefly, the microscopy stage temperature, including the cells, was slowly increased from 18 °C
to 38 °C in steps of 5 °C. MCF-7 cells had time to adapt to different stage temperatures for at
least 30 min. For each stage, the temperatures of about 100 cells were measured by linearly
increasing the laser power, leading also to higher effective temperatures (figure 5).

We observed that, for higher initial stage temperatures, lower laser powers are sufficient to
induce the nuclear pop. We expected all nuclear pops to occur at the same effective temperature.
However, a closer inspection of our data revealed that the effective temperature of nuclear
reshaping (7, . ) is not constant:

T..=T,. +AT

start stage stretch

*P, . F const. (1)

T, .. represents the constant temperature of the whole experimental optical stretcher stage.

stage

AT,

stretch

describes the temperature increase in the trap region due to light absorption, with a value

10
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Figure 5. Nuclear instability of MCF-7 cells at different stage temperatures 7, ranging

stage

from 18 °C to 38 °C. (a) Mean nuclear deformation curves as a response to linearly
increasing laser power (bottom). Despite effective temperature increases in the same
way, the nuclear pop event systematically shifts to lower stretch laser powers (P, . ,.) for

higher stage temperatures (7,,,,). This clearly indicates a temperature dependence. (b)

Boxplot of stretch laser powers for the pop start events at different stage temperatures. It

is clearly visible that a higher initial stage temperature (7;,,,,) will require less laser
power to start the nuclear pop event. The effective temperatures 7, for each T, , were

start stage

calculated. A higher initial temperature will require more additional heat, from laser
power, to induce the nuclear pop; indicating that the cells and their nuclei are adapted to
be more thermoresistant for higher environmental temperatures.

of 26 KW™' (see Materials and methods). P, is the corresponding laser power when the
nucleus starts to contract. Multiplication of AT, , , and P, yields the temperature increase due
to stretch laser absorption. For higher stage temperatures, the effective temperature of the
nuclear pop increased from 7,,,, (18 °C) =45.5+4°C at 18°Cto T, (38 °C) = 54.2£4°C at
38 °C stage temperature (figure 5). The increased nuclear pop temperature with increased
exposition to higher stage temperatures suggests that cells can adapt to higher environmental
temperature with time by employing a thermal protection mechanism; for instance, by inducing
the expression of heat shock proteins for the better nuclear resistance of even higher
temperatures. For further investigations it could be highly interesting to examine this adaptive
process in more detail.

3.3.2. Fast heating by additional heat laser fibers. In contrast to the previously described
experiment, we further studied to what extent fast heating influences nuclear restructuring when

11
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Figure 6. The nuclear pop event depends exclusively on temperature. 375 cells were
measured with linearly increasing stretch laser power, with simultaneous ultra-fast
heating of the trapping region by heat lasers. Heat lasers enabled fast alteration of initial
temperatures, where cells could not adapt to the new ambient temperatures. The heat
laser power was randomly chosen between 0 and 1.8 W for each cell individually. Blue
crosses are stretch laser powers at which nuclei start to reshape. For higher heat laser
powers (B,,,), lower stretch powers (P,,,.,) were required to induce the nuclear pops.

The black line is a linear fit yielding a slope of m = — 4% All MCF-7 nuclei

a7,
restructured at an effective temperature of 7,, . = 46.7 + 0.4 °C, if they were not able to
adapt to initial thermal conditions.

the cells do not have the time to adapt to different stage temperatures. We employed a heat laser
setup (see Materials and methods) utilizing additional lasers for fast temperature changes, as
shown in figure 2. Heat lasers increase the temperature of the medium around the cells on a
millisecond timescale, thus the cells do not have the time to adapt biologically to the new
thermal conditions. The stage temperature was kept constant at 23 °C.

Simultaneously, the stretch laser increased steadily, as for all other experiments described
previously. Heat lasers were activated at constant power during the whole data recording of
every individual cell. For different cells, the heat laser powers were randomly selected, ranging
from O up to 1800 mW. As more heat laser power was applied, the initial temperature of the
cells in the trap rose.

As seen in figure 6, by using higher heat laser powers the starting event of the nuclear pop
shifts linearly towards lower stretch laser powers. This trend supports our hypothesis: the
warmer the initial cellular environment (caused by heat laser absorption), the lower the
stretching power sufficient to induce nuclear shape changes. We calculate effective
temperatures in the trap region required to start nuclear pops via:

*p .~ 46.7 °C.

eat heat

T.,,=T,.+AT,. *P,.. +AT,

start stage stretch ~ start

This equation is based on equation (1) and extended by a factor describing heating due to
heat laser absorption (A47,,,, = 7 °C/W is the temperature increasing rate in the trap-region due to
heat laser light absorption as described in Materials and methods; B, is the applied heat laser
power).

12



New J. Phys. 16 (2014) 073009 E Warmt et al

25¢
=== horizontal deformation

11.5
0t T vertical deformation IM
V

cell next to

Time [s]

S
A+
C
o
g
15+ v
laser trap 5 !
[P —
) =
T 10 =
| .
®© S
@ I 105 @
’ S 5f +
laser axis 2 ' o
o ]
_; oF ~8'1
)
0
m —£ 1 1 1 1 1 1 I I I
-1 0 1 2 3 4 5 6 7 8

Figure 7. The direction of reshaping during the nuclear pop was not caused by optical
forces but temperature gradients. (a) A cell (only the nucleus is visible) was positioned
next to the laser axis where it was not exposed to laser light. (b) When the measurement
region was heated until the nuclear pop occurs, the nucleus deformed mainly into the
direction of higher temperatures. (c) Fluorescent images of the nuclear restructuring.
The nuclear pop event starts at the point of highest temperature and subsequently
propagates through the whole nucleus in a wavelike manner. As seen in (II) and (III),
the nucleus elongates perpendicular to the laser axis. In this experiment no optical
forces were exerted on the cell. A real time video of this cell is provided in the
supporting material (see video S2, available at stacks.iop.org/njp/16/073009/mmedia).

Here, we see that if cells did not have time to adapt to a new stage temperature, the
effective temperature at which nuclear instability occurred was constant. Hence, the nuclear pop
is clearly a thermal effect.

3.3.3. Nuclear pop without direct light exposure. As ultimate proof that only temperature
triggers the nuclear pop, we investigated nuclear reshaping without any direct laser exposure.
Cells were transported next to the trap-region and they were subsequently allowed to settle
down on the bottom of the glass capillary. Afterwards, the stretch laser power was switched on
and linearly increased without direct laser light exposure to the cell. The cells only experienced
a temperature increase in the surrounding medium and felt no optical forces at all.

As shown in figure 7, the nuclear contraction started on the stretch laser side and propagated
through the whole nucleus like a thermal wave perpendicular to the laser axis. An example video
is provided in the supporting material (see video S2, available at stacks.iop.org/njp/16/073009/
mmedia). This experiment proves that only the temperature gradient is responsible for the nuclear
pop and further explains its characteristic appearance (i.e. contraction and subsequent elongation).
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3.4. Correlation of nuclear pop with cellular viability

The question arises if observed nuclear instability is reversible and how cell viability is affected.

3.4.1. Nuclear reshaping is irreversible. Optical inspection of the nuclear shape did not show
any recovery after the pop. MCF-7 cells were exposed twice to the same linearly increasing
stretch laser pattern. The nuclei reshaped during the first light exposure, while a second
restructuring event of the same nuclei was not observed, even for a recovery time up to 20 min
between both measurements. Hence, the nuclear pop seems to be an irreversible event and the
cell nuclei do not recover their initial structure.

3.4.2. Thermally induced cell death. The irreversible nuclear instability raises the question if
the cells are killed by laser induced heat shocks. Since cell sorting and subsequent cell re-
cultivation of measured cells were not possible, cell viability as related to the nuclear pop was
investigated indirectly. Cell adhesion after laser light exposure was employed as an indicator for
cell viability. A detailed experimental procedure is explained in [34]. Briefly, the microscopy
stage was heated to 37 °C to provide physiological conditions. MCF-7 cells were stretched by a
linearly increasing laser ramp. Subsequently, the cells were allowed to settle down on the
bottom of the glass capillary. Since there was no microfluidic flow in the capillary, viable cells
would have started to adhere to the substrate within minutes. We found that after nuclear
reshaping the cells rarely adhered to the capillary. In contrast, the control cells quickly attached
and spread to the capillary ground.

In a further approach to examine possible correlations between cell viability and nuclear
pop, the cells were preheated in a water bath prior to investigation in the optical stretcher. The

cell suspension (about 5%10° single cells in 1 ml medium) was kept in a temperated water bath
for 5 min at different temperatures ranging from 46 to 54 °C. Subsequently, the cells were split
into two subpopulations. The first population was recultured in a new culture dish to obtain the
survival rate of cells after heat treatment. The second population was measured in the optical
stretcher by applying the standard linearly increasing laser pattern. The nuclear deformation
curves as well as survival rates for the various preheated cells are plotted in figure 8.

After exposure to temperatures up to 48 °C, most cells survived in cell culture. Significant
differences in nuclear deformation curves of the population measured in the optical stretcher
were not observed. In contrast, heat treatment of 50 °C in the water bath initiated cell death for
the majority of cells. Only about 10% of cells adhered to the substrate in post cell cultivation,
indicating hyperthermic cell death [48]. The remaining cells maintained a round shape even
after several days of culture. However, for these cells the characteristic nuclear pops were
clearly observable, as similarly seen for cells pretreated at 52 °C. Although all of the cells were
dead in the cell culture at 52 °C, they still exhibited clear laser induced nuclear reshaping. Only
if the cells experienced a temperature of 54 °C for 5 min did the nuclear pop behavior, in
particular nuclear contraction and subsequent elongation, vanish in the nuclear deformation
curves (figure 8). Thereby, the all-over shape of the suspended cells after the heat bath in the
optical stretcher was not different to that of the healthy control cells.

Another correlation of dead cells and nuclear pop characteristics arose in all optical
stretcher experiments. Any cell suspension contained a small fraction of unavoidably dead cells
due to trypsinization and centrifugation prior to measurements, for instance. Dead cells were
clearly recognizable in the phase contrast images by an overall low contrast and fuzzy contours,
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Figure 8. Nuclear deformation of MCF-7 cells after 5 min exposure to different heat
bath temperatures. Control represents the mean deformation curve of stretched nuclei
without heat exposure prior to measurement. Up to 48 °C (bright blue curves), preheated
cells reveal nuclear characteristics similar to the control. The nuclei of cells heated to
50°C (green) in advance to the measurement significantly lost viability in post-
cultivation, while the nuclear pop extension still showed similar characteristics to the
control. Cells heated to 52 °C (orange) did not adhere at all in further cultivation,
whereas nuclear pop characteristics slightly differed from control cells. In contrast, the
cells lost all nuclear pop characteristics after being heated to 54 °C (pink) indicating
denaturation of certain structure proteins in the nuclei, which are probably related to
nuclear reshaping. Right: phase contrast images of cells in post-cultivation, seeded after
the heat bath exposure. The higher the temperature of the heat bath, the fewer cells
adhered to the substrate, indicating less cells surviving. After 50 °C (green), dead cells
mostly showed a bright round fixed shape. The scale bar represents 100 pm.

as well as in the fluorescence microscopy images where nuclei were abnormally bright. During
all of the measurements of untreated and preheated cells, we never observed that nuclei of dead
cells reshaped upon heat exposure by the lasers beams, rather they kept their round shape. These
observations strongly suggest that the nuclear pop induces cell death. However, some
hyperthermic damaged cells still accommodate intact nuclei, showing laser induced nuclear
reshaping.
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Figure 9. Deformation curves of MCF-7 cells (green) and of their nuclei (blue),
untreated (a), and treated with Latrunculin A (b). The corresponding stretch laser power
in the optical stretcher is indicated by the red line. (a) The whole-cellular response
(green) was clearly affected by the nuclear pop event. (b) Inducing the rupture of
cellular actin by Latrunculin A suppressed nuclear stress propagation through the
cytoskeleton to the outer cell shape. The whole cell deformation (green) appeared less
affected by the nuclear pop event. Yet the nuclear deformation of cells with disturbed
actin network (b) was comparable to the nuclear deformation of untreated cells (a).

3.5. Mechanical force propagation between the nucleus, cytoskeleton, and outer cell body

The nucleus is not a mechanically independent body. It is associated with the cytoskeleton, the
cell membrane, and even the extracellular matrix [49]. Cell nuclei are exposed to mechanical
forces from outside cells, which are transmitted through the cytoskeletal meshwork. Moreover,
forces are also generated inside the cell, such as during migration or cell division [50, 51], as
well as due to recently observed nuclear rotations within an intact actin network [52]. Fast force
propagation within the cell is enabled by the prestressed cytoskeletal network [53]. The
molecular mechanisms by which cells mechano-sense and act to changes in their physical
micro-environment needs further clarification. A detailed overview on how the nucleus is
connected to these processes can be found in [9, 54].

We were able to correlate the reshaping of the nucleus by fluorescence images and
deformations of the outer cell shape from phase contrast imaging. MCF-7 cells were exposed to
steadily increasing laser powers, comparing the mean values of nuclear deformation (recorded
by fluorescence microscopy) with the mean of cellular deformation (recorded by phase contrast
microscopy). As seen in figure 9(a), a strong and time delayed reaction of the cell membrane
was observed, presumably caused by tight connections of nucleus, cytoskeleton, and cell
membrane. The outer cell shape followed nuclear contraction. Meanwhile, after the pop event
the outer cell shape further expanded.

By employing cross-linkers, actin filaments form a highly organized, isotropic, bundled
and branched network [55], establishing a link between nuclei and cell membranes [54]. To
study the role of the actin cytoskeleton during nuclear and subsequent cellular reshaping, we
added Latrunculin A (Lat A) to the cells 8 hours prior to measurements. Lat A sequesters actin
monomers, preventing polymerization of actin filaments. This disturbance leads to disruption of
the actin cytoskeleton and a loss of all-over integrity of the entire cytoskeleton [56]. Comparing
untreated MCF-7 control cells with Lat A treated cells, the strong influence of actin in
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cytoskeletal force propagation is clearly visible (figure 9). Cell shape firmly follows nuclear
restructuring for the case of an intact cytoskeleton. In contrast, in a dissolved actin cytoskeletal
structure, the cell diameter expanded steadily in the direction of the laser axis without following
the internal contraction and subsequent elongation of the nucleus. Only a response to optical
stretching forces was observed in terms of an elongation of the entire cell along the laser axis.
We note that the drug treatment did not affect the nuclear pop (blue curves in figure 9) since
nuclear reshaping is qualitatively identical for Lat A treated and untreated MCF-7 cells. As
shown previously, nuclear deformation and reshaping are not induced or impaired by the optical
stretching. Only laser light induced heating can cause this effect. Thus, internal forces
originating from the nucleus affect the shape of the outer cell membrane by force propagation
through the actin cytoskeleton.

4. Discussion

In this study, the nuclear response of single suspended cells to local optical stretching and
heating was investigated. Here, we observed a drastic and up to now unreported reshaping of
cell nuclei caused by temperature rise. Even though it is not surprising that a certain temperature
kills cells and destroys their protein assembly, the dynamics of the nuclear reshaping during
heat exposure is a surprising phenomenon since the nuclear pop occurs already at temperatures
barely above physiological conditions. We demonstrated that nuclear restructuring is triggered
by: (1) a slow temperature increase induced by changing the stage temperature while stretching,
(2) a fast heating of the trap region by additional heat lasers while stretching, and (3) even
without direct light exposure when cells were exposed only to a heat bath. In particular, the
correlation between heat waves propagating through the nucleus leading to nuclear reshaping
verifies the causality of thermal and structural change.

Our results are corroborated by a recent study by Chalut ef al, who investigated nuclear
responses in the optical stretcher for embryonic stem cells of mice [57]. However, there is a
significant discrepancy concerning the explanation of the origin of nuclear deformations of stem
cells compared to fully differentiated cells. Chalut er al attribute the different nuclear
deformations to differences in nuclear mechanical deformability. Thus, they did not consider
the inherently present effect of thermal heating. However, in agreement with our conclusions,
the authors stated that ‘nuclear mechanics should be considered a significant agent of whole-cell
mechanics’. In our study, we demonstrated for the first time that nuclear responses are
independent of the cytoskeletal structure in terms of F-actin network integrity. This was
similarly proposed by Chalut et al, who stated that ‘nuclear deformation is insensitive to the
mechanical properties of the cytoplasm’.

We found that thermal heating, even by a few degrees, generally had a significant effect on
cell nuclei. We observed that heat exposure of fully differentiated cell nuclei drastically affects
the nuclear shape and that responses vary substantially between different cell types. The
observed nuclear instability due to heating might be attributed to heat-induced protein unfolding
[24, 58] as well as nuclear protein aggregation [59] and reorganization of chromatin domains
[60].

The nucleus consists mostly of DNA double strands, which are mechanically stable and
start melting at 70 °C [22-24]. Since we observed the nuclear pop at much lower temperatures,
more appropriate candidates involved in the reshaping event might be proteins responsible for
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nuclear organization and structural maintenance, such as histone proteins. These proteins
structure and compact DNA double strands and facilitate packing in the dense nucleus [61].
However, Lepock et al observed that histones begin to unfold and lose their functionality above
60 °C [24]. However, this regime is too high to explain observed alterations concerning the
nuclear shape starting between 42 and 48 °C.

Lamin proteins are located under the nuclear envelope, and sustain nuclear shape and
stability [62]. Falloon et al reported in 2002 that temperatures between 42 and 45.5 °C cause
distortions in the perinuclear lamina, as for instance invaginations in the envelope which might
correlate to our heat induced nuclear contractions. Thus, the nuclear lamin proteins might be
potential candidates to be involved in the nuclear pop mechanism. Further studies would be
required to address this issue. However, we do not expect structural reorganization of only
lamin proteins in the nuclear envelope to result in such drastic nuclear extension up to 30% of
initial nuclear size, as observed in our experiments.

Restructuring and distortion of other nuclear proteins might be involved in the observed
effects. Nuclear matrix proteins (NMPs) are spread and branched throughout the whole nucleus,
providing stability by their dynamic network and help in organization such as gene expression
[4, 63]. It is more likely that such proteins, which form structural networks branched throughout
the entire nucleus, cause such drastic instability of the whole nuclear shape. Indeed, Lepock
et al stated that the nuclear matrix seems to be the most thermolabile protein complex in the
nucleus and that irreversible denaturation starts between 42 and 50 °C [64]. This regime is in
good agreement with our observations.

Variations in the content of NMPs in different cell types might also be responsible for the
different reshaping characteristics found in various breast cancer and normal breast cell types,
such as MCF-7, MCF-10A, MDA-MB-231, MDA-MB-436, and HMEC cells. Although cancer
cell nuclei are known to differ to healthy cell nuclei regarding their shape, size, margin,
chromatin organization, nucleoli, nuclear matrix and nuclear membrane assembly [39], a
correlation of the nuclear pop with malignancy is not observable for our measured cell types.
For instance, distinct nuclear instability is observable for malignant (MCF-7), as well as for
benign cells types (HMEC); see figure 4. While thermal failure of NMPs might explain the
sudden elongation of the nucleus, the initial contraction prior to reshaping of the nucleus cannot
be explained in that picture. The nuclear matrix can be described as a prestressed network in
which thermal failure of important structure proteins causes a release of stored mechanical
energy leading to a contraction of the nucleus. However, such a mechanism is speculative at this
point and needs to be addressed in detail in the future. Further experiments should investigate
the molecular processes and the involved proteins to gain a better understanding of the nuclear
pop from a biological point of view.

The observation that only heat induces the nuclear reshaping is sustained by experiments
in which single cells were exposed to heat via heat lasers or a heat bath prior to measurements.
All of the cells exhibited a clear heat dependence. For higher initial stage temperatures the
effective pop temperature that induced the nuclear pop also increased slightly (see figure 5).
These findings indicate that cells react and adapt to higher environmental temperatures
potentially by heat shock proteins (HSPs) [24]. Although HSPs protect cellular and nuclear
function against heat damage, high temperatures lead to protein denaturation and aggregation.
These proteins lose their functions, eventually leading to dysfunctions within the nucleus and in
the end to cell death [59].
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Temperature induced cell death of MCF-7 cells already begins at 43 °C when cells are
exposed to heat for at least 2 hours, as reported by Ciocca et al [26]. In our experiments, MCF-7
cells were still viable after exposure to temperatures of up to 48 °C for 5 min. They adhered and
spread during culture after heat exposure and no alterations in nuclear reshaping was observed.
This behavior can be understood by considering protein denaturation as a rate dependent
process. Cells exposed to low temperatures yet still above the denaturation temperature exhibit
a reduced denaturation rate compared to cells at higher temperatures [65]. Thus, cells exposed
to a heat bath for a few minutes can survive even higher temperatures due to the shorter
exposure time compared to cells exposed to heat for hours.

We investigated the cellular viability and correlated thermal properties of nuclei in a heat
bath, ranging from 48 to 54 °C for 5 min. Our results revealed two different heat responses.
Firstly, the cells started to undergo cell death after exposure to a 50°C water bath.
Subsequently, they were no longer able to adhere to the culture dish. Nevertheless, the nuclei
still exhibited a clear apparently intact structure, as observed with fluorescence microscopy, and
showed characteristics of the nuclear pop in the optical stretcher. Secondly, more severely
damaged cells resulted from higher heat bath temperatures of about 54 °C. This temperature
regime caused denaturation and the nuclear pop was no longer visible. Interestingly, the cells
appeared to be ‘fixed’ by the heat bath. Even after 2 weeks in culture, the cells were spherical
and had a strong contrast in phase contrast microscopy, while they did not adhere to the culture
dish. We propose that after 5 min at 54 °C all cellular processes are completely stopped, which
normally dissolves cells leading to a blurred appearance. We expect that hyperthermic damage
appears to take over cellular processes at temperature treatment up to 50 °C for 5 min, while the
nuclear structure is still maintained. At temperatures of 54 °C both the nuclei and nuclear
networks immediately lose their function.

For MCF-7 cells, we compared the interconnection of an intact cytoskeleton with a dissolved
F-actin meshwork. The nuclear size and shape were similar in both populations, indicating that the
ruptured actin skeleton does not release enough energy to significantly affect the stiff nucleus. The
nuclear pop is an internal nuclear effect, releasing higher forces against the cytoskeleton than the
cytoskeleton against the nucleus. The Latrunculin A (Lat A) treated cells were softer and lost
structural stability, which is evident since the nuclear pop barely affects the outer cell shape 9. A
closer look revealed a time lag of the force propagation from the nucleus to the outer cell
membrane. We observed that the force wave of the nuclear pop reaches the membrane slightly
faster in an unimpaired cell than in a cell treated by Lat A. As obtained from our experiment, a less
branched scaffold provides less tensegrity, resulting in slower and weaker force propagation.

A detailed molecular investigation is still lacking to the extent of which and how nuclear
proteins are involved in a heat induced nuclear pop. An explicit molecular correlation of
involved proteins is difficult and might be worth trying to compare nuclear protein content
before and after restructuring by simultaneous Raman spectroscopy [66]. Since we showed that
the nuclear deformation curves are characteristic for different cell types, they might thus be
employed as a cellular marker. Further knowledge of cytoskeletal architecture and
interconnection can be gained from studies of the force propagation between nuclei and
surrounding cell membranes.

Our results show that cell nuclei become unstable at amazingly small thermal disturbance,
raising the question of how an organism deals with a thermal instability of the nucleus.
Considering the relatively small energies that disintegrate the nucleus, it might be expected that
nuclear structure can be also damaged when a metastatic cell squeezes through narrow spaces.
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This does not seem to be the case. Thus, a temperature increase seems to have a unique effect
on cells and needs further investigation, especially for a better understanding of the underlying
processes during hyperthermia therapy, such as for cancer treatment.
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