This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

Epigenetic Modifier Drug Valproic Acid Enhances Cancer Metaphase
Chromosome Elasticity and Electron Transport: An Atomic Force
Microscopy Approach
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The structural integrity of the chromosomes is
essential to every functional process within eukaryotic nuclei.
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Changes in the mechanical properties of a chromosome could lead to
its compromised function and stability, leading to chromosome
breaks. Here, we studied the changes in chromosome physical
properties using metaphase chromosomes isolated from moderately
malignant (MCF7) and highly malignant (MDA-MB-231) human
breast cancer cells exposed to valproic acid (VPA), a known
epigenetic modifier drug involved in histone hyperacetylation and
DNA demethylation. Due to chromosomal structural intricacy and
preparative and technical limitations of analytical tools, we employed a label-free atomic force microscopy approach for
simultaneously visualizing and mapping single chromosome elasticity and stretching modulus. Additionally, we performed electron
transport characteristics through metaphase chromosomes to elucidate the effect of VPA. The chromosomal elasticity and electron
transport alterations are manifestations of VPA-mediated chromatin’s epigenetic changes. Our multiparametric strategy, as shown by
receiver operating characteristics analyses with the physical properties of chromosomes, offers a new scope in terms of analytical
tools for studying chromosomal structural changes/aberrations linked to cancer.
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between the two expressions leads to dynamic transitions in
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chromatin structure and is correlated to numerous cancers.”

Breast cancer (BC) is the most common cancer diagnosed
Several inhibitors of DNMTs and HDACs are approved by the

among women, with a 30% increase in the incidence rate over

the last 20 years.! BC progression relies on genetic and Us FSOd and Drug Administration (FDA) as anticancer
epigenetic alterations; later, being reversible provides oppor- drugs.” Valproic acid/sodium valproate (VPA) (2-propyl
tunities for therapeutic applications. Nucleic acid and peptide pentanoic acid, a low-molecular weight branched-chain fatty
sequencing-based mass spectrometry (MS) is usually em- acid), is a FDA-approved drug for epilepsy, traditionally used
ployed for mapping post-translational epigenetic modifications. as an anticonvulsant® (to prevent or treat seizures). This drug
Despite numerous efforts, the pathogenesis of BC is still is also extensively reported to act on epigenetic dysregulations
unclear due to its biological heterogeneity, and -effective by inducing acetylation in histones and affecting the DNA
therapeutic developments are challenging.” It is known that methylation status in different cancers, including BC*~'*
DNA methylation and histone post-translational modifications (Scheme 1).

regulate gene expression without altering DNA sequence, It is known that DNA methylation and histone acetylation

which directly contributes to the tumorigenesis and pro-
gression of BC.” Hypermethylation of CpG islands of the gene
promoter is catalyzed by a group of DNA methyltransferase
enzymes (DNMTs, including DNMT1, DNMT2, and October 22, 2024
DNMT3) and is linked with transcriptional silencing of the January 15, 2025

concerned genes.* Modification of histones is controlled by a January 15, 2025

balance between histone acetyltransferase (HAT, which add an February 12, 2025
acetyl group to N-terminal lysine residues in histones) and

histone deacetylase (HDAC) activities.”® An imbalance

modulate the chromatin structure. DNA methylation impacts
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Scheme 1. Schematic Representation of the Epigenetic Modifications of DNA-Methylation and Histone Acetylation in
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“VPA, a well-known HDAC and DNMT inhibitor.'* DNA methyl transferase: DNMT, histone acetyl transferase: HAT, and histone deacetylase:

HDAC.

chromatin compaction via linker DNA entry/exit angle
alteration.” Similarly, acetylation modulates the interaction
potential of the N-terminal tail domains of the core histones.'®
They both influence the folding and functional state of the
chromatin fiber, which in turn modulates nucleosome
accessibility to the transcription machinery.'”' Therefore,
VPA induces chromatin structural rearrangements through
epigenetic reprogramming involvin% demethylation and
acetylation of specific genes/histones.'” Previous biochemical
studies revealed that VPA prompts chromatin decondensation,
repair of damaged DNA, cell differentiation, apoptosis (by
upregulation of Bak and downregulation of Bcl-2 expression),
and cell cycle arrest (Gl or sub-Gl phases) in BC.*'®
Presently, this compound is of great interest to the field and is
undergoing many clinical trials for its antiproliferative
properties in a variety of cancer types, including BC.® VPA is
a known HDAC inhibitor that increases histone acetylation,
particularly at lysine 9 of histone H3 and lysine 8 of histone
H4, and can induce DNA demethylation, contributing to
epigenetic reprogramming. These effects are crucial for altering
chromatin structure and function, impacting chromosome
elasticity, and electron transport. VPA mimics HDAC
inhibition, leading to hyperacetylation of histones, which
reduces their electrostatic affinity with DNA, resulting in a
more open chromatin structure conducive to active tran-
scription.” Notably, the acetylation of histone H3 at lysine 56
can influence DNA-histone interactions, enhancing chromo-
some elasticity and allowing easier deformation under
mechanical stress.”” VPA treatment also affects DNA
methylation levels. The interplay between histone acetylation
and DNA methylation varies by cell type, with VPA promoting
demethylation through active and passive pathways. For
example, in MCF7 cells, VPA-induced demethylation occurs
passively, while in other cell types, it may involve ten-eleven
translocation (TET) enzymes. Moreover, VPA decreases the
expression of mRNA encoding SMC proteins and DNMT1,
leading to significant chromatin structural changes and an
increased sensitivity to nucleases. Studies show that DNA
methylation can regulate gene expression by altering DNA’s
mechanical properties and its interactions with histones.'’
Interestingly, multiple studies have revealed a higher
prevalence of chromosomal instability (CIN) in metastatic
BC compared to primary BC.”” This suggests a strong
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association between CIN and the process of metastasis.
Therefore, it is crucial to understand that the mechanical
properties of chromosomes are essential for their structural and
functional integrity. We noticed that the physical properties of
chromosomes and the effect of epigenetic modifiers (VPA and
other drugs) on these properties were previously unexplored.
Observing single-chromosome morphology changes may be
challenging due to the limitations of optical microscopy. Super-
resolution optical microscopy is available in some cases;
notably, all these techniques require fluorescence staining,
which depends on the affinity of the fluorescent dye with the
chromatin and inadvertently affects its structure. We chose
MCF7 (metastatic breast adenocarcinoma, estrogen receptor
(ER)-positive) and MDA-MB-231 (epithelial adenocarcinoma,
ER-negative, and highly tumorigenic and invasive®**) for
chromosome isolation, as model cell lines that have been used
for many years by multiple groups.”> Traditional southern
hybridization technique revealed that MCF7 possesses the
highest hypermethylation over other commonly studied BC
cell lines.”* Additionally, pattern analysis revealed that the
overall methylation percentage in both cell lines is similar
(~90% in MDA-MB-231 and ~93% in MCF?7 cells).”* Also, as
per recent data, VPA significantly inhibits tumor progression in
ER-positive and ER-negative” BC cell types than others.'® In
this work, we elucidated the physical outcome of VPA
treatment on MCF7 and MDA-MB-231 chromosomes
employing atomic force microscopy (AFM), a label-free single
molecular detection technique capable of simultaneously
providing nanoscale-resolved topography and elasticity maps
(through AFM nanoindentation) at a precise location of a
chromosome. The ability to study chromosomes in situ under
physiological conditions in their pristine form is its major asset.
With a conductive probe-AFM (CP-AFM), AFM is uniquely
capable of measuring the electron flux through chromosomes
with varying physical forces applied. This feature is useful in
studying chromosomal structural rearrangements since cyto-
sine methylation profoundly impacts DNA-mediated charge
transport.”® Only a handful of reports are available on AFM-
based chromosomal biophysical dissections. Lipiec et al.
applied AFM-Raman to reveal molecular alterations in HeLa
chromosomes by inducing bleomycin,”” previously they
studied molecular differences between eu- and heterochroma-
tin using AFM-IR based on differences in methylation status.”®
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In another work, Lee’s group evaluated the surface charge and
stiffness of human B lymphocyte chromosomes by treating
them with RNase and pepsin enzymes using KPFM and PF-
QNM techniques.”” In this study, for the first time, we
quantified both the single chromosome elasticity and electron
transport through isolated MCF7 and MDA-MB-231 single
metaphase chromosomes using AFM to decipher the
correlation between the chromatin structural alterations
induced by VPA. This quantitative approach is valuable for
assessing the disease progression, recognizing potential
therapeutic responses, the efficiency of the drug treatment,
and associated adverse effects, thereby offering critical insights
for enhancing patient outcomes and altering individualized
treatment strategies. The experimental setup is affordable and
does not require special expertise to perform the required
measurements and data analysis.

MCF7 and MDA-MB-231 human BC cells (obtained from NCCS,
Pune, India) were cultured in high glucose Dulbecco’s modified Eagle
medium (DMEM, Gibco) supplemented with 10% fetal bovine serum
(FBS, Gibco) and 1% of antibiotics (streptomycin and penicillin,
Gibco). Cells were incubated at 37 °C in a 5% CO, atmosphere.
Metaphase chromosomes were isolated from MCF7 and MDA-MB-
231 cells according to the protocol detailed elsewhere.*® Briefly, 0.1
ug/mL colcemid (Sigma-Aldrich, USA) was added at 60—80% cell
confluency and incubated overnight at 37 °C in a humidified
atmosphere with 5% CO,. Then, cells were detached from the culture
flask using trypsin and neutralized with complete media. The cells
were isolated by centrifugation at 1000 rpm for S min. After that, the
excess supernatant was discarded. Next, prewarmed 0.075 M KCl
(Sigma-Aldrich, USA) was added and mixed well, and the mixture was
incubated for 20 min in a 37 °C water bath. Subsequently, S mL of
freshly prepared cold fixative (methyl alcohol and acetic acid (Sigma-
Aldrich, USA) were mixed 3:1, by volume/volume) was added to fix
the cells. Then, the content was centrifuged, and the cell pellet was
extracted. After washing the pellet with fixative, the chromosomal
sample’s concentration was checked by Nanodrop (Thermo Fisher).
The chromosomes were treated with RNase (Sigma-Aldrich, R6513)
and protease (Sigma-Aldrich, P6887) to remove nucleic acid and
protein contaminants.®’ The sample was kept in the fixative solution
at 4 °C for future use (maximum 24 h). We optimized the VPA
concentration, incubated the cells with 0.1, 0.5, and 1 mM VPA
(Sigma-Aldrich) dissolved in Milli-Q water for 24 h, isolated
chromosomes, and performed IR spectroscopy. In optimized
conditions, 1 mM VPA was incubated with cells for 24 h.
Chromosomes were routinely checked under an optical and
fluorescence microscope (Figure S1) (stained with acridine orange,
Ti2E A1R MP, Nikon) before and after VPA treatment. Images were
processed and quantified by using Image]J software. We administered
in situ VPA (1 uM) treatment to MCF-7 cell-derived chromosomes
for 1 h to achieve reproducible changes in FT-IR spectroscopy results.
We also checked for 0.1 and 0.5 #M concentrations with 30 min and
1 h incubation times (in situ).

Fourier-transform infrared (FT-IR) spectra of chromosome samples
were taken using the KBr window in a Nicolet iS20 FT-IR
spectrometer (Thermo Fisher Scientific, Massachusetts, United
States). The IR signal was measured with a deuterated triglycine
sulfate (DTGS) detector. Each spectrum was an average of 64 scans in
the range between 400 and 4000 cm™}, with 4 cm™ resolutions.

Here, spectral data for each chromosome sample were collected for a
multivariate analysis. Baseline correction and vector normalization
were achieved for each spectrum separately using Origin Lab
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(Northampton, MA). The first derivative was taken to minimize the
baseline error and then smoothed by using the Savitzky—Golay
method. Finally, principal component analysis (PCA) was performed
using Origin software.

The thermal stability of untreated and VPA-treated chromosomes was
estimated by calculating the transition melting temperature (T,,)
through a Cary 50 spectrophotometer with a stirred, temperature-
controlled, single-cell Peltier accessory. The absorbance measure-
ments were taken every 2.5 °C with a S min incubation at each
temperature for equilibration.

Circular dichroism (CD) spectra of chromosome samples were taken
using a Jasco J-1500 CD spectrophotometer at 4 °C. The
deconvolution of the CD signals into the relevant secondary structure
was carried out by CDNN software, which was evaluated by using the
BestSel CD deconvolution server.

The genomic DNA samples were prepared using the DNeasy Blood
and Tissue Kits for DNA isolation (Qiagen, Germany) to isolate
genomic DNA from cells according to the manufacturer’s protocol.
We used a Nanodrop UV—vis spectrophotometer to determine the
quantity of DNA obtained. The concentration of the DNA samples
was ~50 ng/uL for both.

The quantity of DNA methylation (% SmC) was quantified using the
MethylFlash Global DNA methylation (S-mC) ELISA Easy Kit
(Colorimetric), following the manufacturer’s instructions. Briefly, 100
ng of DNA samples was applied to an ELISA well strip. After DNA-
surface binding, primary antibodies against S-methyl cytosine were
applied to an ELISA strip well. After color development, the
absorbance was read at 450 nm using a BioTek, Synergy Hl
microplate reader. The absolute quantity of global DNA methylation
was determined using a standard curve.”> The ELISA method yielded
the degree of DNA methylation based on the OD value by

% SmC = [(sample OD — negative OD)/(slope X S)] X 100

where, S is the amount of input sample DNA in ng.

For AFM sample preparation, a freshly prepared chromosome sample
(untreated and VPA-treated chromosomes) was placed on a cleaned
glass slide/petri plate, incubated for 20 min, and washed briefly with
PBS. Fluid imaging (in intermittent contact mode) and force
spectroscopy were performed on an Asylum MFP-3D instrument
(Asylum Research, Santa Barbara, USA) with a triangular silicon
nitride probe (SNL-10, triangular A, spring constant 0.3 N/m) under
PBS buffer (pH 7.4). All AFM images were analyzed using Igor Pro
software.

The chromosome spread was imaged in a PBS buffer in intermittent
contact mode. Each chromosome and subchromosomal region were
zoomed in and reimaged before starting force spectroscopy. The
cantilever spring constant (SNL-10, triangular A, spring constant 0.1—
0.3 N/m) and deflection sensitivity values were calibrated before each
experiment. We carefully checked the height, length and width values
of all parts of a single chromosome from fluid AFM images. The
height values were always greater than 85 nm. A 500 X 500 nm area
was selected on a single chromosome to generate force maps using a
maximum applied force of 2 nN. Maximum 10—15 nm of indentation
depths was made. The Young’s modulus values were determined from
the force maps using the Hertz model with spherical geometry having
the equation® & = [3(1 — 12)/(4ERY?)]**F*>. Here, 6, F, E, and R
are the indentation, force, Young’s modulus of the sample, and radius
of the tip, respectively, and v is the Poisson’s ratio of the sample,
which is assumed to be 0.3** using Igor Pro software.
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Figure 1. FT-IR average spectral profile of (A) MCF7 (black), MCF7-VPA-treated (wine), (F) MDA-MB-231 (blue), and MDA-MB-231-VPA-
treated (cyan) chromosomes. Area under the curve (AUC) after Gaussian peak fitting for (B) MCF7, (C) MCF7-VPA-treated, (G) MDA-MB-231,
and (H) MDA-MB-231-VPA-treated chromosomes, which represented the DNA-CH, band. Midinfrared spectral overlay of (D) MCF7 and (1)
MDA-MB-231 and VPA-treated chromosomes represented different spectral signatures due to different methylation status in 800—1800 cm™". PCA
score plot of both (E) MCF7 and (J) MDA-MB-231 chromosomes. Scores are based on the first two principal components: the region used for

PCA was 400—4000 cm™.

The single chromosome was mechanically contacted with an
unmodified tip®® by applying ~100 pN contact force and retracted
with ~29.07 nm s~ velocity. The force—separation curves were fitted
with the worm-like chain (WLC) model using FODIS software®® to
extract the stretching modulus values of single chromosomes.
According to this model, each unfolding event is described as F(x)
=KpT/L, [1/4 (1 = x/L) — 2 + (x/L. — 1/4)],>” where F stands for
force, x is the extension, Ky is the Boltzmann’s constant, T is the
temperature, L, represents the persistence length, and L. is the
contour length of the domain. We varied the persistence length from
7 to 12 nm”®* to fit the force—separation profiles with the WLC
model to calculate the contour lengths, through which the stretching
modulus was calculated (S = F; X L./5), where S stands for stretching
modulus, F is stretching force, § is extension length, determined
through the force—separations curves.””>”*® Regarding positioning
accuracy in force volume measurements using AFM, we took several
precautions to ensure precise and consistent data collection. We
imaged entire chromosomes to obtain an overview of their shape and
structure and measured the height and roughness values of the
chromosomal regions. Following this, we systematically reduced the
scan area to focus on smaller regions of the chromosome, reimaged
every time, then remeasured the height values, carefully selected
multiple points of interest that represent different sections of the
chromosome body (centromere, telomere, p, and q arms), and
collected force maps on each region of the chromosomes, which has
allowed us to capture data from each chromosomal region and avoid
positional bias from localized features or variations (the closed loop
AFM scanner helps to maintain tip positioning).

An indium tin oxide (ITO)-coated glass substrate was thoroughly
cleaned.*' Freshly prepared chromosome solutions were deposited on
a cleaned and dried ITO (1.0 cm?) substrate, washed briefly with PBS,
and dried with a weak stream of nitrogen gas. Each sample was
imaged by intermittent-contact AFM (MFP-3D Asylum Research,
Santa Barbara, USA), using AC240TS-R3 (Oxford Instruments, USA)
to check the position of the chromosome spread. For I-V
measurements, a Pt—Ir-coated silicon cantilever (HQ-DPER-XSCI11,
MikroMasch, with a coated radius of 20 nm) was used. Potential
sweeps were made from —3 to +3 V, and the resulting current
responses were recorded (MFP-3D-ORCA mode). Each I-V
spectrum acquired on the single chromosome was the average of 4
sweeps. During each measurement, the force set point (10—100 nN)

was calibrated and adjusted by applying a definite set point. All CP-
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AFM measurements were performed in ambient conditions where
temperature and humidity were maintained at 24 + 1 °C and 35—
45%, respectively. 100 I-V curves for both untreated (MCF7 and
MDA-MB-231) and VPA-treated chromosomes and S uM, 72 h
tetrathiomolybdate (TM)-treated MCF7 chromosomes at 10, 40, and
80 nN force loads were taken. The I-V curves at different force loads
were fitted with the Fowler—Nordheim (F—N) equation using Origin
8.5 software. We conducted CP-AFM experiments on three
independently prepared samples. For each experiment, we measured
at least ten different chromosomes in untreated and VPA-treated
conditions (chromosomes were isolated from two cell lines). Similar
to our strategy with force volume measurements, we imaged the entire
chromosome first to obtain an overview of its structure and
morphology. We then systematically focused on localized areas
within the chromosome to perform CP-AFM analysis. We also
routinely checked the CP-AFM tip coating by collecting force curves
on bare ITO. We repeated the CP-AFM experiments on different
chromosomes multiple times. Most data published in the field of CP-
AFM (including biological samples and other inorganic materials) are
collected in the air at a relative humidity of 30—60%. When measuring
in ambient conditions, the presence of a water meniscus surrounding
the tip/sample junction is unavoidable. However, we ensured that the
metallic tip was touching the surface of the sample. We applied a force
that was high enough to penetrate the water layer at the tip/sample
junction (usually a few nanonewtons).** In this work, we performed
all CP-AFM experiments at 50% RH and with a minimum of 10 nN
force applied. The major limitation of CP-AFM is the tip-coating
instability; we always performed CP-AFM experiments with new tips
and repeated measurements to check the reproducibility. Previous
studies have shown that chromosomes retain structural and
mechanical properties under ambient conditions when examined
over short time frames.”*>” We ensured that all measurements were
conducted rapidly to minimize potential environmental impacts. The
chromosomes were also routinely checked through imaging. We
ensured that the structural integrity remained intact during the
measurements.

Overall, we measured 10 different chromosomes for each
experimental case; each chromosome was assessed in 4 regions
(centromere, telomere, p, and q arms), resulting in 60 chromosomes
analyzed in the study. We performed VPA treatment in situ (total of
20 chromosomes) and in cells (40 chromosomes) and repeated
experiments meticulously in MCF7 and MDA-MB-231 cell-derived
chromosomes. At least 1000 curves with force volume maps were
acquired for each chromosomal region to measure elasticity,

https://doi.org/10.1021/jacsau.4c00991
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Table 1. FT-IR Peak Assignmentsg‘m’30’46_50

peak
number wavenumber (cm™") corresponding vibrational modes
MCEF7-VPA in
MCEF7 MCE7-VPA situ MDA-MB-231 MDA-MB-231 VPA
1 644 644 (weak) 644 (weak) 651 (strong) 652 (weak) sugar—phosphate vibrations
(strong)
1057 1057 1058 phosphate stretching
3 1031 1031 1031 1045 1045 P=0 phospholipids stretching and C—O—C stretching
4 1272 1267 1267 1269 1270 C=0 inorganic carbonate stretching and P=0 asymmetric
stretching
S 1389 1388 1388 1388 1388 antisymmetric aliphatic-CH deformation of methyl and
methoxyl
6 1526 1526 1526 1527 1527 C—N amide group stretching
7 1656 1656 (weak) 1656 (weak) 1650 1650 (weak) C=0 amide group (cytosine)
8 173S 1735 173S 1734 1734 C=0O0 stretching (carboxylic group)
9 2871 2871 2871 (strong) 2873 (weak) 2873 (strong) C—H or CH, symmetric stretching vibrations
(weak) (strong)
10 2925 2926 2923 2926 2924 CHj, vibration or C—H— antisymmetric stretching vibrations
11 3494 3495 3495 3491 3490 O—H stretching/H-bonding

Table 2. Statistical Information for DNA-CH; Band Peak and Area Under the Curve Values for Both Untreated and VPA-

Treated Chromosomes Obtained from FT-IR Spectral Profiles

chromosomes peak starts (cm™) peak ends (cm™)
MCEF7 2875 2975
MCF7-VPA 2870 2989
MDA-MB-231 2876 2991
MDA-MB-231 VPA 2882 2972

stretching modulus, and current values (4000 curves per chromo-
some).

Freshly prepared chromosome solution was put in freshly prepared
aqua regia (1:3 conc nitric acid and hydrochloric acid) and heated for
12 h at 60 °C for complete digestion and analyzed with a PerkinElmer
inductively coupled plasma MS (ICP—MS).

Topography, force—distance, and I-V curves obtained on MCF7 and
MDA-MB-231 chromosomes were analyzed to determine the volume,
Young’s modulus, stretching modulus, and current values, respec-
tively. The receiver operating characteristic (ROC) curve was
constructed using each input value (volume, Young’s modulus,
stretching modulus, and current response) between the MCF7 vs
MCF-VPA and MDA-MB-231 vs MDA-MB-231-VPA individually
using Origin 2023 software; p-value < 0.05 was considered statistically
significant. A separability measure is the entire area under the ROC
curve or AUC (area under the curve). A probability curve called the
ROC is used to analyze test accuracy. It shows the extent to which the
test is capable of class discrimination. A higher AUC makes it easier
for the test to distinguish between individuals with medical conditions
and those without. To produce the ROC curve, sensitivity is plotted
on the y-axis, and 1-specificity is plotted on the x-axis. An excellent
test is indicated by an AUC that is near 1, which indicates a good
measure of separability. A test with an AUC near 0 is considered poor,
as it has the lowest separability measure.*”

The research involving various BC cell lines revealed that
cellular response to VPA treatment depends on cell type, drug
dosage, and incubation time.*'" Studies have reported ICs,
values for VPA in MCF7 and MDA-MB-231 cells ranging from
800 uM to 2 mM, with higher concentrations resulting in

area units ratio control/treated peak center (cm™)
0.37899 229 2925
0.16548 2926
0.36469 2.35 2926
0.15518 2924

extensive cell death and inflammatory responses.'***~** Before
isolating chromosomes, we incubated MCF7 and MDA-MB-
231 cells with VPA (1 mM for 24 h). We tested for 0.1, 0.5,
and 2 mM concentrations with 24 and 48 h incubation times.
We determined that a 1 mM concentration and 24 h
incubation time were optimal for observing significant
differences in FT-IR spectra consistent with earlier report-
5.1 314 We attempted IR spectroscopy for untreated and
VPA-treated MCF7 and MDA-MB-231 chromosome samples
(Figure 1 and Table 1). We assigned the 2850—3050 cm™
spectral range to the symmetric and asymmetric stretching of
—CH,, —CHj,, and C—H vibrations in 5-methylcytosine."> We
observed an increase in absorbance intensity for untreated
MCF7/MDB-MD-231 chromosomes compared to treated
samples. The band centers were found at ~2925 cm™ for
untreated chromosomes and ~2923 cm™ for VPA-treated
chromosomes. The peak area for untreated chromosomes was
approximately ~2.3 times higher than that for VPA-treated
chromosomes, suggesting reduced absorbed energy and
changes in the chemical environment linked to lower DNA
methylation levels in VPA-treated chromosomes (Table 2 and
Figure 1B,C,GH). The spectral range between 1610—1695
cm™ was of Amide I (predominantly C=O stretching) of
histone and C=0 stretching, out-of-plane —NH, bending, dT,
dG, dC, C/G/T, C=C stretching, and in-plane —NH,
bending of DNA, which is highly informative of the changes
in a-helices and f-sheet conformations that was affected by the
VPA interactions. The changes in the intensity of peaks
(~1656 cm™') in this region represented the histone
modifications, including hyperacetylation'> (Table 1). For
the peak ~1270 cm™" (nucleobases and —PO, antisymmetric
stretching of the DNA), the absorption intensity of untreated
was lower than VPA-treated chromosomes due to a higher
abundance of cytosine methylation.”> The spectral range
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Figure 2. AFM 3D-topographic analysis of the (A—C) untreated and (D—F) VPA-treated MCF7 chromosomes in buffer. Box plots of (G) height
and (H) length, (I) width, and (J) surface roughness (R,) values of untreated and VPA-treated chromosomes (p values from unpaired t-test or

ANOVA are shown).

1200—1300 cm™' represented the amide III region, where
higher intensities were observed for VPA-treated chromo-
somes, signifying loosely packaged chromatin®'**"* (Figure
1D,T). Next, we performed PCA (400—4000 cm™'), which
displayed the distinctions between untreated and VPA-treated
chromosomes (Figure 1E,J). The overall analysis from FT-IR
spectra and PCA deciphered that VPA treatment of
chromosomes was successful (Tables 1 and 2).

Further, we performed UV melting experiments, where the
melting curves of both chromosome samples showed the
transition temperatures as ~60 and ~50 °C (T, monitored at
260 nm) for untreated and VPA-treated MCF7 chromosome
samples, respectively. The hypermethylated MCF7 sample had
a melting temperature ~10 °C higher than the treated
sample® (Figure S3A). CD spectroscopy revealed higher a-
helix and f-sheet contents and a decrease in turns, which are
related to histone hyperacetylation induced by VPA treat-
ment” (Figure S3B,C). Therefore, UV and CD experiments
correlated well with the FT-IR findings. For biochemical
validation, we performed ELISA using a global DNA
methylation kit. The result indicates the % of global DNA
methylation was 18.1 versus 12.6% for untreated and VPA-
treated (1 mM for 24 h) MCF-7 DNA, respectively”” (Figure
S2). Collectively, biophysical (spectroscopy) and biochemical
(ELISA) experiments univocally supported the VPA-induced
DNA demethylation and histone hyperacetylation.
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We visualized MCF7 and MDA-MB-231 chromosomes with
high-resolution AFM imaging in intermittent contact mode
under physiological buffer conditions (Figures 2A—C and SS).
Ultrastructural components of the centromere and telomere
were frequently discerned (Figure 2C). We routinely checked
the chromosome preparation with light and fluorescence
microscopy before AFM imaging (Figure S1). We visualized
chromosomes isolated from 1 mM VPA-treated cells for 24 h
(Figures 2D—F and SSB) and compared the height, length,
width and roughness values of both untreated (MCF7 and
MDA-MB-231) and VPA-treated chromosomes (Figure 2G—
J). All the measured values significantly changed before and
after VPA treatment (Figure 2G—J), and these observations are
linked to VPA-induced structural alterations in treated
chromosomes (Tables S1 and S2). Interestingly, we found
that while there was a reduction in the height of VPA-treated
chromosomes compared to that of untreated, their width
increased. This increase in width upon VPA treatment
suggested that the chromosomes underwent structural
relaxation, leading to a broader/flatter profile. The decrease
in height could reflect chromatin decondensation due to VPA-
induced epigenetic changes.

Next, AFM nanoindentation force spectroscopy was
employed under physiological buffer conditions to measure
the elasticity of a single chromosome. The AFM nano-
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Figure 3. Representative force—distance profile of AFM nanoindentation on a single chromosome, (A) MCF7 (black) and MCF7-VPA-treated
(wine), and (D) MDA-MB-231 (blue) and MDA-VPA-treated, fitted with Hertz model (orange) with spherical indenter geometry, and 3D AFM
topographic view of a chromosome on a glass slide under buffer (inset). Force maps of Young’s modulus for (B) MCF7, (C) MCF7-VPA, (E)
MDA-MB-231, and (F) MDA-MB-231-VPA-treated chromosome at the centromere. Box plots of Young’s modulus (using Hertz model) values of
(G) MCF7 (black) and VPA-treated (wine), and (H) MDA-MB-231(blue) and VPA-treated (cyan) chromosomes at different chromosomal
regions. (I) Average Young’s modulus of untreated (MCF7, n = 10 and MDA-MB-231, n = 10) and VPA-treated chromosomes (n = 10 each;
considering all four regions), p-values were calculated by one-way ANOVA, followed by the Tukey posthoc test.

Scheme 2. Condensed Chromatin Transformed to its Open Conformation upon VPA Treatment

= Condensed (Rigid) Chromatin

indentation mode provided a force—distance curve expressing
the force exerted (max 2 nN) on a single chromosome by the
AFM tip as the tip indented (max 20 nm; the indentation
depth was not more than 10% of the chromosome height in
buffer) the chromosome. Young’s modulus was obtained by
fitting the approach curve with the Hertz model (spherical
indenter geometry) for both cases (Figure 3A,D).”* We found
that the VPA-treated chromosomes were strikingly more elastic
than untreated chromosomes in both cells (12.5 + 2 MPa
(MCF7) vs 3.2 + 0.4 (VPA-treated), p < 0.01) and (9.1 + 2
MPa (MDA-MB-231) vs 3.7 % 0.5 (VPA-treated), p < 0.01)
(Figure 3B—J). This trend of elasticity was consistent with in
situ data (Figure S6 and Table S1). The range of Young’s
modulus values of chromosomes was consistent with previous
reports.””*> This data reveal how epigenetic reprogramming
impacts the material properties of chromosomes.

DNA methylation adds a methyl group to cytosine DNA
bases (Scheme 1), decreasing the repulsion between DNA
strands, resulting in a more compact chromatin structure.’
Earlier reports suggested that DNA demethylation can open up
chromatin and prevent the strands from becoming tangled and

DNA
Methylation

Valproic Acid

772

Histone
Acetylation

= Open (Flexible) Chromatin
= Higher Electron transport

also plays important roles in reinforcing the DNA during cell
division, preventing DNA damage, and regulating gene
expression and DNA replication.”” In the case of hyper-
acetylation of histones, it relaxes the chromatin structure by
adding negatively charged acetyl groups to specific lysine
residues in histone (Scheme 1). This decreases the electro-
static affinity between histone proteins and DNA, which
disrupts their interactions. The result is a more relaxed
chromatin structure, which is associated with greater levels of
gene transcription. Histone hyperacetylations are critical to
various cellular processes, including nucleosome assembly,
chromatin folding, and DNA damage repair.ss’56 Therefore,
VPA transformed the condensed chromatin to its relaxed form
(Scheme 2). We rigorously captured AFM force-volume maps
at different subchromosomal regions (centromere, telomere, p,
and g-arms) for mapping elasticity (Figure 3H,G) to
investigate the effect of VPA on it. We found that VPA-
treated chromosomes were uniformly elastic in 4 chromosomal
regions compared to untreated ones (Table S2 and Figure 3I).
The average height and Young’s moduli of different
subchromosomal regions (centromere, telomere, p, and q-
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Figure 4. (A) Typical retract curve showing chromatin stretching (F,, = stretching force); the dotted black line represents the baseline. (B) Sample
retract curves for single (1) (MCF7) and multiple rupture events (2,4: MCF7, 3,5: MCF7-VPA-treated, 6,8: MDA-MB-231, and 7,9: MDA-MB-
231-VPA-treated), corresponding L s were quantified by WLC fitting. Multi-Gaussian fit (C) MCF7 (red, blue, and yellow lines), (D) MCF7-VPA
(red and blue lines), (G) MDA-MB-231 (blue, yellow, and red lines), and MDA-MB-231-VPA (blue, red, and yellow lines) predicted the mean L.
+ SD. Corresponding stretching modulus (S) values were obtained for (E) MCF7 and (F) MCF7-VPA-treated and (I) MDA-MB-231 and (J)
MDA—MB-%?I—VPA—treated chromosomes. Stretching modulus was calculated using S = F,; X L /8 from force—separation curves (n = 25 curves for
each case).
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Figure S. (A) Schematic illustration of junction configuration employed in the ETp measurement via single chromosome on an ITO substrate and
(B) nucleosome core particle structure (Protein Data Bank (PDB) 1KXS5). Box represents the H3—H3' interface. (C) Interface residues H3H113
(histidine) and H3C110 (cysteine) are shown.>® Overlay of I=V responses for bare ITO (blue), untreated (D—F) MCF7, and (J—L) MDA-MB-
231, and VPA-treated chromosomes over the bias range of +3.0 V (tip-positive). Applied forces were 10, 40, and 80 nN. (G—,M—0) I-V curves
of untreated and VPA-treated chromosomes were fitted with Fowler—Nordheim (F—N) model of the form I(V) = AV? exp(-B/V) for obtaining the
respective “B ” values.*"

arms) are represented in Tables S2. We performed control DMSO or Acridine Orange vs untreated, confirming that the
experiments using DMSO and Acridine Orange (0.1%) added observed effects are specific to VPA treatment (Figure S7A,B).
to chromosomes. The results showed no significant differences We also measured Young’s moduli of chromosomes on
in chromosome elasticity between MCF7 cells treated with different substrates (plastic petri plates and glass slides). The
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measurements were consistent across both substrates (Figure
S7C), concluding that the substrate-stiffening effect did not
significantly impact our measurements.

We next quantified the stretching modulus (S) from the
chromosome samples, which measures the resistance of
chromosomes to deformation under mechanical stress,
indicating how easily the chromatin fiber can be stretched.
Stretching of the chromosomes at a characteristic tip—
substrate separation was measured and fitted with a WLC
model while fitting both persistence length (L,) and the
contour length (L.) were set as adjustable parameters.
Stretching modulus was calculated using this equation S =
Fy X L./8, where F: stretching force and &: extension length
(Figure 4A). L, values were consistent with the previous
reports.’*”%” 'Most of these curves showed multiple
interaction signatures (Figure 4B, 2—9), while a few
represented a single interaction event (Figure 4B 1); the
nonspecific interaction curves were excluded. The contour
length increased upon VPA treatment in both cases (Figure
4C,D,G,H); we observed a few distributions of contour lengths
in each case. The highest L. for MCF7 chromosomes was
236.3 + 54 vs 312.8 + 38 nm for VPA-treated, while for MDA-
MB-231 was 182.7 + 34 vs 213.9 + 12 nm for VPA-treated
(Figure 4C,D,G,H). A higher contour length in VPA-treated
chromosomes represented the end-to-end length of the
chromosome in a fully stretched condition, suggesting a
more relaxed or flexible chromatin fiber. We then calculated
the corresponding stretching modulus (S) values for both cases
(438.1 + 85 (MCF7) vs 190.1 + 53pN (VPA-treated)) and
(423.5 + 101 (MDA-MB-231) vs 107.9 + 41pN (VPA-
treated)) (Figure 4EFLJ). A lower stretching modulus in
VPA-treated chromosomes indicated a similar trend of
increased chromatin flexibility and relaxation, consistent with
VPA’s role as an epigenetic modifier drug.

We performed CP-AFM analysis to quantify electron transport
through untreated and treated single chromosomes. In CP-
AFM, the probe physically touches the biomolecule; the tip
positioning is decoupled from the sample conductivity,
allowing more precise knowledge of the relative positions of
the tip and sample in the vertical plane.*® Electron transport
characteristics of biological macromolecules can be assessed
with carefully maintained varying applied forces®® (Figure SA).
Freshly prepared chromosome samples were deposited on ITO
substrates for CP-AFM, and current—voltage (I-V ) curves
were captured under ambient conditions. The I-V character-
istics of both untreated (MCF7 and MDA-MB-231) and VPA-
treated chromosome samples were captured at +3 V applied
bias with 10, 40, and 80 nN forces.” The experiments were
repeated for in situ administration of VPA to chromosomes
(Figure S8). Chromosomes are supramolecular complexes of
DNA and proteins. They were conductive due to the presence
of DNA, proteins,*?’l'52 and cupric ions bound to H3—H3’
interface of the histone tetramer’” (Figure S5B,C). The
measured conductivity was comparable to metalloproteins.”’
We quantified cupric ions with ICP—MS measurements, and 4
X 10* ppb copper was found to be associated with one
preparation of MCF7 chromosomes where we started with
approximately 10° cells.

At all of the applied forces, VPA-treated chromosomes were
more conductive than untreated samples, and the current
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values were significantly higher than those of untreated
chromosomes (Figures SD—F,J—L, and S6, S8). With
increasing applied forces from 10 to 80 nN, the current values
increased for both samples. We found that our measured I-V
curves could be well fit with F—N tunneling model of the form,
1(V) = AV? exp(—B/V).%° This model was applied only when
the barrier height between the underlying ITO substrate and
chromosomes was low. According to the F=N equation, the
higher the conductivity, the lower the B value (details of B
value calculation®). To calculate the corresponding “B” values,
the positive side of the curves was used, as the CP-AFM tip
was positive relative to the substrate (Figure SG—LM—O0).
Under all forces, the B values for untreated chromosomes were
higher than those for VPA-treated chromosomes in both cases.
Therefore, electron transport was facilitated more in VPA-
treated chromosomes than in untreated ones. We have also
measured the electron transport in different chromosomal
regions of untreated and VPA-treated MCF7 chromosomes
(10—80 nN applied force) (Figures S9 and S10). Additionally,
to evaluate the significance of cupric ions present intrinsically
in the chromosomes, we treated the MCF7 chromosomes with
TM, an oral copper-chelating drug.61 TM efficiently depletes
intracellular copper in BC cells and in vivo mouse models.”>®*
We treated the MCF7 cells with S yM TM for 72 h. We
quantified the decrease in the cupric ions with ICP—MS
measurements (4 X 10* vs 1.23 X 10* ppb) and performed the
CP-AFM experiment (Figure S11). We observed a significant
decrease in the current values (Figure S11A—C). Additionally,
we quantified the zinc (2.1 X 10* ppb), magnesium (3.6 X 10
ppb), and calcium (1.4 X 10* ppb) in MCF-7 chromosomes
using ICP—MS. The intrinsic cupric ions and other metal ions
in the chromosome samples plausibly contributed to higher
electron transport through them. With VPA treatment, the
chromosomes were relaxed, which helped the AFM probe
reach out to the deeply buried cupric/other ions. We also
found a correlation between the extent of chromosome
relaxation and current values observed at certain bias voltages
(Figure S10, S12) (beyond 2 V), but no such discrimination
could be made at the lower voltages. We propose that the
copper and other metal ions that reside deeper inside the
chromosomes can be accessed only at higher voltages.’* Also,
the electron transport capacity could be increased with a higher
amount of force applied (compression) (Figure 5). This could
be due to the compression of the histone polypeptide part,
enhancing DNA-histone interactions since such compression
effectively could reduce the atom-to-atom distances and
increase the electron transport rate through chromosomes.*®
It is well reported that the methyl group impacts the DNA
duplex stability and charge transport pathways.* Tao et al.
observed a significant change in conductance upon methyl
modification on cytosine. The destabilization due to cytosine
methylation led to an increased HOMO—-LUMO gap, which
ultimately affected the electron transport characteristics of
methylated DNA.”***% Earlier reports also suggested that
electron transfer is highly facilitated from histone protein to
DNA (thymine bases) in irradiated damaged chromatin.”® In
our study, epigenetic alterations resulted in an open relaxed
chromatin (Scheme 2) that highly impacted DNA-histone
interactions, provided better accessibility to cupric/other metal
ions, and significantly enhanced the conductivity of the VPA-
treated chromosomes, especially at higher applied forces.
VPA induces chromatin decondensation, primarily through
increased histone acetylation and DNA demethylation, which
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Figure 6. ROC analysis showing the discriminative efficacy of the volume, Young’s modulus, stretching modulus, and current response of the
chromosomes (A) MCF7 and MCF-7-VPA-treated and (B) MDA-MB-231 and MDA-MB-231-VPA-treated. Area under the ROC curve (AUC) of
different groups is mentioned (volume, Young’s modulus, stretch modulus, and current response, respectively) (n = 10 each case). Standard
deviation, 95% confidence interval, p value, sensitivity, and specificity values were shown (Table S3).

reduces chromatin rigidity (Scheme 2)."**° Unlike earlier
studies focusing mainly on biochemical aspects with a few
reports on the IR spectroscopy of chromatin decondensation
through epigenetic modifications, our work further correlates
these epigenetic changes with chromosome physical properties.
This work uniquely offers a detailed analysis of how VPA
influences chromosome compaction and stiffness, directly
impacting chromosome mechanics. We performed label-free
AFM measurements on elasticity, stretching modulus, and
electron transport, providing quantitative insights into how
VPA-mediated alterations impact the structural integrity of
chromosomes. This correlation between chromosomal epi-
genetic modifications and biophysical properties has been
largely unexplored in previous studies. Additionally, we
introduced the electron transport properties of chromosomes,
which correlate well with their mechanical behavior. Advanced
AFM-based biophysical techniques to study epigenetic
modifications in chromosomes to elucidate physical property
changes have previously been unreported.

Next, to tease out the discriminatory efficiency of using
AFM-based assays, we further employed ROC analysis to
evaluate volume, Young’s modulus, stretching modulus, and
current responses of the untreated and treated chromosomes.
Topography images, force distance, and IV curves obtained on
chromosomes were analyzed to determine the respective
values. The ROC curve was constructed using each input value
between the untreated (MCF7 and MDA-MB-231) and VPA-
treated chromosomes individually with Origin 2023 software;
p-value < 0.05 was considered statistically significant. A
separability measure is the entire area under the ROC curve
or AUC. A probability curve called the ROC is used to analyze
test accuracy. It shows the extent to which the test is capable of
class discrimination. A higher AUC makes it easier for the test
to distinguish between individuals with medical conditions and
those without.*>®” After careful feature selection, we tested our
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constructed model using the ROC curve (Figure 6A,B). All
four AFM-derived parameters had high sensitivity and
specificity in distinguishing untreated and treated chromo-
somes (Table S3 and Figure 6). These results indicated the
capability of the AFM-based topography, nanomechanical, and
electron transport properties of the chromosomes in evaluating
drug treatment efficacy.*” This also aligns with the growing
emphasis on personalized medicine, where therapeutic
regimens are tailored based on an individual’s cancer’s
molecular and structural characteristics. The significant
structural changes in chromosomes following VPA/other
epigenetic modifier drug treatment suggest that chromosomal
mechanics could serve as biomarkers for treatment efficacy and
pave the way for the development of new therapeutic strategies
to restore chromosomal stability in cancer cells. This strategy
can be extrapolated for early disease diagnostics, routine
therapy outcome, disease recurrence, etc. The major
limitations of AFM-based strategies include sample preparation
steps, extended testing times, low throughput, unsuitability for
in vivo application, etc.

Unlike other biophysical techniques, AFM offers several
advantages for studying epigenetic-cancer-related chromoso-
mal alterations: AFM operates label-free, unlike fluorescence-
based imaging, and can image samples under physiological
conditions, preserving the native chromatin structure. This
provides detailed 3D topographical data. AFM can provide
high-resolution images, mechanical properties, and electron
transport assessments in a single experiment. This offers
unique advantages compared to techniques such as magnetic/
optical tweezers. While techniques such as bisulfite sequencing,
ChIP-seq, and cryo-EM offer high specificity and resolution,
they are highly expensive, resource-intensive, and time-
consuming. In contrast, AFM experiments on patient-derived
cancer cell chromosomes could be relatively convenient, less
costly, and more reproducible. Overall, AFM’s label-free, high-
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resolution, and multiplex capabilities make it a promising tool
for studying epigenetic changes in cancer.

VPA induced the demethylation of DNA and hyperacetylation
of histones; both factors together transformed the undulant
condensed MCF7 and MDA-MB-231 chromatin to its relaxed
form. The chromosomal structural alterations resulted in
increased resilience and pliability and electron transport
capabilities of VPA-treated chromosomes. CIN has a
substantial impact on the growth and advancement of cancer.
A multitude of variables can induce abnormalities in
chromosomes, including epigenetic dysregulation. Chromo-
somes have inherent mechanical qualities that are crucial for
their optimal functioning. Changes in these mechanical
properties can significantly impact the stability and functioning
of chromosomes. Therefore, the mechanical data of cancer
chromosomes has many implications on how the cancer
therapeutic drugs work at the chromatin level, mainly because
it could help assess CIN in different subparts of the
chromosomes in the future. AFM offers a few important
advantages in studying chromosomes and their biophysical
properties, but it has a few limitations. The huge numbers of
chromosomes in a cancer cell are tedious to study with AFM.
The mechanical/electrical properties of chromosomes may
vary with the same cells with different passage numbers and
culturing conditions. Therefore, the future goal of our lab will
be to study clinical samples (patient’s blood) to validate our
AFM-based approach. We hope to apply multiparametric AFM
and statistical (ROC, multivariate) analysis together to reveal
the intrinsic crosstalk between CIN and structural aberrations
and functional outcomes. The bioelectronic aspects of
chromosomes are also emerging; tumor-treating fields (TTF)
combined with chemotherapeutic drugs are increasingly used
for treating aggressive brain tumors, and a few clinical trials are
undergoing. TTF is a cancer treatment that uses alternating
electric fields to disrupt the ability of some types of tumor cells
to grow and spread by targeting proteins in cancer cells that are
essential to cell division. The CP-AFM-based-chromosomal
electron flux data holds insight into how chemotherapy drugs
combined with TTF®® could be manipulated for better
therapeutic outcomes in aggressive cancers. Chromosome-
based bioelectronics for medical device applications could be
another exciting pathway for future applications.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.4c00991.

Optical and fluorescence microscopy images of
chromosomes, ELISA, CD and UV study, in situ FT-
IR, AFM topographic and nanoindention, additional CP-
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“We also treated VPA on chromosomes in situ. The drug
treatment to chromosomes in situ method allows for targeted
application, minimizing systemic exposure and potential side
effects. This approach generally requires lower drug doses than
in vivo treatments, which still provide insights into the drug’s
effects. We administered in situ VPA (1 uM) treatment to
MCF7 cell-derived chromosomes for 1 h to achieve
reproducible changes in FT-IR spectroscopy results (Figure
S4). We also checked for 0.1 and 0.5 M concentrations with
30 min and 1 h incubation times (in situ). We determined that
1 uM concentration and 1 h incubation time were optimal for
observing significant differences for in situ administration.
bwe performed CP-AFM experiments for in situ added VPA
to MCF7 chromosomes and the data were highly consistent
with the cell-VPA-treated data (Figure S8).
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