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A B S T R A C T   

The roles and molecular interactions of polyamines (PAs) in the nucleus are not fully understood. Here their 
effect on nucleosome stability, a key regulatory factor in eukaryotic gene control, is reported, as measured in 
agarose embedded nuclei of H2B-GFP expressor HeLa cells. Nucleosome stability was assessed by quantitative 
microscopy [1,2] in situ, in close to native state of chromatin, preserving the nucleosome constrained topology of 
the genomic DNA. A robust destabilizing effect was observed in the millimolar concentration range in the case of 
spermine, spermidine as well as putrescine, which was strongly pH and salt concentration-dependent, and 
remained significant also at neutral pH. The integrity of genomic DNA was not affected by PA treatment, 
excluding DNA break-elicited topological relaxation as a factor in destabilization. The binding of PAs to DNA was 
demonstrated by the displacement of ethidium bromide, both from deproteinized nuclear halos and from plasmid 
DNA. The possibility that DNA methylation patterns may be influenced by PA levels is contemplated in the 
context of gene expression and DNA methylation correlations identified in the NCI-60 panel-based CellMiner 
database: methylated loci in subsets of high-ODC1 cell lines and the dependence of PER3 DNA methylation on PA 
metabolism.   

1. Introduction 

Polyamines (PAs) are indispensable metabolic products with multi-
ple functions in the cell, from DNA synthesis to the regulation of tran-
scription, translation, cell proliferation and differentiation, even 
including regulation of ion channels [3–6]. They receive much attention 
also in view of the therapeutic prospects of PA synthesis inhibition in 
cancer chemotherapy [7] and their relevance in the context of ageing 
[8]. The three main PAs, putrescine, spermidine, spermine, are gener-
ated from ornithine by ornithine decarboxylase 1 (ODC1), and from 
S-adenosylmethionine by its decarboxylase (Amd1/AdoMetDC). Their 
intracellular levels are elevated in various forms of cancer due to the 
overexpression of ODC1 which is under the control of the MYC gene [7, 
9,10]. Depletion of cellular polyamines causes growth arrest in 
mammalian cells [11]. 

There is an equilibrium between PAs that are bound to different 

polyanionic molecules and the free species; the pool of free PAs is 
thought to represent a minor fraction of the total cellular PA content 
which is regulated tightly and in an intricate manner, and set usually at 
sub-millimolar levels [12–14]. PAs are positively charged at physio-
logical pH and associate with nucleotide triphosphates, acidic sites on 
proteins, phospholipid membranes and nucleic acids, mainly RNA [14, 
15]. PAs bind to the DNA parallel to its longitudinal axis [16], stabilizing 
the double helix and causing its bending [17], and also promoting its 
aggregation [18]. The binding of PAs, or their aggregates, to DNA may 
favor also the formation of noncanonical DNA structures [19]. PAs are 
thought to stabilize nucleosomes [20] and condense chromatin [21–25] 
in the ~0.1–3 mM PA concentration range, in spite of their physico-
chemical character what would enable competition with histones. The 
nucleosome destabilizing effect reported herein appears at slightly 
higher, but still biologically relevant PA concentrations in isolated 
nuclei depleted of linker histones, soluble enzymes and cofactors, in in 
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situ conditions likely not favoring chromatin aggregation. 
Stability features of nucleosomes are of regulatory importance and 

are assessed in vitro either by exposing reconstituted or isolated nucle-
osomes to challenging conditions and measuring their integrity, or 
studying their mobility features in live cells. The advantages of the fully 
native chromatin environment in the latter systems are overshadowed 
by various limitations including the complexity of factors influencing 
histone mobility and lack of robustness (see Ref. [1] for a detailed 
comparison of the different approaches). The quantitative 
microscopy-based assay we have developed (referred to as QINESIn) is 
suitable for a PTM-, histone variant- and cell cycle phase-specific ana-
lyses of nucleosome stability in situ [1] that yields reproducible and 
coherent picture of the measured feature in a variety of biological sce-
narios [1,2]; see also [26]. It is based on the exposure of 
agarose-embedded nuclei to salt (or, in another format of the assay, 
intercalator) solutions of increasing concentration and recording on a 
nucleus-by-nucleus basis of the amount of the tagged or native histone 
species remaining chromatin associated. In this work, we used 
H2B-GFP-expressor HeLa cells and salt elution to analyze the effect of 
PAs. In the experimental design, we took into consideration that PAs 
raise the pH of the buffer used even at low millimolar concentrations. 

2. Materials and Methods 

2.1. Embedding live cells into low melting point agarose 

Prior to embedding, the wells of 8-well chambers (Ibidi, Martinsried, 
Germany) were coated with 1% (m/v) low melting point (LMP) agarose. 
150 μl liquid agarose, diluted in distilled water was dispensed into each 
well and was immediately removed so that a thin agarose layer 
remained on the surfaces. The agarose layer was left to polymerize on ice 
for 2 min, then kept at 37 ◦C until the surface of the wells dried out. This 
coating procedure was repeated once more on the same chambers. 
Embedding was performed keeping cells and agarose at 37 ◦C. The cell 
suspension containing 6 × 106 cells/ml was mixed with 1% LMP agarose 
diluted in 1 × PBS (150 mM NaCl, 3.3 mM KCl, 8.6 mM Na2HPO4, and 
1.69 mM KH2PO4, pH 7.4) at a v/v ratio of 1:3. 22 μl of the cell-agarose 
suspension was dispensed in the middle of the wells and the chambers 
were covered with homemade rectangular plastic coverslips cut out 
from a 200 μm thick, medium weight polyvinyl chloride binding cover 
(Fellowes, Inc., Itasca, Illinois, USA). The cells were left to sediment on 
the surface of the coated wells for 4 min at 37 ◦C, then kept on ice for 2 
min. After polymerization of the agarose, 300 μl ice-cold complete cul-
ture medium was added to each well, a step aiding removal of the 
coverslips. For further details see Ref. [1]. 

2.2. Preparation of nuclei and histone eviction by salt 

Following the protocol described in Ref. [1], the agarose-embedded 
cells at the bottom of the wells were washed with 500 μl ice-cold 1 ×
PBS, three times for 3 min, then treated with 500 μl ice-cold 1% (v/v) 
Triton X-100 dissolved in 1 × PBS/EDTA (5 mM EDTA in PBS, pH 7.4), 
for 10 min. This step was repeated once more, to produce permeabilized 
nuclei. Then the nuclei were washed with 500 μl ice-cold 1 × PBS/EDTA 
three times for 3 min and treated with different concentrations of NaCl 
solutions without or with polyamines, on ice, for 60 min, followed by 
three washes with 500 μl ice-cold 1 × PBS/EDTA. Since NaCl was diluted 
in 1 × PBS/EDTA, the salt concentrations indicated on the X-axes of the 
graphs in all the Figures show the total NaCl concentrations. Analysis of 
the curves was made by SigmaPlot 12.0, ‘Standard curves: Four 
Parameter Logistic Curve’ curve-fitting subroutines. Elution curves were 
normalized to ‘0′ subtracting the smallest value from all the others, and 
to ‘1′ dividing the mean fluorescence intensities represented by the data 
points by that of the non-treated sample. The numbers of analyzed G1 
nuclei were between 200 and 1000/well, out of the ~500–2000 nuclei 
scanned. All the SEM values indicated in the Figure legends were 

calculated from the data points of the population of nuclei analyzed in 
the given experiment. EDTA was included in PBS to avoid nuclease 
induced nucleosome destabilization as well as nucleosome aggregation, 
both requiring divalent cations [1,27]. The elution experiments shown 
in Figs. 1 and 2 represent the results of one out of 3 or more independent 
experiments; the data in Fig. 3 were reproduced once. 

2.3. Preparation of agarose plugs containing genomic DNA 

Preparation of agarose-plugs was carried out by the standard method 
described in Ref. [28]. Cells were harvested and washed twice in 
PBS/EDTA. The cell samples were mixed with an equal volume of 1.5% 
low melting point (LMP) agarose (Sigma-Aldrich) dissolved in 
PBS/EDTA. Aliquots were allowed to harden in sample molds at 4 ◦C for 
5 min. Each plug contained ~2.5 × 106 cells. To prepare nuclei, the cells 
were treated with 1% (v/v) Triton X-100 dissolved in PBS/EDTA for 60 
min on ice. After extensive washing in PBS/EDTA (four times, 20 min on 
ice), the nuclei were treated with spermine dissolved in PBS/EDTA, for 
60 min on ice using the concentrations indicated on the figure. After 
spermine treatment, the samples were extensively washed again in 
PBS/EDTA. The plugs were digested with 0.5 mg/ml Proteinase K 
(Thermo Fisher Scientific) in lysing solution (0.5 M EDTA, 10 mM 
Tris–HCl, 1% Sodium lauroyl sarcosinate, pH 8.0) at 55 ◦C for 2 days, 
then washed with TE (10 mM Tris–HCl, 2 mM EDTA, pH 8.0) and treated 
with 0.75 μM phenyl-methyl-sulfonyl-fluoride (PMSF, Sigma-Aldrich) at 
37 ◦C for 10 min in order to inactivate residual proteinase activity. 
Finally, the plugs were washed with TE and stored in the same buffer at 
4 ◦C. 

2.4. Gel electrophoretic analysis 

The agarose embedded samples were treated with S1 nuclease to 
convert nicks into double-strand breaks. Digestion was performed at a 
concentration of 1650 U S1/sample, for 1 h at 37 ◦C. For gel electro-
phoresis, a CHEF (contour clamped homogeneous electrical field) 

Fig. 1. The addition of PAs to agarose-embedded nuclei sensitizes nucleosomes 
to salt. 
The stability of nucleosomes was analyzed in agarose-embedded nuclei of H2B- 
GFP expressor HeLa cells in the absence and presence of different PAs applied at 
a concentration of 10 mM. Spermine, spermidine and putrecsin are represented 
by green, blue and red lines, respectively; data obtained with PA-untreated, 
control samples are shown by the black line. The data points denote the 
means of green fluorescence intensities of ~1000 nuclei recorded by LSC. The 
G1 phase cells were gated for analyses according to the DNA distributions ob-
tained by PI staining. The error bars are SEM values for 200–1000 G1 nuclei in 
one representative experiment. 
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mapper XA Pulse Field Electrophoresis System (Bio-Rad Laboratories 
Inc., Hercules, California, USA) was used (voltage gradient: 6 V/cm, run 
time: 24 h, initial switch time: 1s, final switch time: 25s, angle: 60◦). As 
DNA size marker, the MidRange PFG Marker (New England Biolabs, UK) 
was used. The gel was stained with 5 μg/ml ethidium bromide (EBr). 

2.5. Laser scanning cytometry (LSC) 

LSC was performed using an iCys instrument (iCys® Research Im-
aging Cytometer; CompuCyte, Westwood, Massachusetts, USA). Green 
fluorescent protein (GFP) was excited using a 488 nm Argon ion laser. 
The fluorescence signals were collected via an UPlan FI 20 × (NA 0.5) 
objective. GFP was detected through a 510/21 nm filter. Each field 
comprising 1000 × 768 pixels was scanned with a step size of 1.5 μm. 
Data evaluation and hardware control were performed with the iCys 7.0 
software for Windows XP. Gating of G1 phase cells was according to the 
fluorescence intensity distribution of the DNA labeled with propidium 
iodide (PI). 

2.6. CellMiner analyses 

CellMinerCDB analyses were performed using the publicly accessible 
web portal https://discover.nci.nih.gov/rsconnect/cellminercdb/ (see 
Ref. [29] and refs. cited therein). The gene expression data were 
exported to Excel for comparison of the average toxicity features of the 
10 vs. 50 cell lines exhibiting striking difference in HIST1H1B mRNA 
levels, and the drugs differentiating best between the two categories of 
cells based on the calculated means and variances were further analyzed 
experimentally as described in Results and Discussion. These drugs 
(Gallamine, Hinokitiol) were obtained through the courtesy of the NIH 
Developmental Therapeutics Program, while ß-Lapachone was pur-
chased from Sigma-Aldrich. 

3. Results and Discussion 

The effect of PAs on the stability of nucleosomes was analyzed by the 
salt elution assay named QINESIn [1,2], in permeabilized nuclei of 
H2B-GFP expressing HeLa cells. As Fig. 1 shows, the addition of PAs to 
the agarose-embedded nuclei at a concentration of 10 mM markedly 
lowered the concentration of salt required to destabilize the nucleo-
somes as reflected by the release of H2B-GFP, putrescine being the least 
active. However, the pH of the PBS/EDTA buffer was strongly increased 
by the addition of PAs; so destabilization could be partly attributed to 
the shift of pH toward the isoelectric point of the histones (~10 for H2B, 
~10.5 for H2A and ~11 for H3 and H4; see Refs. [30,31]). Therefore, to 
determine whether PAs themselves exert a destabilizing effect, the salt 
elution curves were compared in the presence and the absence of the PA 
at matched pH values documented in Supplementary Fig. 1. 

The data shown in Fig. 2 demonstrate that spermidine, at a con-
centration as low as 2.5 mM, augments NaCl-induced H2B-GFP release, 
indicating that nucleosome destabilization cannot be due merely to 
alkaline pH but also to spermidine itself. There was no nucleosome 
release below 400 mM salt and pH = 9.3 in the absence of PA, but there 
was a significant destabilization at this pH and salt concentration by 5 
mM spermidine. 

Fig. 3 shows that alkalization alone, even in the presence of 400 mM 
salt, does not cause H2B-GFP release up to pH = 10.5. Spermidine used 
at a concentration of 5 and 10 mM, in combination with 400 and 200 
mM salt, respectively, destabilizes the nucleosomes robustly above pH 
= 10. It took 10 mM spermidine and pH > 10.5 to destabilize the nu-
cleosomes in PBS/EDTA without the addition of extra NaCl (not shown). 
The slight increment in the amount of H2B-GFP remaining in the nuclei 
treated either with salt or spermidine alone may be the result of complex 
effects involving chromatin aggregation and nucleosome destabilization 
at the same time. 

Topological relaxation of the DNA, by e.g. introducing single-strand 

Fig. 2. Spermidine augments the eviction of histones induced by NaCl alone at 
the pH set by the PA. 
Nuclei of H2B-GFP expressor HeLa cells suspended in PBS/EDTA were treated 
with a concentration series of NaCl alone with the pH of the buffer set to the 
value of the corresponding solution containing also spermidine (solid lines), or 
in combination with spermidine used at three different concentrations (dashed 
lines). The pH values of each solution are shown in Supplementary Fig. 1. The 
NaCl/PBS/EDTA solutions containing no spermidine were set to the pH of the 
corresponding 2.5, 5 and 10 mM spermidine containing solutions and are 
represented by blue, green and red lines, respectively. The samples containing 
also 2.5, 5 or 10 mM spermidine are represented by the same colours but with 
dashed lines. The PBS/EDTA + NaCl solutions were alkalized to the pH of the 
corresponding spermidine-containing solutions with NaOH. Means of the green 
fluorescence intensities of ~1000 nuclei recorded by LSC are plotted. The bars 
show SEM values. 

Fig. 3. Spermidine-induced histone eviction is pH-dependent. 
Nuclei of H2B-GFP expressor HeLa cells were treated with 5 or 10 mM sper-
midine alone, in PBS/EDTA, without the addition of extra salt (filled blue and 
red symbols connected with solid lines, respectively) or with spermidine in 
combination with 550 mM (at 5 mM spermidine) or 350 mM (at 10 mM 
spermidine) NaCl (dashed lines, empty blue and red symbols, respectively). The 
black line and filled circles denote data obtained by treatment of nuclei with 
PBS-EDTA supplemented with 400 mM NaCl. The pH of the samples was 
adjusted to the values indicated on the X-axis. Means of the green fluorescence 
intensities of ~1500 nuclei were recorded by LSC and plotted as a function of 
the pH. The bars show SEM values. 

L. Imre et al.                                                                                                                                                                                                                                     

https://discover.nci.nih.gov/rsconnect/cellminercdb/


Archives of Biochemistry and Biophysics 722 (2022) 109184

4

(ss) or double-strand (ds) breaks, strongly destabilizes nucleosomes [1, 
32,33]. Therefore, in view of published data suggesting that PAs may 
affect DNA integrity [34], the ds size of the genomic DNA isolated from 
PA-treated nuclei was analyzed by CHEF [35] using S1 nuclease diges-
tion to generate double-strand breaks at all the ss regions present in the 
genome [36]. As Supplementary Fig. 2 shows, neither ss nor ds breaks 
were generated as a result of the treatment, even at the pH set by the PA 
used. 

Nucleosomal DNA interacts with the histone octamer at 14 distinct 
sites via electrostatic and hydrogen bonds mainly involving histone 
residues and the phosphodiester backbone where the minor groove faces 
the octamer [37,38], and via salt-bridge interactions with the N-termi-
nal histone tails [39,40]. The nucleosome particle keeps the DNA wound 
around it in a constrained negative toroid supercoil [41]. As anticipated 
based on these molecular interactions, nucleosomes readily disassemble 
upon exposure to salt or intercalators [42], which is exploited in the 
assay used herein for the quantitative assessment of nucleosome stability 
in situ [1]. Within the physiological range up to pH = 8.0, nucleosomes 
are expected to be stable [43]. Alkalization to near the isoelectric point 
of the histones sensitized the nucleosomes to salt-induced disruption, as 
Figs. 2 and 3 show, decreasing the electrostatic binding forces. Alkaline 
conditions alone at physiological ionic strength did not dissociate 
H2B-GFP from the nucleosomes (Fig. 3), both alkaline pH and elevated 
salt concentration were necessary for nucleosome disassembly. Such a 
combined effect was also observed in the case of destabilization induced 
by DNA intercalators, requiring ≥800 mM NaCl [1]. 

Since PAs interact with DNA changing its superhelical twist [44–46], 
we hypothesized that their nucleosome destabilizing effect may be 
explained by topological distortion. PA DNA binding was demonstrated 
by measuring ethidium bromide (EBr) displacement, a widely used in-
dicator of ligand-DNA interaction [47], performed in a sensitive nuclear 
halo format; see Supplementary Fig. 3. As Supplementary Fig. 4 shows, 
the efficiency of EBr displacement was similar in the case of supercoiled 
or relaxed DNA, suggesting that PAs may not have a strong bias to a 
particular topological form. The pH of PA solutions was neutral in these 
experiments; PAs are known to bind and condense linear DNA at neutral 
pH [48]. Thus, topological changes imposed on the DNA by PAs cannot 
possibly explain the nucleosome destabilizing effect observed. We as-
sume that direct competition with histones is responsible for their 
augmented disassembly. Reminiscent of our observations, fluorescence 
resonance energy transfer measurements on histone H1 depleted chro-
matosomes detected a more open nucleosome conformation due to 
detachment of the two terminal arms of DNA from the histone octamers 
in the presence of polyamines [49]. 

Altered nucleosome stability may affect the establishment and reg-
ulatory modulation of the epigenetic landscape by altered access of 
enzymes involved in DNA methylation and demethylation, to their 
target motives [50,51]. This assumption follows from the fact that nu-
cleosomes are strong barriers to DNA methyltransferases, and recent 
cryo-EM studies revealed steric constraints imposed by the nucleosomal 
structure which explain the requirement for remodeling of nucleosomes 
for de novo methylation to occur [52]. Contemplating this scenario, we 
asked whether (a) dependence of DNA methylation on PA metabolism 
can be detected, and (b) aberrant DNA methylation may appear in 
concert with high ODC1 expression. To address the questions system-
atically, we looked for correlations between the levels of the two 
rate-limiting enzymes involved in PA synthesis, ODC1 or AMD1 [14] 
and methylation of CpG islands, within the NCI-60 panel of cell lines 
using the CellMiner database [53,54]. Regarding (a), using the lasso 
algorithm of multivariate analyses at https://discover.nci.nih.gov/rsco 
nnect/cellminercdb/, we identified PER3 among the ODC1 correlates 
and observed a significant correlation between ODC1 and PER3 mRNA 
expression levels in the univariate mode (R = 0.55; p = 6.3 × 10− 6; 
Supplementary Fig. 5A), and also between ODC1 expression and PER3 
DNA methylation (R = 0.59; p = 6.5 × 10− 7; Supplementary Fig. 5B). 
These observations are in line with the concept that these processes are 

interlinked [55–60], and can be considered as a manifestation of the 
pervasive dynamics of CpG methylation [61]. PA levels oscillate in a 
daily manner, a feature declining with age [62], and changes in PER3 
DNA methylation has been observed in certain physiological and path-
ological conditions [63–65]. The possibility that the above correlation 
may be related to changes of nucleosome stability is in line with the 
findings on the circadian clock-dependence of ATACseq-assessed chro-
matin accessibility landscapes [66]. We propose that nucleosome 
destabilization is to be included among the several mechanisms thought 
to contribute to PAs dramatic effects on circadian regulatory genes [60]. 
Regarding (b), although there is no correlation (R ≈ 0.25) between CpG 
island methylation over a large DNA region encompassing all the histone 
genes vs. ODC1 or AMD1 expression across the 60 cell lines, a distinct 
group of ten cell lines exhibit strikingly low (or no) expression of certain 
histones and histone variants as well as some other genes at the mRNA 
level, and this feature appears to correlate with high ODC1 expression 
(See Supplementary Fig. 6 for the relationship between HIST1H1B and 
ODC1 expression.). The low expression of the silenced genes is obviously 
due to DNA methylation, as shown for H1.5 in Supplementary Fig. 7. 
Remarkably, the phenomenon does not depend on the cell lineage. Thus 
it appears that metabolic conditions favoring high PA flux promote DNA 
methylation leading to gene silencing. 

Besides silencing HIST1H1B coding for the linker histone variant 
H1.5, DNA methylation suppresses the neighboring histone genes, 
HIST1H4L, HIST1H3i. Genes coding for histone isoforms, including 
HIST1H4L, were found to be hypermethylated in various malignancies 
like hepatocellular carcinoma and triple-negative breast cancer cells 
[67]. Methylated patches, silencing the corresponding genes, can be 
discovered also in other loci (NDN, TOX3, PGR, SMC1B, TYR, 
RPL26P19, RPL26P4, and RPS2P34) in the group of the very same ten 
cell lines. Remarkably, the methylated CpG-binding protein MBD2 is 
highly expressed in the same cell lines (Supplementary Fig. 8). Notably, 
MBD2 is a key player in the maintenance and spread of DNA methylation 
at CpG islands in cancer [68]. 

Other examples of the peculiar dichotomy in gene expression and 
DNA methylation among the high ODC1 expressor cell lines were also 
identified. For example at an imprinted chromatin domain, 14 cell lines 
among the high ODC1-expressors show silenced SNURF and SNRPN 
genes due to DNA methylation; these lines only partially overlap with 
the ten lines showing low HIST1H1B, HIST1H4L, HIST1H3i levels 
(based on CellMinerCDB analyses). Furthermore, the 14 cell lines ex-
press MBD5 (rather than MBD2) at higher levels relative to the average 
of the other 36 cell lines. Since expression of ODC1 and of AMD1 
correlate across the panel (r = 0.61 when the skin-derived outlier lines 
are excluded from the calculation), it is likely that the high expressor 
cells have higher intracellular PA levels in comparison with the other 
fifty cell lines. We speculate that elevated PA levels might contribute to 
the special DNA methylation pattern of the ODC1-high cell lines what 
may be partly explained by their nucleosome destabilizing effect based 
on the data presented herein. However, the metabolic and regulatory 
scenario is highly complex and ranking of the various possible re-
lationships regarding their contribution to the common epigenetic fea-
tures of a subpopulation of cell lines is difficult. For example, there are 
metabolic avenues predicting CpG demethylation at high PA levels [69, 
70], while inhibition of polyamine synthesis by ornithine decarboxylase 
antizyme-1 e.g., results in hypomethylation of genomic DNA [71]. 
Furthermore, the different layers of epigenetic regulations, like histone 
acetylation, DNA methylation, and even topoisomerase I activity, are 
interconnected [72–75]; therefore the nucleosome destabilizing influ-
ence of elevated PA levels is but one among the several possible effects, 
albeit the most direct. In summary, the peculiar pattern of DNA 
methylation in a subgroup of high-ODC1 cancer cell lines may indicate 
that high PA levels may facilitate the establishment of such patterns, 
with gene silencing consequences of biological significance. 

In view of the above complexities, we asked if the relationships be-
tween the high ODC1 levels and the peculiar CpG pattern in the ten cell 
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lines could be better understood on the grounds of possible common 
phenotypic features. Indeed, the ten cell lines distinguished by the 
aberrant methylation patterns involving certain genes are hypersensi-
tive to particular drugs (e.g. Gallamine, Hinokitiol and ß-Lapachone) 
based on our analyses of the CellMiner dataset (see Materials and 
Methods). This special sensitivity may be the result of a common, 
aberrant methylation pattern established in these cells by their high 
MBD2 expression (see Supplementary Fig. 8); alternatively, these fea-
tures that are common for the ten cell lines can also be interpreted in 
terms of the suppression of select linker histone variants disturbing 
chromatin structure and its regulation in a distinct fashion. In line with 
the latter possibility, a marked effect of H1.5 on overall chromatin ar-
chitecture was observed [76]. Of note, histone variants were implicated 
in epigenetic diversification related to carcinogenesis [77–79], and the 
alterations of their expression could be linked to DNA methylation [80, 
81]. However, this possibility was not corroborated in our efforts to 
detect differences between cells induced to express different levels of 
H1.5 (using the experimental system of [82]) in their sensitivity to these 
drugs (data not shown). Therefore, the identified common phenotypic 
features (sensitivity to the same set of drugs) may involve silenced genes 
other than HIST1H1B. In accordance with this possibility, toxicity of 
Hinokitiol, one of the above compounds, an iron chelator and trans-
porter [83,84], strongly correlates with PER3 DNA methylation (Sup-
plementary Fig. 9). Thus, a phenotypic feature characteristic for the ten 
cell lines distinguished from the rest of the NCI-60 panel based on DNA 
methylation patterns correlates also with PER3 methylation which is 
also dependent on PA metabolism. 

The nucleosomal structure being repressive for transcriptional ac-
tivities, its stability is of central regulatory significance impacting also 
the enzymatic activities involved in the ATP dependent process of 
chromatin remodeling [51,85,86]. Thus, the destabilizing effect of PAs 
demonstrated herein may affect the fine balance of factors regulating 
remodeling [87], making grounds for subsequent enzymatic activities. 
The histone acetylase stimulating activity of PAs, e.g. may be indirect 
[88]. In connection with such a scenario, there is significant correlation 
between expression of SMARCC1, a remodeler overexpressed in prostate 
cancer [89,90], and the activity of Hinokitiol (R = 0.58; p = 4.5 × 10− 5). 
SMARCC1 expression also correlates with PER3 DNA methylation (R =
0.41; p = 0.0012) which also correlates with Hinokitiol toxicity (Sup-
plementary Fig. 9). Thus, one of the drugs exhibiting increased toxicity 
to the ten cell lines characterized both with aberrant methylation pat-
terns and high ODC1 expression is generally more toxic for cells 
expressing the SMARCC1 remodeler, raising the possibility that high PA 
levels might affect DNA-dependent enzymatic processes via alterations 
induced in chromatin remodeling. Such a mechanism could lead to 
changes in DNA methylation since nucleosomes are strong barriers to 
DNA methyltransferases in the absence of remodeling, what explains the 
spatiotemporal connection between DNA methylation and remodeling 
[50]. The nucleosome destabilizing effect of PAs could help establish a 
chromatin structure that is optimal for the enzymes. De novo methyl-
ation preferentially involves the internucleosomal linker regions and 
this is antagonized by histone H1 [91]; thus, aberrant methylation of the 
promoters of H1 variant genes could lead to further methylations at 
regions not blocked by the linker histones any more. 

The millimolar concentration range of the nucleosome destabilizing 
effect observed in our experiments is attained by PAs in various physi-
ological and pathological scenarios [92–95]. PAs can reach 10–12 mM 
concentration in cultured Jurkat and human mammary epithelial cells 
[70] and in prostate cancer due to the extraordinary biosynthetic flux 
involving polyamine metabolism [96,97]. Pertinently to the hypothesis 
tackled, aberrant DNA methylation has been recognized as a prominent 
factor in prostate cancer development [71,98]. PAs appear to prefer-
entially accumulate in the nucleoli taking part in the regulation of rRNA 

synthesis [99,100], reaching high local concentrations, and are consid-
ered there as the nexus to certain autoimmune diseases [101]. PAs are 
present in a millimolar concentration in plants, fulfilling diverse func-
tions which can be modulated by their exogenous application in high 
concentrations [69,102,103]. Thus, the PA concentration sufficient to 
elicit nucleosome destabilization is reached in multiple physiological 
and pathological scenarios. 

We speculate that overproduction of PAs primes aberrant DNA 
methylation patterns, leading to epigenetic diversification in the clonal 
evolution of cancer via an ODC1-DNA methylation axis. The loci prefer-
entially methylated might not be randomly selected in view of the recurrent 
genes silenced in the groups of the ten vs. fourteen cell lines of different 
lineages exhibiting differential MBD2 or MBD5 expression (see above). Our 
hypothesis that high PA levels might induce epigenetic diversification is in 
line with observations of intratumor clonal heterogeneities in cancer tis-
sues, e.g. in prostate carcinoma, since these heterogeneities are attributed 
to differential DNA methylation [77,98]. The role of polyamines in differ-
ential DNA methylation during normal cell differentiation has also been 
noted [104]. 

Chromatin compaction in permeabilized nuclei treated with poly-
amines ensues at 0.2 and 0.5 mM spermine or spermidine concentra-
tions, and appears not to change further above 0.8 and 1.5 mM 
concentration, respectively [21]. Thus, the nucleosome destabilizing 
effect of PAs, becoming prominent at ≥ 5 mM concentration, can be 
clearly distinguished from how they contribute to higher-order chro-
matin architecture. The nucleosome destabilizing effect described 
herein is apparently superimposed on PAs’ contribution to the 
condensed state of chromatin as well as on other, indirect PA effects on 
chromatin structure and function; these include the upregulation of 
histone acetylation [72] and complex effects on DNMTs [69,70,105] 
ensuing at ODC1 overexpression, or PA feeding, respectively. Our 
experimental system of isolated nuclei, devoid of H1, soluble enzymes 
and cofactors, allowed us to assess nucleosome stability in the absence of 
most of the biochemical processes contributing to the changes of chro-
matin structure evoked by PA treatment (reviewed in Ref. [106]). The 
nucleosome destabilizing effect of PAs described herein may contribute 
to the circadian regulation of transcriptional processes exemplified by 
that of the PER3 gene with its strongly ODC1-dependent methylation 
revealed in our CellMiner analyses. The experimental demonstration of a 
nucleosome destabilizing effect exerted by high but still physiological 
levels of PAs is proposed to fit a scenario where high ODC1 expression 
facilitates chromatin remodeling, allowing access of methylating en-
zymes to the DNA at sites associated with physiological processes like 
circadian rhythm or at aberrantly selected loci in the context of cancer 
cell evolution. 
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linker histone permits fast paced nuclear divisions in early Drosophila embryo, 
Nucleic Acids Res. 48 (Sep 18 2020) 9007–9018. 

[3] R.A. Casero Jr., T. Murray Stewart, A.E. Pegg, Polyamine metabolism and cancer: 
treatments, challenges and opportunities, Nat. Rev. Cancer 18 (Nov 2018) 
681–695. 

[4] N.K. Lee, H.E. MacLean, Polyamines, androgens, and skeletal muscle 
hypertrophy, J. Cell. Physiol. 226 (Jun 2011) 1453–1460. 

[5] K. Igarashi, K. Kashiwagi, The functional role of polyamines in eukaryotic cells, 
Int. J. Biochem. Cell Biol. 107 (Feb 2019) 104–115. 

[6] A.E. Pegg, Functions of polyamines in mammals, J. Biol. Chem. 291 (Jul 15 2016) 
14904–14912. 

[7] E. Damiani, H.M. Wallace, Polyamines and cancer, Methods Mol. Biol. 1694 
(2018) 469–488. 

[8] N. Minois, D. Carmona-Gutierrez, F. Madeo, Polyamines in aging and disease, 
Aging (Albany NY) 3 (Aug 2011) 716–732. 

[9] A.S. Bachmann, D. Geerts, in: Polyamine Synthesis as a Target of MYC Oncogenes 
vol. 293, Nov 30 2018, pp. 18757–18769. 
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Supplementary material 

 

 

Supplementary Fig. 1. Adjustment of the pH of the solutions used in Figs. 2 and 3. 

The pH of the solutions was set to the values shown in the Y axis by the addition of HCl or NaOH. 

Blue, green and red circles represent solutions containing 2.5, 5 and 10 mM spermidine, 

respectively. The pH was adjusted by the addition of HCl or NaOH while the change of NaCl cc. 

was less than ±5 mM.  
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Supplementary Fig. 2. 

Pulsed-field gelelectrophoretic analyses of genomic DNA after PA treatment of the 

permeabilized nuclei. 

DNA breaks are not generated as a result of PA treatment. Agarose-embedded HeLa nuclei were 

treated with spermine applied at 2.5 (lanes 2 and 6), 5 (lanes 3 and 7) and 10 (lanes 4 and 8) mM 

concentrations, without neutralizing the pH of the PBS/EDTA buffer supplemented with PA. 

Lanes 1 and 5 show the spermine untreated controls. The deproteinized samples were analyzed by 

agarose gelelectrophoresis without (samples 1-4), and after treatment with S1 nuclease (samples 

5-8). The MidRange PFG marker was used as the DNA ladder. The CHEF protocol used is 

described in Materials and Methods. The uncropped picture of the gel inverted to grayscale is 

depicted. 
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Supplementary Fig 3. 

Spermidine binding to DNA demonstrated by EBr displacement in agarose embedded 

nuclear halos. 

Agarose embedded nuclei of Jurkat cells were treated with 2.22 M NaCl/PBS-EDTA to generate 

nuclei halos which were then stained with 4 µg/ml EBr. Following staining, the dye solutions were 

replaced with spermidine solutions of the concentration indicated on the X-axis (with their pH set 

to 7.4); PBS-EDTA was used in the case of the control. The red fluorescence of EBr was quantified 

by LSC and the data analyzed by the iCys software. The graph was prepared by SigmaPlot and 

data fitted by the four-parameter logistic curve. The graph shows the mean ± SEM of EBr 

fluorescence intensities of 200-1,000 G0/G1 nuclei normalized to the control (without spermidine 

treatment). 
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Supplementary Fig 4. Comparison of PA binding of different topological forms of plasmid 

DNA. 

Spermidine displaces EBr equally from the different topological forms of DNA. DNA samples 

containing linear, nicked and supercoiled plasmid DNA in equal proportion (0.5µg each) were 

electrophoresed on a 1% agarose gel and then stained with 0.5 µg/ml EBr. After imaging, 

individual lanes were cut out and incubated with varying concentrations of spermidine, followed 

by a second imaging. The reduction in band intensity was quantified using Fiji ImageJ. a) EBr 

stained gel image of identical plasmid DNA samples before spermidine treatment showing the 

separated supercoiled (Sc), linear (L), nicked (N) forms and multimers  (M). b) Gel image of EBr 

stained plasmid DNA subjected to 0, 1.25, 2.5, 5, 10 and 20 mM spermidine; lanes 1-6, 

respectively. In a) and b) the uncropped pictures of the gel inverted to grayscale are depicted. In 

panel c) the fractions of EBr bound to the supercoiled (empty bars) and linear (checkered bars) 

topological forms after subjecting the EBr stained bands to the indicated amounts of spermidine 

are shown.  
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Supplementary Figure 5. CellMiner analyses based on the NCI60 cell line panel, using 
CellMinerCDB. 

A. Correlation between ODC1 and PER3 mRNA expression. 

B. Correlation between ODC1 mRNA expression and PER3 DNA methylation. 
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Supplementary Fig 6. 

CellMiner analyses based on the NCI60 cell line panel, using CellMinerCDB. 

A distinct subpopulation of ten cell lines of varied lineages (encircled) exhibits a very low 

expression of the gene coding for the histone variant H1.5, and high ODC1 expression on average 

at the same time. The ten cell lines: HCT-116; A498; HL-60; RPMI-8226; MDA-MB-231; 

HS578T; OVCAR-3; ACHN; LOXIMVI; PC-3. 
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Supplementary Figure 7. 

CellMiner analyses based on the NCI60 panel, using CellMinerCDB. 

Low HIST1H1B expression correlates with high CpG methylation of the same genomic region in 

the same subpopulation of cell lines. 
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Suppl. Figure 8. CellMiner analyses based on the NCI60 panel, using CellMinerCDB. 

Low HIST1H1B correlates with high MBD2 expression in the same ten cell lines. 
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Supplementary Figure 9. CellMiner analyses based on the NCI60 panel, using 
CellMinerCDB. 

Silencing of PER3 via DNA methylation correlates with Hinokitiol toxicity across the NCI60 cell 

line panel. 
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