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Part A.  Interactions of Cisplatin and Daunorubicin 

 

1. INTRODUCTION 

The application of multiple anticancer drugs with a diverse mode of actions that target different 

cell components might lead to a desirable outcome to treat particular cancer types more 

effectively. A synergy of the drugs could lead to 1) increment in the effectiveness of therapy; 

2) reduction in the dosage to decrease side effects while improving or maintaining efficacy; 3) 

mitigate or delay the development of resistance to the drug. In this matter it is questionable 

what strategies and approaches are best for choosing candidates to be combined and tested even 

at the pre-clinical state of research. It also seems challenging to interpret and evaluate the 

results of pre-clinical tests, what is crucial to move forward to the clinical trials. A combination 

is considered efficient if it generates enhanced response compared to the individual drugs by 

themselves. Because numerous drug combinations only have additive or slight synergistic 

effects, it is the extent of synergy that becomes vital to be determined. This task demands high 

throughput methods. On the other hand, the choice of the drugs to be combined must fit some 

rationale based on the mechanisms of action involved.  

Anticancer drugs that target chromatin are some of the most effective agents in combating 

cancer. Anthracyclines and platinum-based drugs have been exploited in combination 

chemotherapy to treat a broad variety of different types of cancer, such as ovarian carcinoma1,2, 

small cell lung cancer3, and in endometrial carcinoma4, among others.  

Cisplatin (Cis-Pt) is a component of the standard treatment of testicular, ovarian, cervical, head 

and neck, lung and bladder cancer, also lymphomas, myelomas, and melanoma. Daunorubicin 

(Dauno), a member of the anthracyclines family, is used in the treatment of acute myeloid 

leukemia (AML), acute lymphoblastic leukemia (ALL), and lymphomas. Doxorubicin (Dox), 

a congener derivative of Dauno, is indicated in treating several cancer types such as ALL, 

AML, breast cancer, lung cancer, Hodgkin and non-Hodgkin lymphomas, and ovarian cancer. 

(https://www.cancer.gov/about-cancer/treatment/drugs/) 

Although many of the cellular targets of these anticancer agents are known, their involvement 

in cytotoxicity is poorly understood. Therefore, how they interact with each other when used 

in combination is even more difficult to predict. On the other hand, long-term benefits of 
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combination treatments include overcoming the emergence of resistant cell clones. Therefore, 

although anthracyclines and Cis-Pt e.g., the drugs most frequently used in the treatment 

regimens of ovarian cancer, exhibit a combined effect no greater than additivity5, the 

advantages of combination treatment may still be significant.  

My focus, however, is interaction of these drugs at the level of primary toxicity. For both Cis-

Pt and Dauno, the main drug target is chromatin and both influence DNA topology; thus the 

possibility arises that they may mutually influence each other’s binding to their chromatin 

targets. Therefore, we set out to determine how the Dauno evoked changes in chromatin 

structure and DNA topology affect the formation of Cis-Pt-DNA adducts, and vice versa how 

Cis-Pt influences Dauno binding.  

 

1.1. Cisplatin 
 

1.1.1. Chemistry of Cisplatin 
 

Cisplatin (Cis-Pt), Cis-(Pt (NH3)2Cl2), formerly known as Peyrone’s chloride, was first 

synthesized by Michele Peyrone in 1844; a century later, subsequent to investigations 

addressing the effect of electric fields on Escherichia coli (E.coli) growth, it was observed by 

Barnett Rosenberg6 that electrolyzed platinum derived from the electrodes formed a platinum 

complex which inhibited bacterial cell proliferation.  The discovery that Cis-Pt treatment 

elicited a decrease of sarcoma mass in rats7 established its anti-cancer activity. Cis-Pt consists 

of two ammine and two chloride ligands in the cis configuration, bound to a single atom of 

platinum in a square planar complex. The molecular structure is shown in Figure 1. 

 

 

 

 

Figure 1. Molecular structures Cis-diamminodichloroplatinum (II) 
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Cis-Pt is a small uncharged molecule thus its uptake into cells prominently occurs via passive 

diffusion8. Once inside the cell, it is converted to cationic species which may not cross over the 

lipid bilayer of the cell membrane readily. In addition to passive diffusion, a series of studies 

have indicated that Cis-Pt is imported to tumor cells by transporters such as copper transporter 

1 (Ctr1)9,10 as well as organic cation transporters (OCT2)11, while the copper-transporting P-

type transporter ATP7B12 and the ATP-binding cassette transporter ABCC213 are associated 

with the active efflux of Cis-Pt. 

Cis-Pt is administered intravenously. Extracellular fluids contain high concentrations of 

chlorides (~100 mM), in which Cis-Pt exists in stable, inert, dichloro-form. Following its entry 

into the cell, due to the decrease of chloride concentration to ~2-10 mM, the 

diamminodichloroplatinum (II) undergoes a nucleophilic substitution (SN2)
14 reactions  in 

which the chloro ligands are substituted with water molecules in two consecutive steps while 

preserving cis configuration, to become the chemically active cis diamminediaquaplatinum (II) 

species. The chemical reaction is shown in Figure 2. This hydrolysis reaction is the rate-

limiting step for DNA binding, and the half-life (t1/2) for substitution of the first chloride ligand 

with water is about 2 hours (hrs)15. 

 

 

 

 

 

 

Figure 2. Aquation reactions involving Cis-Pt in the cell 
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1.1.2. Cis-Pt and DNA 

The cationic aquated Cis-Pt species behave as electrophilic reagents and interact with 

nucleophilic sites on the DNA. The water molecule of the mono-aquated species is readily 

substituted by the N7 of guanine or adenine, forming a monofunctional adduct (t1/2 of formation 

= 2 hrs)15. Due to the presence of the potentially reactive sites in the vicinity, the 

monofunctional adduct reacts and rearranges to form intra- and interstrand cross-links (ICL) 

(t1/2 of formation= 2.1-3.5 hrs)15,16. Through the reaction of the bifunctional platinum 

compound with adjacent purines, different types of adducts form, as shown in Figure 3. The 

DNA isolated from white blood cells of patients treated with Cis-Pt contained intrastrand cross-

links formed by the binding of Cis-Pt to two neighboring guanines (1,2-d(GpG)) comprises 

~65% of the total Cis-Pt-DNA adducts, ~22% of the adducts formed on adenine and guanine 

in the 1,2-d(ApG) sequence but not in pGpA, ~13% on two guanines separated by one or more 

nucleotides (1,3-d(GpNpG))17, while ICLs forming between the guanine bases at 

complementary strands were present at a frequency of about 1-5%18. Based on calculated 

electrostatic potentials of the bases, it was postulated that the G-G sequence is the most 

electronegative region in double-stranded DNA19 and, therefore, represent the most reactive 

site toward the positively charged, aquated Cis-Pt intermediate; this explains why platination 

at G-G sequence comprises the majority of the adducts. Reactivity of the individual 

nucleobases according to the calculated electrostatic potentials in a decreasing order : guanine-

N7>>adenine-N7 > cytosine-N320. 

 

Figure 3. Types of DNA-Cis-Pt crosslinks 
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1.1.3. Effect of adducts on DNA and nucleosome structure 

The formation of Cis-Pt-DNA adducts causes distortions of the DNA conformation. The 

structural alterations induced in DNA after binding of Cis-Pt have been extensively studied. 

Gel electrophoretic21-23, X-ray crystallographic24,25, and NMR spectroscopic26,27 studies 

demonstrated that intrastrand cross-linking adducts tend to bend the DNA toward the major 

groove21, while ICLs cause DNA bending toward the minor groove28. Cis-Pt adducts also 

unwind the DNA helix: 1,2- and 1,3- intrastrand adducts by 13° and 23° 22, respectively, whereas 

a single ICL unwinds DNA by approximately 79° 29. These adduct-induced distortions are 

recognized by various classes of proteins, including high-mobility group (HMG) box proteins, 

repair proteins, transcription factors30 and several other proteins including histone H1 that 

preferentially recognizes the 1,2-intrastrand cross-linked platinum–DNA adducts as reviewed 

in ref.31. The effect of Cis-Pt on post-translational modifications (PTM) of H3 and H4 histones 

has also been studied32: According to Western-blot analyses of  Cis-Pt-treated HeLa cells, the 

drug induces phosphorylation of H3 at Ser-10 and acetylation of H4. These changes may be 

biologically relevant since phosphorylation of H3 at interphase correlates with chromatin 

relaxation and gene expression, while in mitosis it correlates with compaction33; on the other 

hand, acetylation of H4 (on K16 in particular) results in a disruption in internucleosomal 

interactions thus having a profound impact on chromatin structure34. 

 

1.1.4. Cis-Pt and other cellular molecules 

Cis-Pt target the vast majority of biological macromolecules. It reacts with and impairs the 

proper functioning of several RNA molecules, including the whole pool of mRNAs35 , rRNA36 

and the RNA component of telomerase37, to mention just a few. Recent studies on interactions 

of Cis-Pt with ribosome constituents have found that Cis-Pt targets pivotal parts of the 

ribosome like the mRNA channel, the GTPase activating center, the peptide exit tunnel, and a 

functionally important “bridge” (named B7a) between the two ribosomal subunits. These data 

suggest that Cis-Pt stabilizes mRNA binding to the ribosomal P site and prevents mRNA/tRNA 

translocation, thus inhibiting protein synthesis38. Cis-Pt binds also to lipid components of 

plasma membrane (phosphatidylserine and phospholipids) that results in plasma membrane 

disruption39. Furthermore, by binding to tubulin and G-actin, Cis-Pt inhibits polymerization of 

microtubules and microfilaments, respectively39,40. Reactions of proteins with the drug have 

been extensively investigated as reviewed in refs. 41,42. Proteins, notably those containing 

cysteine and methionine residues, readily bind to Cis-Pt.  
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Cis-Pt mainly reacts with thiol-containing polypeptide species such as metallothioneins43. It 

also reacts with the tripeptide glutathione; in some platinum-resistant cancer cells, glutathione 

and metallothionein levels are relatively high, therefor Cis-Pt is soaked up in the cytoplasm 

before DNA binding can occur, thus causing resistance44,45. 

 

1.1.5. Cytotoxicity 

There are strong pieces of evidence that DNA is the critical therapeutic target of Cis-Pt among 

its many potential cellular targets. For instance, when the number of platinum atoms binding 

to DNA, RNA, and protein molecules was measured in the case of HeLa cells treated with 

195mPt-radiolabeled Cis-Pt used at a lethal dose46, the ratio of Cis-Pt modified molecules to the 

total number of the same molecular species in the cell was much higher in the case of DNA 

than for the other classes of molecules. Based on this study, binding of Cis-Pt to the DNA is 

generally perceived as the leading cause of its toxicity46. Other studies on E.coli and human 

cells demonstrated that DNA repair-deficient cells were 3-10x more susceptible to Cis-Pt than 

wild type cells31 suggesting that DNA is indeed the primary therapeutic target of Cis-Pt. 

In experiments performed on human HL-60 cells ~48,000 Pt-DNA adducts (i.e., ~ 1Pt/125 

kilobase pairs (kbp)) per cell gave rise to 50 % inhibition of cell growth. Considering that the 

number of 1,2-intrastrand cross-links is predicted to occur at a frequency of ~65% of total Pt-

DNA adducts, it was concluded that there were ~31000 1,2- intrastrand cross-links/cell, while 

the number of ICLs was estimated to be only 480/cell47. The contribution of the various types 

of cross-links to toxicity has not been clarified fully. Nonetheless, as intrastrand cross-links 

comprise the major form of adducts, it is suggested that this type of lesion may be responsible 

for the cytotoxic action of Cis-Pt. In line with this notion, transplatin, the trans-isomer of Cis-

Pt that is ineffective in chemotherapy is unable to form 1,2-intrastrand cross-links; therefore, 

intrastrand cross-links. On the other hand, ICLs are deemed not to be the primary cytotoxic 

lesions in conformity with the observation that transplatin, despite of the fact that it is ~ 6 fold 

more apt to form ICLs than Cis-Pt, is clinically ineffective48. However, based on the 

hypersensitivity of Fanconi anemia cells (defective in the repair of ICLs) to ICL forming 

reagents their impact on cytotoxicity may still be considerable48,49. 

Cis-Pt induced DNA adducts were mapped genome-wide using a new generation sequencing-

based “Damage-seq” protocol in vivo and in vitro in human B-lymphoblast50 and mouse 

internal organs51. The results showed that these adducts are evenly distributed throughout the 

genome and were only slightly more abundant at the promoters than at the enhancers. While 
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these regions are known to be nucleosome-free regions, the question was raised whether 

enrichment of Cis-Pt adducts at promoters was due to the structure of the chromatin or it was 

a reflection of the elevated G-G (i.e., the preferred target for Cis-Pt to form 1,2-intrastrand 

adducts) frequency here. To answer this, the authors compared the G-G frequency at the 

Transcription Start Sites (TSSs) and Transcription End Sites (TESs) of the genes, and it was 

shown that the dinucleotide G-G frequency at TSSs is generally higher relative to TES regions; 

thus, they attributed the higher incidence of Pt-d (GpG) adducts formed in promoters to this 

rather than the open chromatin structure. As opposed to the study described above, Cis-Pt 

binding to linker region was shown to be preferred over binding to nucleosomal DNA and the 

ratio of the DNA damage caused by Cis-Pt was ~ 1.3 times higher at linker regions than within 

the core region of nucleosomes52. 

While the above and most other similar studies examined the formation of all types of the Cis-

Pt-DNA adducts together52-54, in another publication specifically the formation of ICLs50,51 was 

measured in reconstituted nucleosomal and naked DNA. According to these latter results, Cis-

Pt forms ICLs with naked and nucleosomal DNA at a similar efficiency55.  Taken together the 

above results, it is unlikely that Cis-Pt would prefer linker DNA over nucleosomal DNA to a 

degree what could have biological significance, as it binds rather uniformly along the 

chromatin fiber most probably due to its small size.  

 

1.1.6. Effect of DNA topology on adduct formation 

Regarding the question whether DNA topology plays a role in the formation Cis-Pt-DNA 

adducts, indirect evidence was obtained in experiments where the influence of DNA 

supercoiling on the cytotoxicity of Cis-Pt in E.Coli K12 bacteria was studied. Bacteria carrying 

mutations in the Gyrase gene were treated with Cis-Pt. (In Eubacteria, the Gyrase enzyme 

introduces negative superhelical turns into the genomic DNA and Gyrase defects are known to 

decrease superhelical density by ~ 25% in comparison with the level of supercoiling in the 

wild-type). An ~1.5x increase in the amount of total Cis-Pt bound to DNA, measured by atomic 

absorption spectroscopy, was observed in the mutant strains, implying an influence of DNA 

supercoiling on DNA platination56. In in vitro experiments, the number of  ICLs was compared 

in supercoiled and linear plasmid DNA57. The results showed that at relatively low levels of 

total modification by Cis-Pt (< 1 Pt /500 bp), ICLs were formed in negatively supercoiled DNA 

at approximately 3x higher frequency than in linear or relaxed DNA57. In these studies ICLs 
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comprised 30%-40% of the total adducts. In theory, the increase of ICL incidence in 

supercoiled DNA could also be due to the formation of cross-links between distant bases, when 

DNA loops form by the cross-links mediated by ICL. In other words, two remote bases could 

be brought to the vicinity of each other so that Cis-Pt could cross-link them leading to formation 

of covalently closed loops. Upon exposure of such loops to -irradiation, the loops are expected 

to relax and remain compact, thus migrating in non-denaturing agarose gels in the same fashion 

as intact supercoiled plasmids. However, following induction of nicks, DNA co-migrated 

similarly to relax non-platinated DNA, suggesting that ICLs in negatively supercoiled DNA 

did not significantly form between remote bases. Instead, ICLs were shown to preferentially 

form between residues that are in proximity57. The kinetics of ICL formation were also faster 

in supercoiled DNA (formation t1/2 ~ 2 hrs) than in linearized DNA (t1/2~ 4 hrs), suggesting that 

negative supercoiling indeed enhances ICL formation57. ICL formation by another interstrand 

cross-linker, Psoralen58, is also favored in negatively supercoiled as compared to linear or 

relaxed DNA. However, based on work in our lab, it is likely that psoralen intercalation 

between the adjacent base pairs and not cross-linking, is facilitated by negative supercoiling59. 

Since ICLs are minor adducts formed by Cis-Pt, their detection and measurement in cells at 

clinically relevant doses of the agent are challenging. Several techniques have been used, 

including denaturing electrophoresis, mass spectrometry, and alkaline single-cell gel 

electrophoresis (Comet) assay. These methods and their advantages and limitation are well 

reviewed in ref.60. The basis of these methods in brief is that the complementary strands of the 

DNA cannot be separated due to the covalent cross-links formed by Cis-Pt.  

The alkaline comet assay, originally used to measure DNA strand breaks, is an established 

method for detection of ICLs also. It is based on the preferential re-association of alkali-

denatured genomic DNA derived from Cis-Pt-treated cells. Upon electrophoresis of single cells 

embedded in low melting point agarose under denaturing condition, DNA without ICLs 

migrates in its denatured, single-stranded form, whereas the complementary strands do not 

separate when the DNA is cross-linked by Cis-Pt and will migrate more slowly61.  

In summary, the Cis-Pt-induced DNA cross-links, intrastrand and interstrand alike, appear to 

be sensitive to DNA topology. As I will describe it in section 1.3, anthracyclines, often used in 

cancer chemotherapy in combination with Cis-Pt, elicit changes in DNA conformation upon 

their intercalation between the adjacent base-pairs. Therefore, their co-administration with Cis-

Pt may result in major consequences on Cis-Pt toxicity. Conversely, the Cis-Pt-elicited cross-

links may fix genomic DNA in constrained conformational states antagonizing intercalation. 
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In view of these complexities, we set out to determine how the Dauno evoked changes in 

chromatin structure and DNA topology affect the formation of Cis-Pt-DNA adducts, and how 

Cis-Pt influences Dauno uptake and binding. 
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1.2 Superhelicity 

1.2.1. Why does it matter? 

The hierarchical packaging of the genomic DNA is eukaryotes involves formation of the 

nucleosomal structure (beads-on-a-string), then further packaging into a continuum of zigzag 

and ~30 nm fibers, formation of chromatin loops and further, higher order compaction62; all 

these structural changes involve changes of DNA supercoiling63. In bacterial systems, 

supercoiling appears to be essential for viability and is finely tuned by the antagonistic 

activities of DNA gyrase and topoisomerase I. Alterations in the level of supercoiling by more 

than 25% subsequent to mutation in corresponding genes are lethal64. DNA supercoiling, 

affecting the conformation of larger DNA regions, as well as locally influencing DNA structure 

is an important player in the regulation of gene expression as reviewed in64-68. For efficient 

transcription as well as replication, negative supercoiling facilitates the separation of DNA 

double strands. Such a topology is introduced into the bacterial systems in an ATP-dependent 

manner by gyrase enzymes (see section 1.1); in eukaryotes, nucleosomal structure entails 

negative supercoiling. Toroidal writhes composed of 145-147 bp of DNA wrapped around the 

histone octamer, forms 1.65 turns69. Upon unwrapping of DNA from nucleosomes, the 

constrained toroidal writhe is converted to unconstrained plectonemic writhe70. When the 

constrained, negative supercoils form upon the assembly of the nucleosomes, compensatory 

positive supercoils are generated in the linker DNA64 that are assumed to be relaxed by 

topoisomerases. (See section 1.3). Upon the binding of large proteins and their subsequent 

translocation along the DNA (like DNA and RNA polymerases), the baseline supercoiled state 

is altered transiently: overwound and underwound supercoils are generated in front and behind 

the elongating polymerase71,72, respectively. In other words, instead of one helical turn per 10.5 

bp, there is one helical turn per < 10.5 bp ahead of RNA polymerase, whereas, in the rear, there 

is one helical turn per >10.5 bp. If the positive supercoils ahead of DNA- or RNA polymerases 

remain unrelaxed, it leads to replication and transcription blockade. Negative supercoils behind 

the polymerases favor formation of unconventional DNA conformations (non-B DNA), 

including Z-DNA, D-loops, and R-loops and G-quadruplexes73. The strategy applied by both 

pro- and eukaryotes to resolve polymerase-induced supercoiling is recruiting topoisomerases. 

Over- or underwound DNA behaves as a substrate for topoisomerases. Topoisomerases, upon 

forming “cleavage complexes” with the DNA, introduce transient single- or double-strand 

breaks thus removing the replication or transcription blockade, as reviewed in73,74. In 

prokaryotes, DNA is usually negatively supercoiled (excepting the thermophile archaea). 



16 
 

Writhe exists in both toroidal and plectonemic form. When in the toroidal form, DNA is 

wrapped around nucleoid-associated proteins including HU and FIS75, 76.  

In eukaryotes, changes of supercoiling are effortful challenges for DNA replication and 

transcription. Also, the superhelical state of DNA in chromatin and the enzymes involved in 

the regulation of DNA topology are among the most effective targets in combating cancer. 

However, due to its complexity, supercoiling and its biological significance in human genomes 

is not yet well appreciated.  

 

1.2.2. What is it? 

In order to understand DNA topology, we need to tackle some key mathematical concepts: 

superhelical density (σ), linking number (Lk), twist (Tw), and writhe (Wr). 

 

Twist (Tw): is the number of times one DNA strand crosses the other strand in a double helix 

(number of helical turns), which is one turn every 10.5 bp under physiological conditions (0.2 

M NaCl, pH 7, 37 ◦C), in the case of DNA exhibiting no supercoiling, and since it is a right-

handed helix, it is a positive number. It is calculated from eq (1) below where N is the length 

of DNA in base pairs divided by the number of base pairs per turn of helix (h).  

 

Writhe (Wr): is the number of times the double helix crosses itself (plectoneme) or the number 

of times it coils around (toroid). Right-handed plectoneme and left-handed toroid are indicated 

by a negative number. 

 

Linking number (Lk): is the number of times complementary strands in the DNA double helix 

are wound around each other. It is always a positive integer value. 

Superhelical density (σ): is the fractional change in linking number. It is a positive value in 

positive supercoils and a negative value in negative supercoils. 

These concepts are expressed in equations as shown below (the meaning of subscript 0 is 

discussed below):   
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The above concepts are best demonstrated describing the topology of covalently closed circular 

DNA, like plasmids. However, genomic DNA is also considered as closed-end DNA because, 

on the one hand, the excessive length of DNA causes high degree of friction which hampers its 

rotation, on the other, genomic DNA is tethered to itself via protein linkages or to scaffolds77. 

For a better understanding and simplicity let’s focus on a particular relaxed linear DNA 

segment that has N = 2100 bp. From eq (1) twist can be calculated: 

 

Tw0=2100/10.5 = 200 

 

And Lk0 can be calculated from eq (2): 

 

Lk0   =200 + 0 

 

Since we assume that the DNA is relaxed, in the absence of writhe Lk0= Tw0. However, N/10.5 

might not necessarily be an integer number; thus, Lk0 cannot be a true linking number, it is an 

imaginary (also referred to as ‘hypothetical’67) linking number that serves as a reference point 

helping to measure the actual level of supercoiling. Lk always has an integer value, and it is 

constant unless strand breaks occur. Conventionally, the sign of Lk in right-handed B-DNA is 

positive. In both prokaryotes and eukaryotes, DNA is globally underwound by ~6%78,79. 

Returning to our example, this means that for 2100 base pairs, there are 188 turns of the helix 

instead of the expected 200 turns. In other words, there is 1 helical turn for every ~11 bp. The 

term ΔLk (linking difference) denotes this difference, and it is equal to the actual linking 

number (Lk) of a molecule minus the hypothetical linking number (Lk0). Hence for the above 

example: 

ΔLk = Lk (188) − Lk0 (200) = −12 

 

Underwound and overwound DNA are called negatively and positively supercoiled, 

respectively. 

The underwound (ΔLk <0) and overwound (ΔLk>0) states produce torsional stress within the 

DNA. This stress distributes along the length of the DNA and induces the molecule to either 

coil around itself and generate plectonemes (in a right-handed direction) or writhe about a 

protein core forming a toroid (in a left-handed direction).  
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Considering that Lk is constant, supercoiling leads to changes in Tw and/or Wr. Referring to 

the above example, since Lk = 188 and does not change, the negative supercoiling (Lk < Lk0) 

should manifest in changes of twist and writhe. One possibility would be a reduction in twist 

and increase in writhe. 

Lk = Tw +Wr 

188 = 190 + (-2) 

In order to study the partitioning of supercoil into changes in Tw and Wr, two strategies are 

applied. One is using simulated molecules (Monte Carlo simulation) which involves 

calculation of free energy of different DNA superhelical conformations. Another one is an 

experimental strategy to analyze supercoiling by e.g. electron microscopy or gel 

electrophoresis as reviewed in67,78,80. The results of both strategies are consistent with each 

other and imply that change in the supercoiling level in small DNA molecules (< 2.5 kb) is 

partitioned mostly to twisting75. However, in large DNA molecules (> 2.5 kb), a higher 

proportion (~70%)78 of supercoiling is partitioned into writhing rather than twisting (Wr : Tw 

= 2.6 : 1)81. Supercoil portioning into changes in Tw and Wr leads to crucial biological 

consequences82,83 . 

Finally, in order to compare the supercoiling level of a particular DNA molecule, a parameter 

called supercoiling density (σ) can be used. It is a function of ionic strength and temperature. 

Since it is independent of the length of DNA, the degree of supercoiling in the case of DNA 

molecules of different length can be compared. Supercoiling density is defined as the ratio of 

the ΔLk to Lk0. Referring to our example, from eq (3): 

 

σ = -12/200 

σ = -0.06 

As described in the section 1.1, binding of Cis-Pt (and many other compounds; see section 1.3) 

causes the DNA double helix to unwind. This unwinding is either a direct consequence of the 

binding of the agent to DNA (e.g., Cis-Pt, intercalators) or of binding to enzymes responsible 

for altering DNA topology (agents targeting topoisomerases). 

Regarding direct DNA binding, another parameter described for the alteration of supercoiling 

by a drug is unwinding angle (θ); in standard conditions it is calculated as: 

 

θ = 18 σ/rb(c)
84,85 

Where rb(c) is the amount of bound drug that is necessary for complete removal of all supercoils 

from the DNA.  
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Intercalators like ethidium bromide, chloroquine, psoralen, and anthracyclines are planar, 

mainly polycyclic, aromatic/heteroaromatic ring structures. They intercalate between two 

adjacent base pairs of a double-stranded DNA, perpendicular to the helical axis of DNA. Upon 

intercalation, they increase the distance between adjacent base pairs (in order to accommodate 

the aromatic ring structure). The increase in distance between base pairs leads to local 

unwinding (decrease in Tw, increase in -Wr) of the DNA helix, and an increase in its length. 

Following the addition of a higher concentration of intercalators the DNA reaches a relaxed 

state (Wr=0, Tw=Lk), and above this concentration it will overwind (increase in +Wr).  

A recent study performed in our lab demonstrated that both constrained and unconstrained 

superhelicity impedes intercalation59. This is in line with the conclusions of another study 

investigating damage caused by platinum-intercalator compounds denoted that a Pt-acridine 

complex binds to the linker region at twice higher frequency than to nucleosomal DNA52. 

 

 

 

 

Figure 4. Schematic representation of chromatin topology 
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1.3. Anthracyclines 

1.3.1. Chemistry of anthracyclines 

The anthracyclines (including daunorubicin, doxorubicin, epirubicin, idarubicin and 

aclarubicin) belong to a class of chemotherapeutics with similar structures that are widely used 

for treatment of several types of cancer. 

Daunorubicin (Dauno) and Doxorubicin (Dox) were isolated from a soil bacterium called 

streptomyces peucetius. Dauno and Dox consist of planar tetracyclic (A, B, C, D) ring and 

sugar moieties as shown in Figure 5. The C-9 of ring A carries a short side chain (R1), and the 

sugar moiety called daunosamine, is bound to the C-7 of ring A. 

 

 

 

 

 

 

Figure 5. Molecular structure of Dauno- and Dox. 

 

Dauno and Dox vary only in the R1 side chain: In Dauno, R1 is a methyl group, whereas in Dox 

it is a hydroxymethyl group. The minor difference in the structure of Dauno and Dox has an 

impact on the spectrum of diseases where they are applied. Dox is used in the treatment of 

breast cancer, soft tissue sarcomas, lymphomas and solid tumors arising in endometrial tissue, 

whereas Dauno is applied in myeloblastic or acute lymphoblastic leukemia86. 
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1.3.2. Daunorubicin and its mechanisms of action 

Dauno, the first discovered anthracycline compound, in its uncharged form, enters the cell via 

passive diffusion87. Under physiological pH, most of the Dauno molecules are positively 

charged, probably limiting uptake only to a small extent due to the equilibrium between the 

ionized and neutral form. On the other hand, entry of the charged Dauno molecules appears 

also to be possible by a flip-flop mechanism88. Dauno affects a broad range of biochemical 

processes, and a several of different mechanisms have been proposed to be responsible for 

Dauno-elicited cytotoxicity. These include inhibition of DNA and RNA synthesis (mainly due 

to binding of the drug to the DNA), topoisomerase II poisoning (by trapping the enzyme at 

cleavage sites), oxidative stress (due to formation of reactive oxygen species), also involving 

lipid peroxidation (by chelating iron). 

 

➢ Direct effect on plasma- and mitochondrial membrane  

Dauno is a lipophilic compound, so it binds to the different lipid components of cellular 

membranes partly through hydrophobic interactions. On the other hand, cationic Dauno 

interacts with anionic-charged moieties in phosphatidylserine89, G-Protein coupled receptor90, 

cardiolipin91 and sphingomyelin92. As a consequence of these varied interactions, Dauno alters 

plasma membrane structure and disrupts lipid-lipid and lipid-protein interactions involved in 

signaling pathways93. 

 

➢ Free radical formation is elicited by Dauno and stabilizes Dauno-DNA intercalation 

Quinone moiety (ring C) is a substrate for several oxidoreductases. These enzymes, including 

xanthine dehydrogenase, mitochondrial NADH dehydrogenase, and endothelial nitric oxide 

synthase, consume NAD(P)H to oxidize the quinone94. The produced semiquinone radical 

reduces oxygen containing molecules, to regenerate its stable parent quinone structure. 

Through the redox process, reactive oxygen species (ROS) like superoxide, hydrogen peroxide, 

and hydroxyl radicals are formed94. Moreover, semiquinone oxidizes the bond between ring A 

and the daunosamine moiety resulting in detachment of daunosamine from the polycyclic ring86 

(as presented in Figure 6). This will increase the lipophilicity of the polycyclic ring, thus 

facilitating its insertion into cellular membranes what will lead to further free radical 

formation86. ROS are known to cause DNA breaks; however, ROS formed by Dauno were only 

observed in cells treated at supraclinical doses of Dauno95. Therefore, at clinically relevant 

doses, alluding to the formation of free radicals as the primary cytotoxic action of 

anthracyclines is a matter of debate86,95.  



22 
 

 

  

 

 

Figure 6. Oxidation-reduction reaction of the Dauno quinone structure 

 

Anthracyclines chelate iron (III) what causes lipid peroxidation, what is true especially for 

Dox-Fe3+ 96. Anthracyline-Fe3+ complexes also catalyze the formation of formaldehyde 

(CH2O) from lipids and other carbon-containing cellular constituents, and CH2O conjugates 

with Dauno covalently. The intercalating CH2O-drug conjugate forms a covalent bond between 

the amino group of the daunosamine and the guanine base in one strand and forms a hydrogen 

bond between Dauno and another guanine base on the complementary strand97. These covalent 

Dauno-DNA adducts that are formed at clinically relevant doses account only for a minor 

fraction of total Dauno in cell; nevertheless, they might contribute to their cytotoxicity98. The 

higher levels of CH2O in Dauno-sensitive tumor cells compared to resistant and healthy cells 

support the contribution of Dauno-DNA adducts to Dauno cytotoxicity99. This notion is further 

supported by the observation that co-administration of Dauno or Dox with subtoxic doses of 

CH2O-releasing drugs in vivo and vitro lead to an increase in Dauno/or Dox-DNA adducts and 

✂
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to ~3-fold greater cytotoxic response than treatment with Dauno/or Dox alone was 

observed100,101. 

 

➢ Daunorubicin as topoisomerase II poison/inhibitor 

One of the mechanisms proposed for the cytotoxicity of Dauno (at clinically relevant doses) is 

topoisomerase II (Top2) poisoning. Top2 introduces transient breaks in both strands of the 

DNA, thus relaxing positively and negatively supercoiled domains that have been generated 

during replication and transcription processes68,75. Top2 has two isoforms, Top2α and Top2ß. 

In proliferating cells, it is Top2α which is expressed at higher levels, while Top2ß is prevalent 

in the quiescent cell (e.g. cardiomyocytes)73. Top2α relaxes positively supercoiled DNA with 

greater efficiency than negatively supercoiled DNA, whereas Top2ß relaxes both negative and 

positive supercoils with the same efficiency102. Dauno can affect both isoforms of Top2. The 

effect of Dauno on Top2α seems to be most relevant for its anti-cancer activity, whereas the 

effect on Top2ß may be responsible for its cardiotoxicity73.  

The Top2 catalytic cycle involves the following steps, as reviewed in73,103. The Top2 

homodimer binds to DNA, and in the presence of ATP, undergoes through extensive 

conformational changes. A tyrosine residue in both monomers reacts and breaks the 

phosphodiester backbone of the DNA independently in the two strands, four bases apart73. 

Next, the double-strand-cleaved segment allows another DNA segment pass through, altering 

the linking number and superhelical density of the DNA. Following strand passages, the broken 

strands are religated and released from the enzyme. The transient covalent complex composed 

of DNA and Top2 is called cleavage complex. Dauno, depending on its concentration, exerts 

its inhibitory effect on Top2 in two ways: (a) Top2 poisoning: at lower concentration, upon its 

intercalation, the daunosamine and ring A form a ternary complex composed of Dauno-DNA-

Top2 which stabilizes the cleavage complex; thus DNA cannot be released from the Top2104 

and Top2-induced double strand breaks remain unsealed; (b) Top2 inhibition: at higher Dauno 

concentrations, Dauno directly binds to Top2 and inhibits the formation of the cleavage 

complex.  

In other words, at lower Dauno concentrations the formed cleavage complexes are trapped in 

this state, while at higher Dauno concentration these complexes do not form at all73.  
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1.3.3. Interactions of Dauno with chromatin 

In addition to Top2 inhibition, Dauno inhibits both DNA and RNA synthesis possibly due 

mainly to direct binding to and inhibition of the polymerases105-108. Inhibition of DNA synthesis 

has been observed at concentrations of Dauno as low as ~0.25 µM109. The fused tetracyclic (A-

D) structure (shown in Figure 5) intercalates between adjacent base pairs, while daunosamine 

extends into the minor groove110. Dauno intercalation is slightly preferred at GC base 

pairs111. Single-molecule measurements denote that the intercalation of one Dauno molecule 

untwists (unwinds) the double helix by 8°-12°112,113. In negatively supercoiled DNA, such an 

alteration in Tw would generate compensatory positive torsional stress in the neighboring parts 

of the DNA, what makes the DNA resist further intercalation more-and-more as intercalator 

concentration is increased59. Importantly, single-molecule magnetic tweezers studies showed 

that the assembly of a nucleosome on positively supercoiled DNA is inhibited114. The torsional 

stress exerted by the compensatory positive supercoiling can weaken histone-histone and 

histone-DNA interactions in the nucleosome core particle and favor dissociation of the 

H2A/H2B dimers from the  H3/H4 tetrasome (at low salt conditions)115. Likewise, Cis-Pt 

unwinds DNA locally, thus induces positive torsional stress around, what would also act to 

destabilize the nucleosomes. Published results by our lab as well as another lab showed that 

Dox induces eviction of histones independently from Top2 inhibition116,117. Furthermore, it was 

shown that Doxorubicinone (Dox lacking the sugar moiety) was unable to evict histones, 

suggesting the importance of sugar group and its extension into the minor groove116. The 

postulated mechanism for histone eviction is a competition of the sugar moiety with histone 

residues critical for nucleosome stability like the arginine side chain of H4 (H4-R45)69,116. 

Dauno preferentially binds to linker DNA118 and nucleosome depleted regions like active 

promoters118. Binding of Dauno to the linker DNA regions induces an unfolding followed by 

aggregation of chromatin fiber118 thereby influencing higher-order chromatin conformation. 

Dauno also binds to H1 and H5 linker histones with preference for H1 over H5119. Recent work 

from our lab suggests that the anthracyclines evict then aggregate the H2A-H2B dimers120.   
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1.4. Combination therapy  

1.4.1. Chou-Talalay (Dose-Effect) Analysis  

Synergy between two drugs (when the observed effect is greater than the effects of the 

individual agent added), vs. antagonism (when the observed effect is smaller than what is 

expected when the effects add up), are not readily determined by comparison of the individual 

effects with those of the combinations, due mainly to the non-linearity of the dose-effect 

relationships. Therefore, we used the combination index (CI) method based on the median-

effect principle of the mass-action law performed according to Chou-Talalay to determine the 

mode of drug interaction. 

Chou and Talalay, based on the mass-action law and employing mathematical deductions, 

generated the Median dose-effect equation (MEE) and the formula of CI for biological systems. 

A widely used computer software for dose-effect analysis was also developed121,122 and 

published online (http://www.combosyn.com/).  

MEE delineates the behavior of many biochemical systems and is shown below: 

 

 

 

Where D denotes the dose of a particular drug, fa and fu are the fractions of the cells affected 

and unaffected, respectively, by the dose D; Dm is the median-effect dose, which is the dose 

needed to induce the “median effect”. The median effect depends on the context of the study, 

can be IC50, ED50, or LD50. In other words, Dm is the dose that inhibits the system under study 

by 50%.  m is a coefficient that accounts for the shape of the dose-effect curve. m > 1, = 1, and 

< 1 indicate sigmoidal, hyperbolic and flat sigmoidal dose-effect curves, respectively. The 

median-effect equation is closely related to well-known biochemical equations, including 

Henderson- Hasselbalch for pH ionization, Hill123 for higher-order ligand binding occupancy 

of receptors, Michaelis-Menten124 for first–order enzyme kinetics (m=1) and Scatchard for 

receptor binding. Detailed explanation of how this method was developed is reviewed in125.  

The CI equation was derived from the MEE125 and can be calculated as: 

 

 

 

Where CI < 1, = 1, and > 1 indicate antagonism, additive effect, and synergism, respectively. 

In the denominator (Dx)1 is a dose of drug 1 (e.g., Cis-Pt) that affects x% of the cells when 

http://www.combosyn.com/
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applied alone, and (Dx)2 is the dose of drug 2 (e.g., Dauno) that affects x% of the cells when 

applied alone. In the numerators, (D)1 is the dose of drug 1 that, in combination with (D)2 dose 

of drug 2, affects x% of the cells. 

A plot of fa (indicating drug effect level %) on the x-axis and CI on the y-axis is the “Fa-CI 

plot” (Figure 7). A horizontal line drawn from 1 on the y-axis represents simple additive effect 

and any point above and under this line represent antagonism and synergism, respectively. The 

ranges of CI corresponding to the extent of synergy or antagonism are shown in Table.1. 

 

 

 

Figure 7. Fa-CI plot. HeLa cells treated with Cis-Pt and Dauno 

 

                           Table.1 

 

 

Ranges of CI corresponding to the extent of synergy or antagonism 
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2. AIM AND OBJECTIVES OF THE STUDY 

Since the primary target of Cis-Pt and Dauno is chromatin and they alter DNA topology, the 

possibility arises that they may mutually affect each other’s binding to their chromatin target 

when applied in combination. Therefore, we aimed to elucidate if and how Dauno and Cis-Pt, 

influence each other’s binding to chromatin components. 

 

Objectives  

1) To determine if Dauno and Cis-Pt synergize or antagonize each other’s cytotoxicity in 

vitro.  

2) To establish techniques for the measurement of the drugs bound in the different cell 

compartments. 

3) To determine how the changes in chromatin induced by Dauno affect the amount of 

Cis-Pt-DNA adduct levels. 

4) To determine how Cis-Pt affects the cellular uptake and chromatin binding of Dauno. 
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3. MATERIALS AND METHODS 

3.1. Materials 

All reagents were purchased from Sigma-Aldrich (St. Louis, Missouri, USA), with the 

exception of what are listed below: 

o Penicillin from Gibco, Grand Island, NY 

o Cis-Pt from Accord-UK Ltd, United Kingdom, purchased as 1 mg/ml stock solution 

o Dauno from Pfizer, Budapest, 2mg/ml stock solution 

o Anti-Cisplatin modified DNA antibody (ab103261) from Abcam, Cambridge, UK; 1 

mg/ml 

o Donkey anti-rat IgG antibody, Proteinase K, S1 endonuclease and SYBR Green I 

from Thermo Fisher Scientific, Waltham, Massachusetts, USA 

o Agarose from SeaKem® LE Agarose, Lonza 

o Nicking endonuclease Nt.CviPII from New England Biolabs Inc., Ipswich, MA, USA 

o Blotto Non-Fat Dry Milk from Santa Cruz Biotechnology Inc., Santa Cruz, 

California, USA 

 

3.2. Methods 

3.2.1 Cells, treatments, cytotoxicity assay  

HeLa cells expressing H2B-GFP or H3-GFP, control HeLa, HCT-116 and T47-D cells were 

cultured in DMEM, where Jurkat cells in RPMI1640, supplemented with 10% FCS, 2 mM L-

glutamine, 100 µg/ml streptomycin and 100 U/ml penicillin in T-150 tissue culture flasks in 

5% CO2. Treatment with cytotoxic agents was performed in 24-well plates. Dauno was used in 

a concentration range of 0 –15 µM. Cis-Pt was applied at 0–80 µM. For median effect analyses, 

Cis-Pt was added to the cells at 40 µM final concentration together with a concentration series 

of Dauno, for 16 hrs. Cytotoxicity was measured based on mitochondrial function, assessed 

using the Resazurin based assay126. 100 µl aliquots of the drug treated cells were re-suspended 

in colorless media and added to 96-well flat-bottom microplates to 20,000 cells per well. For 

each drug combination four parallel wells were prepared. 100 µl of freshly prepared Resazurin 

solution in colorless medium was added to each well to a final concentration of 18 µM. The 

plates were incubated at 37 °C for 24 hrs and fluorescence signals were measured at an 

excitation wavelength of 560 nm and an emission wavelength of 590 nm using Synergy H1 

microplate reader (BioTek). The fluorescence signal of Resorufin was recorded. The untreated 

cells reduce Resazurin (non-fluorescent) to Resorufin (fluorescent) fully, thus giving the 



29 
 

maximal fluorescence emission. The maximum fluorescence signal signified 100% viable 

cells, which shows 0% cytotoxicity of the drug. Cytotoxicity (Drug effect %) is detected by 

decreased reduction reaction of Resazurin to its fluorescent product Resorufin. Viability was 

expressed in the experimental groups in relation to untreated cells (control). The average 

concentrations of four wells were determined per dose. To determine synergism, additivity or 

antagonism, median effect analysis was performed using the method of Chou-Talalay127, using 

CompuSyn ver. 1.0 (ComboSyn Inc., Paramus, NJ, USA). The CI reflects synergism, additivity 

or antagonism when CI < 1; CI = 1 or CI > 1, respectively. All indicated values are the averages 

of at least three independent experiments. The method involves recording of dose-effect curves 

for the individually applied drugs, and measurement of the cytotoxic effect at a fixed dose of 

one drug, varying the concentration of the other. Typical dose-effect curves are demonstrated 

in Figures 8, 12, and 14. 

 

3.2.2. Urea-agarose gel electrophoresis 

Jurkat cells were treated with 9 µM Dox, known to bind to the DNA covalently128, and   10 or 

25 µM Cis-Pt for 16 hrs. The DNA of the samples was analyzed by urea-agarose gel 

electrophoresis, the method of Materna et al., further developed in our lab129,130. Briefly, the 

cells were embedded into Low melting point (LMP) agarose plugs, deproteinized and treated 

with the Nt.CviPII nickase enzyme. This was necessary to allow the entry of part of the DNA, 

after heat-denaturation, into the gel. The samples of agarose plugs were equilibrated with 9 M 

urea-containing loading buffer, denatured at 90 °C for 5 min, allowed to cool to RT then loaded 

onto an agarose gel also containing urea. The denatured fragments stay single-stranded in these 

conditions thus will not be stained by ethidium bromide (EBr). However, after electrophoresis, 

the gel was submerged in TAE buffer supplemented with EBr (5 g/ml) overnight, so ample 

time was given to the samples to be renatured when urea has been washed away from the 

agarose gels.   

 

3.2.3. Measurement of Dauno fluorescence 

3.2.3.1. Determination of total intracellular Dauno fluorescence 

In order to assess Dauno fluorescence in live cells and in isolated nuclei by flow-cytometry, 

HeLa cells were treated with 1.5 µM of Dauno alone or in combination with 40 µM of Cis-Pt 
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for 16 hrs. After trypsinization and re-suspension of the cells, Dauno fluorescence intensity 

distributions were recorded in a flow-cytometer. 

 

3.2.3.2. Determination of nuclear Dauno fluorescence 

Aliquots of the drug treated cells above were suspended in 500 µl PBS (150 mM NaCl, 3.3 

mM KCl, 8.6 mM Na2HPO4, and 1.69 mM KH2PO4, pH = 7.4) and lysed in 500 µl ice-cold 

0.2% (v/v) Triton X-100 dissolved in 1 × PBS/EDTA (5 mM EDTA in PBS), for 20 minutes 

(min). After lysis, nuclei were washed twice with 4 ml ice-cold PBS/EDTA then re-suspended 

in 1 ml PBS/EDTA and Dauno fluorescence intensity distributions were recorded by flow-

cytometry.  

 

3.2.3.3. Determination of DNA-bound Dauno via Hoechst-quenching 

HeLa cells were treated with 1.5 µM of Dauno alone or in combination with 40 µM of Cis-Pt 

for 16 hrs, then, without washing the samples, stained with 35 µM Hoechst 33342 for 30 min. 

After trypsinization, the cells were analyzed by flow-cytometry.  

  

3.2.3.4. Flow-cytometry 

A Becton Dickinson FACSAria III Cell Sorter (Becton Dickinson, Mountain View, CA, USA) 

was used. Dauno was excited using the 488 nm line of a solid-state laser and the emitted light 

was detected using a 695/40 nm band-pass filter. Hoechst 33342 fluorescence was measured 

by excitation at 375 nm and emission detection using a 450/50 nm band-pass filter. 

Fluorescence signals were collected in logarithmic mode and the flow-cytometric data were 

analyzed by the Reflex software131. 

 

3.2.4. Measurement of histone eviction 

The histone H2B gene was fused to the gene encoding the green fluorescent protein (GFP) and 

transfected into human HeLa cells to generate a stable line constitutively expressing H2B–

GFP132 . Histone eviction was measured by the QINESIn assay developed in our lab117. Briefly, 

the agarose-embedded GFP-histone expresser HeLa cells at the bottom of ibidi wells were 

permeabilized with 500 µl ice cold 1% (v/v) Triton X-100 dissolved in 1x PBS/EDTA, washed 

with 500 µl ice-cold 1x PBS/EDTA and these samples of nuclei were treated with different 

concentrations of Dauno. The histones remaining chromatin-bound were determined cell-by-

cell using Laser scanning cytometry (LSC) scans (see below) of the samples. 
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3.2.5. Measurement of ICLs and total Cis-Pt-DNA adduct levels by LSC 

3.2.5.1. Preparation of comets and halos 

Following exposure to drugs, the cells were centrifuged at 175 g for 5 min at 4 °C, then re-

suspended to a final concentration of 1 × 106 cells/ml in PBS, kept at 37 °C and mixed at a v/v 

ratio of 1: 3 with 1% LMP agarose dissolved in PBS. 100 µl of the cell-agarose suspension was 

pipetted onto Superfrost microscope slides and were covered with coverslips. The slides were 

pre-coated by submerging them in molten 1% agarose dissolved in water, and then allowed to 

dry overnight at room temperature. The cells were left to sediment on the surface of the slides 

for 4 min at 37 °C, then kept on ice for 5 min. After polymerization of the agarose, the 

coverslips were gently removed, then the slides were submerged in glass staining tanks 

containing ice-cold PBS/EDTA for 5 min, then submerged in ice-cold TRIS/EDTA (Tris-HCl 

20 mM pH = 7.5, 5mM EDTA), 150 mM NaCl and 1% v/v Triton X-100 for 10 min, next in 

PBS/EDTA containing 1% Triton X-100 for another 10 min. After washing in PBS/EDTA for 

10 min, the samples were equilibrated with nickase buffer (10 mM Tris-HCl pH 8.0, 50 mM 

NaCl, 10 mM MgCl2, 1 mg/ml BSA), then nickase treatment was performed covering the slides 

with 500 µl of nickase buffer containing the frequent cutter nicking endonuclease Nt.CviPII at 

a final concentration of 0.001 U/ml and incubated in a wet chamber at 37 °C, for 20 min. After 

washing with ice-cold PBS/EDTA three times for 10 min, the slides were submerged in freshly 

made alkaline lysis buffer (2.5 mM NaCl, 1% N-Laurylsarcosine sodium salt, 10 mM Tris, 150 

mM NaOH, 100 mM EDTA, 10% DMSO, and 1% Triton X-100; pH = 10) at room 

temperature, for 1h. After alkaline denaturation, the slides were placed in an electrophoresis 

tank filled with alkaline running buffer (300 mM NaOH, 1 mM EDTA, pH = 13). After 

electrophoresis (for 20 min at 200 mA), the samples were neutralized with 0.4 M Tris (pH = 

7.5) for 10 min before staining with SYBR Green I, 1: 5000 diluted in PBS/EDTA. Since no 

background fluorescence was detected following S1 digestion (see Figure 20), simple intensity 

measurements instead of calculating tail-moments sufficed, so the steps related to comet 

formation (nickase digestion and electrophoresis) were omitted and the experiments were 

performed in ibidi 8-wells microslide. These halo preparations allowed comparison of samples 

in ibidi slides that proved to be more convenient and reliable, also improving throughput. The 

samples were equilibrated with S1 buffer (280 mM NaCl, 50 mM CH3COONa and 4.5 mM 

ZnSO4, pH = 4.4) for 30 min, then the samples were covered with 500 µl of S1 enzyme solution. 

The enzyme was diluted to 1000 U/ml concentration in S1 nuclease buffer in the working 

solution. The samples were incubated on ice for 5 min with the enzyme for equilibration, then 
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digestion was performed at 37°C, for 20 min. After washing in PBS/EDTA, the samples were 

stained with SYBR Green I as described above, for 1 h. 

 

3.2.5.2. Determination of total amount of Cis-Pt-DNA adducts 

 Nuclear halos were labeled by indirect immunofluorescence using anti-Cisplatin primary 

antibody as described below. Agarose-embedded nuclei on ibidi slides were exposed to the 

combinations of Cis-Pt and Dauno at 4°C for 16 hours, washed with ice-cold PBS/EDTA three 

times for 5 min each, treated with Proteinase K dissolved in 0.4 M EDTA, 1% Sodium lauroyl 

sarcosinate, 10mM Tris, pH = 8 at 0.5 mg/ml final concentration, at 42 °C, for 24h. The 

enzymatic reaction was stopped by incubating the samples with 1:10 dilution of 10mM PMSF 

(Serin protease inhibitor) at room temperature, for 10 min. Then the samples were denatured 

and renatured as described above; electrophoresis was skipped. Immunofluorescence labeling 

was performed at 4°C, overnight, using rat monoclonal anti-Cisplatin modified DNA antibody 

diluted at a titer of 1:800 in 150µl of PBS/EDTA/1% BSA. Samples were washed 6 times for 

10 min each, followed by incubating the samples with 500µl 5% (m/v) Blotto Non-Fat Dry 

Milk in PBS/EDTA on ice for 30 min. Labeling with the secondary antibody was performed 

using Alexa Fluor 488 (A488) conjugated Donkey anti-rat IgG, at a titer of 1:800, diluted in 

PBS/EDTA/3% BSA, from 2 mg/ml stock solutions. After labeling with the secondary 

antibody, nuclei were washed with 500µl ice-cold PBS/EDTA 3 times for 10 min each. Then 

the samples were fixed using 1% formaldehyde at 4 °C, overnight. After fixation, the nuclei 

were washed with 500µl ice-cold PBS/EDTA three times for 5 min and fluorescence intensity 

distributions were recorded by LSC. For studying the effect of salt induced histone eviction on 

total Cis-Pt-DNA adduct formation (Figure 22a), the agarose embedded nuclei of HeLa cells 

were prepared on the slides as described above and were treated with 1.1 M or 1.6 M of NaCl 

in PBS/EDTA 6 times for 10 min each and subsequently washed with PBS/EDTA. These 

samples were exposed to 40 µM of Cis-Pt, for 16 hrs, then treated with proteinase K followed 

by PMSF and washing steps, then labelled by immunofluorescence for the LSC measurements, 

as described above. Then the same samples were dehydrated with an ascending series (20–

95%) of ethanol for subsequent LA-ICP-MS analysis. 

3.2.5.3. Laser scanning cytometry (LSC) 

Automated microscopic imaging was performed using an iCys instrument (iCys® Research 

Imaging Cytometer; CompuCyte, Westwood, MA, USA). Green fluorescent protein (GFP), 

SYBR Green I, A488, and propidium iodide (PI) were excited using a 488nm Argon ion laser. 

A647 was excited with a 633nm HeNe laser. The fluorescence signals were collected via an 
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UPlan FI 20x (NA 0.5) objective. GFP and A488 and SYBR Green fluorescence were detected 

through 510/21nm, 530/30nm and 550/30nm filters respectively, while A647 and PI were 

detected through a 650 nm/LP filter. Each field (comprising 1000 × 768 pixels) was scanned 

with a step size of 1.5 µm. Data evaluation was performed using the iCys 7.0 software for 

Windows XP. Gating of G1 phase cells was based on the fluorescence intensity distribution 

curves of the DNA stained with PI. 

 

3.2.6. Determination of Pt in the nuclei of agarose-embedded cells using 

quantitative LA-ICP-MS  

3.2.6.1. LA-ICP-MS instrumentation  

The LA-ICP-MS measurements were conducted by our collaborators at  the Chemistry 

Department of Ghent University, using an Analyte G2 193 nm ArF* excimer-based LA-unit 

(Teledyne Photon Machines Inc., Bozeman, MT, USA), equipped with a low-dispersion Cobalt 

ablation cell, what was coupled to a quadrupole-based Agilent 7900 ICP-mass spectrometer 

(Agilent Technologies Inc., Tokyo, Japan) via the ARIS (Aerosol Rapid Introduction System, 

Teledyne Photon Machines Inc., Bozeman, MT, USA), providing fast aerosol transport133-135.  

 

3.2.6.2. Spot analysis 

This is also our collaborators’ work.  The determination of Pt in the nuclei of agarose-embedded 

cells was performed using a quantitative LA-ICP-MS spot analysis approach, derived from the 

single-cell LA-ICP-MS analysis method described in a previous work by Van Acker et al.136 

 

3.2.7. Statistical analysis 

The results of the LSC, flow-cytometry and mass spectrometry imaging experiments contain 

the means of the investigated features characterizing the cell populations based on cell-by-cell 

measurements encompassing many cells. These range from a few hundred to a few thousand, 

as indicated in the legends of the relevant figures. A particular parameter (e.g., the level of total 

platination; Fig.20 a) were measured at least 3 times (as specified in the legends) and the 

averages of the population means were used in the figures, with the bars representing the SD 

calculated from the 3 or more means. The observations in Fig. 20 a and c were also confirmed 

using two alternative cytometric approaches as shown in Fig. 21 d and e, each performed once. 

The means of the different samples were compared by the unpaired two-sample Student’s t-

test based on the assumption that the parameters followed normal distribution, when the 
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variances of the compared averages proved not to be significantly different in the F-test. The 

condition on the normality of the statistics was experimentally supported by the cytometric 

distributions. In addition, one way ANOVA test followed by a post hoc (Tukey) test was also 

performed. 
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4. RESULTS  

4.1. Mode of interaction (synergism vs. antagonism) between Cis-Pt and 

Dauno is cell-type and dose dependent 

I made a comprehensive pre-titration of concentrations, using the two drugs in several 

combinations and selected the conditions based on data shown in Figures 8, 10 and Table.2. 

Based on literature data98,97 treatment of cells with Dauno for 3 hrs sufficed to detect covalent 

Dauno-DNA crosslinks. The duration of treatment and level of crosslinks directly relate to each 

other137. As for Cis-Pt, the time that is required for Cis-Pt to form crosslinks was estimated 

≥10hrs15 (as mentioned in section 1.1). The time constraints of repair dynamics in the case of 

Cis-Pt and anthracyclines crosslinks138,139,140,141 are thought to be within 24 hrs. There are many 

protocols in clinical practice2,142,143,144,145 with a time window making interaction possible, 

especially given that the formed adducts keep the agents fixed to the DNA until the cell dies or 

the lesions are repaired. As shown in Figure 9, when the agarose gel is stained with EBr, in 

the samples containing Dox, EBr is quenched or prevented to bind to DNA. Since preparation 

of the DNA samples in the agarose blocks took 48 hrs and involved detergent treatment, we 

concluded that the drug must be rather tightly bound. Due to co-treatment with Cis-Pt, Dox-

binding is increased, which was inferred from the further decrease in EBr staining.  

Considering all these dynamic aspects, I chose the simultaneous addition of the two drugs for 

16 hrs. The concentrations of both drugs were systematically varied in a matrix spanning 0.3 – 

30 µM of Dauno and 10 – 100 µM of Cis-Pt, and the combination indices (CI values) were 

determined for each combination. To determine the mode of drug interaction I calculate the 

CIs based on the median-effect principle of the mass-action law146, performed according to the 

Chou-Talalay method. Cytotoxicity was evaluated by performing a Resazurin cell viability 

assay126. These studies were performed in Jurkat cells that exhibited high sensitivity to both 

drugs. The results were consistent with the general expectation of synergy. Since the 

differences in CI values between 40 and 50 µM of Cis-Pt combined with 3 M of Dauno were 

negligible (See Table. 2), I considered them equivalent and chose to work with the lowest 

concentration in this range. Therefore, 40 µM of Cis-Pt was used in the further experiments 

that included other cells as well. Unexpectedly, in sharp contrast with the Jurkat cells, as shown 

in Figure 11 and Table. 3, in HeLa antagonism (CI > 1) was observed at the subtoxic Dauno 

concentration range of 0.3–1.8 µM, and synergism (CI < 1) at toxic Dauno concentrations 

ranging between 3–12 µM, using 40 µM Cis-Pt. 
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Figure 8. Dose-effect curves of Cis-Pt and Dauno treatment of HeLa and Jurkat cells 

Panels (a) and (c): Jurkat cells were treated with Dauno (red line) or Cis-Pt (green line) in a 

concentration range of 0.3-15 µM and 10-70 µM, respectively. Averaged dose-effect curves of 

4 independent samples (a triplicate and an independent biological experiment).  

Panels (b) and (d): HeLa cells treated with Dauno and Cis-Pt at a concentration range of 0.3-

15 µM and 20-80 µM, respectively. Blue circles: dose-effect values of treatment with Dauno 

in combination with 40 µM Cis-Pt. Averaged dose-effect curves of 4 independent experiments. 

Error bars represents SDs. Cytotoxicity (Drug effect %) is detected by decreased reduction of 

Resazurin to its fluorescent product Resorufin. 

  

Jurkat cells HeLa cells 
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Figure 9. DNA binding of Dox is augmented when co-administered with Cis-Pt 

Jurkat cells were treated with 9 µM Dox, known to bind to the DNA covalently128, and   10 (+) 

or 25 µM (++) Cis-Pt for 16 hrs. The DNA of the samples was analyzed by urea-agarose gel 

electrophoresis, as described in section 3.2.2 129. Following conventional electrophoresis, the 

gel was stained with 5 µg/ml EBr, overnight. Lanes 1a, b: Lambda Hind III fragments run 

without (a) and with (b) heat-denaturation. The uncropped picture of the gel is depicted, 

recolored to grayscale. 
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Figure 10. Dependence of CI values on Cis-Pt concentration 

CI values determined for Jurkat cells treated with 3 µM Dauno (a) and 18 µM Dauno (b) in 

combination with Cis-Pt varied between 10 and 60 µM. The tables below the graphs show the 

specific CI values plotted. The matching values of CI and Dauno concentrations are shown in 

Table. 2. 
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Figure 11. Fa-CI plot of Cis-Pt and Dauno treatment of HeLa and Jurkat cells 

HeLa (   ) and Jurkat (   ) cells were co-treated with 40 µM Cis-Pt and different concentrations 

of Dauno for 16 h, and the viability of the cells was measured by the Resazurin assay. The dose-

effect profiles were used to calculate CI values as described in sections 1.4 and 3.2.1. The data 

represent averages of three independent experiments. The dose-effect data of the averages are 

shown in Figure 8. The toxicity values obtained at the different Dauno concentrations 

combined with a constant dose of Cis-Pt are represented on the X axis (drug effect levels). The 

matching values of CI and Dauno concentrations are shown in Table.3. The concentration of 

Dauno where the highest degree of antagonism was observed (1.5 µM) is indicated on the 

figure. a n.d. indicates no data. 
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To further investigate the cell type dependence of the effects, HCT-116 and T47D cells were 

treated with Dauno or Cis-Pt at a concentration range of 0.3-15 µM and 10-160 µM, 

respectively, as the Dose–effect curves are shown in Figure 12. Also, cells were treated with 

the combination of 0.3-15 µM of Dauno and 40 µM of Cis-Pt. I again observed that synergism 

vs. antagonism between Dauno and Cis-Pt is a dose- and cell-line-dependent phenomenon. 

HCT-116 and T47D cells exhibited synergism between Cis-Pt and Dauno at low Dauno 

concentration (≤ 6 µM) and additivity or even antagonism at high Dauno concentrations. The 

Fa-CI plot is depicted in Figure 13. 

 

Figure 12. Dose-effect curves of Dauno and Cis-Pt treatment of HCT 116 and T47D cells  

Panels (a), (c): HCT-116 and Panels (b) , (d) : T47D cells were treated with Dauno (red line) 

or Cis-Pt (green line) in a concentration range of 0.3-15 µM and 10-160 µM, respectively. 

Average dose-effect values of 6 independent samples (two independent biological experiments 

measured in triplicates) were used to construct the graphs. Error bars represents SDs. 

 

T47D cells HCT-116 cells 
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Figure 13. Fa-CI plot of Cis-Pt and Dauno treatment of HCT-116 and T47D cells 

HCT-116 (   ) and T47D (   ) cells were co-treated with 40 µM Cis-Pt and different 

concentrations of Dauno for 16 h, and the viability of the cells was measured by the Resazurin 

assay. The data represent average dose-effect values of 6 independent samples (two 

independent biological experiments measured in triplicates). The corresponding dose-effect 

data of the averages are shown in  Figure 12. The toxicity values obtained at the different 

Dauno concentrations combined with a constant dose of Cis-Pt are represented on the X axis. 

The matching values of CI and Dauno concentrations are shown in Table. 4 .  

 

Considering the highly similar chemical structure of Dauno and Dox, the question is raised 

whether the observed effects for the combination of Dauno and Cis-Pt holds true also for the 

combination of Dox with Cis-Pt. Therefore, to assess the role of drug-specificities in our 

findings, I also performed experiments using Dox. Jurkat and HeLa cells were treated with Dox 

or Cis-Pt at a concentration range of 0.3-32 µM and 5-160 µM, respectively, and using a 

combination of 40 µM of Cis-Pt with different Dox concentrations. The dose-response curves 
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are shown in Figure 14. The cells showed a varied response to the combination of Dox and 

Cis-Pt, which recapitulated the dose- and cell line-dependence of synergy vs. antagonism found 

in the case of Dauno and Cis-Pt. The Fa-CI plot obtained is shown in Figure 15.  

 

 

   

Figure 14. Dose-effect curves of Dox and Cis-Pt treatment on Jurkat and HeLa Cells  

Panels (a), (c): Jurkat cells  and HeLa cells Panels (b), (d) were treated with Dox (red line) or 

Cis-Pt (green line) in a concentration range of 0.3-32 µM and 5-160 µM, respectively. 

Averaged dose-effect curves of  a triplicate experiment on HeLa and  of a single  experiment 

on Jurkat cells are drawn. Error bars represent SDs. 

Jurkat cells HeLa cells 
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Figure 15. Fa-CI plot of Dox and Cis-Pt treatment of Jurkat and HeLa cells 

Jurkat (   ) and HeLa (   ) cells were co-treated with 40 µM Cis-Pt and different concentrations 

of Dox for 16 h, and the viability of the cells was measured by the Resazurin assay. The data 

represent average dose-effect values of 3 independent samples (HeLa cells) and of a single 

experiment (Jurkat cells). The  corresponding dose-effect data of the averages are shown in 

Figure 12. The matching values of CI and Dox concentrations are shown in Table. 5. 

 

I also tested if Dox exhibits a concentration-dependent synergy/antagonism when combined 

with another drug that interferes with protein degradation pathways, which has come to the 

focus of our interest via another project, focusing on aggregation/redistribution phenomena 

involving the H2A and H2B histones upon Dox treatment of Jurkat cells120. In those 

experiments, Jurkat cells were treated with Dox and PYR-41 alone at a concentration range of 

2.25-36 µM and 6.25-100 µM, respectively, or in a combination of 50 µM of PYR-41 with 

various concentration of Dox. As shown in Figure 16 (The dose-effect curve and Fa-CI plot), 

the combination of Dox and PYR-41 treatments on Jurkat cells is synergistic. Dox exhibits 

concentration-independent synergism when combined with PYR-41, an agent that interferes 
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with protein degradation, a process implicated in the nucleocytoplasmic transport process 

following Dox-induced H2B eviction. Here, in the context of the interactions of Dauno and 

Cisplatin, I use it to demonstrate that the concentration-dependence of a synergy/antagonism 

relationship is specific for the drugs whose main target is chromatin, and it does not occur 

between Dox and a drug with a chromatin-unrelated target. Such a concentration dependence 

may arise as a result of multiple interactions involving any of the drugs. In the case of the 

anthracyclines, they change (relax) the superhelicity of internucleosomal DNA at smaller, then 

also evict nucleosomes at larger concentrations. This can explain Dox concentration 

dependence in the case of Dox/Cisplatin combination. No such interaction is expected in the 

case of Dox and PYR-41, hence the concentration independent synergy. My contribution to the 

publication of Nanasi et al. was to derive the conclusion that the observed synergy raises the 

possibility that combined administration of Dox and PYR-41 may be exploited in cancer 

chemotherapy, since PYR-41 is already considered as a potential anticancer agent120. 

 

Figure16 . Fa-CI plot of  Dox and PYR-41 treatment of Jurkat  cells 

Panels (a), (b): Jurkat cells  were treated with Dox (red line) or PYR-41 (blue line) in a 

concentration range of 2.25-72 µM and 6.25-100 µM, respectively.  Panel (c) : Jurkat (   ) cells 

were co-treated with 50 µM PYR-41 and different concentrations of Dox for 2 h, and the 
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viability of the cells was measured by the Resazurin assay. The data represent average dose-

effect values of 3 independent samples. Error bars represent SDs. 

 

4.2. Co-treatment with Cis-Pt differentially alters the amount of total 

cellular, chromatin-bound and DNA-bound Dauno 

I first evaluated whether the antagonism between the two drugs might be related to an effect of  

Cis-Pt on the amount of Dauno taken up into the cells, accumulating in the acidic endosomal 

compartment147, by assessing Dauno fluorescence in live HeLa cells using flow-cytometry. In 

parallel, the total nuclear fluorescence of Dauno, accounting for the chromatin-bound drug, 

was also measured. Dauno fluorescence was significantly decreased in Cis-Pt-Dauno co-treated 

cells as compared to cells incubated with Dauno only, both measured in live cells (Figure 17a) 

and nuclei (Figure 17b). Since Dauno also binds to histones119 in addition to DNA, I performed 

an assay to directly measure the effect of Cis-Pt co-treatment on DNA-bound Dauno in live 

cells via the quenching of Hoechst 33342 fluorescence148. Hoechst 33342 enters live cells and 

becomes brightly fluorescent upon binding through the minor groove of the DNA to tandem 

AT base pairs149-151. The green emission of Hoechst dye is absorbed by Dauno, thus quenching 

of Hoechst fluorescence can be utilized as a measure of DNA-bound anthracycline. The 

decrease of Hoechst fluorescence in the presence of Dauno was stronger when Cis-Pt was also 

added. This difference can be partly accounted for by the influence of Cis-Pt on Hoechst 

fluorescence (see Table inset of Figure 17c). However, an increased level of DNA-bound 

anthracycline in the presence of Cis-Pt co-treatment was corroborated in experiments when the 

DNA of cells treated with Dox was isolated, run on agarose gels and visualized by EBr staining, 

see Figure 9.   

 

4.3. Cis-Pt facilitates Dauno-induced histone eviction 

A newly discovered effect of anthracyclines, also implicated in their cytotoxicity, is induction 

of nucleosome eviction due to intercalation116,117. I investigated whether this effect may be 

influenced by Cis-Pt. Live HeLa cells or their isolated nuclei were co-treated with the 

intercalator and Cis-Pt and populations of cells were assessed on a cell-by-cell basis by flow 

cytometry. The intercalator-induced eviction of the histone dimers and tetrasomes were both 

substantially augmented, see Figure 18-19. Thus, the amount of histone-bound Dauno is 
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expected to decrease in the nucleus when cells are co-treated with Dauno and Cis-Pt, apparently 

in the entire concentration range of the intercalator. 

 

 

 

Figure 17. Effect of Cis-Pt on Dauno uptake 

Total cellular (a) and nuclear (b) fluorescence intensity distributions of Dauno, and of Hoechst 

33342 (c), measured by flow-cytometry. Fluorescence intensity distributions of 20,000 events 

were recorded in a representative experiment.  

a, b Distribution curves of Dauno fluorescence of HeLa cells (a), or nuclei (b), after treatment 

of live cells with 1.5 µM Dauno only (red line), with 1.5 µM Dauno in combination with 40 µM 

Cis-Pt (green), or left untreated (black).  

c Hoechst 33342 fluoresence intensity distributions of live HeLa cells. The Hoechst dye (H) 

was added to the cells at 35 µM concentration following incubation with Dauno and/or Cis-Pt 

at different combinations: Dauno and Hoechst (red), Dauno, Cis-Pt and Hoechst (green), 

Hoechst 33342 only (blue), Hoechst 33342 and Cis-Pt (turquoise). The table inset shows the 
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decrease of the mean Hoechst fluorescence in the samples co-treated with Dauno (D+H), 

Dauno + Cis-Pt (D+C+H) and Cis-Pt only (C+H), in % of the control (blue). 

 

 

Figure 18. Effect of Cis-Pt on Dauno-induced histone eviction 

(a) QINESIn assay of histone eviction117. Nuclei of H2B-GFP-expressor HeLa cells were 

treated with a concentration series of Dauno only (red) or with Dauno in combination with 

Cis-Pt (green). The GFP fluorescence intensity of the individual nuclei was recorded by LSC. 

(b) Live H3-GFP-expresser HeLa cells were treated with Dauno only or with Dauno in 

combination with Cis-Pt (red and green line, respectively). Subsequently nuclei were prepared 

and their histone-GFP levels measured by LSC. The mean values of ~1,000 nuclei were plotted 

as a function of the Dauno concentration used. For both panel (a) and (b), the means of the 

fluorescence distribution curves, recorded for the samples treated and run in parallel, are 

plotted. Error bars denote SEM of ~1000 nuclei of a representative experiment which has been 

repeated 3 times. 

 

4.4. Detection of ICLs using a modified alkaline comet assay 

Another possible mode of interaction between the two classes of drugs is relaxation of 

supercoiling by the intercalator, mitigating ICL formation57 . In order to study this possibility, 

I modified this assay to improve its specificity and throughput. Also, in collaboration with the 

Ghent University, we applied Quantitative Laser Ablation Inductively Coupled plasma Mass 
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Spectrometry (LA-ICP-MS) spot analysis to yield absolute numbers for total Cis-Pt-DNA 

adducts and ICLs per nucleus. 

We employed a modified version of the alkaline comet assay where the ICL-dependent 

increment in the renaturation of alkali-denatured samples of nuclei is measured152. In view of 

the rather high background of renatured DNA in the absence of cross-linker in that procedure 

(Figure 19a), we used S1 nuclease treatment to remove any non-renatured DNA, and the 

SYBR Green I dye to stain double-strand DNA (Figures 19c, d). Using these modifications 

and employing LSC to measure the fluorescence of nuclear comets (or, with equivalent results, 

nuclear halos; see Materials and Methods), ICL detection was made possible in a wide 

concentration range of Cis-Pt added to live cells, as low as ~5 µM (Figure 19e). In the 

subsequent experiments we used this modified assay to detect ICLs.  

 

Figure 19. Measurement of ICLs using the alkaline comet assay combined with S1 

endonuclease treatment and SYBR Green I staining 

(a, c) Alkaline comets of Jurkat cells in the absence of drug treatment. (b, d) Alkaline comets 

after treatment with 40 µM Cis-Pt. The effect of S1 endonuclease treatment performed after 

renaturation is shown in (c) and (d). (e) Jurkat cells were treated with different concentrations 

(1-90 µM) of Cis-Pt, and the mean fluorescence intensities of the renatured comets were 

recorded by LSC after being digested with S1 endonuclease and stained with SYBR Green I. 

The median values of the fluorescence intensity distributions of ~ 400 nuclei were plotted as a 

function of Cis-Pt concentration. ICL levels measured in the lower concentration range of Cis-

Pt in a separate experiment are shown in the inset. Fluorescence intensities are shown in 

arbitrary units (a.u.). Scale bars=10µm 
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4.5. Co-treatment with Dauno influences Cis-Pt-DNA adduct levels 

In order to assess the effects of Dauno intercalation on the formation of Cis-Pt-DNA adducts, 

nuclei of HeLa cells were exposed to combinations of 40 µM of Cis-Pt and Dauno used at 

various concentrations. ICL levels were assessed employing the modified comet assay 

described above (Figure 19), while total Cis-Pt DNA adducts were measured via 

immunofluorescence using an antibody recognizing all Cis-Pt-DNA adducts. I observed no 

change in the level of total DNA-Pt adduct levels (Figures 20a and c), while there was an 

apparent reduction in ICL formation (Figures 20b and d). Notably, this effect was detected 

already in the low concentration range of the intercalator. 

 

 

 

Figure 20. Effect of Dauno treatment of nuclei on the formation of Cis-Pt-DNA adducts 

Agarose-embedded nuclei of HeLa cells co-treated with 40 µM Cis-Pt and Dauno used at the 

concentrations indicated, for 16 hrs (a, b). The amount of all Cis-Pt-DNA adducts (a) and ICLs 

(b) were measured by LSC. (a) Total Cis-Pt-DNA adduct levels detected by indirect 

immunofluorescence using an anti-Cisplatin primary and Alexa 488 conjugated secondary 
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antibody on deproteinized nuclear halo samples. (b) ICL levels measured by SYBR Green I 

staining of dsDNA. The nuclear halos were deproteinized after renaturation of the alkaline-

denatured DNA strands and the un-denatured DNA molecules were removed by S1 nuclease 

treatment. (c, d) Field-images of the LSC scans of alkaline halo samples in the case of nuclei 

treated with Cis-Pt only (c), or with Cis-Pt and 15 µM Dauno (d). Fluorescence intensities are 

shown in arbitrary units (a.u.). Representative nuclei of each sample are shown in the insets. 

Error bars in panel a and b represent SEM values calculated based on two independent 

biological experiments, each in duplicate. 

 

4.6. Effect of nucleosome eviction on Cis-Pt-DNA adduct levels 

Dauno can cause an increase of total Cis-Pt-DNA adduct levels as well as of ICLs due to 

increased accessibility of the DNA in the wake of nucleosomal eviction. ICL levels may be 

increased just because total adduct levels are increased. On the other hand, they can be 

decreased as a result of the relaxation of the superhelical twist accompanying intercalation117 

and also as a result of nucleosome eviction allowing for free twist-writhe inter-conversion. In 

view of the complexity of possible scenarios of drug interactions, a model system was set up 

to learn how nucleosome eviction, in the absence of any other effects of Dauno, might influence 

Cis-Pt binding to the DNA. I measured total Cis-Pt adduct levels and ICLs in nuclei pre-treated 

with salt to remove the dimers (1.1 M NaCl), or all the histones (1.6 M NaCl). Total adduct 

levels were assessed by three independent methods: by measuring the fluorescence intensity of 

SYBR Green I staining dsDNA in the renatured samples when S1 digestion step was omitted 

so as to detect all the Cis-Pt adducts renaturing into ds DNA when (any) two strands are 

covalently linked by Cis-Pt (Figure 21a), by immunofluorescence using the anti-Cis-Pt 

antibody (Figure 21b), and also by LA-ICP-MS (Figure 21d). ICLs were measured by the 

modified comet assay described above (Figure 21c) as well as by LA-ICP-MS following the 

treatments performed in the comet assay (Figure 21e). The different approaches yielded results 

that were in agreement with each other. Total DNA platination was increased at intermediate 

salt levels only, while ICLs were decreased, moderately at 1.1 M, and to a greater extent at 1.6 

M salt concentration. The fluorescence intensity distribution histograms corresponding to 

Figure 21b-c of the LSC data are shown in Figure 22. 
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Figure 21. Effect of histone eviction on the formation of DNA-Cis-Pt adducts 

Total Cis-Pt-DNA adduct (a, b, d) and ICL levels (c, e) formed in HeLa nuclei after pre-

treatment with 1.1 M and 1.6 M of NaCl, or with PBS only (indicated as 0), followed by 

incubation with 40 µM Cis-Pt for 16 h.  

(a,b and d) Total Cis-Pt-DNA adduct levels were measured (a) by SYBR Green I staining of 

the renatured nuclear halos (without S1 nuclease treatment), by immunofluorescence (b), or 

by LA-ICP-MS (d).  

(c,e) ICLs were measured after S1 endonuclease digestion of the renatured, deproteinized halo 

samples, by SYBR Green I staining (c) or by ICP-LA-MS (e). Fluorescence intensities are 

shown in arbitrary units (a.u.). In (d) and (e) the absolute number of Pt atoms per 100 kbp of 
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DNA are shown. In panel (a) error bars denote SD of the means of 4 independent experiments. 

In case of panel (b) and (c) error bars denote SD of mean fluorescence intensty of ~2500 events 

in a representative experiment. For panel (d) and (e) error bars denote SD of the mean 

fluorescence intensty of ~100 events. One of the samples represented by panel (a) and the same 

sample shown in (c) were also measured by ICP-LA-MS (panels d and e, respectively). 

Statistical calculation for panel (a) is unpaired two sample student t-test and one way ANOVA 

test followed by post hoc (Tukey) test. *** and ** designates statistical significance at p<0.001 

and p<0.005 respectively. Representative distribution curves for panels b and c are shown in 

Figure 22. Fluorescence intensities are shown in arbitrary units (a.u.). 

 

 

Figure 22. Fluorescence intensity distribution curves of total Cis-Pt adduct and ICL levels 

Fluorescence intensity distribution histograms of the LSC data shown in Figure 21. Panel (a) 

shows the total Cis-Pt adduct levels and corresponds to Figure 21b; panel (b) represents ICLs 

and corresponds to Figure 21c. Green lines: 0 salt; pink lines: 1.1 M salt; blue lines: 1.6 M 

salt. Fluorescence is shown in log scale. 

 

 

 



53 
 

5. DISCUSSION  

     We have observed interaction between Dauno and Cis-Pt is cell type- and dose-dependent 

phenomenon (see Figures 8-15 and Tables 2-4), which warrants a detailed analyses of the 

mechanistic components of the interactions in the case of their combined application in cancer 

chemotherapy. In brief, on HeLa and Jurkat cells, the toxic concentrations of Dauno synergize 

with Cis-Pt. Nevertheless, on T47D and HCT-116 cells at the same concentration range of 

Dauno (6 M), antagonism was observed between the two drugs. Furthermore, at the 

concentration of Dauno where synergism was observed on Jurkat and T47D cells, the two drugs 

antagonize each other on HeLa cells. Reminiscent of our findings, cell type and dose-dependent 

synergism vs. antagonism was described for the combination of Cis-Pt with a deoxycytidine 

analogue153.  

In view of the fact that both Dauno and Cis-Pt appear to primarily target the chromatin46,105, 

we set out to assess how they affect each other’s binding to particular cellular components, 

focusing on the chromatin. There is little doubt that the mode of Cis-Pt action most relevant to 

cytotoxicity is its binding to the DNA46. Although the effects of Dauno are more diverse, its 

interaction with the different components of the chromatin are generally considered of primary 

importance for its toxicity95. Also in line with the hypothesis that Dauno exerts its cytotoxicity 

mainly in the nucleus, a shift in its cellular distribution was observed toward higher 

cytoplasmic/nuclear ratios in resistant cells154. To investigate the possible scenarios of 

interactions that may lead to synergism or antagonism we employed a web-based resource 

(https://discover.nci.nih.gov/cellminercdb/) that integrates multiple forms of pharmacological 

and genomic analyses, and also unifies the cancer cell line datasets155.  CellminerCDB analyses 

shown in Figure 23, revealed that despite the highly similar chemical structure and 

mechanisms of action of Dauno and Dox, there are differences even among cell lines of the 

same tissue type regarding their individual sensitivity to the two drugs. Hence the complexity 

of cell biological features influencing the toxicity of drugs must be enormous, which makes it 

difficult to pinpoint the target most relevant for cytotoxicity for any of the drugs studied herein. 

Thus, the cell line-specific differences in the mode of interactions observed in the combination 

of Dox and Cis-Pt shown in Figures 14-15 may not be surprising. 

https://discover.nci.nih.gov/cellminercdb_reviewers/
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Figure 23. Activity of Dauno, Dox across 60 cell lines 

Activity of Dauno (x axis) and Dox (y axis) across 60 cell lines of various tissues of origin is 

presented. Data are extracted from CellminerCDB, NCI60-DTP-Almanac data set156. Cell 

lines falling in the lower right quadrant are sensitive to Dauno but resistant to Dox, whereas 

cell lines of the upper left quadrant are sensitive to Dox but not to Dauno. 
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     Regarding the effect of Cis-Pt co-treatment on Dauno levels (Figures 17a-b), total Dauno 

fluorescence representing mainly the acidic endosomal compartment where amphiphylic 

compounds spontaneously accumulate, decreases upon co-treatment. Therefore, if extra-

nuclear effects are also important factors in Dauno toxicity, Cis-Pt could antagonize them by 

reducing the cytoplasmic Dauno levels. The mechanism of decreased uptake was not further 

investigated in this study focusing on possible chromatin level interactions. Cis-Pt also 

decreased total nuclear Dauno fluorescence (Figure 17b). Dauno binds more avidly to DNA 

than to histones157, but its fluorescence is quenched only by DNA158. Therefore, the 

fluorescence intensities measured probably reflect the presence of both Dauno-DNA and 

Dauno-histone complexes, but in an unknown ratio. Therefore, we applied an assay that can 

directly measure DNA-bound Dauno, based on the quenching of Hoechst 33342 fluorescence 

by Dauno when they are in molecular proximity148. The data of Figures 17c and 9 reveal that 

upon Cis-Pt co-treatment the levels of DNA-bound Dauno or Dox do not decrease (Figure 

17c), rather increase (Figure 9). Dimming of the EBr fluorescence in the presence of the Dox 

was stronger when more Cis-Pt was added to the cells together with the intercalator. Thus, Cis-

Pt indeed increases the amount of the DNA-bound anthracycline, also demonstrated in a 

visually convincing manner, what could only be suspected through the spectacles of the less 

sensitive Hoechst experiment. In view of the fact that DNA-bound anthracycline levels 

certainly did not decrease (rather increased based on Figure 9), the decreased nuclear 

fluorescence of Dauno in the presence of Cis-Pt (Figure 17b) may reflect a significantly 

decreased presence of histone-bound Dauno levels, likely due to histone eviction elicited by 

the anthracycline. In summary, Cis-Pt decreased the amount of anthracycline accumulating in 

the cytoplasmic acidic compartment (comprising the dominant species of the drug), it also 

decreased the amount of the histone-bound Dauno, while the amount of DNA-bound 

anthracycline increased. 

     As Figure 18 shows, Dauno-induced eviction of histones was augmented in the nuclei co-

treated with Cis-Pt. Two possible explanations for this augmentation by Cis-Pt were 

considered: 1) Increase of DNA-bound Dauno despite a decrease in its cellular uptake (as 

concluded from the Hoechst quenching and from the agarose gel data of Figures 9 and 17c); 

2) Cis-Pt unwinds DNA locally, thus inducing compensatory positive torsional stress around, 

what would also act to destabilize the nucleosomes enhancing Dauno–induced histone eviction. 

In other words, Cis-Pt causes distortions in the DNA structure which may be an important 

factor in its influence on Dauno-induced histone eviction: DNA containing a Cis-Pt 1, 2-
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intrastrand d(GpG) adduct is bent by 60° toward the major groove159. Eviction occurs also 

when live cells are treated with anthracyclines in line with the work of Pang.et.al116 and also 

with the results of Imre et al from our lab117. The Cis-Pt elicited increase in the eviction of H2B 

was detected already at low, while H3 eviction was augmented only at higher Dauno 

concentrations. Thus, interaction of the two drugs in terms of histone eviction appears to be 

synergistic in the whole concentration range of the anthracycline. In summary, Cis-Pt augments 

the binding of anthracyclines to the genomic DNA in spite of the overall decrease of cellular 

uptake in its presence. Taken together, from these results we can conclude that histone eviction 

is a multifactorial process. Although Cis-Pt unwinds DNA much more than Dauno, we do not 

see eviction in only Cis-Pt treated samples. However, upon addition of also Dauno, eviction is 

augmented. On the other hand, the increment in the formation of covalent Dauno-DNA adducts 

in the case of treatment with a combination of Dox and Cis-Pt (Figure 9) may contribute to the 

synergistic toxicity of the two drugs.  

     In respect to the effect of Dauno on Cis-Pt-DNA cross-links levels, total platination was not 

affected (Figure 20a), while the level of ICLs, assessed using a modified version of the alkaline 

renaturation assay (Figure 19; see also section 4.4), was significantly decreased (Figure 20b). 

The decreased ICL levels observed at low Dauno concentration were not further changed using 

higher concentrations of the anthracycline; thus, the antagonistic effect of Dauno on ICL 

formation appears to be similar in the entire Dauno concentration range tested. Therefore, if 

ICLs significantly contribute to Cis-Pt toxicity, Dauno co-treatment could mitigate these 

consequences in the low Dauno concentration range, while the synergistic other effects may 

overrule this at higher concentrations. The decrease of ICL formation is likely due to relaxation 

of negative supercoiling of the chromatin loops, in line with reference57 and with data on 

psoralen cross-linking58. Based on the above, the antagonism of low Dauno concentration with 

Cis-Pt in HeLa cells is suggestive of the importance of ICL formation in the cytotoxicity of 

Cis-Pt in certain experimental and treatment regimens48,49.   

I have set up a model system comprising isolated nuclei treated with moderate and high salt 

concentration, to evict nucleosomes and elicit topological changes of the DNA in a controlled 

manner and in the absence of topological changes induced directly by intercalators. The LA-

ICP-MS approach let us obtain absolute numbers for the total adduct levels and for ICLs and 

these are comparable to the numbers determined in other studies47. The changes in total 

platination levels (mainly intrastrand cross-links18) and ICLs were comparable to the changes 

observed when nuclei were treated with Cis-Pt and Dauno (Figure 20). The eviction of 
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nucleosomes by salt or Dauno increases the target size for Cis-Pt binding. Furthermore, 

intrastrand crosslinks that involve bending of the DNA26,160 must be severely antagonized by 

any constrainment of its structure and augmented by the release of such constraints. On the 

other hand, the increase of free DNA regions upon nucleosome eviction is expected to favor 

formation of highly constrained, hyperplectonemic structures likely to occur in the case of long 

superhelical DNA molecules161. These antagonistic effects can explain the changes observed 

in total Cis-Pt-DNA adduct formation in our model system (Figure 21). The increase of target 

size upon histone eviction may be dominant at moderate salt concentration, increasing adduct 

levels, while the hyperplectonemic constrainment in the naked DNA produced by high salt pre-

treatment may prevent the bending of DNA required for intrastrand crosslinking26,160. On the 

other hand, ICL formation is strongly favored by negative Tw162. The superhelicity of the linker 

regions is generally assumed to be negative163. About 30% of the overall linking number 

difference is estimated to partition as twist164. The nucleosomal structure entails slightly 

overwound DNA (Tw =10.3 bp/turn compared to 10.5 bp/turn for B-DNA165. The negative 

twist in the linker regions together with the slightly positive twist inside the nucleosomes can 

account for the linker-preference of ICL formation52. At moderate salt treatment, upon eviction 

of H2A and H2B117, the enlarged nucleosome-free regions are expected to adopt a topology 

with higher degree of freedom to redistribute twist and writhe. As a consequence, Wr likely 

becomes more, and Tw less negative in the widening linker regions, in comparison with their 

state before eviction. Such changes would lead to a decrease in ICL numbers after treatment 

with 1.1 M salt. At high salt, upon complete eviction, the hyperplectoneme imposed topological 

constraints would antagonize proper apposition of the bases involved in ICL formation, further 

decreasing the chances of their generation. The data obtained in this model system are in line 

with the interpretation that the Dauno evoked decrease of ICL formation observed in isolated 

nuclei (Figure 20) is, at least partly, due to Dauno induced eviction of the histone dimers 

(Figure 18). To what extent Dauno-elicited Tw relaxation directly contributes to a decreased 

ICL formation could not be determined because nucleosome eviction necessarily accompanies 

intercalation. The scenario of complete eviction modeled by high salt concentration pre-

treatment of isolated nuclei does not occur even at high Dauno concentrations. However, 

eviction may not be uniform along the genome, affecting certain chromatin regions more than 

others. Local stretches of naked DNA may be present when live cells are treated with Dauno. 

The formation of ICLs is expected to be reduced in these regions based on the data of Figure 

21. In summary, histone eviction by itself is expected to diminish ICL formation, while total 

adduct formation may not change due to the complexity of effects involving increased target 
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size represented by a more relaxed naked DNA on the one hand, and constraints emerging in 

the wake of DNA-DNA interactions upon hyperplectoneme formation, on the other. These 

observations on the model system are in line with the effect of Dauno on total Cis-Pt adduct 

formation and on ICL formation (Figure 20). Since both drugs have multiple targets in the cell, 

antagonism as well as synergy could involve multitudes of factors. However, as both drugs are 

considered to primarily target the chromatin46,157, their interactions here may be important 

determinants of the pharmacological outcome of co-treatment. It remains to be determined if 

inhibition of Top II by Dauno, which was initially perceived as the primary cytotoxic effect of 

anthracyclines166, influences Cis-Pt toxicity. However, apoptosis induction by the DNA-Dauno 

adducts rather than Top II inhibition appears to be appears to be the crucial factor in the 

cytotoxicity of anthracycline101. 
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6. SUMMARY 

The widely used anticancer agents Cis-Pt and Dauno exhibited cell type- and concentration-

dependent synergy or antagonism in vitro. In HeLa cells, the mode of interaction between 

Dauno used at subtoxic concentrations and Cis-Pt was antagonism, yet, at a toxic concentration 

of Dauno combined with Cis-Pt, synergism was observed. In the case of Jurkat cells, Dauno 

and Cis-Pt synergize with each other through the whole applied concentration range. In contrast 

with HeLa cells, in T47D and HCT 116 cells the mode of interaction between the subtoxic 

concentration of Dauno and Cis-Pt was synergism, while antagonism was observed when toxic 

concentrations of Dauno were combined with Cis-Pt. I attempted to interpret these effects in 

terms of the changes elicited by the drugs in the chromatin, the target held primarily responsible 

for the cytotoxicity of both agents. I measured the effect of Cis-Pt on the levels of Dauno in 

different cell compartments, the effect of Cis-Pt on Dauno-induced nucleosome eviction, and 

assessed the influence of Dauno on DNA platination by flow- and laser scanning cytometry as 

well as in laser ablation-inductively coupled plasma-mass spectrometry assays. As summarized 

in Figure 24, Dauno and Cis-Pt antagonize one another through a decrease of ICLs in the 

presence of Dauno (at its low and high cc. alike), and, also via the diminished Dauno uptake in 

the presence of Cis-Pt. They could synergize with each other through enhanced histone eviction 

by Dauno in the presence of co-treatment with Cis-Pt, accompanied by an increment of DNA 

bound anthracycline. These drug interactions have not been described before to the best of our 

knowledge and may impact cytotoxicity reached by combination treatment regimens in vivo. 

 

Figure 24. Schematic interpretation of the interactions observed   
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(a) In DNA, Cis-Pt forms mainly intrastrand (pink triangle) crosslinks and, less frequently, 

ICLs (yellow star). DNA (navy blue line) is wrapped around histone octamer (dark blue). 

(b) Dauno (orange rectangle) is present in cytoplasm mainly in the endosomal compartment. 

In the nucleus it intercalates into the DNA and evicts histones (eviction is demonstrated as a 

light blue histone octamer).  

(c) In the presence of Cis-Pt, Dauno concentration decreases in the cytoplasm (due to 

decreased uptake into the cell and/or the endosomal compartment). In the nucleus, its total 

amount is not affected by Dauno co-treatment, but the number of ICLs is decreased. The 

number of DNA bound Dauno is increased when Cis-Pt is co-administered. Histone eviction is 

represented by the faded color of the core histones (very light blue). Figures are created with 

BioRender.com 
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Part B. The Relevance of Histone Levels for DNA-

Targeted Therapy  

 

I. INTRODUCTION 

As mentioned in section 1.3, Dauno binds to the linker histones119. Moreover, in Figure 18, I 

showed that binding of Dauno alone, as well as its combination with Cis-Pt led to histone 

eviction. Since eviction mattered for anthracyclines binding and how the two drugs interact 

with each other, we systematically used CellminerCDB to analyze how sensitivity to these 

drugs correlates with the expression level of the different histones. In contrast with the 

experimental observation of Braunestin. et al167, we, by using CellminerCDB to explore the 

NCI-60 database, found no correlation between the sensitivity of Dauno and Dox with the 

expression level of  H2A (HISTH2AC) and H2B (HISTH2BD) and H1.5 (HIST1H1B) 

histones, as shown in Figure B1. However, we stumbled on an interesting phenomenon. We 

have observed that 10 out of 60 cell lines from 9 different tissue types have markedly decreased 

mRNA expression levels of the H1.5 variant linker histone gene, concomitant with mRNA 

overexpression of ODC1 (Ornithine Decarboxylase 1) and AMD1 (Adenosylmethionine 

Decarboxlase 1); see Figure B2. I investigated two scenarios, trying to interpret this 

phenomenon: First, based on the assumption that the linker histone variants, unexpressed in 

the 10 cell lines and expressed in 50, may provide a selective advantage for the latter by 

shielding the linker DNA to drugs, I tested if cell lines with inducible H1.5 expression may 

exhibit any dependence of drug sensitivity on H1.5 expression levels. For this purpose, drugs 

differentially toxic for the 50 and the 10 cell lines were selected based on Cellminer analyses. 

These studies have led to negative results, not demonstrated here. I also investigated another 

option: whether the elevated level of the enzymes involved in polyamine synthesis might have 

a nucleosome destabilizing effect, potentially influencing drug sensitivity. If it were so, then 

the overexpression of ODC1 in the 10 cell lines could make them more vulnerable to DNA-

targeted drugs. This aspect, a fortuitous side-product in our attempt to interpret the strange 

dichotomies among the NCI60 cell lines, has led us to realize that at high enough concentration 

polyamines destabilize nucleosomes. 

ODC1 and AMD1 are the genes of the key enzymes for polyamine (PA) synthesis168,169. PAs 

(Putrescin, Spermidine and Spermine) are polycationic alkylamines (structures are shown in 
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Figure B3). Putrescin is generated from ornithine catalyzed by the ODC1 enzyme, and it is a 

precursor for the production of Spermidine and Spermine. AMD1 is generated as a pro-enzyme 

(proAMD1), which, as a result of self-cleavage and heterotetramerization, becomes an active 

enzyme169. The active AMD1 enzyme catalyzes the conversion of S-adenosylemethionine to S-

adenosyl-5′-(3-methylthiopropylamine) which is fully engaged to polyamine biosynthesis170. 

Investigations on the activity of ODC1 in brain cancer, as well as AMD1 activity in prostate 

cancer unveiled that their activity leads to the potentiation of these malignancies169,171. 

Expression and activity of ODC1 and AMD1 are closely related to each-other (based on 

CellminerCDB not shown) and to the cellular concentration of the polyamines172. Furthermore, 

PAs are involved in the pathologies of several parasitic diseases such as Trypanosomiasis173 

and Leishmaniasis174. It is also worth noting that PAs are associated with neurodegenerative 

diseases such as Alzheimer's175, Parkinson's176 and certain age-related conditions, as 

polyamines are known to decrease with age177. Since PAs levels and the enzymes involved in 

their metabolism proved to play a role in cancer and several other diseases, inhibitors of PA 

synthesis or transport are in the focus of attention in view of the therapeutic prospects. 

Preclinical and clinical studies on polyamine antagonist regimens including Eflornithine and 

Sardomozide (ODC1 and AMD1 inhibitors, respectively), showed promising results in certain 

types of cancer178-180. Combination of Eflornithine and some of the non-steroidal anti-

inflammatory drugs such as Indomethacin178, Sulindac181 and Celecoxib182 synergized with 

each other resulting in the suppression of polyamine-dependent cell proliferation and tumor 

growth. The transport system of PAs is another therapeutic target for decreasing the PAs level 

in cancer cells. Synthetic, lipophilic polyamine analogues restrict the cellular PA uptake system 

and when in combination with Eflornithine, they synergize each other strongly resulting in PA 

depletion183. At physiological pH, positively charged (basic) PAs associate with negatively 

charged (acidic) sites on proteins, nucleic acids as well as phospholipid membranes184. PAs are 

required for cells to proceed from G1 to S phase and they are directly involved in the DNA 

synthetic phase of the cell cycle185,186. PAs bind to DNA and cause DNA aggregation187. The 

stoichiometry of PA binding which leads to condensation of DNA is ~2 PA molecules per one 

helical turn of DNA188. PAs appear to stabilize also nucleosomes189 and condense 

chromatin190,191,192 in the ~ 0.1-3 mM concentration range. The nucleosome destabilizing effect 

discussed below, an unexpected observation with possible ramification not contemplated 

earlier, appears at slightly higher, still biologically relevant PA concentrations193. 
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Figure B1. Activity of Dauno and Dox across 60 cell lines and their correlation with 

mRNA expression of H2A, H2B and H1.5 histone genes 

On the y-axes activity of Dauno (a, b, c) and Dox (d, e, f) across 60 cell lines of various tissues 

of origin is presented. On the x-axes, mRNA expression of H2A (a, d), H2B (b, e) and H1.5 (c, 

f) histone is designated. Data are extracted from CellminerCDB, NCI-60 data set. 
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Figure B2. Anti-correlation between mRNA expression of H1.5 histone and ODC1 and 

AMD1 genes 

On the y-axis of both panel a and b, the mRNA expression of H1.5 histone across 60 cell lines 

of various tissues of origin is presented. On the x-axes, mRNA expression of ODC1 (a) and 

AMD1 (b) is designated. Data are extracted from CellminerCDB, NCI-60 data set. 

 

 

 

Figure B3. Chemical structure of natural PAs 
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II. AIM OF THE STUDY 

The study aims to determine how PAs, when used at high, still biologically relevant 

concentrations, impact nucleosome stability? 

 

III. METHODS  

Preparation of the solutions: 

Except for the permeabilizing solution (1% Triton/PBS/EDTA) that was prepared freshly, all 

the other solutions were prepared 24 hrs before the day of experimentation. In the case of 

Figure B4, the pH of the ice-cold PBS/EDTA (pH=7.8) solutions was alkalized to the 

corresponding pH of the solutions containing 2.5, 5 and 10 mM Spermidine (pH equals 9.6, 

10.2, and 10.4, respectively) with NaOH. In the case of figure B5, the pH of the NaCl solutions 

(with slightly different pH values as shown in Figure B4) containing 5 and 10 mM Spermidine 

were neutralized with HCl to achieve pH= 7.8. It is worth mentioning that the addition of HCl 

was minuscule so salt concentration did not increase by more than 5 mM.  

 

 
 

Figure B4.  The pH of the NaCl solutions containing Spermidine 

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

NaOH. Blue, green and red circles represent solutions containing 2.5, 5 and 1 mM Spermidine, 

respectively. The pH is adjusted by addition of HCl or NaOH while limiting the change of NaCl 

cc. to maximum ±5 mM.  
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Preparation of nuclei/ permeabilization and histone eviction by salt 

Embedding the cells in low melting agarose in Ibidi-wells, and permeabilization of cells is 

explained section 3.2.4 and work of Imre.et.al from our lab117. After permeabilization, nuclei 

were washed with 400 µl ice cold 1×PBS/EDTA three times for 3min. Then nuclei were treated 

with the solutions containing various NaCl concentration with or without Spermidine, for 60 

min, on ice. After this step, the nuclei were washed with 400 µl ice cold 1×PBS/EDTA 3 times 

for 5 min. Since NaCl was dissolved in 1×PBS/EDTA, the salt concentrations indicated on the 

X axes of the graphs in Figures B4 and B5, show the additional NaCl concentrations regardless 

of NaCl present in the PBS buffer which is ~150 mM. EDTA was included in PBS to avoid 

complex effects involving divalent cations194. 

Data visualization: 

Plotting and analysis of the curves was made by SigmaPlot 11.0, ‘Standard curves: Four 

Parameter Logistic Curve’ curve-fitting subroutines. The number of analyzed G1 nuclei were 

between 200-1500/well, out of the about 800-3000 cells scanned. All the SEM values indicated 

in the Figure legends were calculated from the datapoints of the cell population analyzed in the 

given experiment. 
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IV. RESULTS  

The effect of PAs on the stability of nucleosomes was analyzed in permebilized nuclei of H2B-

GFP expressing HeLa cells by utilizing our QINESIn195  method.  As Figure B5 shows, 

addition of Spermidine to the agarose-embedded nuclei at a concentration of 10 mM martkedly 

lowered the concentration of salt required to destabilize the nucleosomes releasing H2B-GFP. 

However, the pH of the PBS/EDTA buffer was strongly alkalinized by Spermidine addition, 

so destabilization could be partly attributed to the shift of pH toward the isoelectric point of the 

histones196,197 (~10 for H2B, ~10.5 for H2A and ~11 for H3 and H4). Therefore, to determine 

if Spermidine itself exert a destabilizing effect, the salt elution curves were compared in the 

presence and in the absence of the Spermidine at the pH measured after adding the Spermidine 

to the PBS/EDTA + NaCl solution. As shown in Figure B5, Spermidine at a concentration as 

low as 2.5 mM, augments NaCl-induced histone eviction. Comparison of the NaCl solutions 

with their pH adjusted to match the pH of NaCl solutions containing Spermidine indicates that 

the increment in histone eviction is not merely due to alkaline pH, but also to Spermidine itself. 

Although 5 mM Spermidine solution in the absence of NaCl is unable to destabilize histone, 

the addition of 400 mM NaCl to the system is suffice to boost eviction of histones (in other 

words, the negligible histone eviction induced by 400 mM NaCl at alkaline pH is augmented 

by the addition of 5 mM Spermidine) .The same holds true for a 10 mM Spermidine solution 

supplemented with only 50 mM NaCl, in which histone eviction is augmented significantly in 

comparison to eviction elicited by alkaline NaCl solutions.  As shown in Figure B6, although 

Spermidine and low concentration of NaCl, each alone, are incapable to evict histones at even 

pH=10.5, but their combination synergize with each other and results in histone eviction to be 

achieved at lower pH (starting from pH=9).  
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Figure B5. Spermidine augments eviction of histones induced by NaCl at the pH 

determined by the polyamine 

Nuclei of H2B-GFP expressor HeLa cells were treated with a concentration series of NaCl 

solution 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 Figure 

B4. The PBS/EDTA + NaCl solutions were alkalized to the pH of the corresponding 2.5, 5 and 

10 mM Spermidine-PBS/EDTA + NaCl solutions with NaOH. The concentrations shown in the 

x-axis represent the final salt concentration after addition to PBS-EDTA. PBS/EDTA + NaCl 

concentration series set to the pH of the corresponding 2.5, 5 and 10 mM Spermidine 

containing solutions are represented by blue, green and red symbols, respectively. Spermidine-

containing PBS/EDTA + NaCl concentration series with 2.5, 5 and 10 mM Spermidine are 

represented by empty  blue, gree, and red circles, respectively. Green fluorescence intensity of 

~1000 nuclei was recorded by LSC. The mean values were plotted as a function of the NaCl 

concentration set above that of PBS. The bars show SEM. 
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Figure B6. Spermidine induced histone eviction is pH-dependent. 

Nuclei of H2B-GFP expressor HeLa cells were treated with 5 or 10 mM Spermidine alone 

(filled green and red symbols connected with solid lines) or in combination with 400 mM (at 5 

mM Spermidine) or 200 mM (at 10 mM Spermidine) NaCl (empty green and red symbols, 

dashed lines). Black circle denote data achieved as a result of treatment with PBS-EDTA 

supplemented with 400 mM NaCl, respectively. 
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V.DISCUSSION 

The millimolar concentration range of the nucleosome destabilizing effect observed in our 

experiments is attained by PAs in various physiological and pathological scenarios 198, 199, 

200,201. For instance, PAs level can reach 10-12 mM in prostate cancer 193. Also, PAs are present 

in millimolar concentration in plants and have diverse functions 202, what can be modulated by 

their exogenous application in high concentration 203,204. Since expression of ODC1 and AMD1 

correlate (Pearson correlation r =0.38) across the 60 lines, the high ODC1 and AMD1 expressor 

cells likely have higher intracellular PA levels in comparison with the other 50 cell lines 

(Figure B2). 

Chromatin compaction in permeabilized nuclei treated with polyamines ensued at 0.2 and 0.5 

mM  of Spermine or Spermidine, which has not changed further above 0.8 and 1.5 mM 

concentration, respectively 190. The nucleosome destabilizing effect I observed, an unexpected 

finding with possible ramification not contemplated earlier, appears at higher, still biologically 

relevant PA concentrations. Within the physiological range, up to pH=8.0, nucleosomes are 

expected to be stable 205. Alkalization to near the isoelectric point of the histones sensitized the 

nucleosomes to salt induced disruption, as Figures B5 and B6 show, effectively decreasing the 

electrostatic binding forces. Alkaline conditions alone, at physiological ionic strength, did not 

dissociate H2B-GFP from the nucleosomes (Figure B5). Both alkaline pH and elevated salt 

concentration were necessary to demonstrate the destabilizing effect of PAs. The nucleosome 

destabilizing effect described herein (FigureS B5 and B6) is apparently superimposed on PAs’ 

contribution to the condensed state of chromatin as well as on other, indirect effects on 

chromatin structure and function; these include the up-regulation of histone acetylation 206 and 

activation of DNA methyltransferase 207, also ensuing at the elevated PA concentrations 

following ODC1 overexpression, or PA feeding, respectively. Therefore we suggest that 

elevated PA concentration in the nucleus leading to nucleosome destabilization may contribute 

to epigenetic diversification, possibly through alteration in the fine balance of factors regulating 

remodeling208. It is also quite likely, in view of the effect of nucleosome eviction on Cisplatin 

binding (part A of the thesis) or on intercalator binding 209 that the effect of these drugs is 

augmented by high PA levels, a scenario relevant e.g. in the case of prostate cancer193. 
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VI. SUMMARY 

The role and molecular interactions of PAs in the nucleus are little understood, either when present at 

physiological concentration or when overproduced. Whether they alter nucleosome stability, a key 

regulatory factor in eukaryotic gene control, what is generally assessed by exposing preparations of 

nucleosomes to challenging conditions, has not yet been reported. Here their effect on nucleosome 

stability was demonstrated, as measured in situ, in a 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 Spermidine, it was strongly pH and salt concentration 

dependent and manifest also at neutral pH. These observations raise the possibility that the polyamines, 

reaching high enough intracellular levels, influence DNA dependent processes by interfering with 

histone-DNA interactions.  
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