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Abstract 22 

The detection of repetitive sequences with single-base resolution is becoming 23 

increasingly important aiming to understand the biological implications of genomic 24 

variation in these sequences. However, there is a lack of techniques to experimentally 25 

validate sequencing data from repetitive sequences obtained by Next-Generation 26 

Sequencing methods, especially in the case of Single-Nucleotide Variations (SNVs). 27 

That is one of the reasons why repetitive sequences have been poorly studied and 28 

excluded from most genomic studies. Therefore, in addition to sequencing data, there is 29 

an urgent need for efficient validation methods of genomic variation in these sequences. 30 

Herein we report the development of ChemFISH, an alternative method for the 31 

detection of SNVs in repetitive sequences. ChemFISH is an innovative method based on 32 

dynamic chemistry labelling and abasic Peptide Nucleic Acid (PNA) probes to detect in 33 

situ the α-satellite DNA, organized in tandem repeats, with single-base resolution in a 34 

direct and rapid reaction. With this approach, we detected by microscopy the α-satellite 35 

DNA in a variety of human cell lines, we quantified the detection showing a low 36 

coefficient of variation among samples (13.16 % - 25.33 %) and we detected single-37 
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base specificity with high sensitivity (82.41 % - 88.82 %). These results indicate that 38 

chemFISH can serve as a rapid method to validate previously detected SNVs in 39 

sequencing data, as well as to find novel SNVs in repetitive sequences. Furthermore, the 40 

versatile chemistry behind chemFISH can lead to develop novel molecular assays for 41 

the in situ detection of nucleic acids. 42 

 43 
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 52 

1. Introduction 53 

The detection of nucleic acids preserving their spatial location in each individual 54 

cell or tissue allows to stablish precise molecular profiles. Most of the techniques for 55 

such purpose are based on in situ hybridization (ISH), and, currently, some of these 56 

techniques are being used to sequence in situ the detected nucleic acids [1–3]. That 57 

results in a complete picture to understand the biological mechanisms involving these 58 

nucleic acids. In the field of ISH techniques, Peptide Nucleic Acids (PNAs) have shown 59 

their potential as efficient probes. These PNAs are analogues to DNA, where the sugar-60 

phosphate backbone is replaced by a peptide backbone formed by units of N-(1-61 

aminoethil)-glycine [4,5]. Such modification results in probes with neutral charges with 62 

a superior affinity to hybridize to their nucleic acids targets, forming more stable PNA-63 

DNA duplexes than the natural DNA or RNA duplexes [6]. PNAs have been mainly 64 

used together with ISH techniques for the detection of repetitive sequences for 65 

diagnostics purposes, such as centromeric and telomeric sequences, as well as ribosomal 66 



RNA [7–10]. Moreover, the robustness using PNA probes has allowed to stablish high-67 

throughput quantitative methods for a precise analysis of the detected targets [11,12]. 68 

However, the use of PNAs is restricted to the location of their targets, or a limited 69 

discrimination among sequences by using a set of probes [13]. Then, the use of PNAs 70 

does not allow to specifically identify single bases contained in the detected sequences.  71 

One of the repetitive sequences detected by using PNA probes is the α-satellite 72 

DNA. The α-satellite DNA constitutes the main component of centromeres and is 73 

organized in long arrays of tandem DNA repeats [14,15]. These sequences represent the 74 

~3 % of the human genome and plays an important role in genomic stability [16]. The 75 

α-satellite DNA is organized in multimeric High Order Repeats (HOR), each one 76 

formed for the repetition of monomers of 171 bp-length [17]. The biological 77 

implications of genomic variation in the sequence of the α-satellite DNA and other 78 

repetitive sequences remain unclear. Different studies point that variability in the α-79 

satellite DNA, such as Single-Nucleotide Variations (SNVs), could have a major impact 80 

on chromosomal functions and cell division [14,15,18]. However, the study of these 81 

variability is limited. The reasons are that repetitive sequences have been poorly studied 82 

and excluded from genomic assembly studies because they are not protein-coding 83 

sequences [14,16] and, mainly, because over the past decade, Next-Generation 84 

Sequencing methods have presented ambiguities in the assembly and interpretation of 85 

single-base differences in the α-satellite DNA and other repetitive sequences [19–21]. 86 

Recently, a comprehensive study achieved a fully sequenced human genome, including 87 

satellite repeats [22]. This great achievement will allow a better understanding of the 88 

functions of these repetitive sequences. However, so far, there is a lack of techniques for 89 

the detection of the α-satellite DNA with single-base resolution in a direct and rapid 90 

manner. Such techniques could be a powerful tool for the validation of predicted SNVs 91 

by sequencing data and computational analysis, as well as for the detection of novel 92 

SNVs in repetitive sequences. These limitations urge to continue advancing for efficient 93 

experimental validation methods of sequencing data and to improve the resolution 94 

capabilities of ISH techniques, to achieve a better accuracy as well as to know details 95 

about the sequence of the detected nucleic acids. 96 

 To address the limitation of detecting SNVs in repetitive sequences, in this 97 

work, we report chemFISH, an innovative method for the detection of the human α-98 

satellite DNA with single-base resolution by microscopy. ChemFISH is a method based 99 



on dynamic chemistry labelling and abasic PNA probes [23,24], and, with this 100 

approach, we  detected for the first time the α-satellite DNA in situ, as well as one 101 

single base contained in its sequence, in a direct and rapid reaction. The abasic PNA 102 

probes are chemically modified so that, in its strand, there is a nucleotide-free position 103 

(known as abasic position) that lies opposite to a single base under study in the nucleic 104 

acid target. When the abasic PNA hybridizes to its nucleic acid target, a chemical 105 

pocket is formed with a secondary amine group opposite to that single base under study. 106 

Then, aldehyde-modified nucleobases (called SMART-Nucleobases) [25] can be 107 

incorporated in this abasic position. Following the Watson and Crick pairing rules, only 108 

the complementary SMART-Nucleobase to the single base under study will react in the 109 

chemical pocket, generating an iminium intermediate. Then, a reduction step lock-up 110 

the SMART-Nucleobase as a stable tertiary amine in the complex. These SMART-111 

Nucleobases can be labelled with biomolecules or fluorophores, thus detecting the 112 

specific SMART-Nucleobase incorporated to the chemical pocket and identifying the 113 

single base under study. This approach based on dynamic chemistry labelling has been 114 

previously implemented for the efficient detection of nucleic acids in liquid biopsy by 115 

mass spectroscopy, flow cytometry, electrochemical and colorimetric analysis [26–30]. 116 

 Using this approach, we detected the α-satellite DNA in situ with single-base 117 

specificity, and, to assess the analytical performance, we explored the specific 118 

incorporation of the SMART-Nucleobase, the reproducibility in different human cell 119 

lines, and we performed a statistical analysis to know the consistency and robustness of 120 

the reported method. The method reported here could be used as a tool to detect novel 121 

SNVs in the human α-satellite DNA, as well as to validate SNVs predicted by 122 

computational analysis. In addition, the chemistry developed in chemFISH is versatile 123 

so that the abasic PNAs and the SMART-Nucleobases can be labelled with a range of 124 

different labels and strategies [26–30]. 125 

2. Materials and Methods 126 

2.1. Design and synthesis of the abasic PNA probe 127 

The new PNA probe with the abasic position was designed 18-mer length and 128 

complementary to a sequence present in the α-satellite DNA of all the centromeric 129 

regions [31]. The PNA probe was designed labelled with Cy3-fluorophore and with the 130 

abasic position in the central region, represented as *_* (N–Cy3–xx-131 



AAACTAGA*_*AGAAGCATT–C), where “xx” represents diethylene glycol 132 

(miniPEG) as a spacer (for full details about the chemical structure and sequence of the 133 

abasic PNA probe, see Supporting Material 1) The synthesis was carried out based on 134 

standard solid phase synthesis techniques on polymeric supports (Tentagel resin 135 

(Polymer, United Kingdom)) using an Intavis Bioanalytical MultiPrep CF synthesizer 136 

(Intavis AG GmH, Germany). The synthesis was performed by repeated rounds of 137 

coupling of activated PNA monomers with the amino group protected, followed by 138 

deprotection of the terminal amino group with washing steps after each round. The 139 

reactions were carried out at room temperature in microscale columns with a 140 

polytetrafluoroethylene filter (Intavis, Germany). The abasic PNA probe and SMART-141 

Nucleobases were synthesized and characterized by DESTINA Genomica S.L. (Spain). 142 

2.2. Cell cultures 143 

All cell lines were provided by the Cell Bank of the Centre of Scientific 144 

Instrumentation of Granada. The cell lines HT-29 (colorectal adenocarcinoma) (ECACC 145 

91072201), MDA-MB-468 (mammary gland adenocarcinoma) (ATCC HTB-132), 146 

HeLa (cervical adenocarcinoma) (ECACC 93021013) and MEF (Mus musculus) 147 

(fibroblasts) (ATCC SCRC-1040) were grown in DMEM medium (Gibco, Paisley, 148 

UK). The cell line H1975 (lung adenocarcinoma) (ATCC CRL-5908) was grown in 149 

RPMI medium (Gibco, Paisley, UK). Both media were supplemented with 10 % fetal 150 

bovine serum (Gibco, Paisley, UK), 100 U / mL penicillin / streptomycin (Gibco, 151 

Paisley, UK), 1× L-glutamine (Gibco, Paisley, UK) and 1 mM sodium pyruvate (Sigma 152 

Aldrich). The cell lines were grown at 37 °C in a 5% CO2 humid incubator. 153 

2.3. Hypotonic shock 154 

Cell lines were grown in T25 flasks to 80 % confluence and trypsinized (1× 155 

trypsin-EDTA solution, Sigma Aldrich) at 37 °C for 5 minutes. Then, cells were 156 

collected and centrifuged for 5 minutes at 1500 rpm. The cell pellet was resuspended in 157 

8 mL of hypotonic solution (0.075 M potassium chloride) and incubated at 37 °C for 30 158 

minutes to obtain isolated nuclei. After this time, the nuclei were centrifuged for 5 159 

minutes at 1500 rpm, the supernatant was removed and the fixative solution was added. 160 

2.4. Fixation 161 

The fixation was performed by slowly resuspending the cell pellet with a 162 

fixative solution consisting in 1 part of glacial acetic acid to 3 parts of methanol. Then, 163 

the sample was incubated for 30 minutes at 4 °C. The process was repeated 4 times and 164 



then the nuclei were resuspended in 1 mL of fixative solution. Finally, two drops of the 165 

suspension were added to a slide and airdried overnight. Up to 50 slides can be prepared 166 

at once per each ~80 % confluent T25 flask. The slides that were not immediately used 167 

for FISH, they were stored at 4 ºC. When needed, the slides were blocked for one hour 168 

with 3 % goat serum prior to the ChemFISH reaction. 169 

2.5. ChemFISH reaction 170 

Before hybridization, slides were immersed twice in PBS for two minutes and 171 

then the samples were dehydrated by immersing the slides in increasing ethanol series 172 

(70 % - 85 % - 100 %). Next, a chamber (Grace Bio-Labs, 9mm diameter, 0.8mm deep) 173 

was strongly fixed to the slide, filled with PBS, and sealed. Next, denaturation was 174 

carried out at 94 °C for 10 minutes in a Thermobrite (Abbott). After the denaturation, 175 

the slides were placed in ice for 2 minutes. Then, the slides were removed from the ice 176 

and the PBS was removed from the chamber. Next, the chamber was filled with the 177 

hybridization solution. The hybridization solution consisted in 10 mM phosphate buffer 178 

with pH carefully adjusted to 6, the abasic PNA probe at a final concentration of 50 nM, 179 

the SMART-Cytosine-REX-PEG12-Biotin (henceforth referred to as SMART-C-Biotin) 180 

in a concentration of 5 µM and the reducing agent (NaBH3CN) at a final concentration 181 

of 1 mM and a final volume of 50 µL. Two control samples were running in the same 182 

conditions, one without the SMART-C-biotin, and the other without the abasic PNA 183 

probe. Once the hybridization solution was added, the chamber was sealed and placed in 184 

a Thermobrite at 40 °C for 2 hours. After the incubation, the chamber was removed, and 185 

the slides washed by immersion in SSC2 × 0.2 % Tween-20 or 5 minutes at 37 ° C. 186 

Then, a second wash was performed by immersion in SSC2 × 0.1 % Tween-20 for 5 187 

minutes followed by a water rinse, ready to proceed with the Tyramide Signal 188 

Amplification (TSA). 189 

2.6. Tyramide Signal Amplification (TSA) 190 

The TSA reaction was performed following the manufacturer’s instructions with 191 

slight modifications (Tyramide SuperBoost ™ kit with streptavidin and Alexa Fluor-192 

488, ThermoFisher Scientific). Briefly, three washes in PBS were performed for 10 193 

minutes each, followed by one hr incubation with HRP-Peroxidase at room temperature 194 

in a humid chamber. Then, another three washes in PBS were performed for 10 minutes 195 

each. Next, the sample was incubated with 100 µL of working solution according to 196 

manufacturer’s instructions. The working solution contains the HRP-Peroxidase 197 



substrate (tyramide conjugated with Alexa Fluor 488) and H2O2. The reaction was 198 

incubated for 10 minutes. Next, the samples were rinsed three times with PBS and 199 

nuclear staining was carried out, depositing 5 µL of mounting medium with DAPI (1.5 200 

µg / mL) (Vectashield Antifade). Then, the sample was covered with a coverslip and 201 

sealed. Slides were ready to be detected by confocal microscopy. 202 

2.7. Confocal microscopy 203 

Images used for quantification were obtained with a Zeiss LSM 710 inverted 204 

confocal laser microscope with a 63× / 1.4, 1.0, 2.0 plan-apochromatic oil zoom factor. 205 

The lasers used were 405 nm diode laser at 3.0 % for DAPI, argon laser 488 nm at 2.2 206 

% for Alexa Fluor 488 and HeNe laser 543 nm at 10.0 % for Cy3. The acquisition was 207 

performed sequentially, maintaining each filter individually configured to avoid 208 

interference between channels. DAPI detection range: 410-487 nm; Alexa Fluor 488: 209 

488-524 nm; Cy3: 543-618 nm. 210 

2.8. Specific incorporation of SMART-C-Biotin 211 

To determine the specific incorporation of SMART-C-Biotin, four independent 212 

assays were carried out, each one with one of the four biotinylated SMART-213 

Nucleobases at 5 µM. The SMART-Nucleobases used were SMART-C-biotin, 214 

SMART-Adenine-deaza-enol-PEG12-biotin (henceforth referred to as SMART-A-215 

biotin), SMART-Guanine-deaza-enol-PEG12-biotin (henceforth referred to as SMART-216 

G-biotin) and SMART-Thymine-REX-PEG12-biotin (SMART-T-Biotin). Control 217 

samples were run in the same conditions, but without the biotinylated SMART-218 

Nucleobase in each case.  Reactions were performed in the same conditions above 219 

detailed (section 2.5), followed by the TSA and visualized by confocal microscopy (as 220 

described in section 2.7). 221 

2.9. Reproducibility and specific detection of human α-satellite DNA 222 

The method was initially developed in the human cell line HT-29, which is a 223 

colorectal adenocarcinoma cell line and subsequently validated in the human cell lines 224 

MDA-MB-468 (mammary gland adenocarcinoma), H1975 (lung adenocarcinoma) and 225 

HeLa (cervical adenocarcinoma). To test the specific detection of α-satellite DNA of 226 

human species, a test was carried out by using a mouse (Mus musculus) cell line of 227 

fibroblasts, MEF. All reactions were performed in the same conditions above detailed 228 

(section 2.5) and visualized by confocal microscopy (as described in section 2.7). 229 



2.10. Analytical performance and statistical analysis 230 

To determine the analytical performance of the reported method, a quantification 231 

was carried out for both discrete signals: Cy3 (α-satellite DNA) and AF488 (single-base 232 

detection) signals. For this purpose, the assay was repeated three times in three cell 233 

lines, and then, 25 metaphase nuclei and 50 interphase nuclei were randomly imaged. 234 

The quantification was performed using ImageJ software (NIH, USA) and the number 235 

of discrete signals for both Cy3 and AF488 was averaged using GraphPad Prism 236 

software. The average number of red and green signals were compared to the modal 237 

number (number of chromosomes per nucleus) provided by ATCC (Manassas, VA, 238 

USA) of each cell line. Coefficients of variation for each cell line were calculated. 239 

Then, to know the sensitivity of single-base resolution, we compared both averaged 240 

discrete signals in a ratio AF488:Cy3. 241 

3. Results and discussion 242 

3.1. Detection of centromeric α-satellite DNA with single-base resolution by 243 

chemFISH 244 

To assess the use of chemFISH, we carried out a proof of principle to detect the 245 

α-satellite DNA in situ with single-base specificity in the human colorectal 246 

adenocarcinoma cell line HT-29. We designed an abasic PNA probe complementary to 247 

a consensus sequence present in the 171-bp monomer of the human α-satellite DNA of 248 

all centromeres [31]. This PNA probe has the abasic position in the central region, 249 

represented as *_*, and Cy3-fluorophore labelling at the N-terminus (N–Cy3–xx- 250 

AAACTAGA*_*AGAAGCATT–C). Therefore, due to the repetitive nature of 251 

centromeres, the abasic PNA probe hybridizes in tandem staining all centromeres in red 252 

(Cy3). Considering the consensus sequence of the α-satellite DNA, the abasic position 253 

lied opposite to a guanine in each monomer, so we used a biotinylated aldehyde 254 

modified Cytosine (SMART-C-biotin) to detect that guanine. After hybridization of the 255 

abasic PNA probe, the SMART-C-biotin was incorporated to each abasic site and 256 

chemically lock-up by reductive amination. After the reaction, we revealed the biotin 257 

with Tyramide Signal Amplification (TSA), which deposits Alexa Fluor-488 258 

fluorophores surrounding the reaction. Therefore, the single bases were detected as 259 

green signals (AF488). Under the microscope, the co-localization of both signals 260 



indicates the detection of the α-satellite DNA (Cy3) with single-base resolution 261 

(AF488). (Figure 1).  262 

 263 

 264 

Figure 1. Schematics of chemFISH reaction. A- Schematics of full analytical protocol of chemFISH. 265 
Cell culture were grown, trypsinized and incubated with a hypotonic solution to obtain isolated nuclei. 266 
The isolated nuclei were fixated and deposited in slides. Then, chemFISH was carried out incubating the 267 
isolated nuclei with the abasic PNA probe (Cy3-labelled) and the SMART-Nucleobase (biotin-labelled). 268 
After the reaction, the biotin was revealed with Tyramide Signal Amplification (TSA), what deposits 269 
tyramide-Alexa Fluor 488 surroundings the reaction. Under the microscope, red signals (Cy3) were 270 
indicative of the α-satellite DNA detection while green signals (AF488) were indicative of single-base 271 
detection. B- Chemical details of chemFISH reaction. The abasic PNA probe (Cy3-labelled) hybridized a 272 
sequence in the α-satellite DNA and the abasic position lied in front of a single base under study 273 
(highlighted in red). Then, the complementary SMART-Nucleobase (biotin-labelled) was incorporated in 274 
the abasic position. The reaction was lock-up by a reductive amination and biotin revealed with TSA. 275 



Obtained results showed that both signals co-localized in the centromere of 276 

chromosomes in metaphase nuclei (Figure 2). However, in interphase nuclei both co-277 

localized signals were dispersed, due to the relaxed nature of chromatin. Notably, when 278 

the sample were running without the SMART-C-biotin as negative control, no signals 279 

were found in AF488 channel. In addition, when the sample was running without the 280 

abasic PNA probe, no signals were found in Cy3 or AF488 channels. Our results 281 

indicated that we detected successfully a sequence contained in the 171-bp monomer of 282 

the α-satellite DNA and a guanine in a specific position in this sequence. Remarkably, 283 

this method has been optimised to be done in less than 6 hrs using standard materials 284 

and reagents for microscopy analysis. Moreover, we performed a benchmarking of 285 

ChemFISH with two commercial probes for PNA-FISH, showing a similar detection of 286 

the α-satellite DNA with the advantage that ChemFISH allows the specific detection of 287 

a single base. All these data are presented in Supporting Material 2. 288 

 289 

Figure 2. ChemFISH for the detection of the α-satellite DNA (Cy3) with single-base resolution 290 
(AF488) in the centromere of metaphase (A) and interphase nuclei (B). A- Cy3 and AF488 discrete 291 
signals co-localized in the centromere of metaphase nuclei. B- Cy3 and AF488 discrete signals co-292 
localized dispersed in interphase nuclei. Cell line: HT-29. Images obtained by inverted confocal 293 
microscopy (Zeiss LSM 710). 63x magnification. Zoom factor (A): 2.0. Zoom factor (B): 1.5. Scale bar 294 
(A): 10 μm. Scale bar (B): 20 μm 295 

3.2. Specific incorporation of SMART-C-Biotin 296 

To determine the specific detection of guanine, we carried out four independent 297 

assays using the abasic PNA probe under the same conditions but shifting the SMART-298 

Nucleobase used in each assay. For each assay we used a different biotinylated 299 



SMART-Nucleobase (SMART-C-biotin, SMART-A-biotin, SMART-G-biotin and 300 

SMART-T-biotin). The results showed green signals (AF488) only when the SMART-301 

C-biotin was used, so indicating the detection of a guanine (Figure 3). 302 

 303 

Figure 3. Specific incorporation of SMART-C-biotin, detecting a guanine (AF488). A- Four different 304 
biotinylated SMART-Nucleobases were tested. B- Only when SMART-C-Biotin was used, there was 305 
signals in the AF488 channel, therefore, detecting a guanine in the α-satellite DNA. Cell line: HT-29. 306 
Images obtained by inverted confocal microscopy (Zeiss LSM 710). 63x magnification. Zoom factor 1.5. 307 
Scale bar: 10 μm. 308 

This result prove that a guanine is the predominant nucleobase in that position 309 

reinforcing the single-base specificity of this method. As we did not find green signals 310 

using other biotinylated SMART-Nucleobases, we concluded that there were no high-311 

frequency polymorphisms in this position. With this approach, we detected the α-312 

satellite DNA and a single base contained in its sequence by using a unique abasic PNA 313 

probe, in contrast with the approach of using a set of PNA probes, which is limited to 314 

thermal hybridization differences among the probes and does not detect specifically a 315 

single base [12,31]. 316 

With the aim to test the cross-reactivity between the four biotinylated SMART-317 

Nucleobases, we carried out a mass spectrometry analysis by using MALDI-TOF. The 318 

mass spectra showed that only the complementary SMART-Nucleobase can be 319 

incorporated to the abasic site, thus, detecting specifically the nucleobase under study. 320 

These data showed the specificity of the method lacking cross-reactivity between the 321 



biotinylated SMART-Nucleobases. All these data can be found in Supporting Material 322 

3. 323 

 324 

 325 

3.3. Reproducibility and specific detection of human α-satellite DNA 326 

In order to evaluate the versatility of this approach, we extended the method to 327 

the human cell lines MDA-MB-468 (mammary gland adenocarcinoma), H1975 (lung 328 

adenocarcinoma) and HeLa (cervical adenocarcinoma). We detected in all cases the 329 

human α-satellite DNA with single-base resolution, detecting guanine (Figure 4). The 330 

abasic PNA probe used in our experiments is specific for human species, so, to 331 

determine the absence of non-specificity bindings to other centromeric regions of other 332 

species, we used a mouse (Mus musculus) cell line, MEF (fibroblasts). The results 333 

showed no detection of the α-satellite DNA or single-bases in the mouse cell line 334 

(Figure 4). To see the full images obtained in each individual channel using different 335 

cell lines, see Supporting Material 4. These results indicated that the method can be 336 

applied to different human cell lines. Also, these results indicated that the abasic PNA 337 

probe is specific of humans, as there were not non-specific signals of centromeric 338 

sequences of other species different to humans. 339 

 340 

Figure 4. ChemFISH reaction in different human cell lines and a mouse cell line. The human α-341 
satellite DNA (Cy3 signals) with single-base resolution (AF488 signals) was detected in different human 342 



cell lines (HeLa, MDA-MB-468, H1975). There was no detection in the mouse cell line (MEF). All 343 
channel merged. Images obtained by inverted confocal microscopy (Zeiss LSM 710). 63x magnification. 344 
Scale bar: 20 μm. 345 

3.4. Analytical performance and statistical analysis 346 

To assess the analytical performance of this method, we performed a statistical 347 

analysis. For that purpose, a quantification was carried out for both discrete signals: Cy3 348 

(α-satellite DNA) and AF488 (guanine detection). The assay was repeated three times in 349 

the cell lines HT-29, HeLa and MDA-MB-468, and then, 25 metaphase nuclei were 350 

randomly imaged in each cell line. The quantification was performed using ImageJ 351 

software (NIH, USA) and the number of discrete signals for both Cy3 and AF488 was 352 

averaged as red (Cy3) or green (AF488) signals per nucleus. In order to know the 353 

sensitivity of single-base detection, we stablished the AF488:Cy3 ratio, that indicates 354 

the percentage of guanine detected in the position under study per each α-satellite DNA 355 

sequence detected. To stablish the ratio, we used the average number of green and red 356 

signals per nucleus in each cell line. We successfully detected a guanine in a range of 82 357 

% to 89 % of all detected α-satellite DNA. Also, we calculated the coefficients of 358 

variation for both signals. Coefficients of variation for red signals were 24.80 % (HT-359 

29) 13.16 % (HeLa), and 25.33 % (MDA-MB-468). Coefficients of variation for green 360 

signals were 20.95% (HT-29), 16.29 % (HeLa), and 24.13 % (MDA-MB-468). These 361 

data showed a low variability detecting the α-satellite DNA with single-base resolution 362 

among samples. 363 

As the method stains all centromeres, we expected to detect one discrete Cy3 364 

and AF488 signal per centromere per chromosome. Thus, we compared the average 365 

number of Cy3 and AF488 discrete signals per nucleus with the modal number (number 366 

of chromosomes per nucleus) provided by different references [33–35]. We detected the 367 

average of Cy3 discrete signals (α-satellite DNA) in a consistent range compared with 368 

the modal number of other references. Consistently with the sensitivity for guanine 369 

detection, the average of AF488 discrete signals was in a lower range to the modal 370 

number in all cell lines (Figure 5). Individual data of the average of discrete signals, 371 

coefficients of variation and performance ratio are represented in Table 1. 372 

 373 



 374 

Figure 5. Comparison of the average number of Cy3 discrete signals (α-satellite DNA) and AF488 375 
discrete signals (single-base detection) detected per nucleus in 25 metaphase nuclei of different cell 376 
lines. Coefficient of variation (CV) is represented in the graphics as CV = % CV Cy3 discrete signals / % 377 
CV AF488 discrete signals. 378 

 379 

Table 1. Statistical analysis of the quantification of the signal obtained from the α-satellite DNA 380 
(Cy3) detection and the single-base (AF488) detection in 25 metaphase nuclei of different cell lines. 381 
The average of discrete Cy3 or AF488 signals is represented as mean ± SD. 382 

Cell line  

(25 metaphase nuclei) HT-29 HeLa MDA-MB-468 

Average of Cy3 discrete 

signals (red) 
70.96 ± 17.60 61.92 ± 8.149 64.72 ± 16.39 

Coefficient of variation of 

Cy3 discrete signals (red) 
24.80 % 13.16 % 25.33 % 

Average of AF488 discrete 

signals (green) 
58.48 ± 12.25 55.00 ± 8.958 55.24 ± 13.33 

Coefficient of variation of 

AF488 discrete signals 
20.95 % 16.29 % 24.13 % 

Performance:  

Ratio AF488:Cy3 
82.41 % 88.82 % 85.35 % 

Modal number 

according to references 
68-72 [33] Aneuploid [34] 60-67 [35] 

 383 

In addition, we performed a statistical analysis in interphase nuclei. For this end, 384 

the assay was repeated three times for each cell line, and then, we increased the number 385 

of interphase nuclei randomly imaged to 50 in each cell line. The reason for that 386 

increase is that in interphase nuclei the chromatin is relaxed, and single centromeres can 387 

be difficult to identify, due to different centromeric regions being near each other and 388 

generating one single discrete signal. Consistently with this reasoning, we found a lower 389 

average number of Cy3 and AF488 discrete signals for each cell line compared to the 390 



modal number and the coefficients of variation was high among samples. The full 391 

statistical analysis of the average of discrete signals, coefficients of variation and 392 

performance ratio for each discrete signal in interphase nuclei can be found in 393 

Supporting Material 5. 394 

The statistical analysis showed that chemFISH is consistent analysing discrete 395 

signals in metaphase nuclei, with reproducibility among samples and different human 396 

cell lines. We found low variability when analysing metaphase nuclei, and we 397 

successfully detected single bases in the 85.52 % of the detected α-satellite DNA 398 

sequences. This result remark the novelty of the sensitive detection of the α-satellite 399 

DNA with single-base resolution in a direct and rapid assay while maintaining its spatial 400 

location. 401 

4. Conclusions 402 

Here, we report the development of chemFISH, an innovative method to detect in 403 

situ the α-satellite DNA with single-base resolution in a direct and rapid reaction. 404 

ChemFISH is a method based on dynamic chemistry labelling and abasic PNA probes. 405 

We detected by microscopy the α-satellite DNA with single-resolution in different 406 

human cell lines, showing reproducibility in different human cell lines and specificity to 407 

human species. We analysed the absence of cross-reactivity between the four 408 

biotinylated SMART-Nucleobases, showing specificity. We tested the analytical 409 

performance, finding a low variability (coefficients of variation ranging from 13.16 % 410 

to 25.33 %) and we detected single bases with high sensitivity (we detected single-base 411 

specificity in a range from 82.41 % to 88.82 % of all detected α-satellite DNA). The 412 

method and the analysis can be carried out in less than 6 hrs, using standard materials 413 

and reagents for microscopy analysis.  414 

ChemFISH is a promising method that can serve to validate previously predicted 415 

SNVs by sequencing data and computational analysis, as well as to find novel SNVs in 416 

repetitive sequences. The molecular development is compatible to detect other repetitive 417 

sequences typically detected by using PNAs and ISH techniques, such as telomeric 418 

sequences and ribosomal RNAs [7–10]. The method is limited to the detection of 419 

abundant nucleic acids, however, as future approaches, the method could be compatible 420 

to detect transcripts as well, as there are ISH techniques based in an isothermal 421 

amplification to generate artificial repetitive sequences around the transcripts, facilizing 422 



their detection [1,36]. In addition, the chemistry behind chemFISH is versatile as the 423 

abasic PNA probe as well as the SMART-Nucleobases could be labelled and conjugated 424 

to different type of biomolecules and fluorophores, as previous studies have shown [26–425 

30]. In conclusion, the method presented here could contribute to the development of 426 

novel molecular assays based on PNA and ISH techniques to detect abundant nucleic 427 

acids in situ, as well as information contained in their sequences.  428 
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