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1. Supplementary Figures 

 

Supplementary Fig. 1. FRET-FISH probe design optimization. (a) Scheme of the custom-

designed chambered coverslip system used to compare the three FRET-FISH probe designs 

shown in Fig. 1b. D, wells containing cells hybridized with FRET-FISH probes containing only 

FRET donor (D) oligos. A, wells containing cells hybridized with FRET-FISH probes 

containing only FRET acceptor (A) oligos. D+A, wells containing cells hybridized with FRET-

FISH probes containing both D and A oligos. (b) Distributions of the FRET efficiency obtained 

with a FRET-FISH probe targeting the MYC gene locus in human HAP1 cells, for each of the 

three probe designs shown in Fig. 1b. D, probes containing only donor oligos. A, probes 

containing only acceptor oligos. D+A, probes containing both donor and acceptor oligos. n, 

number of FRET signals. P, Wilcoxon test, two-tailed. (c) Same as in (a), but for different 

custom-made 6-chamber coverslips. Exp, experiment. (d) Same as in (b), but for the 

experimental setup Exp1 shown in (c). (e) Same as in (b), but for the experimental setup Exp2 

shown in (c). (f) Same as in (b), but for the experimental setup Exp3 shown in (c). In all the 

violin plots in the figure, the violin extends from the minimum to the maximum value and the 
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horizontal lines represent (from top to bottom) the 75th percentile, the median, and the 25th 

percentile of the distribution. 
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Supplementary Fig. 2. Testing of different FRET-FISH probes targeting the mouse Ogt locus 

on chrX. (a-f) Distributions of FRET efficiencies obtained by hybridizing the same FRET-FISH 

probes shown in Fig. 1d-i in NIH3T3 cells. Cy3 and Cy5 were used as FRET donor and 

acceptor dyes, respectively. (g-l) Distributions of FRET acceptor signal intensities for the 

probes shown in Fig. 1d-i. MEF, mouse embryonic fibroblasts. In all the plots shown in the 

figure, the orange line represents a kernel density estimation function. n, number of FRET 

signals.  
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Supplementary Fig. 3. Specificity of FRET-FISH probes. Example of signal obtained with the 

probe targeting the mouse Ogt locus shown in Fig. 1d, hybridizing either only detection oligos 

coupled to the FRET donor dye (top) or only detection oligos coupled to the FRET acceptor 

dye (middle) or both (bottom). Cy3 and Cy5 were used as FRET donor and acceptor dyes, 

respectively. The white triangles and numbers near each panel represent the minimum (bottom) 

and maximum (top) intensity values in the corresponding image on the left. 
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Supplementary Fig. 4. FRET-FISH validation. (a-r) Distributions of FRET efficiencies 

obtained with FRET-FISH probes targeting six loci on chrX in female mouse embryonic 

fibroblasts (MEFs). n, number of FRET signals obtained in three replicate (Rep) experiments. 

n, number of FRET signals. The orange line in each plot represents a kernel density estimation 

function. (s) Correlation between Hi-C and ATAC-seq read counts at the six loci probed by 

FRET-FISH as shown in (a). PCC, Pearson’s correlation coefficient. P, Wilcoxon test, two-

tailed. The dashed orange line represents the linear regression fit. 
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Supplementary Fig. 5. FRET-FISH detects local chromatin compaction changes induced by 

ATP depletion and prolonged cell culturing. (a) Nascent RNA (orange) visualized in female 
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mouse embryonic fibroblast (MEF) cells treated (ATP depletion) or not (Control) with a 

combination of sodium azide and 2-deoxy-d-glucose, which cause ATP depletion and, 

consequently, global chromatin condensation. Blue, DNA stained with Hoechst 33342. (b) 

Quantification of nascent transcripts (average nuclear fluorescent intensity in the red channel) 

in the microscopy images exemplified in (a). n, number of nuclei analyzed. P, Wilcoxon test, 

two-tailed. In each boxplot, the boxplot extends from the 25th to the 75th percentile, whiskers 

extend from the minimum to the maximum, and the horizontal bar represents the median. (c-f)  

Distributions of the FRET efficiency measured by FRET-FISH at four different gene loci on 

mouse chrX, in female MEFs treated (ATP depletion) or not (control) with a combination of 

sodium azide and 2-deoxy-d-glucose, which cause ATP depletion and, consequently, global 

chromatin condensation. n, number of FRET signals. (g) Distribution of the fluorescence 

intensity of the DNA intercalator dye, Hoechst 33342, in the nucleus of female mouse 

embryonic fibroblasts (MEFs) at low (less or more than ten times in vitro. n, number of nuclei 

analyzed. P, Wilcoxon test, two-tailed. (h-m) Distributions of the FRET efficiency measured 

by FRET-FISH at three different gene loci on mouse chrX, in female MEFs at low (≤ 10) or 

high (>10) in vitro passage numbers. The inflection point in the bimodal distribution was used 

to automatically distinguish between alleles with a more compact (red) or less compact (green) 

chromatin state. The percentages on top of each peak indicate the proportion of all the FRET 

signals assigned to that group. n, number of FRET signals. In all the boxplots in (c-g) and (k-

m), each boxplot extends from the 25th to the 75th percentile, the horizontal bar represents the 

median, and whiskers extend from –1.5×IQR to +1.5×IQR from the closest quartile, where IQR 

is the inter-quartile range. Black dots, outliers. 
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Supplementary Fig. 6. FRET-FISH detects local chromatin compaction changes during the 

cell division cycle. (a) Distribution of the fluorescence intensity of the DNA intercalator dye, 

Hoechst 33342, in the nucleus of female mouse embryonic fibroblasts (MEFs) hybridized with 

a FRET-FISH probe targeting the Magix locus on chrX and classified as belonging to the G1 

or another (non-G1) phase of the cell cycle (see Supplementary Methods for how cells were 

classified as G1 or Non-G1). n, number of nuclei analyzed. P, Wilcoxon test, two-tailed. (b) 

Distributions of the FRET efficiency measured by FRET-FISH at the Magix locus in female 

MEFs in different phases of the cell cycle. Mitotic cells (M) were identified by visually 

inspecting all the fields of view, whereas G1 and G2 cells were automatically identified based 

on their DNA content (see (a)). Each boxplot extends from the 25th to the 75th percentile, the 

horizontal bar represents the median, and whiskers extend from –1.5×IQR to +1.5×IQR from 

the closest quartile, where IQR is the inter-quartile range. Black dots, outliers. n, number of 

FRET signals. P, Wilcoxon test, two-tailed. (c-h) Distributions of the FRET efficiency 

measured by FRET-FISH at three loci on chrX in female MEFs classified as G1 or non-G1 

based on their DNA content (see (a)). The inflection point in the bimodal distribution was used 

to automatically distinguish between alleles with a more compact (red) or less compact (green) 

chromatin state. The percentages on top of each peak indicate the proportion of all the FRET 

signals assigned to that group. n, number of FRET signals.  
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2. Supplementary Methods 

 

FRET-FISH probe production and hybridization 

We produced all the FRET-FISH probes starting from synthetic 12K oligopools, using the 

iFISH pipeline that we previously described16. For FRET-FISH, we prepared samples and 

hybridized them with FRET-FISH probes using a modified 3D DNA FISH protocol30. Since 

the FRET signal can be affected by multiple effects including cross-excitation, bleed-through 

and crosstalk, to minimize inter-sample variability we performed all our FRET-FISH 

experiments using custom-made multi-chambered coverslips (see Supplementary Fig. 1a and 

1c) in which control and test samples were processed and imaged together. 

 

Comparison between FRET-FISH and ATAC-seq and Hi-C data 

To compare FRET-FISH measurements with ATAC-seq data, we downloaded available 

ATAC-seq data from MEF cells from the Gene Expression Omnibus (GEO) database 

(accession # GSE127926). We extracted the number of ATAC-seq reads within a genomic 

window with the same start and end co coordinates as the ones of the corresponding FRET-

FISH probe (see Supplementary Table 2). We then compared the ATAC-seq read counts per 

gene with the mean of FRET efficiency calculated for the same gene. We adopted the same 

approach to compare FRET-FISH and Hi-C data, after downloading publically available Hi-C 

data from MEFs (GEO accession # GSE76479). 

 

Analysis of chromatin compaction along the nuclear radius 

To calculate the distance of FRET-FISH from the nuclear edge, we used a custom script, 

Lamina_distance_boxplot.m, which is available at https://github.com/anacmota/FRET-FISH. 

Briefly, for each FRET signal, we calculated the radial distance of the corresponding donor (D) 

and acceptor (D) fluorescent dots from the boundary of the 2D nuclear segmentation mask of 

the cell in which the dot was identified. We then divided all the calculated radial distances in 

quantiles (0–25%, 26–50%, 51–75% and 76–100%) and assigned each FRET signal to one 

arbitrary nuclear layer corresponding to one of the four quartiles (the first and fourth quartiles 

identify the outermost and innermost layers, respectively). 

 

Induction of chromatin condensation by ATP depletion 

https://github.com/anacmota/FRET-FISH
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To induce chromatin condensation by ATP depletion, we treated female mouse embryonic 

fibroblasts (MEFs) by adding sodium azide (Sigma, cat. no. S2002-5G) and 2-Deoxyglugose 

(Thermo Fisher Scientific, cat. no. 10560371) directly to the culture medium at a final 

concentration of 10 mM and 50 mM, respectively, and incubating 1h 30min at 37 °C before 

processing the cells for FRET-FISH (see Methods). To confirm the effect of the drug 

combination, we measured the total amount of nascent RNA in the nucleus with the Click-iT 

RNA Imaging Kit (Thermo Fisher Scientific, cat. no. C10330) following the manufacturer’s 

instructions. Briefly, we plated MEFs at 40–50% confluency on 22×22 mm coverslips (VWR, 

cat. no. 630-2185) placed in a 6-well plate (1 coverslip per well). The next day, we added 5-

ethynyl uridine (EU) to the medium at a final concentration of 1 mM final and incubated for 1 

hour in the cell incubator at 37 °C. Afterwards, we aspirated the medium in each well, replaced 

it with 1 mL per well of 1× PBS (Thermo Fisher Scientific, cat. no. AM9625)/3.7% 

formaldehyde (EMS, cat. no. 15710) and incubated for 15 min at room temperature. We then 

washed the cells once with 1× PBS at room temperature, followed by permeabilization of the 

cells with 1× PBS/0.5% Triton X-100 (Sigma, cat. no. T8787) for 15 min at room temperature 

and another wash in 1× PBS. We aspirated the wash solution and added 500 μL per well of 

freshly prepared Click-iT reaction cocktail (a mixture containing Click-iT RNA reaction buffer, 

CuSO4, Alexa Fluor azide, and Click-iT reaction buffer additive) and incubated for 30 min at 

room temperature in darkness. Lastly, we washed the cells once with 1 mL per well of Click-

iT reaction rinse buffer at room temperature and stained DNA by incubating the cells in 1× 

PBS/1.23 ng/mL Hoechst 33342 (Thermo Fisher Scientific, cat. no. 62249) at 30 °C for 15 min. 

Finally, we rinsed the coverslips twice in 1x PBS at room temperature before mounting them 

with GLOX solution containing 2× SSC/10 mM TROLOX (Sigma, cat. no. 238813)/37 ng/μL 

Glucose Oxidase (Sigma, cat. no. G2133)/32 mM Catalase (Sigma, cat. no. C3515) for imaging. 

We imaged the samples using the same microscope system and settings as described for FRET-

FISH in the Methods. To quantify the fluorescence intensity per nucleus, corresponding to the 

nascent transcripts visualized with the Click-iT RNA Imaging Kit, we passed the nd2 files 

generated by our microscope to the Fiji script fromND2_toINTENSITIES.ijm, which performs 

automatic nuclear segmentation and returns the average fluorescence intensity per nucleus in 

the selected channels. 

 

Assignment of cells to different cell cycle phases 
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We classified cells as G1 or non-G1 based on the distribution of the fluorescence intensity of 

the DNA staining dye, Hoechst 33342, in cell nuclei segmented in 2D by our in-house image 

analysis suite DOTTER (see Image processing and identification of FRET-FISH dots in 

Methods). The distribution of nuclear Hoechst intensity typically shows two clearly distinct 

peaks, one corresponding to cells in the G1 phase and the other corresponding to cells in G2/M. 

DOTTER automatically assigns the segmented nuclei to two groups (G1 and non-G1). To 

identify cells in mitosis, we visually inspected all the FRET-FISH images that we collected, 

searching for cells with highly condensed chromatin and the chromosome bouquet 

characteristic of cells in mitosis. 
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3. Supplementary Tables 
 
Supplementary Table 1. List of oligos composing the FRET-FISH probes used in this study. 

Because of its large size, this table is provided as a separate Excel file. 

 

Supplementary Table 2. Comparison between FRET-FISH, ATAC-seq and Hi-C at the six 

genes probed by FRET-FISH. 

Gene name FRET efficiency (%) ATAC-seq read counts Hi-C read counts 

Atp2b3 33.67 4,635 150 

Ddx3x 29.93 14,158 215 

Kdm5c 32.36 5,041 147 

Magix 24.86 14,278 307 

Pbdc1 30.45 8,513 183 

Tent5d 31.34 5,055 208 

 

Supplementary Table 3. List of filters and dichroic mirrors for each dye used in FRET-FISH. 

Dye Excitation filter Dichroic mirror Emission filter 

Hoechst 
33342 

390/22 (Lumencor) 440/40 (custom-made 
Polychroic 1 from Chroma) 

FF01-447/60-25 (Semrock) 

AF488 FF01-494/20-25 (Semrock) FF506-Di 03-25x36 (Semrock) FF01-527/20-25 (Semrock) 

Cy3 FF01-534/20-25 (Semrock) 570/20 (custom-made 
Polychroic 1 from Chroma) 

FF01-567/15-25 (Semrock) 

AF594 FF01-586/20-25x5 (Semrock) 630/27 (custom-made 
Polychroic 2 from Chroma) 

FF01-628/32-25 (Semrock) 

Cy5 631/28 (Lumencor) 675/29 (custom-made 
Polychroic 1 from Chroma) 

FF01-676/29-25 (Semrock) 

 

Supplementary Table 4. List of datasets generated in this study. Because of its large size, this 

table is provided as a separate Excel file. 


