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by immunostaining C2C12 cells with antibodies against Ezh2, 
indicating that lamin A/C affects foci organization of PcG 
proteins belonging to both PRC1 and PRC2 (Fig. S4 D). Im-
portantly, analysis of heterochromatin protein 1 (HP1) foci in 

Lamin A/C–depleted cells did not show the same effect (Fig. 
S4 E), and analysis of PcG foci after Lamin B depletion did 
not show a decrease in number or area of PcG foci (Fig. S4 F), 
indicating a speci�c role of lamin A/C in PcG foci maintenance 

Figure 3.  PcG proteins and lamin A/C interact endogenously. (A, left) Chromatin fractionation experiments of C2C12 cells transfected with indicated siR-
NAs and collected as MBs or MTs at MT1 or MT2. Sequential protein extractions were performed to isolate soluble proteins (S1 fraction), DNase-sensitive 
proteins (S2 fraction), DNase-resistant proteins (S3 fraction), and nuclear matrix–associated proteins (S4 fraction). Equal amounts of each fraction were 
immunoblotted and hybridized with indicated antibodies. Loading controls: α-tubulin (S1), histone H3 (S2 and S3), and lamin B (S4). (right) Quantification 
of indicated proteins in S4 fraction, normalized to lamin B. Data points represent the mean of at least three biological replicates. Two-tailed t test was 
applied for statistical analysis. SEM is indicated. Statistically relevant differences (α = 0.05): *, P < 0.05; ***, P < 0.001. (B) Representative confocal 
microscopy images of C2C12 MBs RNA immunostained using the indicated antibodies (green, Alexa Fluor 488; red, Alexa Fluor 594) and DAPI (left), 
with relative PLA experiments (right). Bar, 10 µm. Each fluorescent dot represents the colocalization between the indicated antibodies. Data shown are from 
a single representative experiment of two repeats. IF, immunofluorescence.
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and ruling out the possibility that the observed changes could be 
caused by general defects in NL or heterochromatin compaction. 
To further characterize PcG foci in Lamin A/C–depleted cells, 
we estimated their volume by assembling the segmented image 
stacks and using the 3D Object Counter ImageJ plugin (Fig.�5�E; 
Bolte and Cordelières, 2006), �nding even more signi�cant dif-
ferences in class distributions. To con�rm these data, we used 
muscle satellite cells isolated from the Lamin Δ8–11 knockout 
mouse (Sullivan et al., 1999; Jahn et al., 2012), showing fewer 
and smaller PcG foci in the mutant cells compared with satellite 
cells derived from their wild-type littermates (Fig.�5�F).

To understand whether Lamin A/C depletion affects the 
correct assembly of Polycomb (PC) complexes, we used the PLA 
assay between two components of PRC1 (Bmi1 and Ring1b; 
Fig.�6�A). Bmi1 depletion was also performed to validate the re-
sults. Intriguingly, we observed an increased number of “blobs” 
in Lamin A/C–depleted cells compared with control-transfected 
cells (Fig.�6�B). These data indicate that Lamin A/C depletion 
does not alter PRC1 complex assembly, but suggests rather that 
upon Lamin A/C KD, PRC1 complexes are more diffused and 
no longer centered in single PcG foci. To further analyze the ef-
fect of Lamin A/C depletion on PcG protein nuclear distribution, 
we performed EM analysis with Bmi1 antibodies (Fig.� 6�C). 
In line with previous evidence (Satijn et al., 1997; Cmarko et 
al., 2003; Šmigová et al., 2011), although we could not visu-
alize PcG foci by EM, we found a speci�c signal for Bmi1 
that localizes in discrete nuclear areas. In the nucleoplasm, 
Bmi1 localized at the nucleoli borders, where nucleoplasmic  
lamina-associated domains were also found (Kind and van Steen-
sel, 2014), and at the euchromatin–heterochromatin junctions.  

Strikingly, in Lamin A/C–depleted cells, Bmi1-associated 
particles lose their proper localization, spreading through the 
whole nucleus, including nucleoli interiors, euchromatin, and 
heterochromatin (Fig.�6�C, right panels), suggesting an aberrant 
broad diffusion of the Bmi1 protein. Importantly, EM images 
did not show decondensation of heterochromatin in Lamin A/C–
depleted cells (Fig.� 6� C), indicating that the observed Lamin 
A/C KD–dependent phenotypes are not caused by broad alter-
ations of chromatin structures from a damaged nuclear scaffold.

Functional interaction between 
lamin A/C and PcG proteins is 
evolutionarily conserved
To test whether the functional relationship between PcG protein 
and A-type lamins is conserved throughout evolution, we in-
vestigated their interplay in Drosophila melanogaster, a model 
system in which PcG protein functions have been extensively 
characterized (Delest et al., 2012). In Drosophila, there are two 
lamin genes: lamin C and lamin Dm0, which have been classed as 
A- and B-type lamins, respectively, on the basis of their expres-
sion patterns (Gruenbaum et al., 1988; Riemer and Weber, 1994). 
Flies lacking A-type lamin or ectopically expressing a mutated 
form of human lamin A show nuclear envelope defects similar 
to those observed in human laminopathies (Muñoz-Alarcón et 
al., 2007; Beard et al., 2008; Dialynas et al., 2012; Zwerger et 
al., 2013), suggesting an evolutionarily conserved function for 
A-type lamin proteins (Schulze et al., 2009). We used Drosophila 
embryonic S2 cells as a model, in which the homeotic genes 
of Bithorax complex (BX-C) are silenced by PcG proteins  
(Lanzuolo et al., 2007; Fig. S5 A), and we investigated the role 

Figure 4.  Lamin A/C surrounds PcG foci. (A, 
C, E, and G, left) Mid z-section and the rela-
tive orthogonal projections of C2C12 nuclei 
stained for lamin A/C and Bmi1 (A); lamin B 
and Ring1b (C); lamin B and lamin A/C (E); 
and RNAPolII and lamin A/C (G) and acquired 
with N-SIM superresolution system. Bar, 4 µm. 
middle: 3D reconstruction of the entire nuclear 
volume. Bar, 4 μm. (right) 3D surface render-
ing of both signals within the nuclear volume. 
The image represents a magnification of the 
squared image shown in the middle. (B, D, F, 
and H) Protein foci of two nuclei from a sin-
gle experiment were analyzed: distribution of 
the relative distances in the 3D nuclei volumes 
measured as the minimum distances occur-
ring between lamin A/C and Bmi1 (PcG foci  
n = 7,243; B); lamin B and Ring1b (PcG foci 
n = 7,054; D); lamin B and lamin A/C (lamin 
spots, n = 4,837; F); and RNAPolII and lamin 
A/C (RNAPolII spots, n = 5,228; H). Green, 
Alexa Fluor 488; red, Alexa Fluor 594.
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of lamin C in the regulation of PcG protein–dependent epigen-
etic signatures through RNAi experiments. As already found in 
mouse C2C12 cells, although PC and E(z) total levels were not 
altered (Fig.�7�A and Fig. S5 B), chromatin fractionation experi-
ments in Lamin C–depleted cells revealed that the amount of PC 
and E(z) consistently decreased in matrix fraction S4 (Fig.�7�B), 
further indicating that the role of lamin A/C in favoring PcG pro-
tein localization at the nuclear matrix is evolutionarily conserved. 
Of note, none of the observed differences were in�uenced by the 
growth potential or mortality of depleted cells (Fig. S5 C).

To test if PcG protein recruitment on chromatin was in-
�uenced by Lamin C depletion, we performed ChIP analysis 
on the minimal promoters of Ubx and abdA genes and their 
regulatory Polycomb response elements (PREs), bxd and mcp, 
�nding that PC binding was signi�cantly reduced on PREs 
(Fig.�7�C). To understand whether the observed differences of 
PC binding were limited to minimal PcG protein binding sites 
or spread along the chromatin �ber, we extended the analy-
sis to regions surrounding PREs and promoters. As shown in 
Fig. S5 D, we found a decrease of PC only on and around 

Figure 5.  PcG foci integrity is dependent on lamin A/C. (A) Representative confocal microscopy images of C2C12 MBs transfected with indicated siRNAs. 
(B) Contour of nuclei, selected regions, and PcG foci in segmentation analysis. Segmentation was performed as indicated in Image analysis. Bar, 10 µm. 
(C and D) 2D analysis of PcG foci of C2C12 MBs transfected as indicated in A. (C) Distribution of number of PcG foci per nucleus among the cellular 
population. (D) Distribution of PcG foci area (measured in µm2). n > 244 from three independent experiments. (E) 3D reconstruction of single nuclei from 
C2C12 MBs transfected as indicated in A. Bar, 10 µm. right: 3D analysis of PcG foci. Distribution of number of PcG foci (top) and PcG foci volumes 
(bottom; measured in µm3) among the cellular population. n > 316 from three independent experiments. (F) 2D analysis of PcG foci of satellite myoblast 
cells extracted by FACS from homozygous Lamin Δ8–11 mice (LamA/C mut) and their wild-type (wt) littermates. Bar, 10 µm. (right) Distribution of number 
of PcG foci per nucleus (top) and PcG foci area (bottom; measured in µm2) among the cellular population. n > 100 from two independent experiments. 
Mann–Whitney two-tailed test was applied for statistical analysis. Statistically relevant differences (α = 0.05): *, P < 0.05; **, P < 0.01; ***, P < 0.001. 
Green, Alexa Fluor 488; red, Alexa Fluor 594.
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PREs. Analysis of BX-C homeotic genes displayed unaltered 
transcriptional levels after Lamin C depletion (Fig. S5 E), 
in line with what we observed for the mammalian homeotic 
gene HoxD9 (Fig. S2 B). We thus monitored the dynamics 
of homeotic gene reactivation after PC reduction in the ab-
sence of lamin C.�We found that in Pc–lamin C double mu-
tants, homeotic gene de-repression was consistently higher 
compared with single Pc depletion (Fig.�7�D and Fig. S5, F 
and G). Notably, bw, a heterochromatic gene not controlled 
by PcG proteins (Paro and Zink, 1993), was not reactivated by 
Lamin C reduction (Fig.�7�D).

To further characterize PcG protein intranuclear distribu-
tion in Lamin C–depleted cells, we performed PcG foci analysis 

on double-strand RNA (dsRNA)-transfected cells (Fig. S5 H).  
As observed in C2C12 cells, Lamin C–depleted S2 cells ex-
hibited few and smaller PcG foci and 3D nuclei reconstruction 
further con�rmed this �nding (Fig.�7�E). In Drosophila, PcG 
proteins mediate DNA–DNA interactions among their targets, 
including PREs and core promoters, generating the forma-
tion of chromosome loops (Lanzuolo et al., 2007; Bantignies 
et al., 2011; Tolhuis et al., 2011). To investigate whether PcG 
protein–mediated BX-C higher-order structures were affected 
by Lamin C depletion, we used chromosome conformation 
capture (3C) analysis, monitoring PRE promoters and PRE–
PRE interactions. Comparison of cross-linking frequencies 
in depleted versus control cells revealed that, although the 

Figure 6.  Lamin A/C depletion leads to Bmi1 delocalization and PRC intranuclear diffusion. (A) Representative confocal microscopy images of C2C12 
MBs transfected with indicated siRNAs and immunostained using Bmi1, Ring1b antibodies, and DAPI (left), with the relative PLA experiments (right). Bar, 
10 µm. Each fluorescent dot represents the colocalization of Bmi1 and Ring1b within the cells (B). n > 191 from four independent experiments. Two-tailed 
t test was applied for statistical analysis. SEM is indicated. Green, Alexa Fluor 488; red, Alexa Fluor 594. (C, left) Representative EM images of anti-Bmi1 
immunogold labeling in C2C12 MBs transfected with indicated siRNAs (three different magnifications are shown). In the control, anti-Bmi1 antibody is 
specifically localized to condensed regions of heterochromatin (HE), whereas euchromatic regions (EU) are unlabeled. The gold particles are present at the 
border of the nucleolus (*). In lamin A/C –depleted C2C12 MBs, a significant increase of the labeling is diffused in the nucleus over HE and EU regions. 
Intranucleolar label (arrowheads) is also present. A few gold particles are randomly scattered in the cytoplasm (arrows). (right) Quantification of Bmi1 
dot distribution in C2C12 cells transfected with siRNAs against lamin A/C  or control. (top) Percentage of dots localized in the junction between heteroch-
romatin and euchromatin (Het/Eu) or aberrantly localized in euchromatin (Eu). (bottom) Percentage of dots localized on the edge of nucleoli (outside) or 
aberrantly localized in nucleoli (inside) are shown. n > 84 from two independent experiments. Two-way analysis of variance was applied for statistical 
analysis. Statistically relevant differences (α = 0.05): *, P < 0.05; ***, P < 0.001. N, nucleus; NU, nucleolus; cy, cytoplasm; IF, immunofluorescence.
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transcription kit (Qiagen) and ampli�ed in 20-µl reaction mixtures in the 
presence of 10�µl 2× QuantiTect SYBR Green master mix (Qiagen) and 
0.5�µM corresponding primers. Real-time PCR was performed using 
DNA Engine Opticon 2 (MJ Research) or 7900HT (Applied Biosys-
tems). Copy number was determined using the cross-point value, which 
is automatically calculated by Opticon Monitor 2 software (MJ Re-
search) or SDS v2.3 software (7900HT). Mouse primer sequences used 
for transcriptional analyses were as follows: mRTGadph 5′-GTA​TGTCG​
TGGAG​TCTAC​TGG-3′, 5′-TCG​TGGTT​CACAC​CCATC​AC-3′; mRT-
MyoG 5′-GTA​CATTG​AGCGC​CTACA​GG-3′, 5′-ACC​GAACT​CCAGT​
GCATT​GC-3′; mRTM​CK 5′-GCT​TCACT​CTGGA​CGATG​TC-3′, 
5′-CCT​TGAAG​ACCGT​GTAGG​AC-3′; mRTMyHC 5′-TCA​GGAAC​
CTTCG​GAACA​CC-3′, 5′-TCG​ATCTC​AGCCT​GCATC​AG-3′; mRT-
Mybph 5′-AGG​CCAGC​ATTGA​CATCC​TG-3′, 5′-TTG​TCTGC​CTTCT​
GTACT​GTG-3′; mRTLamA/C 5′-CAA​TGGTG​CCTGA​GAGGC​
AG-3′, 5′-GGC​TTGAC​CTTCT​CAGTC​ATC-3′; mRTEzh2 5′-TGA​
TAAAG​AAACT​TGCCC​ACCT-3′, 5′-CTT​TGCTC​CCTCT​GAACA​
GAT-3′; mRTDesmin 5′-GTA​TTGAC​CTGGA​GCGCAG-3′, 5′-CTG​
TGAGG​TCCGG​CTTGGA-3′; mRTNeuroG 5′-ACC​TGTCC​AGCTT​
CCTCAC-3′, 5′-CAC​CGGGA​ACATT​CGATGC-3′; mRTHoxD9 5′-
TGA​AGGAG​GAGGA​GAAGC​AG-3′, 5′-TCC​TTCTC​CAGCT​CTAGC​
GT-3′; mRTLamb1 5′-AGT​GGATT​TGGAG​AATCG​CTG-3′, 5′-GTA​
CTCAT​ACTCA​ATCTG​ACGC-3′; and mRTPax7 5′-GTC​TCCAA​
GATTC​TGTGC​CGA-3′, 5′-GGT​CCCGG​ATTTC​CCAGC-3′. Human 
primer sequences used for transcriptional analyses were as follows:  
hRTGadph 5′-TCT​GGTAA​AGTGG​ATATT​GTTGCC-3′, 5′-CAA​
GCTTC​CCGTT​CTCAG​CC-3′; hRTMyoG 5′-TCA​ACCAG​GAGGA​
GCGTG​AC-3′, 5′-TGT​AGGGT​CAGCC​GTGAG​CA-3′; hRTM​CK 5′-
GAC​AGGAG​TGGAC​AACCC​AG-3′, 5′-CGA​GATGA​TGGGG​TCAAA​
GAGTT-3′; hRTMyH2 5′-GGA​CCAAC​TGAGT​GAACT​GAAA-3′, 5′-
TTG​CCTCT​TGATA​ACTGA​GACAC-3′; hRTLamA/C 5′-GCT​CTCAT​
CAACT​CCACT​GG-3′, 5′-GGT​CATCT​CCATC​CTCAT​CC-3′; and 
hRTPax7 5′-GCA​CTGTG​CCCTC​AGGTT-3′, 5′-CCT​CCTTC​TTGTC​
CGCTTC-3′. Drosophila primer sequences used for transcriptional 
analyses were as follows: dRTGapdh 5′-AAG​GGAAT​CCTGG​GCTAC​
AC-3′, 5′-ACC​GAACT​CGTTG​TCGTA​CC-3′; dRTPc 5′-TTC​AAGAC​
TCAAG​TGCTG​CC-3′, 5′-CCA​TGGGA​AATAA​GCAGG​AG-3′; dRTEz 
5′-CTG​TGGCT​GAGAT​CAACT​CC-3′, 5′-GAC​AGGTC​TTGGT​
CAGCA​TG-3′; dRTUbx 5′-AGT​GTCAG​CGGCG​GCAAC-3′, 5′-AGT​
CTGGT​AGAAG​TGAGC​CCG-3′; dRTabdA 5′-CAA​ATACA​ACGCA​
ACCCG​AGAC-3′, 5′-AGC​GATCG​TGTTG​CTGCTG-3′; dRTLamC 5′-
AAC​TCGAT​GCGAT​CGGTGC-3′, 5′-TAC​TGGGC​GTGCC​ACTGC-
3′; dRTLamDm0 5′-TGG​GAGGA​GAACG​AGGAGC-3′, 5′-ATC​
GGCGT​TGGCC​TGGTTG-3′; and dRTbw 5′-TCG​CTGTG​CCTCG​
AGTGG-3′, 5′-AAT​CGCCG​CCAGC​AGCG-3′.

RNA sequencing
For high-throughput sequencing, cDNA libraries were prepared from 
total RNA and extracted with Trizol, according to the manufacturer’s 
instructions (Illumina). cDNA fragments of ∼300 bp were puri�ed 
from each library and were sequenced for 100 bp with an Illumina 
HiSeq2500 instrument according to the manufacturer’s instructions. 
The analysis was performed using fastqc to check the sequences’ qual-
ity (Andrews, 2015); trim_galore for quality-based trimming; tophat2 
for alignment; and cuf�inks, cuffmerge, and cuffdiff for expression 
quanti�cation (Trapnell et al., 2012). Deregulated genes were deter-
mined to a P value lower than the false discovery rate after Benja-
mini–Hochberg correction for multiple testing. We used fold changes 
to �lter and select differentially expressed genes with vennt (fold 
change R1.2). The hypergeometric distribution was computed using 
R software. GO analysis was performed with DAV​ID Bioinformatics 
Resources (Huang et al., 2009).

Chromatin fractionation
High-salt chromatin fractionation was performed essentially as de-
scribed (He et al., 1990), with minor adaptation. 35 million S2 cells 
or 8 million C2C12 cells were washed in PBS 1× and extracted in cy-
toskeleton (CSK) buffer (10�mM Pipes, pH 6.8, 100�mM NaCl, 1�mM 
EGTA, 300�mM sucrose, 3�mM MgCl2, 1× protease inhibitors [Roche 
Diagnostics], and 1�mM PMSF) supplemented with 1�mM DTT and 
0.5% Triton X-100. After 5 min at 4°C, the cytoskeletal frameworks 
were separated from soluble proteins by centrifugation at 3,000 rpm 
for 3 min, and the supernatant was designated the S1 fraction. The pel-
lets were washed with an additional volume of extraction CSK buffer. 
Chromatin was solubilized by DNA digestion with 25 U RNase-free 
DNase (Invitrogen) in CSK buffer for 30 min at 37°C.�Ammonium 
sulfate was added in CSK buffer to a �nal concentration of 250�mM. 
After 5 min at 4°C, samples were pelleted again at 5,000 rpm for  
3 min at 4°C, and the supernatant was designated the S2 fraction. 
After a wash in CSK buffer, the pellet was further extracted with 2M 
NaCl in CSK buffer for 5 min at 4°C and centrifuged at 5,000 rpm 
for 3 min at 4°C; the supernatant was designated the S3 fraction. This 
treatment removed all the DNA and histones from the nucleus, as 
shown by SDS-PAGE. After two washes in NaCl 2M CSK, the pellets 
were solubilized in 8M urea buffer and were considered the nuclear 
matrix–containing fraction (S4). Supernatants from each extraction 
step were quanti�ed and analyzed by SDS-PAGE and immunoblot-
ting. For DNA analysis, each fraction was diluted in Tris-EDTA 1× 
(10�mM Tris-HCl, pH 8, and 1�mM EDTA), treated with 10 mg/ml 
RNase for 90 min at 37°C, digested with 20 mg/ml proteinase K for 
150 min at 55°C, extracted by standard phenol/chloroform extraction, 
precipitated, and resuspended in 100�µl of water. DNA was quanti�ed 
with a Qubit Fluorometer (Life Technologies), and qPCR reactions 
were performed in triplicate on equal amounts of DNA from distinct 
fractions using QuantiTect SYBR Green master mix on a Rotor gene 
6000. Cycle threshold (Ct) values were calculated by appropriate 
software. Fraction-speci�c relative enrichment was calculated as a 
percentage with respect to S1 + S2 + S3.

Protein extraction and Western blot analyses
Total proteins were prepared by resuspending 2 × 106 S2 cells or 500,000 
C2C12 cells in extraction buffer (50�mM Tris HCl, pH 7.6, 0.15�M 
NaCl, 5� mM EDTA, 1× protease Inhibitors, and 1% Triton X-100). 
Three pulses of 10-s sonication at 30% amplitude were performed to 
allow dissociation of protein from chromatin and solubilization. Ex-
tracts were analyzed by SDS-PAGE using a 12% gel for histones and 
an 8–10% gel (37.5:1 acryl/bis acrylamide) for the remaining proteins.

coIP
coIP on nuclear extracts was performed using standard procedures. In 
brief, nuclear extracts were prepared after cytosolic extraction with cy-
tosolic lysis buffer (10�mM Hepes, pH 7.5, 1.5�mM MgCl2, 10�mM 
KCl, 10% glycerol, 0.2% NP-40, 1�mM DTT, and protease inhibitors) 
for 10 min on ice and a 3/8-in syringe with a 25G needle. Nuclei pellets 
were then lysed in nuclei lysis buffer (10�mM Hepes, pH 7.5, 1.5�mM 
MgCl2, 300�mM KCl, 10% glycerol, 0.2% NP-40, 1�mM DTT, and pro-
tease inhibitors) for 30 min at 4°C.�0.5 to 1 mg of nuclear extract was 
immunoprecipitated overnight at 4°C with 5 µg corresponding antibod-
ies at a �nal concentration of 150�mM KCl in nuclei lysis buffer. Immu-
noprecipitates were incubated with magnetic protein G beads (10004D; 
Dynabeads; Invitrogen) for 2�h at 4°C.�Beads were extensively washed 
with wash buffer (10�mM Hepes, pH 7.5, 1.5�mM MgCl2, 150�mM KCl, 
0.2% NP-40, and 10% glycerol) and eluted in Tris-EDTA 1×. Finally, 
beads were resuspended in Laemmli buffer and boiled at 95°C for 5 
min, and the supernatant was analyzed by Western blot.
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were dehydrated in an ethanol series and embedded in EPON resin. 
Thin sections were collected on nickel grids, preincubated with 5% 
normal goat serum, incubated with anti–Bmi-1 antibody (05-637; Mil-
lipore) diluted 1:10 in TBS overnight at 4°C, and incubated with goat 
anti-mouse antibody conjugated with 10 nm colloidal gold, diluted 
1:10 in TBS, for 1�h at RT; some grids underwent colloidal gold ampli-
�cation with a Silver Enhancer kit. The controls consisted of samples 
not incubated with the primary antibody. Grids containing ultrathin 
sections were stained with uranyl-acetate and lead citrate and observed 
with a Jeol Jem-1011 transmission electron microscope at 100 kV. The 
experiment was repeated twice with similar results.

3D-SIM acquisition and quantification.� Fixed samples were pre-
pared by treatment with 4% platelet-activating factor for 10 min at RT, 
followed by permeabilization (10 min in PBS and 0.5% Triton X-100) and 
primary antibody staining for 2�h at RT in PBS and 1% BSA. After sev-
eral washes in PBT, samples were hybridized with the Alexa Fluor 488– 
and 568–conjugated secondary antibodies for 1�h at RT. Superresolution 
imaging on prepared samples was performed with an N-SIM microscope 
system (Nikon) equipped with a CFI Apo TIRF 100× 1.49 N.A.�oil immer-
sion objective and a 897EMC​CD Andor camera. 3D-SIM image stacks 
were acquired with a z-distance of 0.24 mm, covering a range of 5.76 mm 
(25 stacks/nucleus) using laser power setting 25% and 100-ms exposi-
tion time. With this setting, 15 raw images per plane were acquired and 
computationally reconstructed using the reconstruction slice system from 
NIS-Elements AR software (version 4.20.01; Nikon). Minimal distance 
measurements were performed using Volocity (Perkin Elmer) with the �nd 
spot function, which allowed us to identify the brightest spots within a 
0.05-mm radius in each channel. After the measurement of minimal dis-
tance, the results were analyzed by plotting their distribution.

Image analysis
Fluorescent images were taken of �xed samples at RT with a Nikon 
Eclipse 90i microscope (100× objective) that was equipped with a dig-
ital camera (Nikon Coolpix 990) and NIS Element software or with a 
confocal Leica SP5 (63× objective) supported by LAS-AF software. Flu-
orochromes are indicated in the �gure legends. Magni�cation of the ob-
jective is 63×. Fluorescence quanti�cation was done by determining the 
intranuclear mean �uorescence intensity using Cell Pro�ler 2.0 (Carpen-
ter et al., 2006) that computes area, form factor (Russ, 2011), integrated 
intensity, and mean intensity. PLA blob quanti�cation was performed 
using Cell Pro�ler 2.0.� Nuclei were detected using the Otsu method 
with a global two-class threshold strategy, and foci were detected using 
the Otsu method with a per-object three-class threshold strategy (Otsu, 
1979). PcG foci quanti�cation was performed with an automated pipe-
line that executes the following steps: loads images with DAPI- or lamin 
B–stained nuclei and PcG protein immuno�uorescence, converts images 
to grayscale, performs segmentation with the IdentifyPrimaryObject al-
gorithm using a two-class Otsu global threshold method (Otsu, 1979), 
locates nuclei regions on DAPI or lamin B images, discards partial nuclei 
at the image borders, and measures PcG protein–stained image intensity, 
size, and shape of nuclei. Confocal image size is 1,024 × 1,024 pixels, 
and the number of stack planes on the z-axis varies between 24 and 36.

The software proposed for the segmentation of �uorescence im-
ages, written in C, relies on two novel algorithms and works on two 
image stacks that include the staining for lamin B or DAPI and Bmi1, 
Ezh2, or PC. The �rst algorithm, modi�ed Chan-Vese (MCV), provides 
image contours as curves that match the object’s edges, producing a two-
phase partition of images: nuclei regions and background. We adopted a 
modi�ed version of the local Chan-Vese Active Contour model proposed 
in Wang et al. (2010), described by the following functional: EMCV(c1, 
c2, d1, d2, C) = μ Length(C) + α [�³inside(C) |I − c1|2 dxdy + ∫outside(C) |I − c2|2 
dxdy] + β [∫inside(C) |I* − I − d1|2 dxdy + ∫outside(C) |I* − I − d2|2 dxdy]. The 

functional controls the evolution of the curve C by means of three terms 
weighted by positive parameters μ, α, and β, respectively. The �rst term 
is the regularization term measuring the perimeter of C (internal forces). 
The second two terms represent the edge-detector (external forces) that 
attracts the curve toward the nuclei boundaries. The second term is the 
sum of the intensity variances of the regions of I inside and outside C, 
respectively, where I is the lamin B or DAPI image and c1 and c2 are the 
mean intensity values of regions of I inside and outside C, respectively. 
The third term, different from the one used in Wang et al. (2010), en-
forces the contrast between the nuclei regions and image background by 
incorporating statistical information on both lamin B or DAPI and Bmi1, 
Ezh2, or PC images. In fact, I*, from which we subtract the original 
lamin B or DAPI image, is obtained as the sum of gk(I) and gk(IG), where 
gk is the averaging convolution operator with k×k window, and IG is the 
Bmi1, Ezh2, or PC �uorescence image. This term represents the sum 
of the intensity variances of the regions of the composite image I* − I 
inside and outside C, respectively, where d1 and d2 are the mean intensity 
values of I* − I inside and outside C, respectively. The edge-detector acts 
by adaptively balancing the intensity variances of the nuclei regions and 
image background. The evolution of C stops when an optimal partition of 
the image into two regions is achieved. Mathematically, this is equivalent 
to �nding the minimum of the functional EMCV(c1, c2, d1, d2, C). The mini-
mization problem is usually solved by means of level set methods, where 
the curve C is represented by the zero level set of a Lipschitz function 
de�ned on the image domain Ω, with values in the set of real numbers 
such that C = [(x,y) in Ω such that ϕ(x,y) = 0]; inside(C) = [(x,y) in Ω 
such that ϕ(x,y) < 0]; and outside(C) = [(x,y) in Ω such that ϕ(x,y) > 0].

The expression of the functional EMCV in terms of function ϕ 
is analogous to the one of the functional ELCV described in Wang et 
al. (2010), where Length(C) = ∫Ωδεϕ(x,y)|∇ϕ(x,y)|dxdy, and δε is a 
smoothed version of the one-dimensional Dirac function. The func-
tional EMCV is minimized by computing the Euler–Lagrange equation 
and then solving the resulting partial differential equation (PDE) by 
the gradient �ux method. Unlike in Wang et al. (2010) where an ex-
plicit scheme is used, we used a time-dependent semi-implicit scheme 
to discretize Euler–Lagrange equations. Although the use of an im-
plicit time discretization scheme requires greater computational effort 
than an explicit one, it is compensated for by the unconditional stabil-
ity of the numerical algorithm. Furthermore, usually segmentation of 
high-dimensional images (such as �uorescence images) requires many 
iterations to converge to a numerical solution. By adopting an implicit 
scheme, we can reduce the number of iterations, allowing the choice of 
larger time steps. To recall the usual notations for the �nite difference 
methods: let h be the space step, dt be the time step, and (xi, yj) = (ih, 
jdt) be the grid points for 1 ≤ i, j ≤ M.�Let ϕij

n = ϕ(ndt, xi, yj) be an 
approximation of ϕ(t, x, y) with n ≥ 0, ϕ0 = ϕ0, and we have the fol-
lowing time-dependent PDE:
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