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ABSTRACT The molecular mechanisms that underlie oncogene-induced genomic damage are still poorly understood. To un-
derstand how oncogenes affect chromatin architecture, it is important to visualize fundamental processes such as DNA replica-
tion and transcription in intact nuclei and quantify the alterations of their spatiotemporal organization induced by oncogenes.
Here, we apply superresolution microscopy in combination with image cross correlation spectroscopy to the U937-PR9 cell
line, an in vitro model of acute promyelocytic leukemia that allows us to activate the expression of the PML-RARa oncogene
and analyze its effects on the spatiotemporal organization of functional nuclear processes. More specifically, we perform
Tau-stimulated emission depletion imaging, a superresolution technique based on the concept of separation of photons by life-
time tuning. Tau-stimulated emission depletion imaging is combined with a robust image analysis protocol that quickly produces
a value of colocalization fraction on several hundreds of single cells and allows observation of cell-to-cell variability. Upon acti-
vation of the oncogene, we detect a significant increase in the fraction of transcription sites colocalized with PML/PML-RARa.
This increase of colocalization can be ascribed to oncogene-induced disruption of physiological PML bodies and the abnormal
occurrence of a relatively large number of PML-RARa microspeckles. We also detect a significant cell-to-cell variability of this
increase of colocalization, which can be ascribed, at least in part, to a heterogeneous response of the cells to the activation of the
oncogene. These results prove that our method efficiently reveals oncogene-induced alterations in the spatial organization of
nuclear processes and suggest that the abnormal localization of PML-RARa could interfere with the transcription machinery,
potentially leading to DNA damage and genomic instability.
SIGNIFICANCE The molecular mechanisms that underlie oncogene-induced genomic damage are still poorly
understood. Here, we combine image cross correlation spectroscopy with state-of-the-art superresolution microscopy to
quantify alterations induced by the PML-RARa oncogene in an in vitro model of acute promyelocytic leukemia. We find that
activation of the oncogene induces a significant increase in the fraction of transcription sites colocalized with PML/PML-
RARa due to disruption of physiological PML bodies into a large number of PML-RARa microspeckles. We also detect a
heterogeneous response of the cells to the activation of the oncogene. These results suggest that our image cross
correlation spectroscopy-based approach can be useful for characterizing global alterations in the spatial organization of
chromatin, in single cells, in response to oncogene activation, or in other triggering events.
INTRODUCTION

The genome is the template for a cell’s fundamental pro-
cesses, including DNA replication, DNA repair, epigenetic
modification, and transcription. Maintaining this vast infor-
mation requires the combined action of diverse cellular pro-
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cesses such as cell cycle, DNA repair, and cellular
metabolism (1). Many actors are involved in the tight regu-
lation of these mechanisms, and most of these activities
occur in the context of chromatin, thus needing a large num-
ber of proteins controlling chromatin dynamics (2). The
collapse of the mechanisms involved in the spatial organiza-
tion and regulation of the genome is often linked to various
human diseases, including cancer (3). It has been proposed
that activation of oncogenes triggers the molecular events
responsible for the induction of genomic damage early in
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tumorigenesis. However, despite their potential importance
in cancer development, the molecular mechanisms that un-
derlie oncogene-induced genomic damage are still poorly
understood. Activated oncogenes may induce genomic dam-
age through alterations of the dynamics of DNA replication,
collectively known as ‘‘replication stress’’ (4), that can be
generated by several mechanisms, including dysregulation
of gene transcription (5) or interferences between DNA
replication and transcription (6).

Acute promyelocytic leukemia (APL) represents a highly
malignant form of leukemia with a fatal course of only a few
weeks (7) and accounts for approximately 10% of all acute
myeloid leukemia (8). APL’s main diagnostic feature is an
aberrant chromosomal translocation that juxtaposes the pro-
myelocytic leukemia protein (PML) and the retinoic acid re-
ceptor RARa genes, respectively, on chromosomes 15 and
17 (9), with PML and RARa domains retaining their wild-
type functions. In healthy cells, PML is localized in PML
nuclear bodies (NBs) (10–12), discrete subnuclear struc-
tures of which PML is a crucial component (13–15). Indeed,
PML promotes NB biogenesis and maintains its integrity
and is involved in the recruitment and localization of about
100 proteins into this complex (e.g., SUMO-1, CBP, DAXX,
BLM) that are involved in major cellular processes such as
stem cell self-renewal, cell death, and transcription (16).
Liquid-liquid phase separation, an emerging principle of
compartmentalization inside cells, may also participate in
the multistep biogenesis of PML NBs (17,18). In APL, chro-
mosomal translocation generates the PML-RARa onco-
gene. The resulting fusion protein PML-RARa, in vitro,
has an affinity and binding specificity to retinoids equal to
the wild-type RARa and can regulate RARa target genes
(19).

The U937-PR9 cell line is a well-established in vitro
model of APL. U937 is a hematopoietic cell line derived
from a lymphoid malignancy of a 37-year-old patient
suffering from histiocytic lymphoma. However, these cells
retain myeloid features rather than lymphoid. U937 cells
have been engineered by transduction with a vector carrying
PML-RARa cDNA under the control of the inducible mouse
metallothionein 1 promoter. Upon infection and selection,
the PR9 clone expressed high levels of PML-RARa upon in-
duction by ZnSO4 (zinc) already after 24 h (20). More
importantly, PML-RARa levels were comparable with those
expressed in fresh APL blasts collected from patients.

Here, we apply advanced optical microscopy to the U937-
PR9 model to investigate alterations of nuclear organization
induced by the PML-RARa oncogene. Our main goal is to
set up a method for the extraction of quantitative parameters
related to the spatial organization of functional sites in the
nucleus (e.g., colocalization between PML and transcription
sites) in a large number of single cells. On the image acqui-
sition side, we take advantage of stimulated emission deple-
tion (STED) superresolution microscopy (21) and, more
specifically, of a STED-based method called separation of
photons by lifetime tuning (SPLIT) (22–24), previously
shown to provide good performances on U937-PR9 cells
(25). On the image analysis side, we evaluate the spatial dis-
tribution of nuclear sites using a colocalization algorithm
based on image cross correlation spectroscopy (ICCS)
(26,27). More specifically, we introduce a robust image
acquisition and analysis protocol that quickly produces a
value of colocalization fraction on several hundreds of sin-
gle cells and allows observation of cell-to-cell variability.
Thanks to this approach, we monitor the colocalization be-
tween PML and sites of active transcription in single cells
and quantify the alterations induced by the PML-RARa
oncogene. Following activation of the oncogene, we detect
a significant increase in the fraction of transcription sites co-
localized with PML/PML-RARa. This increase of colocal-
ization can be ascribed to the abnormal occurrence of a
relatively large number of oncogene-induced PML-RARa
microspeckles compared with the physiological PML
bodies. The analysis also reveals the cell-to-cell variability
of this colocalization value, with activated cells showing
higher variability compared with the control sample. This
variability can be ascribed, at least in part, to a heteroge-
neous response of the cells to the activation of the oncogene.

These results show that the proposed method efficiently
reveals oncogene-induced alterations in the spatial organi-
zation of chromatin and discloses by optical superresolved
microscopy that the abnormal nuclear localization of the
PML-RARa oncoprotein corresponds to an increased de-
gree of colocalization with the transcription machinery.
MATERIALS AND METHODS

Cell culture and treatments

U937-PR9 cells were cultured in RPMI-1640 medium (Sigma-Aldrich

R7388, Burlington, MA, USA) supplemented with 1% penicillin/

streptomycin (Sigma-Aldrich P4333) and 10% fetal bovine serum

(Sigma-Aldrich F9665) and maintained at 37�C and 5% CO2. To induce

the expression of PML-RARa, U937-PR9 cells were incubated with

100 mMZnSO4 solution and left growing for 8 or 24 h. Before experiments,

cells were seeded on Cell-Tak (Corning 354240, Corning, NY, USA)-coated

glass coverslips.
Immunofluorescence

Primary antibodies used in this work are a-PML (mouse, sc-966 Santa Cruz

Biotechnology, Dallas, TX, USA), a-H3K9me2 (mouse, ab1220 Abcam,

Waltham, MA, USA), a-H3K9me3 (rabbit, ab8898 Abcam), and a-Pol2

(RNA polymerase II CTD repeat [phospho S2] rabbit, ab5095 Abcam). Sec-

ondary antibodies used in this work are goat a-mouse Alexa Fluor 488

(ab150113 Abcam), goat a-rabbit Atto 594 (77671 Sigma-Aldrich), goat

a-mouse Atto 594 (76085 Sigma-Aldrich), goat a-rabbit Atto 647N

(40839 Sigma-Aldrich), and goat a-mouse Atto 647N (50185 Sigma-

Aldrich). DNA dyes used in this study are DAPI (62,248 Thermo Fisher

Scientific, Waltham, MA, USA) and Picogreen (P7581 Sigma-Aldrich).

Indirect immunofluorescence experiments were performed as follows.

Cells were washed with phosphate-buffered saline (PBS), fixed with 4%

paraformaldehyde (w/v) for 10 min at room temperature, and permeabilized

with 0.5% (v/v) Triton X-100 in PBS for 20 min. Cells were then blocked
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with 3% BSA in PBS and incubated in a wet chamber with primary anti-

body diluted in incubation buffer overnight at 4�C. Cells were then exten-

sively washed with washing buffer 3 � 15 min and incubated with

secondary antibody diluted in incubation buffer for 1 h at room temperature,

followed by the same washing procedure with washing buffer. Finally, cells

were extensively washed with PBS, incubated with DNA dye dilutions, and

then mounted on glass slides with ProLong Diamond Antifade Mountant

(Invitrogen P36961, Waltham, MA, USA). For Tau-STED experiments,

cells have been blocked with 10% normal goat serum (ab7481 Abcam) in

PBS.
Image acquisition

Confocal images were acquired on a Leica TCS SP8 confocal microscope,

using an HCX PL APO CS2 63� 1.40 numerical aperture oil immersion

objective lens (Leica Microsystems, Mannheim, Germany). Excitation

wavelengths/emission bandwidths were the following: DAPI (405/410–

483), Alexa 488 (488/500–550), and Atto 594 (561/589–643). The pinhole

size was set to a value corresponding to 0.8 Airy units at a wavelength of

580 nm. 2,048� 2,048pixel imageswere acquiredwith a pixel size of 45 nm.

STED images were acquired on a Leica Stellaris 8 Tau-STED micro-

scope using an HC PL APO CS2 100�/1.40 oil immersion objective lens

(Leica Microsystems). Tau-STED is a commercial implementation of a

method called SPLIT, which exploits the additional information encoded

into additional channels of the microscope to generate superresolution im-

ages with low background (22–24). Emission depletion was accomplished

with a 775 nm STED laser. A white-light laser provided excitation at the

desired wavelength for each sample. Excitation wavelengths/emission

bandwidths were the following: Picogreen (488/500–510), Alexa 594

(590/595–641 using a hybrid detector), and Atto647N (646/651–720).

2,048 � 2,048 pixel images were acquired with a pixel size of 45 nm.

Tau-STED parameters were set as follows: Tau-strength value 100, denoise

value 50, and background suppression checked.
Image correlation spectroscopy and ICCS
analysis

The image correlation spectroscopy (ICS) and ICCS analyses were per-

formed in MATLAB (MathWorks, Natick, MA, USA) using a modified

version of the ICCS algorithm (27) (https://github.com/llanzano/ICCS),

adapted for the analysis of large images containing many cells. All images

were preprocessed in ImageJ before ICCS analysis. To generate the nuclei

selection mask, the image in the DNA channel was converted into a binary

image using the function ‘‘threshold’’ of ImageJ, then single nuclei were

identified and listed as objects using ‘‘analyze particles,’’ and the image of

the ‘‘count masks’’ was saved. The background was subtracted from the im-

ages prior to ICCS analysis using the function ‘‘subtract Background.’’

The nuclei selection mask was used to sequentially define a region of in-

terest corresponding to a single-cell nucleus and perform the analysis. The

two-dimensional (2D) image correlation function was calculated as

Gij

�
dx; dy

� ¼
�
Iiðx; yÞIj

�
x þ dx; yþ dy

� �
hIiðx; yÞ i

�
Ijðx; yÞ

� � 1; (1)

where I1(x,y) and I2(x,y) are the images in the first and the second channels,

respectively, and the angle brackets indicate averaging over all the selected

pixels of the image (28,29). The two auto-correlation functions were ob-

tained by setting i ¼ j ¼ 1 and i ¼ j ¼ 2, respectively, whereas the cross

correlation function was obtained by setting i ¼ 1 and j¼ 2. The numerator

in Eq. 1 was calculated by a 2D fast Fourier-transform algorithm (26,27).

We assume that the 2D auto- and cross correlation functions have circular

symmetry (Fig. S1). The 2D correlation functions were then converted into

radial 1D correlation functions Gij(dr) by performing an angular mean, as
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described previously (30) (Fig. S1). The resulting radial auto-correlation

functions (ACFs) were then fitted to a Gaussian model:

GiiðdrÞ ¼ GðNÞ þ Giið0Þexp
�� d2r

�
w2

ii

�
; (2)

where Gii(0) represents the amplitude and G(N) represents an offset value.

The width parameter wii represents the 1/e2 radius of a Gaussian function

corresponding to the convolution of the microscope point spread function

and the object function (31). The corresponding full width at half maximum

parameter, R ¼ (2ln2)1/2wii, represents the average apparent size of the

structures in the region of interest extracted by ICS.

The amplitude of the cross correlation function (CCF),G12(0), was deter-

mined as the value of the CCF at spatial lag zero. The amplitude parameters

were used to calculate the coefficients of colocalizations fch1 and fch2 and f:

fch1 ¼ G12ð0Þ=G22ð0Þ

fch2 ¼ G12ð0Þ=G11ð0Þ

f ¼ ðfch2 þ fch1Þ=2: (3)

In cross correlation spectroscopy, the cross correlation fractions (Eq. 3)

are a measure of the overlap between intensity fluctuations in the two chan-

nels. In the context of fluorescence cross-correlation spectroscopy, where

intensity fluctuations are generated by labeled molecules diffusing through

the observation volume, the cross correlation fractions represent the frac-

tions of interacting molecules (32,33). In our ICCS analysis, the colocaliza-

tion fractions (Eq. 3) are a measure of the overlap between spatial

fluctuations in the two channels. Specifically, the coefficient fch1 (fch2) rep-

resents the fraction of signal in channel 1 (channel 2), which is correlated

with the signal in channel 2 (channel 1).

We note that a well-established parameter for evaluation of the cross-cor-

relation is the Pearson correlation coefficient (PCC), defined as (34)

PCC ¼
�ðIiðx; yÞ � Ii;av Þ

�
Ijðx; yÞ � Ij;av

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�ðIiðx; yÞ � Ii;av Þ2

�q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiD�
Ijðx; yÞ � Ij;av

�2 Er ;

(4)

where Ii,av ¼ < Ii(x,y) >. We can calculate a similar parameter in our ICCS

analysis:

PCCICCS ¼ G12ð0Þffiffiffiffiffiffiffiffiffiffiffiffiffi
G11ð0Þ

p ffiffiffiffiffiffiffiffiffiffiffiffiffi
G22ð0Þ

p ¼ 5
ffiffiffiffiffiffiffiffiffiffiffiffiffi
fch2fch1

p
; (5)

where the sign þ (�) stands for positive (negative) correlation. In the

absence of shot noise, PCC ¼ PCCICCS. More generally, the denominator

in Eq. 4 (definition of PCC) will contain an additional variance due to

shot noise that can affect the measured value of PCC (34) In contrast, the

auto-correlation amplitudes Gii(0) used in Eq. 5, evaluated from fitting,

represent extrapolated values at zero lag and do not contain the contribution

of the shot noise. Thus, in general, values calculated with Eqs. 4 and 5 could

be different, PCC s PCCICCS.

The analysis shown in Fig. S2 was performed in Matlab using the quality

by ICS algorithm (25,35), freely available at https://github.com/llanzano/

QuICS. The quality by ICS algorithm calculates the image correlation func-

tion and extracts three parameters (R, B, N) related to the quality of the

image: R is the full width at half maximum width calculated from the

auto-correlation function, related to the spatial resolution (smaller values

of R corresponding to higher spatial resolution and/or smaller size of the

objects); B is the brightness, related to the image contrast (higher values

of B corresponding to higher contrast); and N is the relative noise variance,

https://github.com/llanzano/ICCS
https://github.com/llanzano/QuICS
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related to the signal-to-noise ratio of the image (smaller values of N corre-

sponding to higher signal-to-noise ratios).
Object-based analysis

The object-based analysis of the number and size of PML NBs/PML-RARa

microspeckles was performed on binary images. The image in the PML

channel was converted into a binary image using the function ‘‘threshold’’

of ImageJ, then single spots were identified and listed as objects using

‘‘analyze particle,’’ and the image of the ‘‘count masks’’ was saved. For

this MATLAB analysis, both ‘‘count masks’’ identifying nuclei and spots

were used. The area A of each spot was evaluated counting the number

of pixels forming the spot. The size (diameter) of the spot was then calcu-

lated as Robj2(A/p)
1/2.
RESULTS

Optimization of ICCS for the semiautomated
analysis of large numbers of cells

We evaluated the spatial distribution of nuclear sites using a
colocalization algorithm based on ICCS (26,27). ICCS is
a pixel-based colocalization method that does not require a
presegmentation of the image into objects. We have recently
shown that the combination of superresolution STED and
ICCS is a suitable tool for analyzing the nanoscale distribu-
tion of functional nuclear sites (27). ICCS has also been
combined with other superresolution techniques such as
structured illumination microscopy (36,37) and stochastic
optical reconstructionmicroscopy (38). In thiswork, we opti-
mize ICCS for the analysis of PML-RARa oncogene-
induced alterations in the U937-PR9 model.

In order to be able to analyze a representative sample of
the whole cell population, we acquired, by confocal or
superresolution microscopy, multiple large images of the
sample, as depicted in Fig. 1 A. Large images covered
approximately 10,000 mm2 of the sample, and, for each
experiment, approximately 10 images were acquired. The
acquisition time for each image was approximately 1 min
(depending on the number of lines averaging), and the num-
ber of U937-PR9 cells in the field of view was on the order
of 30–50 cells (variable depending on the level of cell con-
fluency). Using the DNA counterstain signal, we identified
each cell nucleus as an object, and we created a nuclei selec-
tion mask so that every single cell from the large field of
view was automatically selected and analyzed sequentially
(Fig. 1 B). Nuclei of cells in mitosis were identified manu-
ally and excluded from the selection mask.

We then applied a modified version of the ICCS algorithm
(27) that was adapted to analyze large images. The modified
algorithm processes all the acquired images together with
the corresponding nuclei selection masks to perform the
ICCS analysis sequentially for each cell of the sample.
The ICCS algorithm calculated and fitted the spatial ACF
for each channel of the acquired images and the CCF of
the dual-color image (Fig. 1 C). Finally, the ICCS algorithm
provided a value of the colocalization fraction for each cell
(Eq. 3), normalizing the amplitude of the CCF to that of the
ACFs (Fig. 1 D).

In our ICCSanalysis, the colocalization fractions should be
interpreted as a measure of the overlap between spatial inten-
sity fluctuations in the two channels (Fig. 1 E). Specifically,
the colocalization fraction fch1 (fch2), defined by Eq. 3, repre-
sents the degree of overlap of spatial fluctuations in channel 1
(channel 2) with spatial fluctuations in the other channel.
These spatial fluctuations originate from the convolution of
the fluorescent particles with the microscope point spread
function (31). A value of 0 indicates uncorrelated particles,
whereas negative values indicate anti-correlated particles.
Positive values indicate some degree of colocalization. A
value of colocalization of 1 is obtained when all the spatial
fluctuations in one channel are perfectly overlapped to spatial
fluctuations in the other channel. In addition to the distribu-
tion of the particles, other factors, including the size of the
particles and of the point spread function in the two channels,
may affect the measured value of colocalization.
Validation of the large-image ICCS protocol

We validated the analysis method through ICCS analysis of a
cell’s population labeled againstmultiple nuclear proteins.As
a positive control, we labeled the PML-RARa fusion protein,
8 h after zinc activation, with a primary antibody against the
PML protein and two secondary antibodies carrying different
fluorophores, namely Alexa 488 and Atto 594. We obtained
a Gaussian fit of the distribution of the colocalization fraction
f, measured through the ICCS analysis (Fig. 2A), with a value
close to 1, as expected (fPML488 ¼ 1.0225 0.002, fPML594 ¼
0.928 5 0.002, n ¼ 176, mean 5 SE). Furthermore, as a
negative control, we analyzed large images of PR9 cells
labeled for factors generally associated with separate nuclear
compartments, namely the dimethylated lysine 9 of histone
H3, mainly present in the heterochromatin region, and the
elongating form of RNA polymerase 2, mainly related with
more accessible and euchromatic nuclear regions (Fig. 2 C).
After ICCS analysis, we measured the Gaussian fit’s peak
of the distribution of the colocalization fraction close to 0,
as expected (fH3K9me2 ¼ 0.026 5 0.003, fPol2S2 ¼ 0.021 5
0.004, n¼ 91). In order to also take into account an interme-
diate situation of partial colocalization, we performed the
ICCS analysis on large images of PR9 cells labeled with
two primary antibodies directed against two posttranslational
modifications, namely di- and trimethylation of H3K9 (Fig. 2
B). The result obtained is a value of the Gaussian fit’s peak of
fH3K9me2 ¼ 0.436 5 0.006 and fH3K9me3 ¼ 0.343 5 0.008
(n ¼ 210).
Activation of the PML-RARa oncogene in the
U937-PR9 model

Next, we monitored the expression of the oncoprotein in the
U937-PR9 model in response to activation of the oncogene.
Biophysical Journal 121, 4358–4367, November 15, 2022 4361



FIGURE 1 Large-image acquisition and anal-

ysis protocol. Schematic of the image cross corre-

lation spectroscopy (ICCS) protocol adapted for

the analysis of multiple cells in large images.

(A) Large images are acquired (typically

2,048 � 2,048 pixels with a pixel size of 45 or

60 nm) containing several cells. (B) Nuclei are

selected based on the nuclear stain signal creating

a cell selection mask. (C) Regions of interest for

each nucleus are defined and analyzed with ICCS

algorithm, which extracts the value of the colocal-

ization rate from the correlation functions. (D) A

value of colocalization is associated with each

cell. (E) Schematic representation of the spatial in-

tensity fluctuations generated by the fluorescent

particles in a dual-color image and the calculation

of the colocalization fraction f by ICCS. To see this

figure in color, go online.

Cerutti et al.
The indirect immunofluorescences against PML/PML-
RARa were performed using a primary antibody against
the PML protein and a secondary antibody coupled to a
fluorophore. Thus, the fluorescent signal we obtained is a re-
porter of the localization of both the PML and PML-RARa
proteins.

To improve the visualization of PML-RARa micro-
peckles in the activated sample, we used superresolution mi-
croscopy (even though confocal microscopy is sufficient to
visualize PML NBs in the control sample). Specifically, we
used SPLIT, a STED-based method that exploits the addi-
tional information encoded into additional channels of the
microscope to generate superresolution images with low
background (22–24). The commercially available Tau-
STED microscope is essentially based on the same princi-
4362 Biophysical Journal 121, 4358–4367, November 15, 2022
ple. We have recently evaluated, in U937-PR9 cells, the
quality of images generated by different SPLIT approaches
(including the commercially available Tau-STED) versus
conventional STED and found that the SPLIT images had
higher resolution and nonreduced contrast and noise levels
than the STED images (25). In the samples of the present
work, Tau-STED imaging provides an improvement of
spatial resolution of about 110 nm, in the Alexa 594 chan-
nel, with respect to confocal (Fig. S2).

Representative Tau-STED images of PML/PML-RARa
in U937-PR9 cells are shown in Fig. 3 A. In our control con-
dition (Fig. 3 A, top row), before induction of the expression
of PML-RARa, we could identify the PML NB structures.
The induction of the expression of PML-RARa fusion pro-
tein was obtained through a zinc treatment (see materials



FIGURE 2 Validation of the image analysis protocol. (A) Positive control: PML/PML-RARa labeled with two secondary antibodies in U937-PR9 cells, 8 h

after PML-RARa activation. (B) Intermediate colocalization: H3K9me2þ a-mouse Alexa Fluor 488 and H3K9me3þ a-rabbit Atto 594. (C) Negative con-

trol: H3K9me2þ a-mouse Alexa Fluor 488 and Pol2S2þ a-rabbit Atto 594. Shown are, from left to right, representative confocal images of U937-PR9 cells

and the histograms showing the distribution of the colocalization fraction. Red lines are Gaussian fits. Indicated numbers represent the peak values. Scale bar,

3 mm. To see this figure in color, go online.

ICCS of oncogene-induced alterations
and methods). The induction effect is maximum after 8 h
and then decreases with time. At its maximum (Fig. 3 A,
middle row), we observed the disruption of PML NBs into
nuclear microspeckles, as previously reported (39,40).

The average size of PML spots (representing PML NBs/
speckles) per cell, measured by ICS, decreases after induc-
tion of the oncogene (Fig. 3 B). We complemented this anal-
ysis using object-based segmentation (Fig. 3 C) and
measuring the number and size of single PML spots in the
images before and after induction of the oncogene (Fig. 3
D–F). The observed distribution of size of PML spots in
control cells (Fig. 3 B, top) is in keeping with previously re-
ported values for PML bodies ranging from 200 nm to 1 mm
(41). As expected, induction of PML-RARa disrupts PML
bodies and reduces the fraction of detected spots with a
size larger than 300 nm (Fig. 3 D). Moreover, the number
of detected PML spots per cell significantly increases after
induction of the oncogene with an average of 9.6 5 0.3
spots/cell (mean 5 SE) for the control condition and
41.5 5 1 spots/cell 8 h after PML-RARa induction
(Fig. 3 E). The average size of PML spots in each cell, deter-
mined by object-based analysis, decreases (Fig. 3 F), in
keeping with the ICS-based measurement of size.
PML/PML-RARa colocalization with the
transcription machinery evaluated by ICCS

Next, we measured the colocalization rate of PML/PML-
RARa with the transcription machinery that we visualized
through indirect immunofluorescence against the elongating
form of RNA polymerase 2 (hereafter Pol2S2) through a pri-
mary antibody against the phosphorylated Ser 2 of the RNA
polymerase 2 C-terminal domain. We verified that, also in
the Atto 647N channel, Tau-STED imaging provided better
Biophysical Journal 121, 4358–4367, November 15, 2022 4363



FIGURE 3 Activation of the PML-RARa oncogene in the U937-PR9

model. (A) Representative Tau-STED images of PML in U937-PR9 cells

before (control [ctrl]) and 8/24 h after PML-RARa expression induction

following ZnSO4 treatment. Nuclear DNA is counterstained with Pico-

green. Scale bar, 3 mm. (B) Histograms show the distribution of the average

size of PML/PML-RARa spots per cell, before and after oncogene induc-

tion. Values represent the average apparent size of the structures extracted

by ICS. (C) Example of the spot selection mask used for the object-based

analysis of size and number of PML/PML-RARa spots. (D) Histograms

show the distribution of the size of PML/PML-RARa spots in all cells,

before and after oncogene induction, measured through object-based seg-

mentation. (E) Histograms show the distribution of the number of PML/

PML-RARa spots per cell, before and after oncogene induction, measured

through object-based segmentation. (F) Histograms show the distribution of

the average size of PML/PML-RARa spots per cell, before and after onco-

gene induction, measured through object-based segmentation. Significance:

ctrl versus 8 h ***p % 0.001; ctrl versus 24 h ***p % 0.001. To see this

figure in color, go online.
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resolution and contrast compared with gated-STED (time
gating at 1 ns) or conventional STED (integrated intensity)
(Fig. S3). Then, we took advantage of two-color superreso-
lution microscopy in order to be able to better resolve tran-
scription foci and PML-RARa microspeckles and to
improve the accuracy of our colocalization analysis. Repre-
sentative two-color Tau-STED images of PML and Pol2S2
are shown in Fig. 4 A.

We quantified the fraction of Pol2S2 colocalized with
PML. Upon induction of PML-RARa expression, the frac-
tion of Pol2S2 colocalized with PML increases from
fPol2S2 ¼ 0.00885 0.0005 (Fig. 4 B, control, n ¼ 361 cells)
to the value fPol2S2 ¼ 0.03295 0.0006 after 8 h (Fig. 4, 8 h,
n ¼ 346 cells, ***p % 0.001). At 24 h after PML-RARa
expression induction (Fig. 4, bottom row), the colocalization
fraction decreases to the value fPol2S2 ¼ 0.0192 5 0.0004
(n ¼ 252 cells, control versus 24 h ***p% 0.001), interme-
diate between the control and the 8 h condition.

These data indicate that, following induction of PML-
RARa oncogene, an increasing fraction of Pol2S2 colocal-
izes with PML/PML-RARa molecules at the resolution of
our imaging system. To verify that this difference was due
to the presence of oncogene-induced PML-RARa micro-
speckles, we combined the ICCS data with the PML spot
analysis performed in Fig. 2.

Fig. 5 A shows the value of colocalization fraction fPol2S2
measured in each cell as a function of the number of PML
spots per cell. Data from cells at 8 h postactivation are
compared with control cells. The plot suggests that the in-
crease in the value of fPol2S2 (fraction of Pol2S2 molecules
colocalized with PML/PML-RARa molecules) is caused
by the large number of small PML-RARa microspeckles
that ‘‘spread’’ the PML close to a larger portion of the
Pol2S2 pool of the nucleus. This analysis also shows the
cell-to-cell variability in the colocalization value fPol2S2
and the number of PML spots N, with activated cells
showing higher variability compared with the control sam-
ple. Fig. 5 B shows representative images of activated cells,
corresponding to different values of fPol2S2 and N. In a frac-
tion of activated cells, the values fPol2S2 and N are similar to
control, indicating a heterogeneous response of the sample
to the activation of the oncogene (see, for instance, the
cell in the lower left corner of Fig. 5 B).
DISCUSSION

In this work, we have applied ICCS to the U937-PR9 cell
line, an in vitro model for studying the effects of the
PML-RARa oncogene. On the image acquisition side, we
have exploited a recently introduced, STED-based, superre-
solution imaging technique. The performances of STED can
be significantly improved by fluorescence lifetime detection
and phasor plot analysis, as demonstrated by the SPLIT (22)
and subsequent works (23,24,42–44). The Tau-STED tech-
nique is one of the first commercial implementations of



FIGURE 4 Colocalization analysis of superre-

solved signals of PML and elongating Pol2. (A)

Representative two-color Tau-STED images of

PML/PML-RARa (green) and Pol2S2 (red) in

U937-PR9 cells before (ctrl) and after PML-RARa

expression induction, at the specified time point.

Scale bar, 3 mm. (B) Histograms show the distribution

of the colocalization fraction fPol2S2, representing the

fraction of Pol2S2 molecules colocalized with PML/

PML-RARa molecules. Red lines are Gaussian fits.

Numbers represent the peak values. Significance:

ctrl versus 8 h ***p % 0.001; ctrl versus 24 h

***p % 0.001. To see this figure in color, go online.
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this strategy, and we had previously demonstrated that, in
U937-PR9 cells, the SPLIT or Tau-STED images were of
better quality compared with conventional STED images
(25). On the image analysis side, we have adapted our pre-
viously reported ICCS algorithm to the semiautomated anal-
ysis of a large number of cells. This new protocol, which
simply requires the acquisition of images with a large field
of view and a counterstain signal to select single cell nuclei,
has been fundamental to increase the statistical power of our
analysis and to detect heterogeneity in single-cell response.

An advantage of ICCS-based colocalization is that it does
not require presegmentation of the image into objects and
can be applied to images (including confocal images) where
object segmentation would not be accurate. For a compari-
son, we performed an analysis similar to that reported in
Fig. 4 using confocal microscopy (Fig. S4). The absolute
values of colocalization measured by confocal-ICCS are
different (the peak value at 8 h is about 2� higher in
confocal-ICCS compared with STED-ICCS) (Fig. S4 B).
This can be explained by a larger degree of overlap between
spatial fluctuations in the confocal images. Nevertheless, the
confocal-ICCS analysis (Fig. S4 B) shows that PML-RARa
activation induces an increase in the fraction of Pol2S2 co-
localized with PML/PML-RARa, in keeping with the
STED-ICCS analysis (Fig. 4). This suggests that, at least
for the results in Fig. 4, a confocal-ICCS analysis would
have been sufficient. This confirms the versatility of ICCS
as a method that can be combined with different imaging
techniques. On the other hand, superresolution increases
our capability of resolving target objects in the images. In
our case, we exploited the higher spatial resolution provided
by STED microscopy to better resolve single PML spots and
Biophysical Journal 121, 4358–4367, November 15, 2022 4365



FIGURE 5 Cell-to-cell variability of oncoprotein expression and distri-

bution. (A) Scatter plot of the colocalization fraction fPol2S2 as a function

of the number of PML/PML-RARa spots per cell. (B) Examples of Tau-

STED images of U937-PR9 cells at 8 h after PML-RARa induction. For

each cell are reported the corresponding values of the colocalization frac-

tion fPol2S2 (f) and number of PML spots (N). Scale bar, 3 mm. To see

this figure in color, go online.
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characterize their heterogeneous distribution. The apparent
size of the PML-RARa microspeckles in the confocal im-
ages is about 260 nm (Fig. S2 A), which is in the order of
the diffraction limit. The apparent size of the PML-RARa
microspeckles in the STED images decreases to about
150 nm (Fig. S2 B). The combination of object- and
ICCS-based types of analysis (Fig. 5) is useful to investigate
and interpret cell-to-cell variability of the extracted
parameters.

Our results show that the ICCS, complemented with ob-
ject-based analysis, can quantify oncogene-induced alter-
ations in the spatial organization of chromatin. As a
representative application, we have analyzed the variation
in the colocalization between PML and Pol2S2 induced
by the PML-RARa oncogene. PML-RARa activation in-
duces an increase in the fraction of Pol2S2 colocalized
with PML/PML-RARa. This increase can be ascribed to
disruption of PML bodies and the formation of a large num-
ber of smaller PML-RARa speckles. This analysis suggests
that the abnormal localization of PML-RARa could inter-
fere with fundamental processes such as DNA replication
and transcription, which are tightly coordinated in space
and in time. In general, we expect that our ICCS-based
4366 Biophysical Journal 121, 4358–4367, November 15, 2022
approach can be useful for characterizing global alterations
in the spatial organization of chromatin, in single cells, in
response to specific triggering events.
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