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HIGHLIGHTS

® Confocal microscopy highlights the
BMI1-driven ubiquitination of H2A in
NSCLC cells.

® The level of ubiquitinated H2A de-
pends linearly on BMI1 expression.

® BMI1 dynamically assembles in cPRC1
to ubiquitinate Histone 2A.

® BMIl-containing cPRC1 has pre-
dominant role in the ubiquitination of
H2A.
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GRAPHICAL ABSTRACT

ABSTRACT

Several in vitro experiments have highlighted that the Polycomb group protein BMI1 plays a pivotal role in
determining the biological functions of the Polycomb Repressor Complex 1 (PRC1), including its E3-ligase ac-
tivity towards the Lys''® of histone H2A to yield ubiquitinated uH2A. The role of BMI1 in the epigenetic activity
of PRC1 is particularly relevant in several cancers, particularly Non-Small Cell Lung Cancer (NSCLC). In this
study, using indirect immunofluorescence protocols implemented on a confocal microscopy apparatus, we in-
vestigated the relationship between BMI1 and uH2A at different resolutions, in cultured (A549) and clinical
NSCLC tissues, at the single cell level. In both cases, we observed a linear dependence of uH2A concentration
upon BMI1 expression at the single nucleus level, indicating that the association of BMI1 to PRC1, which is
needed for E3-ligase activity, occurs linearly in the physiological BMI1 concentration range. Additionally, in the
NSCLC cell line model, a minor pool of uH2A may exist in absence of concurrent BMI1 expression, indicating
non-exclusive, although predominant, role of BMI1 in the amplification of the E3-ligase activity of PRC1. A
pharmacological downregulator of BMI1, PTC-209, was also tested in this context. Finally, the absence of
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significant colocalization (as measured by the Pearson's coefficient) between BMI1 and uH2A submicron clusters
hints to a dynamic model where PRC1 resides transiently at ubiquitination sites. Beside unveiling subtle func-
tional relationships between BMI1 and uH2A, these results also validate the use of uH2A as downstream “re-
porter” for BMI1 activity at the nuclear level in NSCLC contexts.

1. Introduction

Histones function to compact DNA into nucleosomes, which are the
basic unit of chromatin. Each nucleosome is composed of a segment of
146 bp of DNA wrapped around eight histone core proteins (two copies
each of H2A, H2B, H3, and H4) which are sealed by the linker histone
H1 [1]. Post-transcriptional modifications on histone tails, which are
flexible structures that protrude from the nucleosome core, play crucial
roles in cellular processes including transcription, replication, and DNA
repair [2]. Unique among core histone proteins, H2A is mono-
ubiquitinated at lysine 119 on the C-terminus stretch exposed to the
nucleosomal surface [3]. Interestingly, monoubiquitinated H2A (uH2A)
is rather abundant, as it accounts for 5-15% of total H2A levels [3]. At
odds with polyubiquitination, which usually targets proteins for pro-
teolytic destruction, formation of uH2A has been recently recognized as
a relevant epigenetic strategy to control gene expression [4]. For ex-
ample, uH2A was found to be essential for maintaining repression of
target genes and to hamper cell differentiation [5,6].

Ubiquitin is conjugated to the target proteins through the concerted
action of an ATP-dependent ubiquitin-activating enzyme (E1), an ubi-
quitin conjugating enzyme (E2), and an ubiquitin ligase (E3), which
confers substrate specificity [7]. In most metazoan species, ubiquiti-
nation of H2A is mediated mainly by the Polycomb Repressive Complex
1 (PRC1), a multisubunit protein complex [8,9]. The canonical PRC1
(cPRC1) assembles around four core proteins: CBX (polycomb protein;
CBX2/4/6/7/8), PCGF (polycomb group zinc fingers; PCGF2/4), PHC
(polyhomeotic homologues; PHC1/2/3), and RING (RING1A/B) [8,10].
Other four PCGF proteins (PCGF1, PCGF3, PCGF5, and PCGF6) as-
semble around RING1A/B and RYBP/YAF2 proteins to yield the so-
called variant PRC1 complexes [8]. This variant is believed to provide
unique targeting modalities and regulatory capacity to PRC1.

In particular the site of cPRC1 activity is signaled by the presence of
trimethylated histone H3 at lysine 27, which is recognized and bound
by the chromobox protein CBX [9]. The E3 ligase activity of cPRC1 is
conferred by the heterodimer of RING1A/B with PCGF2/4 [11]. PCGF4,
better known as BMI1 (B cell-specific Moloney murine leukemia virus
integration site 1) was shown to be a key regulatory component of
cPRC]1, since it establishes protein-protein interactions that stabilize the
overall architecture of the complex [12]. BMI1 itself has no E3-ligase
activity but it promotes a more favorable interaction of the BMI1-
RING1A/B heterodimer with nucleosome substrates, which results in an
efficient site-specific monoubiquitination [11]. Notably, BMI1 is an
important crosspoint in at least 16 different types of cancer and stands
out as a promising target within the small list of genes known to reg-
ulate the function of cancer cells [12]. The epigenetic role of BMI1
expression in Non-Small Cell Lung Cancer (NSCLC) is particularly in-
triguing since BMI1 overexpression drives stem-like properties asso-
ciated with induction of epithelial-mesenchymal transition (EMT) that
promotes invasion and metastasis resulting in a poor prognosis for the
patient [13]. Additionally, we have recently shown a clear prognostic
relationship between lower patient survival and BMI1 overexpression in
a large cohort of NSCLC patients characterized by concomitant low C/
EBPa and high BMI1 expression [14]. This pattern can be reversed in in
vivo animal models of lung cancer by compounds targeting selectively
BMI1 [14], such as PTC-209 which downregulates Bmil [15]. Indeed,
accumulating evidence has revealed that BMI1 represents a promising
therapeutic target with considerable translational potentials [16]. The
pivotal oncogenic role of BMI1 is most likely related to its chromatin
remodeling properties, and the E3-ligase activity of cPRC1 is probably

the most representative example.

To the best of our knowledge, however, the biochemical relation-
ship between BMI1 and uH2A has never been investigated at the cel-
lular level,. Single cell measurements of biochemical processes are in-
creasingly recognized as quintessential to the full understanding of
biological mechanisms [17], as they afford spatial and temporal fea-
tures that are accessible by classical ex-vivo biochemical methods. In the
present case, we set out to analyze the quantitative correlation between
BMI1 and uH2A at nuclear and sub-nuclear spatial scales, as a way to
investigate the dependence of E3-ligase activity of cPRC1 on BMI1
amount, in endogenous conditions in lung cancer cells, as well as under
pharmacological inhibition, and to validate uH2A as reporter of BMI1
concentration at the single cell level.

Our single cell quantification at both nuclear and sub-nuclear scales
exploited the exquisite sensitivity of confocal fluorescence microscopy
[18-20]. To avoid perturbation of the endogenous protein concentra-
tions, we targeted intracellular BMI1 and uH2A by indirect immuno-
fluorescence (IIF). Immunofluorescence (IF) is a cell imaging technique
that relies on the use of antibodies to label a specific target antigen with
a fluorophore. The antibody that is directed towards the target antigen
is called primary antibody, and in direct IF it is conjugated with a
fluorophore. In IIF the primary antibody is unconjugated and becomes
the target of a secondary, fluorescently labeled, antibody. The ad-
vantage of IIF is the increased achievable sensitivity obtained through
signal amplification from multiple secondary antibodies binding to a
single primary antibody.

Through our approach we were able to visualize, at different spatial
scales, the quantitative relationship between BMI1 and uH2A in cul-
tured A549 cells. A549 cells carry a K-Ras®'?" mutation, frequently
found in NSCLC patients [21], and were demonstrated to represent a
useful cellular model for investigating the role of BMI1 in NSCLC [14].
Our confocal IIF results obtained on A549 cells quantitatively highlight
the strong correlation between BMI1 and uH2A amounts in the whole
nucleus in naive conditions, as well as under pharmacological inhibi-
tion of BMIL. Conversely, uH2A and BMI1 are less correlated at the
submicron resolution scale of the confocal microscope (240-270 nm),
most likely given the highly dynamic E3 ligase activity of cPRC1. Re-
markably, statistically significant uH2A vs. BMI1 correlation was de-
monstrated also in the nuclei of NSCLC tissue cells, with distinguishable
trends between neoplastic epithelial cells and neighboring stromal
areas.

2. Materials and methods

Chemicals (with the exception of antibodies, see below) and sol-
vents were purchased from Sigma-Aldrich Italy (Milan, Italy).

2.1. Primary antibodies

e 8240S Rabbit anti-human Ubiquityl-Histone H2A monoclonal anti-
body (herein referred to as r-huH2A) was purchased from Cell
Signaling Technologies (EuroClone, Milan, Italy).

® 5c-390443 Mouse anti-human BMI1 monoclonal antibody (herein
referred to as m-hBMI1) was purchased from Santa Cruz
Biotechnology (Dallas TX, USA).

® sc-101540 Rat anti-Karyopherin al/6 monoclonal antibody (herein
referred to as R-hImpa) was purchased from Santa Cruz
Biotechnology (Dallas TX, USA).
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2.2. Secondary antibodies

® A32723 Goat anti-mouse IgG AlexaFluor 488 (herein referred to as
m-488) was purchased from Life Technologies Italy (Monza, Italy).

® A11006 Goat anti-Rat IgG AlexaFluor 488 (herein referred to as R-
488) was purchased from Life Technologies Italy (Monza, Italy).

e A31573 Donkey anti-rabbit IgG AlexaFluor 647 (herein referred to
as r-647c) was purchased from Life Technologies Italy (Monza,
Italy).

® 711-605-151 Donkey anti-mouse IgG Cy3 (herein referred to as m-
Cy3) was purchased from Jackson ImmunoResearch (Li-Starfish
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sections were deparaffinized with Xylene and hydrated in graded
ethanol. Antigen retrieval was performed in a pressure cooker for
10min in 10mM citrate buffer pH6.0. Protein blocking with 5%
donkey serum in PBS was applied for 30 min at RT. The sections were
incubated with the primary antibody at 4C° overnight. After washing
with PBS, sections were incubated with the secondary antibody for one
hour at RT. After washing, tissue sections were mounted with Prolong
Gold anti-fade mounting medium.

2.6.1. Antibody dilutions from mother (commercial) solutions

S.r.], Cernusco sul Naviglio, Italy).

IF on cells

IF on tissue

e 711-605-152 Donkey anti-Rabbit IgG AlexaFluor 647 (herein re-

ferred to as r-647t) was purchased from Jackson ImmunoResearch Primary antibodies El ) 3/ 5‘;0 [1.2pg/ml] (n 1/ ZS()’O [1 pg/ml] (in
. . . . BMI PBB PB
(Li-Starfish S.r.1, Cernusco sul Naviglio, Italy). Rohlmpo 3/500 [1.2 pg/ml] (in
PBB)
2.3. Cell culture r-huH2A  1/1600° (in PBB) 1/750% (in PBS)
Secondary antibo-  m-488 1/200 [10 pg/ml] (in
. . . dies PBB)
Adgnocarcmoma human alyeolar })asal epithelial cells (A.549) were 488 1/250 [8 pg/ml] (in PEB)
grown in Roswell Park Memorial Institute (RPMI) 1640 medium (RPMI m-Cy3 1/300 [5 ug/ml] (in
1640, Invitrogen, Carlsbad, CA) supplemented with 10% Fetal Bovine PBS)
Serum (FBS), glutamine (2 mM), 100 U/ml penicillin and 100 mg/ml r-647c 1/250 [8 pg/ml] (in PBB)
r-647t 1/300 [1 pg/ml] (in

streptomycin (Invitrogen). Cells were maintained at 37 °C in a humi-
dified 5% CO, atmosphere. For live imaging, 6-7 x 10* cells were
plated on a 35-mm glass bottom dish (Willco-dish HBST-3512/1.5-
0.005) 24-48h before performing the immunofluorescence experi-
ments.

2.4. Drug treatment

The BMI1 modulator molecule (PTC-209) was provided by PTC
Therapeutics. PTC-209 in DMSO was added at a concentration of
1.5uM for 48h to A549 cells, plated into Willco-dish, before per-
forming the immunofluorescence experiments. Control cells were ex-
posed to 0.5% DMSO for the same amount of time.

2.5. Cell indirect immunofluorescence protocol

A549 cells were washed with phosphate buffer saline 1 x (PBS, 3
times) and then fixed with paraformaldehyde (2% in PBS) for 15 min.
After washing with PBS (3 times), cells were permeabilized with 0.1%
Triton X-100 (in PBS) for 15 min. Cells were then washed with PBS (3
times), 0.5% Bovine Serum Albumin in PBS (PBB, 4 times), and exposed
for 40 min to 2% Bovine Serum Albumin in PBS (BSA 2%). After
washing with PBB (4 times), cells were incubated with the primary

PBS)

@ Concentration was not provided by the manufacturer.

2.7. Confocal fluorescence microscopy

Fluorescence was measured by a confocal Zeiss LSM 880 with
Airyscan (Carl Zeiss, Jena, Germany), supplied with GaAsP detectors
(Gallium:Arsenide:Phosphide). Samples were viewed with a 63X
Apochromat NA = 1.4 oil-immersion objective. We adopted 0.9 x
zoom for imaging multiple cells and tissues (1 pixel = 220 nm), and 4-
6 X zoom to image single A549 nuclei (1 pixel = 30-50 nm).

The pinhole size was set to 44 um, which corresponds to 1 airy unit
(AU) for the green acquisition channel. Pixel dwell time was adjusted to
1.52ps and 512 x 512 pixel images were collected.

Each line of the image was acquired in three channels sequentially
(line mode), and each line was averaged four times to improve sensi-
tivity. Cells were imaged at the focal depth that maximizes the nuclear
section on the image plane.

The acquisition channels were set as follows:

2.8. Single cell image analysis on A549 cells

Acquisition channel

Blue (Hoechst 33342) Green (Alexa488)

Red (Cy3) Far-Red (Alexa647)

A549 cells
Tissue

Aex = 405 Ae = 420-500 nm
Nex = 405 Aem = 420-500 nm -

Nex = 488 Aern = 500-560 nm -

Nex = 640 Aoy = 650-700 nm

Aex = 561 Aem = 570-610 nm Aex = 640 Aem = 650-700 nm

antibody diluted in PBB (for concentrations see below) for 1 h at room
temperature (RT) and 1.5 more hour at 4 °C. Cells were washed with
PBB (4 times), and incubated with the secondary antibody diluted in
PBB (for concentrations see below) for 1 h at RT in the dark. Next, cells
were washed with PBB (4 times), stained with Hoechst 33342 (1 mg/
100 ml in water) for 30 s, and washed with PBS (three times). Cells were
maintained in PBS at 4 °C before imaging no longer than 7 days.

Negative controls were obtained by the same procedure, but incubating
cells with PBB only, instead of a primary antibody solution in PBB.

2.6. Tissue immunofluorescence protocol

Paraffin-embedded tissues were sectioned at 5 um thickness. Tissue

512 x 512 pixel confocal images (Hoechst, Green, and Far-red
channels) were analyzed using ImageJ (NIH), version 1.52e by a
custom-made macro (available upon request) that involved:

a. Gaussian blur of the blue channel image (sigma: 1 pixel).

b. Background subtraction in the blue channel image (rolling ball ra-
dius: 1000 pixels).

c. Thresholding (Method: Huang [22]).

d. Filling holes and watershed separation of the thresholded image.

e. Particle analysis upon the 3 channels using the thresholded image as
mask (command: particle analysis).

f. Detection of internuclear separation by the Nearest Neighbor
Distances  Calculations  plugin  (https://icme.hpc.msstate.edu/
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mediawiki/index.php/Nearest_Neighbor Distances_Calculation_
with_ImageJ)

For each nucleus in the image, the analysis yielded the mean
Hoechst, Alexa488, and Alexa647 fluorescence per pixel (Fy, F4sg, Fo47),
and other morphological parameters of the cell nucleus such as the area
(An), perimeter (Py), and circularity (C, calculated as C = 4:An/Pr).
Then, we calculated the mean Alexa488 and Alexa647 fluorescence per
nucleus of the negative control sample (Figs, Foyy).

To provide the calibration factor between secondary antibody con-
centration and fluorescence (g4gs,g647), We imaged the incubation so-
lution of the secondary antibody with the same confocal setup as cells.
To maximize the similarity between calibration solution and cells, the
incubation solution was added to PFA-fixed A549 pre-stained with
Hoechst and images of the extracellular space filled with the antibody
solution were taken at the same focal depth at which immunostained
cells were imaged.

Finally, for each cell the concentration of BMI1 and uH2A was ob-
tained by:

[BMIl] — (ESS - FA?SS)’ [MHZA] — (F‘647 - F6047)
8uss 8647

Impa concentration was obtained as for BMI1, and also in this case
the green channel was utilized. In all instances, the concentration units
were in tM and we assumed 150,000 D as the molecular weight of the
secondary antibody.

We should note that the above equations assume a 1:1 ratio between
each target protein and the secondary antibody, in absence of any re-
liable information on the stoichiometry of antigen-primary-secondary
recognition complex.

2.9. Single cell image analysis on cells within tissues

512 x 512 pixel confocal images (Hoechst, Orange, and Far-red
channels) of immunostained tissues were analyzed as previously de-
scribed for the A549 cell line. The only difference was represented by
the absence of the concentration quantification step, because of the large
optical difference between the calibration solution containing the sec-
ondary antibodies and the tissue itself.

Thus, the amounts of BMI1 and uH2A were expressed as fluores-
cence counts and calculated according to:

[BMI1] = (Fse1 — F)); [uH2Au] = (Foa7 — Fyy)

2.10. Determination of the confocal resolution on the object plane

The resolution of the confocal microscope on the object (xy) plane
(dyy) was determined by the Fourier Ring Correlation (FRC) Method
[23]. In short, due to diffraction, a microscope behaves as a short-pass
filter with a fixed cutoff frequency: the sample's frequencies beyond the
diffraction limit are not transmitted to the image, and this identifies the
maximum resolution of the system. The FRC measures the degree of
correlation of the two images at different spatial frequencies: at spatial
frequencies below the cutoff, the two images are strongly correlated,
but at spatial frequencies above the cutoff, non- correlated noise rea-
lizations dominate. Thus, we may retrieve the effective cutoff as the
frequency at which the correlation curve drops below a given threshold.
The two independent images can be obtained by registering two se-
quential frames at high zoom, in order to minimize the pixel dimension
and adequately sample spatial frequencies well below the cutoff. Ac-
cordingly, two IIF confocal images were sequentially taken on a set of
A549 cells at zoom 4 X — 6 X (pixel size around 30-50 nm) and each set
of two sequential images were analyzed by the Fourier Ring Correlation
plugin (https://imagej.net/Fourier Ring Correlation_Plugin) of ImageJ
or Fiji (NIH, Bethesda USA), setting the frequency threshold to 1/7
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[23]. We found d,, = 241 = 4nm for the green acquisition channel
and d,, = 274 + 7nm for the far-red acquisition channel. The blue
acquisition channel was not analyzed, as we were not interested in DNA
measurements at confocal resolution. Note that the theoretical resolu-
tions for the green and far-red acquisition channels, as determined by
the Abbe's criterion from the Numeric Aperture of the objective and the
average emission wavelength [24], are d,, = 189nm (green) and
dyy = 241 nm (far-red), respectively.

2.11. Colocalization analysis on A549 cells

Colocalization of the green and far-red images of A549 nuclei ac-
quired at high zoom (4 X -6 X) was quantified by the Pearson's coeffi-
cient R after thresholding and significance test, according to the method
by Costes et al. [25]. Analysis was carried out by the colocalization
threshold and colocalization test routines of Fiji (NIH, Bethesda, USA).

2.12. Statistical data analysis

Statistical analyses and data fitting were carried out by the
GraphPad Prism 7 package (GraphPad Software, San Diego CA, USA).
Linear fitting was carried out by weighting data by 1/Y2, where Y is the
dependent variable (in our case: [uH2A] or fluorescence of uH2A).

3. Results
3.1. Indirect inmunofluorescence on A549 cells

IIF can multiplex detection of different targets by selecting primary
antibodies belonging to orthogonal species, and secondary antibodies
specific for those species. In our experiments, we targeted human BMI1
with a mouse primary IgG, whereas human uH2A was recognized by a
rabbit primary IgG.

To maximize the sensitivity of our IIF analysis, we minimized
fluorescent cross-talk between the two markers to a negligible extent,
by selecting secondary antibodies labeled by fluorophores emitting into
two well-separated spectral regions (Green acquisition channel:
Alexa488, antibody: m-488; far-red acquisition channel: Alexa647,
antibody r-647c). Note that m-488 targeted the mouse primary anti-
body against BMI1; and r-647 targeted the rabbit primary antibody
against uH2A. DNA was stained with a third blue emitter (Blue acqui-
sition channel: Hoechst 33342). This colour combination allowed for a
line-by-line concomitant generation of a confocal image for each ac-
quisition channel. By a segmentation algorithm based on DNA staining,
nuclei were identified and the fluorescence of each acquisition channel
was measured in each pixel.

Upon calibration (see Materials and Methods), the emissions col-
lected in the green and far-red acquisition channels were converted into
the concentrations of m-488 and r-647c, respectively. We assumed a
fixed 1:1 stoichiometric ratio between secondary antibody and antigen,
i.e. we identified the concentrations of BMI1 and uH2A with those of m-
488 and r-647c, respectively. Different stoichiometric ratios are indeed
possible, on account of the signal amplification of IIF. Yet, the gen-
erality of our treatment remained unaffected, since we were interested
in the correlations among protein concentrations rather than in their
absolute values.

3.2. Single-cell analysis of BMI1-uH2A correlation in A549 cells

Five different biological replicates of A549 cell line (n = 732 cells
overall) were maintained in proper culture medium conditions and
subjected to IIF for BMI1 and uH2A, by detecting the fluorescence
through a confocal microscope. In all cells, the fluorescence of BMI1
and uH2A was observed mostly at the nuclear level (Fig. 1), in agree-
ment with previous IIF studies [6,26]. For each cell, the nuclear con-
centrations of both proteins were measured and reported in the uH2A
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vs. BMI1 cell plot (Fig. 2). Qualitatively, the monotonous positive trend
of uH2A with increasing BMI1 expression highlighted the strong cor-
relation between the two proteins. This relationship was quantitatively
demonstrated by the high-value of the Spearman non-parametric cor-
relation test (r = 0.725, p < .0001).

Inspection of the uH2A vs. BMI1 plot afforded further information.
For low to null BMI1 concentration, a minimal residual uH2A pool was
present. Yet, for high BMI1 concentrations, uH2A increased more than
ten-fold with respect to this initial pool (Fig. 2). Data fitting analysis
indicated that a linear model could account for the observed uH2A vs.
BMI1 trend (Fig. 2, x> = 0.889). More complicated biochemical reac-
tion schemes, such as Hill cooperative model, did not improve the chi-
square fitting and were not considered (data not shown).

The strong physiological correlation between BMI1 and uH2A was
further validated by replacing BMI1 with Importin-a (Impa) in IIF on
A549 (n = 300 cells in total). Impa is not involved in the E3-ligase
activity of cPRC1, albeit its localization is predominantly nuclear
(Fig. 3). Plot of uH2A vs. Impa indeed clearly showed the weak cor-
relation between the two proteins (Fig. 4), which was confirmed by the
Spearman non-parametric correlation test (r = 0.394, p < .0001),
strengthening confidence in our approach.
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Fig. 1. Fluorescence nuclear imaging of DNA, BMI1 and uH2A
in A549 cell line by confocal microscopy. (A, D) DNA staining
by Hoechst 33342 (Blue acquisition channel). (B, E) BMI1
staining by immunofluorescence; secondary antibody (m-488)
was labeled with Alexa488 (green acquisition channel). (C, F)
uH2A staining by immunofluorescence; secondary antibody
(r-647¢) labeled with Alexa647 (far-red acquisition channel).
Scale bar for A, B, C: 10 um. Scale bar for D, E, F: 2 um. (For
interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Of note, BMI1 and uH2A concentrations showed a weak correlation
with both nuclear area and circularity (r < 0.2, p < .0001). A similar
weak correlation between nuclear area and BMI1 concentration was
recently described for HEK cells [27]. Finally, no correlation
(0 <r<0.1,p > .1) was found between BMI1 (or uH2A) and the
average internuclear distance, suggesting that in our samples cell
density (confluence: 60-70%) had a negligible role on BMI1 (and
uH2A) expression levels.

3.3. Single-cell analysis of BMI1-uH2A correlation in A549 cells under
PTC-209 treatment

Three different replicates of A549 cells (n = 508 cells) were exposed
for 48h to PTC-209, following the procedure reported in [14]. Addi-
tional cells (n = 770 cells) were treated with DMSO as a control. Upon
PTC-209 treatment, dramatic changes in cell morphologies could be
detected. More specifically, a large fraction (> 70%) of round-shaped
non-adhering cells was visible (Fig. 5). This fraction is most likely as-
sociated to the large percentage of cells arrested in non-dividing state
(Go), as we have previously demonstrated upon PTC-209 treatment
[14].

[uH2A] (uM)

0.0 . , : :

Fig. 2. uH2A vs. BMI1 cell plot from A549 cells. The fluor-
escence associated to the immunorecognition of nuclear BMI1
and uH2A is converted to protein concentrations (see
Materials and Methods) and plotted. Each red open circle
represents a single nucleus. The blue line is the linear fitting
of the dataset. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version
of this article.)

T
0.00 0.05
(BMI1] (uM)

0.10
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Fig. 3. Fluorescence nuclear imaging of DNA, Impa and
uH2A in A549 cell line by confocal microscopy. (A) DNA
staining by Hoechst 33342 (Blue acquisition channel). (B)
Impa staining by immunofluorescence; secondary antibody
(R-488) labeled with Alexa488 (green acquisition channel).
(C) uH2A staining by immunofluorescence; secondary anti-
body (r-647c) labeled with Alexa647 (far-red acquisition
channel). Scale bar: 10 um. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to
the web version of this article.)

Fig. 4. uH2A vs. Impa cell plot from A549 cells. The fluor-
escence associated to the immunorecognition of nuclear Impa
and uH2A is converted to protein concentrations (see
Materials and Methods) and plotted. Each red open circle
represents a single cell. The blue line is the linear fitting of the
dataset. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this
article.)

1.5
o 104
= ]
Z o
S |
o]
= ]
0.5-
5 5 S S S S S N ——
0.2 0.4
[Impa] (uM)

As expected, PTC-209-treated cells showed an overall decrease of
BMI1 expression, however different degrees of BMI1 downregulation
have been observed. In particular, in the round-shaped non-adhering
cells, representing the largest fraction, BMI1 expression was nearly
abolished (Fig. 6, row C and F), whereas it was decreased by 49% in the
remaining adhering cells (Fig. 6, row B and E), as compared to vehicle
treated cells (Fig. 6, row A and D) taken as 100% reference. Re-
markably, the emission of uH2A showed a similar pattern as BMI1 in
both fractions (round-shaped non-adhering and adhering) upon PTC-
209 treatment, as compared to control cells: uH2A was negligible in the
round-shaped not-adhering cells (Fig. 6, row C and F), and adhering
cells displayed on average 70% loss of uH2A (Fig. 6, row B and E). All

these findings are in excellent agreement with the strong

\
A
\
8
~

¢
E—

downregulation of BMI1 by [14] and its downstream effector uH2A
[28]. It is worth noting that many non-adhering cells detached upon the
IIF procedure, reducing the pool of round cells to < 20% in our fluor-
escence images.

Overall, our data indicate that the strong correlation between BMI1
and uH2A concentrations is well maintained even after pharmacolo-
gical downregulation of BMI1 (r = 0.735, p < .0001) in all cells
characterized by non-negligible BMI1 and uH2A concentrations (thus,
mostly adhering cells). The biochemical relationship between the two
biomarkers is clearly demonstrated also in the single cell plot of uH2A
vs. BMI1 concentrations (Fig. 7). Unlike untreated cells, however, this
relationship is not univocal: ~ 40% of the drug-treated cells with non-
negligible BMI1 and uH2A, fit the linear trend of control cells (Fig. 7,

Fig. 5. Transmission images of control and PTC-209-treated A549 cells. The round-shaped non-adhering cells and the adhering cells appear at different focal planes,
although the transmission detection mode can not separate them optically. Scale bars for A, B: 50 pm.
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Fig. 6. Fluorescence nuclear imaging of DNA, BMI1 and uH2A
in control and PTC-209-treated A549 cell line by confocal
microscopy. Left panels: DNA staining by Hoechst 33342.
Middle panels: BMI1 staining by immunofluorescence; sec-
ondary antibody (m-488) was labeled with Alexa488 (green
acquisition channel). Right panels: uH2A staining by im-
munofluorescence; secondary antibody (r-647c) labeled with
Alexa647 (far-red acquisition channel). Rows A,D: control
cells. Rows B,E: PTC-209-treated cells, optical plane corre-
sponding to adherent cells (z = O pum). Rows C,F: PTC-209-
treated cells, optical plane corresponding to round-shaped
non-adherent cells (z = +2.4um). Scale bar for A, B, C:
10 um. Scale bar for D, E, F: 2 um. (For interpretation of the
references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)

black dotted line), while the majority (~60%) shows a linear trend but 3.4. Colocalization analysis of BMI1 and uH2A in A549 cells

with a lower slope (Fig. 7, blue dotted line). In addition, BMI1 down-

regulation did not alter the nuclear area to a significant extent with Similar to previous studies, immunofluorescence images indicated a
respect to control (Median control: 153.5um? Median PTC-209: sub-micron cluster organization of BMI1 in the nucleus (Fig. 1E). These
157.4um?, p = .19, Mann-Whitney Test), while instead reducing the clusters are called polycomb (PcG) bodies and they reveal chromatin
nuclear circularity (Median control: 0.766, Median PTC-209: 0.747, regions of high density [29]. Notably, also nuclear uH2A condenses in
p = .002, Mann-Whitney Test). visible sub-micron structures corresponding to domains of high H2A
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[H2Au] (uM)

Fig. 7. uH2A vs. BMI1 cell plot from control and PTC-treated
A549 cells. The fluorescence associated to the im-
munorecognition of nuclear BMI1 and uH2A is converted to
protein concentrations (see Materials and Methods) and
plotted. Single cell values for control and PTC-209-treated
cells are reported as black and red empty circles, respectively.
The black dotted line represents linear fit to control cells. 40%
of treated cells are comprised between the confidence bands
(black dashed lines) identified by the linear fit to control cells.
60% of treated cells fall below the lower confidence band and
the blue dotted line represents linear fit to these cells. (For
interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

[BMI1] (M)

ubiquitination (Fig. 1F). The cluster organization of two biomolecules
in a cell is particularly suited to investigate their degree of functional
co-localization, i.e. whether their accumulation occurs in a fixed stoi-
chiometric ratio at a spatial scale corresponding to the resolution of the
confocal microscope (240 and 270 nm for the green and far-red emis-
sion wavelengths, respectively: see Materials and Methods section).
Accordingly, we calculated the Pearson's correlation coefficient R be-
tween BMI1 and uH2A on high zoomed confocal images [30]. R
quantifies the degree to which the variability in BMI and uH2A pixel
intensities can be explained with linear relationship between the two
proteins [31]. We found a slightly positive R range (0.02-0.28). Costes'
statistical test on colocalization [32], however, highlighted the poor
significance (p > .05) of these values with respect to random spatial
overlapping of the two markers. Hence, uH2A and BMI1 may indeed co-
occur in the same spatial region of the nucleus, but their stoichiometric
ratio is variable. This may imply that most BMI1 does not accumulate in
regions where uH2A accumulates, i.e. that PcG bodies do not overlap
(in real time) with uH2A foci.

3.5. Single-cell analysis of the BMI1-uH2A correlation in human tissue

The functional relationship between BMI1 and uH2A was tested also
in a tissue context. IIF was carried out on a Non-Small Cell Lung Cancer
(NSCLC) human biopsy analyzing both tumoral and neighboring
stromal regions, identified by our pathology core. In this context, the
Alexa488-labeled secondary antibody was replaced by a Cy3-labeled
analog, on account of the strong autofluorescence of pulmonary tissues
in the green collection channel (500-560 nm) upon 488 nm excitation.
Cy3 can be excited at 561 nm and its fluorescence, which is located in
the 570-610nm range (red acquisition channel, see Materials and
Methods), is weakly affected by tissue autofluorescence, and can
therefore be easily decoupled from that of Alexa647. Differently than
with our IIF on A549, in tissues we did not convert the collected
fluorescence into antigen concentrations, because of the large optical
difference between the calibration solution of the secondary antibodies
and the imaged tissue.

Similarly to A549 cells, confocal images showed that BMI1 has a
prominent cluster arrangement in the nuclei of cells contained within a

Fig. 8. Fluorescence nuclear imaging of DNA, BMI1 and uH2A
in NSCLC tissue by confocal microscopy. (A-C) Tumor regions.
(D-F) Stromal regions. (A, D) DNA staining by Hoechst 33342
(Blue acquisition channel). (B, E) BMI1 staining by immuno-
fluorescence; secondary antibody (m-Cy3) labeled with Cy3
(red acquisition channel); note that fluorescence has been
displayed in a green colour scale for consistency with
Fig. 1B,E. (C, F) uH2A staining by immunofluorescence; sec-
ondary antibody (r-647 t) labeled with Alexa647 (far-red ac-
quisition channel). Scale bar: 10 pm. (For interpretation of the
references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)
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tissue structure (Fig. 8). The nuclear pattern of uH2A instead became
smoother, possibly due to some resolution loss in the far-red tissue
when optically heterogeneous tissue specimens are imaged.

At first, we compared the tumor with stromal regions to obtain a
quantification of their morphological differences (Table 1). We found
that tumor cells have more than two-fold the area of stromal cells; and
that stromal cells are in general much more elongated, as quantifiable
by the lower detected circularity. These features are in agreement with
the recognized morphometric properties of stromal and transformed
epithelial cells, and allow for their fast identification in the sample
[33].

Next, we focused on the BMI and uH2A quantification in the two
cellular subgroups. As expected, given its oncogenic nature, BMI1 was
found to be almost two-fold more concentrated in tumor than in stromal
cell nuclei (Table 1). A similar trend was noted for uH2A, although not
in the same proportion as BMI1 (30% increase in neoplastic with re-
spect to stromal regions). Remarkably, we found that BMI1 and uH2A
are moderately correlated in tumor cells (r = 0.424, p < .0001), as
compared to that in the A549 cell line. This moderate correlation is
likely caused by the much higher cellular heterogeneity within the
tumor milieu, which contains cells that are in different stages of dif-
ferentiation and cell cycle progression. Such complex tissue intrinsic
variability favors more variable ratios of uH2A vs. BMI1 concentrations,
as compared to what is observed in the more homogeneous A549 cell
line (Fig. 9A). An even stronger heterogeneity was observed in the
tumor-associated stroma, where a fraction (< 10%) of cells was ob-
served almost devoid of uH2A (Fig. 9B). Yet, most (90%) stromal cells
mapped onto an almost linear uH2A vs. BMI1 trend, which is steeper
compared to the neoplastic set. Overall, these findings highlight the
strong biochemical relationship between uH2A and BMI1 also in NSCLC
tissue context, although its features are critically dependent on the cell
type.

Similarly to that observed in A549 cells, poor or no correlation
(0 < r < 0.1) was found between nuclear area, circularity or inter-
nuclear distance and BMI1.

4. Discussion

In the last few years, a rich scientific literature highlighted the role
of PCGF4, better known as BMI1, in promoting the E3-ligase activity on
Lys119 of Histone 2A by the canonical Polycomb Repressor Complex 1
(cPRC1) in mammals [8,11]. Ubiquitination of H2A (uH2A) belongs to
those post-translational modifications of histone proteins with a major
role in the repression of gene transcription by chromatin remodeling.
Accordingly, BMI1 was early identified as a protein involved in tran-
scription regulation pathways leading to cell differentiation, senes-
cence, and tumor [12]. In NSCLC the expression of BMI1 has a clear
prognostic value [14], suggesting pivotal roles for BMI1-assisted chro-
matin remodeling in NSCLC.

Interestingly, this composite puzzle has been composed over the
years mostly by means of classical ex-vivo biochemical methods.
Nonetheless, the spatial and temporal features of biochemical processes
in vivo are increasingly recognized as quintessential to understanding
the mechanisms of biological regulation [17]. This knowledge has been
fueled by modern microscopy techniques that allow imaging biomole-
cules and their interactions at spatial scales, ranging from single cells
down to single molecules, and at temporal scales spanning from hours
down to a few microseconds.

Adopting this perspective, we set out to answer a very basic ques-
tion: can the relationship between BMI1 and uH2A at different spatial
scales at the single cell level be visualized? On account of its novelty,
we anticipated that the answer to such a question could help to eluci-
date subtle features of the BMI-promoted E3-ligase activity of cPRC1.
This also prompted us to assess how BMI1 downregulation could affect
the physiological relationship between BMI1 and uH2A, taking ad-
vantage of the PTC-209 compound, a strong BMI1 downregulator [14].
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To this aim, we used a sensitive indirect immunofluorescence pro-
tocol conjugated to confocal fluorescence microscopy. This enabled the
quantitative imaging of endogenous BMI1 and uH2A at the level of a
single nucleus, as well as at the spatial resolution of 240-270 nm, af-
forded by confocal microscopy. The majority of our experiments was
carried out on A549 cells, a widely used cell line adopted for NSCLC
studies. The strong quantitative correlation of nuclear BMI1 and uH2A
concentrations (Fig. 2) clearly indicated that the biochemical connec-
tion between the two proteins could indeed be visualized at the single
nucleus level. The biochemical meaning of the strong statistical corre-
lation between BMI1 and uH2A was benchmarked by a similar analysis
on the nuclear proteins Importin-a and uH2A (Fig. 4), which do not
possess any direct biochemical connection.

Notably, we observed almost linear relationships between the BMI1
and uH2A nuclear concentrations with detectable graphical intercept at
zero BMI1 concentration. Two main implications arise from these re-
sults: first, since each cPRC1 complex accommodates only one BMI1
protein at any given time [34], the linear dependence can be rationa-
lized by a direct proportionality between the nuclear BMI1 concentration
and the number of nuclear cPRC1 complexes, under the reasonable hy-
pothesis of a constant BMI1 activity in promoting the E3-ligase activity
of each cPRC1. Therefore, regulation of BMI1 expression has a linear
effect onto H2A ubiquitination and, in turn, on uH2A-assisted tran-
scription regulation; second, the non-zero intercept may suggest that a
minimal uH2A pool exists also at negligible concentrations of BMI1,
possibly on account of a residual E3-ligase activity due to variant PRC1
complexes [8]. Further experiments are needed to prove such this hy-
pothesis. However, the large uH2A amplification observed following
BMI1 increase (up to fifteen-fold the average uH2A pool observed in
absence of BMI1) highlights the pivotal role of BMI1 in promoting
ubiquitination of H2A. Since BMI1 appears to participate only in the
canonical PRC1 complex, we showed the predominant E3-ligase ac-
tivity of cPRC1 with respect to variant PRC1 complexes in A549 cells.
Interestingly, a very recent paper shows that this role is taken up by
variant PRC1 complexes in mouse Embryonic Stem Cells (ESCs), where
cPRC1 contributes little to uH2A formation [35], underlying potential
differences between embryonic and adult biochemistries regarding the
role of cPRC1 in defining the chromatin landscape during cellular
processes such as lineage commitment, as a potential example.

Upon treatment of lung cancer cells (A549) with PTC-209 the BMI1
concentration was strongly decreased as expected, and it was followed
by a concomitant decrease of uH2A, therefore providing evidence that
the biochemical association between BMI1 and uH2A at nuclear level is
strongly maintained. This finding correlates with the reported down-
regulation of Bmil by PTC-209 [15]. Notably, when treating A549 cells
with PTC-209, in non-adhering cells (the major pool) the two markers
were decreased to negligible concentrations. In the adhering cells (the
minor pool), higher concentrations of BMI1 and uH2A were still de-
tected (albeit strongly reduced with respect to control levels) (Fig. 7).
About 40% of these cells followed a linear uH2A vs BMI1 relationship
similar to that observed for untreated cells. The other 60% instead
showed a linear uH2A vs BMI1 relationship with lower slope as com-
pared to control. This suggests that the lower H2A ubiquitination in
treated cells may be attributed to either a lower number of active
cPRC1 complexes that are formed due to the reduction of BMI1 pool, or
to a reduction of the E3-ligase activity of cPRC1. Overall, our results
demonstrated the remarkable ability of PTC-209 to downregulate both

Table 1
Typical parameters of cell nuclei in neoplastic and stromal regions within
NSCLC tissue. Average value =+ standard error are reported for each parameter.

Cell type BMI1 (a.u.) uH2A (a.u.) Nuclear area (um?) Circularity
Tumor 7.52 + 0.06 116 + 1 47.5 + 0.8 0.73 + 0.10
Stromal 4.50 = 0.08 90 = 1 19.3 = 0.3 0.66 += 0.14
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Fig. 9. uH2A vs. BMI1 cell plots from NSCLC tissue. (A) The fluorescence associated to uH2Au is plotted vs. that of BMI1 for tumor cells. (B) Same as in (A) but for
stromal cells. In both cases the blue lines are the linear fitting of the data for which uH2A fluorescence is not negligible. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

BMI1 expression and the ubiquitinating efficiency of Polycomb Com-
plexes.

The degree of correlation between BMI1 and uH2A at the spatial
resolution of 240-270 nm typical of our confocal microscope was in-
vestigated by computing the Pearson's coefficient of fluorescence co-
localization R. Formally, a non-zero R with statistical significance de-
monstrates some degree of constant stoichiometry between the two
proteins at the spatial resolution of the confocal apparatus, which in
turns implies molecular interaction between the two proteins. At the
confocal spatial resolution, the organization of BMI1 and uH2A into
sub-micron clusters is easily discerned in our fluorescence images
(Fig. 1D-F). The observed BMI1 clusters are referred to as Polycomb
bodies (PcG bodies) and were identified as nuclear domains enriched in
separated heterochromatin fascicles [29]. The nature of the uH2A
clusters is much more elusive: they are more abundant in transformed
cells and do not colocalize with other known nuclear bodies with the
exception of a minor fraction of Proliferating Nuclear Cellular Antigen

10

(PCNA)/cyclin foci [6]. Notably, we could not detect statistically sig-
nificant positive R values between BMI1 and uH2A, suggesting that
most BMI1 and uH2A do not assemble spatially in fixed stoichiometric
ratios. This implies that the PcG bodies have a poor functional colo-
calization with the uH2A clusters. This puzzling scenario may be re-
conciled by the observed correlation of the two proteins at the whole
nuclear level, by assuming a dynamic E3 ligase activity of BMI1-con-
taining cPRC1. In this view, cPRC1 assembles onto the target chromatin
region, ubiquitinates H2A, and then moves on to other nuclear locations
to start out the process again. At each point in time, the number of
active cPRC1 complexes is linearly dependent upon the BMI1 con-
centration, as also demonstrated upon BMI1 depletion by PTC-209. This
picture adds to the recent discovery of a PcG formation mechanism and
subsequent chromatin silencing that does not necessarily involve H2A
ubiquitination by cPRC1. In fact, components of the polyhomeotic (Ph)
protein family located within PRC1 possess a Sterile Alpha Motif (SAM)
that promotes cPRC1 oligomerization onto chromatin to yield PcG
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clusters of different size [36,37].

Next, we moved to visualize the functional correlation of BMI1 and
uH2A in clinical NSCLC tissue, focusing our attention on tumor and
neighboring stromal cell regions (Fig. 5). From a morphological point of
view, epithelial tumor cells possess larger and more circular nuclei as
compared to fibroblasts and other components of the stroma. Accord-
ingly, neoplastic and stromal regions are easily recognized in the
sample and can be imaged separately. On average, tumor cells were
characterized by significantly higher BMI1 and uH2A concentrations
(Table 1), raising the question whether the cell type has any influence
on the relationship between the two proteins. Despite greater hetero-
geneity if compared to that in A549 cells, in situ tumor cells were once
again characterized by a statistically significant correlation between
BMI1 and uH2A at the single nuclear level. We demonstrated that the
functional correlation between BMI1 and uH2A could still be visualized
in a complex and highly heterogeneous stromal environment, showing
that such cells split into: i) a larger pool (> 90%) in which a significant
protein-protein correlation was visible; and ii) a minor pool (< 10%)
characterized by almost no uH2A (Fig. 7). As a technical note, the
variability of the tissue optical properties prevented the colocalization
analysis. These findings are consistent with the highly heterogeneous
nature of tumor-associated stromas, which requires more in-depth
molecular investigation to comprehend how they differ and how they
contribute to sustaining tumorigenicity.

Finally, for both A549 cells and tissue tumor cells we found a weak
to almost null correlation between both the BMI1 and uH2A nuclear
concentrations with morphological features such as nuclear area, cir-
cularity, and internuclear distance. The latter property assesses the
independence of BMI1 and uH2A expression levels on the local cell
density (confluence: 60-70%), therefore also highlighting the unbiased
cell sampling adopted in our study. In addition, our findings suggest a
weak interaction of BMI1 with the molecular factors that determine
nuclear shape and size. BMI1 downregulation did not change this pat-
tern, however it induced a statistically significant reduction in the
circularity of cell nuclei.

5. Conclusions

In this work we answered positively the question whether the
functional relationship between BMI1 and uH2A can be visualized in
cell nuclei, at the single cell level, thereby unveiling some subtle bio-
chemical features that are critically dependent on the spatial scale. This
was accomplished by an indirect immunofluorescence protocol im-
plemented using a confocal microscope. Experiments were carried out
on both the NSCLC cell line (A549) and NSCLC tissue, on account of the
recognized pivotal role of BMI1 in several types of cancer, including
NSCLC.

In A549 cells we observed a linear dependence of the uH2A con-
centration upon BMI1 expression at the single nucleus level. This re-
lationship is lost at submicron spatial scales comparable with those of
the BMI1 and uH2A clusters that populate the nucleus. These findings
have profound biochemical implications since they reveal that: 1) at the
nuclear level, the association of BMI1 to cPRC1, which is needed to
trigger H2A ubiquitination, occurs linearly in the physiological BMI1
concentration range; 2) in the NSCLC cell line model utilized, a minor
pool of uH2A may exist in absence of BMI1, indicating non-exclusive,
although predominant, role of BMI1 in the amplification of the E3-li-
gase activity of cPRC1; 3) Polycomb bodies and uH2A clusters display
poor (if any) colocalization, suggesting a dynamic ubiquitination model
of cPRC1. PTC-209, a strong downregulator of BMI1, was shown to lead
to a strong reduction of both BMI1 and uH2A by combining a pure
stoichiometric mechanism (lower BMI1 expression and therefore less
uH2A) with a subtler reduction of global cPRC1 activity. Both pathways
are fully consistent with our dynamic view of H2A ubiquitination by
cPRCLI.

A significant quantitative correlation between BMI1 and uH2A was
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found also in tissue cells, although it was slightly reduced with respect
to A549 cell lines, given the tissue cellular heterogeneity (tumor vs.
stroma), and high heterogeneity also within tumor and stroma cells.
Besides highlighting the relationship between BMI1 and uH2A in dif-
ferent contexts, these results also validate the use of uH2A as down-
stream “reporter” of BMI1 activity at the nuclear level.

Starting from these results, further investigations on the temporal
dynamics of BMI-promoted E3 ligase activity in living cells are ongoing.
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