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Current models of gene expression, which are based on single-molecule localization microscopy, acknowledge
protein clustering and the formation of transcriptional condensates as a driving force of gene expression.
However, these models largely omit the role of nuclear lipids and amongst them nuclear phosphatidylinositol
phosphates (PIPs) in particular. Moreover, the precise distribution of nuclear PIPs in the functional sub-nuclear
domains remains elusive. The direct stochastic optical reconstruction microscopy (dASTORM) provides an un-
precedented resolution in biological imaging. Therefore, its use for imaging in the densely crowded cell nucleus
is desired but also challenging. Here we present a dual-color dSTORM imaging and image analysis of nuclear PI
(4,5)P2, PI(3,4)P2 and PI(4)P distribution while preserving the context of nuclear architecture. In the nucleo-
plasm, PI(4,5)P2 and PI(3,4)P2 co-pattern in close proximity with the subset of RNA polymerase II foci. P1(4,5)P2
is surrounded by fibrillarin in the nucleoli and all three PIPs are dispersed within the matrix formed by the
nuclear speckle protein SON. PI(4,5)P2 is the most abundant nuclear PIP, while PI(4)P is a precursor for the
biosynthesis of PI(4,5)P2 and PI(3,4)P2. Therefore, our data are relevant for the understanding the roles of
nuclear PIPs and provide further evidence for the model in which nuclear PIPs represent a localization signal for
the formation of lipo-ribonucleoprotein hubs in the nucleus. The discussed experimental pipeline is applicable for
further functional studies on the role of other nuclear PIPs in the regulation of gene expression and beyond.

bind PIPs [6,7]. Moreover, nuclear PIPs, such as phosphatidylinositol
4,5-bisphosphate (P1(4,5)P2), regulate the enzymatic activity of nuclear
proteins [8-13]. The nuclear PIP pool is largely independent of the PIP

1. Introduction

The eukaryotic cell is functionally compartmentalized into

membrane-bound and membrane-less compartments. The eukaryotic
nucleus is surrounded by the nuclear envelope, but the nuclear interior
is membrane-less and displays a very complex functional architecture
established and maintained by interactions between nucleic acids, pro-
teins and lipids. Phosphatidylinositol phosphates (PIPs) control a wide
range of biological processes from the plasma membrane to the nucleus
[1,2]. Nuclear PIPs are found in addition to the nuclear envelope also in
the nuclear interior where they are integral parts of membrane-less sub-
compartments [3-5]. Numerous nuclear proteins have the capacity to

metabolism in the cytoplasm [1,14-16]. The inositol ring of PIPs can be
reversibly phosphorylated at 3/, 4, and 5 positions generating 7
different phosphorylated species. Phosphatidylinositol 4-phosphate (PI
(4)P) is phosphorylated either at position 3’ by enzyme PI3KCa [17] or
at position 4’ by enzymes PIP5KIa and PIP5KIy_i4 [9,18] to produce
phosphatidylinositol 3,4-bisphosphate (PI(3,4)P2) or PI(4,5)P2, resp.
Detergent-resistant nuclear PI(4)P and PI(4,5)P2 has been previously
localized to the nuclear speckles, nucleoplasm and nucleoli by electron,
conventional light and super-resolution microscopy [8,10,19-23].
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Nuclear localization of PI(3,4)P2 has been previously reported [24,25]
but the information about its sub-nuclear localization is missing. Inter-
estingly, enzymes involved in the biosynthesis of PI(3,4)P2 and PI(4,5)
P2 from PI(4)P, such as above mentioned PI3KCa, PIP5KIa and
PIP5KIy_i4 localize to the nuclear speckles [3,20,26], suggesting the role
of nuclear speckles in the nuclear PIP metabolism.

Nuclear speckles, earlier referred to as interchromatin granule clus-
ters [27], are nuclear sub-compartments enriched in the pre-mRNA
splicing factors (SFs), such as SC35, small nuclear ribonucleoprotein
particles (snRNPs) and poly(A)™ RNAs [28-32]. Nuclear speckles were
originally considered to be structural domains or storage sites for SFs.
However, it is becoming increasingly evident that nuclear speckles are
not just passive storage sites and the concept of a nuclear speckle pe-
riphery as a hub of active gene expression gains attention [33,34]. In line
with this is the evidence that RNA polymerase II (RNAPII) was localized
to the nuclear speckle periphery [35]. Nuclear speckles display a
multilayered organization with SON, a scaffolding protein for pre-mRNA
processing factors [36-38] and spliceosome associated factor SRRM2 at
their core and RNAs at their periphery [39,40]. Additionally, nuclear
speckles contain PI(4)P [19] and PI(4,5)P2, which has been suggested to
directly or indirectly regulate the pre-mRNA splicing [7,20]. The shape
of nuclear speckles reflects the transcriptional activity [34,41] and PI
(4,5)P2 organization dynamically correlates with the nuclear speckle
morphology [26]. Nevertheless, the role of PI(4,5)P2 and other PIPs,
such as PI(4)P and PI(3,4)P2, in the nuclear speckles remain elusive.
Therefore, here we quantitatively analyzed the nanoscale distribution of
PI(4,5)P2, PI(3,4)P2 and PI(4)P with respect to the nuclear speckle
marker SON.

An active cross-talk between nuclear speckles and nucleoplasm is in
agreement with nuclear speckles being reservoirs of SFs as well as the
places of active nuclear processes [42]. It has been suggested that an
unknown nucleoplasmic body, independent of but related to the speckle
periphery, represents a novel site of the regulation of gene expression
[33]. PI(4,5)P2 has been earlier shown to localize with RNAPII in
addition to the nuclear speckle markers [20]. We have shown that
nucleoplasmic PI(4,5)P2 forms 40-100 nm foci that associate with the
RNAPII transcription machinery [22]. We hypothesize that those
nucleoplasmic PI(4,5)P2 foci serve as structural platforms, which facil-
itate the formation of RNAPII transcription factories and thereby par-
ticipates in the formation of nuclear architecture competent for gene
expression [5]. Therefore, here we analyzed in detail the spatial rela-
tionship of PI(4,5)P2 with RNAPII and extended our analyses also to PI
(3,4)P2 and PI(4)P.

The nucleolus is the site of rRNA production and ribosomal subunits
assembly and nucleolar architecture reflects its function [43,44]. The
nucleolar fibrillar center (FC) is surrounded by the dense fibrillar
component (DFC) and at the outer nucleolar layer is the granular
component (GC). Synthesis of rRNA occurs at the FC/DFC border, the
rRNA processing occurs sequentially at the DFC and GC. The latter is a
site of ribosomal subunits assembly. During mitosis GC dissolves but
components of FC and DFC, such as fibrillarin (Fib), concentrate into
dozens of small droplets that fuse together in a process initiated by rDNA
transcription to form functionally compartmentalized interphase
nucleolus [45-47]. Nucleolar PI(4,5)P2 interacts with several proteins
involved in the rDNA transcription, including UBF and Fib [10,11]. Fib
is rRNA 2/-O-methyltransferase that localizes to the DFC [48]. Fib has
also a ribonuclease activity, which is modulated by PI(4,5)P2 [8].
Therefore, we quantitatively characterized the spatial relationship be-
tween PI(4,5)P2 and Fib in nucleoli.

The eukaryotic nucleus has a very dense interior comprised of the
viscoelastic polymer matrix. Therefore, due to the close packing, it is
difficult to visualize its individual components with classical diffraction-
limited light microscopy. Single-molecule localization microscopy
(SMLM), such as direct stochastic optical reconstruction microscopy
(dSTORM) [49,50] allows for the stochastic control in time of the
emission of fluorophores. Therefore, due to the ability to resolve at
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nanoscale individual biomolecules, it provides the best imaging solution
for dense and crowded environments such as cell nucleus [51-54].
SMLM methods provide also a new paradigm for the quantitative anal-
ysis of the relative nanoscale organization characterized by the spatial
relationships between molecules. Co-localization can be thought of in
the terms of correlation and co-occurrence [55,56]. The former repre-
sents a proportional co-distribution of two probes. The latter is the
simple spatial overlap of the signals of two probes. The question of
whether two probes co-distribute with each other can be answered at the
level of individual molecules by coordinate-based co-localization, which
allows to quantitatively assess the spatial relationship between two
probes based on the nearest neighbor distances (NNDs) [57,58]. Alter-
natively, Coloc-Tesseler (CT) is a parameter-free co-localization analysis
method based on the normalized Voronoi polygons surrounding indi-
vidual molecules [59]. CT enables the quantitative evaluation of the
spatial relationship between overlapping Voronoi polygons by
Spearman and Manders coefficients. Spearman rank correlation coeffi-
cient is a non-parametric (non-linear) correlation coefficient robust
against the outliers and indicates the correlation (not co-localization or
overlap) between the two values. Manders coefficient quantitatively
characterizes the level of overlap between the Voronoi polygons in two
channels.

The aim of our study was to reveal for the first time the spatial or-
ganization of nuclear PIPs within individual nuclear sub-compartments
and to quantitatively characterize the spatial relationship of the
immunolabeled nuclear PI(4,5)P2, PI(3,4)P2 and PI(4)P with the nu-
clear speckle marker SON, with RNAPII and with nucleolar Fib. We
quantitatively compare various analytical approaches and discuss their
outcomes for the respective PIPs, within and between individual nuclear
sub-compartments.

2. Material and methods
2.1. Cell culture

U-2 OS cells were grown in DMEM with 10% FBS at 37 °C and 5%
CO,. Cells were plated one day before staining in ~50% confluence on
the high-precision 12 mm round coverslips treated with Hellmanex,
sonicated, washed, dried and sterilized. U-2 OS cells stably expressing
fibrillarin with SNAP-tag (Fib-SNAP) were described earlier [8].

2.2. Indirect immunofluorescence labeling

The cells were washed twice with PBS (pH 7.4) and fixed for 30 min
in 2% PFA in PBS, washed 3-times for 5 min with PBS, then per-
meabilized in 0.1% Triton X-100 in PBS for 20 min, washed 3-times for
5 min by PBS and blocked in filtered 5% BSA in PBS for 30 min. Cells
were incubated for 45 min with primary antibodies diluted in 5% BSA in
PBS, washed 3-times for 5 min in PBS and incubated for 30 min with
secondary antibodies diluted in 5% BSA in PBS. Then the cells were
washed 3-times for 5 min in PBS, post-fixed for 15 min in 2% PFA in PBS
and washed 3-times for 5 min in PBS. All procedures were performed at
RT and the cells were stored in PBS.

2.3. Antibodies

Following primary antibodies and concentrations were used: mouse
ascites IgM anti-PI(4,5)P2 2C11 (Z-A045; Echelon Biosci. Inc., USA) 5
pg/mL; mouse monoclonal IgG2 anti-PI(3,4)P2 (Z-P034; Echelon Biosci.
Inc., USA) 5 pg/mL; mouse ascites IgM anti-PI(4)P (Z-P004; Echelon
Biosci. Inc., USA) 5 pg/mL; rabbit polyclonal IgG anti-SON (ab121759;
Abcam, UK) 1 pg/mL; rabbit polyclonal IgG anti-RNAPII CTD
(ab210527; Abcam, UK) 3 pg/mL. Following secondary antibodies and
concentrations were used: goat anti-mouse IgM (p-chain) AF555
(A24126; Jackson ImmunoRes., UK) 10 pg/mL; goat anti-rabbit IgG
AF647 (A21245; Invitrogen) 10 pg/mL.
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2.4. SNAP labeling

Living U-2 OS cells stably expressing Fib-SNAP were incubated with
500 nM SNAP-Cell® SiR-647 (S9102S; New England BioLabs Inc., USA)
in FluoroBrite DMEM (ThermoFisher) without serum for 45 min, washed
3-times with PBS, incubated for 45 min in FluoroBrite DMEM and
washed 3-times with PBS before fixation and immunofluorescence la-
beling as described above.

2.5. dSTORM

Coverslips with cells were mounted in the Chamlide chamber (Live
Cell Instrument, Korea) and covered with imaging buffer (PBS pH 7.4,
50 mM MEA). Single-molecule localizations (SMLs) data were acquired
by Zeiss Elyra PS.1 equipped with HR Diode 642-150 and HR DPSS 561-
200 lasers, Alpha Plan-Apochromat 100x/1.46 oil DIC M27 Elyra
objective and Andor EM CCD iXon DU 897 camera and ZEN Black 2.1
SP3 software (Zeiss). AF647 and AF555 photo-switching was achieved
by HiLo illumination and TIRF HP FOV with 100% power of 642 nm or
561 nm laser, and the signal was acquired via MBS 642 + EF LP 655 and
MBS 561 + EF BP 570-620/LP 750 filters, respectively. Exposure time
was 40 ms and EM gain was 300 for both channels.

2.6. Single-molecule localizations

SMLs were calculated in 2D by ZEN Black 2.1 SP3 software (Zeiss)
using x,y 2D Gauss fit with point spread function (PSF) half width 177.9
nm, peak mask size 9 pixels and peak intensity to noise 6 and accounted
for overlap in 2D with max cluster size 10. SMLs were rendered in ZEN
software with 10 nm/px resolution and 1x PSF expansion factor. The
data were model-based drift corrected in ZEN. Two channels were
aligned with the affine fit and localization coordinates were exported as
text files. Text files were converted into csv files and imported using self-
written macro into the ImageJ2 [60] plug-in ThunderSTORM and
visualized by normalized Gaussian method [61]. Random rotated lo-
calizations and images were created by swapping x and y coordinates
[56]. Localization precision was measured by ZEN software.

2.7. Generator of simulated data

Randomly distributed SMLs were generated using ThunderSTORM
ImageJ2 plug-in with respect to the number of frames, areas and mo-
lecular densities of the real data. Other parameters of the simulator were
kept default.

2.8. Nearest neighbor analysis

Nearest neighbor distances (NNDs) were calculated in Thunder-
STORM using self-written macro, radius step 50 nm and step count 10.
Results were imported into Excel, normalized by the number of locali-
zations in each acquisition and displayed as the normalized distributions
of NNDs with error bars representing SEM. Mode (peak) NNDs and the
fraction of the NNDs at the mode NND were calculated from the distri-
butions in Excel (Microsoft). The data were statistically evaluated and
the Tukey whisker graphs were created in Prism (GraphPad).

2.9. Voronoi tessellation

Localization data were imported in Coloc-Tesseler [59] as csv files
and Spearman and Manders coefficients were calculated. Results were
statistically evaluated and the Tukey whisker graphs were prepared in
Prism (GraphPad).

2.10. Cross-correlation analysis

Tiff images were rendered from SMLM data using ThunderSTORM
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and analyzed by MatLab (MathWorks) R2019a function xcorr2. The
results were normalized between 0 and 1 and displayed as color-coded
intensities.

2.11. Statistics

Statistical comparison was done in Prism (GraphPad) using paired,
one-tailed (NND analyses) or two-tailed (CT analyses) t-test for the
normally distributed data tested by Kolmogorov-Smirnov test. Statistical
significance was expressed as follows: *P < 0.05; **P < 0.01; ***P <
0.005.

3. Results
3.1. Nanoscale visualization of nuclear PI(4,5)P2

We used dSTORM to resolve with nanometer precision the spatial
organization of nuclear PI(4,5)P2. First we immunolabeled nuclear PI
(4,5)P2 with the primary antibody 2C11 and two secondary antibodies
conjugated with Alexa Fluor (AF) 555 and AF647 (P1(4,5)P2-AF555 and
PI(4,5)P2-AF647, resp.) (Fig. 1A-C). The specificity of anti-PI(4,5)P2
antibody 2C11 was previously validated and it reliably detects nuclear
PI(4,5)P2 [15,20,22,24]. We used two different secondary antibodies
against one primary antibody to experimentally find the ideal degree of
the co-patterning between the two channels. We compared the real data
either with the single-molecule localizations (SMLs) randomized by
rotation (rand. rotated) according to Dunn et al. [56] (Fig. 1D) or with
the SMLs randomly generated (rand. generated) (Fig. 1E) by Thunder-
STORM [61] plug-in of ImageJ2 [60]. This allowed us to assess by two
independent methods if the co-patterning of the two probes is non-
random. We localized PI(4,5)P2-AF555 and PI(4,5)P2-AF647 with the
precision 18.6 + 1 nm and 22.4 £+ 0.7 nm, resp., and from the SML data,
we first calculated using ThunderSTORM the NNDs between PI(4,5)P2-
AF555 and PI(4,5)P2-AF647. Then, we normalized the number of lo-
calizations at individual NND bins by the total number of localizations
and plotted the results as the normalized distributions of NND (Fig. 1F).
From the normalized NND distributions we calculated the mode (most
frequent) NND and the fraction of the NND at mode NND. The mode of
the real NND was 6.3 &+ 0.5 nm, which was increased ~40% (P < 0.005;
N = 6) for rand. rotated SMLs to 8.8 + 0.9 nm and ~120% increased (P
< 0.005; N = 6) to 14 & 1.7 nm for rand. generated SMLs (Fig. 1G). The
fraction of the real NND at the mode NND was 5.8 + 0.6%, which was
~43% decreased (P < 0.005; N = 6) for rand. rotated SMLs and ~19%
decreased (P < 0.005; N = 6) for rand. generated SMLs (Fig. 1H). For the
in-cellulo visualization of the spatial organization of nuclear PIPs, we
developed a visualization tool that enables color-coding of the pixels
according to the pair-wise NND of the SMLs in one channel with the
respect to SMLs in the second channel. Fig. 11 shows the in-cellulo map in
which the pixels are color-coded according to NND of the PI(4,5)P2-
AF555 to PI(4,5)P2-AF647 in the real image. In contrast, Fig. 1J and K
illustrate the increased NND in the rand. rotated and rand. generated
images, resp.

In addition to the NND analysis, we evaluated the co-patterning of PI
(4,5)P2-AF555 with PI(4,5)P2-AF647 by Spearman rank correlation and
Manders overlap coefficients calculated by CT [59]. Spearman and
Manders coefficients characterize the level of correlation and overlap,
resp., on the scale from —1 (anti-correlation or inverse overlap) through
0 (no correlation or no overlap) to 1 (maximal correlation or maximal
overlap) between the Voronoi polygons in two channels. Spearman
correlation coefficient of the real data was 0.57 + 0.03 and it was
reduced ~8-fold (P < 0.001; N = 6) for rand. rotated to 0.07 & 0.02 and
more than 70-fold (P < 0.001; N = 6) for rand. generated to —0.008 +
0.006 (Fig. 1L). Manders overlap coefficient of the real data was 0.54 +
0.06 and it was reduced ~2.5-fold (P < 0.005; N = 6) for rand. rotated to
0.15 £ 0.02 and ~11-fold (P < 0.005; N = 6) for rand. generated to 0.05
=+ 0.01 (Fig. 1M). Spearman and Manders coefficients were affected by
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Fig. 1. dSTORM imaging and distribution analysis of the nuclear PI(4,5)P2. Nuclear PI(4,5)P2 indirectly immunolabeled with AF555 (A) and AF647 (B), imaged by
dSTORM and visualized as normalized Gaussian fit of the point spread function into the individual localizations; merged image (C) and zoom-in to the boxed regions
of a nuclear speckle (Sp), nucleoplasm (Np) and nucleolus (Nu). Merged image of PI(4,5)P2-AF555 and PI(4,5)P2-AF647 randomized by rotation (D) or by generating
randomly distributed PI(4,5)P2-AF647 signal (E). (F) Normalized distribution of the NND between PI(4,5)P2-AF555 and real (PI1(4,5)P2-PI(4,5)P2), randomized by
rotation (Rand. Rotated) or randomly generated (Rand. Generated) PI(4,5)P2-AF647 localizations. The most frequent (Mode) NND (G) and their fraction (H),
Spearman rank correlation (L) and Manders overlap (M) coefficients between PI(4,5)P2-PI(4,5)P2, Rand. Rotated and Rand. Generated data. Color-coded pixel maps
of the real (I), Rand. Rotated (J) and Rand. Generated (K) PI(4,5)P2-AF555 to PI(4,5)P2-AF647 NNDs with the legend for I-K in I. Cross-correlation (CC) intensities of
the real (N) Rand. Rotated (O) and Rand. Generated (P) PI1(4,5)P2-AF555 and PI(4,5)P2-AF647. The calibration bar shows the relative level of CC. Scale bars = 5 pm;
1 pm in zoom-in images and 50 nm in the CC.
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the randomization to a greater extent than the mode NND or the fraction
of the NND at mode NND. Rand. generated data displayed a much
greater reduction of Spearman and Manders coefficients than the rand.
rotated data compared to the real data.

A cross-correlation (CC) is a measure of similarity of two series as a
function of the displacement of one series relative to the other. It enables
to find the regions in which two images most resemble each other. We
performed CC analysis of the representative real (Fig. 1N), rand. rotated
(Fig. 10) and rand. generated (Fig. 1P) images and displayed the results
as the spatial distribution maps showing the color-coded degrees of CC
between PI(4,5)P2-AF555 and PI(4,5)P2-AF647 on the normalized,
color-coded scale from 0 (no CC) to 1 (highest CC). Sharply centered
high CC intensities of the real representative image (Fig. 1N) indicate
strong CC between PI(4,5)P2-AF555 and PI(4,5)P2-AF647. Scattered CC
intensities of the representative rand. rotated (Fig. 10) and rand.
generated (Fig. 1P) images indicate the loss of CC between PI(4,5)P2-
AF555 and randomized PI(4,5)P2-AF647.

Taken together, we optimized the dual-color dASTORM image acqui-
sition, generation of the randomized SMLs and quantitative comparison
of the real and randomized data using several parameters and inde-
pendent methods. Next, we used this pipeline to characterize the spatial
relationship of PI(4,5)P2 with the nuclear speckle marker SON, with
RNAPII, and with Fib in the nucleoli. Furthermore, we have also applied
this analytical pipeline to study other nuclear PIPs, namely PI(3,4)P2
and PI(4)P.

3.2. PI(4,5)P2 concentrates in the nuclear speckles

Localization of PI(4,5)P2 to the nuclear speckles has been previously
reported [15,20,22], but the precise analysis of the PI(4,5)P2 distribu-
tion within nuclear speckles is missing. Therefore, we performed dual-
color dSTORM imaging of PI(4,5)P2-AF555 and the nuclear speckle
marker SON immunolabeled with AF647 (SON-AF647) (Fig. 2A-C). We
localized PI(4,5)P2-AF555 and SON-AF647 with the precision 20.2 +
0.8 nm and 24.5 + 1.6 nm, resp. SON-AF647 visualized by dSTORM
displayed a matrix-like pattern (Fig. 2B) with PI(4,5)P2-AF555
dispersed within the SON matrix (Fig. 2A-C, arrowheads). We calcu-
lated the global (throughout the whole nucleus) NND between PI(4,5)
P2-AF555 and SON-AF647 SMLs for the real (Fig. 2C), rand. rotated
(Suppl. Fig. 1A) and rand. generated (Suppl. Fig. 1B) SMLs. From the
normalized NND distributions (Fig. 2D) we calculated the global mode
NND of 6.7 & 0.6 nm, which was increased ~100% (P < 0.005; N = 6)
for the rand. rotated to 13.5 4+ 2 nm and ~240% (P < 0.005; N = 6) for
the rand. generated to 22.8 4+ 2.9 nm (Fig. 2E). The fraction of NND at
the mode NND was 2.9 + 0.2% and this was ~38% decreased (P <
0.005; N = 6) for rand. rotated SMLs to 1.8 4 0.2% but unaffected for
rand. generated SMLs where it was 2.9 + 0.3% (Fig. 2F). Rand. rotated
SON-AF647 retained clustered pattern, but SON-AF647 clusters were
moved away from the nuclear speckle associate PI(4,5)P2 and therefore
the fraction of the NND at the mode NND is significantly different from
the real data. In contrast, rand. generated SON-AF647 does not display
clustered patterns but localizes to the proximity of the nuclear speckle
associate PI(4,5)P2 and therefore the fraction of the rand. rotated NND
at the mode NND was not significantly different from the real data. The
color-coded pixel map of the NND of PI(4,5)P2-AF555 to SON-AF647
shows the close proximity of PI(4,5)P2 to SON in nuclear speckles
(Fig. 2G) and this spatial relationship was disrupted in the case of rand.
rotated (Suppl. Fig. 1C) and rand. generated (Suppl. Fig. 1D). These data
on the global NND of PI(4,5)P2 to SON show that their co-distribution is
non-random. However, contrary to SON, which localizes only to nuclear
speckles, PI(4,5)P2 localizes to the nuclear speckles and also to the
nucleoplasm and nucleoli. Therefore, we analyzed 1.5 x 1.5 pm regions
of interest (ROIs) around nuclear speckles and characterized the local
NND of PI(4,5)P2 to SON. The local mode NND of PI(4,5)P2-AF555 to
SON-AF647 was 4 + 0.2 nm. It was not significantly affected for rand.
rotated SMLs, where it was 3.8 + 0.1 nm, but it was increased ~40% (P
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< 0.005; N = 12) for rand. generated SMLs to 5.7 + 0.2 nm. Rand.
rotated ROIs retain their clustered SON-AF647 pattern that overlaps
with PI(4,5)P2-AF555 and therefore their mode NND does not signifi-
cantly differ from the real NND. In contrast, rand. generated ROIs did
not display clustered SON-AF647 pattern, which led to the significantly
increased mode NND compared to the real NND. Fraction of the local
NND at the mode NND for the real SMLs was 12.6 + 0.5% and it was
~7% (P < 0.05; N = 12) decreased for rand. rotated SMLs to 11.7 &+
0.6% but unaffected for rand. generated SMLs, where it was 12.3 +
0.4%. Comparison between the global and local analysis shows that the
global analysis is biased by PI(4,5)P2 which does not localize to the
nuclear speckles but to the nucleoplasm and nucleoli and therefore is at
the greater distances to SON than the nuclear speckle-localized PI(4,5)
P2.

The global correlation of PI(4,5)P2-AF555 with SON-AF647 was
characterized by Spearman coefficient 0.59 + 0.03, which was more
than a magnitude reduced (P < 0.005; N = 6) in the case of rand. rotated
SMLs to 0.05 £ 0.04 and in the case of rand. generated to —0.005 +
0.007 (Fig. 2H). The overlap of Voronoi polygons surrounding PI(4,5)
P2-AF555 and SON-AF647 SMLs was characterized by Manders coeffi-
cient 0.65 + 0.05, which was 6.5-fold reduced (P < 0.005; N = 6) for
rand. rotated SMLs to 0.1 & 0.02 and more than 20-fold reduced (P <
0.005; N = 6) in the case of rand. generated SMLs to 0.03 + 0.004
(Fig. 2I). The local correlation of PI(4,5)P2-AF555 with SON-AF647 in
the 1.5 x 1.5 pm ROIs around speckles was characterized by Spearman
coefficient 0.39 + 0.03, which was reduced 1.5-fold (P < 0.01; N = 10)
in the case of rand. rotated SMLs to 0.25 + 0.03 and 78-fold reduced (P
< 0.005; N = 10) to 0.005 + 0.03 in the case of rand. generated SMLs
(Fig. 2H). The local overlap of Voronoi polygons surrounding PI(4,5)P2-
AF555 and SON-AF647 localizations was characterized by Manders
coefficient 0.27 + 0.02, which was 1.3-fold reduced (P < 0.05; N = 10)
in the case of rand. rotated SMLs to 0.21 + 0.02 and 2.7-fold reduced (P
< 0.005; N = 10) in the case of rand. generated SMLs (Fig. 2I).

Finally, we analyzed by CC the representative real (Fig. 2J) rand.
rotated (Fig. 2K) and rand. generated (Fig. 2L) images and displayed the
results as the spatial distribution maps showing the color-coded CC
between PI(4,5)P2-AF555 and SON-AF647. Sharply centered CC in-
tensities of the real representative image (Fig. 2J) indicate the strong CC
between PI(4,5)P2-AF555 and SON-AF647. Scattered CC intensities of
the representative rand. rotated image (Fig. 2K), and even more in the
case of rand. generated image (Fig. 2L), indicates reduced CC between PI
(4,5)P2-AF555 and randomly distributed SON-AF647.

3.3. A subset of nuclear PI(4,5)P2 foci localize to the close proximity of
RNAPII

Previous research suggests that nucleoplasmic PI(4,5)P2 forms
40-100 nm foci where the RNAPII transcription machinery concentrates
[22]. Therefore, we investigated in detail the spatial relationship be-
tween PI(4,5)P2-AF555 and RNAPII immunolabeled with AF647
(RNAPII-AF647) by dual-color dSSTORM. We localized PI(4,5)P2-AF555
and RNAPII-AF647 with the precision 19.3 + 0.8 nm and 24 + 0.6 nm,
resp., and found that RNAPII localizes in addition to small nucleo-
plasmic foci also to the periphery of nuclear speckles (Fig. 3A-C).
Therefore, we separately evaluated the global NND between PI(4,5)P2-
AF555 and RNAPII-AF647 (Fig. 3D) and their local NND within 1.5 x
1.5 pm ROIs in the nucleoplasm and around nuclear speckles. However,
the global NND differed neither from that measured in the ROIs of
nucleoplasm nor nuclear speckles (Suppl. Fig. 2A). The mode global
NND 5.6 4+ 0.3 nm was ~7% increased (P < 0.05; N = 7) to 6 & 0.4 nm
for the rand. rotated SMLs (Fig. 3E; Suppl. Fig. 2B) and ~54% increased
(P < 0.005; N =7) to 8.6 & 0.5 nm for the rand. generated SMLs (Fig. 3E;
Suppl. Fig. 2D). The fraction of the global NND at the mode NND of the
real data was 7.6 & 0.6% and it was ~46% reduced (P < 0.01; N = 7) for
rand. rotated SMLs to 4.1 + 0.3% and not significantly changed for rand.
generated SMLs (N = 7), where it was 7.4 + 0.4% (Fig. 3F). The color-
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Fig. 2. dSTORM imaging and distribution analysis of PI(4,5)P2 with respect to the nuclear speckle marker SON. PI(4,5)P2 immunolabeled with AF555 (A) and SON-
AF647 (B) imaged by dSTORM and visualized as normalized Gaussian fit of the point spread function into the individual localizations, merged image (C) and zoom-in
to the boxed nuclear speckles. (D) Normalized distribution of the Global (Glob.) and Local (Loc.) NND between PI(4,5)P2-AF555 and SON-AF647 in the real (P1(4,5)
P2-SON), randomized by rotation (Rand. Rotated) or randomly generated (Rand. Generated) images. (E) Color-coded pixel map of the NND of PI(4,5)P2-AF555 to
SON-AF647 with zoom-in to the boxed speckles. The mode NNDs (F) and their fraction (G), Spearman rank correlation (H) and Manders overlap (I) coefficients
between PI(4,5)P2 and SON, Rand. Rotated and Rand. Generated Glob. and Loc. data. Cross-correlation (CC) intensities of the real (J) Rand. Rotated (K) and Rand.

Generated (L) PI(4,5)P2-AF555 and SON-AF647. Scale bars = 5 pm; 1 pm in the zoom-in images and 50 nm in the CC visualization. The calibration bar shows the
relative CC level.
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Fig. 3. dSTORM imaging and distribution analysis of the spatial relationship between PI(4,5)P2 and RNAPIL. PI(4,5)P2 indirectly immunolabeled with AF555 (A)
and RNAPII-AF555 (B) imaged by dSTORM and visualized as normalized Gaussian fit of the point spread function into the individual localizations, merged image (C)
and zoom-in to the boxed regions of a nuclear speckle (Sp) and nucleoplasm (Np). (D) Normalized distribution of the NND between PI(4,5)P2-AF555 and RNAPII-
AF647 in the real (PI1(4,5)P2-RNAPII), randomized by rotation (Rand. Rotated) or randomly generated (Rand. Generated) images. The most frequent (Mode) NND (E)
and their fraction (F). (G) Color-coded pixel map of the NND of PIP2-AF555 to RNAPII-AF647 with zoom-in to the boxed Sp and Np regions. Spearman rank cor-
relation (H) and Manders overlap (I) coefficients between PI(4,5)P2 and RNAPII, Rand. Rotated and Rand Generated data. Cross-correlation (CC) intensities of the
real (J) Rand. Rotated (K) and Rand. Generated (L) PI(4,5)P2-AF555 and RNAPII-AF647. Scale bars = 5 pm; 1 pm in the zoom-in images and 50 nm in the CC
visualization. The calibration bar shows the relative CC level.
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coded pixel map of the NND of PI(4,5)P2-AF555 to RNAPII-AF647
shows the close proximity of a subset of PI(4,5)P2 foci to RNAPII in
the nucleoplasm and nuclear speckles (Fig. 3G), which was disturbed in
the case of rand. rotated (Suppl. Fig. 2D) and rand. generated (Suppl.
Fig. 2E) RNAPII-AF647 SML data.

Taken together, the global distribution of PI(4,5)P2 in respect to
RNAPII is non-random. The global NND analysis of the spatial rela-
tionship between PI(4,5)P2 and RNAPII, which localizes to the nucleo-
plasm and nuclear speckles, is not biased by the contribution of the
remaining minor fraction of nucleolar PI(4,5)P2. This is in contrast to
the spatial relationship between PI(4,5)P2 and the nuclear speckle
marker SON, where the global NND analysis was biased by the relatively
larger contribution of the nucleoplasmic PI(4,5)P2. Randomization by
rotation affected the mode NND less than randomization by generating
random SMLs. This could be explained by clustering of RNAPII in small
foci in the real and rand. rotated data and by the fact that those foci are
absent in the rand. generated images. On the other hand randomization
by rotation, but not randomly generated SMLs, significantly affected the
fraction of NND at the mode NND. This further supports the notion of
clustering of RNAPII in small foci in the real and rand. rotated data,
contrary to the rand. generated data. A higher fraction of individual
rand. generated SMLs localize to the proximity of PI(4,5)P2 foci, but in
the case of rand. rotated RNAPII-AF647, SMLs retain their clustered
pattern and by rotation of images those clusters are separated from their
originally proximal PI(4,5)P2-AF555 foci.

Furthermore, we characterized the correlation and overlap between
PI(4,5)P2-AF555 and RNAPII-AF647 by Spearman and Manders co-
efficients, resp. The correlation of PI(4,5)P2-AF555 with RNAPII-AF647
was characterized by Spearman coefficient 0.13 + 0.01, which was
~2.5-fold (P < 0.005; N = 7) reduced for rand. rotated to 0.05 4+ 0.01
and diminished to 0 (P < 0.005; N = 7) for rand. generated SMLs
(Fig. 3H). The overlap of PI(4,5)P2-AF555 with RNAPII-AF647 was
characterized by Manders coefficient 0.15 + 0.01, which was ~20%
reduced (P < 0.01; N = 7) to 0.12 £ 0.01 for rand. rotated and ~2-fold
reduced (P < 0.005; N = 7) to 0.07 + 0.01 for rand generated (Fig. 31).
Taken together, the correlation and overlap analyses showed the non-
random co-distribution of PI(4,5)P2-AF555 with RNAPII-AF647,
which is in agreement with our NND analyses. However, by the corre-
lation and overlap analyses the co-distribution of P1(4,5)P2 with RNAPII
is lower than the co-distribution of PI(4,5)P2 with SON. This is due to
the fact that PI1(4,5)P2-AF555 and RNAPII-AF647 form small foci that do
not largely overlap due to their small size resolved by dSTORM, but tend
to localize in the close proximity, which is documented by the mode
NND 5.6 + 0.3 nm (Fig. 3F) between PI(4,5)P2-AF55 and RNAPII-
AF647.

Finally, we performed CC analysis of the representative real (Fig. 3J),
rand. rotated (Fig. 3K) and rand. generated (Fig. 3L) images and dis-
played the results as the color-coded CC maps between PI(4,5)P2-AF555
and RNAPII-AF647. Slightly scattered CC intensities of the real repre-
sentative image (Fig. 3J) reflected the lower Spearman correlation and
lower Manders overlap of PI(4,5)P2-AF555 with RNAPII-AF647
compared to PI(4,5)P2-AF555 with PI(4,5)P2-AF647 or PI(4,5)P2-
AF555 with SON-AF647. CC intensities appear more scattered for the
rand. rotated (Fig. 3K) and even more rand. generated then those of the
real representative image. This reflects the lower (as compared to PI
(4,5)P2-AF555 with PI(4,5)P2-AF647 or PI(4,5)P2-AF555 with SON-
AF647) but non-random co-distribution of PI(4,5)P2-AF555 with
RNAPII-AF647. Taken together, we showed with nanometer precision
that a subset of nucleoplasmic PI(4,5)P2-AF555 foci localize to the close
proximity of RNAPII-AF647 clusters and that RNAPII-AF647 also clus-
ters within or around nuclear speckles.

3.4. Nucleolar PI(4,5)P2 is surrounded by fibrillarin

Fib was previously shown by SIM to form in the nucleoli the donut-
shaped patterns in which the center is filled with PI(4,5)P2 [8]. Here we
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used Fib fused to the self-labeling SNAP tag (Fib-SNAP) and stably
exogenously over-expressed in the U-2 OS cell line due to the lack of
reliable primary antibodies for the immunofluorescence detection of
endogenous Fib [8]. We localized PI(4,5)P2-AF555 and Fib-SNAP-
SiR647 with the precision 19.3 + 3 nm and 25.7 + 2.7 nm, resp., and
found that the nucleolar PI(4,5)P2-AF555 is almost radially surrounded
by the regularly patterned Fib-SNAP-SiR647 (Fig. 4A-C). We quantita-
tively evaluated the global and local spatial relationship of PI(4,5)P2-
AF555 with Fib-SNAP-SiR647 throughout the whole nucleus and in
the 2x2pm ROIs around the Fib-SNAP-SiR647, resp. The distribution of
the global NND between PI1(4,5)P2-AF555 and Fib-SNAP-SiR647 starkly
differed from the local NND (Fig. 4D) because PI(4,5)P2-AF555 dis-
tributes predominantly to the nuclear speckles and nucleoplasm and
nucleolar PI(4,5)P2 represents only a minor subpopulation, while Fib-
SNAP-SiR647 is almost exclusively localized in the nucleoli. This situ-
ation was illustrated by the color-coded pixel map of the NND of PI(4,5)
P2-AF555 to Fib-SNAP-SiR647 (Fig. 4E; Suppl Fig. 3C, D), in which the
pixels corresponding to the NND of PI(4,5)P2-AF555 to Fib-SNAP-
SiR647 < 50 nm are almost exclusively localized to the nucleoli. The
specific localization of Fib to the nucleoli, in contrast to the broad dis-
tribution of PI(4,5)P2 with only its minor fraction localized in the
nucleoli, are also documented by the mode global NND 14.4 + 1.3 nm.
The mode global NND is almost 2-fold higher than the mode local NND
7.5 + 0.4 nm (Fig. 4F). Global increase ~47% (P < 0.05; N = 5) to 21.2
+ 4.8 nm for the rand. rotated and (P < 0.05; N = 5) ~3-fold to 44.6 +
12.7 nm for the rand. generated SMLs (Suppl. Fig. 3A, B) showed that the
spatial relationship between PI(4,5)P2 and Fib-SNAP-SiR647 is non-
random. The fraction of the global NND at the mode NND was 1.6 +
0.3% and it was ~4-fold reduced for the rand. rotated SMLs (P < 0.05; N
=5) to 0.4 £ 0.1% but not significantly affected for the rand. generated
SMLs where it was 2.1 + 0.8%. However, it is important to note that the
fraction of the global NND at the mode NND of the real and rand.
generated SMLs were derived from the mode NNDs that differed 3-fold.
The local mode NND of the real PI(4,5)P2-AF555 to Fib-SNAP-SiR647
7.5 £ 0.4 nm was ~20% increased (P < 0.05; N = 10) to 9 & 0.5 nm
for the rand. rotated and ~60% increased (P < 0.05; N = 10) to 12.1 +
2.1 nm for the rand. generated SMLs (Fig. 4F; Suppl. Fig. 3E-G). The
fraction of the local NND at the mode NND of the real SMLs 5.7 + 0.5%
neither differed significantly from the rand. rotated (5.4 + 0.7%) nor
from rand. generated SMLs (5.3 + 0.4%) (Fig. 4G). This shows that the
molecule densities in the ROIs do not differ between real and random-
ized images but the close proximity of Fib-SNAP-SiR647 specifically
arranged around PI(4,5)P2-AF555 nucleolar foci is disrupted by both
randomization methods.

Spearman and Manders coefficients of the real, rand. rotated and
rand. generated SMLs of PI(4,5)P2-AF555 and Fib-SNAP-SiR647
(Fig. 4H and I) supported our conclusions from the distance analyses.
The global Spearman correlation and Manders overlap coefficients of PI
(4,5)P2-AF555 with Fib-SNAP-SiR647 were slightly but significantly
reduced (P < 0.05; N = 5) by the randomization (Suppl. Tables 1, 2).
Neither the local Spearman correlation coefficient nor Manders overlap
coefficient of PI1(4,5)P2-AF555 with Fib-SNAP-SiR647 were significantly
affected for rand. rotated. However, the local Spearman and Manders
coefficients were significantly reduced (P < 0.01 and P < 0.005 resp.; N
= 10) for rand. generated SMLs (Fig. 4H and I). The randomization by
rotation had a small or no effect on NND analyses, Spearman and
Manders coefficients due to the unique geometry of PI(4,5)P2 and Fib in
the nucleoli, where Fib surrounds PI(4,5)P2 but does not largely overlap
with it. Therefore, rotating Fib-SNAP-SiR647 SMLs around PI(4,5)P2-
AF555 SMLs (compare Fig. 4C1, 2 with Suppl. Fig. 3E, F) results in
their co-patterning very similar to that of the real SMLs and randomi-
zation by rotation of one channel in respect to the second channel is not
suitable for the symmetrical patterns.

Finally, we analyzed by CC the representative global (Suppl.
Fig. 3H-J) and local (2 x 2 pm ROI) real (Fig. 4J). rand. rotated (Fig. 4K)
and rand. generated (Fig. 4L) images. Their comparison reflects the most
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Fig. 4. dSTORM imaging and distribution analysis of the nucleolar PI(4,5)P2 and fibrillarin. A cell with indirectly immunolabeled PI(4,5)P2-AF555 (A) and stably
expressing fibrillarin-SNAP (Fib-SNAP) labeled with Cell SNAP SiR-647 (Fib-SNAP-SiR647) (B) imaged by dSTORM and visualized as normalized Gaussian fit of the
point spread function into the individual localizations, merged image (C) and zoom-in to the boxed nucleolar regions (1, 2). (D) Distribution of the Global and Local
NND between PI(4,5)P2-AF555 and Fib-SNAP-SiR647 in the real (PI(4,5)P2-Fib-SNAP-SiR647), randomized by rotation (Rand. Rotated) or randomly generated
(Rand. Generated) images. (E) Color-coded pixel map of the NND of PIP2-AF555 to Fib-SNAP-SiR647 with zoom-in to the boxed nucleoli (1, 2). The most frequent
(Mode) NND (F) and their fraction (G), Spearman rank correlation (H) and Manders overlap (I) coefficients between PI(4,5)P2 and Fib-SNAP-SiR647, Rand. Rotated
and Rand. Generated Global and Local data. Cross-correlation (CC) intensities of the real (J) Rand. Rotated (K) and Rand. Generated (L) PI(4,5)P2-AF555 and Fib-
SNAP-SiR647. Scale bars = 5 pm; 1 pm in the zoom-in images and 50 nm in the CC visualization. The calibration bar shows the relative CC level.
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disrupting effect of the rand. generated Fib-SNAP-SiR647 SMLs on the PI
(4,5)P2-AF555 CC with Fib-SNAP-SiR647 and supports our conclusions
from the NND, Spearman and Manders analyses. Specific and clearly
non-random co-distribution of PI(4,5)P2 localized to the nucleolar FC
radially surrounded by Fib localized to the nucleolar DFC is largely
disrupted by random re-distribution of Fib-SNAP-SiR647 SMLs but not
by rotating Fib-SNAP-SiR647 with respect to the PI(4,5)P2. Taken
together, PI(4,5)P2 displays a unique spatial relationship with Fib that
differs from the co-distribution of PI(4,5)P2 with the nuclear speckle
marker SON or RNAPIL

3.5. Nuclear PI(3,4)P2 localizes to nuclear speckles and to the close
proximity of RNAPII

Localization of PI(3,4)P2 in the cell nucleus has been previously
reported [24,25]. However, the detailed information about its sub-
nuclear localization and spatial relationship with nuclear markers is
missing. Therefore, in order to broaden our understanding of the nuclear
roles of PI(3,4)P2, we analyzed its spatial relationship with the nuclear
speckle marker SON and with RNAPII. We observed by dSTORM the PI
(3,4)P2 signal concentrated in sub-nuclear regions and scattered in the
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nucleoplasm (Fig. 5), which was reminiscent of PI(4,5)P2 (Figs. 1-3)
with the exception of nucleoli. Dual-color dSTORM imaging of PI(3,4)
P2-AF555 (Fig. 5A) and the nuclear speckle marker SON-AF647
(Fig. 5B) showed PI(3,4)P2-AF555 dispersed within the SON matrix
(Fig. 5C), similarly to P1(4,5)P2 (Fig. 2C). We measure the NND between
PI(3,4)P2-AF555 and SON-AF647 in the real, (Fig. 5D), rand. rotated
(Suppl. Fig. 4A) rand. generated SMLs (Suppl. Fig. 4B). The color-coded
pixel map calculated from the real NND of PI(3,4)P2-AF555 to SON-
AF647 showed the close proximity of PI(3,4)P2 to SON in nuclear
speckles (Fig. 5E). This proximity was diminished in the rand. rotated
(Suppl. Fig. 4C) and rand. generated (Suppl. Fig. 4D) SMLs. From the
NND distributions, we calculated the mode NND of 3.6 + 0.3 nm, which
was increased ~77% (P < 0.005; N = 8) for the rand. rotated and more
than ~3-fold increased (P < 0.05; N = 9) for the rand. generated SMLs
(Fig. 5F). The fraction of the NND at the mode NND of the real SMLs was
9.5 4+ 1.1% and this was more than 2-fold reduced (P < 0.005; N = 8) for
the rand. rotated and ~30% reduced (P < 0.05; N = 8) for the rand.
generated SMLs (Fig. 5G).

The correlation of PI(3,4)P2-AF555 with SON-AF647 was charac-
terized by Spearman coefficient 0.58 + 0.04, which was ~8-fold
reduced (P < 0.005; N = 8) in the case of rand. rotated SMLs to 0.07 +
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Fig. 5. dSTORM imaging and distribution analysis of PI(3,4)P2 with respect to the nuclear speckle marker SON and RNAPIL. PI(3,4)P2-AF555 (A) and SON-AF647
(B) imaged by dSTORM and visualized as normalized Gaussian fit of the point spread function (PSF) into the individual localizations, merged image (C) and zoom-in
to the boxed nuclear speckles (1, 2). (D) Distribution of the Global and Local NND between PI(3,4)P2-AF555 and SON-AF647 in the real (PI(3,4)P2-SON), randomized
by rotation (Rand. Rotated) or randomly generated (Rand. Generated) images. (E) Color-coded pixel map of the NND of PI(3,4)P2-AF555 to SON-AF647 with zoom-in
to the boxed nuclear speckles. The most frequent (Mode) NND (F) and their fraction (G), Spearman rank correlation (H) and Manders overlap (I) coefficients between
PI(3,4)P2 and SON, Rand. Rotated and Rand. Generated SON. Cross-correlation (CC) intensities of the real (J) Rand. Rotated (K) and Rand. Generated (L) PI(3,4)P2-
SON. PI(3,4)P2-AF555 (M) and RNAPII-AF647 (N) imaged by dSTORM and visualized as normalized Gaussian fit of thePSF into the individual localizations, merged
image (O) and zoom-in to the boxed regions (1, 2). (P) Distribution of the Global and Local NND between PI(3,4)P2-AF555 and RNAPII-AF647 in the real (PI(3,4)P2-
RNAPII), randomized by rotation (Rand. Rotated) or randomly generated (Rand. Generated) images. (Q) Color-coded pixel map of the NND of PI(3,4)P2-AF555 to
RNAPII-AF647 with zoom-in to the boxed regions (1, 2). The most frequent (Mode) NND (R) and their fraction (S), Spearman rank correlation (T) and Manders
overlap (U) coefficients between PI(3,4)P2-SON, Rand. Rotated and Rand. Generated RNAPII. Cross-correlation (CC) intensities of the real (V) Rand. Rotated (W) and
Rand. Generated (Z) P1(3,4)P2-AF555 and RNAPII-AF647. Scale bars = 5 pm; 1 pm in the zoom-in images and 50 nm in the CC visualization. Calibration bar shows
the relative level of CC.
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0.02 and in the case of rand. generated was almost completely dimin-
ished (P < 0.005; N = 8) to 0.001 + 0.001 (Fig. 5H). The overlap of
Voronoi polygons surrounding PI(3,4)P2-AF555 and SON-AF647 SMLs
was characterized by Manders coefficient 0.51 &+ 0.09, which was ~7.3-
fold reduced (P < 0.005; N = 8) for rand. rotated SMLs to 0.07 & 0.01
and ~13-fold reduced (P < 0.005; N = 8) in the case of rand. generated
SMLs to 0.04 + 0.01 (Fig. 5I). Taken together, the NND, Spearman and
Manders analyses quantitatively document the non-random co-distri-
bution of PI(3,4)P2 with the nuclear speckle marker SON. These results
are further supported and visually documented by the CC analyses
(Fig. 5J-L). Sharply centered CC intensities of the real representative
image (Fig. 5J) indicate the strong CC between PI(3,4)P2-AF555 and
SON-AF647, which is in contrast to the scattered CC intensities that
indicate reduced CC between PI(3,4)P2-AF555 and randomly distrib-
uted SON-AF647 in the case of the representative rand. rotated (Fig. 5K)
and even more of the rand. generated image (Fig. 5L).

Furthermore, we investigated in detail the spatial relationship be-
tween PI(3,4)P2-AF555 (Fig. 5M) and RNAPII-AF647 (Fig. 5N). From
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the real (Fig. 5M-0), rand. rotated (Suppl. Fig. 4E) and rand. generated
(Suppl. Fig. 4F) SMLs of PI(3,4)P2-AF555 and RNAPII-AF647 we
calculated the NND distributions (Fig. 5P). The color-coded pixel map
calculated from the real NND of PI(3,4)P2-AF555 to RNAP-AF647 shows
the close proximity of PI(3,4)P2 and RNAPII foci (Fig. 5Q) and this
spatial relationship was disrupted in the rand. rotated (Suppl. Fig. 4G)
and even more in the rand. generated (Suppl. Fig. 4H) images. From the
NND distributions we calculated the mode of the real PI(3,4)P2-AF555
to RNAP-AF647 NND 5.3 + 0.2 nm, which was ~22% increased (P <
0.01; N = 6) to 6.5 £ 0.2 nm for the rand. rotated and ~38% increased
(P <0.05;N=16) to 7.3 £ 0.2 nm for the rand. generated SMLs (Fig. 5R).
The fraction of the NND at the mode NND of the real SMLs was 9 + 0.2%
and this was ~40% reduced (P < 0.005; N = 6) to 6.4 + 0.1% for the
rand. rotated but not affected for the rand. generated SMLs (N = 6),
where it was 9.1 + 0.3% (Fig. 5S).

The correlation of PI(3,4)P2-AF555 with RNAPII-AF647 was char-
acterized by Spearman coefficient 0.14 + 0.03, which was ~3.5-fold
reduced (P < 0.005; N = 6) in the case of rand. rotated SMLs to 0.04 &
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Fig. 6. dSTORM imaging and distribution analysis of PI(4)P with respect to the nuclear speckle marker SON and RNAPII. PI(4)P-AF555 (A) and SON-AF647 (B)
imaged by dSTORM and visualized as normalized Gaussian fit of the point spread function (PSF) into the individual localizations, merged image (C) and zoom-in to
the boxed nuclear speckles. (D) Distribution of the Global and Local NND between PI(4)P-AF555 and SON-AF647 in the real (PI(4)P-SON), randomized by rotation
(Rand. Rotated) or randomly generated (Rand. Generated) images. (E) Color-coded pixel map of the NND of PI(4)P-AF555 to SON-AF647 with zoom-in to the boxed
speckles (1, 2). The most frequent (Mode) NND (F) and their fraction (G), Spearman rank correlation (H) and Manders overlap (I) coefficients between PI(4)P and
SON, Rand. Rotated or Rand. Generated SON. Cross-correlation (CC) intensities of the real (J) Rand. Rotated (K) and Rand. Generated (L) PI(4)P-AF555 and
SON-AF647. PI(4)P-AF555 (M) and RNAPII-AF647 (N) imaged by dSTORM and visualized as normalized Gaussian fit of the PSF into the individual localizations,
merged image (O) and zoom-in to the boxed regions (1, 2). (P) Distribution of the Global and Local NND between PI(4)P-AF555 and RNAPII-AF647 in the real (PI(4)
P-RNAPII), randomized by rotation (Rand. Rotated) or randomly generated (Rand. Generated) images. (Q) Color-coded pixel map of the NND of PI(4)P-AF555 to
RNAPII-AF647 with zoom-in to the boxed regions (1, 2). The most frequent (Mode) NND (R) and their fraction (S), Spearman rank correlation (T) and Manders
overlap (U) coefficients between PI(4)P and SON, Rand. Rotated and Rand. Generated RNAPII. Cross-correlation (CC) intensities of the real (V) Rand. Rotated (W)
and Rand. Generated (Z) PI(4)P-AF555 and RNAPII-AF647. Scale bars = 5 pm; 1 pm in the zoom-in images and 50 nm in the CC visualization. The calibration bar
shows the relative level of CC.
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0.01 and in the case of rand. generated was reduced to 0 (P < 0.005; N =
6) (Fig. 5T). The overlap of between PI(3,4)P2-AF555 and RNAPII-
AF647 was characterized by Manders coefficient 0.06 + 0.01, which
was 50% reduced (P < 0.01; N = 6) for rand. rotated SMLs to 0.04 4= 0.01
and ~3-fold reduced (P < 0.005; N = 6) to 0.02 £ 0.01 in the case of
rand. generated SMLs (Fig. 5U). Despite the small Manders overlap co-
efficient, although significantly reduced by randomization, the NND
analysis together with Spearman correlation suggests the non-random
co-distribution of PI(3,4)P2 in the close proximity of a subset of RNA-
PII foci. This conclusion is also documented by the centered PI(3,4)P2-
AF555 and RNAPII-AF647 CC intensities of the real representative
image (Fig. 5V) that are slightly more scattered in the case of rand.
rotated RNAPII-AF647 SMLs (Fig. 5SW) and even more scattered in the
case of rand. generated SMLs (Fig. 5Z).

3.6. Nuclear PI(4)P localizes predominantly to the nuclear speckles

PI(4)P2 is the precursor for the biosynthesis of PI(3,4)P2 and PI(4,5)
P2 and despite the greater abundance of PI(4)P in the cytoplasm, it also
localizes to the cell nucleus [19,24]. Therefore, the detailed information
about the nuclear localization PI(4)P with respect to PI(4,5)P2 and PI
(3,4)P2 is a relevant for better understanding of the metabolism and
signaling roles of nuclear PIPs. In the cell nucleus, we observed the PI(4)
P signal concentrated in sub-nuclear regions and scattered in the
nucleoplasm (Fig. 6). This was reminiscent of PI(4,5)P2 (Figs. 1-3) and
PI(3,4)P2 (Fig. 5) but with a much lower abundance of PI(4)P compared
to PI(4,5)P2 and PI(3,4)P2. Dual-color dSTORM imaging of PI(4)P2-
AF555 (Fig. 6A) and the nuclear speckle marker SON-AF647 (Fig. 6B)
showed PI(4)P-AF555 dispersed within the SON matrix (Fig. 6C), simi-
larly to PI(4,5)P2 (Fig. 2C) and PI(3,4)P2 (Fig. 5C). We calculated
normalized NND distributions between the real, rand. rotated (Suppl.
Fig. 5A) and rand. generated (Suppl. Fig. 5B). This proximity was
diminished in the rand. rotated (Suppl. Fig. 5C) and rand. generated
(Suppl. Fig. 5D) SMLs. PI(4)P-AF555 and SON-AF647 SMLs (Fig. 6D).
The color-coded pixel map calculated from the PI(4)P-AF555 to SON-
AF647 NNDs shows the close proximity of PI(4)P to SON in the nu-
clear speckles (Fig. 6E). From the NND distributions, we calculated the
mode NND of 3.6 + 0.2 nm, which was increased ~67% (P < 0.005; N =
5) for the rand. rotated SON-AF647 SMLs to 6 + 0.4 nm and ~2.3-fold
increased (P < 0.005; N = 5) to 8.2 + 0.5 nm (Fig. 6F) for the rand.
generated SON-AF647 SMLs. The fraction of the NND at the mode NND
was 7 + 0.6% and this was ~44% reduced (P < 0.05; N = 5) to 3.9 &+
0.2% for the rand. rotated SMLs but not significantly affected for rand.
generated SMLs, where it was 7.8 & 0.4% (Fig. 6G).

The correlation of PI(4)P-AF555 with SON-AF647 was characterized
by Spearman coefficient 0.54 + 0.03, which was greatly reduced (P <
0.005; N = 5) in the case of rand. rotated SON-AF647 SMLs to 0.002 +
0.001 and to 0 (P < 0.005; N = 5) in the case of rand. generated SON-
AF647 SMLs (Fig. 6H). The overlap of Voronoi polygons surrounding
PI(4)P-AF555 and SON-AF647 SMLs was characterized by Manders co-
efficient 0.24 + 0.02, which was ~6-fold reduced (P < 0.005; N = 5) for
rand. rotated SMLs to 0.04 + 0.01 and ~8-fold reduced (P < 0.005; N =
5) in the case of rand. generated SMLs to 0.03 £ 0.01 (Fig. 6I). The lower
Manders overlap of PI(4)P-AF555 and SON-AF647 in comparison to
Manders overlaps of PI(4,5)2P-AF555 and PI(3,4)P2-AF555 with SON-
AF647 reflects the lower abundance of PI(4)P-AF555 compared to the
abundances of PI(4,5)2P-AF555 and PI(3,4)P2-AF555. Sharply centered
PI(4)P-AF555 to SON-AF647 CC intensities of the real representative
image (Fig. 6J) indicate strong CC between PI(4)P-AF555 and SON-
AF647 that strongly contrasts with the scattered CC intensities of the
randomized images (Fig. 5K, L). This indicates reduced CC of PI(4)P2-
AF555 with rand. rotated and rand. generated SON-AF647. Taken
together, these quantitative analyses collectively indicate the non-
random co-distribution of PI(4)P with the nuclear speckle marker SON.

Furthermore, we investigated in detail the spatial relationship be-
tween PI(4)P-AF555 (Fig. 6M) and RNAPII-AF647 (Fig. 6N). From the
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real PI(4)P-AF555 and RNAPII-AF647 (Fig. 60) data, rand. rotated
(Suppl. Fig. 5E) and rand. generated (Suppl. Fig. 5F) data we calculated
the normalized NND distributions (Fig. 6P). The color-coded pixel map
of the NND of PI(4)P-AF555 to RNAP-AF647 suggest very little co-
clustering of PI(4)P2 with RNAPII (Fig. 6Q), similarly to the NND map
of PI(4)P-AF555 to rand. rotated (Suppl. Fig. 5G) and rand. generated
(Suppl. Fig. 5H) RNAPII-AF647. From the NND distributions we calcu-
lated the mode NND 6.2 + 0.5 nm between the real PI(4)P2-AF555 to
RNAP-AF647 NND, which was ~12% increased (P < 0.01;N=5)to 7 +
0.5 nm for the rand. rotated and ~61% increased (P < 0.005; N = 5) to
10 + 1 nm for the rand. generated SMLs (Fig. 6R). The fraction of the
NND at the mode NND of the real SMLs was 5.7 4 0.8% and this was not
significantly reduced (N = 5) to 4.8 + 0.5% for the rand. rotated but
increased ~28% (P < 0.005; N = 5) to 7.3 + 0.8% for the rand.
generated SMLs (Fig. 6S).

The NND analysis suggested that the level of co-patterning between
PI(4)P and RNAPII is lower compared to the co-patterning of PI1(4,5)P2
and PI(3,4)P2 with RNAPIIL. This conclusion was further supported by
the correlation and overlap analyses of PI(4)P-AF555 and RNAPII-
AF647. The Spearman correlation coefficient of PI(4)P-AF555 with the
real RNAPII-AF647 SMLs was 0.11 + 0.02 and it was reduced more than
5-fold (P < 0.005; N = 5) for rand. rotated RNAPII-AF647 SMLs and
reduced to 0 (P < 0.005; N = 5) for rand. generated RNAPII-AF647
SMLs. The overlap between PI(4)P2-AF555 and RNAPII-AF647 was
characterized by Manders coefficient 0.02 £+ 0.004, which was about a
half-reduced for both, rand. rotated and rand. generated RNAPII-AF647
SMLs, to 0.01 £ 0.001 and 0.012 + 0.0005 (P < 0.05; N = 5 for both),
resp. These data are further supported by the scattered CC intensities
between the real PI(4)P-AF555 and RNAPII-AF647 (Fig. 6V), which
indicate low or no CC, similarly to the CC of rand. rotated (Fig. 6W) and
rand. generated RNAPII-AF647 SMLs (Fig. 6Z). Taken together, our
quantitative analyses suggest that nuclear PI(4)P concentrates pre-
dominantly in the nuclear speckles, where it could enter a biosynthesis
pathway of PI(4,5)P2 and PI(3,4)P2. In contrast to P1(4,5)P2 and PI(3,4)
P2, PI(4)P does not display conclusive proximity to the RNAPII foci.

4. Discussion

The models that were developed using SMLM acknowledge protein
clustering and the formation of transcriptional condensates as the
driving force of gene expression [54,62-65]. However, those models
largely overlook the role of nuclear lipids and particularly the nuclear
PIPs. Biochemical characterization of the PIP functions at different nu-
clear compartments is limited by the difficulties connected with the
isolation and subsequent fractionation of these compartments. Albeit a
comprehensive mass-spectrometry analysis of the human nuclear PI
(4,5)P2-interactors has been recently performed [7], the spatiotem-
poral context of the PIP function is typically lost during classical
biochemical analyses. Therefore, here we have for the first time resolved
at the nanoscale the spatial distribution of three nuclear PIPs, the most
abundant nuclear PIP - PI(4,5)P2, then PI(3,4)P2, and their biosynthetic
precursor PI(4)P, within sub-nuclear compartments. We quantitatively
characterized their spatial relationship with the nuclear speckle marker
SON, with RNAPII and with nucleolar Fib. We performed the distance
analyses by ImageJ2 [60] plug-in ThunderSTORM [61] and co-
distribution analyses by CT [59]. The NND calculation by Thunder-
STORM was previously used to confirm the co-localization analysis of
the confocal microscopy data by the nanoscale separation of the tran-
scription and replication sites in the nucleoli [58]. Here we extended the
NND analysis and calculated from the normalized NND distributions two
parameters: the mode (most frequent) NND and the fraction of NND at
the mode NND (Suppl. Table 1). We chose mode over mean or median
because we preferred to evaluate the shift of the NND distribution peaks
as a measure of the spatial relationship between SMLs of PIPs and the
respective markers. We developed a visualization tool that creates im-
ages in which pixels are color-coded based on the NND of one probe
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(PIP) in respect to the second probe (SON, RNAPII, Fib). This tool, which
we developed for the practical visualization of the spatial distribution of
PIPs in-cellulo and for the better understanding of the PIP role in the
establishment of the functional nuclear architecture, is applicable in the
further studies of the spatial organization of the cell nucleus. Second
parameter that we devised from the NND analysis was the fraction of
neighbors at the mode NND, which represents the relative amount of the
most frequent pair-wise NNDs [57]. Dunn et al. [56] suggested the
randomization of the experimental data by rotating one channel of the
dual-color image and comparing the spatial relationship between two
channels in the real and randomized data. We modified this approach
and randomized the data by swapping the x and y coordinates of the
SMLs of SON, RNAPII and Fib. In addition, we generated random SMLs
with the same density as the respective marker by ThunderSTORM.
Using these two randomization approaches we quantitatively showed
that all three studied PIPs co-pattern with SON; PI(4,5)P2 and PI(3,4)P2
with RNAPII; and PI(4,5)P2 also with Fib. Although randomization by
rotation and randomly generated SMLs had an increasing effect on the
NND between all three investigated PIPs and all respective markers,
randomly generated SMLs increased in all cases NND more than
randomization by rotation (Suppl. Table 2). Randomization by rotation
reduced the fraction of NNDs at the mode NND in all cases (except for PI
(4)P2-RNAPII; see below) but randomly generated SMLs only rarely
reduced the fraction of NNDs at the mode NND. This is given by the fact
that randomization by rotation led to the reduced peak and increased
tail of NND distributions to larger NNDs, while randomly distributed
SMLs with the same density as was the real SML density of the respective
marker resulted in the NND distribution similar to the real data but with
peaks (mode) shifted to larger NNDs. Importantly, rand. generated SMLs
led to the much greater disruption of Spearman correlation and Manders
overlap than the rand. rotated data. Therefore, although rand. rotation is
a faster method, rand. generated SMLs are more rigorous for the quan-
titative evaluation of the co-patterning in the real data. This is especially
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important for the dispersed and/or dense SMLs such as RNAPII or for the
patterns with the specific geometry, such as Fib.

Spearman correlation coefficients of P1(4,5)P2, P1(3,4)P2 and PI(4)P
with RNAPII were in the similar range (0.13 + 0.01, 0.14 + 0.03 and
0.11 + 0.02, resp.), which would indicate the correlation of a small
subset of the respective PIPs with RNAPII foci. However, Manders
overlap coefficient of PI(4,5)P2 with RNAPII (0.15 + 0.01) was more
than twice and almost a magnitude greater compared to PI(3,4)P2 (0.06
4+ 0.01) and PI(4)P (0.02 + 0.004), resp. The overall low level of Man-
ders overlap is given by the sub-diffraction limited size of PIP and
RNAPII foci, which at the nanoscale level do not largely overlap but
rather localize in close proximity to each other. This suggests that those
parameters alone are not satisfactory for the conclusive evaluation of the
spatial relationship between dispersed signals of PIPs and RNAPII at the
nanoscale. Therefore, we combined CT with the NND analysis. The mode
NND between PI(4)P and RNAPII (6.2 + 0.5 nm) is greater than that of PI
(4,5)P2 (5.6 + 0.2 nm) or PI(3,4)P2 (5.3 & 0.2 nm) and RNAPIL Simi-
larly, the fraction of the NND at the mode NND is lower in the case of PI
(4)P-RNAPII (5.7 + 0.8%) compared to PI(4,5)P2-RNAPII (7.6 + 0.6%)
and PI(3,4)P2-RNAPII (9 + 0.2%). In the case of PI(4,5)P2 and PI(3,4)P2
co-patterning with RNAPII, randomization by rotation reduced the
fraction of NNDs at the mode NND, while the randomly generated dis-
tribution of SMLs did not affect this parameter in these two instances. In
contrast, for PI(4)P-RNAPII co-patterning, randomization by rotation
did not affect the fraction of NNDs at the mode NND, while randomly
generated distribution of RNAPII-AF647 SMLs increased the fraction of
NNDs at the mode NND. Therefore we suggest that PI(4,5)P2 and PI(3,4)
P2, in contrary to PI(4)P, display specific co-patterning with RNAPII
(Fig. 7). Nucleoplasmic PI(4,5)P2 pool was previously localized to the
periphery of the nuclear lipid isles (NLIs), where it interacts with the
RNAPII transcription machinery [22]. The important question is
whether NLIs might be building blocks for the nuclear speckles and/or
perhaps also nucleoli and whether NLIs are eventually dynamic

Fig. 7. Detailed map of the sub-nuclear
localization of PI(4,5)P2, PI(3,4)P2 and PI
(4)P. All three phosphatidylinositol phos-
phates (PIPs) localize to the nucleoplasm,
but only PI(3,4)P2 and PI(4,5)P2 are prox-
imal to the subset of RNAPII foci. All three
PIPs (as well as their biosynthetic enzymes)
localize to the nuclear speckles, which could
therefore represent a hub for the PIP meta-
bolism. PI(4,5)P2 localizes to the nucleolar
fibrillar center (FC) and is surrounded by
fibrillarin that localizes to the dense fibrillar
component (DFC).
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structures that regulate the distribution of RNAPII and possibly also of
RNA polymerase I. Accumulating evidence based on the previous work
[7] and our present data suggest the role of PIPs as a localization signal
that orchestrates nuclear functions in addition to its regulatory role for
the enzymatic functions of PIP-interacting proteins, such as Fib, poly(A)
polymerase, RNAPII or PHF8 [8,9,22,23]. RNAPII was previously
localized to the small foci in the nucleoplasm by SMLM [54,63-65] and
to the periphery of nuclear speckles by confocal microscopy [35] and
was found to overlap with the signal of nucleoplasmic PI(4,5)P2 by SIM
[22]. However, the relationship of PI(4,5)P2 with RNAPII has not been
previously quantitatively characterized in the details and the role of PIPs
in the regulation of gene expression only starts to emerge [9,22,23].
Here we provide novel evidence for the association of at least a subset of
nucleoplasmic PI(3,4)P2 with RNAPII foci. Those data further support
the proposed role of PIPs in the orchestration of RNAPII transcription
[4,22]. We uncovered with nanoscale resolution the matrix-like struc-
ture of the nuclear speckle marker SON and localization of PI(4)P, PI
(3,4)P2 and PI(4,5)P2 within the SON matrix. This is in agreement with
the localization to the nuclear speckles of the enzymes PI3KCa, PIP5KIa
and PIP5KIy_i4 that catalyze the biosynthesis of P1(3,4)P2 and PI(4,5)P2
from PI(4)P [3,9,17,18,20,26]. The nuclear speckle organization is
established by the interactions between RNA and proteins that can be
described by a coarse-grained model [39,66]. In this model, the spatial
organization arises from the different affinities between RNA and pro-
teins in comparison to their affinities for the solvent. The equilibrium of
the interactions between the polymer (RNA or protein) with solvent and
the polymers with each other results in the matrix organization of
membrane-less compartments. This process could in theory lead to the
localization of PIPs within the caveats of the matrix such as created by
SON, which would protect hydrophobic acyl chains from the neigh-
boring aqueous solution. This speculation is in line with the notion of the
nuclear speckles having a sponge-like structure and the density lower
than that of the surrounding nucleoplasm [67]. Taken together, it is
plausible to envision a scenario in which nuclear speckles represent hubs
of nuclear PIP metabolism (Fig. 7). Therefore, our data are therefore
relevant for a better understanding of the role of nuclear speckles in the
metabolism of PIPs. The nucleolar PI(4,5)P2 represents only a small
fraction of the total nuclear PI(4,5)P2.

Earlier we have shown by confocal and by electron microscopy the
co-localization and co-clustering of the nucleolar Fib in the DFC with the
nucleolar PI(4,5)P2 localized mainly in the FC or at the FC/DFC inter-
face [10,11]. Nucleolar Fib was recently shown by SIM to surround the
nucleolar PI(4,5)P2, which regulates the RNAse activity of Fib [8]. Here
we bridged the gap between confocal and electron microscopy, reca-
pitulated, further resolved in greater detail and quantitatively charac-
terized the localization of PI(4,5)P2 within Fib structures that appear
almost symmetrically organized around nucleolar PI(4,5)P2. We
reached by SMLM the localization level previously set by electron to-
mography [11] and provided for the first time the detailed quantitative
analyses of the spatial relationship between nucleolar PI(4,5)P2 and Fib,
which is relevant for a better understanding of the role of PI(4,5)P2 in
the nucleoli.

In summary, our systematic analyses of the nuclear PI(4,5)P2, PI
(3,4)P2 and PI(4)P localization within nuclear speckles, nucleoplasm
and nucleoli provide the map of the spatial distribution of nuclear PIPs
with nanometer resolution. Our present data are in agreement with the
proposed role of the nuclear PIPs in the formation of lipo-
ribonucleoprotein hubs and relevant for a better understanding of the
role of nuclear PIPs in health and disease [5,68,69]. Discussed in-depth
data evaluation provides the experimental workflow applicable for the
subsequent imaging studies of different nuclear PIPs and their effectors.
The availability to the researchers from the field of nuclear lipid biology,
who routinely use the combination of biochemistry and lipidomics, will
broaden their studies by the precise in cellulo localization approaches.
Therefore, our experimental guidelines that combine SMLM with
rigorous quantitative analysis provide a complementary tool to the
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biochemical analyses for the evaluation of PIP functions in the
compartmentalization of nuclear processes.
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