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ABSTRACT

Single molecule localization microscopy (SMLM) provided an unprecedented insight into the sub-nuclear
organization of proteins and nucleic acids but apart from the nuclear envelope the role of the nuclear
lipids in the functional organization of the cell nucleus was less studied. Nevertheless, nuclear lipids and
specifically phosphatidylinositol phosphates (PIPs) play increasingly evident roles in gene expression. Therefore,
here we provide the SMLM-based approach for the quantitative evaluation of the nuclear PIPs distribution
while preserving the context of nuclear architecture. Specifically, on the example of phosphatidylinositol 4,5-
bisphosphate (PIP2) we have:

o Implemented and optimized the dual-color dSTORM imaging of nuclear PIP2.

e Customized the Nearest Neighbor Distance analysis using Image]J2 plug-in ThunderSTORM to quantitatively
evaluate the spatial distribution of nuclear PIP2.

e Developed an Image]2 tool for the visualization of the Nearest Neighbor Distance analysis results in cellulo.

Our customization of the dual-color dASTORM imaging and quantitative analysis provide a tool that is independent
of but complementary to the biochemical and lipidomic analyses of the nuclear PIPs. Contrary to the biochemical
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and lipidomic analyses, the advantage of our analysis is that it preserves the spatial context of the nuclear PIP
distribution.

© 2021 The Authors. Published by Elsevier B.V.
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Method details
Motivation

The eukaryotic nucleus has very dense interior comprised of viscoelastic polymer matrix.
Therefore, it is difficult to visualize its individual components with classical diffraction-limited light
microscopy. Super-resolution imaging methods provided a valuable insight into the sub-nuclear
organization, however mostly focused on the proteins and nucleic acids while the role of the nuclear
lipids has been neglected. However, there is growing evidence for the different roles of nuclear lipids
and in particular nuclear phosphatidylinositol 4,5-bisphosphate (PIP2) in the establishment of the sub-
nuclear organization and regulation of various nuclear processes [6-9].

Super-resolution imaging methods allow to control in time the emission of fluorophores by
either deterministic or stochastic approach. The deterministic approaches include stimulated emission
depletion (STED) microscopy [10] and structured illumination microscopy (SIM) [11]. Stochastic
methods include single-molecule localization microscopy (SMLM) approaches, such as photoactivation
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or fluorescence photoactivation localization microscopy (PALM or FPALM) [12,13], and stochastic
optical reconstruction microscopy (STORM) [14] or direct STORM (dSTORM) [1,2]. SMLM methods
provide also a new paradigm for the quantitative analysis of the relative nanoscale organization
characterized by the spatial relationships between molecules. Therefore, we provide here the detailed
description of the indirect immunofluorescence labeling of nuclear PIP2 and other nuclear antigens,
dual-color dSTORM image acquisition, reconstruction and quantitative evaluation of the nanoscale
sub-nuclear distribution of PIP2 based on the ThunderSTORM |[3], which is a plug-in for Image]2
[4]. The precise localization approach that preserves the sub-nuclear architecture and the detailed
quantitative analysis of the nuclear PIP2 distribution will expand the set of standard biochemical and
lipidomic analyses, which are powerful but in their nature cumulative and thus neglect the spatial
context of the nuclear architecture. This experimental pipeline is applicable for the functional studies
of the role of nuclear PIP2, other nuclear PIPs and lipids in the establishment of nuclear architecture
and regulation of gene expression [5].

Labeling of the nuclear PIP2 and other nuclear antigens for the dual-color dSTORM

The U-2 OS cells were grown on the Hellmanex™ III (Sigma cat. #Z805939) treated high-precision
12 mm 1.5H round coverslips (Paul Marienfeld GmbH & Co., cat. #0117520) placed in the 24-wells
plate the day before processing and incubated in DMEM with 10% FBS at 37°C and 5% CO,.

Hellmanex™ III treatment of the coverslips was performed according to the following procedure:

1. Place the coverslips into the clean beaker filled with 2% Hellmanex™ III in ddH,0
2. Cover with aluminum foil and incubate over-night at 56°C

3. Sonicate for 30 min in the heated Hellmanex™ III solution

4. Wash three times with ddH,0 and sonicate again in ddH,0 for 30 min

5. Wash five times with ddH,0 and store covered in ddH,0

For the immunofluorescence labeling of the endogenous, detergent resistant nuclear PIP2 and
the nuclear speckle marker SON or RNAPII we used the typical protocol used for the fluorescence
microscopy. This protocol consisted of the following steps and is generally applicable for other nuclear
antigens:

1. Aspirate the media and wash the cells twice with PBS

2. Fix the cells in the original 24-wells plate with 2% PFA in PBS for 30 min at room temperature
(RT)

3. Permeabilize the cells in the original 24-wells plate with 0.1% Triton X-100 in PBS for 20 min
at RT

4. Wash the cells three times for 5 min with PBS

5. Transfer the coverslips with the cells upside-down to block in the 30 puL of 5% BSA in PBS
(filtered through the 0.2 pm syringe filter) for 30 min at RT in a humidified chamber.

6. Transfer the coverslips with the cells upside down onto a parafilm placed in the humidified
chamber with 30 L of the primary antibodies diluted in 5% BSA in PBS (BSA in PBS was filtered
through the 0.2 pm syringe filter and the diluted antibodies were spun down in a bench top
centrifuge at 12.000g for 3 min to remove the aggregated antibodies and the supernatant was
used). Incubate for 45 min at RT.

7. Transfer the coverslips into the 24-wells plate with the cells facing up and wash three times
for 5 min with PBS.

8. Transfer the coverslips with the cells upside down onto a parafilm placed in a humidified
chamber with 30 pL of the secondary antibodies diluted in 5% BSA in PBS (BSA in PBS was
filtered through 0.2 yum syringe filter and the diluted antibodies were spun down in a bench
top centrifuge at 12.000g for 3 min to remove the aggregated antibodies and the supernatant
was used). Incubate for 30 min at RT.

9. Transfer the coverslips into the 24-wells plate with the cells facing up and wash three times
for 5 min with PBS.
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10. Aspirate PBS and post-fix with 2% PFA in PBS for 15 min to stabilize the interaction between
antibodies and antigen.
11. Eventually store in PBS in the fridge for short periods of time (over-night) until imaging.

In steps 6 and 8 we used the following primary antibodies at given final concentrations: anti-
PI(4,5)P2 clone 2C11 (Z-P004; Echelon Biosci. Inc., USA) 5 pg/mL, anti-SON (ab121759; Abcam, UK)
1 pg/mL, anti-RNAPII CTD (ab210527; Abcam, UK) 3 pg/mL and the following secondary antibodies
and concentrations: goat anti-mouse IgM (p-chain) Alexa Fluor (AF)647 (115-605-075; Jackson
ImmunoRes., UK) 10 pg/mL; goat anti-mouse IgM (p-chain) AF555 (A24126; Jackson ImmunoRes., UK)
10 pg/mL, goat anti-rabbit IgG AF647 (A21245; Invitrogen) 10 pg/mL.

In addition we used fibrillarin (Fib) found in the nucleolar dense fibrillar component fused to
the self-labeling SNAP tag [24| (Fib-SNAP) and stably exogenously over-expressed in the U-2 OS cell
line [8]. We preferred to use the Fib-SNAP due to the lack of reliable primary antibodies for the
immunofluorescence detection of endogenous Fib. The U-2 OS cells stably over-expressing exogenous
Fib-SNAP were cultured as described above for the standard U-2 OS cells. We stained the Fib-SNAP
with SNAP-Cell® 647-SiR (New England Biolabs, USA; cat. # $9102S) applied to the cell culture in the
FluoroBrite DMEM media (A1896701 ThermoFischer) in the final concentration of 500 nM for 45 min
at 37°C and 5% CO,. Then we aspirated the labeling media and washed the cells twice with PBS, added
the fresh culture media and incubated the cells to remove the excessive dye at 37°C and 5% CO,.
After 45 min incubation the cells were washed with PBS, fixed and processed for immunofluorescence
staining of PIP2 as described above for the standard U-2 OS cells.

Image acquisition

Coverslips with the cells were mounted in the Chamlide chamber (Live Cell Instrument, Korea)
and covered with the imaging buffer (see below). Single-molecule localizations (SMLs) 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 Zeiss
ZEN Black 2.1 SP3 software. AF647 and AF555 photo-switching was achieved by HiLo illumination and
TIRF HP FOV setting with 100% power of 642nm and 561nm lasers 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. We have tested the performance of AF647 and
AF555 for dSTORM of nuclear PIP2 and RNAPII in two imaging buffers. The first buffer, called OXxEA
[15] included:

e 50 mM B-MercaptoEthylamine hydrochloride (MEA, Sigma-Aldrich)
e 3% (v/v) OxyFlour™ (Oxyrase Inc., Mansfield, Ohio, U.S.A.)

e 20% (v/v) of sodium DL-lactate solution (L1375, Sigma-Aldrich)

e in PBS, pH adjusted to 8.5 with NaOH

The second, MEA buffer [1,2], included:

e 50 mM B-Mercaptoethylamine hydrochloride (MEA, Sigma-Aldrich)
e in PBS pH 74

Two channels were recorded sequentially (Fig. 1A-H), with AF647 channel first. The 2D SMLs were
calculated by Zeiss ZEN Black 2.1 SP3 software using X,y 2D Gauss fit with the point spread function
(PSF) half width 177.9 nm. Peak mask size 9 pixels and peak intensity to noise factor of 6 were
selected empirically and kept consistently. Due to the high density of the nuclear antigens, we used
the method that accounted for the overlap in 2D with the max cluster size of 10. The calculated SMLs
were rendered in ZEN software with 10 nm/pixel resolution and 1x PSF expansion factor. The possible
drift was corrected using a model-based correction in ZEN and automatic number of segments was
selected for the model calculation. Each drift-corrected localization file was then individually saved
and the two channels (AF647 and AF555) corresponding to the same nucleus were then aligned in
ZEN Channel Alignment using the affine fit setting. The localization coordinates and other image
information, such as localization precision, photon count and background variation were exported as
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Fig. 1. Optimization of the dual-color dSTORM image acquisition. Nuclear PIP2 indirectly immunolabeled with Alexa Fluor
(AF)647 and RNA polymerase II (RNAPII) with AF555 were imaged in OXEA (A-D) or MEA (E-H) buffer. Raw blinking frames
of (A) PIP2-AF647 and (B) RNAPII-AF555 imaged in OXEA buffer. Reconstructed images of (C) PIP2-AF647 and (D) RNAPII-AF55
imaged in OXEA buffer (see Image reconstruction). Raw blinking frames of (E) PIP2-AF647 and (F) RNAPII-AF555 imaged in MEA
buffer. Reconstructed images of (G) PIP2-AF647 and (H) RNAPII-AF555 imaged in MEA buffer using the Normalized Gaussian
method (see Image reconstruction). (I) Mean number of photons per localization and (J) number of localizations collected from
PIP2-AF647 and from RNAPII-AF555 in OXEA or MEA buffer. Cells stably expressing Fib-SNAP labeled with Cell SNAP SiR-647

(Fib-SNAP-SiR647) (K) and indirectly immunolabeled PIP2-AF555 (L) merged image (M) and zoom-in to the boxed nucleolar
regions. Scale bars 5 pm; inset 1 um.
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Fig. 2. Experimental single-molecule localization precisions. Plot of the measured localization precisions for PIP2-AF647 and
PIP2-AF555 (A), RNAPII-AF647 and PIP2-AF555 (B), SON-AF647 and PIP2-AF555 (C) and Fib-SNAP-SiR647 and PIP2-AF555 (D).

text files for further image analysis. Figure 1A-D documents the image acquisition in OXEA buffer
and Fig. 1E-H in MEA buffer. We measured in MEA buffer the higher photon count (mean number
of photons per localization) and higher number of localizations (Fig. 11, ]J) for both, AF647 and AF555
conjugated to the secondary antibodies against the primary antibody that recognizes the detergent
resistant nuclear PIP2 or RNAPIl. We found that in our case the combination of AF647 and AF555
performs better in MEA buffer and therefore we used this buffer for the combination of these two
fluorophores in our experiments. AF555 provided slightly better localization precision than AF647
(Fig. 2), and therefore for the dual-color dSTORM of nuclear PIP2-AF555 we combine it with AF647-
conjugated secondary antibody against the primary antibodies that recognize other nuclear markers of
interest, Fig. 5. The Fib-SNAP-647-SiR performed in the MEA buffer well (Fig. 1K-M) and we reached
the localization precision 25.74+2.7nm (Fig. 2). Therefore, Fib-SNAP-647-SiR is suitable for the dual-
color dSTORM studies of the nucleolar PIP2 and Fib.

Image reconstruction

SML coordinates and other data were exported from ZEN software as txt files that contained in
one file the information about both aligned channels. The image analysis software ThunderSTORM
[3], which is an Image] plug-in [4], requires as input two csv files. First file represents “ground truth”
and second file represents “result”. Then the Nearest Neighbor Distance (NND) and other parameters
of the result channel will be calculated according to the ground truth channel (see further). Therefore
it was first necessary to convert the txt files into the csv files and split the files according to
the channels, then import the corresponding two channels (“marker”-AF647 as a ground truth and
PIP2-AF555 as a result) into the ThunderSTORM, calculate the NND and save the results for further
statistical evaluation. We developed an Image] macro to automate all these steps (Suppl. Material
1). This macro transforms in batch mode the common txt files containing the information of the
two channels into the csv files that contain information about the individual channels, imports the
data into ThunderSTORM and reconstructs the images. ThunderSTORM offers four options to render
(visualize) the SML data [3]. First visualization is a simple scatter plot with the 0 (black pixels) or
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1 (white pixels) coding of the individual pixels corresponding to the individual SMLs [16]. Fig. 3A
and B shows the scatter plot of a representative PIP2-AF647 and PIP2-AF555 image reconstructions,
resp. The magnification ratio is specified by the user and here we used the magnification factor
of 10. Fig. 3C shows merged AF647-PIP2 and AF555-PIP2 scatter plots pseudo-colored in red and
green, resp. This visualization however neglects the number of repeating SMLs in the same pixel (the
information does not have a bit depth but is only binary, black for 0 or white for 1) and therefore
lacks the information about the density of localizations. Second rendering method is Histogram, a
two-dimensional histogram of molecular positions created with the bin size corresponding to the
pixel size of the final super-resolution image [3,16]. Images in Fig. 3D and E were pseudo-colored
in Image] with the Fire look-up table (LUT) to better visually illustrate that the image brightness
increases with the molecule localizations accumulating at each bin (pixel). Fig. 3D and E show the
histogram of a representative PIP2-AF647 and PIP2-AF555 image renderings, resp. and Fig. 3F shows
merged PIP2-AF647 and PIP2-AF555 histograms that were pseudo-colored in red and green, resp. The
images in Fig. 3D-F were rendered with lateral uncertainty set to 10 nm. Third method offered by
ThunderSTORM for the rendering of SML data is based on the implementation of Average Shifted
Histograms (ASH) [17]. In this rendering, the width of the histogram bin is given by the multiplication
of the pixel size of the super-resolution image and the number of shifts in the lateral and axial
directions. Both of these parameters can be independently specified and for the creation of images
in the Fig. 3G-I we used magnification factor of 10 and lateral shifts factor of 2. The width of
the histogram bin is in the Fig. 3G and H illustrated by the Fire LUT. The visual output of ASH
rendering (Fig. 3G-I) is similar to the visualization by fourth rendering method that ThunderSTORM
offers. However, the ASH is computationally faster [3]. Fourth rendering method by ThunderSTORM
is Normalized Gaussian (Fig. 3]-L), which fits a normalized symmetric 2D function integrated over
each molecule localization. The standard deviation of this normalized Gaussian fit can be individually
specified by the localization uncertainty, which was set to 10 nm for the images in Fig. 3J-L. The
visualized molecules accumulate in the final super-resolution image, which is illustrated by the Fire
LUT in Fig. 3] and K. Although Normalized Gaussian is the most computationally demanding of the
above mentioned four rendering methods that ThunderSTORM offers, we preferred it for the limited
data sets, because it is the most precise rendering method.

Analysis of the spatial distribution of the nuclear PIP2

We characterized the spatial distribution of nuclear PIP2-AF555 with respect to the nuclear speckle
marker SON-AF647 as a measure of the NNDs and then we compared the real NNDs with the
randomized NNDs. Randomized data were created either by swapping x and y coordinates (Random
Rotated, RR) or by generating randomly distributed (Random Generated, RG) SMLs. RR approach
was based on the suggestion by Dunn et al. [19]. The authors suggested the randomization of
the experimental data by rotating one channel of the dual-color image and comparing the spatial
relationship between the two channels in the real and randomized data. RG SMLs were created
using ThunderSTORM Image]2 plug-in, “Performance testing” option and “Generator of simulated
data” function. Each RG ground-truth channel was created with respect to the number of frames,
area and molecular density of the corresponding real ground-truth data. Molecular density for each
RG data set was calculated from the real number of corresponding SMLs divided by the area of the
real image divided by the real number of frames in the corresponding original image acquisition.
Other parameters of the simulator were kept default. The advantage of RR approach is its simplicity
and effectiveness. Its limitation, compared with computationally more extensive RG method, is that
it preserves the original clustering of the SMLs. Therefore, RR can results in the “random” overlap
of the RR SML clusters in channel 2 with the real clusters in the channel 1. In contrary, RG method
creates randomly dispersed SMLs without their clustering. Therefore, RG method is more rigorous
than RR method. These two randomization approaches were further discussed in [5]. We used these
two randomization approaches to assess if the real mean NND and the fraction of neighbors at the
distance smaller than mean NND differs from the RR and RG data.

ThunderSTORM calculates the NNDs using one channel as a ground-truth, second channel as
results channel and appends the quantitative output to the results table. We used the AF647-SON
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Fig. 3. Image reconstruction in ThunderSTORM. Nuclear PIP2 labeled with AF647 (A, D, G and ]) and AF555 (B, E, H and
K) was sequentially imaged in MEA buffer. SMLs were rendered using Scatter Plot (A-C), Histogram (D-F), Average Shifted
Histogram (G-I) and Normalized Gaussian (J-L) methods. Images (A, B) show individual localizations as white pixels, other
methods account for the accumulation of the localizations and therefore for the better visualization are pseudo-colored using
“Fire” LUT and the intensities are indicated by the respective calibration bars (D, E, G, H, ] and K). Merged images of PIP2-
AF647 and PIP2-AF555 pseudo-colored in red and green, resp., rendered with the above indicated methods (C, F, I, L). Insets
show zoom-in to the boxed regions. Scale bar = 5 pm; inset 1 pm.
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channel as a ground truth and calculated the NND of PIP2-AF555 to SON-AF647. After importing
the ground-truth and results data the NND calculation is accessible in the ThundeSTORM menu
as “colocalization”, CBC (coordinate-based co-localization) [18]. We selected the radius step 50 nm,
according to the nature of our data, we used calculation in 2D (calculation in 3D is also available)
and step count factor of 10. As “Channel 1” for the calculation was selected “Ground-truth table”
and as “Channel 2” was selected “Results table” and together with the option “Add distance to the
nearest neighbor into the results table”. The column “nn_dist [nm]” is then added to the Results table
(Fig. 4A). Fig. 4B shows the user interface for the NND calculation and Fig. 4C shows a representative
NND distributions. We used self-written macro that automates all above mentioned steps and at the
end creates txt file with all resulting NNDs (Suppl. Material 2). For the quantitative evaluation, we
imported the data from the txt file into Excel, calculated the sum of all SMLs and normalized the
individual NND distributions by the number of SMLs. Then we calculated average normalized NND
distributions (Fig. 4D). Although in total the NND was measured up to 500 nm, the vast majority
of NND was in the range of tens of nm, and therefore we reported the NND distributions in the
range of 0-100 nm. From the individual NND distributions we calculated the most frequent (mode)
NND (Fig. 4E), fraction of the NND at the mode NND (Fig. 4F), mean NND (Fig. 4G) and fraction of
the NND at the distances smaller than the mean NND (Fig. 4H). The mode NND of the RR and RG
data were significantly higher as compared to the real NND (PIP2-SON, Fig. 4F). The fraction of the
NND at the mode NND was significantly reduced for RR but not for RG data (Fig. 4G). This reflects
the fact that for RR data the peak of the normalized NND distribution was lower as compared to
the real data (PIP2-SON, Fig. 4H) but the tail of the normalized RR NND distribution was shifted
to the higher values (Fig. 4H, red curve). In contrast, normalized RG NND distribution had the peak
similar to the normalized real NND distribution but shifted to higher values (Fig. 4H, blue curve). We
suggest to evaluate mode rather than the mean, because mode (which represents the peak or the
most frequent value in the data set) better reflects the shift of the peaks of NND distributions that
are not normally distributed but have long tails in large NND values. Therefore, the mean NNDs were
higher than mode NNDs of all three (PIP2-SON, RR and RG) data sets, but only mean RR NND was
slightly but significantly higher as compared to the real mean PIP2-SON NND. Similarly, fraction of
the NND at the distances smaller than the mean NND was significantly reduced only in the case of
RR. Taken together, for the quantitative evaluation of the spatial proximity between two probes we
recommend comparison of the mode NNDs and the fraction of NNDs at the mode NND between real
and randomly generated data sets. Our example of the NND analysis documents the specific proximity
between nuclear PIP2 and the nuclear speckle marker SON.

Visualization of the nanoscale sub-nuclear distribution of PIP2

For better understanding of the spatial organization of the cell nucleus and nuclear PIP2
distribution, it is useful to visualize the distribution of the NND within its spatial context. Therefore,
we developed an Image] macro for the creation of visual in cellulo maps of the pixels color-coded
according to NNDs (Suppl. Material 3). This macro prompts the user to load the csv file of the SML
data for the channel in which the color-coded NND map will be created. If the corresponding “nn_dist”
txt file of the NND of the marker of interest (in our example PIP2-AF555) to the reference marker (in
our example SON-AF647) created by ThunderSTORM is located in the same folder it will be then
loaded automatically, otherwise the user will be prompted to specify the location of “nn_dist” txt
file. The user is then prompted to specify the pixel size in the graphical user interface (Fig. 5A), the
“channel width”, which means the distance in [nm] that will be collectively visualized in one color
and the “greatest distance” that will be visualized. The greatest distance value is estimated from the
given NND distribution (Fig. 4D). The macro then creates several images. Resulting images include
the stack of images in which each image has pixels corresponding to the marker of interest (in
our example PIP2-AF555) (Fig. 5B and C) coded in individual colors according to their NND to the
reference marker (in our example SON-AF647) (Fig. 5B and D). The other resulting images include
first the rendering of the reference marker and second the merged stack of images with pixels
corresponding to the marker of interest coded in individual colors according to their NND to the
reference marker, and the overlay of these two images. We found that, at least in the case of PIP2-
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SON (Fig. 4D) -RNAPII or -Fib NNDs [5], the most informative are the distances up to 20-30 nm
(“greatest distance” parameter) rendered in the 10 nm bins. Fig. 5E therefore shows the overlay of
the reference marker SON-AF647 in grey, with the green and red pixels corresponding to the PIP2-
SON NNDs of 10 nm (Fig. 5F) and 20 nm (Fig. 5G), resp. This tool is applicable for the color-coded in
cellulo visualization of NNDs between any two markers.

Concluding remarks

We provided a detailed protocol for the immunofluorescence labeling of nuclear PIP2 and other
nuclear antigens such as RNAPII or the nuclear speckle marker SON, and SNAP-labeling of Fib-SNAP,
dual-color dSTORM image acquisition, reconstruction and - Q-DC-dSTORM analysis. We described
in depth an approach for the quantitative evaluation of the nanoscale sub-nuclear distribution of
PIP2 based on the Image] [4] plug-in ThunderSTORM [3]. We automated the majority of the steps,
from the data import, through the image reconstruction, to the calculation of NND, by self-written
Image] macros that allow for batch processing of the data. We recommend to extract two quantitative
parameters from the normalized average NND distributions: the mode NND and the fraction of NND
at the mode NND. The NND calculation by ThunderSTORM was previously applied to quantitatively
describe at nanoscale the relationship between the transcription and replication sites in nucleoli
[20]. Here we introduced the parameter fraction of NND at the mode NND, which represents the
relative amount of the most frequent (mode) NNDs. Calculation of these two parameters is useful for
the quantitative evaluation of the nanoscale organization of nuclear PIP2 and its relationship with
other nuclear markers. This approach is applicable to other PIPs [5] and for the evaluation of the
differences between various experimental conditions. Moreover, we developed Image]-based in cellulo
visualization tool of the NNDs. Although the NND analysis provides the important information about
the nanoscale subcellular organization, we also recommend to combine the distance-based analysis
with other quantitative analyses suitable for the SMLM data. The powerful approach represents a
method based on the Voronoi Tesselation, which allows for the quantitative evaluation of the co-
distribution of two markers [21]. The technical aspects of the dSTORM with various conventional
fluorophores are nicely reviewed for instance in van de Linde et al. [2] and various methods for the
analysis of SMLM data were reviewed for example in Schermelleh et al. [22] or Jacquemet et al. [23].
In conclusion Q-DC-dSTORM is customized systematic approach for in-depth quantitative analysis of
the dual-color dSTORM data of nuclear PIP2 and several nuclear markers. Q-DC-dSTORM represents
easily implementable tool to study the nanoscale organization of nuclear PIP2 and other PIPs. This
quantitative analysis approach is also applicable to other nuclear and cellular markers.
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