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Phosphatidylinositol phosphates are powerful signaling molecules that
orchestrate signaling and direct membrane trafficking in the cytosol. Inter-
estingly, phosphatidylinositol phosphates also localize within the
membrane-less compartments of the cell nucleus, where they participate in
the regulation of gene expression. Nevertheless, current models of gene
expression, which include condensates of proteins and nucleic acids, do not
include nuclear phosphatidylinositol phosphates. This gap is partly a result
of the missing detailed analysis of the subnuclear distribution of phosphati-
dylinositol phosphates and their relationships with gene expression. Here,
we used quantitative dual-color direct stochastic optical reconstruction
microscopy to analyze the nanoscale co-patterning between RNA polymer-
ase II transcription initiation and elongation markers with respect to phos-
phatidylinositol 4,5- or 3,4-bisphosphate in the nucleoplasm and nuclear
speckles and compared it with randomized data and cells with inhibited
transcription. We found specific co-patterning of the transcription initiation
marker P-S5 with phosphatidylinositol 4,5-bisphosphate in the nucleoplasm
and with phosphatidylinositol 3,4-bisphosphate at the periphery of nuclear
speckles. We showed the specific accumulation of the transcription elonga-
tion marker PS-2 and of nascent RNA in the proximity of phosphatidyli-
nositol 3,4-bisphosphate associated with nuclear speckles. Taken together,
this shows that the distinct spatial associations between the consecutive
stages of RNA polymerase II transcription and nuclear phosphatidylinosi-
tol phosphates exhibit specificity within the gene expression compartments.
Thus, in analogy to the cellular membranes, where phospholipid composi-
tion orchestrates signaling pathways and directs membrane trafficking, we

AF, Alexa Fluor; CDK7, cycline-dependent kinase 7; CDK9, cycline-dependent kinase 9; CTD, C-terminal domain; ctrl, control; DRB,
b5,6-dichloro-1-B-p-ribofuranosylbenzimidazole; EU, 5-ethynyl uridine; JF, Janelia Fluor; LLPS, liquid-liquid phase separation; NND,
nearest-neighbor distance; Np, nucleoplasm; nPIP, nuclear phosphatidylinositol phosphate; nRNA, nascent RNA; P-S2, phosphor-serine2;
P-S5, phosphor-serineb; PBS, phosphate-buffered saline; PFA, paraformaldehyde; PI(3,4)P2, nuclear phosphatidylinositol 3,4-bisphosphate; Pl
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propose a model in which the phospholipid identity of gene expression
compartments orchestrates RNA polymerase II transcription.

Introduction

Cellular compartmentalization of biochemical reactions
enhances their efficacy by increasing the local concen-
tration of reagents. Cells concentrate their distinct bio-
chemical reactions within different organelles that are
delimited by lipid membrane or are membrane-less
[1-4]. Important components of the cellular membranes
are phosphatidylinositol phosphates (PIPs). PIPs are
derived from phosphatidylinositol by phosphorylation
of the 3, 4 or 5 positions of the myo-inositol ring.
This generates seven PIP species: monophosphorylated
PI(3)P, PI(4)P, and PI(5)P; bisphosphorylated PI(3,4)
P2, PI(3,5P2 and PI(4,5)P2; and trisphosphorylated
PI(3,4,5P3 [5,6]. PIPs are not equally distributed
throughout the cellular membranes and this uneven PIP
distribution encodes a specific membrane identity,
which is decoded through lipid—protein interactions [7].
Thus, PIPs are powerful signaling molecules and their
specific distribution dictates the membrane identity,
directs vesicular trafficking and orchestrates signaling
at the membrane—cytosol interface [8].

Nuclear (n)PIPs are present within the membrane-
less subnuclear compartments [9] and are involved in
various nuclear functions [10-13]. Earlier studies have
focused on nPI(4,5)P2 [14-27], nPI(3,4)P2 [23,28-30]
and PI(4)P [28,31] or PI(3,4,5)P2 [32]. The first three
nPIPs localize predominantly to nuclear speckles,
whereas the last one localizes predominantly to the
nucleoli. Several enzymes involved in PIP metabolism
also localize to the cell nucleus, predominantly to
nuclear speckles [9,25,26,33-38]. The nuclear effectors
of PI(4,5)P2 include proteins involved in the different
stages of gene expression [17-19,22,24] and in particu-
lar in the regulation of RNAP polymerase II (RNA-
PII) transcription, viral replication and factors with
the oncogenic potential [18,19,22,24,32,39,40]. Thus,
there is an analogy between PIPs controlling biochemi-
cal reactions at the membrane—cytosol interface and
nPIPs within the membrane-less subnuclear compart-
ments that regulate gene expression [25,26,37,38]. Nev-
ertheless, the specific distribution of nPIPs within the
gene expression compartments and their relationships
with RNAPII transcription remain scarcely mapped.

RNAPII transcription is a complex and tightly regu-
lated process, in which the extended C-terminal domain
(CTD) of the large catalytic subunit Rpbl of RNAPII
plays a key role [41]. The CTD consists of heptapeptide
repeats containing the consensus sequence T1-S2-P3-T4-
S5-P6-S7 [42-44]. This region is dynamically phosphory-
lated as RNAPII progresses through the transcriptional
cycle [45-49]. The pre-initiation complex recruits RNA-
PII with unphosphorylated CTD to promoters during
the formation of liquid-liquid phase-separated (LLPS)
macromolecular condensates in the nucleoplasm (Np)
[42,50-57]. This is followed by two major points of regu-
lation, which are the initiation and pause release [58—61].
During initiation, RNAPII engages with the promoter
and the cycline-dependent kinase 7 (CDK7) enzyme
phosphorylates S5 to phosphor-serine5 (P-S5). RNAPII
then exists from the promoter and begins to synthesize
the RNA transcript [62] before entering the promoter-
proximal pause state [63,64]. The enzyme cycline-
dependent kinase 9 (CDK9) then phosphorylates S2 to
phosphor-serine2 (P-S2) [65]. This enables the release of
RNAPII from the promoter proximal pause, followed by
the productive elongation phase of the transcription and
the synthesis of mRNA [66]. Dissolution of the RNAPIIT
condensates into the Np accompanies the transition from
initiation to elongation phase and in the later stages of
transcription nuclear speckles play roles [67-71].

Nuclear speckles (Sp) are LLPS condensates com-
posed mainly of the proteins SON and SRRM2
[3,72-74]. Other Sp components include pre-mRNA
splicing factors or small nuclear ribonucleoprotein parti-
cles and poly(A)" RNAs [75-80]. Sp are actively involved
in the later stages of RNAPII transcription and partici-
pate in the expression of the nearby genes [69,70,81-86].
Previously, we have shown that nPI(4,5)P2, nPI(3,4)P2
and nPI(4)P specifically co-pattern with the Sp marker
SON in cultured cells [23] and, in the case of nPI(4,5)P2,
also in the human tissues [27]. Nuclear PI(4,5)P2 and
PI(3,4)P2 also co-patterned in the close proximity to a
subset of RNAPII in the Np and at the Sp periphery
[23]. Although accumulating evidence suggests the role
of nPI(4,5)P2 in the Np [16-18,24-26,37,87], the role of
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nPI(4,5)P2 at the Sp and the role of nP1(3,4)P2 in the Np
and Sp remain elusive.

Therefore, in the present study, we investigated the
co-patterning of the markers of the consecutive stages
of RNAPII transcription with nPI(4,5)P2 and nPI(3,4)
P2. We employed quantitative dual-color direct sto-
chastic optical reconstruction microscopy (Q-DC-
dSTORM) [23,88] and nearest neighbor distance
(NND) analysis [88,89] as described previously. We
examined the spatial relationships between these two
nPIPs and the transcription initiation marker P-S5 or
with the transcription elongation marker P-S2 in the
Np and Sp compartments. We then compared the
NNDs from control cells with the random data and
with the data from cells in which RNAPII transcrip-
tion was blocked. We confirmed the specific spatial
relationship of the transcription initiation marker with
nPI(4,5P2 at Np, demonstrated the specific
co-patterning of this marker with nPI(3,4)P2 at Sp
and, finally, documented the accumulation of the elon-
gation marker as well as of nascent RNA in the prox-
imity of nPI(3,4)P2 at the Sp periphery. Based on our
data, we propose that subnuclear nPIP-positive com-
partments orchestrate the progression of RNAPII
transcription analogous to PIPs that orchestrate sig-
naling pathways at the membrane—cytosol interface.

Results

Correlation between transcription initiation or
elongation markers and nPIPs

The interactors of nPI(4,5)P2 include proteins involved in
the regulation of gene expression and a subset of RNAPII
localizes in the vicinity of nPI(4,5)P2 and nPI(3,4)P2 in
the Np and Sp [17-19,22-24,69,82-84,90,91]. However,
the relationships between the subsequent stages of RNA-
PII transcription and the Np- or Sp-associated nPIP
pools are unknown. Therefore, our first goal was to quan-
titatively map at nanoscale the spatial co-distribution of
RNAPII transcription initiation marker P-S5 or elonga-
tion marker P-S2 with nPI(4,5)P2 or nPI(3,4)P2 in the
Np and Sp regions of interest (ROIs) and to compare it
with randomly generated localizations (Fig. 1 and
Fig. S1). We used Q-DC-dSTORM and generation of
randomly distributed localizations as described previously
[88] and in the Materials and methods. Briefly, fixed
U-20S cells were indirectly immunostained against
nPI(4,5P2 or nPI(3,4)P2 using primary antibodies
[14,17,23,25,26,28,33,90-92] and secondary antibody con-
jugated with Alexa Fluor (AF) 555. Cells were co-stained
with the validated (Fig. S2) primary antibodies against
P-S5 or P-S2 [45-47], respectively, and secondary
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antibodies conjugated with AF647. Cells were then
sequentially imaged by dSTORM, drift-corrected and
(Fig. 1A) P-S5 or P-S2 AF647 (Fig. SIA-D) and nPI(4,5)
P2 or nPI(3,4)P2 AF555 (Fig. SIE-H) channels were
aligned. We calculated the NNDs in the Np and Sp ROIs
using the ThunderSTORM 1MAGES plug-in [89,93,94] as
described previously [23,88] and detailed in the Materials
and methods.

The density of both, PI(4,5)P2 (Fig. S3A) and PI(3,4)
P2 (Fig. S3B) localizations was higher in the Sp com-
pared to the Np ROIs and overlapped with the
Sp marker SON (Fig. S4) as shown previously
[16,33-36]. We then generated in silico randomly distrib-
uted localizations (Fig. SI1I-L) corresponding to the
measured density of P-S5 (Fig. S3C) or P-S2 (Fig. S3D)
localizations and calculated NNDs between these ran-
dom localizations and nPI(4,5)P2 or nPI(3,4)P2 (see
Materials and methods). We plotted the results as the
mean distributions of the NNDs between the transcrip-
tion marker and nPIP from individual cells, normalized
by the total number of the pairwise localizations in each
cell (Fig. 1B). We visualized the spatial relationships
between the transcription initiation or elongation
markers and nPIPs in cellulo by color-coding the pixels
corresponding to either P-S5 or P-S2 according to their
NND to either nPI(4,5)P2 or PI(3,4)P2 [88] (Fig. 1C).
These maps illustrate the co-patterning of the transcrip-
tion initiation and elongation markers with nPIPs in the
Np and Sp ROIs. From the normalized NND distribu-
tions, we calculated two parameters as described previ-
ously [88] and in the Materials and methods. These
parameters were (a) the mode (most frequent, peak)
NND and (b) the fraction of the NND in the mode
NND, and we compared these parameters between con-
trol and random data (Fig. 1D). In the case of specific
(e.g. non-random co-patterning between a transcription
marker and nPIP), we expected a disruption of this rela-
tionship, reflected by an increased mode NND, as a
result of randomization [23,88]. Indeed, we found that
randomization increased the mode NND in the Np
ROIs for P-S5 relative to nPI(4,5)P2 and to PI(3,4)P2 as
well as for P-S2 relative to nPI(3,4)P2. However, this
was not the case for P-S2 relative to nPI(4,5)P2
(Fig. 1D). These data thus support a model in which
nPI(4,5)P2 is involved in the earlier, but not later, stages
of RNAPII transcription [17-19,24]. Furthermore, ran-
domization reduced in the Np ROIs the fraction of
NNDs in the mode NND in the case of P-S2 with
respect to nPI(3,4)P2. In the Sp ROIs, randomization
reduced the fraction of the NNDs in the mode NND in
the case of P-S5 and P-S2 with respect to nPI(4,5)P2
and in the case of P-S5 also relative to nPI(3,4)P2.
Moreover, comparison of the NNDs between the
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Fig. 1. Correlation of the consecutive stages of RNAPII transcription and nPIPs. Transcription initiation and elongation marker P-S5 and
P-S2, respectively, and nuclear Pl(4,5)P2 or PI(3,4)P2 indirectly immunolabeled with AF647 (magenta) and AF555 (green), respectively, with
zoom-in to the boxed ROIls in the nucleoplasm (Np) or nuclear speckles (Sp) imaged by dSTORM (A). Normalized control (ctrl) and random
(rand.) NND distributions between P-S5 or P-S2 and nPI(4,5)P2 or nPI(3,4)P2 in the Np and Sp ROIs (B). Color-coded pixel maps of the NND
between P-S5 or P-S2 and nPI(4,5)P2 or nPI(3,4)P2 (C) with zoom-in to the boxed ROls. (D) The Mode NNDs and the Fraction of the NNDs
in the mode NND in the Np and at Sp ROls. Scale bars = 5 um; zoom-in = 1 um. Measurements P-S5 to PI(4,5)P2 in the Np are from 28
and in Sp from 29 ROIs from n = 12 nuclei from N = 4 independent experiments; P-S2 to PI(4,5)P2 Np and Sp both 32 ROIs n=14, N=3;
P-S5 to PI(3,4)P2 Np 27 and Sp 30 ROIs n=11, N=3; P-S2 to PI(3,4)P2 Np 43 and Sp 36 ROIs n=8, N=3. The error bars in the
normalized NND distributions in (B) represent the SEM. The data in (D) are plotted as Tukey whisker plots and were evaluated statistically
using one-way ANOVA followed by Bonferoni post-test expressing the statistical significance: **P < 0.01; ***P < 0.005.
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combinations of the transcription markers and nPIPs in
the Np (Fig. S4E) and Sp (Fig. S4F) ROls, revealed the
smallest mode NNDs (Fig. S4G) and the largest frac-
tions of the NNDs in the mode NND (Fig. S4H)
between P-S5 or P-S2 and nPI(4,5)P2. The mode NNDs
between P-S5 or P-S2 and nPI(3,4)P2 were significantly
larger in the Np compared to Sp ROIs (Fig. S4G). The
largest mode NND and the smallest fraction of the
NND in the mode NND were measured for P-S2 with
respect to nPI(3,4)P2 in Sp ROIs (Fig. S4G,H).

Taken together, Q-DC-dSTORM enabled the nano-
scale quantitative characterization of the differential
relationships between the transcription initiation or
elongation markers and different nPIPs relative to the
distinct gene expression compartments. Our data uncov-
ered the specific co-patterning in the Np between the
transcription initiation marker and nPI(4,5)P2, which is
in agreement with the previous data [17-19,24]. In addi-
tion, we revealed yet uncharacterized co-patterning
between the transcription initiation and the elongation
marker and nPI(3,4)P2 in the Np ROIs. In the Sp ROIs,
we detected the specific co-patterning of the initiation
and elongation markers with nPI1(4,5)P2 and in the case
of the initiation marker also with nPI(3,4)P2. Our data
thus documented the differential spatial relationships
between the markers of the consecutive stages of RNA-
PII transcription with respect to two different nPIPs.
Furthermore, we showed that these relationships were
characteristic for the distinct gene expression compart-
ments (e.g. Np and Sp ROIs). We then proceeded to
characterize how transcription inhibition affected the
nanoscale co-patterning of the transcription initiation
or elongation marker with nPI(4,5)P2 or nPI(3,4)P2 in
the Np or Sp ROls.

Transcription inhibition disrupted a specific
nucleoplasmic co-patterning between the
transcription initiation marker P-S5 and nPI(4,5)
P2

To further investigate the relationship between RNA-
PII transcription and nPI(4,5)P2, we first analyzed the
co-patterning between the initiation marker P-S5 in
the Np or Sp ROIs in the cells treated with the tran-
scription inhibitors (E')-N-(3-(5-Chloro-4-(1H-indol-3-
yl)pyrimidin-2-ylamino)phenyl)-4-(4-(dimethylamino)
but-2-enamido)benzamide (THZI1) or 5,6-dichloro-1-B-p-
ribofuranosylbenzimidazole (DRB) and compared them
with control (ctrl) cells and with the random data (Fig. 2
and Fig. S5). THZI inhibits the CDK7 kinase (Fig. 2A)
preventing a promoter pausing, mRNA capping and the
productive elongation [95-97]. CDK7 phosphorylates S5
of the RNAPII CTD heptapeptide repeat and therefore

Nuclear phospholipid patterns during transcription

THZ1 treatment reduced the amount of P-S5 signal
(compare Fig. 2B and C; see also Fig. S3C). DRB inhibits
CDKO9 kinase in the P-TEFb complex that phosphory-
lates S2 of the RNAPII CTD (Fig. 2A) and thus DRB
prevents RNAPII elongation [46,97,98]. Q-DC-dSTORM
revealed P-S5 foci throughout the Np and Sp ROIs in the
ctrl cells (Fig. 2B). THZ1 and DRB treatments reduced
the nPI(4,5)P2 signal in Np ROIs, whereas nPI(4,5)P2
signal increased in Sp ROIs (Fig. S3A). We calculated the
NNDs between P-S5 and nPI(4,5)P2 in the Np (Fig. 2E)
or Sp (Fig. 2F) ROIs of the THZ1 and DRB-treated cells,
plotted them as the normalized mean distributions and
then compared them with the ctrl cells and with the ran-
dom data. From the NND distributions, we calculated
the mode NND and the fraction of the NND in the mode
NND in the Np (Fig. 2G) and Sp (Fig. 2H) ROIs and
compared them between ctrl, random, THZ1 and DRB
treated cells. Similarly to the random data, THZ1 and
DRB treatments significantly increased the mode P-S5-to-
nPI(4,5)P2 NNDs and DRB treatment, and randomiza-
tion reduced the fraction of the NND in the mode NND.
These effects were specific for the Np (Fig. 2E,G) and not
detected in the Sp (Fig. 2F,H) ROIs, where only the ran-
domization reduced the fraction of NND in the mode
NND. This can be explained by the specific morphology
of Sp, where nPI(4,5)P2 localizations cluster within the
Sp condensates (Fig. 2B, Sp). By contrast to the real
data, in which P-S5 localizations co-patterned with the
nPI(4,5)P2 localizations (Fig. 21, Sp; see below), random-
ization positioned the simulated localizations uniformly
throughout the ROI, and thus disrupted the clustering
within the Sp condensates (Fig. S3I Sp). Based on the
P-S5-to-nPI(4,5)P2 NNDs, we generated in cellulo maps
in which the pixels corresponding to the original P-S5
localizations were color-coded according to their NND
to the nPI(4,5)P2 localizations (Fig. 2I-K). Comparison
of the in cellulo color-coded NND maps between ctrl cells
(Fig. 2I) and cells treated with THZ1 (Fig. 2J) or DRB
(Fig. 2K), illustrates the reduced NND specifically in the
Np ROIs. These data showed that transcription inhibi-
tion reduced the close spatial relationship of the tran-
scription initiation marker P-S5 with nPI(4,5)P2
specifically in the Np but not in the Sp ROIs. This effect
was similar to the randomization effect, indicating the
specific co-patterning of the transcription initiation
marker with the Np PI(4,5)P2 foci.

Transcription inhibition had only a limited effect
on the spatial relationship between the
elongation marker P-S2 and PI(4,5)P2

Next, we investigated the spatial relationship between
the RNAPII transcription elongation marker P-S2 and
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Nuclear phospholipid patterns during transcription

Fig. 2. Co-patterning between the transcription initiation marker P-S5 and nPI(4,5)P2. Scheme of the experimental design (A). Transcription
initiation marker P-S5 and nPI(4,5)P2 indirectly immunolabeled with AF647 (magenta) and AF555 (green), respectively, with zoom-in to the
boxed ROls in the nucleoplasm (Np) or nuclear speckles (Sp) in a control (ctrl) cell (B), a cell treated with THZ1 (C) or DRB (D). Normalized
NND distributions between P-S5 and PI(4,5)P2 in the Np (E) or Sp (F) ROls, the Mode NNDs and their fractions in the Np (G) and at Sp (H).
Color-coded pixel maps of the NND between P-S5 and PI(4,5)P2 with zoom-in to the boxed Np or Sp ROls in ctrl (I), THZ1 (J) or DRB (K)
treated cell. Scale bars =5 pm; zoom-in = 1 um. Measurements Np THZ1 are from 35 and Np DRB from 27 ROls, Sp THZ1 from 42 and Sp
DRB from 29 ROls. The THZ1 data are from n= 13 nuclei from N =5 experiments and DRB data from n= 10 nuclei from N =3
experiments; control and random data are the same as in Fig. 1. The error bars in the normalized NND distributions in (E, F) represent the
SEM. The data in (G, H) are plotted as Tukey whisker plots and were statistically evaluated using one-way ANOVA followed by Bonferoni
post-test expressing the statistical significance: **P < 0.01; ***P < 0.005.

nPI(4,5)P2 (Fig. 3 and Fig. S6). As described above,
we measured, how the transcriptional inhibition, either
by the CDK?7 inhibitor THZ1 or the CDK9 inhibitor
DRB, affected the NNDs between the elongation
marker P-S2 and nPI(4,5)P2. CDK7 activity is respon-
sible for the subsequent activation of CDK9 and there-
fore inhibition of CDK7 by THZI affects CDK9
(Fig. 2A). THZ]1 thus prevents the phosphorylation of
S2 in the RNAPII CTD and transcription elongation
[99]. DRB is a selective CDK9 inhibitor and thus,
DRB prevents phosphorylation of S2 and transcription
elongation [45,46,97,98]. These effects were manifested
by the reduced P-S2 levels in the THZ1 and DRB trea-
ted cells (Fig. 3A—C and Figs S3D). We plotted the
normalized P-S2-to-nPI1(4,5P2 NNDs in the Np
(Fig. 3D) and Sp (Fig. 3E) ROIs in the THZ1 or DRB
treated cells, in the ctrl cells and in the random data.
From the NND distributions, we calculated the mode
NND and the fraction of the NND in the mode NND
separately in the Np (Fig. 3F) and Sp (Fig. 3G) ROIs
and compared them between ctrl, random, THZI and
DRB treated cells. Transcription inhibition only slightly
affected these parameters in the case of the elongation
marker relative to nPI(4,5)P2. This was the case in
both, the Np and Sp ROIs. Thus, in contrast to the
transcription initiation (Fig. 2B-K), the elongation
marker did not specifically co-pattern with the nPI(4,5)
P2. This conclusion was further supported by the fact
that the measured co-patterning between P-S2 and
nPI(3,4)P2 was at the level of the co-patterning of the
randomly distributed localizations (Fig. S3J) with
nPI(4,5)P2 localizations, both in the Np and Sp ROIs
(Fig. 3E-H). Color-coded in cellulo NND maps derived
from the NND measurements in ctrl cells (Fig. 3H) and
cells treated with THZ1 (Fig. 3I) and DRB (Fig. 3J)
illustrated the spatial relationship between P-S2 and
nPI(4,5)P2. Here, the < 10 nm proximity between P-S2
and nPI(4,5)P2 was not as pronounced as in the case
of P-S5 with nPI(4,5)P2 (Fig. 2I-K). These data thus
further support the involvement of nPI(4,5)P2 in the
earlier, but not later, stages of RNAPII transcription

[17-19,24]. Previously, we have shown the co-patterning
of a subset of RNAPII in the proximity of nPI(3,4)P2
in the Np and Sp ROIs [23]. Thus, we next aimed to
determine whether transcription initiation and/or elon-
gation markers co-patterned with the nPI(3,4)P2 in the
Np or Sp ROIs.

Transcription inhibition negatively affected the
spatial relationship between the initiation marker
P-S5 and PI(3,4)P2 at Sp

The data presented so far indicated that the transcrip-
tion initiation marker specifically co-patterned with
nPI(4,5)P2 in the Np ROIs. In addition to nPI(4,5)P2,
we have previously shown the specific co-patterning of
a subset of RNAPII with nPI(3,4)P2 [23]. However,
we have not previously distinguished between the
RNAPII transcription initiation and elongation
markers. Therefore, in the present study, we investi-
gated the spatial relationship between the transcription
initiation or elongation markers and nPI(3,4)P2 in the
Np and Sp ROIs.

To this end, we first compared the spatial relation-
ships between the transcription initiation marker P-S5
and nPI(3,4)P2 (Fig. 4 and Fig. S7) in the ctrl cells
(Fig. 4A) and in the cells treated with THZ1 (Fig. 4B)
or DRB (Fig. 4C) using Q-DC-dSTORM. Both tran-
scription inhibitors significantly reduced the P-S5 sig-
nal in the Np and Sp ROIs (Fig. S3C) and, in contrast
to nPI(4,5)P2 (Fig. S3A), significantly reduced the
nPI(3,4)P2 signal in the Np and Sp ROIs (Fig. S3B).
We plotted the normalized NND distributions of P-S5
relative to nPI(3,4)P2 in the Np (Fig. 4D) and Sp
(Fig. 4E) ROIs of the ctrl, THZ1 or DRB treated cells
and of the random localizations. We calculated the
mode NND and the fraction of the NND in the mode
NND in the Np (Fig. 4F) or Sp (Fig. 4G) ROIs. In
the Np ROIs, only the THZI treatment slightly but
significantly increased the mode NND. Otherwise,
measurements from DRB treated cells and random
localizations were at the level of the ctrl co-patterning
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(Fig. 4D,F). In the Sp ROIs, both THZ1 and DRB
treatments increased the P-S5-to-nPI(3,4)P2 NNDs and
correspondingly reduced the fraction of the NND in
the mode NND to the level of random co-patterning
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(Fig. 4G). Visualizations of these spatial relationships
by the in cellulo color-coded P-S5-to-nPI(3,4)P2 NND
maps revealed the following. There was only a mar-
ginal signal of < 10 nm P-S5-to-nPI(3,4)P2 NNDs in

© DRB

a )
Z 20
z

310
53

0 20 40 60 80 100

Federation of European Biochemical Societies.

85US017 SUOWILLIOD SIS0 8|edldde au Aq peusenob ae ssjoe YO ‘Bsh 0 s3I 10y Axeiq1 8UIIUO /8|1 UO (SUOIPUCD-PUR-SLLBY WD A3 IM A f.q 1 BUI|UO//SUNY) SUORIPUOD PUe SW 1 8L} 88S *[202/80/42] U0 Ariqiauliuo A8 |IM AN RAIUN S31%2UD AQ 9ET.LT'SGR/TTTT OT/I0p/LI0Y A8 | Im ARRIq U1 IUO'STRY//SANY W1} papeojumoq ‘0 ‘839K 2L T



P. Hoboth et al.

Nuclear phospholipid patterns during transcription

Fig. 3. Co-patterning between the transcription elongation marker P-S2 and nPI(4,5)P2. Transcription elongation marker P-S2 and nuclear
P1(4,5)P2 indirectly immunolabeled with AF647 (magenta) and AF555 (green), respectively, with zoom-in to the boxed ROIls in the
nucleoplasm (Np) or nuclear speckles (Sp) in a control (ctrl) cell (A), a cell treated with THZ1 (B) or DRB (C). Normalized NND distributions
between P-S2 and PI(4,5)P2 in the Np (D) or at Sp (E), the Mode NNDs and their fractions in the Np (F) and at Sp (G). Color-coded pixel
maps of the NND between P-S5 and PI(4,5)P2 with zoom-in to the boxed Np or Sp ROls in ctrl (H), THZ1 (I) or DRB (J) treated cell. Scale
bars = 5 um; zoom-in = 1 um. Measurements Np THZ1 are from 24 and Np DRB from 51 ROls, Sp THZ1 from 29 and Sp DRB from 24
ROls. The THZ1 data are from n = 12 nuclei from N = 3 experiments and DRB data from n = 12 nuclei from N = 3 experiments; control and
random data are the same as in Fig. 1. The error bars in the normalized NND distributions in (D, E) represent the SEM. The data in (F, G)
are plotted as Tukey whisker plots and were statistically evaluated using one-way ANOVA followed by Bonferoni post-test expressing the

statistical significances: *P < 0.05; ***P < 0.005.

the Np ROIs (Fig. 4H-J) and the reduced < 10 nm
P-S5-to-nPI(3,4)P2 NNDs in the Sp ROIs of the THZ
or DRB treated cells (Fig. 41,J). Thus, our measure-
ments uncovered the novel co-patterning of the tran-
scription initiation marker P-S5 and nPI(3,4)P2
specifically in the Sp ROIs. It is important to empha-
size that the spatial relationship between the transcrip-
tion initiation marker P-S5 and nPI(3,4)P2 described
here (Fig. 4) was specific in the Sp ROIs, in contrast
to the spatial relationship of the initiation marker with
nPI(4,5)P2, which was specific in the Np ROIs
(Fig. 2). These data thus revealed the compartment-
specific co-patterning of the transcription initiation
marker P-S5 with different nPIPs. In the Np ROIs,
P-S5  specifically co-patterned with  nPI(4,5)P2,
whereas, in the Sp ROIs, P-S5 specifically co-patterned
with PI(3,4)P2. Next, we investigated the spatial rela-
tionship between the transcription elongation marker
P-S2 and nPI(3,4)P2 in the Np and Sp ROlIs.

Transcriptional inhibition increased the fraction
of the elongation marker P-S2 proximal to the
Sp-associated PI(3,4)P2

Here, we tested the effects of transcriptional inhibition
on the co-patterning between the elongation marker
P-S2 and nPI(3.4)P2 in the Np or Sp ROIs (Fig. 5 and
Fig. S8). To this end, we evaluated the spatial relation-
ships of P-S2 with nPI(3,4)P2 separately in the Np or
Sp ROIs and compared them between the ctrl cells
(Fig. 5A) and the cells treated with THZ1 (Fig. 5B) or
DRB (Fig. 5C). Both THZ1 and DRB treated cells
displayed reduced P-S2 signal in both Np and Sp
ROIs (Fig. 5B,C and Fig. S3D) compared to the ctrl
cells (Fig. 5A). These measurements thus uncovered
the effect of CDK?7 inhibitor THZ1 also on the tran-
scription elongation marker P-S2 (Fig. S9). We plotted
the normalized P-S2-to-nPI(3,4)P2 NNDs in the Np
(Fig. 5D) and Sp ROIs (Fig. SE), calculated the mode
NNDs and the fraction of the NNDs in the
mode NND, and evaluated the effects of THZI and

DRB treatments. We found no significant effects of
the transcriptional inhibition by THZ1 or DRB on the
mode P-S2-to-nPI(3,4)P2 NNDs in either Np (Fig. 5F)
or in the Sp (Fig. 5G) ROIs. However, both transcrip-
tion inhibitors increased the fraction of P-S2-to-nPI
(3,4)P2 NNDs in the mode NND specifically in the Sp
(Fig. 5G) ROIs and left this parameter unaffected in
the Np ROIs (Fig. 5SF). These data thus suggested the
specific accumulation of the transcription elongation
marker in the vicinity of Sp-associated nPI(3,4)P2 in
the cells with inhibited transcription. It is important to
emphasize that this effect was specific only for the
transcription elongation marker relative to nPI(3,4)P2
in the Sp ROIs. This suggested a previously uncharac-
terized link between the later stages of RNAPII tran-
scription (e.g. elongation) and Sp-associated nPI(3,4)
P2.

Color coded in cellulo P-S2-to-nPI(3,4)P2 NND
maps showed in red the pixels where the P-S2 signal
was in the < 10 nm proximity to nPI(3,4)P2. This was
prominent at the Sp periphery (Fig. 5H-J). These
data further elaborated the concept that consecutive
stages of gene expression take place at distinct
subnuclear compartments, with the Sp periphery
involved in the later stages of RNAPII transcription
[69,70,82-84,100,101]. Our data thus extended this
concept by providing evidence for the specific
co-patterning of the transcription elongation marker
with the nPI(3,4)P2 at the Sp periphery. Because the
inhibition prevented the progression of transcription
from elongation to later stages, such as mRNA traf-
ficking across Sp [102-104], P-S2 accumulated in the
Sp ROIs. Importantly, this accumulation associated
with the Sp ROIs was in the proximity of nPI(3,4)P2
(Fig. 5G,1,J) but not of nPI1(4,5)P2 (Fig. 3G,L,J).

Taken together, we have provided here quantitative
evidence that the transcription elongation marker
co-patterned with the nPI(3,4)P2 in the Sp ROIs. This
evidence, which relates to the later stages of gene
expression, is distinct from the earlier stages, which
are characterized by the co-patterning of the
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transcription initiation marker with the nPI(3,4)P2
within the Sp ROIs (Fig. 3). We next aimed to corrob-
orate our measurements of the spatial relationships of
the later stages of RNAPII transcription with respect
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to nPIP at distinct gene expression compartments by
investigating whether the spatial relationship of
nascent RNA, with respect to nPIPs in the Np and Sp
ROIs, changed over time.

© DRB

W) DRB

[

10 The FEBS Journal (2024) © 2024 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

85U8017 SUOILIOD BAE8.D 3(qeotjdde au Aq peussnob a e seoiie YO ‘@S JO 9| 10} Aiq i 8UIjUO /8|1 UO (SUONIPUOD-PUB-SWLS) W00 A8 |IMAtelq Ul |Uo//SANY) SUORIPUOD pUe Swe 1 8y} 88S *[1202/80/22] Uo ARidiTauluo A8|iMm ‘AIseAlun ss|eyd Aq 9ETZTSGRY/TTTT OT/I0p/w0d A8 | Afeiq1jeuljuosgey//sdny woiy pepeojumod ‘0 ‘859vzy.T



P. Hoboth et al. Nuclear phospholipid patterns during transcription

Fig. 4. Co-patterning between the transcription initiation marker P-S5 and nPI(3,4)P2. Transcription initiation marker P-S5 and nuclear PI(3,4)
P2 indirectly immunolabeled with AF647 (magenta) and AF555 (green), respectively, with zoom-in to the boxed ROls in the nucleoplasm
(Np) or nuclear speckles (Sp) in a control (ctrl) cell (A), a cell treated with THZ1 (B) or DRB (C). NND distributions between P-S5 and PI(3,4)
P2 in the Np (D) or at Sp (E), the Mode NNDs and their fractions in the Np (F) and at Sp (G). Color-coded pixel maps of the NND between
P-S5 and PI(4,5P2 with zoom-in to the boxed Np or Sp ROIls in ctrl (H), THZ1 (I) or DRB (J) treated cell. Scale bars =5 pm;
zoom-in = 1 pum. Measurements Np THZ1 are from 51 and Np DRB from 31 ROls, Sp THZ1 from 29 and Sp DRB from 24 ROls. The THZ1
data are from n = 12 nuclei from N = 3 experiments and DRB data from n = 8 nuclei from N = 2 experiments; control and random data are
the same as in Fig. 1. The error bars in the normalized NND distributions in (D, E) represent the SEM. The data in (F, G) are plotted as
Tukey whisker plots and were statistically evaluated using one-way ANOVA followed by Bonferoni post-test expressing the statistical

significances: *P < 0.05; **P < 0.01; ***P < 0.005.

Nascent RNA progresses toward the
Sp-associated nPI(3,4)P2 foci

Finally, we investigated the spatial relationships
between the nascent transcripts and nPI(4,5)P2 or
nPI(3,4)P2 in the Np and Sp ROIs. We performed
30 min pulse labeling of nascent RNA (nRNA) with
S-ethynyl uridine (EU) in live-cells as previously
described [105], followed by chase periods of 0, 30 or
60 min terminated by cell fixation (Fig. 6A). After cell
fixation, nRNA with the incorporated alkyne-
containing nucleotide EU was click-labeled with Janelia
Fluor 646 (JF646) azide, which reacts with the alkyne
group of EU (EU-JF646). The JF646 fluorophore cova-
lently attached to the nRNA produced during the
30-min pulse period. By varying the chase period, we
were able to study by Q-DC-dSTORM the dynamics of
the spatial relationships between RNA-EU-JF646 and
subsequently immunolabeled nPI(4,5)P2 or PI(3,4)P2.

From the dual-colors dSTORM data of EU-JF646
nRNA at 0 min (Fig. 6B,F), 30 min (not shown) and
60 min (Fig. 6D,H) and nPI(4,5)P2 (Fig. 6B,D) or
nPI(3,4)P2 (Fig. 6F,H), we calculated the mode NNDs
(Fig. 6J,L) and the fraction of the NNDs in the mode
NND (Fig. 6K.M) in the Np (Fig. 6J,K) and Sp
(Fig. 6L,M) ROIs. Figure 6B,D shows exemplar
dSTORM images of a cell nuclei fixed immediately after
30-min pulse EU labelling or after a 60-min chase
period, respectively, and counterstained for nPI(4,5)P2.
The color-coded in cellulo NND maps (Fig. 6C,E) illus-
trate the changing spatial relationship of the nascent
transcript relative to nPI(4,5)P2. In particular, the
< 10 nm proximity between nRNA and nPI(4,5)P2 is
evident at the earlier time points (Fig. 6C), but not at
the later time point (Fig. 6E). Similarly, Fig. 6F,H shows
the nanoscale spatial co-distribution of nRNA relative
to nPI(3,4)P2 at chase periods of 0 and 60 min, respec-
tively. The nanoscale spatial co-distribution of nRNA
relative to nPI(3,4)P2 is color-coded according to
nRNA-to-nPI(3,4)P2 NND in Fig. 6G.I and documents
the < 10 nm proximity between nRNA and nPI(3,4)P2
in the Sp ROIs at the later time point (Fig. 61).

Quantitative evaluation of the mode NNDs
(Fig. 6J,L) and of the fraction of the NNDs in the
mode NND (Fig. 6K.M) revealed the following
results. The NND of the EU-JF646 nRNA to
nPI(4,5)P2 in the Np ROIs significantly decreased in
the earlier chase period between 0 and 30 min (Fig. 6J
red curve). This indicated the close co-patterning of
nRNA with nPI(4,5P2 in the Np ROIs during the
early stages of RNAPII transcription. The fraction of
the NND in the mode NND between EU-JF646
nRNA and nPI(4,5)P2 in the Np did not change sig-
nificantly throughout the 60-min chase period
(Fig. 6K red curve). In the Sp ROIs, the spatial
co-patterning between nRNA and nPI(4,5)P2 did not
change significantly over the measured time (Fig. 6L,
M red curve). By contrast, the mode NND of the
EU-JF646 nRNA to nPI(3,4)P2 in the Np ROIs sig-
nificantly decreased in the later chase period between
30 and 60 min (Fig. 6J green curve). This suggests a
progression of nRNA to nPI(3,4)P2 in the Np ROIs
in the later stages of RNAPII transcription. The frac-
tion of the NNDs in the mode NND between
EU-JF646 nRNA and nPI(3,4)P2 in the Np ROIs
decreased significantly in the earlier chase period
between 0 and 30 min and then increased significantly
in the later chase period between 30 and 60 min
(Fig. 6K green curve). The mode NND between
nRNA and nPI(3,4)P2 in the Sp ROIs was signifi-
cantly smaller (Fig. 6L) and the fraction of the NND
in the mode NND was more frequent (Fig. 6M) in
the later chase period between 30 and 60 min. This
suggested the accumulation of nRNA in the vicinity
of Sp-associated nPI(3,4)P2, but not of nPI(4,5)P2,
and is consistent with our previous data (Fig. 5G),
which showed the accumulation of the transcription
elongation marker in the vicinity of Sp-associated
nPI(3,4)P2.

Based on our measurements, we thus propose a
model that reflects the specific co-patterning between
the RNAPII transcription initiation marker, corre-
sponding to the early stages of gene expression, and
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nPI(4,5)P2 in the Np. The progression of transcription
from initiation to elongation is then associated with
the Np-to-Sp transition and is characterized by a
switch from nPI(4,5P2 to nPI(3,4)P2 foci. Finally,
later stages of gene expression are spatially linked to
the nPI(3,4)P2 and Sp compartment (Fig. 6N).

P. Hoboth et al.

Discussion

Recent super-resolution microscopy studies have helped
to redefine the models of gene expression with the nano-
scale spatial resolution [42,50-52,67,68,100,106-108].
These revised models appreciate the role of protein and
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Fig. 5. Co-patterning between the transcription elongation marker P-S2 and nPI(3,4)P2. Elongation marker P-S2 and nuclear PI(3,4)P2
indirectly immunolabeled with AF647 (magenta) and AF555 (green), respectively, with zoom-in to the boxed ROls in the nucleoplasm (Np) or
nuclear speckles (Sp) in a control (ctrl) cell (A), a cell treated with THZ1 (B) or DRB (C). Normalized NND distributions between P-S2 and
PI1(3,4)P2 in the Np (D) or at Sp (E), the mode NNDs and their fractions in the Np (F) and at Sp (G). Color-coded pixel maps of the NND
between P-S5 and PI(4,5)P2 with zoom-in to the boxed Np or Sp ROlIs in ctrl (H), THZ1 (I) or DRB (J) treated cell. Scale bars =5 pm;
zoom-in = 1 um. Measurements Np THZ1 are from 29 and Np DRB from 33 ROls, Sp THZ1 from 38 and Sp DRB from 37 ROls. The THZ1
data are from n = 14 nuclei from N = 3 experiments and DRB data from n = 11 nuclei from N = 3 experiments; control and random data
are the same as in Fig. 1. The error bars in the normalized NND distributions in (D, E) represent the SEM. The data in (F, G) are plotted as
Tukey whisker plots and were statistically evaluated using one-way ANOVA followed by Bonferoni post-test expressing the statistical

significances: *P < 0.05; ***P < 0.005.

nucleic acid condensates but omit nuclear lipids, and, in
particular, nPIPs. Nevertheless, accumulating evidence
supports the presence of nPIPs and their roles in the func-
tional organization of the membrane-less nuclear interior
[9,12,109-121]. Most studies have focused on nPI(4,5)P2
[10,14-19,22,24-26,122], whereas similar studies on
nPI(3,4)P2 are scarce [23]. Previous biochemical analyses
uncovered the roles of nPIPs in signaling and gene expres-
sion, but without the ability to distinguish the precise sub-
nuclear compartmentalization of the studied processes
[19,22,108,109,111,112,117-120,123].  Advantageously,
quantitative super-resolution microscopy allows for the
detailed mapping of nPIPs within the context of the pre-
served nuclear architecture. Previously, we have shown by
Q-DC-dSTORM that both nPI(4,5)P2 and nPI(3,4)P2
form sub-diffraction limited foci in the Np and at Sp, and
that a subset of RNAPII in the Np and at Sp localize in
the < 10 nm proximity of these foci [23]. Here, we ana-
lyzed the spatial relationships of the RNAPII transcrip-
tion initiation or elongation markers with these two
nPIPs separately in the Np and Sp ROIs and compared
them with the random data (Fig. 1) and with the data
obtained in the cells where transcription was inhibited
(Figs 2-5). In addition, we performed a complementary
analysis using click-chemistry labelling of nRNA followed
by immunolabeling of nPI(4,5)P2 or PI(3,4)P2. We mea-
sured the changes in the co-patterning between nRNA
and nPI(4,5)P2 or PI(3,4)P2 at different time points
(Fig. 6). These measurements supported our conclusions
from the analyses of the spatial relationships between
RNAPII transcription initiation (Figs 2 and 4) or elonga-
tion (Figs 3 and 5) markers with nP1(4,5)P2 (Figs 2 and 3)
and PI(3,4)P2 (Figs 4 and 5).

First, we measured the nanoscale spatial relation-
ships of the RNAPII transcription initiation and elon-
gation marker P-S5 and P-S2, respectively, with
nPI(4,5)P2 and nPI(3,4)P2 separately in the Np and
Sp ROIs and compared them with random data
(Fig. 1B,D). Consistent with the previous findings
[17-19,24], our present analyses confirmed the specific
co-patterning of the transcription initiation marker

and nPI(4,5)P2 in the Np ROIs and uncovered a previ-
ously uncharacterized co-patterning of the transcrip-
tion initiation and elongation markers with nPI(3,4)P2.
Our initial analyses also revealed a specific
co-patterning in the Sp ROIs of the initiation and
elongation markers with nPI(4,5)P2 and, in the case of
the initiation marker, also with nPI(3,4)P2. These data
revealed the compartment (Np or Sp) specific spatial
relationships between the consecutive (initiation and
elongation) stages of RNAPII transcription and two
distinct nPIP species. We further considered how tran-
scriptional inhibition affects these spatial relationships
and thus we used THZ1 inhibition of CDK7, a kinase
responsible for the phosphorylation of S5 [65,95,96],
and DRB inhibition of CDK9 that phosphorylates S2
[66,97,124].

Transcriptional inhibition altered the co-patterning
between P-S5 and nPI(4,5)P2 to the random levels, spe-
cifically in the Np ROIs (Fig. 2E,G), thus confirming the
Np-specific spatial relationship between the transcription
initiation marker and nPI(4,5)P2. This is in agreement
with our previous data [17], as well as with the notion of
the transcription initiation taking place within the Np
condensates positive for P-S5 [24,42,46,51,67,68]. By
contrast to this specific co-patterning of the transcription
initiation marker with nPI(4,5)P2 in the Np ROls, tran-
scription inhibition had only a very little effect on the
spatial co-patterning of the transcription elongation
marker P-S2 with nPI(4,5)P2 in both, Np and Sp ROIs
(Fig. 3D-G). This contrast highlights that the
co-patterning with nPI(4,5)P2 is specific for RNAPII,
which is only positive for P-S5 and not for P-S2, indicat-
ing the early stages of gene expression, such as transcrip-
tion initiation. Blocking of the transcription disrupted
the specific co-patterning of the initiation marker with
nPI(3,4)P2 to the random levels only in the Sp ROIs
(Fig. 4E,G) and not in the Np ROIs (Fig. 4D,F). Several
lines of evidence suggest that the association of genes
with Sp enhances gene expression and that the transcrip-
tional machinery re-localizes from the Np to the vicinity
of Sp after initiation [69,70,82-84,100,101]. Our data
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Fig. 6. The dynamics of nascent RNA with respect to nPIPs and gene expression compartments. Experimental scheme (A) in which
nascent RNA in living-cells was pulse labeled by EU for 30 min (=30 min) prior fixation (0 min) or chased for 30 or 60 min before fixation. In
fixed cells EU was click-labeled by Janelia Fluor 646 (magenta) and cells were counterstained against nPI(4,5)P2 (B, D) or nPI(3,4)P2 (F, H)
with AF555 (green) and imaged by dSTORM. Representative images of 0 (B, F) or 60 min (D, H) chased EU signal and nPI(4,5)P2 (B, D) or
nPI(3,4)P2 (F, H) with zoom-in to the boxed ROls in the nucleoplasm (Np) or nuclear speckles (Sp). Color-coded pixel maps of the NND
between 0 min (C, G) or 60 min (E, I) chased EU and nPI(4,5)P2 (C, E) or nPI(3,4)P2 (G, I) with zoom-in to the boxed Np or Sp ROls. Graphs
show the mode NND (J, L) or the fractions of NND in the mode NND (K, M) between EU and nPI(4,5)P2 (red curves) or nPI(3,4)P2 (green
curves) at EU chase periods of 0, 30 and 60 min in the nucleoplasm (Np; J, K) or at nuclear speckle (Sp; L, M) ROls. Graphical summary of
the PIP code in the gene expression compartments (N). Scale bars = 5 um; zoom-in = 1 um. Measurements PI(3,4)P2 Np O min are from
50 ROIs from n = 11 nuclei from N = 2 experiments; 30 min from 61 ROIs from n = 8 nuclei from N = 2 experiments; and 60 min from 78
ROIls from n = 11 nuclei from N = 2 experiments; PI(3,4)P2 Sp 0 min from 32; 30 min from 35 and 60 min from 59 ROIls and the same n of
nuclei and N experiments as Np data; PI(4,5)P2 Np 0 min from 84 ROIs from n = 8 nuclei from N = 2 experiments; 30 min from 88 ROls
from n = 8 nuclei from N =2 experiments; and 60 min from 73 ROIs from n = 9 nuclei from N = 2 experiments; Pl(4,5P2 Sp 0 min from
88, 30 min from 63 and 60 min from 69 ROIs and the same n of nuclei and N experiments as Np data. The error bars in (J-M) represent
the SEM and were statistically evaluated using one-way ANOVA followed by Bonferoni post-test expressing the statistical significances:

*P < 0.05; **P < 0.01; ***P < 0.005.

presented here are consistent with this model and further
reflect that the initiation marker P-S5 persists on the
RNAPII CTD during transcriptional progression into
the elongation phase [49,62,66,125-129]. Taken together,
this highlights the role of Sp in the later stages of RNA-
PII transcription [42,46,51,67,68]. Furthermore, we
showed that transcriptional inhibition increased the frac-
tion of the NNDs in the mode NND between the elonga-
tion marker P-S2 and nPI(3,4)P2 in the Sp (Fig. SE,G)
but not the Np (Fig. 5D.F) ROIs. These data may reflect
the halted RNAPII in the later stages of transcription
proximal to Sp and suggest a link between the
Sp-associated pool of nPI(3,4)P2 and later stages of
RNAPII transcription. This is consistent with the notion
that blocking transcription with the CDK?7 inhibitor
THZ1 or the CDK9 inhibitor DRB not only prevents
the phosphorylation of S5 or S2 within the RNAPII
CTD hexapeptide repeats, but stops the entire transcrip-
tion process [46,95-98]. Our data thus extend the previ-
ously reported links between the later stages of gene
expression and Sp [69,70,82-84,100,101]. It is also plausi-
ble to envision that future research will uncover further
links between nPI(3,4)P2 and the late stages of gene
expression. This may include, for example, co—/post-
trancriptional processing of pre-mRNA and/or nuclear
export of mRNA that occurs after nRNA is processed in
the Sp-associated processes [70,73,74,77,102-104].
Finally, we tested whether the dynamics of nRNA
followed the same pattern as that we measured for the
markers of RNAPII transcriptional progression. We
used a 30-min pulse incorporation of EU into the
nascent transcript, when EU saturates the global
nRNA in the nucleus of living cells [105], followed by
a chase period of 0, 30 or 60 min. This allowed us to
perform temporal and spatial analyses of the RNA
transcription with respect to nPI(4,5)P2 or PI(3,4)P2

in the Np or Sp ROIs (Fig. 6). The mode NND
between nRNA and nPI(4,5)P2 decreased at earlier
time points (between 0-30 and 0-60 min, P < 0.05;
but not significantly between 30 and 60 min) and only
in the Np ROIs (Fig. 6J). These data thus further sup-
port the specific spatial relationship between the tran-
scription initiation and nPI(4,5)P2 in the Np ROIs
(Fig. 2) and the involvement of nPI(4,5)P2 in the ear-
lier stages of RNAPII transcription [17-19,22,24].
However, the co-patterning between nRNA and
nPI(3,4)P2 was more dynamic. The mode NND
between nRNA and nPI(3,4)P2 decreased more signifi-
cantly (P < 0.01) than the mode NND between nRNA
and nPI(4,5)P2 (P < 0.05) in the Np ROIs (Fig. 6J).
Importantly, the mode NND in the Sp ROIs decreased
significantly over time only between nRNA and
nPI(3,4)P2, but not between nRNA and nPI(4,5)P2
(Fig. 6L). At the same time, the fraction of NNDs in
the mode NND increased between nRNA and nPI(3.4)
P2, but not between nRNA and nPI(4,5)P2, in the Sp
ROIs (Fig. 6M). Thus, the dynamically changing spa-
tial relationship of nRNA with nPI(3,4)P2 over time
and between the Np and Sp compartments further
supports the concept that nPI(3,4)P2 and Sp are asso-
ciated with the later stages of gene expression. This
concept is consistent with our data showing the spe-
cific accumulation of the transcription elongation
marker P-S2 in the < 10 nm vicinity of nPI(3,4)P2 in
the Sp ROIs (Fig. 5E,G). Furthermore, this scenario is
in agreement with the role of Sp in the later stages of
gene expression [42,46,51,67,68], and thus strengthens
the possibility of the involvement of nPI(3,4)P2 in the
later stages of RNAPII.

In conclusion, our data document the specific
co-patterning of the transcription initiation marker and
nPI(4,5)P2 in the Np ROIs and support a concept in
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which the progression of transcription from initiation to
elongation correlates with the translocation from Np
to Sp. Furthermore, our data reflect a switch in the
co-patterning of the transcription initiation marker
P-S5 from nPI(4,5)P2 to nPI(3,4)P2. Finally, the tran-
scription  elongation marker P-S2  specifically
co-patterns with the nPI(3,4)P2 in the Sp ROIs
(Fig. 6N). Our findings are in line with the previous evi-
dence indicating that subsequent stages of RNAPII
transcription are associated with different subnuclear
compartments. Specifically, earlier stages of transcrip-
tion, such as initiation, take place in the Np
[42,50-52,67] and later stages, such as elongation, are
linked to Sp [68-70,83,84,101]. Our present work thus
further develops the concept of the functional organiza-
tion of the cell nucleus and the spatial progression of
the consecutive stages of RNAPII transcription through
functionally distinct subnuclear compartments. Impor-
tantly, our data reveal a switch between nPI(4,5)P2 and
nPI(3,4)P2 as transcription progresses from the initia-
tion to elongation and from Np to Sp. Based on these
data, we suggest that nPIPs represent a molecular code
specific for the different steps of gene expression. We
propose that this nPIP code directs the progression of
RNAPII transcription. In our model, the transcription
machinery switches from the Np pool of nPI(4,5P2 in
the earlier stages of transcription to the Sp-associated
nPI(3,4)P2 in the later steps of RNAPII progression
(Fig. 6N). Thus, the nPIP code is analogous to the spe-
cific PIP identity of the cellular membranes. Because the
PIP identity of the cellular membranes is critical for
the recruitment of specific protein interactors and the
efficient organization of signaling pathways or direc-
tionality of vesicular trafficking [6-8], the nPIP identity
of the membrane-less subnuclear compartments may be
critical for the gene expression.

Materials and methods

Cell culture

U-2 OS cells (RRID:CVCL_0042) were kind gift from Pro-
fessor I. Grummt, German Center for Cancer Research
(DKFZ) (Heidelberg, Germany). Cells were genetically
authenticated by the PCR-single-locus-technology of 16
independent PCR-systems by a commercial service provided
by the Eurofins Genomics Europe Food/Environment/White
Biotech Products & Services GmbH (Ebersberg, Germany)
and tested mycoplasma negative by the Cryobank of the
Institute of Molecular Genetics of the Czech Academy of
Science (Prague, Czechia). Cells were grown in DMEM (cat.
# D6429; Sigma-Aldrich, St Louis, MO, USA) with 10%
fetal bovine serum at 37 °C and 5% CO,. Cells were plated

P. Hoboth et al.

1 day before staining at approximately 50% confluence onto
high precision 12 mm 1.5H round coverslips (cat. #0117520;
Paul Marienfeld GmbH & Co., Lauda-Konigshofen, Ger-
many) treated with Hellmanex™ III (cat. #Z805939;
Sigma-Aldrich), sonicated, washed, dried and sterilized as
previously described [88]. Cells were treated with 100 pm
DRB (cat. # D1916; Sigma-Aldrich) for 2 h or 1 um THZ1
(cat. # HY80013; MedChemExpress LLC, Monmouth Junc-
tion, NJ, USA) for 3 h added to the culture media. Stock
DRB and THZI1 were diluted in dimethylsulfoxide and thus
cells were treated with 1 : 1000 dimethylsulfoxide (cat.
# D2650; Sigma-Aldrich) in the culture media as a control.
For control experiments documenting the effect of shorter
incubation times with THZ1 on the transcription elongation
marker, cells were treated with 1 pm THZ1 for 1 h
(Fig. S10). For the control experiments, which document the
effect of triptolide treatment on the transcription markers
(Fig. S2) or shorter incubation times with THZ1 on the tran-
scription elongation marker (Fig. S9), cells were treated for
1 h with 1 pm triptolide (cat. # D1916; Sigma-Aldrich) or
for 1 h with 1 pm THZ1 (cat. # HY80013; MedChemExpress
LLC) added to the culture media. Stock triptolide and
THZ1 were in dimethylsulfoxide and thus cells were control
treated for 1-h with 1:1000 dimethylsulfoxide (cat.
# D2650; Sigma-Aldrich) in the culture media.

Indirect immunofluorescence labeling

Cells were washed twice with phosphate-buffered saline
(PBS) (pH 7.4) and fixed in 2% paraformaldehyde (PFA) in
PBS for 30 min, washed three times for 5 min with PBS,
then permeabilized in 0.1% Triton X-100 in PBS for 20 min,
washed three times for 5 min with PBS and blocked in fil-
tered 5% BSA in PBS for 30 min. Cells were incubated with
primary antibodies diluted in 5% BSA in PBS for 45 min,
washed three times for 5 min in PBS and incubated with sec-
ondary antibodies diluted in 5% BSA in PBS for 30 min.
The cells were then washed three times for 5 min in PBS,
post-fixed in 2% PFA in PBS for 15 min and washed three
times for 5 min in PBS. All procedures were performed at
room temperature and the cells were stored in PBS. The pro-
cedures were described earlier [23,88].

Antibodies

The primary antibodies and concentrations used were:
mouse ascites IgM anti-PI(4,5P2 2Cl11 (5 pgmL™";
Z-A045; Echelon Biosci. Inc., Salt Lake City, UT, USA),
mouse monoclonal IgG2 anti-PI(3,4)P2 (5 pgmL™';
Z-P034; Echelon Biosci. Inc.), rabbit polyclonal IgG
anti-RNAPII CTD P-S5 (3 ug~mL_l; ab5131; Abcam,
Cambridge, UK) and rabbit polyclonal IgG anti-RNAPII
CTD P-S2 (3 pg-mL™'; ab5095; Abcam). The specificity of
the primary antibodies was tested (Fig. S2). Rabbit
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polyclonal IgG anti-SON (1 pgmL™"; ab121759; Abcam)
and mouse monoclonal IgGl anti-SC-35 (1.5 pgmL™%;
ab11826; Abcam). The secondary antibodies and concentra-
tions used were: goat anti-mouse IgM (p-chain) AFS555
(10 ug-mLfl; A24126; Jackson ImmunoResearch, Ely,
UK), donkey anti-mouse IgG AF555 (10 pgmL™%;
A31570; Invitrogen Thermo Fisher Scientific, Waltham,
MA, USA) and goat anti-rabbit IgG AF647 (10 pg-mL™";
A21245; Invitrogen Thermo Fisher Scientific). The
cross-reactivity of the secondary antibodies was tested
(Figs S5-S8).

Pulse-chase EU labeling of nascent RNA for
dSTORM

The Click-iT™ RNA Alexa Fluor™ 488 Imaging Kit
(C10329 Invitrogen Thermo Fisher Scientific) was used to
label nascent RNA but instead of Alexa Fluor™ 488 azide
from the kit we used JF646 azide (7088 Tocris Bioscience,
Bristol, UK), which is compatible with dASTORM imaging.
Stock 100 mm EU was diluted to 2 mm (2 x concentration)
in the cell culture media described above and added 1 : 1
(v/v) to U20S cells cultured on coverslips as described
above to a final EU concentration of 1 mm and incubated
with cells for a 30-min pulse [105] under standard condi-
tions (37 °C and 5% CO,). Media was then aspirated and
cells were washed twice for 5 min with PBS and either fixed
immediately as described above (0 min chase period) or
fresh cell culture medium was added, the cells were incu-
bated for chase periods of 30 or 60 min and then fixed.
After 30-min fixation in 2% PFA in PBS cells were washed
three times with PBS, permeabilized in 0.1% Triton X-100
in PBS for 20 min, washed three times for 5 min with PBS
and incubated for 30 min at RT in the Click-iT™ RNA
solution in accordance with the manufacturer’s instructions.
The click-chemistry solution contained in 1 mL: 856 pL of
click chemistry buffer (component C of the kit), 40 pL
of CuSO4, 3.7 uL of JF646 azide (stock JF646 azide in
dimethylsulfoxide diluted to a final concentration of 10 pm)
and 100 pL of Click-iT™ RNA reaction additive (diluted
1 : 10 from 10x stock to final 1x solution). The cells were
then rinsed once with Click-iT™ RNA reaction rinse (com-
ponent E) and once with PBS. Immunofluorescence was
then performed as described above, but starting with the
blocking step.

dSTORM

Coverslips with cells were mounted in the Chamlide chamber
(Live Cell Instrument, Namyangju-si, Gyeonggi-do, Korea)
and covered with imaging buffer (PBS, pH 7.4, 50 mm
monoethanolamine). Two channels, the first corresponding
to the AF647 and the second AF555 were recorded sequen-
tially, with the AF647 channel recorded first, using an Elyra

Nuclear phospholipid patterns during transcription

PS.1 microscope (Carl Zeiss AG, Jena Germany). The
microscope was equipped with HR Diode 642-150 and
HR DPSS 561-200 lasers (Carl Zeiss AG), Alpha
Plan-Apochromat 100x/1.46 oil DIC M27 Elyra objective
(Carl Zeiss AG) and an Andor EM CCD iXon DU 897 cam-
era (Oxford Instruments, Abingdon, UK) and was con-
trolled using zEN BLACK 2.1 sp3 (Carl Zeiss AG). The AF647
and AF555 photo-switching was achieved using HiLo illumi-
nation and high-power total internal reflection fluorescence
filed of view with 100% power of the 642 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. The procedures were described earlier [23,88].

Single-molecule localizations

Fluorophore molecule localizations were calculated using
ZEN BLACK 2.1 sp3 with a 2D Gaussian fit x, y with a point
spread function half-width of 177.9 nm. A peak mask size
of 9 pixels and peak intensity to noise factor of 6 were
selected empirically and maintained consistently. Because
of the high density of nuclear antigens, we used the 2D
overlap method with a maximum cluster size of 10. The
calculated SMLs were rendered in zEN software with a reso-
lution of 10 nm-pixel ™' and a point spread function expan-
sion factor of 1x. Possible drift was corrected using a
model-based correction in zEN and an automatic number of
segments was selected for the model calculation. Each
drift-corrected localization file was then saved individually
and the two channels (AF647 and AF555) corresponding
to the same nucleus were then aligned in zen Channel
Alignment using the affine fit setting. Two channels were
aligned using tetraspec beads fiducial markers for affine cal-
ibration. Drift-corrected and aligned localization coordi-
nates were exported as text files. ROIs of the size
1.5 x 1.5 pum were manually selected in zEN based on the
accumulations of PI(4,5)P2 or PI(3,4)P2 signals correspond-
ing to nuclear speckles (Figs S3A,B and S4), thus defining
Sp ROIs or outside of the Sp ROIs and avoiding nucleoli
and thus defining Np ROIs (Fig. S3A,B). Molecular densi-
ties calculated as the number of localizations divided by the
total number of frames acquired and the area of the ROI,
indicate higher densities of both PI(4,5)P2 and PI(3,4)P2, in
the Sp ROIs compared to the Np ROIs (Fig. S3A,B). This
is consistent with the previous definition of Sp based on the
accumulation of PI(4,5)P2 or PI(3,4)P2 signals overlapping
with the Sp marker SON [14,16-18,23,24,33,34] and as
shown here also for another Sp marker SC-35 (Fig. S4).

Data processing by ThunderSTORM

The localization coordinates and other data were exported
from the zEN software as txt files, containing the information
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for both aligned channels in one file. The text files were con-
verted to csv files and imported into the IMAGEI2 [94] plug-in
THUNDERSTORM [93] using SELF-WRITTEN MACRO [88], which
requires two csv files as input. The first file represents the
‘ground truth’ and the second file represents the ‘result’. To
map the spatial distribution of the transcription initiation
and elongation marks P-S5 and P-S2 labeled by AF647, with
respect to the PI(4,5)P2 and PI(3,4)P2 labeled by AF555, we
used the AF555 channels as ground truth channels and
AF647 channels as result channels. We used a previously
written and published macro [88] to batch convert the com-
mon txt files containing the information of the two channels
into the csv files containing the information of the individual
channels, import the data into THUNDERSTORM and render
the images. Images were rendered using normalized Gauss-
ian method, which fits a normalized symmetric 2D function
integrated over each molecule localization [93], where we
used a magnification of 10 and SD of 10 nm [88].

Random data generation

Random data for the evaluation of the specific
co-patterning between transcription marks and nPIPs were
generated by the IMAGEI2 [94] plug-in THUNDERSTORM [93],
as previously reported [23,88] using the ‘Generator of simu-
lated data’ function under the ‘Performance testing’ option.
Each randomly generated ground-truth channel corre-
sponding to Np or Sp ROIs of the 150 x 150 pixels was
generated with respect to the number of frames and molec-
ular density of the original ground-truth data. The molecu-
lar density corresponds to the number of localizations
detected in the real Np or Sp ROIs, divided by the ROI
area of 2.25 ym? and by the number of frames. Other simu-
lator parameters were default.

NND analysis

The spatial distribution of the transcription initiation or
elongation marks P-S5 or P-S2, respectively, labeled by
AF647 with respect to the PI(4,5)P2 or PI(3,4)P2 labeled
by AF555 was evaluated as the NNDs. NNDs were calcu-
lated within the 1.5 x 1.5 pum Np or Sp ROIs in THUNDER-
sTorRM. Ground-truth and result data were imported into
THUNDERSTORM and the colocalization analysis function CBC
(coordinate-based co-localization [89]) was used with a
radius step of 50 nm, 2D calculation and a step count factor
of 10. ‘Channel 1’ was the ‘Ground-truth table’ correspond-
ing to the AF555 signals and ‘Channel 2’ was the ‘Results
table’ corresponding to the AF647 signals. The option ‘Add
distance to the nearest neighbor into the results table’ was
used and, because the quantification output was ‘nn_dist
[nm]’, the column was appended to the Results table and
saved. A previously written and published macro [88], which
also produces a txt file at the end with all the resulting
NNDs, was used to automate this procedure. To evaluate
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the NNDs under different conditions, we imported the data
from the txt file into ExceL (Microsoft Corp., Redmond,
WA, USA). The sum of all localizations in each acquisition
was calculated and this sum was used normalized the indi-
vidual NND distributions by the number of localizations.
The average normalized NND distributions were calculated
and plotted as follows. Each 1-nm bin step on the x-axis cor-
responded to the frequency, or fraction (y-axis), of the
AF647 channel localizations (transcription initiation or elon-
gation marks P-S5 or P-S2, respectively) with the NND ‘x’
to its nearest-neighbor in the AF555 channel [PI(4,5)P2] or
[PI(3,4)P2]. The mode (peak) NNDs and the fraction of the
NNDs in the mode NND were calculated from the distribu-
tions in EXCEL. Data were statistically evaluated and the
Tukey whisker plots were created in prism (GraphPad Soft-
ware Inc., San Diego, CA, USA). The NND analysis has
been described in detail previously [23,88].

Statistical analysis

The normalized NND distributions were created in EXCEL
and the error bars represent the SEM. In the numerical
data corresponding to the individual NND distributions,
the mode NND values were identified, which represent the
most frequent NNDs and thus correspond the peaks of
the distributions in the normalized NND distributions to.
As explained previously [88], mode NNDs were evaluated
because the mode values represent the peak or the most
frequent value in the data set and thus better reflect the
shift in different conditions of the peaks of NND distribu-
tions that are not normally distributed but have long tails
in large NND values. The (a) mode NNDs and (b) the
fractions in the mode NNDs [88] were statistically evalu-
ated using one-way analysis of variance (ANOVA) followed
by Bonferoni post-test and plotted as Tukey whisker plots
in PRISM or by an unpaired two-tailed z-test. P < 0.05 was
considered statistically significant.

Immunofluorescence labelling for confocal
imaging and analysis

The cells were washed twice with PBS (pH 7.4) and fixed
for 30 min in 2% PFA in PBS, washed three times for
5 min with PBS, then permeabilized in 0.1% Triton X-100
in PBS for 20 min, washed three 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 three 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 three times
for 5min in PBS (first PBS wash eventually contained
1 pg-mL~" DAPI), once in water, dried and mounted in 90%
glycerol with 4% n-propyl gallate. The primary antibodies
and concentrations used were: mouse ascites IgM anti-PI
(4,5)P2 2C11 (5 pg-mL~!; Z-A045; Echelon Biosci. Inc.),
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mouse monoclonal IgG2 anti-PI(3,4)P2 (5 pgmL™";
Z-P034; Echelon Biosci. Inc.), rabbit polyclonal IgG
anti-RNAPII CTD P-S5 (3 pg-mL~'; ab5131; Abcam), rab-
bit polyclonal IgG anti-RNAPII CTD P-S2 (3 ug-mL™';
ab5095; Abcam), rabbit polyclonal IgG anti-SON
(1 pgmL™Y; abl21759; Abcam) and mouse monoclonal
IgG1 anti-SC-35 (1.5 ug-mL™'; ab11826; Abcam). The sec-
ondary antibodies and concentrations used were: goat
anti-mouse IgM (p-chain), AF555 (10 pgmL™'; A24126;
Jackson ImmunoResearch), donkey anti-mouse 1gG AF555
(10 pg-mL~'; A31570 Invitrogen Thermo Fisher Scientific)
and goat anti-rabbit IgG AF647 (10 pgmL™'; A21245
Invitrogen Thermo Fisher Scientific).

Confocal imaging and image analysis

Images presented in Figs S2, S4 and S9 were acquired on a
confocal microscope (TCS SP8; Leica Microsystems, Wet-
zlar, Germany) equipped with HC PL APO 63x/1.40 oil
CS2 objective), hybrid detectors and controlled by rLas x
software (Leica Microsystems). The illumination was
achieved by 552, 405 and 638 nm solid-state lasers. The
pixel size of the acquired images was 99.56 x 99.56 nm
and Z-spacing was 1.039 nm. Images used for quantitative
comparison were acquired with the same settings and the
figures shown as representative examples have the same dis-
play adjustments. Colocalization between the channel fluo-
rescence intensities was analyzed using the Coloc2 plugin in
IMAGEJ [94]. The nuclear outlines were segmented manually
and random images were created by rotating one channel
90° relative to the other channel, as described earlier [130].
Colocalization was evaluated by Pearson’s correlation coef-
ficient, Spearman’s rank correlation value and Manders’
correlation coefficients (M1 and M?2). The difference
between the real and randomized data was evaluated using
Student’s ¢-test and graphs were created in PRISM.
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