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Abstract: Specific nuclear sub-compartments that are regions of fundamental processes such as gene
expression or DNA repair, contain phosphoinositides (PIPs). PIPs thus potentially represent signals
for the localization of specific proteins into different nuclear functional domains. We performed
limited proteolysis followed by label-free quantitative mass spectrometry and identified nuclear
protein effectors of the most abundant PIP—phosphatidylinositol 4,5-bisphosphate (PIP2). We
identified 515 proteins with PIP2-binding capacity of which 191 ‘exposed’ proteins represent a direct
PIP2 interactors and 324 ‘hidden’ proteins, where PIP2 binding was increased upon trypsin treatment.
Gene ontology analysis revealed that ‘exposed’ proteins are involved in the gene expression as
regulators of Pol II, mRNA splicing, and cell cycle. They localize mainly to non-membrane bound
organelles—nuclear speckles and nucleolus and are connected to the actin nucleoskeleton. ‘Hidden’
proteins are linked to the gene expression, RNA splicing and transport, cell cycle regulation, and
response to heat or viral infection. These proteins localize to the nuclear envelope, nuclear pore
complex, or chromatin. Bioinformatic analysis of peptides bound in both groups revealed that
PIP2-binding motifs are in general hydrophilic. Our data provide an insight into the molecular
mechanism of nuclear PIP2 protein interaction and advance the methodology applicable for further
studies of PIPs or other protein ligands.

Keywords: nucleus; limited proteolysis; mass spectrometry; phosphoinositides; phosphatidylinositol
4,5-bisphosphate

1. Introduction

The maintenance of genome stability, genome expression, and its inheritance are
amongst the main functions of the eukaryotic nucleus. In order to fulfil these functions,
the nucleus shows unique, functionally compartmentalized architecture [1]. Nuclear phos-
phatidylinositol phosphates (PIPs) contribute to the spatial compartmentalization of the
nucleus [2-4]. PIPs are known regulators of various processes such as membrane ar-
chitecture and cytoskeletal dynamics, vesicular trafficking, signal transduction, or bone
resorption [5,6]. The most abundant phosphatidylinositol 4,5-bisphosphate (PIP2) localizes
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in the distinct nuclear sub-compartments—nuclear speckles, nucleoli, and nucleoplas-
mic foci—nuclear lipid islets [2]. In a study of Lewis and co-workers, more than 300
PIP2-interacting proteins involved in chromatin remodeling or RNA processing were iden-
tified [7]. PIP2 is also involved in both RNA polymerase I and RNA polymerase Il mediated
transcription [2,8]. Several nuclear proteins which are linked to the regulation of RNA tran-
scription and mRNA processing have direct PIP2-binding capacity [4,9]. Various limited
proteolysis followed by quantitative mass spectrometry (LiP-qMS) approaches have been
successfully used for the determination of tertiary structure or conformational changes
of proteins [10,11]. The LiP experimental approach uses the effect of ligand in the sample
containing the ligand binding proteins. The addition of the ligand into the reaction causes
binding of interactors and masks protein binding sites or induces conformational change
that affects the accessibility of protease cleavage sites. Nuclear proteins rarely contain the
canonical PIPs-binding domains, such as PH, FYVE, or PX domains. Instead, polybasic
stretches containing lysine and arginine amino acid residues (K/R motifs) mediate the
PIP2 binding [7]. Here we used LiP-qMS to identify the nuclear proteins, which directly
bind to PIP2. We took the advantage of the trypsin protease activity, which specifically
cleaves the peptide bond at the C-terminus of lysine and arginine residues, and developed
LiP-based experimental pipeline using covalently conjugated PIP2 agarose beads followed
by qMS to identify the proteins that interact with PIP2. We refer to this experimental
pipeline as Phosphoinositide phosphates-based Limited Proteolysis quantitative mass
spectrometry (PIPsLiP-qMS). This novel two-step approach allowed us to identify PIP2-
interactome of the nuclear proteome and provides data discriminating two different types
of PIP2-binding regions. Our approach provides information about structural features of
the PIP2-protein interaction on a nuclear proteome scale and a methodological pipeline
for further evaluation of other nuclear PIPs interactors and thus determination of their
possible functions.

2. Materials and Methods
2.1. Cell Culture, Antibodies, and Lipid-Conjugated Beads

HeLa cells were cultured in suspension in DMEM media supplemented with 10%
fetal bovine serum in spinner flasks at 37 %C 10% CO: atmosphere for 5 days.
Antibodiesused in this study: anti-GAPDH (Abcam, Cambridge, UK, ab8245), anti-lamin
A (Abcam, Cambridge, UK, ab8990), anti-CWC25 (Sigma-Aldrich, St. Louis, MO, USA,
HPA062997), anti-MPRIP antibody (Sigma-Aldrich, St. Louis, MO, USA, HPA022901).
IRDye® 800 CW Donkey anti-Rabbit IgG (LI-COR Biosciences, Lincoln, NE, USA, 926-
32213), IRDye® 800 CW Donkey anti-Mouse IgG (LI-COR Biosciences, Lincoln, NE, USA,
926-32212), PIP2- conjugated agarose beads (Echelon Biosciences Inc., Salt Lake City,
UT, USA, P-B045A-2),blocked control agarose beads (Echelon Biosciences Inc., Salt Lake
City, UT, USA, P-B000).

2.2. Nuclear Lysate Preparation

One liter of HeLa suspension culture was spun at 1300 g at 4 2C for 15 min. Pellet was
resuspended in 7 mL of B buffer (50 mM Hepes pH 7.4, 150 mM NaCl, 1 mM DTT) and
subjected to Dounce homogenization (20 strokes). Cell nuclei were sedimented by 1800x g
centrifugation at 4 2C for 5 min. Supernatant was collected as cytoplasmic fraction. Nuclear
pellet was washed 4 times in 10 mL of B buffer. Clean nuclear pellet was sonicated in
Soniprep 150 (MSE) bench top sonicator (1 s on, 1 s off for 30 cycles at power 10 amplitude
microns). Sonicated lysate was spun down at 13,000 g at 4 2C for 15 min. Supernatant
was collected as nuclear lysate. Protein concentration was determined by Pierce™ BCA
Protein Assay (Thermo Fisher Scientific, Waltham, MA, USA, 23227) according to the
manufacturer’s protocol.

2.3. Trypsin Inhibition Assay

Five micrograms of bovine serum albumin (BSA; New England Biolabs, Ipswich, MA,
USA, B9001S) were diluted in 19 pL of B buffer (50 mM Hepes pH 7.4, 150 mM NaCl, 1 mM
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DTT). One microliter of trypsin (0.5 pg) (Promega, Madison, WI, USA, V5111) was added
to the reaction and incubated at RT for one minute. After one-minute incubation, one
microliter of protease inhibitor (cOmplete™, Roche, Basel, Switzerland, 05056489001) was
added or reaction was boiled at 100 ?C. Protein samples were immediately vortexed and
incubated at 4 ?C for 60 min to ensure the stability of the reaction.

2.4. PIPsLiP-qMS Experiment

Three liters of HeLa suspension culture were used for nuclear lysate preparation. One
milliliter of nuclear lysate with protein concentration of 2.5 mg/mL was used per condition.
Eighty microliters of washed PIP2-conjugated agarose beads or control beads respectively,
were added into the respective reaction and incubated at 4 2C for 1 h rotating to allow
PIP2-protein interaction. After this step, 0.5 pg of trypsin (Promega, Madison, WI, USA,
V5111) was added (1:5000 trypsin:total protein ratio), mixed well, and incubated at RT
for 1 min. After the incubation, we added 1.4 pL of broad spectrum protease inhibitors
(cOmplete™, Roche, Basel, Switzerland, 05056489001) into the reaction, mixed well, and
placed on ice. The control beads sample was centrifuged at 300x g at 4 2C for 2 min.
Supernatant was transferred into a new tube and 80 pL of fresh PIP2-conjugated beads
were added into the reaction and the sample was incubated rotating at 4 2C for 1 h. Finally,
beads were spun down and washed twice in 1 mL of B buffer and subjected to sample
preparation for qMS measurement. PIPsLiP was performed in three independent replicates.

2.5. Protein Digestion

Beads were resuspended in 100 mM triethylammonium bicarbonate (TEAB) contain-
ing 2% sodium deoxycholate (SDC). Proteins were eluted and cysteines were reduced in one
step by heating with 10 mM final concentration of Tris-(2-carboxyethyl)phosphine (TCEP;
60 2C for 30 min). Beads were removed by centrifugation and proteins in the
supernatant were incubated with 10 mM final concentration of methyl
methanethiosulfonate (MMTS; 10 min RT) to modify reduced cysteine residues. In-
solution digestion was performed with 1 pg of trypsin at 37 2C overnight. After
digestion, the samples were centrifuged and supernatants were collected and acidified
with TFA to 1% final concentration. SDC was removed by ethylacetate extraction [12].
Peptides were desalted using homemade stage tips packed with C18 disks (Empore)
according to Rappsilber et al. [13].

2.6. Nano Scale Chromatographic Tandem Mass Spectrometry (nLC MS2) Analysis

Nano reversed phase column (EASY Spray column, 50 cm x 75 um ID, PepMap C18,
2 um particles, 100 A pore size) was used for Liquid chromatography-tandem mass
spectrometry (LC-MS/MS) analysis. The mobile phase buffer A was composed of water
and 0.1% formic acid. The mobile phase B was composed of acetonitrile and 0.1% formic
acid. The samples were loaded onto the trap column (Acclaim PepMap 300, C18, 5 pm,
300 A Wide Pore, 300 um x 5 mm, 5 Cartridges) at 15 pL/min for 4 min. The loading buffer
was composed of water, 2% acetonitrile, and 0.1% trifluoroacetic acid. Peptides were eluted
with the mobile phase B gradient from 4% to 35% B in 60 min. Eluting peptide cations
were converted to gas phase ions by electrospray ionization and analyzed on a Thermo
Orbitrap Fusion (Q OT gqIT, Thermo Fisher Scientific, Waltham, MA, USA). Survey scans of
peptide precursors from 350 to 1400 m/z were performed at 120 K resolution (at 200 m/z)
with a 5 X 10° ion count target. Tandem MS was performed by isolation at 1.5 Th with
the quadrupole, HCD fragmentation with normalized collision energy of 30, and rapid
scan MS analysis in the ion trap. The MS/MS ion count target was set to 104, and the max
injection time was 35 ms. Only those precursors with charge state 2-6 were sampled for
MS/MS. The dynamic exclusion duration was set to 45 s with a 10 ppm tolerance around
the selected precursor and its isotopes. Monoisotopic precursor selection was turned on.
The instrument was run in top speed mode with 2 s cycles [14].
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2.7. Raw Data Processing

Raw data files acquired by LC-MS/MS were processed with MaxQuantv1.6.11.0 [15].
Peak lists were searched against the human SwissProt database (May 2020) using An-
dromeda search engine [16]. Minimum peptide length was set to seven amino acids, and
two missed cleavages were allowed. Dithiomethylation of cysteine was set as a fixed
modification while oxidation of methionine and protein N-terminal acetylation were used
as variable modifications. Only peptides and proteins with false discovery rate (FDR) lower
than 0.01 were accepted. Protein intensities were normalized using MaxLFQ algorithm [17].
MaxQuant output data were further analyzed using Perseus v1.6.12.0 [18] and visualized in
R v4.0.0 [19]. Briefly, protein groups identified at the 0.01 FDR level were further filtered to
remove potential contaminants, decoys, and proteins identified based on modified peptides
only. The resulting matrix was filtered based on the number of missing values (at least
three valid values in at least one of the groups), and after log2 transformation, missing
values were imputed from normal distribution (width = 0.3 times standard deviation (SD)
and shift = 1.8 times SD of the original distribution).

2.8. Statistical Analysis

The samples were categorized in two groups—in the first group, LiP was performed
in the presence of the PIP2-beads (to protect ‘exposed’-PIP2-binding motifs; PIP2-LiP)
while in the second group, LiP was performed in the presence of blank beads, and the
supernatant was incubated with PIP2-beads (to reveal ‘hidden’ PIP2-binding motifs; LiP-
PIP2). Student’s t-test was performed with an additional fold-change cut-off (p < 0.05;
fold change > 2) to compare differentially enriched proteins between these groups and
to identify the most significant hits. Additional false discovery rate (FDR) correction for
multiple hypothesis testing was performed (permutation-based FDR 0.05 or 0.1; Perseus
v1.6.12.0) and reported in the supplementary files.

2.9. Gene Ontology Enrichment

Gene ontology annotation (gene ontology biological process and gene ontology cel-
lular compartment, GOBP and GOCC, resp.) was performed in Perseus, and statistical
significance of GOBP and GOCC terms enrichment in the ‘exposed’ and ‘hidden’ groups
was evaluated by Fisher’s exact test using all quantified proteins as a background reference
set. The complementary GO search for mRNA processing and RNA splicing factors in ‘ex-
posed’ protein group was done using thehttps://string-db.org/interface with interaction
score setas “medium confidence (0.4)”. For details please refer to STRING web page [20].

2.10. Peptide Hydrophobicity Analysis

All identified peptides were assigned a grand average of hydropathy (GRAVY) value
(http://www.gravy-calculator.de/index.php). Peptide distributions corresponding to
‘exposed’ proteins, ‘hidden’ proteins, and the remaining proteins were visualized, and
the difference between these groups was evaluated using Kruskal-Wallis test. Pairwise
comparisons were performed using pairwise Wilcoxon test with Bonferroni correction.

2.11. Data Visualization

All plots were generated using R package ‘ggplotZI. The x-axis in the volcano plot
shows log2-transformed fold change between PIP2-LiP and LiP-PIP2 groups described
above; the y-axis shows the negative decadic logarithm of the t-test p-value. In the bubble
plots, the x-axis shows the proportion of proteins from a GO category from all proteins in
the ‘exposed’ or ‘hidden’ group; y-axis shows the negative decadic logarithm of p-value
estimated using Fisher‘s exact test. The size of the bubble corresponds to the number of
proteins. In the boxplots, the bold line indicates the median value; box borders represent
the 25th and 75th percentiles, and the whiskers represent the minimum and maximum
value within 1.5 times of interquartile range. Outliers out of this range are depicted using
solid dots.
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2.12. Bioinformatic Analyses

Sequence retrieval—Canonical protein sequences were obtained from UniProtKB [21]
(release 2020_06). Search for PIPs-binding domains—the PROSITE database [22] (release
2019_11) was used for selection of protein domains previously shown to bind to PIPs
resulting in 11 protein domains selected: C2; N-terminal C2 (NT-C2); DOCK-homology
region (DHR)-1 and -2; epsin NH2-terminal homology (ENTH); Fabl, YOTB/ZK632.12,
Vacl and EEA1 (FYVE); GRAM-like ubiquitin-binding in EAP45 (GLUE); pleckstrin homol-
ogy (PH); phosphotyrosine interaction domain (PID); phox homology (PX); and Sprouty
(SPR) domain. List of all human proteins containing these domains was retrieved from
Swiss-Prot [20] using the PROSITE database and compared to the list of the most significant
PIP2-interactors. Search for K/R motifs—ScanProsite tool [22] was employed for searches
for K/R rich motifs: [KR]-x(3,7)-K-x-[KR]-[KR], [KR]-x(3,7)-K-x-[KR], and [KR]-x(3,7)-K-x-K
with match mode set as greedy with no overlaps.

2.13. PIP2-Coated Beads Pull-Down and Western Blot

PIP2-coated or control agarose beads (20 pL slurry) were incubated with 1 mg of nuclear
lysate for 1 h at 4 2C. Beads were washed 3 times with buffer (50 mM Hepes pH 7.4, 150 mM
NaCl, 1 mM DTT) and subjected to western blot analysis. Proteins were loaded on a 4-20%
polyacrylamide gel (Bio-Rad Laboratories, Hercules, CA, USA, 4561093), separated by SDS-
PAGE, and transferred on a nitrocellulose membrane (BioTraceTM, Menlo Park, CA, USA,
66485). Membranes were blocked with 3% BSA in PBS for 1 h and incubated with primary
antibodies and with appropriate secondary antibodies conjugated to IRDye. The signal was
detected by Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, NE, USA).

3. Results
3.1. Rationale and Experimental Workflow of PIPsLiP-qMS Experiment

We developed a novel experimental workflow PIPsLiP-qMS in order to understand
molecular processes with involvement of nuclear PIP2. Heat inactivation of trypsin is a nec-
essary step in LiP-qMS. However, this treatment has denaturing effect on all proteins in the
sample. Therefore, such approach is not suitable for experiments where additional steps de-
mand proteins in a native conformation. In our experimental set-up, with non-denaturing
conditions, we preserve proteins structural folds that are important for recognition and
binding of PIP2. The PIP2 pull-down step decreases the complexity of the sample ana-
lyzed by qMS. The sample treatment by trypsin is done in the complete nuclear proteome.
However, the analysis of only PIP2-bound protein fraction is ensured by pull-down of
PIP2-conjugated beads. In order to block trypsin catalyzed cleavage with high efficacy,
we used protease inhibitor mix (Roche; see Material Methods), which irreversibly and
reversibly inhibits a broad spectrum of proteases. We tested the efficacy of this inhibitor
mix to block trypsin cleavage and compared it to the efficacy of heat inactivation standardly
used in LiP-MS experiments. We tested the efficacy of trypsin inhibition on BSA cleavage
assay (FigurelA).

1 min incubation
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Figure 1. (A) Comparison of the trypsin cleavage block efficacy between inhibitor mix and heat
inactivation. Bovine serum albumin (BSA) and its cleavage products were Coomassie Brilliant Blue-
stained in polyacrylamide gel. First lane (from left) contains only BSA. In second lane, the inhibitors
were added to the sample prior to trypsin digestion. Third lane contains a reaction where inhibitors
were added after 1 min of trypsin incubation. In fourth lane, the sample was boiled after 1 min of
trypsin incubation. All reactions were incubated at 4 ?C for additional 1 h to ensure the stability
of the trypsin inactivation. (B) Western blot (WB) analysis showing the purity of limited
proteolysis (LiP) protein lysate starting material. NL—Nuclear lysate, CL—cytoplasmic lysate. WB
shows immunodetected nuclear marker lamin A and the cytoplasmic marker GAPDH. (C) Scheme
of the Phosphoinositide Phosphates based Limited Proteolysis quantitative Mass Spectrometry
(PIPsLiP-qMS) experimental workflow. HeLa cells were grown in suspension into high densities
followed by centrifugation and Dounce homogenization. The separation of nuclei from cytoplasm
was done by centrifugation. Isolated nuclei were sonicated and lysates were prepared. Nuclear
lysates were used as starting material in subsequent steps. Phosphatidylinositol 4,5-bisphosphate
(PIP2)-coated beads or control beads were added into the nuclear lysate. The control beads served
as free surface which might bind proteins non-specifically and thus protect them from trypsin
cleavage. In the next step, trypsin was added into both reactions and then it was inhibited after 1
min of incubation at RT. Inactivation was done under non-denaturing conditions (inhibitors),
therefore, PIP2-binding capacities of proteins remain persistent. Control beads were collected by
centrifugation and discarded from the control sample. The supernatant was transferred into a clean
tube and fresh PIP2-coveredbeads were added and incubated at 4 C for 1 h. Capacity of proteins to
bind PIP2 in this step should be diminished, since the binding sites were not protected by the
ligand during LiP. Thus, lower amounts of these proteins will co-precipitate together with PIP2-
covered beads. Washed PIP2-beads from both samples were collected; proteins were eluted and
subjected to sample preparation for quantitative mass spectrometry analysis.
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BSA cleavage assay revealed that BSA was partially cleaved by trypsin into fragments
in all tested conditions. The cleavage occurred at the most accessible sites of BSA. The
inhibitors were not able to protect all cleavage sites before reaching full inhibition of
trypsin even when inhibitors were added prior to trypsin. Addition of inhibitors to the
reaction prior to the addition of trypsin had similar cleavage patterns as the addition
of inhibitors after 1 min incubation at RT. More cleavage products at lower molecular
weights (approx. 45-60 kDa) and ~25-37 kDa appeared in reaction after heat inactivation,
whereas these fragment were almost absent in both reactions with added inhibitors. Based
on this, we suggest that the inhibitor mix blocks trypsin cleavage even more efficiently
than the heat inactivation. The inhibition (both inhibitors and heat) was effective 1 h
after the treatment, which is a necessary pre-condition for subsequent PIP2 pull-down. In
the LiP-MS experiment, analysis of complex proteomes remains a challenging task. To
overcome this hurdle, in PIPsLiP-qMS we used two steps to decrease the complexity of
the analyzed samples. First, for the cell material fractionation, we employed an approach
for cell nuclear lysate preparation. It is necessary for the subsequent qMS analysis to have
highly concentrated starting material. Our protocol leads to the preparation of highly
concentrated nuclear lysates with low cross-contamination. We confirmed the purity of our
preparations by Western blot analysis of the nuclear and cytoplasmic markers, lamin A, and
GAPDH, respectively (Figure1B). Second, the covalent ligand conjugation to the agarose
beads enabled us to perform the pull-down after trypsin inactivation step (FigurelC ) and
thus further decrease the complexity of the samples analyzed by qMS.

3.2. The Identification of PIP2-Effectors in Nuclear Proteome by Label-Free gMS

The qMS-based comparison of the abundance of PIP2-bound proteins between both
samples allowed us to identify individual proteins which were associated with PIP2-
binding. Our PIPsLiP-qMS experimental approach identified 515 proteins of which PIP2
significantly changed their susceptibility to trypsin cleavage. Such changes might be due
to direct PIP2-binding and thus masking cleavage site or indirect due to the conformational
change which in turn exposes or hides trypsin recognition site. Therefore, these proteins
can be divided into two groups. In the first group, the addition of PIP2 led to the protection
of proteins from trypsin cleavage and thus their PIP2-coprecipitation was increased. This
group includes direct interactors and also the proteins which do not have any PIP2-binding
capacity, but their conformation is indirectly changed through interactions with compo-
nents of the PIP2-binding protein complexes. We refer to this group of 191 proteins as
‘exposed’. In this set of proteins, PIP2 potentiates the formation of a complex or an indirect
conformational change leading to cleavage protection by burying of trypsin cleavage sites.
The second protein group, that we refer to as ‘hidden’, contains proteins that showed
increased PIP2-binding upon trypsin treatment. The ‘hidden’ group includes 324 proteins
in which trypsin cleavage promotes the PIP2-binding sites accessibility. We discriminated
between ‘exposed’ and ‘hidden’ PIP2-interactors by further analyzing the significant PIP2-
effectors in nuclear proteome and set the minimal change of protein abundance to 2-fold
(Figure2and Supplementary Table S1).

Taken together, here we identified the nuclear PIP2-interacting proteins and proteins
whose PIP2 interactions change their conformation. We further refer to the proteins from
both groups as nuclear PIP2-effectors. We further aimed to identify processes in which
these proteins participate and their sub-nuclear localization.
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Figure 2. The PIP2-binding proteins differentially identified by PIPsLiP-qMS in HeLa nuclear proteome. LiP was performed
in the presence of the PIP2-beads (to protect ‘exposed’ PIP2-binding motifs; PIP2-LiP) or in the presence of blank beads, and
then the partially digested supernatant was incubated with PIP2-beads (to reveal ‘hidden’ PIP2-binding motifs; LiP-PIP2).
Student’s t-test was performed with an additional fold-change cut-off >2 (indicated by vertical red lines) to identify the
most significant hits. The blue dots mark proteins enriched in LiP-PIP2 group, while red dots indicate proteins enriched in
the PIP2-LiP group.

3.3. PIP2-Effectors in Human Nuclear Proteome Are Mainly Linked to Regulation of
GeneExpression

Gene ontology (GO) over-representation analysis of ‘exposed’ and ‘hidden’ proteins
provided insight into the function of PIP2 in the cell nucleus. In this analysis, we identi-
fied biological processes where ‘exposed’ and ‘hidden’ PIP2-effector proteins participate
(Figure3A and Supplementary Table S2; GOBP).

Moreover, GO analysis provided us with the information about the localization of the
processes into the various nuclear sub-compartments (Figure3B and Supplementary Table S2;
GOCC). PIP2-effector localization overlaps with already known nuclear PIP2 pools—
nuclear speckles, nucleoli, non-membrane bound organelles, and also cytoskeleton. The
‘exposed’ protein group is linked with regulation of polymerase Il mediated transcription,
mRNA processing, and actin organization, whereas ‘hidden’ group of proteins belongs
to later stages of gene expression such as mRNA transport, RNA localization, or periph-
eral processes connected to the nuclear envelope or nuclear protein import. Therefore,
‘exposed’ and ‘hidden’ proteins have different sub-nuclear localizations, which suggests
that ‘exposed‘ and ‘hidden’ proteins participate in different nuclear processes.
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Figure 3. Gene ontology analysis of PIP2-effectors based on (A) biological process (GOBP) and (B) cellular compartment
(GOCC). Bubble charts represent ‘exposed’ and ‘hidden’ proteins using all quantified proteins as a background reference
set. X-axis shows the proportion of proteins from a gene ontology (GO) category from all proteins in the ‘exposed’ (red) or
‘hidden’ (blue) group. Y-axis shows the -log10 p-value estimated using Fisher’s exact test. The size of the bubble corresponds
to number of proteins.

3.4. PIP2-Binding Protects Hydrophilic Regions

Our GO analysis revealed functional and localization differences between proteins
that belong to ‘exposed’ and ‘hidden’ PIP2-effectors. We further asked whether these
differences are due to the variance in PIP2-binding region properties. Therefore, we
performed a bioinformatic analysis of the hydropathy index of amino acid residues within
peptides detected by PIPsLiP (Figure4).

This analysis revealed the difference in PIP2-binding effect on the protection of pro-
tein regions based on their hydropathy. First class of proteins showed higher degree of
binding with exposed PIP2-binding regions. The peptides bound to PIP2-covered beads
showed the highest hydrophilicity of their side chains. This suggests that these regions
are not structural parts of hydrophobic cores of globular protein domains. On the con-
trary, the peptides belonging to the ‘hidden’ group showed lower hydrophilic properties
than both ‘exposed’ and control protein groups. These data are in agreement with our
hypothesis that ‘hidden’ regions are not primarily accessible to PIP2 ligand, but become
accessible upon the conformational change. In summary, these data suggest that nuclear
PIP2-associated effectors belong to at least two functional classes and that PIP2-binding
regions are likely situated in the unstructured motifs. Importantly, the interacting motifs
of ‘exposed’ proteins are hydrophilic, suggesting that they interact with phosphorylated
head groups of PIP2 and not hydrophobic acyl group of this lipid. Therefore, we suggest
that the differentially phosphorylated head groups of different PIPs represent an important
signal for the functional localization of the interacting nuclear proteins.
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Figure 4. Hydropathy index distribution of peptides corresponding to ‘exposed’ and ‘hidden’ protein
groups. GRAVY value distributions of identified peptides corresponding to ‘exposed’ proteins,
‘hidden’ proteins, and the remaining proteins from the data set (‘Other proteins’) are shown. The
difference between these groups was evaluated using Kruskal-Wallis test. Pairwise comparisons
were performed using pairwise Wilcoxon test with Bonferroni correction. The hydropathy values
range from -2 to +2 for most proteins, with the positively rated proteins being more hydrophobic.
The bold line and the number above the line indicate median values; box borders represent the 25th
and 75th percentiles, and whiskers represent the minimum and maximum value within 1.5 times of
interquartile range. Outliers out of this range are depicted using solid dots.

3.5. PIP2-Effector Proteins Contain Polybasic K/R Motifs

The majority of PIP2-associated nuclear effectors do not contain the canonical PIPs
binding domains [7]. The PIPsLiP-qMS approach identified only two proteins with PIPs-
binding PH domain amongst the most significant PIP2-interactors (Supplementary Table S3).
The low incidence of canonical PIPs-binding domains in both ‘exposed’ and ‘hidden’
proteins is in agreement with previous observations and thus suggests that interactions
between PIP2 and nuclear proteins are mediated by other regions [7]. We analyzed the
abundances of polybasic K/R-rich motifs responsible for PIP2-binding. We searched for
K/R motif K/R-x(3-7)-K-x-K/R-K/R and related K/R-x(3-7)-K-x-K/R and K/R-x(3-7)-K-
x-K (see Section2.12. for details). Motif K/R-x(3-7)-K-x-K/R-K/R is present in 25% of
‘exposed’ and 24% of ‘hidden’ proteins. Motif K/R-x(3-7)-K-x-K/R is in 66% of ‘exposed’
and 57% of ‘hidden’ proteins. Motif K/R-x(3-7)-K-x-K is in 59% of ‘exposed’ and 41% of
‘hidden’ proteins (Supplementary Tables S4 and S5). Based on these results we assume
that both, ‘exposed’ and ‘hidden’ proteins, might interact with PIP2 via these K/R motifs.
Proteins without these motifs possibly have another unknown PIP2-binding motif or may
interact with PIP2-binding protein complexes.

92



Cells 2021, 10, 68

11of16

4. Discussion

PIPs are important functional regulators of mammalian nuclear processes [4]. PIPs are
protein ligands with the ability to recruit and thus affect the localization, conformation, and
activity of their protein effectors [4,9,23]. Therefore, it is of particular interest to identify the
PIP2 nuclear effectors. Based on the PIP2-associated proteome, we can predict the molecular
processes in which PIP2-effectors participate. Affinity purification in combination with
MS analysis is, due to its simplicity, the method of choice for the identification of the
effectors of any molecule. However, this method is often obstructed by constrains of high
sample complexity, non-specific binding of proteins to bait or dynamic range of the sample,
leading to relatively high degree of false positives [24]. The balance between the reduction
of the protein complexity and enrichment of the target pool of proteins are the essentials
for the protein extract preparation [7]. Our experimental PIPsLiP-qMS pipeline obviates
the problems with dynamic range and specimen complexity, since trypsin cleavage in
combination with cell fractionation and PIP2 pull-down reduce the antagonizing effect of
the most abundant proteins within the sample for subsequent qMS analysis [24]. Integration
of LiP with qMS provides a powerful tool to determine the boundaries of structured protein
domain with an unprecedented accuracy [10]. However, the standard LiP-MS approach
demands heat inactivation of the protease and therefore is not suitable for our subsequent
affinity purification step, where proteins need to be in the native non-denatured state [25].
In our approach, we eliminated this obstacle by introducing protease inhibitors, which is
important for the identification of the proteins in their native conformation.

In the study of Lewis and co-workers, the authors used the neomycin extraction
which might not provide the entire range of PIPs-effector proteins [7]. Therefore, we
developed an alternative experimental approach to expand these data and correlate both
methods. The cross-correlation between results obtained by both approaches suggests
that each approach leads to a different set of analyzed proteins (Supplementary Figure S1).
However, the comparison of results from GO analysis provides a similar set of participating
nuclear processes such as gene expression, RNA processing, and chromatin regulation [7].
This is in agreement with our previous findings that PIP2 regulates both Pol I and Pol II
mediated transcription, epigenetic regulation and RNA processing [2,8,9,26]. We validated
PIPsLiP-gMS approach by control pull-down experiments followed by WB detection of two
chosen proteins MPRIP and CWC25 and showed that indeed both proteins have the binding
capacity for PIP2 (Supplementary Figure S2). Furthermore, ~75% of identified proteins from
the most significant hits are annotated as nuclear [20] or show nuclear signal detected by
immunofluorescence at www.proteinatlas.org database [27,28] (Supplementary Table S6).

GO analysis of PIP2-effectors identified proteins linked to the nuclear speckles. Nu-
clear speckles are enriched in mRNA splicing factors and supply them to the active splicing
sites [29,30]. Importantly, nuclear speckles are sites of highest PIP2 concentration in the
cell nucleus [2]. Our present data support the notion of a regulatory axis between PIP2
and mRNA splicing regulation [31]. Furthermore, our PIPsLiP-qMS approach identified
proteins associated with mRNA processing, mRNA splicing, and some proteins linked
to PI-PLCB1 interactome [31] (Supplementary Table S7 and Supplementary Figure S3).

PI-PLCB1 is a nuclear enzyme that catalyzes the cleavage of PIP2 and is a key factor which
regulates splicing factor SRSF3 and skeletal muscle differentiation [31,32]. Therefore, we

suggest that the PIP2 level at nuclear speckles regulates localization of splicing factors that
bind PIP2 and thus their availability for the active splicing events [33]. In this model, PIP2
levels at nuclear speckles would represent an important determinant of the mRNA splicing
rate in eukaryotic cell.

GO of PIP2-enriched ‘exposed’ proteins show significant increase of the regulators
of Pol II transcription, gene expression, and RNA processing, whereas ‘hidden’ proteins
belong to the nuclear pore complex and RNA export and therefore could regulate later
stages of the gene expression. In agreement with this, our bioinformatics search from
the GOCC database revealed proteins based on particular sub-cellular localization and
indicated that ‘hidden’ proteins localize to the nuclear periphery. PIPsLiP-qMS provided
data
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which link ‘exposed’ PIP2-effectors and actin cytoskeleton. The growing body of evidence
supports the key role of actin and cytoskeleton-related proteins in the establishment of
nuclear architecture competent for gene expression [34,35]. Our laboratory identified first
nuclear actin motor protein nuclear myosin 1 (NM1), which functions as Pol II transcription
factor [36-38]. The importance of actin in the activity of Pol I and Pol II has also been docu-
mented [37,39]. Therefore, the presented PIPsLiP-qMS identification of the PIP2-effectors
associated with actin cytoskeleton is in agreement with the previous studies that showed
involvement of nucleoskeleton in the regulation of gene expression [37-41]. Moreover, the
novel PIP2-binding actin- and cytoskeleton-related proteins identified here are interesting
candidates for further studies.

GO analysis of PIP2-effectors further identified proteins linked to proteasome, heat
response, and nucleoli localization. Heat shock induced protein aggregates or misfolded
proteins are directed to nucleoli [42,43]. The degradation of protein aggregates is in
general mediated by proteasomal or autophagy processes [44-46]. Ubiquitinated and heat
shock proteins form aggresomes within the nucleolus [43,47] Proteins sensitive to heat
shock denaturation, which are enriched for disordered regions, can be refolded within
the nucleolus [42]. Nucleolar aggresomes contain proteins such as fibrillarin, ubiquitin,
or autophagy factor LC3 [48,49]. In yeast, a starvation-mediated autophagy specifically
removes some nucleolar factors [50]. Our PIPsLiP approach identified key regulator of
autophagy serine-threonine kinase mammalian target of rapamycin (mTOR) as a PIP2-
effector protein. mTOR localizes to nucleolus and is implicated in nucleolar processes
such as RNA polymerase I and III -mediated transcription [51,52]. Moreover, the nucleolar
protein nucleophosmin is involved in non-canonical autophagy when Pol I is inhibited [53].
PIP2 is a nucleolar factor affecting the activity of nucleolar proteins such as Pol I and
fibrillarin [8,26]. When ubiquitin proteasome system is inhibited, the fibrillarin colocalizes
in nucleolar aggregates with ubiquitin and LC3 [49]. The nucleolus thus represents a
regulatory hub for protein quality control through ubiquitin proteasome system and
autophagy signaling. Therefore, our data that identified nucleolar PIP2-interactors are
in agreement with the previous notion of the nucleolar involvement in the regulation
of autophagy.

GO analysis also identified viral infection response proteins. Viruses often hijack the
transcription regulatory processes in order to replicate. In this regard, the recent work of
Prof. Akgiil laboratory represents the interesting connection of nuclear PIP2 levels increase
upon HPV infection [54]. Our GO data presented here are in accordance with Akgiil and
coworkers, suggesting that PIP2-dependent nuclear pathway might represent promising
candidate for regulation of viral infection surveillance. Therefore, the involvement of
‘hidden’ proteins in the later stages of gene expression and acting downstream of the
‘exposed’ group points to their effector role in the mRNA export, response to heat or viral
replication. Furthermore, based on their localization, it seems that they act in different sites
of the nucleus than ‘exposed’ group of proteins, indicating the mobility of PIP2-associated
effectors from the sites of their primary action to other sub-nuclear compartments.

PIPsLiP-qMS data analysis further describes the hydropathy properties of regions
responsible for the PIP2 interaction. Our hydropathy data show that PIP2-binding motifs
are presumably situated in the regions with increased hydrophilicity. Our subsequent
bioinformatics search found polybasic K/R motifs in a substantial portion of PIPsLiP-
gMSidentified proteins.

In summary, we developed the PIPsLiP-qMS experimental pipeline which enabled
the identification of nuclear PIP2-effectors. Data provided here determine the nuclear
PIP2-effectors which uniquely belong to two protein groups representing regulators of
such processes as gene expression, Pol Il transcription, and mRNA splicing. These protein
groups show different sub-nuclear locations of their actions. Further, we discovered that the
PIP2-binding motifs are hydrophilic and thus presumably interact with inositol head group.
The PIPsLiP-gMS thus represents a promising approach for identification of ligand-effector
interactions and further determination of specific binding motifs. Standard affinity-based
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MS approaches do not allow for the characterization of protein topography at the site of
ligand-protein association. In contrast, the proteolytic cleavage which preferentially occurs
at accessible, unstructured, and flexible regions of native proteins, allows for the discrim-
ination and definition of these regions, since globular domains are typically resistant to
proteolysis [11]. Therefore, PIPsLiP-qMS provides novel information about the topology,
organization, and conformational changes of proteins associated with PIP2 binding. More-
over, the combination of other proteases may provide a better dissection of ligand binding
sequences in future studies, e.g., non-specific proteinase K which would enable a more gen-
eral view of the exposed regions. This experimental pipeline is theoretically applicable for
any other ligand which is covalently linked to beads. Our high-throughput PIPsLiP-qMS
approach provides a powerful, label-free tool to study protein-lipid interactions and to
elucidate the molecular functions of nuclear PIPs and their effectors.

Supplementary Materials: The following files are available online athttps://www.mdpi.com/2073
-4409/10/1/68/s1, Table S1: Summary of all protein groups identified in this study; Table S2: Selected
results from the gene ontology overrepresentation analysis; Table S3: The PIP2-binding domain-
containing proteins identified by bioinformatics analysis; Table S4: The summary of
bioinformatics analysis of PIP2-binding motifs in ‘exposed’ protein group; Table S5: The summary of
bioinformatics analysis of PIP2-binding motifs in ‘hidden’ protein group; Table S6: Summary of the
most significant hits from the ‘exposed’ and ‘hidden’ proteins including the information about
protein nuclear localization; Table S7: The list of proteins annotated in GOBP as mRNA splicing,
mRNA processing factors, and protein linked to nuclear speckles; Figure S1: The Venn diagram
representing the overlap of data provided by PIPsLiP-qMS with data presented in [7]; Figure S2:
The verification of PIP2- binding capacity of MPRIP and CWC25; Figure S3: The Gene ontology
analysis of ‘Exposed’ proteingroup using STRING.
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Abstract: Here, we provide evidence for the presence of Myosin phosphatase rho-interacting protein
(MPRIP), an F-actin-binding protein, in the cell nucleus. The MPRIP protein binds to Phosphatidyli-
nositol 4,5-bisphosphate (PIP2) and localizes to the nuclear speckles and nuclear lipid islets which
are known to be involved in transcription. We identified MPRIP as a component of RNA Polymerase
II/Nuclear Myosin 1 complex and showed that MPRIP forms phase-separated condensates which are
able to bind nuclear F-actin fibers. Notably, the fibrous MPRIP preserves its liquid-like properties and
reforms the spherical shaped condensates when F-actin is disassembled. Moreover, we show that the
phase separation of MPRIP is driven by its long intrinsically disordered region at the C-terminus. We
propose that the PIP2/MPRIP association might contribute to the regulation of RNAPII transcription
via phase separation and nuclear actin polymerization.

Keywords: MPRIP; phase separation; PIP2; actin; nucleus

1. Introduction

Myosin phosphatase rho-interacting protein (MPRIP) was first described as a cy-
toskeletal protein involved in the regulation of stress fibers [1-3]. Recently, we identified
MPRIP by label-free quantitative mass spectrometry as a nuclear Phosphatidylinositol
4,5-bisphosphate (PIP2) interactor [4]. Its depletion was reported to stabilize and thus
increase the number of actin stress fibers in smooth muscle cells, whereas its overexpression
leads to the disassembly of stress fibers in neuronal cells [5,6]. Its binding to F-actin stress
fibers is mediated by the N-terminal region which also contains two Pleckstrin Homology
(PH) domains [7,8]. These PH domains possess a lipid binding site where the positively
charged residues (i.e., Lysine and Arginine) enable the binding of the negatively charged
inositol head group of the phosphatidylinositol phosphates (PIPs) [9].

It was shown that the PH-like domains are responsible for the localization of pro-
teins such as Nuclear Myosin I (NM1) to nuclear PIP2 [10-12]. Recently, we proposed a
model where PIP2 localizes into discrete nuclear areas where it regulates processes such
as transcription and splicing [12]. Moreover, we described the importance of nanoscale,
nucleoplasmic PIP2-rich structures—nuclear lipid islets (NLIs) in RNA polymerase II
(RNAPII) mediated transcription and showed that their surface is in the proximity of
chromatin, RNA and NM1 [12-14]. However, the precise mechanism of interplay among
PIP2, NM1 and RNAPII in regulation of transcription remains elusive. Recently, it was
shown that the activity of RNAPII is regulated by its propensity to phase separate [15,16].
The phase separation of RNAPII is regulated through the phosphorylation of its intrin-
sically disordered C-terminal domain (CTD) [17]. In the last decade, it became evident
that the intrinsically disordered regions (IDRs) are responsible for the regulation of diverse
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nuclear processes through functional compartmentalization into membraneless nuclear
bodies [18-21]. The intermolecular multivalent interactions of IDRs lead to the formation of
condensates with liquid-like properties [22-24]. The liquid-liquid phase separation (LLPS)
is an entropy-driven mechanism which provides the basis for the biophysical explanation of
the compartmentalization of biological processes in the dense nuclear environment [25,26].

In this study, we show that MPRIP localizes to PIP2-containing nuclear structures,
forms complex with RNAPII and MYO1C-an isoform of NM1-and undergoes LLPS (liquid-
liquid phase-separation) in cell nucleus while preserving its F-actin binding capacity [27,28].
Furthermore, we describe the liquid-like properties of MPRIP protein in the cell nucleus.
Therefore, we hypothesized that MPRIP might represent the functional hinge in the tran-
scriptional regulation of RNAPII compartmentalization through actin, PIP2 and NM1
interaction.

2. Material and Methods
2.1. Cell Cultures and Transfections

Human cervical carcinoma (HeLa, ATCC no. CCL2) cells and human osteosarcoma
(U20S, ATCC no. HTB96) cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM, Sigma D6429) with 10% FBS at 37 PC in a humidified 5% CO:
atmosphere. HeLa cells in suspension were kept in minimum essential medium Eagle
with Spinner modification (S-MEM, Sigma M8167) supplemented with 5% FBS at 37 2C
in a humidified 5% CO: atmosphere. Transfections were carried out using Lipofectamine
3000 (Invitrogen, Thermo Fisher Scientificc Waltham, MA, USA) according to the
manufacturer’s protocol. Stable cell lines were established by sorting the transiently
transfected cells and keeping them under selective media (G418, Sigma G8168). The cells
were then evaluated by Westernblot and fluorescence light microscopy (Figure S6).

2.2. Constructs and Antibodies

pDEST53 GFP-MPRIP (Human Isoform 3 of MPRIP) plasmid was used for the over-
expression of MPRIP in U20S cells (Figure S6). The N-terminal (1-450th amino acid)
and C-terminal (450-1000th amino acid) regions of MPRIP were amplified by PCR using
pDest-53-GFP-MPRIP as a template. The N-terminal region was inserted in pEGFP-N1,
while the C-terminal region was inserted in pEGFP-C1. The constructs were transiently
overexpressed in U20S cells to examine their specific localization and features. For the
detailed structure of the fragment, please see Figure S3:

Anti-MPRIP antibody-HPA022901 (SigmaAldrich, St. Louis, MO, USA)

Anti-PI (4,5) P2 antibody: Z-A045, clone 2C11 (Echelon, San Jose, CA, USA)

Anti-RNAPII CTD Phospho S5 antibody-ab5131 (Abcam, Cambridge, UK)

Anti-Lamin B1 antibody—ab16048 (Abcam, Cambridge, UK)

Anti-GAPDH antibody [6C5]-ab8245 (Abcam, Cambridge, UK)

Rabbit Anti-Mouse Immunoglobulin G H&L—ab46540 (Abcam, Cambridge, UK)
Anti-MYO1C antibody was supplied by Peter G. Gillespie, Oregon Hearing Research
Center and Vollum Institute [29].

2.3. Bioinformatics Analyses

Nuclear Localization Signal (NLS) prediction was done by using the online tool
cNLS Mapper (Figure S1) [30]. The Clustal Omega test, analyzing the degree of the
conserved domains, was performed by the tool provided by European Bioinformatics
Institute (Figure S2) [31]. The IDRs of the MPRIP were predicted by the D2P2 tool; Database
of Disordered Protein Predictions (Figure S3) [32].

2.4. Immunofluorescence Labelling

U20S cells grown on high-performance cover glasses of 12 mm in diameter with
restricted thickness-related tolerance (depth = 0.17 mm # 0.005 mm) and the refractive
index = 1.5255 # 0.0015 (Marienfeld 0107222). The cells were fixed with 4% formaldehyde
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for 20 min and permeabilized with 0.1% Triton X-100 for 5 min. Non-specific binding was
blocked by 5% Bovine Serum Albumin (BSA). All solutions were diluted in Phosphate-
Buffered Saline (PBS). Then, the cells were incubated with anti-PtdIns(4,5)P2 and anti-
MPRIP antibodies, and mounted in 90% glycerol with 4% n-Propyl gallate (NPG). For
the super-resolution microscopy, five 5 min washes in PBS with 0.1%Tween were made
between each step.

2.5. Stimulated Emission Depletion (STED) Microscopy

The images were acquired using a Leica TCS SP8 STED 3x microscope equipped witha
Leica DFC365 FX digital camera with a STED white CS 100x 1.40 NA oil objective for the
optimized overlay of excitation and an STED beam (Leica Mikrosysteme Vertrieb GmbH,
Wetzlar, Germany). Image capturing was performed using the Leica LASX 64-bit software
package. The acquired images were deconvolved using Huygens Professional software
version 19.04 (Scientific Volume Imaging, Hilversum, Netherlands), using the Classic
Maximum Likelihood Estimation (CMLE) algorithm, with SNR:07 and 20 iterations. The
image analysis was carried out using the Coloc 2 plugin of Fiji software. The significance
of each statistical analysis was determined by a Student’s t test. The randomized images
for statistical tests were obtained by rotating one of the two channels 90 degrees [33]. The
resolution format was taken at 1024 x 1024 and the corresponding pixel sizes were both
28 nm in x and y. A minimum of five cells were analyzed per each condition.

2.6. Nuclear Extraction and Pull-Down Assay

Nuclear lysate fraction was prepared from the suspended HeLa cells as described
by Trinkle-Mulcahy [34]. Cytoplasmic fraction was obtained by Dounce homogenization
(Kontes 885300-0015) on ice (30 strokes), following three cold PBS washes. The homogenate
was incubated 20 min on ice in buffer 150 mM NaCl, 1% NP-40, 50 mM Tris pH 7.4,
1 mM DTT supplemented with protease inhibitors from F. Hoffmann (La Roche Ltd., Basel,
Switzerland, 05056489001) followed by centrifugation at 4000x g at 4 ®C. The nuclear
pellet was sonicated at Soniprep 150 (MSE) bench top sonicator (1 sec on, 1 s off for 30
cycles at power 10 amplitude microns). Sonicated lysate was spun down at 13,000x g for
15 min at 4 2C. Supernatant was collected as nuclear lysate. Protein concentration was
determined by Pierce™ BCA Protein Assay (Thermo Scientific, 23227) according to the
manufacturer’s protocol.

In pull-down experiments, 3 mg of HeLa total nuclear lysate was used for each
condition. Fifty pL of PIP-coated beads slurry were added to each condition and incubated

overnight in the nuclear lysate. The beads were washed five times with 1 mL of ice-cold
nuclear extract buffer (150 mM NaCl, 1% NP 40, 50 mM Tris pH 7.4, 1 mM DTT, protease
inhibitors from F. Hoffmann (La Roche Ltd., Basel, Switzerland, 05056489001). Two times
Laemmli buffer was added to the beads, boiled for 5 min and loaded to the SDS gel
followed by Western blot analysis. The PIP-coated beads were obtained from Echelon
Biosciences Inc., Salt Lake City, UT, USA (Control Beads, P-B000; PI(3)P beads, P-B003A;
PI(4)P beads, P-B004A; PI(5)P beads, P-B005A; PI(3,4)P2 beads, P-B034A; PI(3,5)P2 beads,
P-B035A; PI(4,5)P2 beads, P-B045A; PI(3,4,5)P3 beads, P-B345A).

2.7. Co-Immunoprecipitation Assay

Nuclei from suspended HelLa cells were prepared as described previously [34]. One
milligram (1 mg) of nuclear lysate was incubated with 2 pg MPRIP antibody at 4 2C
overnight. The lysates were incubated with G-protein magnetic beads (Pierce™, Thermo
Fischer 88848) at 4 ZC for 1 h. Beads were washed 5x times by buffer (150 mM NacCl, 1.0%
NP-40, 50 mM Tris pH 7.4, 1 mM DTT) and subjected to Western blot analysis.

2.8. Live-Cell Imaging Microscopy

U20S cells expressing pDEST53-GFP-MPRIP were grown on 35 mm glass bottom
dishes (# P35G-1.5-14-C, MatTek Corporation, Ashland, OR, USA). Live-cell imaging was
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performed using a Leica TCS SP5 Confocal microscope equipped by an environmental
chamber with CO2 and temperature control. Image acquisition started 24 h post transfec-
tion. For the video (Video S1), the cells were recorded every 5 min for 8 h and 10 min, start-
ing from the 12th hour after transfection. The video has a pixel size of 197 nm x 197 nm.

2.9. Hexanediol Treatment

Twenty-four hours after transfection, the cells were exposed to 25% aliphatic alcohols
dissolved in PBS (1,6-Hexanediol and 2,5-Hexanediol, SigmaAldrich, St. Louis, MO, USA,
Cat. No. 240117, H11904) for two minutes at room temperature. GFP signals of the nuclear
droplets were recorded by Leica TCS SP8 confocal microscope for 2 min.

2.10. FRAP

Cells were transfected a day before the experiment on 35 mm coverslip bottom dishes
(catalogue # P35G-1.5-14-C, MatTek Corporation, Ashland, MA, USA). Fluorescence recov-
ery after photobleaching (FRAP) experiments were performed on Leica TCS SP8 confocal
microscope with Leica HC PL APO 63x /1.40 oil CS2 objective. Scanning speed was set to
1800 Hz with bidirectional X and an imaging acquisition rate was 0.0232 s Ten pre-bleach
images were captured and the photo bleach was performed for another 10 frames and
finally, one thousand post-bleach images were acquired. Full-and inner-FRAPs were per-
formed more than one hundred times. The fiber-FRAP was performed at least 50 times
and ten bleaches were done for nucleoplasmic-FRAP. Solidified structures were bleached
as full-FRAP experiments (n = 20).

Protein mobility within the condensate was measured by quantifying the recovery
of the bleached area at the coast of the unbleached region by a custom written MAT-
LAB script (ver. R2019b, The MathWorks, Inc., Natick, MA, USA). The recovery curves
were fitted with a single and/or bi-exponential curve, using the non-linear least squares
(Isqcurvefit) function. The bleached region was corrected for general bleaching during
image acquisition.

We employed FRAP on the circular regions of four different sizes. Full-FRAP experi-
ments covered the area of the whole condensate which was around 3 pum in diameter. In
inner-FRAP experiments, the bleached area was a circle of 1 pm in diameter within the
3 um condensates. Nucleoplasmic-FRAP was performed on a circular area of 6 pm in

diameter. For the fiber-FRAP, the bleached are was taken as 0.5 um in diameter. All FRAP
experiments except fiber-FRAP were fitted to a single exponential curve; the fiber-FRAP

was fitted to the bi-exponential curve.

2.11. Phalloidin Staining of GFP-MPRIP Expressing U20S Cells

Cells were transfected with pDEST53-GFP-MPRIP on coverslips and fixed by 4%
formaldehyde. F-actin was visualized by 1.5 pg/mL Alexa Fluor™ 568 Phalloidin (Invit-
rogen, Carlsbad, CA, USA, catalogue # A12380) staining following a standard indirect
immunofluorescence labelling protocol. Images were acquired by the STED microscopy
as mentioned in Section2.5. The resolution format was taken as 256 x 256 and the corre-
sponding pixel sizes were both 13 nm in x and y.

3. Results
3.1. MPRIP Protein Is Present in the Cell Nucleus

The MPRIP protein was previously described as a cytoplasmic protein localizing to
F-actin stress fibers [1,2,5]. It was also identified as MYO1C interactor by quantitative mass
spectrometry (qMS) [35]. Therefore, this protein might represent a link between nuclear
actin and the transcriptional factor NM1, suggesting a role in the RNAPII transcription
process. To evaluate if MPRIP has a nuclear function, we first investigated its nuclear
localization. We performed an indirect immunofluorescence (IF) labelling on U20S cells
using MPRIP-specific antibody.
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Nuclear Plane

Cytoplasmic Plane

The MPRIP IF labelling confirmed the previously described cytoplasmic stress fiber
localization (Figure1A). Moreover, we observed that MPRIP localizes inside the nucleus,
displaying a granular pattern that was dispersed in the nucleoplasm (Figure1A). In order
to confirm its nuclear presence, we analyzed the fractionated lysates of HeLa cells. The
Western blot (WB) analysis of nuclear and cytoplasmic fractions confirmed that MPRIP
occurs in both environments (Figure1B). Lamin B and GAPDH were used as the purity
controls of fractions. The nuclear fraction was devoid of GAPDH, whereas Lamin B was
detected exclusively in nuclear fraction (Figure1B).

B
Nucleoplasmic  Cytoplasmic
Fraction Fraction
kDA
a-MPRIP
130
— a-Lamin B
70 =
35

Figure 1. Myosin phosphatase rho-interacting protein (MPRIP) localizes to the cytoplasm and cell nucleus: (A) confocal
microscopy of an immunofluorescence (IF) experiment shows the localization of endogenous MPRIP in U20S nucleus and
cytoplasmic stress fibers. Upper and lower images represent different focal planes: nuclear and cytoplasmic, respectively.
Arrowheads point to the MPRIP staining on stress fibers. Scale bars represent 10 pm; (B) Western blot (WB) of HeLa cells
fractionated to nuclear and cytoplasmic fractions with detected MPRIP, Lamin B and GAPDH by a specific antibody (n = 3).

kDa

130

This protein of ~120 kDa would require an NLS region to be targeted to the nucleus.
Our bioinformatics analysis predicts a NLS region at residues 155 to 164 (Figure S1). Clustal
Omega test run on eight different MPRIP sequences (three isoforms in Homo sapiens and
five orthologues from other mammals) delineated that the predicted NLS region and the
PH domains were highly conserved (Figure S2).

3.2. Nuclear MPRIP Interacts with PIPZ and Forms a Complex with RNAPII and MYO1C

We recently identified PIP2 as an important player in the regulation of RNAPII tran-
scription, presumably through NM1 interaction [12]. Therefore, we next sought to de-
termine whether PH domain-containing MPRIP has the capacity to bind PIPs [36]. We
used PIP-covered beads in pull-down experiments in nuclear lysates and detected the
bound MPRIP protein by WB (Figure2). These experiments showed that MPRIP interacts
specifically with P14,5P2. Thus, we asked whether MPRIP localizes to the proximity of
PIP2 in the cell nucleus.

C 3 4 5 34

Figure 2. MPRIP specifically interacts with Phosphatidylinositol 4,5-bisphosphate (PIP2). Various PIP-coated agarose
beads were used as a bait to pull-down interacting proteins from HeLa nuclear fraction. The membrane was WB analyzed
with anti-MPRIP antibody. [—input 2%; C—control beads; 3—PI(3)P, 4—PI(4)P; 5—PI(5)P; 3,4—PI(3,4)P2; 3,5—PI(3,5)P2;
4,5—PI1(4,5)P2; 3,4,5—PI(3,4,5)P3. n= 3.
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We stained the U20S cells with MPRIP-and PIP2-specific antibodies and revealed
their sub-nuclear localization by STED microscopy. The nuclear PIP2 localizes to three
different compartments: nuclear speckles, NLIs and nucleoli [12,37]. The statistical analysis
revealed that MPRIP localizes to the proximity of the PIP2 signal in the nuclear speckles
and NLIs (Figure3). Two statistical coefficients, Manders and Spearman, were determined
for two different PIP2-rich compartments, where all tests scored significant differences
compared to the randomized images (Figure3D,G).

MPRIP

Statistical Analysis

1.0 * * %

1

0.84

0.6

Distance (microns)

“@O

Figure 3. Super-resolution microscopy revealed that Myosin phosphatase rho-interacting protein (MPRIP) localizes in
close proximity to Phosphatidylinositol 4,5-bisphosphate (PIP2) at nuclear speckles and nuclear lipid islets (NLIs): (A)
immunofluorescence labelling experiment showing the presence of endogenous MPRIP and PIP2 in U20S nucleus. Scale bar
represents 5 um; (B-D) zoomed view, intensity profiles and statistical analysis of the NLIs. Scale bar corresponds to 1 um. (E-
G) Zoomed view, intensity profiles and statistical analysis of the speckle-associated PIP2 pool. Scale bar correspondsto 1
um. Intensity profiles plotted correspond to the lines on the zoomed view. (D,G) The bar graph shows the statistical
Mander’s and Spearman coefficients of the MPRIP and PIP2 signal. Mander’s A analysis: PIP2 over MPRIP channel, and
Mander’s B analysis: MPRIP over PIP2 channel. Bars that are marked as Random were obtained by analyzing randomized
images (see M.M.). Single asterisk * corresponds to a significance level of p <0.05 and the double asterisks ** to p <0.007.

Our data presented here indicate that MPRIP colocalizes with nucleoplasmic PIP2-
rich NLI structures which were shown to be sites of RNAPII active transcription [12].
Therefore, we suggest that MPRIP might represent the possible link between RNAPII
and transcription factor NM1, a MYO1C isoform. Therefore, we tested whether MPRIP
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associates with RNAPII and MYO1C by MPRIP immunoprecipitation (IP) followed by WB
(Figure4). Our data show that MPRIP is in the same complex with MYO1C and the active
form of RNAPII (phosphor Ser5) which was previously shown to associate with PIP2-rich
NLIs [12]. Thus, it is possible that MPRIP is involved in an ongoing transcription process
that occurs at the surface of NLIs.

MW I C MPRIP

(kDa)
Pr— | a-RNAP 11 CTD
250 Phospho S5

R | a-MYO1C

100

Figure 4. The immunoprecipitation assay confirms the existence of a MPRIP/RNAPII/MYO1C
nuclear complex. The MPRIP immunoprecipitation was performed with HeLa nuclear lysates and
the corresponding proteins were detected by Anti-RNAP II CTD Phospho S5 and anti-MYO1C
antibodies. [I—input 2%); C—control non-specific rabbit Immunoglobulin G. n = 3.

3.3. Overexpression of MPRIP Leads to Formation of Condensates and Fibrous Structures in
theCell Nucleus

To further study the nuclear localizations of MPRIP, we overexpressed GFP-tagged
MPRIP in human U20S cells. Interestingly, the transfected cells showed three different
phenotypes (Figure5A-C). The first and most common (~70%) phenotype recapitulates
the pattern of IF labelling of endogenous MPRIP which is fine granular foci that is diffused
throughout the nucleoplasm (Figure5A). The second phenotype resembles globular con-
densed structures in the nucleoplasm, which had 1 to 5 pm in diameter (Figure5B). The
third phenotype of the MPRIP-expressing cells shows nucleoplasmic, fibrous structures
that are intertwined (Figure5C).

DAPI + MPRIP

D
Expression Profile of MPRIP
% 100- :
3 EX Fibrous (C)
E 80 Condensed (B)
Q
..g 60 Diffuse (A)
5
F 404
s
£ 20
o
2 o

N X o
F N2 AV
Hours after Transfection

Figure 5. The overexpression of GFP-MPRIP results in three different phenotypes. Confocal microscopy of U20S cells
over-expressing GFP-MPRIP. (A) diffuse; (B) condensed; and (C) fibrous structures, which constitute the three different
phenotypes. DAPI in blue and MPRIP in green. Scale bars correspond to 5 um. (D) The graph reflects the changes in
population of cells showing different phenotypes over the time post transfection.
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The large globular condensates started to appear 8 h post-transfection and persisted
throughout 72 h after transfection. The fibrous structures started to appear mostly at 20th
hour of post transfection. Interestingly, the population of cells forming large condensates
and fibrous structures increased over time after transfection, whereas the population of
cells with a diffused pattern decreased (Figure5D).

3.4. Nuclear MPRIP Condensates Are Formed by Phase Separation

Our data show that the overexpression of MPRIP leads to the formation of spherical
condensates. We speculated that the formation of these roundish structures might be
driven by LLPS. Therefore, we utilized the aliphatic alcohol 1,6-hexanediol, which is widely
used for the disruption of weak hydrophobic interactions driving phase separation [38,39].
In contrast, the derivative 2,5-Hexanediol has minimal impact on the phase separated
condensates and thus serves as a negative control [40-42]. To demonstrate the LLPS
ability of condensed GFP-MPRIP structures, we treated the cells with 25% of 1,6- and
2,5-Hexanediol /PBS solution for 2 min (Figure6A). The MPRIP condensates started to
dissolve 10 s after the addition of 1,6-Hexanediol and disappeared completely after 2 min
of incubation. On the contrary, the treatment of 2,5-Hexanediol did not lead to the complete
dissolution of the condensates, even after 2 min of incubation (Figure6B).

0 min 2 mins

>

1,6-Hexanediol

e

2,5-Hexanediol

Figure 6. 1,6-Hexanediol treatment of the cells overexpressing GFP-MPRIP dissolves the condensates. Live cell imaging
showing U20S cells over-expressing GFP-MPRIP before and after 2 min of Hexanediol treatment: (A) the GFP-MPRIP
condensates in a cell nucleus treated with 1,6-Hexanediol; (B) with 2,5-Hexanediol. Green is GFP-MPRIP. Scale bars
correspond to 10 pm. n = 2.
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3.5. Dynamic Liquid-Like MPRIP Condensates Are Able to Fuse, Segregate and Form Fibers

The phase-separated structures are usually spherical and they show dynamic behavior
with a capacity to fuse and split [26,43]. In our live-cell imaging experiments, we observed
that GFP-MPRIP condensates show dynamic motility; they fuse and form larger conden-
sates, preserving their spherical shape (Figure7A) and finally they divide (Video S1, 0:55 to
1 h). Figure7B represents images from the video S1 that shows the ability of GFP-MPRIP
condensates to transform into the fibers and then back into condensates.

10 mins

Figure 7. MPRIP condensates show typical features of liquid-like structures. Live cell imaging showing the nucleus of an
U20S cell over-expressing GFP-MPRIP. (A) The GFP-MPRIP condensates were visualized for 15 min. Arrows show the
structures that merge during the imaging. Green is GFP-MPRIP. Scale bar represents 3 um. (B) The GFP-MPRIP expressing
cell was visualized for 8 h and 10 min. Arrowheads show the spherical condensates that disappear and form fibers, and then
revert back into condensates over time. Imaging started at the 12th hour after transfection. The scale bar represents 10 um.

3.6. MPRIP Condensates Show High Internal Dynamics and Rapid Molecular Interchange
between Condensates and Neighboring Nucleoplasm

To further study the liquid-like properties of MPRIP condensates, we measured their
molecular dynamics by FRAP experiments. For this purpose, we performed a total of five
FRAP experiments corresponding to each phase and structure. We started by full-FRAP
experiment in order to assess the rate of molecular exchange between nucleoplasm and
MPRIP condensed structures (Figure8A). The half-time was recorded as 3.6 (¥1.2) s with a
diffusion coefficient D of 0.147 p2/s. As described by Patel et al. in 2015, we also observed
a solidified, gel-like phase of the condensates [44]. This phase occurs more frequently with
increasing time after transfection. In the first 24 h post transfection, the mobile fraction of
the full-FRAP was ~60%, which dropped down to ~10% in 48 h post transfection (Figure8B,
solidified structure).
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Figure 8. MRPIP nuclear condensates show dynamic liquid-like properties. (A) Representative images of Full-Fluorescence

recovery after photobleaching (FRAP) experiments that were performed on GFP-MPRIP nuclear condensates. The lower

row images correspond to a solidified structure. Imaging rate was 23 ms. Scale bars represent 0.5 pm. (C) Representative

images of nucleoplasmic-, inner- and fiber-FRAP. r is the radius of the circular bleached area. Scale bars represent 3 um,

0.5 pm and 0.25 pm from the top to the bottom, respectively. (B-D) The graphs represent the relative fluorescence values in

time, starting with the first capture after bleaching. Each point corresponds to the corrected and normalized fluorescence

values of the bleached areas of the FRAP experiments. The lines passing through the points are single exponential curves

except for fiber-FRAP. The line for fiber-FRAP is a bi-exponential curve. The FRAP graph was created using one exemplary

experiment for each FRAP experiment. “*” in subfigure B corresponds to a solidified structure.

In order to confirm the liquid-like properties, it was necessary to measure the inner
dynamics of MRPIP condensates (Figure8C, inner-FRAP). The measured half-time of the
recovery was 1.6 (x0.6) seconds with 85% mobile fraction (Figure8D). To determine the
mobile fraction of the fibers, the nucleoplasmic mobile fraction needed to be measured
first. This was due to the small diameter of the fiber that causes the nucleoplasm to
interfere with the calculations of the fiber-FRAP. The nucleoplasm was bleached as a circle
with 3 pm radius and the calculated half-time of the recovery was around 0.5 (x0.15)
seconds (Figure8C) . Our data indicate that the nucleoplasmic GFP-MPRIP moves by free
diffusion, which is determined by the mobile fraction ~96% (Figure8D). The fiber-FRAP
was performed and the half-times were determined as follows: fast fraction = 0.2 (+ 0.15)
seconds and slow fraction = 1.6 s. The data show two fractions. One corresponds to the
free diffusion (nucleoplasmic-FRAP) and the second corresponds to the fiber itself. The
mobile fraction of the fiber-FRAP was 45% (Figure8D).

Interestingly, the inner fraction of a fiber shows the same dynamics as the inner
fraction of a condensate. However, the difference in the mobile fractions (inner-FRAP: 85%,
fiber-FRAP: 45%) suggests that 40% of the immobile fraction is bound to an additional
factor; presumably, to nuclear actin (see below) (Figure 8D).

3.7. MPRIP Fibers Contain Nuclear F-Actin

The results of FRAP experiments prompted us to further investigate the fibrous
structures which presented an immobile fraction. Since MRPIP is an F-actin binding
protein, we tested whether F-actin might be responsible for the immobile fraction of the
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fibrous MPRIP structures [1]. To examine this process, GFP-MPRIP was overexpressed in
U20S cells for 24 h and were subsequently stained with phalloidin. Indeed, we observed
that the actin fibers labelled by phalloidin were decorated by GFP-MRPIP (Figure 9A,B).
This suggests that condensed MPRIP protein retains the F-binding capacity in nuclear
environment. In Figure9A, the GFP-MPRIP condensates are aligned on fibers adopting an
elongated shape that extrude thin, connecting lines localizing to the phalloidin labelled
fibers. Furthermore, STED microscopy was employed on the cells presenting only GFP-
MPRIP fibers (without the globular condensates) to visualize the structure in more detail
that determined its thickness ranging from 150 to 250 nm (Figure9B).

Figure 9. Phalloidin staining of the GFP-MPRIP overexpressing U20S cells. Fixed GFP-MPRIP transfected cells were stained
with phalloidin and investigated by confocal microscopy. (A) GFP-MPRIP condensates localized on phalloidin labelled
fibers in cell nucleus. Scale bar represents 5 um (B) GFP-MPRIP fibers visualized by STED microscopy. Blue is DAPI, green
is GFP-MPRIP and red is the phalloidin staining. The scale bar represents 1 pm.

3.8. The C-Terminal IDR Domain Is Responsible for Phase Separation of MPRIP

To determine the regions that are responsible for MPRIP propensity for phase sep-
aration and fiber formation, we split MPRIP into two fragments. We prepared the GFP
tagged constructs which comprise different domains (see Materials and Methods 2.2). The
first fragment F1 consists of the N-terminal domain of MPRIP; carrying F-actin binding
and the NLS region. The fragment F2 consists of the C-terminal domain, comprising a
long IDR with regions that are known to interact with F-actin, regulating proteins such as
PP1, MYPT1 and RhoA [8]. The fragments overexpressed in U20S cells show a different
cellular localization (Figure10). The F1 fragment contains NLS, thus mainly localizing
to the nucleus. However, it also binds to the F-actin stress fibers (Figure10A). Moreover,
the F1 fragment shows no sign of phase separation. The fragment F2 localizes only to the
cytoplasm where it forms fibrous and globular structures reminiscent of those formed by
phase separation (Figure10C). Interestingly, we also noticed that the F2 fragment was also
able to bind to the F-actin cytoskeleton (Figure S5).
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Cytoplasmic Plane

Nuclear Plane

Figure 10. Confocal microscopy revealed the sub-cellular localization of the overexpressed GFP-MPRIP fragments F1
andF2. Fragment F1 localizing to (A) stress fibers and (B) to nucleus. Fragment F2 shows (C) globular and fibrous structures
in the cytoplasm but not in the (D) nucleus. Scale bars represent 10 pum.

4. Discussion

PIP2, as the integral component of the cytoplasmic inner membrane leaf, is a crucial
regulator of F-actin polymerization [44-46]. PIP2 regulates actin cortex, membrane tension,
raft formation, endocytosis, motility and forms signaling hubs [47-50]. In the nucleus,
PIP2 is an integral element of nuclear compartments which are involved in transcription,
epigenetic regulation, the enzymatic activity of fibrillarin and presumably, mRNA splic-
ing [12,13,51-54]. Recently, the nuclear PIP2 interactors were identified by an advanced
quantitative mass spectrometry approach and showed that the polybasic K/R regions
which are responsible for PIP2 interaction are a common feature of PIP2-effectors [4,55].

Initially, we showed that MPRIP is a nuclear protein that exists in two forms (Figure1B)
which presumably represent different phosphorylation states due to a number of predicted
phosphorylation sites (Figure S4). Our super-resolution microscopy followed by the statis-
tical analysis of MPRIP spatial distribution showed that MPRIP localizes predominantly
to PIP2-rich nuclear speckles and NLIs (Figure3D,G). NLIs were previously shown to be
important for an active RNAPII transcription [12]. The PIP2 nuclear localization was visu-
alized in unprecedented resolution using advanced super-resolution microscopy—direct
stochastic optical reconstruction microscopy (dASTORM)— at nuclear speckles and NLIs
where PIP2 was found in close proximity with the subset of RNAPII [56]. Furthermore,
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we showed that the PH domain-containing MPRIP protein binds PIP2 in vitro and thus
suggest the importance of PIP2 for its activity. These data suggest that MPRIP is a nuclear
protein whose nuclear localization presumably depends on the PIP2.

Our immunoprecipitation experiments determined the unconventional myosin- MYO1C
and the active RNAPII as the nuclear interactors of MPRIP (Figure4). MYO1C possess
a C-terminal, PH-like domain which enables its binding to PIP2 [11,57,58]. An isoform
of MYO1C termed NM1 was previously shown to be important for RNAPI and RNAPII
mediated transcription [12,37,59]. Moreover, NM1 was defined as a transcription factor
with the capacity to bind nuclear actin; a component of RNAPII pre-initiation complex and
an important RNAPI regulator [59,60]. These data indicate a potential function for MPRIP
in transcription regulation.

The overexpression of MPRIP induces the formation of granular nucleoplasmic foci
and the spherical condensates depending on the time after transfection (Figure5A,B,D).
The 1,6-hexandiol treatment showed that the condensates are formed by the phase sep-
aration (Figure6) and that these condensates display liquid-like properties (Figure7A
and video S1) [24,43]. Further, we observed the formation of MPRIP fibers in the cell
nucleus (Figure5C ). We monitored these fibers for several hours and observed reforma-
tion of spherical condensates when fibers disassembled (Figure7B, Video S1). To the
best of our knowledge, this is a novel behavior for phase-separated proteins that shows
liquid-like properties even when bound to a fibrous structures (Figure9). Our FRAP data
determined high mobility for MPRIP molecules within both structures—condensates and
fibers (Figure8) . MPRIP condensates showed time-dependent solidification, as another
intrinsic property of phase-separating proteins [24,61]. Moreover, the FRAP experiments
showed that fibers contain a larger immobile fraction compare to spherical condensates.
We assume that this immobile fraction indeed represents the MPRIP molecules bound to
nuclear F-actin (Figure9).

The N-terminus of MPRIP contains the F-acting binding domain that covers one of
the PH domains, the NLS region and the short IDR region interspaced between both PH
domains [8]. In Figure10, we showed that the N-terminus region is responsible for MPRIP
protein localization to the nucleus but not for its capacity to phase separate (Figure S1).
Due to the overlap of PH and acting binding domains, we hypothesized that the binding
of actin to MPRIP regulate PIP2-binding capacity and thus affects its nuclear localization.
The impact of cytosolic/nuclear actin concentration equilibrium onto the MPRIP function
remains elusive.

We showed that the C-terminal part of MPRIP is responsible for its phase separation.
Interestingly, this fragment also showed to localize to cytosolic F-actin (Figure S5). This
is contrary to in vitro observations of other authors showing that the C-terminal region
is not responsible for a direct F-actin binding. However, it was shown to interact with
actin regulators such as RhoA, MYPT1 and NUAK?2 [2,3,6]. Therefore, we speculate that
the C-terminal F-actin binding (Figure S5) and fiber formation (Figure10) is mediated
indirectly through these factors.

Nuclear actin is an enigmatic factor which was identified as an interactor of a plethora
of nuclear proteins such as transcriptional factors [11,62-65]. However, the nuclear F-actin
formation is shown to be crucial for the relocalization of heterochromatin breaks and were
associated with chromatin-modifying enzymes such as deacetylases, acetyltransferases and
DNA repair factors [66,67]. Moreover, the formation of nuclear actin fibers is associated
with defects in nuclear topology and RNAPII relocalization [68]. We observed the produc-
tion of the nuclear MPRIP fibers when the formation of nuclear F-actin was stimulated by
heat shock (Figure S6) [1]. Therefore, the formed nuclear F-actin might attract MPRIP and
thus alter the RNAPII transcription.

In conclusion, we provided evidence for the presence of MPRIP, an actin regulatory
protein, in cell nucleus. The MPRIP protein localizes to nuclear PIP2-rich sub-compartments
and it was identified as a component of the RNAPII/NM1 complex. The expression of this
protein leads to the formation of phase-separated condensates that are able to bind nuclear
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F-actin fibers. We showed that this binding is reversible and the spherical condensates can
reform when fibers disappear (summary in Figure11). These data suggest that the PIP2-
associated RNAPII transcription might be regulated by phase separation that is dependent
on nuclear actin polymerization.

Nuclear Phase Separated Fibrous MPRIP condensate
MPRIP condensate bound to F-actin

In case of nuclear
F-actin formation __—

Intrinsically Disordered RNAPII/NMI/MPRIP
Region (IDR) el L}\ IDR-IDR interaction

- -
I PHdomain & PIP2Rich S
[ Structure |

I F-actin Binding Site
@B F-actin

. F-actin binding Factor

A\i Structured Binding
? Requires in-depth investigation

*MPRIP can interact with F-actin binding factors through its coiled coil d ins that are ¢ d by its IDR d in

Figure 11. Illustration of the hypothetical model of interplay between MPRIP phase separation
and its interactors. RNAPII/NMI/MPRIP complex localizes in the proximity of nuclear PIP2-
rich structures. The MPRIP protein contains two PH domains, an F-actin binding site and C-
terminal IDR. MPRIP is able to form phase-separated condensates through IDR interactions. These
condensates can form fibers when associated with nuclear F-actin. (*) This association is mediated
either by intrinsic MPRIP F-actin-binding site or by other F-actin binding factors. (?) It remains
unclear how MPRIP/RNAPII/NM1/PIP2 complex formation depends on the phase separation, actin
polymerization or association with PIP2-rich nuclear structures. It also needs further clarification
as to how these processes orchestrate the MPRIP-mediated regulation of RNAPII activity and the
consequent transcriptional output of the cell.

Supplementary Materials: The following are available online athttps://www.mdpi.com/article/10

.3390/cells10040848/s1, Figure S1: Predicted NLS sequence of MPRIP protein. Figure S2: Clustal
Omega test on eight mammalian MPRIP sequences, Figure S3: Structure Determination and IDR of
MPRIP Human Isoform 3. Figure S4: Post translational modification sites of MPRIP Human Isoform
3. Figure S5: Fragment F2 of MPRIP localize to actin stress fibers, Figure S6: Heat Shock treatment of
the stable cell line. Video s1: Live cell imaging of a cell overexpressing GFP-MPRIP.
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00:00 min

Video S1: Live cell imaging of a cell overexpressing GFP-MPRIP. The video was recorded
approximately for 8 hours, imaging one frame per 5 minutes (for details, see MM). The cell shows
many GFP-MPRIP condensates in nucleus and a few in cytoplasm. These condensates change their
shape to fibers at the 4th hour of the video, which corresponds to 14th hour after transfection. Bar
shows 5 pm. The frame rate of the video is 5 frame per second.
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| Predicted NLSs in query sequence

MSAAKENPCRKFQANIFNKSKCQNCFKPRESHLLNDEDL TQAKPIYGGHL
LLAPDGTDFDNPVHRSRKHQRRF FILYEHGLLRYALDEMPTTLPQGT INM
NQCTDVVDGEGRTGQKFSLCILTPEKEHF IRAETKEIVSGHLEMLMVYPR
TNKQNQKKKRKVEPPTPQEPGPAKVAVTSSSSSSSSSSSIPSAEKVPTTK
STLWQEEMRTKDQPDGSSLSPAQSPSQSQPPAASSLREPGLESKEEESAM
SSDRMDCGRKVRVESGYFSLEKTKQDLKAEEQQLPPPLSPPSPSTPNHRR
SQVIEKFEALDIEKAEHMETNAVGPSPSSDTRQGRSEKRAFPRKRDF TNE
APPAPLPDASASPLSPHRRAKSLDRRSTEPSVTPDLLNFKKGHL TKQYED
GQWKKHWFVLADQSL RYYRDSVAEEAADLDGE IDLSACYDVTEYPVQRNY
GFQIHTKEGEFTLSAMTSGIRRNWIQT IMKHVHPTTAPDVTSSLPEEKNK
SSCSFETCPRPTEKQEAELGEPDPEQKRSRARERRREGRSKTFDWAEFRP
IQQALAQERVGGVGPADTHEPLRPEAEPGEL ERERARRREERRKRFGMLD
ATDGPGTEDAALRMEVDRSPGL PMSDLK THNVHVE IEQRWHQVE T TPLRE
EKQVPIAPVHLSSEDGGDRLSTHEL TSLLEKELEQSQKEASDLLEQNRLL
QDQLRVALGREQSAREGYVLQATCERGF AAME ETHQKKI EDL QRQHQREL
EKLREEKDRLLAEETAATISAIEAMKNAHREEMERELEKSQRSQISSVNS
DVEALRRQYLEELQSVQRELEVLSEQYSQKCLENAHLAQALEAERQALRQ
CQRENQELNAHNQELNNRLAAE ITRLRTLLTGDGGGEATGSPLAQGKDAY
ELEVLLRVKESEIQYLKQEISSLKDELQTALRDKKYASDKYKDIYTELST
AKAKADCDISRLKEQLKAATEALGEKSPDSATVSGYDIMKSKSNPDFLKK
DRSCVTRQLRNIRSKSVIEQVSWDT

| 155 |NQKKKRKVE | 9.5

Figure S1: Predicted NLS sequence of MPRIP protein. The cNLS Mapper prediction tool showsa
monopartite NLS sequence covering amino acids in position 155 to 164. The strength of the
prediction is: 9.5/10.

Figure S2: Clustal Omega test on eight mammalian MPRIP sequences. The first three

sequences are the human isofroms of MPRIP, followed by orthologues from Mus Musculus (House
mouse), Ratus Norvegicus (Brown Rat), Pan troglodytes (Chimpanzee), Bos Taurus
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(Bovine), Ovis aries (Sheep) and Equus caballus (Horse). The last sequence is the consensus
generated by pairwise sequence alignment provided by EMBL-EBI servers. Each amino acid is

color coded where identical amino acids are shown as “.” and missing amino acid in a sequence
were indicated with a

«

- “. Missing or different amino acid in any of the eight mammalian
sequences result a dark gap in the consensus sequence.
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Figure S3: Structure Determination and IDR of MPRIP Human Isoform 3. Above, the
schematic presentation of MPRIP shows the two PH domains and three coiled-coil (Pfam B)
domains. The IDR prediction is generated by D2P2 database of disordered protein predictions that
run a battery of disorder predictors: VL-XT, VSL2b, PrDOS, PV2, Espritz and IUPred.
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Figure S4: Post-translational modification sites of MPRIP Human Isoform 3. Image obtained
from PhosphoSitePlus® shows the amino acid residues which are determined to be post-
translationally modified by High Throughput papers. The length of the lollipop plot indicates the
number of references published for that residue.
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Phalloidin

Figure S5: Fragment F2 of MPRIP localize to actin stress fibers. Confocal microscopy images
show the cellular localization of the overexpressed fragment F2. Arrow heads point to the stress
fibers and cortical actin Blue is DAPI, green is GFP-MPRIP and red is the phalloidin staining. Scale
bar represent 10 pum.
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MPRIP-GFP

Heat Shock
treated
stable cell line
expressing
GFP-MPRIP

Figure S6: Heat Shock treatment of the stable cell line. Immunofluorescence experiment on the
stable cell line expressing GFP-MPRIP. First row shows untreated cell as a control for heat shock.
The cell at the second row is subjected to heat shock for 1 hour at 41°C (for more details,see
Methods). Due to the high fluorescence of the fibers, the 488 laser intensity lowered in the heat
shock imaging and therefore, DAPI staining looks more intense in the merge image. DAPIin blue,
MPRIP in green, Phalloidin in red. Scale bar corresponds to 5 um. Reproduced three times.
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Abstract

The specific post-translational modifications of the C-terminal domain (CTD) of Rpb1 subunit of RNA
polymerase Il (RNAPII) correlates with different stages of transcription. The phosphorylation of the
Ser5 residues of this domain associates with the initiation condensates which are formed through
liquid—liquid phase separation (LLPS). The subsequent Tyrl phosphorylation of the CTD occurs
during the promoter-proximal pausing and marks the release of the RNAPII from the initiation
condensate. We have previously reported that the nuclear Phosphatidylinositol 4,5-bisphosphate
(PIP2) associates with the Ser5-phosphorylated-RNAPII complex and facilitates the RNAPII
transcription. With this study, we identify an F-actin binding protein, as a novel regulator of the
RNAPII transcription that determines the transcriptional output. This regulatory action of Myosin
Phosphatase Rho-Interacting Protein (MPRIP) provides molecular insights into PIP2-associated
RNAPII transcription mechanism. Our findings indicate a role for MPRIP in regulating the pause-
release of RNAPIl where nuclear actin polymerization might have an impact. Altogether, we
demonstrate that MPRIP regulates RNAPII condensation and transcription by providing the
association between the transcription complex and PIP2.
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Introduction

The mammalian C-terminal domain (CTD) of the RPB1 subunit of RNA polymerase Il (RNAPII)
comprises a 52-heptad repeat, with the consensus sequence of Tyr1-Ser2-Pro3-Thr4-Ser5-Pro6-Ser7
(Eick and Geyer, 2013). The differential phosphorylation of this domain correlates with the stages
of the RNAPII transcription and coins the term “CTD code” (Harlen and Churchman, 2017).
Throughout transcription, RNAPII interacts with kinases and phosphatases that establish two major
regulatory points, which limit the rate of the transcription; the initiation (RNAPII recruitment to
promoter) and pause-release (Bartman et al, 2019).

During initiation, RNAPII is recruited to the promoter region by general transcription factors (TFs)
that recognize specific promoter sequences and mediate the assembly of the pre-initiation complex
(PIC) (Chen et al., 2021). The transcription factor Nuclear Myosin | (NMI) is an essential component
of the initiation complex that is required for the formation of the first phosphodiester bond of the
transcript (Hofmann et al., 2004). The RNAPII initiation complex is primarily phosphorylated at its
Ser5 residues of the RPB1-CTD (CTD) which is mediated by both CDK7 of TFIIH (Lu et al., 2018) and
the Positive Elongation Factor (P-TEFb) (Czudnochowski et al., 2012, Mayfield et al., 2019; Gibbs et
al., 2017). Upon Ser5 phosphorylation, RNAPII escapes from promoter and pauses at the promoter-
proximal region (+20 to +60) (Core and Adelman, 2019). The pausing of RNAPII provides a vital
window to facilitate the integration of multiple cellular signals that determines the transcriptional
output (Adelman and Lis, 2012). At this stage, RNAPII associates with macromolecular condensates
that are formed through liquid—liquid phase separation (LLPS) (Lu et al., 2018; Pancholi et al., 2021).
These condensates are enriched in coactivators such as CDK9, providing a platform to initiate the
elongation (Lu et al, 2018; Guo et al, 2019). The Tyrl phosphorylation of the CTD peaks near the
promoter region and controls pausing of RNAPII, while lower levels of Tyrl phosphorylations were
maintained for efficient termination of the transcription (Harlen and Churchman, 2017; Collin et al.,
2019; Shah et al., 2018). The Tyrl phosphorylation of the CTD at promoter-proximal region was
shown to alter the specificity of P-TEFb from Ser5 to Ser2 (Mayfield et al., 2019), enabling the release
RNAPII from the condensate. This process is essential to trigger the release of RNAPII, as Ser2
phosphorylation of the CTD abolishes the affinity of RNAPII for the initiation condensate (Lu et al,
2018). The released RNAPII proceeds to elongation and relocates toward nuclear speckles where it
interacts with the splicing machinery (Guo et al, 2019; Herzel et al., 2017).

The Phosphatidylinositol 4,5-bisphosphate (PIP2) is the most abundant PIP in nucleus and it
determines the nuclear architecture by regulating processes such as chromatin remodeling, DNA-
damage response and gene expression (Castano et al., 2021). PIP2 localizes to nuclear speckles,
nucleoli and nucleoplasm which was determined by electron, light and super-resolution microscopy
(Sobol et al., 2013, 2018; Hoboth et al., 2021a,b; Osborne et al., 2001). In nuclear speckles, PIP2 is
associated with the small nuclear ribonucleoproteins, U1-U6 snRNAs, and the hyper-phosphorylated
form of RNAPII (Osborne et al., 2001). In nucleolus, PIP2 interacts with many proteins including UBF
and fibrillarin, and it participates to the rDNA transcription (Yildirim et al., 2013; Sobol et al., 2018;
Guillen-Chable et al., 2021). In a previous study, we have defined a nucleoplasmic pool of PIP2
(referred as Nucleoplasmic Lipid Islets; NLIs) which was observed as 40 to 100 nm foci (Sobol et al.,
2018). The nascent transcripts were visualized at the periphery of NLIs and RNA was shown to be
essential for their integrity. These structures were determined to interact with Ser5-phosphorylated
CTD and NMI, suggesting a role in the transcription initiation (Sobol et al., 2018; Hofmann et al.,
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2004). Therefore, we hypothesize that NLIs might serve as scaffolding platforms which facilitate the
formation of the initiation condensates, enabling RNAPII-dependent transcription (Sobol et al.,
2018).

Recently, we have identified the PIP2-nuclear interactome and defined the processes that are
associated with PIP2-effectors (Sztacho et al.,, 2021). The Myosin Phosphatase Rho-Interacting
Protein (MPRIP) was revealed as a promising candidate protein from the group of actin regulators,
and it was identified in the complex with RNAPIl and NMI (Sztacho et al., 2021; Balaban et al., 2021).
MPRIP contains two PH-domains for PIP2 interaction and it localizes to the nuclear speckles and
NLIs. The overexpression experiments showed that GFP-MPRIP forms LLPS condensates that are
able to bind nuclear actin fibers (Balaban et al., 2021).

Actin is a transcription regulator that is required for the formation of the pre-initiation complex (PIC)
(Hofmann et al., 2004; Obrdlik et al., 2008). It binds to the RPABC2 and RPABC3 subunits of all three
RNA polymerases and interacts with the CTD of RNAPII (Hu et al., 2004; Kukalev et al., 2005).
Moreover, the activity of the CDK9 depends on actin to trigger the promoter-proximal escape by
Ser2 phosphorylation of the CTD. After the promoter-proximal escape actin remains bound to the
hyper-phosphorylated CTD and interacts with heterogeneous nuclear ribonucleoproteins to
regulate transcription elongation, through histone acetylation, and mRNA processing (Percipalle et
al., 2001, 2002, 2003; Viita et al. 2019).

The polymerization of nuclear actin disrupts the interaction of monomeric actin with RNAPII that
reduces transcription levels and inhibits cell proliferation (Serebryannyy et al., 2016). Serum
stimulation was shown to induce the nuclear actin polymerization which affects formation of RNAPII
condensates (Plessner et al., 2015; Cho et al., 2016). Furthermore, serum stimulation was
determined to induce N-WASP and Arp2/3-dependent polymerization of short actin filaments which
facilitate the formation of discrete RNAPII condensates (Wei et al., 2020). Similarly, many other actin
cytoskeleton regulator proteins are known to translocate to nucleus and regulate nuclear actin
dynamics, however, the intrinsic mechanisms showing how they regulate nuclear actin-
polymerization and consequently, the RNAPII transcription, remains elusive (Ulferts et al., 2021).

With this study, we report the evidence of a novel transcription regulator that recruits Tyrl-
phosphorylated RNAPII complex to PIP2-containing nuclear structures. We show that MPRIP
regulates transcription through determining the association of the initiation complex with PIP2. The
depletion of MPRIP increases the association of the Ser5 phosphorylated RNAPII complex with PIP2
and promotes the formation of the RNAPII condensates. Our data indicate that the transcription
might be impaired due to a defect at promoter-proximal pause release. We suggest that MPRIP
plays a key role in mediating RNAPII and PIP2 association while preserving its actin-binding capacity,
which might offer a role in nuclear actin inducible transcription.
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Material and Methods

1. Cell cultures and transfections
Human osteosarcoma (U20S, ATCC no. HTB96) cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM, D6429, Merck, NJ, US) with 10% FBS at 37 °C in a humidified 5% CO2 atmosphere.

The 5-Fluorouridine (5-FU; F5130, Merck, NJ, USA), that was used for nascent transcript
labelling, was initially diluted in water to 100 mM and the aliquots were kept in-20°C as stock
solutions. Then, the stock solutions were diluted in DMEM with 10% FBS to a final concentration of
2mM. The cells were incubated for 20 minutes in the media with 2mM 5-FU.

For transfections of the GFP-tagged fragments, Lipofectamine 3000 (L3000015, Invitrogen, MA,
USA) was used according to the manufacturer’s protocol. Stable cell lines were established by single
cell sorting of the transiently transfected cells which were further kept in selective media G418
(G8168, Merck, NJ, USA) with a final concentration of 0.5 mg/ml, for at least three weeks. The cells
were evaluated by Western blot and fluorescence light microscopy (Balaban et al. 2021; Figure S6).

MISSION esiRNA (EHU141181, Merck, NJ, USA) was used to perform post-transcriptional
silencing of the human MPRIP gene. This product is composed of a pool of hundreds of siRNA (21
bp each) that cover a region of 300 — 600 bp of the target mRNA. Each individual siRNA has around
50pM concentration in the pool which lowers the off-target effect significantly. MISSION siRNA
Universal Negative Control #1 (SIC001, Merck, NJ, USA) was used as the negative control of the
MPRIP depletions.

For transfections of the siRNAs, U20S cells were plated 24 hours a priori. siRNAs were
transfected using RNAiMax according to the manufacturer’s instructions (13778075, Invitrogen, MA,
USA). The media was replenished 6 hours after transfection and the cells were further incubated for
48 h. Knock-down efficiency was confirmed by western-blotting (WB).

2. Constructs and Antibodies

pDEST53-GFP-MPRIP (Human Isoform 3 of MPRIP) plasmid was used for the over-expression of
MPRIP in U20S cells (Figure S6). The N-terminal (1—450th amino acid) and the C-terminal (450-
1000th amino acid) regions of MPRIP were amplified by PCR using pDest53-GFP-MPRIP as template.
The N-terminal region was inserted in pEGFP-N1, while the C-terminal region was inserted in pEGFP-
C1. For the detailed structure of the fragment, please see Balaban et al. 2021 Figure S3. The stable
cell lines expressing the constructs were examined for their localization and features (Balaban et al.
2021).

Primary Antibodies (Final concentrations were achieved according to the manufacturer’s
instructions):

Anti-MPRIP antibodies; HPA022901 (Sigma, MO, USA) and sc-515720 (Santa Cruz, TX, USA)
Anti-RNAPII CTD Phospho S5 antibodies; ab5131 and ab5408 (Abcam, Cambridge, UK)

Anti-RNAPII CTD Phospho Tyr1 antibodies; 61383 and 91219 (Active Motif, CA, USA)

Anti-RNAPII CTD Phospho S2 antibody; ab5095 (Abcam, Cambridge, UK)

Anti-BrdU antibody; ab152095 (Abcam, Cambridge, UK)

Anti-PI(4,5)P2 antibody; Z-A045, clone 2C11 (Echelon Biosciences Inc., UT, USA)

Anti-beta Actin antibody; ab8227 (Abcam, Cambridge, UK)

Anti-MYO1C antibody; HPA001768 (Merck, NJ, USA)
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Anti-GFP antibody; ab6556 (Abcam, Cambridge, UK)

Secondary Antibodies for Immunofluorescence labelling (Used at 1:400 dilution):

Goat anti-Mouse IgM (Heavy chain) Cross-Adsorbed, Alexa Fluor 568, A-21043 (Invitrogen, MA, USA)
Goat anti-Mouse IgG (H+L) Highly Cross-Adsorbed, Alexa Fluor 488, A-11029 (Invitrogen, MA, USA)
Goat anti-Mouse IgG (H+L) Highly Cross-Adsorbed, Alexa Fluor 568, A-11031 (Invitrogen, MA, USA)
Goat anti-Rabbit IgG (H+L) Cross-Adsorbed, Alexa Fluor 568, A-11011 (Invitrogen, MA, USA)

Goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed, Alexa Fluor 488, A-11034 (Invitrogen, MA, USA)

Goat anti-Rat IgG (H+L) Cross-Adsorbed, Alexa Fluor 488, A-11006 (Invitrogen, MA, USA)

Secondary Antibodies for WB (Used at 1:10.000 dilution):

IRDye 680RD Donkey anti-Mouse IgG, 926-68072 (LI-COR Biosciences, NE, USA)
IRDye 800CW Donkey anti-Mouse IgG, 926-32212 (LI-COR Biosciences, NE, USA)
IRDye 800CW Donkey anti-Rabbit IgG, 925-32213 (LICOR Biosciences, NE, USA)

IRDye 680RD Donkey anti-Rabbit IgG, 926-68073 (LI-COR Biosciences, NE, USA)

IRDye 800CW Goat anti-Rat IgG, 926-32219 (LI-COR Biosciences, NE, USA)

3. Immunofluorescence labelling

U20S cells were grown on high-performance cover glasses of diameter 12 mm with restricted
thickness-related tolerance (depth = 0.17 mm * 0.005 mm) and the refractive index = 1.5255 +
0.0015 (Marienfeld 0107222). After three washes with PBS, the cells were fixed with 2%
formaldehyde for 20 minutes and permeabilized with 0.1% Triton X-100 for 5 minutes at room-
temperature (RT). Non-specific binding was blocked by 5% bovine serum albumin (BSA) for 20
minutes at RT. All solutions were diluted in PBS. The cells were incubated 1 hour at RT with the
corresponding primary antibodies. After several washes with PBS for 15 minutes (3 x 5 minutes) the
cells were incubated for 45 minutes with the secondary antibodies at RT. Following another round
of 15 minute PBS washing, the cells were mounted with 90% glycerol with 4% N-Propyl Gallate
(NPG). For the super-resolution microscopy the cells were washed with purified water for 10minutes
and then dried for 5 minutes at RT before mounting.

4. Confocal and Stimulated emission depletion (STED) microscopy

For confocal imaging, Leica TCS SP8 confocal microscope was employed with a Leica HC PL APO
63x/1.40 oil CS2 objective. The images of one technical repetition were acquired at the same
resolution format and the zoom value for accurate image analysis.

STED imaging was performed with a Leica TCS SP8 STED 3x microscope, equipped with a Leica
DFC365 FX digital camera with a STED white CS 100x1.40 NA oil objective for optimized overlay of
excitation and a STED beam (Leica Mikrosysteme Vertrieb GmbH, Wetzlar, Germany). Image
capturing was performed using the Leica LAS x64-bit software package. The resolution format of the
images is 1024x1024 and the corresponding pixel sizes are both 18 nm in x and y. The acquired
images were deconvolved using Huygens Professional software version 19.04 (Scientific Volume
Imaging, The Netherlands, http://svi.nl), using the CMLE algorithm, with SNR:07 and 20 iterations.

5. Image analysis

The image analysis was carried out using the Coloc2 function of the Fiji software. The
significance of each statistical analysis was determined by the paired and two tailed Student’s t-
tests. Each data set was normalized to the average and the standard deviation of the all three
repetitions. The randomized images were obtained by rotating one of the two channels 90 degrees
(Dunn et al., 2011).
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To determine the number of Ser5P clusters per cell, we have processed the confocal images as
described by Cho et al. First, to minimalize the inter-batch variations of the staining densities, the
median of the image was filtered (radius 8 pixel) and subtracted from the raw data. Then, the image
was smoothed with a 1-pixel radius Gaussian blur for accurate counting of the clusters. Finally, find
maxima was applied to count the number of clusters which were above the defined threshold within
a cell nucleus. The nuclear outlines were segmented manually (Cho et al., 2018).

The segmentation of the nuclear PIP2 signals was performed on two channel confocal images
where the nucleolar regions of each cell nucleus were subtracted manually from each channel by
the distinctive staining of PIP2 at the nucleolar region (Yildrim et al., 2013). Then, the PIP2 channel
was smoothed by Gaussian blur (Sigma 3) to identify the broad areas of the dense signals that relates
to large PIP2-rich structures (the nuclear speckles). This blurred image was further used as a mask
for both channels: The region that overlapped with the blurred structures resulted in the image
showing only the broad areas of the nuclear speckles, whereas the subtraction of the blurred
structures resulted in the image showing only the nucleoplasmic PIP2 signal. Finally, the Coloc2
function of the FlJI software was applied to the images to detect the variations that occur on
different PIP2-rich nuclear structures.

6. Pull-Down Assays

Cells were grown in 15cm dishes to 90% confluency. The cells are washed three times with ice-
cold PBS and harvested by scrapping in 1xLysis Buffer (50 mM Tris-HCI, pH 7.2, 150mM NaCl, 0.1%
NP-40). PhosStop (La Roche Ltd., Basel, Switzerland 4906837001) and protease inhibitors (La Roche
Ltd., Basel, Switzerland, 05056489001) were added fresh to the lysis buffer on the day of the
experiment. The homogenate was incubated 20 minutes on ice and then sonicated with Soniprep
150 (MSE) bench top sonicator (1 sec on, 1 s off for 30 cycles at power 10 amplitude microns).
Sonicated lysate was spun down at 13,000x g for 30 min at 4°C. The supernatant was collected as
the total cell extract. Protein concentrations were determined by Pierce™ BCA Protein Assay
(Thermo Scientific, 23227) according to the manufacturer’s protocol and determined to be
1,5mg/ml per sample.

Three types of beads were used in pull-down assays;
e Control beads for PIP2 pull-downs, P-B000 (Echelon Biosciences Inc., UT, USA)
e PI(4,5)P2 covered beads, P-B0O45A (Echelon Biosciences Inc., UT, USA)
e Anti-GFP mAb-Magnetic Beads, MAD153-11 (MBL International, MO, USA)

Thirty ul of slurry beads were used per condition. The beads were washed three times with 1
mL of ice-cold lysis buffer and then incubated overnight in the total cell extracts. The supernatant
was discarded and the beads were washed five times with 1 mL of ice-cold lysis buffer and boiled in
40ul of 2x Laemmli buffer for 10 minutes. The beads were spun down and the supernatant was
loaded to the SDS gel. After trans-blotting, the membranes were blocked with 5%BSA for 30 minutes
at 4°C. The washes of the membranes were done by using PBS-Tween for 15 minutes at 4°C. The
dilutions of the primary antibodies were prepared in 5% BSA-PBS with sodium azide following each
manufacturer’s instructions. The incubation with primary antibodies were done at 4°C with a
duration ranging from 4 hours to overnight. The incubation with the secondary antibodies was 30
minutes at 4°C. For scanning the membranes, LiCor Odyssey Infrared Imaging System 9120 (LI-COR
Biosciences, NE, USA) was used.
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Results

1. Nuclear MPRIP localization correlates with the phosphorylated forms of RNAPII
MPRIP localizes to the mammalian cell nucleus (Balaban et al. 2021). We have determined MPRIP in
the same complex with active-RNAPIlI and NM1 which suggests a role in the transcription process
(Balaban et al. 2021). To clarify the nuclear localization of MPRIP, we visualized endogenous MPRIP
in respect to three different phosphorylated forms of RNAPII CTD, which mark the initiation (Ser5P),
the transition to elongation (also called, initiation-release; Tyr1P) and the elongation (Ser2P) stages
of the transcription (Harlen and Churchman, 2017; Mayfield et al., 2019; Descostes et al., 2014).

We performed three indirect immunofluorescence (IF) labeling experiments on U20S cells with
MPRIP- and Ser5P, TyrlP and Ser2P-specific RNAPII-CTD antibodies (Figure 1A-1) and visualized by
Stimulated emission depletion microscopy (STED). The spatial distributions of nuclear MPRIP and
RNAPII forms were statistically evaluated and the analysis determined significant correlations
between MPRIP and RNAPII forms (Figure 1J-L). The MPRIP localization in respect to Tyr1P-CTD
shows the highest significance. These data indicate that MPRIP might be involved in the transition
stage of the transcription wherein RNAPII is released from the promoter-proximal pause.
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Figure 1: Mutual distribution of MPRIP and phosphorylated forms of RNAPII-CTD in the cell
nucleus. (A,D,G) Immunofluorescence labeling experiment showing the localization of endogenous
MPRIP with Ser5, Tyrl and Ser2 phosphorylated forms of RNAPII-CTD in U20S nucleus. Scale bar
represents 5 um. (B,E,F) Zoomed views of the regions that are marked by a white rectangle in the
“Merge” images. The white lines on the zoomed views represent the regions for the intensity plots
on (C,F,l). (J,K,L) The bar graphs show the statistical coefficients of Pearson, Spearman and Manders
of MPRIP and phosphorylated RNAPII signal. Manders 1 (M1) analysis: MPRIP over RNAPII channel,
and Manders 2 (M2) analysis: RNAPII over MPRIP channel. Bars that are marked as "Random” were
obtained by analyzing randomized images (see M.M.). The triple asterisk “***“corresponds to a
significance level of p < 0.001 and the quadruple asterisks “****” to p < 0.0001. n=3, 15
cells/condition for each immunofluorescence experiment.
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2. MPRIP regulates transcriptional output and the number of the RNAPII
condensates

The defects during the promoter-proximal pause of RNAPII are associated with decreased
transcriptional output (Gressel et al., 2017). If MPRIP is involved in the regulation of RNAPII
transcription, we expect a reduction in the transcriptional output when the cells are MPRIP
depleted. Therefore, we compared the levels of the nascent RNAs in control and MPRIP depleted
cells. We used siRNA-mediated depletion of the endogenous MPRIP and determined the signal of
the incorporated 5-Fluorouridine (5-FU) in nascent RNA transcripts (Jao and Salic, 2008; Wissink et
al., 2019 ;van’t Sant et al., 2021) (Figure 2). This method enabled us to visualize the location and the
amount of nascent RNAs and quantify the variation caused by MPRIP depletion. We found lower 5-
FU signal in MPRIP depleted cells. The level of PIP2 signal remained unchanged in MPRIP depleted
cells compare to the control cells (Figure 2B).

We have previously shown that MPRIP binds specifically to PIP2 in vitro and localizes to nuclear PIP2-
rich structures in the cell nucleus; Nuclear Speckles and Nucleoplasmic Lipid Islets (NLIs) (Balaban et
al., 2021). Both of these structures are involved in different stages of RNAPII transcription. The NLIs
associate with the initiation of the RNAPII transcription, whereas nuclear speckles associate with
the elongation stage (Sobol et al., 2018; Galganski et al., 2017). We have determined a significant
decrease in the 5-FU signal at nucleoplasm (NP) and nuclear speckles (NS) (Figure 2C). This implies
that upon MPRIP depletion, the transcription is affected from the initiation stage. Moreover, the
Spearman coefficient indicates that the decrease in the transcriptional output upon MPRIP
depletion is correlated with the PIP2 signal, which strengthens the importance of PIP2 in RNAPII
transcription.
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Figure 2: Nascent RNA profiling shows decreased transcriptional output in MPRIP depleted cells.
(A) Indirect immunofluorescence experiment on U20S cells showing the 5-FU and PIP2 labeling in
control (siNC) and siMPRIP nuclei. Scale bar represents 5 um. (B) The integrated densities of 5-FU
and PIP2 signals are normalized and reflected as a bar graph in siNC and siMPRIP conditions. (C) The
bar graph shows normalized coefficients of Spearman and the integral densities of 5-FU signals that
are observed in different PIP2-rich nuclear compartments. NP-Nucleoplasmic, NS-Nuclear Speckles.
Not significant (n.s.). The double asterisk “**“ corresponds to a significance level of p < 0.01, the
triple asterisk “***“ corresponds to a significance level of p < 0.001 and the quadruple asterisks
“x*¥*” t0 p < 0.0001. n=3, 10 cells/condition.
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We have previously reported that nuclear PIP2 associates with the initiation stage of the RNAPII
transcription (Sobol et al., 2018). During the initiation stage, the RNAPII-CTD is phosphorylated at
Ser5 residues and participates to macromolecular condensates that are formed through liquid-liquid
phase separation (LLPS) (Guo et al., 2019; Hilbert et al., 2021). Several studies suggest that the
defects in the promoter-proximal pause of transcription inhibit new transcription initiation with an
accumulation of Ser5P-CTD at the promoter-proximal region of the gene (Shao and Zeitlinger, 2017,
Gressel et al., 2019; Steurer et al., 2018; Core and Adelman, 2019). Therefore, we investigated the
phenotype of the transcription initiation marker, the Ser5P-CTD, in MPRIP depleted cells. The
confocal microscopy revealed that the number of the Ser5P-CTD clusters, which mark the initiation-
condensates, is significantly increased upon MRPIP depletion (Figure 3) (Pancholi et al., 2021;
Steurer et al., 2018). Therefore, these results indicate that MPRIP affects the formation and/or
dissolution of the RNAPII initiation condensates. If the increased number condensates are indeed
due to a defect during pausing of RNAPII, then it might also provide an explanation for the decreased
transcriptional output in MPRIP depletion (Figure 2, 3).
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Figure 3: Ser5P-CTD clusters increase in MPRIP depletion. (A) Immunofluorescence labeling
experiment on U20S cells showing the Ser5P-CTD clusters in control (siNC) and MPRIP depleted
(siMPRIP) nuclei. Scale bar represents 5 um. (B) Zoomed views of clusters that are marked by a white
rectangle in the “Merge” images. The white lines on the zoomed views represent the regions for the
intensity plots on (C) where the upper plot corresponds to the intensities of siNC and lower, to
SiMPRIP. (D) The dot plot shows the number of Ser5P-CTD clusters per cell nucleus of siNC and
SiMPRIP. The quadriple asterisk “****“corresponds to a significance level of p < 0.0001. n=3.
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3. MPRIP affects the association of RNAPII complex with PIP2

The microscopy experiments indicate that the MPRIP depletion has an impact on RNAPII
transcription in regard to the NLIs and nuclear speckles (Figure 2, 3). We have previously shown that
the RNAPII associates with PIP2 (Sobol et al., 2018). Therefore, we sought to assess whether MPRIP
affects the recruitment of RNAPII to PIP2 in different stages of transcription. To that end, we
measured the association of Ser5P-, TyrlP-, and Ser2P-CTD with PIP2-conjugated beads in pull-
down experiments (Figure 4). The Ser5P-CTD shows increased association with PIP2 upon MPRIP
depletion (Figure 4). This suggests that the increased number of Ser5P-CTD clusters upon MPRIP
depletion (Figure 3) might be formed due to the increased affinity of RNAPII complex to PIP2 during
the initiation stage. This is in accordance with the proposed role of PIP2 in the RNAPII initiation
(Sobol et al., 2018). In MPRIP depleted cells, the markers of later stages of RNAPII transcription
(TyrlP and Ser2P) pulled-down by PIP2 beads were lower compared to control cells. This suggests
that the RNAPII activity, which succeeds the initiation, is abrogated by the depletion of MPRIP
(Figure 4). The overall levels of the CTD phosphorylations do not change significantly upon MPRIP
depletion, indicating that MPRIP affects solely the association of RNAPII with PIP2.

Control Pl(4,5)P2
Input Beads Beads

WT  siNC siMPRIP W siNC siMPRIP

Figure 4: MPRIP regulates the association between RNAPII-CTD and PIP2. PIP2-coated agarose
beads were used as bait to pull-down interacting proteins from U20S cell lysates. The membrane
was blotted with anti-Ser5P, Tyr1P, Ser2P RNAPII-CTD and anti-MPRIP antibodies Empty agarose
beads (control beads) were used as a control for unspecific binding. Input is 1%, WT-Wild Type U20S
cells, cKD- Control Knock—Down by siRNA, KD- Knock-Down of MPRIP by siRNA. n=3.
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The data presented in Balaban et al., identified MPRIP as a component of the RNAPIl complex. Here,
we showed the spatial co-distribution of MPRIP with three different phosphorylated forms of
RNAPII-CTD (Figure 1). Therefore, to determine the stage of RNAPII transcription that involves
MPRIP, we sought to clarify the predominant RNAPII form that associates with MPRIP and the region
of MPRIP that is responsible for this association. In order to do so, we utilized the GFP-tagged MPRIP
constructs coding for full-length (FL), N-terminal region (f1) comprising two PH domains and an
actin-binding region, and C- terminal (f2) region, containing intrinsically disordered region (IDR) that
promotes LLPS (Balaban et al.,, 2021). The TyrlP-CTD was revealed as the predominant
phosphorylated form that associates with the N-terminal region of MPRIP (Figure 5). Furthermore,
transcription factors, NMI, and actin, were determined at this region. These results suggest that
MPRIP possesses the ability to bind to RNAPII complex, presumably at the initiation-release where
it affects the affinity of RNAPII complex to PIP2.

Input a-GFP Beads
GFP FL f1 f2 GFP FL f1 f2

N = == e e W 1 | Ser5P

P e p— | Ser2P

-_— e— e — — e — B'ACtin

Figure 5: GFP-trap experiment showing the interacting partners of each fragment of MPRIP.
Anti-GFP coated magnetic beads were used as bait to pull-down interacting proteins from U20S cell
lysates that were overexpressing GFP, GFP-tagged full length (FL) MPRIP, and GFP-tagged N- and C-
terminal MPRIP fragments (f1 and f2, respectively). The membrane was blotted with anti-Ser5P,
TyrlP, Ser2P RNAPII, MYO1C and B-actin antibodies. Only GFP expressing cells were used as a control
for unspecific binding. Input is 1%. n=3.

138



Recent data suggest that Tyrl phosphorylation of CTD marks the promoter-proximal pause of
RNAPII (Mayfield et al., 2019, Collin et al., 2019; Descostes et al., 2014). Our data shows that MPRIP
affects the number of Ser5P-CTD clusters (Figure 3), the transcriptional output (Figure 2) and the
association of RNAPII with PIP2 (Figure 1, 5). Since nuclear PIP2 is also implicated in the RNAPII
transcription (Sobol et al., 2018; Galganski et al., 2017), it was necessary to elucidate whether MPRIP
mediates the association between Tyr1P-CTD and PIP2. In order to address this, we overexpressed
GFP-MPRIP constructs in U20S cells and performed the pull-down experiments to detect if any
phosphorylated form of RNAPII complex shows a change in its association with PIP2. The result in
figure 6 shows that the full-length and particularly, N-terminus of MPRIP promotes the association
between the Tyr1P-CTD and PIP2. Even though the presence of the PH domains and the F-actin
binding region is evidently crucial for this interaction, the lack of C-terminal domain disrupted the
association between PIP2 and MPRIP. This result points out that MPRIP mediates the PIP2-RNAPII
association.

Input Pi(4,5)P2 Beads
GFP FL f1 f2 GFP FL f1 f2

[ ;. SersP
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Figure 6: MPRIP promotes the recruitment of Tyrl phosphorylated CTD to PIP2. PIP2-coated
agarose beads were used as a bait to pull-down interacting proteins from U20S cell lysates that were
overexpressing GFP, GFP-tagged full length (FL) MPRIP, and GFP-tagged N- and C-terminal MPRIP
fragments (f1 and f2, respectively). The membrane was blotted with anti- Ser5P, Tyr1P, Ser2P-CTD
specific RNAPII and anti-GFP antibodies. Only GFP-expressing cells were used as a control for
unspecific interactions of GFP tagged overexpressing proteins. Input is 1%. n=3.

So far, our results indicate that MPRIP affects the association of PIP2 with RNAPII complex in vitro.
We further tested whether MPRIP depletion affects the localization of Tyr1P-CTD compare to the
nuclear PIP2-containing structures. The Pearson’s and Spearman analysis of the microscopy images
show decreased colocalization between Tyr1P-CTD and nuclear PIP2-containing structures upon
MPRIP depletion (Figure 7D). This effect is more prominent at NLIs compare to the nuclear speckles,
pointing out to the initiation of transcription. In accordance with our in vitro data, the signal intensity
levels of Tyr1P-CTD and PIP2 remained unchanged upon MPRIP depletion (Figure 7E). Overall, our
results confirm the importance of MPRIP dependent regulatory axis that determines the association
of Tyr1P-CTD with PIP2 as an important factor in defining the native transcription levels of RNAPII.
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Figure 7: MPRIP depletion leads to the decreased association of Tyrl phosphorylated CTD to PIP2.
Immunofluorescence experiment showing the mutual distribution of PIP2 and Tyr1P-CTD in control
and MPRIP depleted U20S nucleus. Scale bar represents 5 um. (B) Zoomed views of the regions that
are marked by a white rectangle in the “Merge” images. The white lines on the zoomed views
represent the regions of the intensity plots (C) where the upper plot corresponds to the intensities
of siNC and lower, to siMPRIP. (D) The bar graph shows normalized coefficients of Spearman’s and
Pearson’s that are observed in different PIP2-rich nuclear compartments. (E) The integrated
densities of Tyr1P-CTD and PIP2 signals are normalized and reflected as a bar graph in siNC and
siMPRIP conditions. NP-Nucleoplasmic, SP-Speckles. (ns) Not significant. The double asterisk
“**“corresponds to a significance level of p < 0.01, the triple asterisk “***“corresponds to a
significance level of p < 0.001 and the quadruple asterisks “****” to p < 0.0001. n=2, 10
cells/condition.
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Discussion

We have previously reported that MPRIP is not only a cytoplasmic protein that regulates actin stress
fibers but also a component of the RNAPII transcription complex, localizing to PIP2-containing
nuclear structures (Surks et al., 2003; Balaban et al.,, 2021). The overexpression of GFP-MPRIP
showed the ability of this protein to form LLPS condensates, while preserving its capacity to bind
nuclear actin filaments (Balaban et al., 2021). The growing body of evidence over the past decade
emphasize the importance of nuclear actin regulators in the transcription process (Dopie et al.,
2015; Hyrskyluoto and Vartiainen, 2020; Ulferts et al., 2021). The identification of an actin regulatory
protein in nucleus, that associates with RNAPII complex paved the way for us to determine its’
nuclear function. Here, we uncover the basics of the molecular mechanism of how nuclear MPRIP
affects the RNAPII-mediated transcription.

Several studies have mapped the CTD phosphorylations during RNAPII activity and identified a
correlation with different stages of the transcription (Harlen and Churchman, 2017). MPRIP localizes
to close vicinity of three phosphorylated forms of CTD, which are associated with initiation (Ser5P-
CTD), pause-release (TyrlP-CTD), and elongation (Ser2P-CTD) stages (Mayfield et al., 2019;
Descostes et al., 2014). From all three phosphorylated CTD forms, the statistical analysis of the
super-resolution microscopy images revealed TyrlP-CTD to have the most significant correlation
with MPRIP (Figure 1). These data support the notion that MPRIP is linked to the RNAPII-mediated
transcription, presumably acting on the paused RNAPII.

The transition to elongation which is labelled by TyrlP-CTD, is a critical regulatory stage in
transcription that determines the transcriptional output (Bartman et al., 2019; Mayfield et al., 2019).
The studies show decreased transcription levels due to the defects during the pausing of RNAPII
which inhibits new transcription initiation (Gressel et al., 2017, 2019; Shao and Zeitlinger, 2017).
Similarly, the MPRIP depleted cells show lower transcriptional output, signaling a defect in the
transcription machinery (Figure 2). Moreover, the Spearman coefficients which determine the
correlation between PIP2 and nascent RNA transcripts, show decreased values in depletion of
MPRIP. This points out that the transcription is impaired mainly, but not exclusively, at PIP2-
containig nuclear structures (Figure 2). Considering nucleoplasmic-PIP2 (NLIs) is involved in initiation
of the transcription (Sobol et al., 2018), this analysis indicates that the transcription is altered from
the initiation stage when MPRIP is depleted.

Our previous study showed that MPRIP associates with NMI and PIP2, which are both factors linked
to transcription initiation (Balaban et al., 2021; Hofmann et al., 2004; Sobol et al., 2018). The
initiation stage of transcription is characterized by the increasing amounts of Ser5 phosphorylation
of the CTD that associates with the macromolecular condensates with liquid-like properties
(Pancholi et al., 2021; Steurer et al., 2018). Several studies documented the accumulation of Ser5P-
CTD at promoter-proximal region due to the lack of factors that are involved in pause-release (Shao
and Zeitlinger, 2017; Mayfield et al., 2019; Gressel et al., 2017; Gressel et al., 2019). Our findings
show that MPRIP affects the number of initiation condensates (Figure 3), presumably by regulating
the pause-release of RNAPII.

The factors such as the negative elongation factor (NELF), DRB sensitivity-inducing factor (DSIF) and
polymerase-associated factor 1 (Pafl) are known to govern the pausing of the RNAPII while its
release requires the kinase activity P-TEFb (Rawat et al., 2021; Vos et al., 2018; Yu et al., 2015; Lu et
al., 2016). Our results show that MPRIP depletion abolishes the recruitment of Tyr1P-CTD to PIP2
(Figure 4). This outcome suggests that MPRIP might regulate the pause-release of RNAPII through
modulating the affinity of RNAPIlI complex to PIP2 (Figure 4). In addition, this experiment also shows
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increased association between Ser5P-CTD and PIP2 in MPRIP depleted cells. This might also provide
an explanation to the increased number of Ser5P-CTD clusters in MPRIP depletion, where the
increased PIP2 affinity of Ser5P-CTD might reduce the dissolution of the initiation condensate
(Figure 3, 4). We suggest that the association between RNAPIl and PIP2 determines the
transcriptional output through regulating the pausing of RNAPII. Taken together we propose that
MPRIP is necessary for release of RNAPII from the initiation condensate by reducing the affinity to
PIP2.

The Tyr1P-CTD was revealed as the predominant form of RNAPII that associates with MPRIP. The N-
terminal region that is responsible for this association, also showed interaction with NMI and actin
(Figure 5). The nuclear myosin | (NMI), being an initiation factor, associates with the transcription
complex through polymerase-associated actin to form the first phosphodiester bond of the
transcript and maintain the active RNAPII transcription (Sarshad and Percipalle, 2014; Pestic-
Dragovich et al., 2000; Hofmann et al., 2004). This suggests that MPRIP associates with the RNAPII-
initiation complex. Furthermore, our results show that MPRIP provides the association between
TyrlP-CTD and PIP2 (Figure 6). This outcome shows that MPRIP is a mediator that promotes the
recruitment of Tyr1P-CTD to PIP2. Given the importance of Tyrl phosphorylation of the CTD in
pause-release, it seems that MPRIP defines the susceptibility of RNAPII complex to leave the
initiation condensate through determining the association of Tyr1P-CTD with PIP2. In accordance
with this, our microscopy experiments show decreased Tyr1P-CTD colocalization with both NLIs and
nuclear speckles in MPRIP depletion (Figure 7). Overall, our results indicate that through MPRIP,
PIP2 represents an important factor in RNAPII condensation and transcription.

In contrary to full-length MPRIP, we observed a lack of interaction between the PH-domain-
containing N-terminal region of MPRIP and PIP2 (Figure 6). This can be explained by the recent study
which demonstrates that PH-domain-containing proteins lose their specificity and bind to other PIPs
in comparison to their full-length counterparts (Singh et al., 2021). Alternative explanation can be
provided by the conformation of the mutant, which seems to favor the interaction with actin instead
of PIP2 (Figure 6). Since PIP2 and F-actin binding regions of MPRIP overlaps (Surks et al., 2003), the
binding to F-actin might hide the PH-domains of the mutant hindering the interaction with PIP2.

The nuclear actin concentration is an important regulator of the RNAPII transcription (Huet et al.,
2012). The F-actin formations, that sequesters the monomeric actin, play a crucial role in regulating
the transcription (Plessner and Grosse, 2019). These formations can be induced upon serum-
stimulation and affect the nuclear actin concentration. The fluctuations in the concentration of an
initiation factor such as actin, can determine the transcription activity. Indeed, studies has
documented that the F-actin formations can both activate and repress the expression of different
genes (Hyrskyluoto and Vartiainen, 2020; Yamazaki et al., 2020). For example, persistent nuclear F-
actin formations were shown to disrupt actin—-RNAPII interaction and impaired RNAPII localization,
reducing transcription levels and cell proliferation (Serebryannyy et al., 2016). In addition, through
the activity of actin-binding proteins (N-WASP and Arp2/3), the serum-induced nuclear actin
polymerization was shown to facilitate the formation of discrete RNAPII condensates (Wei et al.,
2020). Since MPRIP is a negative F-actin regulator, it is tempting to speculate that the nuclear F-
actin structures can occupy the PIP2-binding region of MPRIP which abolishes the association
between TyrlP-CTD and PIP2, leading to an increased number of the initiation condensates.
However, it is clear that further research is required to elucidate the exact role of actin underlying
in the regulatory axis of PIP2 and MPRIP-associated RNAPII machinery.
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In summary, we show that MPRIP represents a novel regulator of RNAPII transcription that defines
the number of initiation-condensates and the transcriptional output. This regulatory action of
MPRIP provides molecular insights into PIP2-associated RNAPII transcription mechanism. We
determine that MPRIP interacts with TyrlP-CTD and mediates its association with PIP2. Our
immunofluorescence experiment supports this data, providing an in situ evidence for the nuclear
function of MPRIP. Considering the literature on Tyr1P-CTD, several indications point that MPRIP is
involved in the regulation of pause-release of RNAPII. Finally, we suggest that MPRIP might be
involved in F-actin associated regulation of RNAPII transcription. Taken together, we demonstrate
that MPRIP regulates RNAPII condensation and transcription by providing the association between
the initiation complex and nuclear PIP2.
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Figure 8: Model depicting proposed mechanism for the MPRIP mediated PIP2 association with Tyrl-
phosphorylated-RNAPII complex facilitating the release of RNAPII from the promoter-proximal pausing.
The Ser5-phosphorylated RNAPII complex pauses at the promoter-proximal region (+20 to +60). PIP2-
containing structures associate with the initiation condensate (Sobol et al., 2018; Hoboth et al., 2021).
Following the Tyrl phosphorylation of the Rpb1 CTD, MPRIP mediates the interaction between the RNAPII
complex and PIP2-containing structures. By regulating the affinity of RNAPII complex to the PIP2-containing
structures, MPRIP regulates the release of RNAPII complex from the initiation condensate. In case of MPRIP
depletion, due to increased association between Ser5P-CTD with PIP2, the RNAPII is not released from the
initiation condensate thereby inhibiting transcription and increasing the number of the condensates in cell
nucleus. * MPRIP shows binding to nuclear F-actin (Balaban et al., 2021). The nuclear actin polymerization
might reflect a state similar to MPRIP depletion -by relocating MPRIP from transcription complex to the nuclear
F-actin- and thus, causing a defect in promoter-proximal pause and decreasing transcriptional output.
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ARTICLEINFO ABSTRACT

Keywords: Nucleus Nuclear phosphoinositides are recognized as regulators of many nuclear processes including
Phosphoinositides chromatin remodeling, splicing, transcription, DNA repair and epigenetics. These processes are
Phase separation spatially organized in different nuclear compartments. Phase separation is involved in the for-
Nuclear architecture mation of various nuclear compartments and molecular condensates separated from surrounding
Transcription environment. The surface of such structures spatiotemporally coordinates formation of protein

complexes. PI(4,5)P2 (PIP2) integration into phase-separated structures might provide an addi-
tional step in their spatial diversification by attracting certain proteins with affinity to PIP2. Our
laboratory has recently identified novel membrane-free PIP2-containing structures, so called
Nuclear Lipid Islets (NLIs). We provide an evidence that these structures are evolutionary con-
served in different organisms. We hypothesize that NLIs serve as a scaffolding platform which
facilitates the formation of transcription factories, thus participating in the formation of nuclear
architecture competent for transcription. In this review we speculate on a possible role of NLIs in
the integration of various processes linked to RNAPII transcription, chromatin remodeling, actin-
myosin interaction, alternative splicing and lamin structures.

1. Introduction

Phosphatidylinositol phosphates (PIPs) are phospholipids which act as precursors for second messengers or participate in the
formation of diverse protein complexes on the surface of various membranous organelles and vesicles (Berridge and Irvine, 1984;
Shewan et al,, 2011). PIPs play important roles in membrane architecture and cytoskeletal dynamics, vesicular trafficking, signal
transduction and neurotransmission (Di Paolo and De Camilli, 2006; Raben and Barber, 2017). Their exact functions depend on their
localization and phosphorylation state. PIPs can be phosphorylated by a number of phosphoinositide kinases and dephosphorylated
by phosphatases at positions 3, 4, or 5 of the inositol ring giving rise to seven different phosphorylated forms (Shewan et al., 2011).

Abbreviations: ALS, Amyotrophic lateral sclerosis; ARP, actin-related protein; AS, alternative splicing; IEM, Immunogold electron microscopy; NLIs,
nuclear lipid islets; NM1, nuclear myosin I; PIPs, Phosphatidylinositol phosphates; PIP2, Phosphatidylinositol 4,5-bisphosphate; RNAP, RNA
polymerase; SRSF, Serine/Arginine rich splicing factors; SWI/SNF, SWitch/Sucrose Non-Fermentable; TF, transcription factor

* Corresponding author. Department of Biology of the Cell Nucleus, Institute of Molecular Genetics of the Czech Academy of Sciences, v.v.i,, 142
20, Prague, Czech Republic.

E-mail address: hozak@img.cas.cz (P. Hozak).

https://doi.org/10.1016/j.jbior.2018.09.009
Received 31 August 2018; Received in revised form 14 September 2018; Accepted 15 September 2018

150


mailto:hozak@img.cas.cz
https://doi.org/10.1016/j.jbior.2018.09.009
http://www.sciencedirect.com/science/journal/22124926
https://www.elsevier.com/locate/jbior

M. Sztacho et al.

Many enzymes of PIPs metabolism were detected in the nucleus (Barlow et al., 2010). Even though PIPs were
identified among thefirst phospholipids in the nucleus, their nuclear functions have not been described in such
details as their cytoplasmic counterparts(Osborne et al., 2001; Shah et al., 2013). Due to the lack of membranous
organelles within the nucleus, data describing the presence of nuclear phosphoinositides were considered as
controversial. However, an increasing amount of evidences opened a new field in the study of the crucial nuclear
processes such as cell cycle progression, cell differentiation and proliferation (Ratti et al., 2018). PIP2 isone of
the most abundant phosphoinositides in the nucleus and therefore its possible functions have been extensively
studied during the last two decades (Jungmichel et al., 2014). In this review we will focus on the possible role of
PIP2 as a determinant of spatial and functional diversification of the nuclear architecture. Several localization
studies using different specific tools and imaging ap- proaches showed that PIP2 is enriched in various nuclear
compartments: at nuclear speckles, nucleoli, and in the nucleoplasm (Boronenkov et al., 1998; Kalasova et al,,
2016; Mazzotti et al., 1995; Mortier et al.,, 2005; Osborne et al., 2001; Sobol et al.,, 2013; Ulicna et al., 2018a;
Vann et al.,, 1997; Watt et al,, 2002; Yildirim et al., 2013). The first detailed description of the nucleoplasmic
PIP2 revealed that it is the major component of the newly discovered NLIs (Sobol et al., 2018). The question,
how these aliphatic molecules can be distributed in the membrane-free nuclear environment, remains elusive. One
possibility is that lipid acyl groups are bound into the protein hydrophobic cavities as documented by example of
SF1 protein. SF1 uses its hydrophobic binding pocket tohide acyl chains of PIP2 and PI(3,4,5)P3 (Blind et al,,
2012; Blind et al., 2014). Second possibility is that lipids aggregate and reorient their hydrophobic moieties
inward the micellar structures, where they are not in contact with aqueous environment. Third, yet notwell
described complex RNA folds which might hypothetically participate in lipid aggregation (discussed below). In
all these sce- narios, the hydrophilic inositol head with the phosphate group(s) remains exposed and accessible
for proteins recognizing the ne- gative charge(s). The strong indication that PIP2 may have a role in nuclear
processes comes from the work of Lewis et al. (2011), where the authors have identified more than 300
regulatory nuclear proteins which interact with PIP2. In accordance with these important findings, there is a
growing number of studies showing that PIP2 is involved in regulation of nuclear pathways. PIP2 has both
inducible and repressive functions in processes like pre-mRNA splicing and polyadenylation, rRNA processing,
chromatin re- modeling, histone acetylation/deacetylation, regulation of RNAPs transcriptional activity (Shah
et al, 2013; Ulicna et al., 2018b). These PIP2 functions are realized through the alterations of protein
conformation and/or protein localization (Rando et al., 2002; Ulicna et al,, 2018a; Yildirim et al., 2013). Hence,
the spatial distribution of PIP2 in different parts of the nucleus may result from itsbinding to various nuclear
proteins thus determining the function of PIP2 in the nuclear structures. These nuclear structures are
membrane-less so might be formed by the phase separation (Mitrea and Kriwacki, 2016).

2. Formation of nuclear structures by phase separation

Cellular compartmentalization regulates kinetics of complex biochemical reactions by controlling the localization
of reaction components (Levy et al, 2014). In the cytoplasm, it is achieved through the compartmentalization of
membrane-delineated orga- nelles, molecular crowding, recruitment of proteins onto surfaces or formation of
liquid-liquid phase separated boundaries (Hymanet al., 2014; Leake, 2018; Mitrea and Kriwacki, 2016; Stanek and
FoX, 2017). Functional compartmentalization of membrane-free nuclear environment can be explained by
association of scaffolding proteins and nucleic acids or lipids (Courchaine et al, 2016;Sawyer and Dundr, 2016).
Phase separation is an entropy-driven mechanism by which molecules condense into dynamic liquid-like droplets,
where concentration of particular molecules is higher than in the neighboring environment (Hyman et al., 2014).
Therefore, the phase separation enables formation of surfaces, where the recruitment of proteins increases the
probability of their interactions and thus efficiency of complex formation at the right place and right time
(Hyman et al, 2014; Mitrea and Kriwacki, 2016; Strobergand Schnell, 2018). Formation of such condensates
depends on the multivalence of interactions among structural components. Typically, the interacting molecules
might be the proteins with multiple interaction domains and/or intrinsically disordered regions (IDRs), nucleic acids
with tandem repeats, and the lipids with hydrophobic acyl chains. IDRs lack the defined secondary and tertiary
structure and therefore can adopt various conformations depending on a type and number of interacting
partners. Thus, they can actas hubs for a crosstalk among different regulatory pathways (Mahmoudabadi et al,,
2013; Protter et al., 2018). It is becoming more evident that multivalent base pairing in non-coding RNAs is involved
in the condensation of phase separated nuclear structures, thus participating in nuclear compartmentalization (Saha
and Hyman, 2017; Stanek and FoX, 2017). It is of a great interest that tandem repeats within RNA transcripts are
linked to pathogenesis of disorders like Huntington disease, myotonic dystrophy, or ALS (Jain and Vale, 2017). These
diseases are characterized by the accumulation of tandem repeats leading to the formation of RNA-containing foci
within nucleus (Jain and Vale, 2017). Formation of such structures causes an imbalance in both physiological
molecular distribution and a crosstalk of nuclear regulatory proteins (Sun et al., 2017). Interestingly, RNA seems to
be an integral constituent of various nuclear structures containing PIP2 (Stanek and Fox, 2017). Could RNA be
responsible for an integration of PIP2 hydrophobic tails into nuclear structures? RNA can adopt complex
conformations enabling various interactions. It was shown that oligomerization is a key factor increasing the RNA
affinity for phospholipid-containing membranes (Vlassov et al., 2001). Moreover, series of short helical regions

151



M. Sztacho et al.

interspersed with non-canonical base pairing regions, multi-base contacts, or flips-out allow residues to adopt non-
canonical tertiary conformations. This enables RNA molecules to pack together and produce unique architecture
(Doudna and Doherty, 1997; Reiter et al,, 2011). Indeed, several studies showed that RNA internal repeats and
vertical base stacking contribute to formation of structures which interact with both hydrophobic and hydrophilic
parts of lipids (Khvorova et al., 1999; Majerfeld and Yarus, 1994;Marty et al.,, 2009). The existence of multivalent
RNA molecules as a structural component of nuclear structures leads us to a speculation that RNA might be crucial
for the formation of hydrophobic cavities, where acyl chains of lipids might be buried. Inaccordance with that, RNA
seems to be the crucial element for PIP2 nuclear localization, since RNA enzymatic digestion leads to substantial
reduction of PIP2 signal within the nucleoplasm (Osborne et al., 2001; Sobol et al,, 2018).

Fig. 1. NLIs are evolutionary conserved nuclear structures in different organisms. Immunogold electron microscopy (IEM)

on ultrathin sec- tions shows that all studied organisms have similar PIP2-containing structures of 40-100 nm size visualized
with anti-PIP2 antibody and secondary antibody conjugated to 12 nm gold particles. Yeast (Saccharomyces cerevisiae - A),

protozoa (Giardia lamblia - B, Tetrahymena thermophila - C), beans (Vicia faba; germinated bean meristem cells - D), mice
(Mus musculus; primary skin fibroblasts - E), humans (Homo sapiens: mesenchymal stem

cells - F, stimulated lymphocytes - G, cervical carcinoma cells - H) N - nucleus. General view: bar is 200 nm, magnified
view: bar is 100 nm.
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3. Discovery of PIP2-containing NLIs

We recently discovered a novel type of nuclear PIP2-enriched structures, which we termed NLIs (Sobol et al.,

2018). The size ofthese structures varies from 40 to 100 nm and they have no detectable membrane (Fig. 1). The
surface of NLIs contains PIP2, cholesterol and ceramide. Furthermore, the surface of NLIs is in the proXimity to
chromatin. About 73% of NLIs contain RNA at the surface. In accordance with this, the integrity of NLIs is
dependent on the presence of RNA, since the treatment by RNase leads to lossof NLIs (Sobol et al., 2018). The NLIs
contain proteins, lipids and RNA - the typical components of phase separated nuclear com- partment (Banani et al,
2017; Stanek and Fox, 2017; Weber and Brangwynne, 2012). Based on this we speculate that NLIs might
represent a novel type of nuclear compartment formed by phase separation. To confirm whether NLIs are
evolutionary conserved structures, we studied the distribution of PIP2 in the nuclei of different organisms (Fig. 1A-
H). With the immunogold electron microscopy (IEM), we demonstrated that yeast, protozoa, beans, mice, and
humans exhibit similar NLIs of 40-100 nm in diameter.
NLIs are therefore evolutionary conserved nuclear structures among different organisms. What is the function of
such evolutionary conserved structures? Our recently published data indicate that about a half of nascent transcripts
localize at the surface of NLIsimplying their function in transcription (Sobol et al., 2018). The notion of active
transcription clustered in nuclear foci was describedin many other studies (Cisse et al,, 2013; Cho et al.,, 20164,
2016b, 2018; Pombo et al, 1999). Recently published work shows thatgene clusters and super-enhancers may
form nuclear foci with liquid-like properties (Sabari et al., 2018). It is obvious that there is a certain degree of
transcriptional compartmentalization in the nucleus. Our recent study suggests that NLIs may be involved in the
association of active RNAPII complexes with the transcription factor NM1 in order to maintain the transcription
(Sobol et al, 2018).NM1 contains PH domain with the capacity to bind specifically to PIP2. The NM1 mutation
abolishing the PIP2 binding prevents the interaction of NM1 with RNAPIL Further, the overexpression of this
mutated NM1 is insufficient to revert the transcription to thenormal level in NM1-deficient cells. The surface of
NLIs attracts NM1 and other transcription factors (TFIID, TFIIE, and TFIIH) (Sobolet al., 2018). Therefore, we
hypothesize that PIP2-enriched surface of NLIs serves as a scaffolding platform bringing in close proximity all the
necessary components for efficient transcription.

4. Actin-NM1-PIP2 interactions in RNAPII transcription

It was shown that B-actin and NM1 complex is necessary for proper transcription of RNAPI and RNAPII
(Almuzzaini et al,, 2015;Castano et al., 2010; Hofmann et al., 2004; Kalendova et al., 2014; Philimonenko et al.,
2004, 2010; Sobol et al., 2018). Moreover, NM1 was described as a part of B-WICH complex which positively
regulates RNAPIII transcription by changing the chromatin structure (Vintermist et al, 2011). It seems that the
transcription of active genes is enhanced by NM1-actin interaction. NM1 as a member of unconventional myosin
family with only one motor head domain is probably not involved in movement along the longactin fibers, since
long actin fibers are normally not present in the nucleus (Castano et al, 2010). Multiple single headed NM1

molecules present on the NLIs surface might produce a processive force enabling “tread-milling” of

transcription machinery. Such
possible phenomenon might also provide a force during chromosomal rearrangement. Involvement of PIP2 and
actin in the re-

cruitment of the chromatin remodeling SWI/SNF complex is previously documented (Rando et al,, 2002; Zhao et al,,
1998). Inter- estingly, some of the SWI/SNF subunits belong to actin related protein (ARP) family (Peterson et al.,
1998). This is in accordance with our yet unpublished observations that SWI/SNF subunit together with several
SRSF proteins regulating splicing site selection are enriched at NLIs. Therefore, PIP2-containing NLIs surface may
connect transcription and chromosome remodeling pathways onto the same spatial units within nucleoplasm. Also
transcriptional dynamics might be one of the regulatory mechanism for alternative splicing (AS). This
presumption is interesting with regard to the previously observed effect of SWI/SNF on the alternative splicing of
pre-mRNA (Batsche et al.,, 2006; Tyagi et al., 2009; Waldholm et al,, 2011). Low transcription elongation rates favour
the proximal splicing sites which are longer exposed to the splicing machinery, while fast RNAP rates increase the
chance of use of the weeksplicing sites leading to AS (de la Mata et al., 2003; Kornblihtt, 2005; Tyagi et al,, 2009).
Thus, enhanced initiation rate would increase the incidence of AS. Enhancing RNAPII fidelity and spatial
arrangement of chromatin might enable the more frequent use of weak splicing sites. Therefore, these indications
might suggest that PIP2-associated actin-NM1 complex mediates formation of active RNAPII machinery together with
the increasing chromatin accessibility. The accessibility of transcriptionally active chromatin is a one of the key
factors determining the gene expression level. This might represent a possible mechanism, how spatial organization
of regulatory elements on the NLIs PIP2-enriched surface regulates gene expression at the level of DNA
accessibility, RNAP dynamicsand RNA processing.
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5. Nucleoplasmic lamins and transcription

Here we would like to discuss another phenomenon, which could be in a close connection to above mentioned
nuclear PIP2- dependent regulatory mechanism of intranuclear order. Lamins are the components of lamina
forming a protein meshwork which actsas a scaffold for many structural and functional proteins underneath the
inner nuclear membrane (Mattout-Drubezki and Gruenbaum, 2003). The nuclear lamina anchors chromatin at the
nuclear periphery and is linked to a gene repression (Dechat et al., 2009; Reddyet al.,, 2008; Verstraeten et al.,
2007). Electron microscopy studies described the existence of nucleoplasmic lamin pool localizing throughout the
nuclear interior (Hozak et al., 1995). This nucleoplasmic lamin is suggested to be a determinant of nuclear
archi-tecture acting through chromosome positioning in the intranuclear space (Dechat et al, 2008; Dorner et
al, 2007; Goldman et al,2002; Naetar et al, 2017; Vlcek and Foisner, 2007a; b). Nucleoplasmic lamins were
shown to play an important role in such processesas chromatin remodeling, DNA replication, DNA repair, and
RNAPII transcription (Broers et al, 2006; Dechat et al, 2008; Guelenet al., 2008; Montes de Oca et al,, 2009). It
was also shown that nucleoplasmic lamin pool associates with transcriptionally active chromatin and is important
for RNAPII-driven transcription (Gesson et al, 2016; Kolb et al, 2011). Indeed, disassembly of higher-order
nucleoplasmic lamin structures impairs RNAPII transcription (Kumaran et al, 2002; Spann et al, 2002). Our yet
unpublished data reveal a possible interaction between lamin A and PIP2 in the nucleoplasm (Escudeiro Lopes our
unpublished data). Here we propose that the PIP2-enriched NLIs surface might serve as a scaffold for lamin function
regulating gene expression in the nucleo- plasm. Lamins likely regulate transcription in several ways. On the one
hand, lamins act by sequestering transcription factors into inactive areas at the inner membrane of nuclear
envelope. On the other hand, lamins might provide the platform for gene expressionin nucleoplasm. Mutations
causing laminopathies induce alterations of such processes leading to tissue-specific pathogenic patterns in gene
expression (Broers et al., 2006; Capanni et al., 2003, 2005; Cenni et al, 2005; Filesi et al., 2005; Goldman et al,,
2004; Hutchison, 2002; Naetar and Foisner, 2009; Sabatelli et al., 2001; Sullivan et al., 1999). It will be very exciting
to test whether mutations connected to diverse laminopathies are affecting the ability of lamins to interact with
PIP2 directly or indirectly at the surface of NLIs. Further studies may bring valuable information about such
aberrations in molecular mechanisms involved in NLIs- dependent gene expression.

6. Conclusion

Here, we discussed the nucleoplasmic functions of PIP2 linked to gene expression. PIP2 present on the surface of
NLIs enables recruitment of RNAPII machinery together with the components involved in the regulation of the
chromatin accessibility, RNA splicing as well as the structural proteins (NM1, actin, lamins). Newly discovered
NLIs may enable spatial and temporal organizationof particular protein complexes thus regulating crucial nuclear
processes. It is important to understand the underlying molecular mechanisms, because the aberrations in these
spatio-temporal regulations might affect the dynamic interplay on the surface of NLIs leading to the changes in
transcriptional patterns and thus the development of such pathological states as laminopathies.
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