Univerzita Karlova

Prirodovédecka fakulta

Vyvojova a bunécna biologie

Mgr. Livia Uli¢na

Function of nuclear phosphoinositides and their binding partners in
gene expression
Funkce jadernych fosfoinozitidii a jejich vazebnych partneri

v genové expresi

Disertaéni prace

Skolitel: Prof. RNDr. Pavel Hozak, DrSc.

Praha 2018



Prohlaseni:
Prohlasuji, Ze jsem zavérecnou praci zpracovala samostatné a ze jsem uvedla vSechny pouZzité
informacni zdroje a literaturu. Tato prace ani jeji podstatna ¢ast nebyla pfedloZena k ziskani

jiného nebo stejného akademického titulu.

V Praze, 16.02.2018

Podpis



At the first place, I would like to thank my supervisor Prof. Pavel Hozak who allowed me
do my PhD study in his lab. During these years, he prepared me for the tough life of a scientist
and taught me how to be an independent researcher.

I am very grateful to Bétka Krausova and Janka Rohozkové, wonderfull friends and
colleagues and last but not least great scientists, for their kindness, support, and friendship.
They surely did my PhD life easier.

I would like to thank Tomas Venit and Pavel Marasek whose attitude help me adjust and
feel welcome in the lab. I always look forward to our meetings and sharing crazy life stories.

I am thankful to Sara E. E. Lopes and Mila Maninova for moral support and fruitful
discussions, which constantly cheered me up during this last year.

I would like to thank all former and present members of the Hozak lab for their help and
creating a nice friendly environment.

Last but not least, I would like to thank from all of my heart my family, especially to
beloved Filip, for endless support and help.

Thank you!



ABBREVIATIONS
Akt, protein kinase B

Arp, actin-related protein

ATX, Arabidopsis homolog of trithorax
BASP1, brain acid soluble protein 1
BRG-1, Brahma-related gene 1

DAG, diacylglycerol

EBP1, ErbB3 binding protein-1

EN-actin, EYEP-NLS actin

ENTH, epsin N-terminal homology domain

F-actin, filamentous actin

FERM, 4.1/ezrin/radixin/moesin domain

FYVE, Fabl/YOTB/Vacl/EEA domain

G-actin, globular actin

GALI, galactokinase 1

HDACI, histone deacetylase 1

IMPK, inositol multiphosphate kinase

ING2, ihibitor of growth protein 2

IP3, inositol 1,4,5-trisphosphate

Jmjd-1.1, PHD and JmjC domain-containing protein 1.1
Jmjd-1.2, PHD and JmjC domain-containing protein 1.2
K/R rich motif, lysine/ariginine rich motif

MARCKS, Myristoylated Alanine Rich Protein Kinase C
PH, pleckstrin homology domain

PHD, plant homeodomain

PHEFS, plant homeodomain finger protein 8

PI, phosphatidylinositol

PIs, phosphoinositides

PI-PLC, phosphatidylinositol-specific phospholipase C
PIPTs, PI transfer proteins

PI(3)P, phosphatidylinositol 3-phosphate

PI(3,4)P2, phosphatidylinositol 3,4-bisphosphate
PI(3.,4,5)P3, phosphatidylinositol 3,4,5-trisphosphate



PI(3,5)P2, phosphatidylinositol 3,5-bisphosphate

PI(4)P, phosphatidylinositol 4-phosphate

PI(4,5)P2 4-Ptase I, phosphatidylinositol 4,5-bisphosphate 4-phosphatase
PI(4,5)P2, phosphatidylinositol 4,5-bisphosphate

PI(5)P, phosphatidylinositol 5-phosphate

PKC3, protein kinase C &

PI3KC2a, phosphatidylinositol 3-kinase type Ila

PI3KC2p, phosphatidylinositol 3-kinase type I3

PI3Kp, phosphatidylinositol 3-kinase type I3

PI3KYy, phosphatidylinositol 3-kinase type Iy

PI4Ka, phosphatidylinositol 4-kinase o

PI4Kp, phosphatidylinositol 4-kinase 3

PIKfyve, FYVE finger-containing phosphoinositide kinase
PIP4KIla, phosphatidylinositol 5-phosphate 4-kinase type Ia
PIP4KIIP, phosphatidylinositol 5-phosphate 4-kinase type 113
PIP5KIa, phosphatidylinositol 4-phosphate 5-kinase type la
PIP5KIy, phosphatidylinositol 4-phosphate 5-kinase I y
PIP5KIy i4, phosphatidylinositol 4-phosphate 5-kinase type Iy i4
PTEN, phosphatase and tensin homolog

PX, phox homology domain

RING finger domain, really interesting new gene finger domain
RNA Pol I and II, RNA polymerase I and 11

SARA, Smad anchor for receptor activation

SF-1, steroidogenic factor 1

SL1, promoter selectivity factor 1

SMO, Smoothened

SHIP-1, Src-homology 2-containing inositol 5-phosphatase 1
SHIP-2, Src-homology 2-containing inositol 5-phosphatase 2
UBF, upstream binding factor 1

UHFRU1, ubiquitin-like PHD and RING finger domain-containing protein 1



ADSEEAKE (CESKY) ..ot s s een s ee s eenesss s 8

ADStract (ENGLISH) .....ooiiiiiie et e e et e e e e sae e e e e s aaaeeeeearaeeeannes 9
1 INErOAUCTION .....c..oiiiiiiiiii ettt sttt et s e s 10
1.1  Localization and function of phosphoinositides ............cccceevereiieriieriienieeiienieeneene, 10
LLT  PI(B)P ettt sttt ettt et 10

0 S o [ ) USSR 11
0 50 T o () ) OSSPSR 12

| R o (R 7R ) SRS 12
| T o (5 755 ) ) 3SR 12

| O O o (e ) 3 ST S 13

I N A o (5 T2 3 ) TSRS 13

1.2 Generation of PIs in the cell nUCIEUS .........cccoecieiiiiiiiiiiiieeee, 14
1.2.1  Metabolism of nuclear phosphoinositides...........ccceecveeerierireiieniieeiiecie e 14

1.3  Phosphoinositides in regulation of gene eXpression ...........ceecveeeveerieenveenieeneeenneenen 16
L1.3.1  PI(S)P fUNCHON c..eeiiieiiecieeeeee ettt ettt et e e e e saesbeennne e 17
1.3.2  PI(3,5)P2 fUNCLION ....eouiieiiiieiieeiieeie ettt ettt e e essaeeseenane e 18
1.3.3  PI(4,5)P2 fUNCHON ...ttt et s 18
1.3.4  PI(3,4,5)P3 fUNCHON ..ooutiiiiiiciie ettt 20

2 ATIDIS ittt h et ettt et e h e st e e bt et beenare s 21
3 ReSEATCh PAPECY'S ..ot s 22
3.1 Tools for visualization of phosphoinositides in the cell nucleus ............ccccceeennee. 23
3.2 PIP2 epigenetically represses rRNA genes transcription interacting with PHFS ...... 36

3.3  PIP2 functions at the intersection of chromatin structure, transcription, DNA damage

in meiosis [ progression in C. @legaNS .........c.coooueevueeiiiiiiiiiiiiieiieeee e 47

3.4  Nuclear actin filaments recruit cofilin and Arp3 and their formation is connected with

A INITOTIC DLOCK et e e e e e e e e e e e e e e e ereaas 80
G IS CUSSIONL. ..o e e et e e e e e e e e e e e e e e e e e e aaeae e e e e e ——aaaaaaaan 91

4.1 Localization Of MUCIEAT PIS .....ooovviiiiiiiiiiiieiieieieeeeeeeeeeeeeeeeeee e eeeeeeeeeeeeeees 91



4.2  PI(4,5)P2 function in regulation of gene expression at epigenetic level ................... 96

4.3 NUCICAT ACHIMN ..evtiiiiiieie ettt ettt sttt et ettt e sbeenaeennesaeens 97

5  Summary and coOnCIUSIONS............cocoiiiiiiiiii e 99

5.1 PCd1-PH, Tubby and OSH1-PH domains recognizes nuclear PIs ..........c..cccccecuenee 99

5.2 PHFS8 is PI(4,5)P2 binding Partner...........cceeeueeiuierieeniieeieeieeseeesieesaeeveesenessseesnneens 99

5.3 PI(4,5)P2 regulates rRNA genes expression at epigenetic level by interaction with
PHE S e 99

5.4  PI(4,5)P2 influences chromatin shape in germ cell nuclei C. elegans....................... 99

5.5 PI(4,5)P2 influences molecular processes in C. elegans germ cell nuclei................. 99

5.6  Nuclear actin filaments change cellular processes..........ccceevvverveeriienieesieenieeneenee 100

6 FULUIE PrOSPECES.....c..oiiiiiiieiiieeiie ettt eeee ettt e et e e et eestaeesteeeensaeesnseeennseeennseens 101

6.1 Is PI(4)P involved in the DNA tranScription?..........ccccceerveeeieereeesieeneesseeeneeeneenens 101

6.2  Can the PI(4,5)P2-PHF8 complex modulate RNA polymerase II transcription?.... 101

6.3  Does PI(4,5)P2 decrease H3K9me?2 level through interaction with PHFS8 in C. elegans?

.................................................................................................. 101

6.4 Can PI(4,5)P2-actin complex regulate gene expression?.........ccceeecveerverseeeneeeneene 101

T REICICINCES ... e e e e e e e e e e e e e e s e e e e s e e aaaereeeaaanaes 103



ABSTRAKT (CESKY)

Fosfoinozitidy jsou negativné nabité fosfolipidy s inositolovou hlavickou, kterd muize
byt fosforylovana. Fosforylaci inositolu vznikd sedm rizné fosforylovanych forem
fosfoinozitidl, které mohou byt mono-, bis- nebo tris-fosforylované. Role cytoplasmatickych
fosfoinozitidd byly popsané v regulaci dynamiky bunécnych membran a cytoskeletu, v
transportu membranovych vackt, v funkci iontovych kanalt a transportérti a produkci druhych
poslt. Jaderné fosfoinozitidy se podileji na posttranskripcnich upravach a exportu pre-mRNA,
DNA transkripci a remodelovani chromatinu. Zatimco cytoplasmatické funkce jsou dobie
popsané, molekuldrni mechanizmy jadernych fosfoinozitidli v téchto jadernych procesech
nebyly doposud dostatecné prozkoumany. V této praci jsme si kladli za cil popsat lokalizaci
fosfoinozitidi v jednotlivych funkénich kompartmentech jadra, coz ndm napomiiZze objasnit
zapojeni fosfoinozitidi do jadernych procest. Dale jsme se zaméfili na identifikaci jadernych
fosfoinozitidi zapojenych do regulace genové exprese a objasneni detailniho mechanismu
interakce PI(4,5)P2 a PHFS v regulaci transkripce ribozomalnich genii.

Dvéma nezéavislymi metodami jsme popsali lokalizaci fosfoinozitidi na jaderné
membrang, v jadernych Skvrnach, nukleoplasmé a jadérku. Tato rozsifend jaderna lokalizace
naznacuje a i potvrzuje jejich zapojeni do procesti jako signalizace a tvorba sekundéarnich posl,
ptepis a sestiih gend.

Znamy PI(4,5)P2 vazebnym proteinem zapojenym do regulace transkripce je aktin,
ktery muize byt v bunice pfitomny ve dvou formach, a to monomerni a fibrilarni. AvSak
pritomnost fibrilarniho aktinu v jadfe prozatim neni dobie popsand. V této praci ukazujeme, ze
aktin v bunécném jadre tvofi vlakna, ktera kolokalizuji se zndmymi aktin vazobnymi proteiny,
jako je kofilin a aktin pfibuzny protein 3 (Arp3). Tvorba aktinovych vldken v jadie zvySuje
transkripci v S fazi bunééného cyklu a na druhé strané snizuje bunécnou proliferaci a zplisobuje
aberantni mitozu.

Navic zde popisujeme piimou interakci mezi PI(4,5)P2 a lyzin-specifickou histon
demetylazou PHFS, kterd demetyluje H3K9me2/1, H3K27me2 a H4K20mel. Pfes tuto
interakci P1(4,5)P2 snizuje PHFS aktivitu jako aktivatora transkripce ribozomalnich genil. Proto
je PI(4,5)P2 dulezitym regulatorem genové exprese ribosomalnich genii na epigenetické urovni.

Vyuzitim modelu Caenorhabditis elegans jsme ukazali, ze samotny PI(4,5)P2 je
dilezita molekula zapojena do rtiznych jadernych procest, jako je, parovani chromozomt,

apoptoza zpusobena poSkozenim DNA nebo stav chromatinu v zdrode¢nych burikach.



ABSTRACT (ENGLISH)

Phosphoinositides (PIs) are negatively charged glycerol-based phospholipids with
inositol head (ring) which can be phosphorylated. Inositol ring phosphorylation yields in seven
different PIs species which can be mono-, bis,- or tris-phosphorylated. Roles of cytoplasmic Pls
have been extensively studied in for membrane and cytoskeletal dynamics, vesicular
trafficking, ion channels and transporters and generating of second messengers. Nuclear Pls
have been implicated in posttranscriptional processing of pre-mRNA, DNA transcription and
chromatin remodelling. While cytoplasmic functions are very well described, the molecular
mechanism of their nuclear functions are still poorly understood. In this study we focus on
description of localization of nuclear Pls in particular functional nuclear compartments, which
enable us to reveal PIs involvement in nuclear processes. We also focused on identification of
nuclear Pls involved in the regulation of genes transcription and revealed detailed mechanism
of P1(4,5)P2 a PHF8 interaction in the regulation of ribosomal genes transcription.

By two independent approaches, we have described Pls localization to the nuclear
membrane, nuclear speckles, small foci in the nucleoplasm, and the nucleolus. This spread
nuclear localization suggests and confirms PI’s involvement in various processes such as
signalling, production of secondary messengers, splicing and transcription.

Known PI(4,5)P2 binding protein involved in the regulation of transcription is actin
which can be present in the cell in two forms, as monomeric or filamentous. However, the
presence of filamentous actin in the cell nucleus is not well described. Here we show that actin
can form filaments in the cell nucleus and these filaments col-localize with known actin binding
proteins, such as cofilin and actin related protein 3 (Arp3). The presence of nuclear filamentous
actin increases transcription in S-phase and on the other hand decreases cell proliferation and
aberrant mitosis.

Moreover, we demonstrated a direct interaction of PI(4,5)P2 with histone lysine
demethylase PHF8 (PHFS), enzyme that demethylates H3K9me2/1, H3K27me2, H4K20mel.
Through this interaction PI(4,5)P2 represses PHF8 function as rRNA genes transcription
activator. Therefore, is PI(4,5)P2 an important regulator at the epigenetic level and contributes
to the fine-tuning of rRNA genes expression.

Using Caenorhabditis elegans as s model organism, we showed that PI(4,5)P2 itself is
involved in various nuclear processes such as chromosome pairing, DNA-damage driven

apoptosis or chromatin shape in germ cells.



1 INTRODUCTION

1.1 Localization and function of phosphoinositides

Phosphoinositides (PIs) are phosphorylated derivatives of phosphatidylinositol, a glycerol
based phospholipid. In detailed description, phosphoinositides are amphipathic molecules
formed by hydrophilic inositol head (ring) and hydrophobic acyl tail, generated by a number of
kinases and phosphatases. The inositol ring can be phosphorylated at three different positions:
-3, -4, -5 and a combination of these phosphorylations gives rise to the seven known PlIs: PI(3)P,
PI1(4)P, PI(5)P, PI(3,4)P2, PI(3,5)P2, PI1(4,5)P2, PI(3,4,5)P3. Phosphorylation occurs at the -
OH groups of the inositol ring of Pls that is linked to the diacylglycerol (DAG) backbone. The
inositol ring and DAG backbone are connected via a phosphodiester linkage utilizing the -OH
group of the ring at the D1 position. The tail of most PIs has 1-stearoyl-2 arachidonyl form (Fig.
1).

Phosphoinositides are very well known cytoplasmic molecules present in cellular
membranes with various important roles in cellular processes (reviewed in Balla, 2013). Even
though phosphoinositides represent a small (less than 5%) proportion of the total cell
phospholipids, they were identified among the first families of phospholipids in the nucleus.
They play crucial roles in the regulation of cell metabolism through their involvement in
intracellular signaling events (Hammond et al. 2004) but their nuclear functions are not

described in such detail as the cytoplasmic ones (Osborne et al. 2001; Shah et al. 2013).

1.1.1 PI(3)P

PI(3)P localizes predominantly to the plasma membrane (Ivetac et al. 2005), endosomes
(Ivetac et al. 2005; Slessareva et al. 2006) smooth endoplasmic reticulum, and the Golgi
apparatus (Sarkes and Rameh 2010). PI(3)P acts as an activator of many effector proteins.
Almost all effectors contain FYVE (Fabl/YOTB/Vacl/EEAT) domain (Gaullier et al. 1998;
Patki et al. 1998) and phox homology (PX) domain (Xu et al. 2001; Ellson et al. 2001; Kanai
et al. 2001; Cheever et al. 2001). Recently, Su et al. (2017) showed that the PX domain of
zebrafish sorting nexin 25 (zSNX25-PX) is capable of binding to PI3P only in dimeric form of
PX domain.

In yeast, PI(3)P attaches serine/threonine protein kinase Atg2l to the
preautophagosomal structure, recruits ubiquitin-like Atg8 and the E3 ligase complex

Atgl2~Atg5/Atgl 6 and arranges them for efficient lipidation of Atg8 (Juris et al. 2015).
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Moreover, PI(3)P has been detected in nucleoli of human fibroblasts and baby hamster

kidney cells (Gillooly et al. 2000). Its nucleolar function remains however unknown.

Phosphatidylinositol PtdIins3P Ptdins4P Ptdins5P
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Fig. 1 Schematic representation of phosphatidylinositol (PI) and seven differently
phosphorylated form of PIs. PI can be phosphorylated at 3°, 4’ and 5’ positions yielding in
PI(3)P, PI(4)P, PI(5)P,PI(3,4)P2, PI(3,5)P2, PI(4,5)P2 and PI(3,4,5)P3. Orange circle depicts
position of phosphorylation on the inositol ring (head). The head is linked to the DAG backbone
and further connected to fatty-acid tail.

1.1.2 PI4)P

PI(4)P is one of the most abundant PIs species and is mostly present in Golgi apparatus,
at plasma membrane and in endosomes (reviewed in Viaud et al. 2015). It regulates vesicular
transport between these compartments (Mills et al. 2003; Wang et al. 2003; Godi et al. 2004).

Jiang et al. (2016) showed that hedgehog (Hh) signaling activity promotes increased
levels of PI(4)P, whereas decreased levels of PI(4)P inhibit Hh signaling. Authors found that
PI(4)P binds directly to Smoothened (Smo) through an arginine rich motif, and this binding
then triggers Smo phosphorylation and activation. Moreover, the pleckstrin homology (PH)
domain of G protein-coupled receptor kinase 2 (Gprk2) is an essential component for elevation

of PI(4)P and facilitating Smo activation.
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1.1.3 PIS)P

PI(5)P is the phosphoinositide of the lowest abundance — its level reaches only
approximately 1-2% of PI(4)P levels. The majority of PI(5)P localizes at the plasma membrane
but is also present in the smooth endoplasmic reticulum, and the Golgi apparatus (Sarkes and
Rameh 2010), thus serving as a regulator of endosome to lysosome trafficking (reviewed in
Viaud et al. 2014). A new role has been identified for PI(5)P — it acts as a positive regulator of
cell migration, probably by facilitating actin cytoskeletal rearrangements (Oppelt et al. 2013)

PI(5)P levels have been shown to change in response to stimuli, such as thrombin
stimulation (Morris et al. 2000), histamine treatment (Roberts et al. 2005), insulin secretion
(Sbrissa et al. 2004; Sarkes and Rameh 2010), oxidative stress (Wilcox and Hinchliffe 2008;
Sarkes and Rameh 2010; Jones et al. 2013), and specific oncogenes expression (Dupuis-

Coronas et al. 2011).

1.1.4 PI(34)P2

PI(3,4)P2 localizes mostly to the plasma membrane, however PI(3,4)P2 can be produced
by phosphoinositide 3-kinase (PI3K) at the nuclear surface (Yokogawa et al. 2000). PI(3,4)P2
is part of PI3K/AKT signalling pathway. PI(3,4)P2 is bound by pleckstrin homology (PH)
domain of protein kinase B (AKT) and this interaction mediates AKT plasma membrane
localization and its activation (Yuan and Cantley, 2008). On the other hand, decreasing level of
PI(3,4)P2 attenuates AKT activation and also exerts antiproliferative effect (Ivetac et al. 2009).
PI(3,4)P2 at plasma membrane contributes to regulation of endocytosis (Posor et al. 2013;
Boucrot et al. 2015).

PI(3,4)P2 localized to focal adhesion influences dynamics in MDA-MB-231 basal
breast cancer cells. Fukumoto et al. (2017) found that knockdown of SHIP-2 decreased
P1(3,4)P2 levels, which in turn induced development of focal adhesions and suppression of
invasion. Therefore inhibition of P1(3,4)P2 generation and/or downstream signaling can be used

as a tool for the inhibition of breast cancer metastasis (Fukumoto et al. 2017).

1.1.5 PI3.,5)P2

PI(3,5)P2 constitutes only 0.05~0.1% of total cellular PIs. It is mainly synthesized
through PI(3)P phosphorylation pathway by type III PIP kinase (PIKfyve); (reviewed in
McCartney et al. 2014). PI(3,5)P2 is localized at plasma membrane and late endosomes (at the
multivesicular body). It is a key lipid regulator in endocytic and retrograde trafficking

(Rutherford et al. 2006; Zhang et al. 2007; de Lartigue et al. 2009).
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PI(3,5)P2 generation was found to control the activation and localization of the
mammalian target of rapamycin complex 1 (mMTORCI1) complex via a direct association
between Raptor and PI(3,5)P2 (Bridges et al. 2012). PI(3,5)P2 can be recognized for example
by binding of the phox (PX) domain of SNX1 protein (Cozier et al. 2002).

1.1.6 PI(4,5)P2

The essential phospholipid PI(4,5)P2 is generated by a well conserved
phosphatidylinositol-4-phosphate-5-kinase (PI4P5K). The majority of PI(4,5)P2 is present at
the inner leaflet of plasma membrane where it is estimated to reach 5 mM concentration (which
corresponds to 1-2 mol%);(Stephens et al. 1991). P1(4,5)P2 also localizes to membrane of Golgi
apparatus, endosomes and endoplasmatic reticulum. PI(4,5)P2 can be bound by proteins
containing its specific binding domains, such as PH, ENTH, FERM, Tubby and MARCKS.

A hundreds of PI(4,5)P2 effectors have been identified such as ion channels (Suh and
Hille, 2005), vesicle exocytosis receptors (McLaughlin et al. 2005), Ras family small GTPases
(Heo et al. 2006), actin regulatory proteins (Ling et al. 2006; Yin and Janmey, 2003), regulators
of vesicular trafficking (Downes et al. 2005), IQGAP1 scaffolds (Choi et al. 2013) and nuclear
proteins (Lewis et al. 2011). PI(4,5)P2 can act directly or serve as a substrate for generation of
IP3 and DAG second messengers (Bertagnolo et al. 1995; Liu et al. 1996; Kim et al. 1996;
Bertagnolo et al. 1997; Yamaga et al. 1999; Yoda et al. 2004; Larman et al. 2004; Klein et al.
2008; Cooney et al. 2010; Fiume et al. 2012).

1.1.7 PI(3.4,5)P3

PI1(3,4,5)P3 is a low abundance phosphoinositide and together with PI(4,5)P2 represents
less than 1% of membrane phospholipids. PI(3,4,5)P3 localizes mainly to the inner leaflet of
the plasma membrane but it is also present at the Golgi apparatus and endosomes. PI(3,4,5)P3
as other PI3K products, controls many processes at the plasma membrane, including
phagocytosis, pinocytosis, regulated exocytosis, and cytoskeletal organization (reviewed in
Salamon and Backer 2013; Viaud et al. 2015). PI(3,4,5)P3 can be recognized by PH domain of
GRP1-containing proteins, which have the affinity for PI(3,4,5)P3 two to three orders of
magnitude greater than for PI(4,5)P2 (Kavran et al.1998).

Very recently, Lin et al. (2017) show that a long non-coding RN A named long intergenic
non-coding RNA for kinase activation (LINK-A) directly and specifically interacts with AKT
and PI(3,4,5)P3. The LINK-A—AKT-PIP3 interaction facilitates AKT recruitment and its
subsequent activation. They have identified that single nucleotide mutation within 4 central

nucleotides in the stem-loop of LINK-A is required for PIP3 and AKT binding. The association
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between the PH domain of AKT and PIP3 may cause a conformational change of AKT which
makes the phosphorylation sites accessible to its activating kinases. LINK-A-dependent AKT
hyperphosphorylation and thus hyperactivation leads to tumorigenesis and resistance to AKT

inhibitors.

1.2 Generation of PIs in the cell nucleus

PIs have very well established cytoplasmic roles and in the past decades, it becomes
clear that PIs play important roles also in the cell nucleus (reviewed in Shah et al. 2013).
However, it is still unclear whether Pls are transported from the cytoplasm to the nucleus or
whether they are synthetized directly in the nucleus. Two isoforms of PI transfer proteins
(PIPTs) are able to translocate to the nucleus (De Vries et al. 1996) and many Pls metabolizing
enzymes are present in the nucleus (Divecha et al. 1993; Martelli et al. 1992; Vann et al. 1997).
It is possible that PIs are translocated by PIPTs to the nucleus, where they are substrates for
their metabolizing enzymes. However, early experimental data from Cocco et al. (1987)
demonstrate that isolated intact nuclei from Murine erythroleukemia cells were still able to
synthesize Pls in vitro. Moreover, they also showed that upon differentiation, there was a
change in the phosphorylation of PIs present in the isolated intact nuclei. Therefore collectively,
in vitro and in vivo studies confirmed the existence of nuclear phosphoinositide pathway, and
that its regulation and metabolizing enzymes are independent of the cytoplasmic ones

(Gonzales and Anderson 2006; Irvine and Divecha, 1992).

1.2.1 Metabolism of nuclear phosphoinositides

As mentioned above (chapter 1.2), it is clear that many enzymes of the PIs metabolism
localize to the cell nucleus (Fig. 2). These include several isoforms of phosphatidylinositol-
specific phospholipase C enzymes: B1 (Follo et al. 2006; Lukinovic-Skudar et al. 2005; Manzoli
et al. 2005), 61 (Crjlen et al. 2004; Stallings et al. 2005), and 34 (Liu et al. 1996), two isoforms
phosphatidylinositol 3-kinase type Ila (Didichenko and Thelen, 2001) and phosphatidylinositol
3-kinase type IIp (Sindi¢ et al. 2001), class I phosphatidylinositol 3-kinases PI3K[3 and PI3Ky
(Neri et al. 1994; Zini et al. 1996; Metjian et al. 1999; Bacqueville et al. 2001), both
phosphatidylinositol 4-kinase o (Kakuk et al. 2006) and phosphatidylinositol 4-kinase /Pik1
(de Graaf et al. 2002; Strahl et al. 2005), phosphatidylinositol 5-phosphate 4-kinase type Ila,
phosphatidylinositol 5-phosphate 4-kinase type I (Boronenkov et al. 1998; Richardson et al.
2007; Wang et al. 2010; Clarke and Irvine 2012) and phosphatidylinositol 5-phosphate 4-kinase
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Iy (Clarke et al. 2009; Clarke and Irvine, 2012), the phosphatidylinositol 4-phosphate 5-kinase
type la, and phosphatidylinositol 4-phosphate 5-kinase type Iy i4 (Boronenkov et al. 1998;
Mellman et al. 2008; Schill and Anderson, 2009) and Inositol polyphosphate multikinase
(IPMK); (Nalaskowski et al. 2002; Resnick et al. 2005; Maag et al. 2011).

In addition to the phospholipases and kinases, inositidephosphatases are also present in
the nucleus and were shown to shuttle between cytoplasm and cell nucleus. An increased
nuclear shuttling of phosphatase and tensin homolog (PTEN) to the nucleus was shown as an
oxidative stress response (Chang et al. 2008). Src-homology 2-containing inositol 5-
phosphatase 1 (SHIP-1) and Src-homology 2-containing inositol 5-phosphatase 2 (SHIP-2)
phosphatases (Dé¢léris et al. 2003; Elong Edimo et al. 2011; Nalaskowski et al. 2012; Ehm et al.
2015) localize to the cell nucleus and 4-Ptase I translocates to the cell nucleus upon DNA

damage (Zou et al. 2007).

1.2.1.1 Metabolism of nuclear PI(4,5)P2

PI(4,5)P2 is one of the most abundant nuclear phosphoinositides and its localization in
the cell nucleus is very well described (Sobol et al. 2013; Yildirim et al. 2013; Mellman et al.
2008; Osborne et al. 2001). PI(4,5)P2 can be generated by phosphatidylinositol 4-phosphate 5-
kinases or phosphatidylinositol 5-phosphate 4-kinases by utilizing different substrates, P1(4)P
and PI(5)P, respectively (Rameh et al. 1997; Anderson et al. 1999; Halstead et al. 2005; Fiume
et al. 2012). A metabolic radioisotope labelling in the rat liver nuclei revealed that the
predominant way of P1(4,5)P2 production in the nucleus is by phosphorylating PI(4)P. This is
also true for PI(4,5)P2 production in a whole cell as PI(4)P is more abundant than PI(5)P (Vann
et al. 1997).

P1(4,5)P2 is also a substrate for phosphoinositides phosphatases. Both SHIP-1 and
SHIP-2 can hydrolyse PI(4,5)P2 and PI(3,4,5)P3. After SHIP-2 phosphorylation at serine 132,
SHIP-2 translocates to nuclear speckles and PI(4,5)P2 becomes its only substrate to generate
PI(4)P (Déléris et al. 2003; Elong Edimo et al. 2011). A specific phosphatase is 4-Ptase I
(PI(4,5)P2 4-Ptase 1) which dephosphorylates PI(4,5)P2 at position 4 and generates PI(5)P
(Ungewickell et al. 2005).

Moreover, P1(4,5)P2 might be specifically cleaved by phospholipase C (PI-PLC) and
generates second messengers - IP3 and DAG (Bertagnolo et al. 1995; Liu et al. 1996; Kim et
al. 1996; Bertagnolo et al. 1997; Yamaga et al. 1999; Yoda et al. 2004; Larman et al. 2004;
Klein et al. 2008; Cooney et al. 2010; Fiume et al. 2012).
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Fig. 2 PIs metabolism in the cell nucleus. PIs kinases (black), phosphatases (green), and
phospholipases (blue) establish a metabolism that ensures a synthesis of seven PlIs species (red)
in the nucleus. Pathways catalysed by enzymes confirmed as present in the nucleus (solid black
arrows) and possible pathways without known nuclear enzyme (dashed grey arrows) are
depicted. A specific case is PTEN phosphatase, which localizes to the nucleus but has been
shown to be unable to dephosphorylate nuclear PI(3,4,5)P3 (Lindsay et al. 2006).

1.3 Phosphoinositides in regulation of gene expression

In vitro studies have pointed out that nuclear phospholipids could be involved in DNA
associated process (Rose and Frenster, 1965) for instance, addition of Pls to purified nuclei
influences DNA replication and transcription (Capitani, 1986). Other studies showed that in
vitro addition of positively charged lipids lead to chromosome condensation while negatively
charged lipids caused decondensation (revieved in Kuvichkin, 2002). Undoubtedly, the

accessibility of DNA is crucial for regulation of genes expression.
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1.3.1 PI(5)P function

Most of the studies have been centered on the role of nuclear PI(4,5)P2 in gene
expression but there are also examples of other phosphoinositides that interact with chromatin.
However, to date, there is no evidence for a role of nuclear PI(3)P, PI(4)P or PI(3,4)P2 in the
gene expression. On the other hand, the identification of PI(5)P binding proteins and their
nuclear functions are have appeared over the last decade. A breakthrough came with a finding
that ING2, which regulates p53 acetylation and function, binds to PI(5)P through its PHD (plant
homeodomain) motif (Gozani et al. 2003; Bua et al. 2013). ING2 promotes acetylation of p53
and induces p53-mediated apoptosis in response to UV and etoposide. ING2 carrying point
mutation, which causes loss of PI(5)P binding, was unable to induce apoptosis and p53
acetylation.

Jones et al. (2006) showed that PIP4KP becomes phosphorylated by p38 mitogen-
activated protein kinase in response to genotoxic stress. This phosphorylation inhibits PIP4Kf3
what results in accumulations of PI(5)P in the nucleus. This increase of the nuclear PI(5)P
causes translocation of ING2 to the chromatin bound fraction, where it modulates p53
acetylation and function. The PHD motif of ING2 also binds trimethylated lysine 4 at histone
H3 (H3K4me3) not only PI(5)P. After DNA damage, ING2 binds to H3K4me3, and this
binding is essential for the ING2 activity (Shi a et al., 2006). ING2 forms a transcription-
repressing complex with HDACT1 and Sin3A protein. After DNA damage, PI(5)P levels become
elevated and recruit ING2 to specific promoters. At these promoters, ING2 binds to H3K4me3.
This interaction stabilizes and activates ING2 in order to regulate its transcriptional activity.

Gelato et al. (2014) described regulation of ubiquitin-like with PHD and RING finger
domains 1 (UHRF1) by PI(5)P. The tandem tudor domain (TTD) of UHFR1 binds trimethylated
lysine 9 at histone H3 (H3K9me3), (Nady et al., 2011), while the PHD finger recognizes the
unmodified N-terminus of histone H3 (Rajakumara et al. 2011). PI(5)P binds directly to the
polybasic region (PBR) in the C-terminal part of UHRFI1. This interaction controls access of
the TTD and PHD domain to their substrates. Hence, PISP allosterically regulates binding of
UHREF1 to either unmodified histone H3 or H3K9me3. Allosteric regulation of UHRF1 through
PI(5)P contributes to UHRF1 localization to heterochromatin and to its function.

Data obtained from plants suggest that PI(5)P might regulate the levels of H3K4me3
(Alvarez-Venegas et al. 2006). ATX1 (Arabidopsis homolog of trithorax) is a
trimethyltransferase for H3K4 at the promoter regions of nucleosomes. Ndakong et al. (2010)
showed not only that ATX1 binds PI(5)P through the PHD domain, but also that PI(5)P binding
negatively affects ATX1 activity as a trimethyltransferase. PI(5)P binding causes that ATX1
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disassociate from promoters and translocate from the nucleus to the cytoplasm. This is an
opposite effect to PI(5)P as a positive regulator of ING2 activity. This suggests that the effect
of PI(5)P binding to PHD domains has a different influence on binding partners activity. Thus
PI(5)P function depends also on protein binding partner and not only on binding domain.

Interestingly, the PHD finger of ATP-dependent chromatin remodeling factor (ACF)
strongly and specifically interacts with PI(5)P in a protein-lipid overlay assay (Gozani et al.
2003), suggesting that it could have potential for use as an in vivo probe for PI(5)P.

Moreover, PI(5)P can influence chromatin remodeling also through proteins that do not
possess PHD fingers (Viiri et al. 2009). The Sin3A corepressor complex SAP30 and SAP30L
bound to PIs, mostly to PI(5)P through a zinc finger motif that overlaps with SAP30 DNA
binding site. Viiri et al. (2009) proposed that PI(5)P binding displaces DNA from the Sin3A
corepressor complex by modulating SAP30 repressor activity and translocate them from the

nucleus to the cytoplasm.

1.3.2 PI(3,5)P2 function

A study on Saccharomyces cerevisiae revealed PI(3,5)P2 chromatin architecture
modulating function. Han and Emr (2011) have identified Tup1 and Cti6 as PI(3,5)P2 specific
interacting partners. Tupl, in a complex with Cyc-8, acts as a transcriptional co-repressor and
this complex interacts with HDAC (Malave and Dent, 2006). Additionally, it is known that Cti6
i1s a Cyc-8 binding protein. Cti6 co-activates Tup-1/Cyc-8 complex and links it with SAGA
complex, which disrupts nucleosomes and promotes transcription (Papamichos-Chronakis et
al. 2002). PI(3,5)P2-dependent chromatin architecture-modulating mechanism is to convert
Tupl-driven repressed state to a SAGA-containing activated state, e.g. at the GAL1 promoter.
Authors propose that during GAL induction, PI(3,5)P2 converts Cyc8—Tupl co-repressor
complex to a co-activator complex by recruiting Cti6. Moreover, PI(3,5)P2 mediates the
assembly of Cti6—Cyc8—Tupl, a transcriptional co-activator complex. Results suggest that
cytoplasmic PI(3,5)P2 lipid signalling is closely linked with nuclear regulatory events in

modulation of the chromatin architecture and epigenetic status of a gene (Han and Emr, 2011).

1.3.3 PI(4,5)P2 function
There are data establishing an important role of PI(4,5)P2 in the regulation of DNA

topological change and chromatin remodelling, since it interacts with proteins involved in these
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processes (Lewis et al. 2011; Rando et al. 2002; Toska et al. 2012; Yu et al. 1998; Zhao et al.
1998). Very well-known process influencing the state of chromatin is histone acetylation.
Acetylation of histones reduces the positive charge of histones and relaxes their association
with negatively charged DNA, thus DNA is more accessible for transcription factors (Lee et al.
1993; Garcia-Ramirez et al. 1995). A recent study showed that chromatin acetylation is
repressed by a myristoylation of transcriptional co-repressor brain acid soluble protein 1
(BASP1) and its interaction with PI(4,5)P2. It was shown that nuclear PI(4,5)P2 interacts with
BASP1 through this myristoylation and mediates BASP1 interaction with histone deacetylase
1 (HDACTI). BASP1-PI(4,5)P2-HDACI1 complex is then recruited to target genes promoters,
where HDAC]1 deacetylates histones and diminishes promoter accessibility for transcription
factors (Toska et al. 2012).

Moreover, P1(4,5)P2 was shown to bind directly to the C-terminal tail of histones H1
and H3. Depletion of histone H1 causes decondensation of chromatin fibers and increases RNA
polymerase Il transcriptional activity, and therefore histone H1 acts as inhibitor of RNA pol II
transcription. On the other hand, PI(4,5)P2 acts as a positive regulator of RNA polymerase 11
transcription because its binding to H1 releases H1 from DNA and therefore reverses H1
mediated inhibition (Yu et al. 1998). Furthermore, P1(4,5)P2 forms a complex with the active
form of RNA pol II (Osborne et al. 2001; Toska et al. 2012), but there has been no evidence of
a direct interaction between PI(4,5)P2 and RNA pol II yet.

It was also shown that depletion of PI(4,5)P2 from HeLa cells nuclear extract by anti-
P1(4,5)P2 antibody causes an inhibition of pre-mRNA splicing in vitro. However, addition of
exogenous PI(4,5)P2 into depleted nuclear extract does not restore splicing activity. This
indicates that not only PI(4,5)P2 itself but also its binding partners are necessary for splicing
(Osborne et al. 2001).

The PI(4,5)P2 regulation of RNA pol I transcription is described in more detail
compared to RNA pol II transcription. The upstream binding factor (UBF) and the promoter
selectivity factor 1 (SL1) form a complex, which is recruited to the rDNA promoter and
facilitates the initiation of RNA pol I transcription (Bell et al. 1988). Previously, we have shown
that PI(4,5)P2 binds to UBF and enhances the binding of UBF to the rDNA promoter.
Moreover, depletion of PI1(4,5)P2 by anti-P1(4,5)P2 antibody from HeLa cells nuclear extract
decreases level of RNA pol I transcription in vitro; the decrease can be partially restored by
addition of exogenous PI(4,5)P2 (Yildirim et al. 2013). These data suggest that PI(4,5)P2
interaction with UBF might be required for binding of the transcription initiation complex with

rDNA and activation of RNA pol I transcription.
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PI(4,5)P2 can also influence chromatin structure by the interaction with SWltch/Sucrose
Non-Fermentable (SWI/SNF) -like chromatin remodeling complex called BAF (Brahma-
related gene association factor) (Zhao et al. 1998). The mammalian BAF complex contains
BAF53, actin and a central ATPase subunit called BRG-1 (Brahma-realted gene 1). Binding of
actin to BRG-1 facilitates recruitment of BAF to chromatin. However, upon PI(4,5)P2 binding
the association of actin and Brgl is blocked. This leads to inefficient recruitment of BAF
complex to chromatin and loss of its chromatin remodeling activity (Bourachot et al. 1999;

Rando et al. 2002; Shen et al. 2003).

1.3.4 PI(3.4,5)P3 function

Recent findings show that both PI(4,5)P2 and PI(3,4,5)P3 can interact with
steroidogenic factor 1 (SF-1);( Blind et al. 2012; Blind et al. 2014). SF-1 is a transcription factor
which regulates transcription of genes involved a lipid and steroid metabolism, cytoskeleton
dynamics, cell cycle, or apoptosis (reviewed in Lalli et al. 2013). P1(4,5)P2 or PI(3.4,5)P3 bind
to binding pocket of SF-1 through acyl chains and stabilizes its tertiary structure. SF-1 in a
complex with PI(3,4,5)P3 displays significantly higher affinity for a co-activator peptide than
in a complex with PI(4,5)P2, and thus stimulates the transcription of SF-1 target genes (Blind
et al. 2012; Blind et al. 2014).

The ErbB3 binding protein-1 (EBP1) belongs to a family of DNA/RNA binding proteins
implicated in cell growth, apoptosis and differentiation (Zhang et al. 2005). Karlsson et al.
(2016) identified EBP1 as a PI(3,4,5)P3-binding protein. P1(3,4,5)P3 binds to EBP1 trough C-
terminal lysine rich PBR (polybasic) region and these two molecules partially co-localize in the
nucleolus. Even though, authors propose that PI(3,4,5)P3 directly influences unknown EBP1-
mediated nucleolar function the detailed molecular mechanism of these events are still missing

(Karlsson et al. 2016).
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2 AIMS

PIs can regulate various important cellular processes through interactions with proteins,
e.g. chromatin modifying enzymes. We would like to contribute to the knowledge about
essential nuclear functions of PIs and their binding partners (such as PHF8) in context of

regulation of gene expression. Therefore, we asked these questions:

1. Which PIs localize to the cell nucleus and to which nuclear
subdomain?

2. Can PI(4,5)P2 interact with proteins involved in epigenetic regulation
and thus contribute to the regulation of gene expression at the
epigenetic level?

3. Is PI(4,5)P2 important for the regulation of gene expression in C.
elegans, a complex model organism?

4. Which proteins can interact with nuclear F-actin, a P1(4,5)P2 binding

partner?
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Abstract Phosphoinositides (PIs) are glycerol-based
phospholipids containing hydrophilic inositol ring. The
inositol ring is mono-, bis-, or tris-phosphorylated yield-
ing seven PIs members. Ample evidence shows that PIs
localize both to the cytoplasm and to the nucleus. How-
ever, tools for direct visualization of nuclear PIs are limited
and many studies thus employ indirect approaches, such
as staining of their metabolic enzymes. Since localization
and mobility of PIs differ from their metabolic enzymes,
these approaches may result in incomplete data. In this
paper, we tested commercially available PIs antibodies
by light microscopy on fixed cells, tested their specificity
using protein-lipid overlay assay and blocking assay, and
compared their staining patterns. Additionally, we prepared
recombinant PIs-binding domains and tested them on both
fixed and live cells by light microscopy. The results provide
a useful overview of usability of the tools tested and stress
that the selection of adequate tools is critical. Knowing the
localization of individual PIs in various functional com-
partments should enable us to better understand the roles of
PIs in the cell nucleus.
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Introduction

Phosphoinositides (PIs) are glycerol-based phospholipids.
As amphipathic molecules, they consist of hydrophobic tail
and hydrophilic head. Their head is formed by the inosi-
tol ring that can be phosphorylated at three different posi-
tions yielding seven mono-, bis-, or tris-phosphorylated PIs
species. PIs are important signalling molecules involved in
membrane and cytoskeletal dynamics, modulation of ion
channels and transporters, or generation of second mes-
sengers (reviewed in Balla 2013; Tan et al. 2015). These
functions are related to PIs present in the cytoplasm and
the plasma membrane. Approximately 15 % of cellular
PIs are nuclear (York and Majerus 1994). It is, however,
not well understood whether nuclear PIs originate in the
cytoplasm or whether they are synthesized in the nucleus
de novo. Many PIs metabolizing enzymes—Kkinases, phos-
phatases, and phospholipases (reviewed in Keune et al.
2011; Martelli et al. 2011; Shah et al. 2013)—as well as
phosphatidylinositol (PI) transfer proteins (De Vries et al.
1996) localize to the nucleus. Besides, several in vitro stud-
ies reported intranuclear synthesis of PIs (Smith and Wells
1983; Cocco et al. 1987; Yildirim et al. 2013). These data
suggest that PIs are in the nucleus metabolized indepen-
dently of the cytoplasm and do not require the presence
of membranes. However, spatiotemporal visualization of
such events in the nucleus is still missing. Since a large
fraction of PIs does not associate with nuclear membrane
(Vann et al. 1997), it is currently unclear where the syn-
thesis and metabolism of nuclear PIs occur. Several studies
suggested that PIs are retained in the nucleus in the form of
protein—lipid complexes, where proteins shield the hydro-
phobic tails of PIs (Blind et al. 2014; Sablin et al. 2015)
and thus could prevent their extraction by detergents. Using
various approaches, more than 300 nuclear Pls-interacting
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Table 1 Summary of PIs-binding domains used for overexpression in U20S cells

Domain Specificity Protein Size (kDa) Mutant

EEA1-FYVE PI(3)P Early endosome antigen 1 ~18 RRHHI126-129AANN
OSHI1-PH PI(4)P Oxysterol-binding protein homolog 1 ~15 KR37,39EE

Akt-PH PI(3,4)P2, PI(3,4,5)P3 Protein kinase B ~21 KR14,15AA

Tubby PI(4,5)P2 Tubby-like protein ~31 KR300,302AA
PLC31-PH PI(4,5)P2 Phosphoinositide phospholipase C §1 ~20 R40A

Grpl-PH PI(3,4,5)P3 General receptor for phosphoinositides 1 ~15 K273A

Domains were mutated according to Yagisawa et al. (1998), Levine and Munro (2001), Santagata et al. (2001), Lee et al. (2005), Guillou et al.

(2007), Jo et al. (2012)

proteins were identified. These proteins are involved in
essential nuclear processes, and therefore, nuclear Pls are
probably important regulators of these events (Lewis et al.
2011; Jungmichel et al. 2014). And indeed, nuclear phos-
phatidylinositol 4,5-bisphosphate (PI1(4,5)P2) modulates
protein functions and thus plays a role in chromatin remod-
elling (Zhao et al. 1998), transcription by RNA polymer-
ase I and II (Osborne et al. 2001; Toska et al. 2012; Yildi-
rim et al. 2013), or pre-mRNA processing (Osborne et al.
2001; Mellman et al. 2008). Nuclear phosphatidylinositol
3,4,5-trisphosphate (PI(3,4,5)P3) was linked to mRNA
export (Okada et al. 2008; Wickramasinghe et al. 2013)
and anti-apoptotic signalling (Ahn et al. 2004, 2005), while
nuclear phosphatidylinositol 5-phosphate (PI(5)P) is impli-
cated in DNA damage response (Gozani et al. 2003; Jones
et al. 2006; Zou et al. 2007). Despite the fact that there are
no data on functions of other nuclear PIs, their presence in
the nucleus has been confirmed (Vann et al. 1997; Gillo-
oly et al. 2000; Yokogawa et al. 2000; Clarke et al. 2001;
Visnji¢ et al. 2003; Watt et al. 2004).

To better understand functions of individuals PIs, it
is important to have information about their localization
within the nucleus. So far, two fundamental approaches
of PIs visualization have been employed. First, commer-
cially available antibodies against PI(4,5)P2 (Mazzotti
et al. 1995; Boronenkov et al. 1998; Osborne et al. 2001)
and phosphatidylinositol ~3,4-bisphosphate  (PI(3,4)P2;
Yokogawa et al. 2000) have been used. Second, PIs-binding
domains from PLC81 (Watt et al. 2002; Hammond et al.
2009; Yildirim et al. 2013), Tappl (Watt et al. 2004), Hrs
(Gillooly et al. 2000), and Grpl (Lindsay et al. 2006) pro-
teins specifically recognizing PI(4,5)P2, PI(3,4)P2, phos-
phatidylinositol 3-phosphate (PI(3)P), and PI(3,4,5)P3,
respectively, were generated. The use of anti-PI(4,5)P2
and PLC81-PH domain provided similar results and made
it possible to address functions of PI(4,5)P2 as well as its
localization in the nucleus, nuclear speckles, and hetero-
chromatin regions (Mazzotti et al. 1995; Boronenkov et al.
1998; Osborne et al. 2001; Watt et al. 2002; Hammond
et al. 2009; Yildirim et al. 2013). Similarly, both antibodies
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and domains demonstrated localization of PI(3,4)P2 in the
nuclear membrane. FYVE domain of tyrosine kinase Hrs
detected PI(3)P signal in nucleoli of BHK cells (Gillooly
et al. 2000). PH domain of Grpl showed an increased level
of nuclear PI(3,4,5)P3 after stimulation of Swiss 3T3 cells
with PDGF (Lindsay et al. 2006).

In this paper, we explored localization of nuclear PI(4,5)
P2, PI(3,4)P2, and phosphatidylinositol 4-phosphate (P1(4)
P) in greater detail. First, we tested commercial antibod-
ies against PI(4,5)P2, PI(3,4)P2, and PI(4)P. Since tools
for visualization of nuclear PIs in live cells are miss-
ing, we next inspected nuclear patterns of different PIs-
binding protein domains (Table 1) after overexpression in
U20S cells. Given that most domains did not specifically
label nuclear PIs in live cells, we purified eGFP-fused
PLC31-PH, OSH1-PH, and Tubby domains and used them
in analogy to antibodies for labelling in fixed cells. Using
these approaches, we identified anti-PI4P antibody, OSH1-
PH, EEA1-FYVE, and PLC31-PH, and Tubby domains
as a potential tools for visualization of PI(4)P, PI(3)P, and
P1(4,5)P2 in live or fixed cells.

Materials and methods
Cell cultures and transfections

U20S were cultured in D-MEM supplemented with 10 %
FBS in 5 % CO,/air, 37 °C, and humidified atmosphere.
Cells were transfected with Lipofectamine (Life Technolo-
gies) according to manufacturer’s instructions.

Constructs used in this study

For overexpression in U20S cells, PLC31-PH, EEAI1-
FYVE, Grpl-PH, OSH1-PH, Akt-PH, and Tubby domains
in pEGFP (Clontech, kind gifts from Dr Tamas Balla,
National Institutes of Health, Bethesda, MD) were used.
PLC31-PH with nuclear localization signal (NLS) was
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prepared by insertion of SV40 NLS into PLC81-PH
pEGFP-N1 by BsrGI and AFIII restriction sites. Mutant
domains (PLC81-PH R40A, EEA1-FYVE RRHHI23-
129AANN, Grpl-PH K273A, OSH1-PH KR37,39EE, Akt-
PH KR14,15AA, Tubby domain KR330,332AA) were pre-
pared by site-directed mutagenesis by Q5® Site-Directed
Mutagenesis Kit (New England Biolabs, E0552S) accord-
ing to the manufacturer’s instructions. For expression in E.
Coli, eGFP fusions of wild-type as well as mutant forms
of PLC31-PH, OSHI1-PH domains were amplified by PCR
and ligated to pET-15b (Merck Millipore). Tubby domain
in pET-23a (Merck Millipore, a kind gift from Dr Tamas
Balla, National Institutes of Health, Bethesda, MD) was
used, and mutant Tubby domain was prepared as described
above.

Antibodies

Following primary antibodies were used: anti-PI(4)P
(Echelon, Z-P004; 10 ug/ml), anti-PI(3,4)P2 (Echelon,
7Z-P034b; 20 pg/ml), anti-PI(4,5)P2 (Echelon, Z-A045;
4.9 ug/ml).

For immunofluorescence, secondary antibodies were
used: goat anti-mouse IgG conjugated with Alexa Fluor
555 and goat anti-mouse IgM conjugated with Alexa
Fluor 555 all purchased from Life Sciences. For protein—
lipid overlay assay, the following secondary antibod-
ies were used: donkey anti-mouse IgG IRDye®680RD
and goat anti-mouse IgM IRDye®680RD (LI-COR
Biosciences).

Expression and purification of recombinant proteins

Recombinant PLC31-PH, OSH1-PH, and Tubby domains
were expressed in E. coli BL21-Gold(DE3). Bacte-
ria transformed with PLC81-PH and Tubby domains
were grown up to OD(600) = 0.6. The expression of
PLC31-PH was induced with 0.6 mM IPTG for 4 h at
37 °C. The expression of Tubby domain was induced with
0.3 mM IPTG for 8 h at 18 °C. Bacteria transformed with
OSHI1-PH domain were grown up to OD(600) = 0.4. The
expression of OSHI-PH was induced with 0.1 mM IPTG
for 16 h at 25 °C. Cells were lysed in lysis buffer (10 mM
Tris, pH 7.4, 150 mM NaCl, 0.5 % Triton X-100, AEBSF)
and sonicated. The purification was carried on HIS-Select
Nickel Affinity Gel (Sigma, P6611). The beads were
equilibrated with lysis buffer and incubated with protein
lysates for 1 h at 4 °C. Then the beads were washed three
times (10 m M Tris, pH 7.4, 150 mM NaCl, AEBSF).
Bound proteins were eluted (10 mM Tris, pH 8, 150 mM
NaCl, 250 mM imidazole, pH 8, 20 % glycerol, AEBSF).
Subsequently, imidazole was removed by dialysis (10 mM

Tris, pH 8, 150 mM NaCl, 20 % glycerol, AEBSF). Puri-
fied PIs-binding domains were used for immunofluores-
cence (1 pg/ul).

Indirect immunofluorescence and confocal fluorescence
microscopy

Cells seeded on glass coverslips were washed with PBS,
fixed with 3 % paraformaldehyde in PBS, and permeabi-
lized with 0.1 % Triton X-100 in PBS for 20 min. Cover-
slips were blocked with 5 % normal goat serum (Invitro-
gen) in PBS for 30 min. Coverslips were incubated with
primary antibodies diluted in PBS for 1 h at room tem-
perature (RT) and then washed with PBS or with purified
domains diluted in PBS with 0.05 % Tween 20 (PBS-T) for
1 h at RT and then washed with PBS-T. In case of antibod-
ies, coverslips were incubated with corresponding second-
ary antibodies diluted in PBS-T for 1 h at RT. After final
washes in PBS-T, coverslips were mounted in ProLong
Gold anti-fade reagent with DAPI (Life Technologies).
Images were acquired using confocal microscope Leica
TCS SP8 with 63x (NA 1.4) immersion oil objective lens
with 405 and 561 laser excitations, Leica advanced fluores-
cence software (LAS AF).

Antibody blocking assay

Antibodies were incubated with phosphatidylino-
sitol diC8 (P-0008), PI(3)P diC8 (P-3008), PI(4)P
diC8 (P-4008), PI(5)P diC8 (P-5008), PI(3,4)P2 diC8
(P-3408), phosphatidylinositol 3,5-bisphosphate diC8
(P-3508), PI(4,5)P2 diC8 (P-4508), PI(3,4,5)P3 diC8
(P-3908), all purchased from Echelon Biosciences
Inc. Antibodies were incubated with PIs in molar ratio
1:1000. Concentrations of antibodies were as described
above. Concentrations of PIs were 5, 10, and 130 nM to
block anti-PI(4,5)P2, anti-PI(4)P, and anti-PI(3,4)P2 anti-
body, respectively. Incubations were performed in 1 %
BSA, PBS for 30 min. Pre-blocked antibodies were used
for immunostaining.

Protein-lipid overlay assay

PIP Strips (P-6001, Echelon Biosciences Inc.) were
blocked with 3 % BSA in PBS-T for 1 h at RT and then
incubated with antibodies (1 ug/ml) in 3 % BSA, PBS-T
for 1 h at RT. Membranes were washed three times with
PBS-T for 1 h at RT. Membranes were incubated with
goat/donkey anti-mouse IgG or anti-mouse IgM sec-
ondary antibodies conjugated to IRDye. The signal was
detected by Odyssey Infrared Imaging System (LI-COR
Biosciences).
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Results

Antibodies show nuclear localization of PI1(4,5)P2,
PI(3,4)P2, and P1(4)P

To describe the localization of particular nuclear PIs, we
used antibodies against PI1(4,5)P2, PI(3,4)P2, and PI(4)P,
which are all commercially available (Echelon).

As it has been reported before, the antibody against
PI(4,5)P2 detects nuclear PI(4,5)P2 in nuclear speckles
and nucleoplasmic foci. Moreover, weak nucleolar PI(4,5)
P2 pool can be also detected (Osborne et al. 2001; Yildirim
et al. 2013; Fig. la, inset). To test the specificity of PI(4,5)
P2 antibody, we used protein-lipid overlay assay, where the
antibody is incubated with different phospholipids spotted
on a nitrocellulose membrane. Protein—lipid overlay assay
shows that PI(4,5)P2 antibody detects not only PI(4,5)
P2 but also PI(3,4,5)P3 (Fig. 2a). Therefore, we used lipid
blocking assay to further investigate the antibody specific-
ity. In this approach, the antibody was preincubated with
an excess amount of each PI (1:1000) and then used for
immunofluorescence (Fig. 2b). Although preincubation
with PI(3,4,5)P3 decreased the detected signal to 15 % of
the original value, preincubation with PI(4,5)P2 abolished
the signal completely (Fig. 2c). The results of protein—lipid
overlay assay suggest that PI(4,5)P2 antibody has higher
affinity to PI(3,4,5)P3 (Fig. 2a). However, the lipid blocking
assay shows that PI(4,5)P2 antibody detects mostly PI(4,5)
P2 in fixed cells, as shown in Fig. 2c. As the total amount
of cellular PI(3,4,5)P3 is more than 20-fold lower than the
amount of cellular PI(4,5)P2 (Stephens et al. 1993; Nasuho-
glu et al. 2002), we believe that the antibody predominantly
but not exclusively recognizes PI(4,5)P2 in the cells.

The antibody against PI(3,4)P2 shows nuclear pattern
similar to PI(4,5)P2 with nuclear speckles and smaller
nucleoplasmic foci (Fig. 1b). The antibody recognizes
mainly PI(3,4)P2 on protein-lipid overlay assay, but binds
also to PI(4,5)P2 and PI(3,4,5)P3 (Fig. 2d). Lipid blocking
assay shows that the fluorescence signal is not abolished
after preincubation of anti-PI(3,4)P2 antibody with PI(3,4)
P2; however, the signal decreases after preincubations with
PI(3)P, P1(4)P, PI(5)P, PI(3,4)P2, PI(3,5)P2, and PI(3,4,5)
P3 (Fig. 2e). Our results therefore suggest that although the
PI(3,4)P2 antibody can be used to detect PI(3,4)P2 spotted
on a membrane, it is not suitable for immunofluorescence
studies under experimental conditions we tested.

The antibody against PI(4)P detects nuclear PI(4)P sig-
nal, which resembles the signal of PI(4,5)P2 in nuclear
speckles and small foci in nucleoplasm and nucleoli
(Fig. 1c). The antibody detects specifically PI(4)P on pro-
tein—lipid overlay assay with a weak signal coming from
P1(4,5)P2 and PI(3)P (Fig. 2f). Moreover, the lipid block-
ing assay shows that the fluorescence signal diminishes
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Fig. 1 Antibodies detect nuclear PI(4,5)P2, PI(3,4)P2, and PI(4)
P. Anti-PI(4,5)P2 detects PI(4,5)P2 in the nucleoplasm and nuclear
speckles (a) and weak foci in nucleoli (inset, arrowheads). Anti-
PI(3,4)P2 antibody detects nuclear pattern similar to anti-PI(4,5)
P2 antibody (b) Anti-PI(4)P antibody detects both cytoplasmic and
nuclear signal (c, optical sections focused on the cytoplasm and on
the nucleus). In the nucleus, anti-PI(4)P antibody gives similar pat-
tern to anti-PI(4,5)P2 antibody (inset). Scale bars 5 nm

only after preincubation with PI(4)P (Fig. 2g). Therefore,
we concluded that the PI(4)P antibody can be used for
PI(4)P detection by immunofluorescence in fixed cells.



Histochem Cell Biol (2016) 145:485-496 489
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protein-lipid overlay (d). The
immunofluorescence signal
from anti-PI(3,4)P2 antibody is
decreased after preincubation of
the antibody with PI(3)P, PI(4)
P, PI(5)P, P1(3,4)P2, PI(3,5)P2,
and PI(3,4,5)P3 (e). Anti-P1(4)
P antibody detects PI(4)P and
very weakly binds to PI(3)P and
PI(4,5)P2 on protein-lipid over-
lay assay (f). Immunofluores-
cence signal of anti-PI(4)P anti-
body is completely abolished
after preincubation with PI1(4)P
only (g). LPA, lysophosphatidic
acid, LPC, lysophosphocholine,
PtdIns, phosphatidylinositol,
PE, phosphatidylethanolamine,
S1P, sphingosine-1-phosphate,
PA, phosphatidic acid, PS,
phosphatidylserine, Scale bars
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Overexpressed PIs-binding domains show nuclear
staining in U20S cells

In addition to commercially available antibodies, we
tested several Pls-binding domains (Table 1). These pro-
tein modules have been used before for PIs detection in
cellular membranes (reviewed in Balla and Varnai 2009).
We transfected PLC81-PH, EEA1-FYVE, Akt-PH, Grpl-
PH, OSHI1-PH, and Tubby domains coupled to eGFP
into U20S cells and inspected their nuclear patterns.
As a control, we prepared mutant form of each domain,
which prevents binding of the domain to the respective
PIs. As published before, PLC31-PH binds PI(4,5)P2 in
the plasma membrane (Stauffer et al. 1998; Varnai and
Balla 1998; Kavran et al. 1998). Indeed, overexpressed
PLC31-PH localizes mainly to the plasma membrane
and is diffused throughout the cytoplasm (Fig. 3a), while
mutant PLC31-PH loses the plasma membrane localiza-
tion (Fig. 3b). Both wild-type and mutant PLC31-PH show
diffused nuclear signal. The nuclear signal is enriched in
mutant probably due to relocalization of the domain from
the plasma membrane. To target PLC31-PH to the nucleus,
we cloned NLS sequence downstream of GFP. Even though
this construct was efficiently imported into the nucleus, we
did not observe any difference between localization pat-
terns of wild-type and mutant domains (Fig. 3c, d). Since
the overexpressed PLC81-PH does not seem to be a suit-
able tool for nuclear PI(4,5)P2 detection, we tested also
another PI(4,5)P2 binding domain, a Tubby domain (Santa-
gata et al. 2001; Quinn et al. 2008; Szentpetery et al. 2009).
Similarly to PLC81-PH, wild-type Tubby domain localizes
to the plasma membrane (Fig. 3e). Moreover, we detected
signal in the nucleus and small foci in nucleoli. Mutant
Tubby domain loses the plasma membrane localization and
relocalizes to the nucleus, where the pattern resembles the
signal of wild-type Tubby domain (Fig. 3f). In conclusion,
both PLC81-PH and Tubby fail to specifically recognize
nuclear PI(4,5)P2.

EEA1-FYVE has been previously used for visualiza-
tion of PI(3)P in endosomes (Burd and Emr 1998; Gaullier
et al. 1998). We observed the same pattern, which is lost
after mutation in EEAI-FYVE confirming its specificity
(Fig. 3g, h). Both wild-type and mutant EEA1-FYVE enter
nucleus, where they show the same diffused nuclear sig-
nal. In addition, wild-type also recognizes foci in nucleoli,
which are absent in mutant (Fig. 3h, inset). This suggests
that EEAI-FYVE domain recognizes nucleolar specific
pool of PI(3)P.

Akt-PH binds PI(3,4,5)P3 and PI(3,4)P2 (Kavran et al.
1998; Watton and Downward 1999; Rowland et al. 2012).
After overexpression, Akt-PH localizes to the plasma mem-
brane and intracellular membranes (Fig. 3i), while mutant
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Fig. 3 Comparison of Pls-binding domains after overexpressionp
in U20S cells. Images are taken at optical sections focused on the
plasma membrane (Cyfopl.) and on the nucleus (Nucleus). Wild-
type PLC31-PH (a) but not mutant PLC81-PH (b) is accumulated
at the plasma membrane. Both domains are diffused throughout the
cytoplasm and the nucleus (a, b inset). With NLS, both wild-type
PLC31-PH (¢) and mutant PLC81-PH (d) are accumulated in the
nucleus and display the same nuclear pattern (¢, d inset). Wild-type
Tubby domain localizes to the plasma membrane and weakly also
to the nucleus (e), where it forms small foci in the nucleoli (inset,
arrowheads). Mutant Tubby domain is absent from the plasma
membrane and accumulates in the nucleus (f), where it displays pat-
tern similar to the wild-type domain (inset, arrowheads). Wild-type
EEA1-FYVE localizes to endosomes and also to the nucleus (g),
where it localizes to the nucleoplasm and forms foci in the nucleoli
(inset, arrowheads). Mutant EEA1-FYVE is diffused throughout
the cytoplasm and the nucleus (h), whereas nucleoli foci are absent
(inset). Wild-type Akt-PH localizes to the plasma membrane and
other cellular membranes (i) and to the nucleus (inset). While mutant
Akt-PH is absent from the membranes (j), it displays similar nuclear
pattern as the wild-type domain (inset). Both wild-type Grpl-PH (k)
and mutant Grpl-PH (1) are almost absent from the cytoplasm and
are accumulated in the nucleus, where they display similar pattern
(k, 1 inset). Wild-type OSH1-PH localizes to the plasma membrane
and other cellular membranes, probably Golgi apparatus (m), while
the mutant OSH1-PH is diffused throughout the cytoplasm (n). Both
wild-type and mutant OSH1-PH domains localize to the nucleus (m,
n inset). Scale bars 5 um

Akt-PH is diffused throughout the cytoplasm (Fig. 3j).
Both wild-type and mutant Akt-PH localize to the nucleus,
where they display a similar pattern suggesting their ina-
bility to recognize nuclear PI(3,4,5)P3 or PI(3,4)P2. An
alternative tool for visualization of PI(3,4,5)P3 is Grpl-PH
domain (Venkateswarlu et al. 1998; Kavran et al. 1998;
Gray et al. 1999; Manna et al. 2007). Using Grpl-PH, we
detected only a weak signal in the cytoplasm (Fig. 3k, I).
It is therefore possible that Akt-PH detects mostly PI(3,4)
P2 in the plasma membrane. Both, wild-type and mutant
Grpl-PH domains localized mostly to the nucleus, where
they display a similar pattern suggesting the inability of
Grpl to detect nuclear PI(3,4,5)P3 specifically (Fig. 3k, 1).

It has been reported that overexpressed OSH1-PH binds
to PI(4)P present in the plasma membrane and Golgi appa-
ratus (Roy and Levine 2004; Yu et al. 2004; Balla et al.
2008). In agreement with this, we show OSH1-PH localiza-
tion to the plasma membrane and other cellular membranes
(Fig. 3m), while mutant OSH1-PH is diffused throughout
the cytoplasm (Fig. 3n). Both wild-type and mutant OSH1-
PH localize to the nucleus, where they display a similar
pattern.

Taken together, our results are consistent with previously
published data and show that overexpressed PIs-binding
domains localize to the nucleus. Careful comparison with
mutant domains, however, revealed that in the nucleus,
these domains do not specifically interact with PIs. Among
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PLC51-PH
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Fig. 4 Purified PLC81-PH, Tubby, and OSHI-PH domains recog-
nize nuclear PIs. The images are taken at optical sections focused on
the plasma membrane (Cytopl.) and on the nucleus (Nucleus). Puri-
fied PLC81-PH detects PI(4,5)P2 in intracellular membranes and
in a lesser extent also in the plasma membrane (a). Moreover, wild-
type PLC31-PH detects nuclear PI(4,5)P2 in the nucleus (a inset),
where it accumulates in nucleoli (arrowheads) and nuclear speckles
(empty arrowheads). The signal is completely abolished when mutant

the domains tested, the only exception was the EEAI1-
FYVE. It displays nucleolar localization, which is lost after
mutation of Pls-binding site. Therefore, we believe that
overexpressed EEAI-FYVE can be used for imaging of
PI(3)P in nucleoli.
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PLCS81-PH is used (b). Wild-type Tubby domain detects PI(4,5)
P2 only in the nucleus (c), where it localizes to nucleolar foci (inset,
arrowheads). Mutant Tubby shows very weak nuclear signal (d).
Wild-type OSH1-PH detects PI(4)P in the plasma membrane and
other cellular membranes (e). Moreover, it has strong nuclear signal
with larger bright foci, probably nuclear speckles (inset, empty arrow-
heads). Mutant OSH1-PH detects very weak cytoplasmic signal (f),
while nuclear signal is completely abolished (inser). Scale bars 5 um

Purified PIs-binding domains conjugated with eGFP
show nuclear pattern

Since overexpressed PlIs-binding domains do not follow
PIs to the nucleus, we looked for an alternative approach.



Histochem Cell Biol (2016) 145:485-496

493

Fused with GST, PIs-binding domains have been success-
fully used for imaging of nuclear PIs in fixed cells (Gillo-
oly et al. 2000; Watt et al. 2002, 2004; Lindsay et al. 2006;
Yildirim et al. 2013). In this system, the purified domain
was incubated with fixed and permeabilized cells and sub-
sequently detected by anti-GST antibody. To omit the use
of an additional antibody, we fused PLCd1-PH, OSH1-PH,
and Tubby domains with eGFP, cloned them into bacterial
expression vector, and purified them from bacteria. The
purified domains were tested for specificity in protein—
lipid overlay assay and then used in an analogy to anti-
bodies for immunofluorescence staining (Fig. 4). Mutant
domains which are not able to bind PIs were used as nega-
tive controls.

It has been reported that GST tagged PLC31-PH recog-
nizes PI(4,5)P2 in nuclear speckles and nucleoli (Watt et al.
2002; Hammond et al. 2009; Yildirim et al. 2013). There-
fore, we selected P1(4,5)P2 binding domains—PLC81-PH
and Tubby—to test their eGFP fusions on immunofluores-
cence. In addition, we purified eGFP tagged OSHI1-PH that
recognizes PI(4)P, whose nuclear signal is unknown. Since
antibodies against both PI(4,5)P2 and PI(4)P are available
and specific, we were able to compare results obtained by
immunofluorescence.

Purified PLC31-PH detects PI(4,5)P2 foci in nucleoli
and nuclear speckles (Fig. 4a). The signal is diminished in
mutant PLC31-PH (Fig. 4b). In comparison with overex-
pressed wild-type PLC81-PH (Fig. 3a), purified PLC§1-PH
stains the plasma membrane to a lesser extent but detects
signal from other cellular membranes. On the other hand,
the nuclear pattern of purified PLC31-PH resembles P1(4,5)
P2 labelling obtained by anti-PI(4,5)P2 antibody. In con-
trast, purified Tubby domain shows PI(4,5)P2 signal only in
nucleoli of U20S cells (Fig. 4c). We still detected a weak
signal from mutant Tubby domain (Fig. 4d); however, the
signal from wild-type domain was stronger, and therefore,
we believe that it is specific. Similarly to PLC31-PH, Tubby
is also absent from the plasma membrane. These results
suggest that purified PLC81-PH is specific and detects
similar pool of PI(4,5)P2 as anti-PI(4,5)P2 antibody. Tubby
domain probably specifically recognizes nucleolar PI(4,5)
P2 only.

Purified wild-type OSHI1-PH detects PI(4)P in the
plasma membrane and other cellular membranes, in the
nucleoplasm and larger nuclear foci, and probably in
nuclear speckles (Fig. 4e). The signal is lost when the cells
are incubated with mutant OSHI1-PH (Fig. 4f). The nuclear
pattern of purified OSH1-PH resembles anti-PI(4)P label-
ling. We conclude that purified OSH1-PH can be used for
visualization of PI(4)P in the nucleus. Importantly, we
noted that nuclear patterns of all domains used for stain-
ing on fixed cells are similar to antibody-based labelling;

Table 2 Summary and specificity of tools used for PIs detection in
the cytoplasm and in the nucleus

Tools Target Suitable for detection in
Cytoplasm  Nucleus

Antibodies

aPI(4,5)P2 PI(4,5)P2 — +++

aPI(3,4)P2 PI(3,4)P2 — -

aPI(4)P PI(4)P - +++

Overexpressed domains

EEA1-FYVE PI(3)P +++ + (nucleoli)

OSHI1-PH PI(4)P +++ -

Akt-PH PI(3,4)P2, PI(3,4,5)P3 +++ -

Tubby PI(4,5)P2 +++ -

PLC31-PH PI(4,5)P2 +++ -

PLC31-PH NLS PI(4,5)P2 - -

Grpl-PH PI(3,4,5)P3 - -

Purified domains

Tubby PI1(4,5)P2 — + (nucleoli)

PLC31-PH PI(4,5)P2 + +++

OSHI1-PH PI(4)P + +++

Based on our results, antibodies and domains were rated as unsuitable
(). good (+), or very good (++-+)

however, they differ significantly from the patterns of over-
expressed domains.

Discussion

Nuclear PIs have been identified as important regula-
tors of various nuclear functions (reviewed in Shah et al.
2013). To better understand their role in the nucleus, tools
for nuclear PIs visualization both in vivo and in vitro are
needed. Here we performed a screen in which we aimed
to identify an approach to track nuclear PIs in space and
time. We compared labelling patterns of antibodies and
protein domains that can be used for detection of nuclear
PIs (summarized in Table 2). We showed that PI(4,5)P2
antibody recognizes PI(4,5)P2 and PI(3,4,5P3 on pro-
tein—lipid overlay. However, according to the results of
the blocking assay, the antibody is blocked by PI(3,4,5)P3
only partially while the incubation with PI(4,5)P2 abolishes
the antibody signal completely (Fig. 2a—c). Because the
cellular level of PI(3,4,5)P3 is more than 20-fold smaller
in comparison with PI(4,5)P2 (Stephens et al. 1993; Nas-
uhoglu et al. 2002), we believe that the signal detected by
anti-PI(4,5)P2 antibody comes from the nuclear PI(4,5)
P2. Although antibody against PI(3,4)P2, the second anti-
body we tested, is specific on protein—lipid overlay assay,
we show that it is not suitable for immunofluorescence

@ Springer



494

Histochem Cell Biol (2016) 145:485-496

under our experimental conditions since it can be partially
blocked by preincubation with most PIs tested (Fig. 2a,
b). We suspect that these discrepancies are caused by high
concentration of PIs spotted on the membrane, which do
not resemble well enough the physiological conditions. On
the other hand, the antibody against PI(4)P, the third anti-
body we tested, recognizes mainly PI(4)P as shown on both
protein—lipid overlay and blocking assay (Fig. 2a, b). Using
this antibody, we demonstrated for the first time that PI(4)
P can be detected in the cell nucleus and that its pattern
resembles the localization of PI(4,5)P2 in nuclear speckles.
This antibody also detects small foci in the nucleoplasm
and nucleoli (Fig. 1c). These results are in agreement with
published data, which repeatedly reported localization of
PI(4)P metabolizing enzymes in nuclear speckles (Boro-
nenkov et al. 1998; Szivak et al. 2006; Mellman et al. 2008;
Schill and Anderson 2009; Elong Edimo et al. 2011) and
nucleoli (Kakuk et al. 2008). Regarding the nucleolar PI(4)
P signal, we have shown previously that nucleolar PI(4,5)
P2 forms foci in fibrillar centres and in the dense fibrillar
component where it regulates rDNA synthesis and process-
ing (Sobol et al. 2013; Yildirim et al. 2013). It is possible
that the nucleolar PI(4)P serves as a precursor for PI(4,5)P2
in these compartments.

To track PIs in live cells, we overexpressed Pls-binding
domains fused with eGFP in U20S cells (Table 1; Fig. 3).
We confirm that these domains are suitable for PIs monitor-
ing in the plasma membrane and other cellular membranes.
The localization of overexpressed Pls-binding domains
in the nucleus has been described earlier, and it was con-
sidered as a consequence of overexpression. Since the
domains are relatively small, they could diffuse passively
through the nuclear pore (reviewed in Hammond and Balla
2015). We decided to inspect carefully the nuclear signal of
several overexpressed domains. Mostly, we observed simi-
lar nuclear patter of wild-type and mutant domains. How-
ever, we show that wild-type but not mutant EEA1-FYVE
domain localizes to foci in nucleoli. Therefore, the overex-
pressed EEA-1 FYVE domain can be used for visualization
of PI(3)P in nucleoli.

Since most of the overexpressed Pls-binding domains
were not suitable for PIs detection in the nucleus, we pre-
pared purified PLC31-PH, Tubby, and OSHI-PH domains
fused with eGFP. In contrast to the results obtained after
overexpression, purified PLC31-PH and Tubby domains
specifically detect PI(4,5)P2 in nucleoli. Moreover,
PLC81-PH shows PI(4,5)P2 localization also in nuclear
speckles. OSHI-PH detects nuclear PI(4)P in the nucleo-
plasm and concentrated in bigger nucleoplasmic foci, prob-
ably nuclear speckles. It is known that the concentration and
type of detergent used for permeabilization affect the detec-
tion of PIs in the cell (Mazzotti et al. 1995; Hammond et al.
2009). Therefore, we think that different conditions used for
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PIs detection are the reason for diversities between overex-
pressed and purified domains staining. After overexpression,
PIs-binding domains are targeted to the site of their ligand,
where they are fixed, and therefore, stronger signal from
cellular membranes can be detected. In case of purified PIs-
binding domains and antibodies, cell membranes are first
permeabilized, and then, PIs detection tools are applied. We
believe that these differences in sample preparation result in
reduction in the PIs signal from cellular membranes while
the signal from the nucleus, where PIs form complexes with
nuclear proteins, is more prominent. Therefore, purified
domains are more suitable tools for nuclear PIs detection.

We also report differences in the nuclear signal detected
by purified domains and antibodies in fixed cells. We
show that anti-PI(4,5)P2 detects signal mostly in nuclear
speckles and the nucleoplasm while purified PLC31-PH
detects strong signal also in nucleolar foci. Tubby domain
detects P1(4,5)P2 predominantly in nucleoli (Figs. la, 4).
We believe that domains and antibodies recognize differ-
ent pools of nuclear PIs with different affinities. It might be
caused by different mechanism of PIs recognition. More-
over, anti-PI(4,5)P2 is IgM isotype and is therefore more
than tenfold larger than both purified domains. Therefore,
the antibody might not be able to access the nucleolar pool
of P1(4,5)P2.

Here we identified some useful tools for Pls detection
in the nucleus (Table 2). Unfortunately, the tools which
would enable the visualization of nuclear PIs in vivo
are still missing. One possibility is the use of labelled
PIs. However, their use is problematic since they can be
modified or cleaved in the cell. The future goal is thus to
engineer such modifications of PIs which would enable
their delivery to the nucleus and subsequently study their
involvement in endogenous pathways, while preventing
their cleavage.
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ARTICLEINFO ABSTRACT

Keywords: Phosphoinositides are present in the plasma membrane, cytoplasm and inside the cell nucleus. Here we identify
FIP2 phosphatidylinositol-4,5-bisphosphate (PIP2) as a regulator of rRNA genes transcription at the epigenetic level.
PHF8 We show that PIP2 directly interacts with histone lysine demethylase PHFS (PHD finger protein 8) and represses
TDNA transcription demethylation of H3K9me2 through this interaction. We identify the C-terminal K/R-rich motif as PIP2-binding
ﬁﬁ:}“:z site within PHFS, and address the function of this PIP2-PHF8 complex. PIP2-binding mutant of PHFS has in-

creased the activity of rDNA promoter (20%) and expression of pre-RNA genes (475-100%; 455-66%).
Furthermore, trypsin digestion reveals a potential conformational change of PHF8 upon PIP2 binding. These
observations identify the function of nuclear PIP2, and suggest that PIP2 contributes to the fine-tuning of tDNA

transcription.

1. Introduction

Phosphoinositides (PIs) are phosphorylated derivatives of phos-
phatidylinositol, a glycerol-based lipid. Phosphorylation of myo-inositol
head group at every permutation of the 3-,4-,5-position yields seven
isomers with independent biological functions. Phosphoinositides are
known to act as signaling molecules involved in the regulation of
membrane dynamics, cell architecture and motility, cell differentiation,
proliferation and cell cycle progression, modulation of ion channels and
transporters, or generation of second messengers [1,2]. Pls, as signaling
molecules, are connected with direct dynamic regulation of nuclear
receptors through which many of transcriptional effects can be medi-
ated [3]. Not only PIs but also PIs-metabolizing enzymes such as In-
ositol polyphosphate multikinase (IMPK) also possess multiple func-
tions. IMPK is able to act in transcription and epigenetic regulation
through (i) interactions with steroidogenic factor 1 (SF1, nuclear re-
ceptor), (ii) generation of Ins(1,4,5,6)P4 thus increasing histone dea-
cetylase activity, or (iii) interactions with transcription factors such as
serum response factor (SRF), CREB-binding protein (CBP) and p53 [4].
Additionally, publications targeting the nuclear phosphoinositide-spe-
cific phospholipase C betal (PI-PLCbetal), are showing its importance
in processes such as myogenic, osteogenic or hematopoietic differ-
entiation [5].

In the cell nucleus, the presence of almost all PIs, except P1(3,5)P2,
has been documented [6-13]. To address PIs nuclear function, two
high-throughput screens have been recently performed aiming to
identify molecular interactions of PIs. More than 300 nuclear proteins
were found and many of them contain lysine/arginine (K/R)-rich motif
which mediates their interactions with the negatively charged phos-
phorylated myo-inositol head group of PIs [14,15]. These proteins are
involved in processes such as cell division, cell signaling, and tran-
scription, which indicate previously uncharacterized roles of nuclear
Pls.

The most studied nuclear phosphoinositide is phosphatidylinositol-
4,5-bisphosphate (PIP2) which localizes to nuclear speckles, small foci
in the nucleoplasm, and to the nucleolus [6,7,11,16]. Nuclear PIP2 acts
as a transcription activator interacting with the catalytic complex of
both RNA polymerases I and IT [11,16]. PIP2 regulates RNA polymerase
1I transcription probably by the direct interaction with histone H1 and
histone H3 [17]. This interaction shields H1/H3 positive charges and
thus interferes with their DNA binding ability, which leads to an altered
chromatin structure. In addition, PIP2 negatively regulates RNA poly-
merase II transcription by binding to the myristoylated transcriptional
co-repressor BASP1 [18]. It was shown that BASP1 requires PIP2 in
order to recruit HDAC1. The presence of HDAC1 at chromatin leads to
histone deacetylation which decreases promoter accessibility for
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transcription [18].

We have previously shown that PIP2 is in a complex with RNA
polymerase I, and it binds directly to the upstream binding factor (UBF)
and fibrillarin [19,16]. PIP2 binding provokes a conformational change
of UBF and fibrillarin, and increases their affinities for DNA and for
RNA. In addition, a PIP2 depletion by anti-PIP2 antibody from HeLa
cells nuclear extract results in a decrease of transcription. The tran-
scription activity can be restored by addition of exogenous PIP2 [16]. In
conclusion, PIP2 increases the binding affinity of UBF and fibrillarin
and thus facilitates not only RNA polymerase I transcription, but also
subsequent rRNA processing.

Among proteins from the high-throughput screens, PHD finger
protein 8 (PHF8) a histone lysine demethylase has been identified as a
possible interacting partner of nuclear PIP2 [14,15]. The PHF8 de-
methylates mono- and dimethylated lysine 9 of histone H3 [20-22],
dimethylated lysine 27 of histone H3 [22], and monomethylated lysine
20 of histone H4 [23]. As all these modifications are epigenetic re-
pressive marks [24-26], PHF8 acts as a transcription activator. Pos-
sessing this ability, PHF8 is involved in the regulation of numerous
physiological processes, such as craniofacial and brain development of
zebrafish [23]. In contrast, the absence of PHF8 or its loss of function
caused by mutation in the catalytic domain results in X-linked mental
retardation and cleft lip/palate [27,28].

Besides RNA polymerase II transcription, PHF8 also facilitates rDNA
transcription, which is executed by RNA polymerase I and its associated
factors in the nucleolus. PHF8 regulates rDNA transcription via binding
to H3K4me3 and subsequently demethylating H3K9mel/2. Moreover,
PHF8 associates with the RNA polymerase I catalytic subunit as well as
with the upstream binding factor (UBF) [21,22].

Current data suggest that PHF8 and PIP2 act at different stages of
RNA polymerase I transcription however, there is no description of PIP2
as an epigenetic regulator. To find whether PIP2 indeed affects such
events, we studied the role of the complex formed by PIP2 and PHFS.
Here we demonstrate a direct interaction between PIP2 and PHFS,
which affects the conformation of PHF8 and subsequently its ability to
activate transcription of rRNA genes.

2. Materials and methods
2.1. Cell cultures and transfections

Human cervical carcinoma (HELA), osteosarcoma (U20S), and
human embryonic kidney 293 (HEK 293) cells were grown in D-MEM
supplemented with 10% fetal bovine serum (FBS) at 37 °C in 5% CO»
humidified atmosphere. Suspension HELA cells were kept in S-MEM
supplemented with 5% FBS at 37 °C in 5% CO, humidified atmosphere.
Transfections were carried out using Lipofectamine 2000 (Invitrogen)
according to the manufacturer's protocol. Stable cell lines were pre-
pared by Lipofectamine 2000 transfection and selected in D-MEM with
10% FBS with addition of geneticin (G418) in final concentration
0.5 mg/ml.

2.2, Constructs

PHF8 was cloned from human ¢DNA into plE.T-42(a)+ (Novagen)
and used for protein purification. For mammalian expression, PHF8 was
inserted into pCMV-Tag4B (Strategene). Truncated forms of PHF8 as
followed 1-360 AA, 361-674 AA, 675-1024 AA were inserted into pET-
42(a)™ and used for protein purification. PIP2 binding mutant of PHF8
with mutated 282-836 AA (KSRPKKKK motif mutated to ASRPAGAA)
was prepared by Q5 site direct mutagenesis kit (New England Biolabs)
in p]E.'I‘-42(a)+ (Novagen) and pCMV-Tag4B (Strategene). Human rDNA
promoter for luciferase assay was prepared as described previously [29]
and cloned into pGL4.10 (Promega). The primers used in this study are
summarized in Sup. Table 1.
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2.3. Antibodies

Following primary antibodies were used in this study: anti-PIP2
mouse monoclonal IgM antibody (Echelon Biosciences Inc., clone 2C11,
Z-A045), anti-PHF8 rabbit polyclonal (Abcam, ab36068 and kind gift
from Ingrid Grummt, GCRC Heidelberg, Germany); anti-H3 goat poly-
clonal IgG (Abcam, ab12079), anti-H3K9me2 rabbit polyclonal IgG
antibody (Abcam, ab32521); anti-H3K9mel rabbit polyclonal IgG an-
tibody (Abcam, ab9045), anti-H3K27me2 rabbit polyclonal IgG
(Abcam, ab24684), anti-H3K36me2 rabbit polyclonal (Abcam,
ab9049), anti-H3K9 acetyl rabbit polyclonal (Abcam, ab10812), anti-
H4K20mel rabbit polyclonal (Abcam, ab9051), anti-Flag mouse
monoclonal IgG (Stratagene, clone M2, 200471), anti-GST mouse
monoclonal (Abcam, ab92), anti-GAPDH mouse monoclonal (Acris,
clone 6G5), anti-RPA194 (Santa Cruz, sc-28714), control mouse anti-
IgG (Abcam, ab81032), control mouse anti-IgM (Abcam, ab18401),
control rabbit anti-IgG (Abcam, ab46540).

Following secondary antibodies were used in this study: goat anti-
mouse IgM (p-chain specific) antibody conjugated with Alexa Fluor 555
(Invitrogen, A21426), goat anti-rabbit IgG (H + L) antibody conjugated
with Alexa Fluor 488 (Invitrogen, A11034), IRDye 680 donkey anti-
mouse IgG (H + L) antibody (LI-COR Biosciences, 926-68072), IRDye
800 donkey anti-mouse IgG (H + L) antibody (LI-COR Biosciences,
926-32212), IRDye 800 donkey anti-rabbit IgG (H + L) antibody (LI-
COR Biosciences, 925-32213), IRDye 680 donkey anti-rabbit I1gG (H
+ L) antibody (LI-COR, Biosciences, 926-68073), IRDye 800 Goat anti-
Mouse IgM (p chain specific) antibody (LI-COR Biosciences 926-32280),
IRDye 800 donkey-anti Goat IgG (H + L) antibody (LI-COR Biosciences,
926-32214), IRDye 680 donkey-anti Goat IgG (H + L) antibody (LI-
COR Biosciences, 926-68074).

2.4. Expression and purification of recombinant proteins

Construct of truncated forms of PHF8-GST and PIP2 binding mutant
of PHF8-GST in p]E.T-42(a}+ plasmid vector (Novagen) were trans-
formed and expressed in E. coli BL21(DE3). Transformed cells were
incubated for approximately 4h at 37 °C until OD = 0.6. Expression
was then induced by 0.5 mM IPTG for 2 h at 30 °C. Samples were lysed
by sonication in buffer (50 mM Tris (pH 7.5), 150 mM Nacl, 1% Triton-
X, complete protease inhibitors (Roche)) and purified using GST-
agarose beads according to manufacturer’s protocol (Sigma). SDS-PAGE
electrophoresis was used to check expression and purity.

2.5. Indirect immunofluorescence for super-resolution fluorescence
microscopy

U20S cells seeded on glass coverslips (18 x 18 mm) were fixed and
permeabilized with 90% ice-cold methanol in MeS buffer (100 mM 2-
(N-morpholino)ethanesulfonic acid pH 6.9, 1 mM EGTA, 1 mM MgCl»)
for 5 min at 4 °C. Coverslips were further blocked with 4% BSA in PBS
for 20 min at room temperature. After three washes with PBS, cover-
slips were incubated with the particular primary antibody diluted in
PBS overnight at 4 °C in a wet chamber. After incubation with primary
antibody, coverslips were washed with PBS-T (PBS supplemented with
0.05% Tween20). Subsequently, coverslips were incubated with cor-
responding secondary antibody for 1 h at room temperature in a wet
chamber. After three washes in PBS-T, coverslips were mounted in
Vectashield antifade medium with DAPI (Vector laboratories). Images
were acquired using microscope ECLIPSE Ti-E equipped with Andor
iXon3 897 EMCCD camera and objective CFI SR Apochromat TIRF
100 % /1.49 oil (Nikon). Software NIS-Elements AR 4.20.01 and NIS
Elements AR 4.30 was used for capturing and analysis of the images.
Pearson's correlation coefficient was measured from 10 region of in-
terest of five cells nuclei as is expressed as mean *+ standard deviation.
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2.6. Pull-down assay and co-immunoprecipitation

Nuclei were isolated from suspension Hela cells as described pre-
viously [30]. Pure nuclei were extracted using RIPA buffer (50 mM Tris
pH7.5, 150 mM NaCl, 0.5% deoxycholate, 1% NP-40, complete pro-
tease inhibitors (Roche)), sonicated and spun at 16000 g for 15 min.
Whole cell lysate was prepared by scrapping cells in lysis buffer
(150 mM NaCl, 50 mM Tris-HCl (pH 7.5), 5mM EDTA, NP-40 (0,5%
vol/vol), Triton-X (1% vol/vol)), sonication and subsequent cen-
trifugation. Clear lysate (1.5 mg/ml) was incubated with RIPA buffer
pre-equilibrated PIP2 or other phosphoinositides coated on agarose
beads (50 pl of slurry per sample; Echelon Biosciences) for 3-4 h at 4 °C.
Beads were then washed three times with RIPA. Bound proteins were
eluted by boiling in Laemmli buffer, separated by 10-15% SDS-PAGE,
and detected by subsequent immunoblotting. For
munoprecipitation RIPA buffer pre-equilibrated protein L or protein A
beads were incubated with primary antibody (2 pg) for 2h at 4 °C and
subsequently incubated with clear lysate (0.7 mg/ml) overnight at 4 °C.
After three washes with RIPA buffer, bound proteins were processed as
described for pull-down. For a direct interaction between PHF8 and
phosphoinositides coated agarose beads was used 5 pg of recombinant
Flag-PHF8 (Active Motif) per sample.

co-im-

2.7. RNA isolation and Q-PCR

Total RNA was isolated using TRIzol reagent (Thermo Fisher
Scientific) according to manufacturer’s protocol. Concentration of RNA
was measured on a spectrophotometer and integrity checked on a 1%
standard agarose gel. A total of 100 ng of RNA was reverse-transcribed
with random hexamer primers using SuperScript III First-Strand
Synthesis System kit (Invitrogen, Life technologies). Real-time PCR was
performed on ABI Prism 7300 instrument using SYBR Green PCR
Master Mix (Applied Biosystems, Life Technologies) with appropriate
primers. Data were evaluated with AACt method and transcript levels
normalized to GAPDH gene. The experiment was performed in tripli-
cates and repeated at least three times. Primers were previously pub-
lished [31-33] and are summarized in Sup. Table 1.

2.8. Chromatin immunoprecipitation (ChIP)

ChIP was performed according to [34].5 x 10° HEK293 cells were
crosslinked with 1% formaldehyde and quenched with 125 mM glycine.
Subsequently, DNA was sheared with 30 sonication cycles (30 s ON,
30s OFF; intensity HIGH) using Bioruptor Next Gen sonicator (Diag-
enode). Used lysis/IP buffer contained: 150 mM NaCl, 50 mM Tris-HCl
(pH 7.5), 5 mM EDTA, NP-40 (0.5% vol/vol), Triton X-100 (1.0% vol/
vol). 2 pg of antibodies against PHF8, Flag, H3K9me2, control rabbit
anti-IgG, control mouse anti-IgG or 4 pg of anti-PIP2 antibody and
control mouse anti-IgM were used. Input and immunoprecipitated DNA
was quantified by Q-PCR. Primers for rDNA promoter detection were
used as described previously [29]. Enrichment was calculated as IP over
chromatin input. The experiment was performed at least in three bio-
logical replicates.

2.9. Luciferase reporter assay

The firefly luciferase reporter pGL4.10 vector with inserted human
rDNA promoter (spanning —410 to + 314bp; accession number
K01105) or empty pGL4.10 vector were co-transfected with renilla lu-
ciferase reporter vector pGL4.74 into HEK293 cells stably over-
expressing PHF8 WT or PIP2 binding mutant of PHF8 by Lipofectamine
2000 (Invitrogen, Life technologies). After 24 h cells were lysed and
luciferase activity was measured according to Dual-Glo®Luciferase
Assay System protocol (Promega), using ModulusTM II Microplate
Multimode Reader (Turner Biosystems). Luminescence signal from
empty vectors was set as threshold for background signal. Data were
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normalized to renilla luciferase activity and assay was performed in
triplicate and repeated at least three times.

2.10. Limited protease digestion assay

Limited protease digestion assay was performed as described pre-
viously [16] with following modifications. Recombinant PHF8-Flag
(800 ng, Active Motif) was incubated with PIP2 and PIP3 (1 pg) in
BC100 buffer (20 mM Tris pH8, 20% glycerol, 100 mM NaCl) for
30 min at room temperature. After this period, trypsin (0.5 ng) was
added to the mixtures, and further incubated for 1 min at room tem-
perature. The digestion was stopped by adding Laemmli buffer and the
samples were denatured at 100 °C for 5 min. Then samples were sepa-
rated by 15% SDS-PAGE and changes in digestion pattern were detected
by subsequent immunoblotting.

2.11. Demethylation assay

The demethylation assay was performed as described previously
[35]. 3 pg of bulk histones (Sigma), 5 pg of PHF8-Flag (Active Motif)
and PIP2 (100 uM or 200 pM in Fig. 5b) or PIP2 and PIP3 (100 pM in
Fig. 5c¢) were incubated in reaction buffer (20 mM Tris-HCI (pH 7,5),
15 mM NacCl, 50 pM (NH4),Fe(SO4)s + 6(H50), 1 mM a-ketoglutarate,
2mM ascorbic acid) for 3h at 37 °C. The reaction was stopped by
Laemmli buffer, samples were separated by 15% SDS-PAGE and im-
munoblotting detection was performed.

3. Results
3.1. PIP2 is in complex with PHF8

Among proteins identified in high-throughput screens as a possible
phosphoinositides-interacting protein [14,15], we selected to focus on
PHFS8 histone lysine demethylase. To assess whether PIP2 and PHF8 are
in a complex, we performed pull-down of interacting proteins from
nuclear extract using PIP2, PI(3,4)P2 and PIP3-coated agarose beads.
Our results show that PHF8 was pulled-down only with PIP2, but not
with PI(3,4)P2, PIP3 beads or empty agarose beads (Fig. 1A). Ad-
ditionally, anti-PIP2 antibody co-immunoprecipitates PHF8 (Fig. 1B).
These data show that PHF8 forms a complex with PIP2 specifically. Vice
versa, we co-immunoprecipitated PIP2 together with PHF8 from HeLa
cells nuclear extract using anti-PHF8 antibody, thus confirming that
PIP2 is in complex with PHF8 (Fig. 1C).

The majority of PHF8 localize to the nucleolus [21,22] while a
majority of PIP2 localize to nuclear speckles and only a minority lo-
calize to the nucleolus [7,11,16,19,36]. In agreement with published
data and our observations, PIP2 and PHF8 co-localize in the cell nucleus
when visualized by indirect immunofluorescence. We observed a sig-
nificant co-localization (Pearson's correlation coefficient = 0.72 +

0.125) of these two molecules within the nucleus using a fluorescent
confocal microscopy (Fig. S1A) and a super-resolution structured illu-
mination microscopy (N-SIM, Nikon) method (Fig. 1D).

3.2. PIP2 interacts with PHF8 directly through a lysine/arginine-rich motif

The evidence about PIP2/PHF8 binding and their obvious co-loca-
lization in the cell nucleus led us to the next aim - to decipher the
mechanism of their interaction. To investigate whether PIP2 and PHF8
interact directly, we performed in vitro pull-down, where the PI(4)P, PI
(5)P, PIP2 or PIP3-coated agarose beads were incubated with re-
combinant Flag-tagged PHF8 (Flag-PHF8). Since we pulled-down Flag-
PHF8 by PIP2 beads only, we conclude that PIP2 and PHF8 are not only
in complex, but they interact directly (Fig. 1E).

To identify the specific PIP2-binding site at the PHF8 molecule, we
took advantage of bioinformatic analysis performed in Lewis etal. [11].
This parsing revealed three potential phosphoinositide-binding sites
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Fig. 2. C-terminal K/R-rich motif is the PIP2
binding site. (A) A scheme of PHF8 with
putative phosphoinositides binding sites
marked: PHD finger (light blue) and two
lysine/arginine-rich motifs (K/R, dark blue).
Position and composition of amino acid re-
sidues in K/R rich motifs is depicted. (B) In
vitro binding assay. Recombinant GST-PHFS
truncated forms were incubated with PI(3,4)
P2, PIP2 or PIP3-coated agarose beads and
detected by anti-GST antibody. Truncated
forms of PHF8 contain one putative phos-
phoinositide binding site: GST-PHF8 (1-
360)/PHD finger, GST-PHF8 (361-674)/K/
R-rich motif, GST-PHF8 (675-2014)/C-
terminal K/R-rich motif. (C) A scheme of
site-directed mutagenesis of PIP2 binding
site. (D) In vitro binding assay. Pull-down of
mutated truncated form of PHF8 (675-2014)
with PI(3,4)P2, PIP2 or PIP3-coated agarose
beads and detected by anti-GST antibody.
(E) Pull-down of Flag-PHF8 or Flag-PHF8
(PIP2 MUT) overexpressed in HEK293 cells
by PI(3,4)P2, PIP2 or PIP3-coated agarose
beads. Anti-Flag antibody was used for de-
tection.
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within PHFS8: two lysine/arginine (K/R)-rich motifs and one plant
homeodomain finger (PHD; Fig. 2A). To specify which part of PHF8
containing predicted lipid binding motifs is the exact PIP2-binding site,
we prepared three truncated forms of PHF8, where each truncation
contains just one putative PIs binding site. By pulling-down PI(3,4)P2,
PIP2 or PIP3-coated agarose beads incubated with purified truncated
forms of PHF8, we observed that only the C-terminal K/R-rich motif,
but neither PHD finger nor N-terminal K/R-rich motif interacted di-
rectly with PIP2 (Fig. 2B). To diminish the positive charge of the K/R-
rich motif and thus to avoid binding of negatively charged head of PIP2,
we mutated the basic stretches of lysines and arginines to neutral gly-
cines or alanines by site-directed mutagenesis (Fig. 2C). After using this
mutated truncated form of PHF8 PHF8 (PIP2 MUT) in an in vitro pull-
down, the binding was not observed (Fig. 2D). Binding of Flag-PHF8
and Flag-PHF8 (PIP2 MUT) overexpressed in HEK293 cells to P1(3,4)P2,
PIP2 or PIP3 (Fig. 2E) confirmed that mutation of C-terminal K/R rich
motif is enough to diminish PIP2 binding to PHF8. This experiment
confirms that C-terminal K/R-rich region is a PIP2-binding site within
the PHFS.

Altogether, we can conclude that PIP2 and PHF8 are not only pre-
sent within the same molecular complex in the cell nucleus, but they
interact directly through the K/R-rich motif present at the C-terminus of
PHF8.

3.3. PIP2 represses PHFS function at the rDNA promoter

It has been previously shown that PIP2 anchors splicing factors in
the nuclear speckles [36,7]. To investigate if PIP2 possesses the an-
choring function in complex with PHF8 in the nucleolus, we prepared
HEK293 stable cell lines expressing either wild type (WT) or PIP2-
binding mutant (PIP2 MUT) of PHF8. We observed by indirect im-
munofluorescence that PHF8 with mutated C-terminal K/R rich motif
(PIP2 MUT) is still present in the nucleolus (Fig. S1B) and that levels of
PIP2 where not changed (Fig. S1C). This observation indicates that PIP2
does not anchor PHF8 in the nucleolus in a similar manner as it anchors
splicing factors in nuclear speckles. We thus hypothesized that PIP2
rather influences PHF8 enzymatic function and focused then on specific
changes in histone post-translational modifications in PHF8 and PHF8
(PIP2 MUT) cell lines. Although, PHF8 is able to demethylate
H3K9mel, H3K9me2, H3K27me2 and H4K20mel [20-23], we ob-
served a significant decrease of H3K9me2 level upon mutation only,
while the other histone levels remained unchanged (Fig. 3). Con-
sistently, after siRNA-mediated knockdown of PHF8 a decrease of
H3K9me2 level was diminished in PHF8 (WT) or PHF8 (PIP2Z MUT)
(Fig. 3E and S2A-B). As there is an interplay between histone post-
translational modifications [37], we looked for changes in non-sub-
strate histone marks for PHF8 including H3K4me3, H3K9me3,
H3K36me2 and H3K9ac (Fig. S2C-F). We observed no significant
changes in these histone modifications either. To rule out the possibility
that the effect is caused by an unequal PHF8 overexpression or en-
dogenous PHFS in these two cell lines, we measured the level of over-
expressed and endogenous PHF8 in HEK293 stable cell lines on western
blot (Fig. S3). The quantification confirms that there is an identical
amount of both PHF8 and PHF8 (PIP2 MUT) over-expressed in cell
lines. To conclude, we can claim that PIP2 negatively influences PHF8
activity as a H3K9me2 histone demethylase.

It was shown that PHF8 activates rRNA genes transcription by de-
methylating H3K9mel/2 directly at the rDNA promoter [21,22]. This
suggests that PHF8-PIP2 complex might have a function in rRNA genes
transcription. To test this hypothesis, we performed chromatin im-
munoprecipitation (ChIP) and confirmed that both PIP2 and PHFS8 as-
sociate with the rDNA promoter (Fig. 4A). Moreover, ChIP further re-
vealed that PHF8 (PIP2 MUT) is still bound to the rDNA promoter,
again providing the evidence that PIP2 does not anchor PHFS to the
chromatin (Fig. 4B). To study the effect of PHF8 mutation on the rDNA
expression, we inserted rDNA promoter upstream of the firefly
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luciferase gene and measured luciferase expression. When we over-ex-
pressed this array in PHF8 (PIP2 MUT) cell line, the promoter activity
was significantly increased by approx. 20% in comparison with PHF8
(WT) stable cell line (Fig. 4C). No difference in the promoter activity
was observed, when only empty vector with luciferase gene was over-
expressed in these cell lines. This led us to conclude that the PHF8-PIP2
complex affects rRNA genes transcription in a negative manner. To
further confirm this result, we isolated RNA from HEK293 cell line
stably over-expressing PHF8 (WT) or PHF8 (PIP2 MUT) or empty Flag
plasmid as control, and performed RT-qPCR to detect rRNA genes
transcription. We measured the expression of 475 pre-fRNA (primary
rRNA transcript) and 455 pre-rRNA (processed primary transcript)
genes and observed that the mutation in the PIP2-binding site caused a
significant increase in 475 and 45S pre-rRNA expression by approxi-
mately 57% and 30%, resp. (Fig. 4D) compared to PHF8 (WT) or ap-
proximately by 100% and 66%, resp. compared to endogenous PHFS.
We confirmed these results for increased 47S pre-rRNA transcription
(~ 80%) also by metabolic labeling of nascent RNA (Fig. S4A). Next, we
investigated RNA polymerase I association with rDNA promoter in from
HEK293 cell line stably over-expressing PHF8 (WT) or PHF8 (PIP2
MUT) or empty Flag plasmid as control. We observed increased pre-
sence in PHF8 (PIP2 MUT) compared to PHF8 (WT) and HEK293-Flag
(Fig. 4E) and this result is coherent with increased pre-rRNA genes
expression. To rule out the possibility that observed increased RNA
polymerase I transcription is a secondary or unrelated effect of in-
creased cell proliferation we measured cell proliferation in PHF8 (PIP2
MUT) upon siRNA treatment (Fig. S4B.) and we did not observe any
difference. These data are consistent with the increase in reporter ac-
tivity upon PHF8 (PIP2 MUT) over-expression. Altogether, these data
show that the capability of PHFS8 to associate with PIP2 diminishes its
H3K9me2 demethylation activity leading to an efficient repression of
rDNA transcription.

3.4. PIP2 binding probably changes conformation of PHF8 and represses
H3K9me2 demethylation at the rDNA promoter

Here we show that PIP2 and PHF8 form a functional complex,
which influences histone demethylation and rDNA transcription. We
performed ChIP of H3K9me2 from PHF8 (WT) and PHF8 (PIP2 MUT) or
control Flag HEK293 cell lines, and we found approximately 20% de-
crease in the H3K9me2 level at the rDNA promoter in PHF8 (PIP2 MUT)
cell line (Fig. 5A). We further tested whether PIP2 is able to affect di-
rectly the PHF8 demethylation activity, and performed in vitro histone
demethylation assay with recombinant PHF8 on bulk histones. PHF8
itself was active, as we observed a decrease in H3K9me2 down to 50%
of the input. When PHF8 was pre-incubated with PIP2 (100 pM and
200 pM), we did not observe any changes in H3K9me2 level from the
input level (Fig. 5B), thus PIP2 represses PHF8 activity. Furthermore,
when we pre-incubated PHF8 with PIP3 (100 uM), we observed a
H3K9me2 decrease as with the PHF8 itself (Fig. 5C). We also tested
PIP2 influence on demethylation of H4K20mel by PHF8 but we did not
observe any change in PHF8 activity upon PIP2 or PIP3 addition (Fig.
52G). Therefore, we conclude that PIP2 represses H3K9me2 demethy-
lation activity of PHF8 directly and this repression is PIP2 specific.
Taking these data together, we claim that PIP2 directly represses PHF8
function as an H3K9me2 demethylase and subsequently represses its
function as a transcription activator of rRNA genes.

The abovementioned results identify the specific motif of PIP2 in-
teraction to PHF8, and the functional changes after PIP2 binding to the
demethylase. In order to investigate the molecular mechanism by which
PIP2 binding to PHF8 influences rRNA genes transcription, we per-
formed limited protease digestion assay. The recombinant Flag-PHF8
was incubated with synthetic PIP2 or synthetic PIP3, and subsequently
digested by trypsin. We observed that PHF8 trypsin digestion profile
was significantly changed upon incubation with PIP2 but not with PIP3
(Fig. 5D). This result suggests that a potential conformational change of
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was co-transfected with renilla luciferase to HEK293 cell line overexpressing PHF8 (WT) or PHFS (PIP2 MUT). For normalization, renilla luciferase and firefly luciferase without promoter
was co-transfected together to HEK293 PHF8 (WT) or PHFS (PIP2 MUT). The luminescence was evaluated from three biological replicates at least. (D) pre-rRNA genes expression
measured by RT-qPCR. Experiments were evaluated from three biological replicates at least. (E) ChIP by anti-RPA194 and anti-IgG antibody from HEK 293 cell overexpressing PHFS (WT)

or PHF8 (PIP2 MUT) or overexpressing empty Flag-plasmid. n.s.; *p < 0.05, **p < 0.01, ***p
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9.
Flag- PHF8

Fig. 5. PIP2 probably causes a conformational
change in PHF8 which influences H3K9me2 de-
methylation activity of PHF8. (A) ChIP by anti-
H3K9me2 antibody from HEK 293 cell over-
expressing PHF8 or PHFS (PIP2 MUT) or empty
Flag plasmid. (B) In vitro demethylation assay.
Bulk histones were incubated with Flag-PHF8
and increasing amount of PIP2 (100 or 200 pM).
Below western blot is quantification of H3K9me2
signal normalized to H3 signal. Experiments were
evaluated from three biological replicates at
least. (C) In vitro demethylation assay. Bulk his-
tones were incubated with Flag-PHF8 and PIP2 or
PIP3 (100 pM). Below western blot is quantifi-
cation of H3K9me2 signal normalized to H3
signal. Experiments were evaluated from three
biological replicates at least. (D) Trypsin diges-
tion of PHF8. Flag-PHF8 was incubated with PIP2
or PIP3 and subsequently digested by trypsin.
Arrows show a change in digestion pattern after
addition of PIP2. Experi ts were 1 d
from three biological replicates at least. n.s.;
*p < 0.05, **p < 0.01, ***p < 0.001.

Fig. 6. PIP2 regulates rRNA genes expression by in-
teraction with PHFS8. Schematic representation of
tRNA genes expression by Polymerase [ in case of PIP2
binding to PHF8 or PIP2 binding mutant of PHFS
(PHFS8 (PIP2 MUT)). In case of PIP2 binding to PHFS,
PIP2 probably triggers a conformational change of
PHFS8 and represses its activity (normal level of tran-
scription). In case of PHFS (PIP2 MUT), PIP2 does not
bind to PHF8 and therefore there is no repression of
PHFS (increased level of transcription). PHFS (PIP2
MUT) is more active than PHFS8 in complex with PIP2
what might lead to misregulation of rRNA genes ex-
pression.
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PHF8 occurs upon PIP2 binding.

In conclusion, our results indicate that PIP2 binding to PHF8 ne-
gatively regulates PHF8 demethylase activity which leads to higher
H3K9me2 levels at the rDNA promoter, and negatively regulates ex-
pression of pre-rRNA genes (Fig. 6). We propose that the mechanism
behind this fine-tuning of rRNA genes transcription regulated by PIP2-
PHF8 complex is PIP2-triggered conformational change of PHF8.

4. Discussion

Here we demonstrate a novel function of PIP2 as a regulator of
rRNA genes transcription at the epigenetic level. PIP2 directly interacts
with PHF8 and this binding most probably causes PHF8 conformational
change. PIP2 binding negatively regulates PHF8 function as H3K9me2
histone lysine demethylase and thus negatively regulates pre-rRNA
genes expression. Here we propose that PIP2 is an important player in
fine-tuning of the regulation of rRNA genes transcription (Fig. 6).

In this study, we present data that PHFS8 is in a complex with PIP2
and not with other phosphoinositides (PIs), and PIP2 binds to PHF8
directly. Our results complement the set of unique PIs interacting nu-
clear proteins and thus clarify the PIs involvement in the nuclear pro-
cesses. Gozani et al. described the ING2 protein, involved in regulation
of the p53 acetylation, as a specific interaction partner of PI(5)P [38].
Direct binding of phosphoinositide to a chromatin-associated protein
was also described by Gelato et al. [39]. They showed a preferential
binding of PISP to UHRF1, a DNA methylation maintenance factor.
Several phosphoinositides can directly bind to Pfl through its polybasic
region (PBR, enriched in lysine and arginine) C-terminally of the PHD
domain [40]. Also, Viiri et al. identified the PBR region of SAP30 and
SAP30L as a PIs binding site and the interaction of monopho-
sphoinositides with SAP30L regulates its subcellular localization,
chromatin association, and activity [41]. PI binding sites were identi-
fied in EBP1 as K/Rrich motifs and EBP1 associates with PIP3 in the
nucleolus [42]. This is in conformity with our identification of PIP2-
binding motif in PHF8. Another protein, the scaffold protein 1Q motif
containing GTPase activating protein 1 (IQGAP1), was shown to bind
directly to PIs and multiple kinases. Based on known data a speculation
about two possible roles of IQGAP1 raised. One possible role for
IQGAP1 is though interaction with kinases as a PI(5)P controller and
regulator. The second one is through direct interaction with PI(5)P
where IQGAP1 serve as a PI(5)P reservoir in the cell nucleus [43].
Obviously, Pls are involved in various unknown nuclear processes
through interactions with PIs binding proteins however, new innovative
approaches are needed to fully understand PIs importance.

Not only PIP2 binds to PHFS8, but we demonstrate a direct interac-
tion and moreover, the influence of PIP2 on PHF8 activity. So far, it has
been reported only an indirect effect of inositol pyrophosphate on
histone demethylase [44]. Burton et al have shown that chromatin
association of JMJD2C histone demethylase is regulated by IP¢K1 (in-
ositol hexakisphosphate kinase 1) and its SPP-IP5, a isomer of IP7
(inositol pyrophosphate), production. Moreover, they observed a spe-
cific influence of IPgK1 on H3K9me3 levels but not on H3K36me3 le-
vels, although both trimethylations are substrates for JMJD2C activity.
Their data are in agreement with our results. We claim that PIP2 in-
fluences specifically H3K9me2 levels, but not the level of other PHF8
substrates. The proposed mechanism for the specific influence of
H3K9me2 level is caused by the possible PIP2-triggered conformational
change of PHFS8. Previously, Gelato et al. showed an allosteric con-
formational change of UHRF1 upon PI(5)P binding [39]. In agreement,
the conformational change of UBF and fibrillarin upon PIP2 binding
was observed by Yildirim et al. [16]. This might be a universal me-
chanism of PIs binding partners regulation. Based on this, we hy-
pothesized that repression of PHF8 activity upon PIP2 binding might be
caused by a conformational change in JmjC catalytic domain or in PHD
finger, which is responsible for H3K4me3 recognition and binding.

The demethylation of H3K9me2 by PHF8 is connected with rRNA
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genes transcription [21,22]. Based on our data, we conclude that PIP2
binding to PHF8 represses rRNA genes transcription. Chakrabarti et al.
observed a similar effect on rRNA (458 pre-TRNA and 185 rRNA) genes
silencing caused by PISPK, an enzyme that catalyzes phosphorylation of
PI4P at 5 position, and its association with H3K9me3 and HP1-a. Based
on our observations we are inclined to agree with authors' speculation
about a direct role of the nucleolar PIPSK per se in modulating the
biosynthesis of rRNA in the paper discussion [45]. Together our data
suggest that PIP2 influences rRNA genes transcription by different
pathways and interacting proteins than its kinase. On the other hand, it
cannot be unquestionably excluded that PISPK regulation observed by
Chakrabarti et al. is caused by the production of PIP2 or downstream
signaling molecules.

As rDNA transcription is an undoubtedly important cellular process,
it needs to be regulated at multiple levels and by multiple pathways.
Previously, we have published that PIP2 binds directly to UBF and fi-
brillarin, and interacts with RNA polymerase I machinery [16]. There
we speculated that PIP2 mediates a connection between rRNA genes
transcription, and early maturation processes as PIP2 directly binds to
UBF and fibrillarin, proteins involved in these processes. This suggests
that by interaction with specific protein partners, PIP2 can be involved
in regulation of rRNA transcription at multiple levels, at the initiation of
transcription, rRNA processing, and also at the epigenetic level. Simi-
larly, the dual function of PIP2 has been observed for its involvement in
the regulation of RNA polymerase II transcription. PIP2 promotes RNA
polymerase II transcription by direct interaction with histone H1 [17]
but on the other hand, PIP2 represses by RNA pol II transcription by
interaction with BASP1 and subsequently mediated interaction with
HDACI1 [18]. Moreover, the decrease of H3K9me2 levels in PHFS (PIP2
MUT) was observed in whole cell lysate, where we cannot exclude the
effect on RNA polymerase II transcription. Thus according to published
and our data, we expect that PHF8-PIP2 complex influences not only
RNA polymerase I but influences RNA polymerase II transcription as
well.

In summary, we proposed a mechanism of PIP2 epigenetic function
on rRNA genes expression in the mammalian cell line. Obviously, fur-
ther investigation about PHF8 conformational change and interaction
with other histone modifying enzymes is necessary. Nevertheless, the
regulation of rRNA genes expression is undoubtedly a critical step of
which misregulation may impair essential processes as cell growth,
proliferation, and survival [46]. Since PIP2 is involved in this regula-
tion at multiple levels, the results document its importance in the cell
nucleus and reflect the need for further research on nuclear PIs func-
tions.
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Abstract

One of the most studied phosphoinositides is phosphatidylinositol-4,5-bisphosphate (PIP2) which localizes
to plasma membrane, nuclear speckles, small foci in the nucleoplasm, and to the nucleolus in mammalian
cells. Here we discovered that PIP2 localizes to the nucleus in prophase I, during gametogenesis of C.
elegans hermaphrodite. The depletion of PIP2, by PPK-1 kinase RNA interference, results in the altered
chromatin and leads to various defects during meiotic progression. We observed decreased brood size and
aneuploidy in progeny, defects in synapsis and crossover formation. Most probably, the presence of altered
chromatin structure reflects in the increased transcription rate- a tightly regulated process in prophase 1. To
elucidate involvement of PIP2 in processes during C. elegans development, we have identified PIP2-

binding partners (such as LRR-1, PBS-4), pointing to its involvement in the ubiquitin-proteasome pathway.

Key words: nucleus, phosphatidylinositol-4,5-bisphosphate, PPK-1, C. elegans



Introduction

Meiotic division is a specific process of gametogenesis, where DNA from maternal cell replicates
and consequently divides in two turns of cell division, into new haploid germ cells. In Caenorhabditis
elegans, this includes pairing of homologous chromosomes, which occurs during the leptotene and zygotene
stages of prophase I (transition zone of the germ line). During this highly dynamic process, the two
homologous copies of each chromosome find each other within the nucleus through an active search process
that enables chromosomes to distinguish “self versus non-self” and assume a side-by-side alignment [1].
The process of pairing is coupled with synaptonemal complex assembly between homologs and crossovers
(COs) formation which provide sufficient tension to align chromosomes on the spindle. As chromosome
pairing, a prerequisite for CO formation, is complete by exit from the transition zone, the failure of COs
formation results in randomly segregated chromosomes during the first meiotic division and subsequent
aneuploidy [2,3].

Processes connected with meiotic progression are complexed and involve several regulation steps,
which are influenced by the chromatin state. Modifications of DNA are modulating accessibility of the
nucleosomal DNA, which is critical for transcription, replication, recombination and DNA damage repair
[4]. DNA transcription in germ cells is tightly regulated and represents ~ 21% from transcription of all
genes [5], mostly expressing only proteins involved or regulating the meiotic progression.

Additionally, changes in the nuclear structure and in both DNA and RNA polymerases activities can
be caused also by nuclear phospholipids [6-11]. Previously studies showed that in vitro addition of
positively charged lipids lead to chromosome condensation while negatively charged lipids caused
decondensation [12]. Phosphatidylinositol-4,5-bisphosphate (PIP2) is one of the most studied
phosphoinositides. PIP2 localization to plasma membrane, nuclear speckles, small foci in the nucleoplasm,
and to the nucleolus was described in mammalian cells [13-16]. It is known that nuclear PIP2 acts as a
transcription activator or repressor interacting with the protein complexes of RNA polymerases I and II or

with the histone demethylase [15-17]. PIP2 regulates RNA polymerase Il transcription apparently by the



direct interaction with histone H1 and H3, shielding positive charges of histones and thus competing with
their ability to bind DNA [18]. Additionally, PIP2 can play a role in RNA polymerase II transcription
repression through binding to the myristoylated transcriptional co-repressor BASP1. Toska et al. showed
that BASP1 requires PIP2 binding for recruitment of histone deacetylase 1 (HDACI) to chromatin which
led to histone deacetylation and thus decreased promoter accessibility for transcriptional machinery [19].

Phosphoinositides metabolism is very complex thus to overcome this, a simple organism
Caenorhabditis elegans have been used to investigate roles of phosphoinositides and its kinases or
phosphatases [20-29]. In C. elegans, some enzymes have a unique role such as Type I PIP kinase (PPK-1
kinase, homolog of PISPK) thus we can manipulated specific phosphoinositide species. PPK-1 is a specific
kinase so far known to be responsible for PIP2 synthesis only. PPK-1 kinase localizes to the plasma
membrane and is strongly expressed in the neuronal system of C. elegans [30]. They showed that purified
PPK-1 kinase is able to generate PIP2 in vitro and PPK-1 overexpression increases PIP2 level in vivo.

Another described role of PPK-1 is in C. elegans ovulation. PPK-1 localization was observed in
somatic tissues such as neuronal cells [30,31] and also in gonad sheath and distal tip cells, spermatheca,
uterine and vulva muscles [31]. The reduced PPK-1 expression results in the depletion of PIP2 which causes
worms sterility, defective ovulation, reduced contractility of sheath cells and disorganization of myosin
filament.

Here in this study we show PIP2 localization in nuclei in the distal gonad of C. elegans
hermaphrodite, and in nuclei of early embryos. Thus, we focus on PIP2 functions connected with C. elegans
chromatin organization and their physiological importance. Interestingly, we discovered that depletion of
PIP2 results in the altered chromatin, impaired chromosome pairing with consequent defect in crossover
formation. Strikingly, these defects were accompanied with increased levels of DNA transcription. As DNA
transcription in germ cells is tightly regulated [5], increased detection of RNA polymerase I and II in germ
cell nuclei and increased 5-FU incorporation are most probably signals for observed DNA-damage-driven
apoptosis in C. elegans gonad. Moreover, we identify PIP2 interacting proteins in gonadal nuclei, pointing
to its involvement in ubiquitin-proteasome pathway.
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Results
PIP2 is present in C. elegans prophase I nuclei and embryos

To described PIP2 role in C. elegans we decided to investigate its localization in the germinal part
of gonad (prophase I and diakinesis) and in embryos of the wild type N2 (Bristol) strain. Indirect
immunofluorescence using anti-PIP2 antibody showed localization of PIP2 in C. elegans germ cells. PIP2
was apparent inside of the prophase I nuclei (transition zone and pachynema) excluded from chromatin,
possessing the same intensity and pattern (Fig. 1a). It is known that PPK-1 is PIP2 synthesizing enzyme,
thus the depletion of PIP2 is possible via knockdown of PPK-1 [30]. After 48 hours of RNA interference
(RNA1), we observed a dramatic decrease of PIP2 signal (down to 90%, Fig. 1b). The decrease of PIP2
level after ppk-1(RNAi) was additionally confirmed by dot blot detection of PIP2 in a single worm (whole
body) lysate (Fig. 1¢). Next, we observed by indirect immunofluorescence that PIP2 is present in the
cytoplasm but also in the nucleus from 1-cell stage embryo through embryogenesis to 2-fold stage larvae
(Fig. 1d). The intensity of PIP2 signal decreases after the bean stage of C. elegans embryo. In addition, we
observed PIP2 co-localization with NOP-1 (fibrillarin) in C. elegans gonad and embryo (Fig. le-f).
Importantly, observed PIP2 nuclear localization differs from PPK-1 localization (Sup. Fig. 1a-b). The
observed nuclear pattern of PIP2 in meiotic nuclei and embryonic cells recapitulate known pattern, observed

in interphase cells [16,32-34].

Depletion of PIP2 decreases brood size and increases male incidence

To assess PIP2 importance in the regulation of C. elegans gametogenesis, we further scored the brood
size, male incidence and viability of progeny after PIP2 RNAi depletion. To differ between somatic and
germ line effect of PIP2, we used the rrf-1(pk1417) worm strain, which is sensitive to RNA interference in
the germ line but resistant on the somatic level [35]. This revealed an original role of PIP2 in germ cells,
additional to already described function in soma, or contractile part of the uterus resp. [30,31]. For depletion
of PIP2 in rrf-1 strain, we applied RNAI feeding strategy to decrease levels of PPK-1 kinase (ppk-1(RNAi)).
As a control strain, we used rrf-1(pk1417) C. elegans strain fed only with an empty L4440 RNAi vector
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(wild-type). After 48 hours of RNAIi via feeding, we observed a decreased brood size (around 60%; Fig.
1g) and a higher male incidence in the progeny (Fig. 1h) upon PIP2 depletion (ppk-1 (RNAi)) in comparison
to mock fed control. In contrast, we did not notice any change in worms viability, all laid worms were

hatched (Fig. 1h). All data together, suggest that PIP2 is involved in germ cells processes independently

from its somatic function.
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Figure 1. PIP2 in C. elegans. (a) Indirect immunoflourescence of PIP2 in disected N2 C.elegans gonad.
Asterisks mark the distal tip. Transition zone is underlined. Scale bar represents 20um. (b) Indirect
immunoflourescence of PIP2 in germ cell nuclei in ppk-1(RNAi) background. Asterisks mark the distal tip.
Transition zone is underlined. Scale bar represents 20um. (c) Dot blot dection of anti-PIP2 upon single
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of anti-PIP2 in embryogenesis of C.elegans N2 strain. Arrows point to pronuclei. Scale bar represents Sum.
(e) Co-localization of anti-PIP2 (red) and anti-NOP-1(green) in N2 strain germ cell nucleus. Scale bar
represents 1um. (f) Co-localization of anti-PIP2 (red) and anti-NOP-1(green) in N2 strain 5-cell stage
embryo. Scale bar represents 10pm. (g) Quantification of brood size per rrf-1(pk1417) worm in ppk-
1(RNAi) or L4440 (WT) background; (N (number of biological replicates) = 3, n (number of animals per
replica) = 30). (h) Quantification of worms viability and male incidence of rrf-1(pk1417) strain in ppk-
1(RNAi) or L4440 (WT) background. Statistical comparisons between genotypes were performed using
Student t-test: n.s. non-significant; * P <0.05; ** P <0.01; *** P <0.001

PIP2 depletion causes aneuploidy and altered chromatin structure in oocytes
In the next set of experiments, we focused on an explanation behind previously observed increase of
males (X0) and a decrease of progeny after PIP2 depletion from the gonad by ppk-1(RNAi). To address this
question we focused on nuclei in the proximal part of C. elegans gonad and oocytes [36,37]. For
experiments with ppk-1(RNAi) we again took advantage of rrf-1(pk1417) C. elegans strain which is RNAi
somatic cells insensitive but germ cells sensitive [35]. After 48 hours of RNAI treatment we visualized
DNA by DAPI (4',6-Diamidino-2-Phenylindole) in dissected gonads. We scored proximal oocyte nuclei
that have entered diakinesis. The most proximal oocyte is designated as -1 before ovulation into the
spermatheca, where fertilization occurs. We observed that oocytes in proximal part of gonad are
dispositioned compare to WT (Fig. 2a) and moreover, that the chromatin structure was altered (Fig. 2a
inset). We counted DAPI stained bodies and revealed a presence of univalents (Fig. 2a inset, Fig. 2b).
According to statistical evaluation, approximately 20% of ppk-1(RNAi) nuclei have univalent DAPI stained
bodies compare to approximately only 3% of univalents in nuclei of C. elegans WT oocytes (Fig. 2b).
These are serious phenotypes observed after PIP2 depletion by ppk-1(RNAi) specifically from the
gonad. During the meiotic division, chromatin state is inevitable to allow proper chromosome pairing and
segregation. Thus, our observation of the univalent DAPI stained bodies and the altered chromatin in
oocytes led us to speculation that these might be the cause of previously observed increase of male incidence

(X0) in the population and progeny reduction.
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Figure 2. Increased number of DAPI stained bodies. (a) DAPI staining of oocytes DNA in the distal
part of dissected rrf-1(pk1417) gonads in ppk-1(RNAi) or WT background. Numbers represents oocytes
positions. In the inset arrows point to supernumerary DAPI stained bodies and altered chromatin. Scale bar
represents 15um. (b) Number of DAPI stained bodies in ppk-1(RNAi) or WT oocytes. Arrows point to
supernumerary bodies. Graph represents quantification of ration between univalent and bivalent DAPI
stained bodies in ppk-1(RNAi) or WT oocytes (N=3, n=20). Scale bar represent 2,5um.

DNA transcription increases upon PIP2 depletion in germ cells nuclei

Germ cell nuclei in prophase I are highly condensed and the transcriptional activity is tightly
regulated. After observed altered chromatin structure we hypothesized that this might lead to chromatin
decondensation therefore, we decided to investigate changes in the transcriptional activity. In this
experiment, we used again rrf-1(pk1417) C. elegans strain for specific depletion of PIP2 from gonad. We
performed indirect immunofluorescence by anti- RNA polymerase II CTD subunit phosphorylated at serine
2 antibody (RNA pol II pCTD) and detected approximately 20% increase in RNA pol I pCTD signal upon
ppk-1(RNAi) compare to WT gonads (Fig. 3a). Next, we performed the same set up of experiment but
investigated RNA polymerase I localization by anti-RNA polymerase [ (RPA116) antibody (Fig. 3b). Also,
we evaluated that RPA116 has increased fluorescent signal by around 30% in ppk-1(RNAi) gonads compare
to WT. Here we confirmed the increased presence of RNA polymerase I and II in germ cells nuclei after

PIP2 depletion from C. elegans gonad.



To examine a change in the transcriptional activity we treated rrf-1(pk1417) worms with 8mM 5-
Fluorouridine (5-FU) which incorporates into newly transcribed RNA. Then we performed indirect
immunofluorescence to visualize RNA incorporated with 5-FU using anti-BrdU antibody which recognizes
also 5-FU. We observed that in ppk-1(RNAi) worms, the nascent RNA incorporated with 5-FU, was
detected after just 5 minutes’ incubation. The 5-FU signal was still detected even after 10 and 15 minutes’
incubation. On the other hand in WT control gonads, we detected the nascent RNA with incorporated 5-FU
neither after 5 nor 10 minutes’ incubation. The 5-FU signal was in WT gonads detected first after 15
minutes’ incubation (Fig. 3c-d). Moreover, when we inhibited transcription by actinomycin D (AMD) in
concentrations of 0.01, 0.05, 1 or 2 pg/ml, we detected any 5-FU incorporation after 5 minutes 5-FU
treatment neither in WT nor ppk-1 (RNAi) gonads (Fig. 3e). These results strongly suggest that
transcriptional activity measured by 5-FU incorporation into the nascent RNA was increased in worms with
depleted PIP2.

Obtained data showed that increased 5-FU incorporation is caused by the elevated transcription rate.
Moreover, elevated transcription is consistent with increased localization of RNA pol I and II in the C.
elegans gonad. All data together reveal PIP2 importance for the transcriptional regulation in meiotic germ

cells nuclei of C. elegans.

PIP2 depletion increases germ cells apoptosis and DNA damage
We hypothesized that observed increased localization of RNA pol I, RNA pol II, increased 5-FU
incorporation upon PIP2 depletion (Fig. 3) may cause DNA damage, and repair as the transcription is tightly
regulated. Therefore, based on published data and obtained results in this study we decided to investigate

the possible connection between PIP2 function and C. elegans genome stability.
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Figure 3. Increased transcription upon ppk-1(RNAi). (a) Indirect immunofluorescence of pCTD of RNA
polymerase Il in ppk-1(RNAi) or L4440 (WT) germ cell nuclei. Graph represents mean fluorescence
intersity measured from N= 3, n= 60. (b) Indirect immunofluorescence of subunit 116 of RNA polymerase
Lin ppk-1(RNAi) or L4440 (WT) germ cell nuclei. Graph represents mean fluorescence intersity measured
from N= 3, n= 60. (c-d) ) Indirect immunofluorescence of 5-FU in ppk-1(RNAi) or L4440 (WT) background
in the timecourse (N= 3, n=40). (e) Indirect immunofluorescence of 5-FU in ppk-1(RNAi) or L4440 (WT)
background upon actinomycin D treatment (N= 3, n=40). Scale bars represent Spum. Statistical comparisons
between genotypes were performed using Student t-test: n.s. non-significant; * P < 0.05; ** P < 0.01; ***
P <0.001
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First of all, we investigated the localization of YH2AX and RAD-51, markers of DNA double stands
breaks and repair. We observed their localization upon ppk-1(RNAi) and wild-type control rrf-1(pk1417).
By anti- YH2AX and anti-RAD-51 antibody, we observed increased localization of these proteins in nuclei
with depleted PIP2 compare to WT rrf-1(pk1417) germ cells nuclei. The increase of signal was noticeable
only in pachytene stage of prophase I, but not in the leptotene/zygotene (transition) or mitotic region (Fig.
4). Ppk-1(RNAi) worms exhibit elevated numbers of RAD-51 foci in pachytene nuclei compare to WT.
83% of ppk-1(RNAi) nuclei exhibit 4 and more RAD-51 foci per cell compare to 63% in WT worms.
Additionally, 10% of ppk-1(RNAi) germ cells nuclei have more than 10 RAD-51 foci per cell, however we

did not observed any nuclei with more than 10 RAD-51 foci in WT germ cells (Fig. 4).
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Figure 4. Increased DNA damage and repair upon ppk-1(RNAi). Indirect immunofluorescence of anti-
RAD-51 and anti-yH2AX in mitotic, leptotene/zygotene (transition) or pachytene ppk-1(RNAi) and L4440
(WT) germ cell nuclei. Graph represents % of pachytene nuclei with counted number of RAD-51 foci (N=
3, n=30). Scale bar represents Sum.
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Next, we depleted PIP2 from C. elegans of CED-1::GFP transgenic line. CED-1 is a phagocytic

receptor which localizes to plasma membrane during apoptosis [38]. We observed increased CED-1
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localization to the plasma membrane in ppk-1(RNAi) worms compare to control worms. In ppk-1(RNAi)
worms an average of 19 cells per germ line were positive for CED-1 compare to an average of 7 cells per
WT germ line (Fig. 5a). Thus, we concluded that depletion of PIP2 is connected with the increase in
apoptosis. To assess whether the observed increase in apoptosis is connected with the DNA damage we
performed ppk-1(RNAi) in CED-1::GFP C. elegans transgenic strain with deleted CEP-1, a p53 mammalian
homolog. We scored these worms for CED-1::GFP distribution. In CED-1::GFP worms with depleted CEP-
1 and additionally knock-downed PPK-1, we detected background levels of apoptosis. The same
background level of apoptosis was noticed in CED::GFP worms with depleted CEP-1 only (Fig. 5b). These
observations firmly suggest that the apoptosis upon PIP2 depletion is caused by DNA damage.

Altogether, this supports a hypothesizes that the increased localization of RNA pol I and II in germ

cells nuclei and subsequent DNA damage imply PIP2 function in genome stability.
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Figure 5. Increased apoptosis upon ppk-1(RNAi). (a) CED-1::GFP immunofluorescence in ppk-1(RNAi)
or L4440 (WT) background. Red arrows point to sheath cell localization of CED-1. Scale bars represent
50um. (N= 3, n=30). (b) Graphical representation of number of CED-1 positive sheath cells in WT or ppk-
1(RNAi) background with or without CEP-1 (N= 3, n=30). Statistical comparisons between genotypes were
performed using Student t-test: n.s. non-significant; * P <0.05; ** P <0.01; *** P < 0.001

Impaired chromosome pairing and synapsis defect in ppk-1(RNAi) worms
It was previously published that the presence of univalents and altered chromatin structure in the
nuclei of C. elegans oocytes is connected with defects in the synaptonemal complex formation and DNA
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damage [39,40]. We have already observed the increase in DNA damage (Fig. 5) and altered chromatin
structure (Fig. 2) which may cause impaired chromosomal pairing and weaken synaptonemal complex (SC)
formation upon PIP2 depletion. Therefore, we decided to investigate SC complex formation. We depleted
PIP2 by ppk-1(RNAi) in HIM-8::mCherry C. elegans transgenic line, and then visualized HIM-8 protein
which localizes to pairing centers at X chromosome. We observed that after PIP2 depletion the pairing of
X chromosomes was impaired in pachytene stage of the prophase I but not in transition stage. The statistical
evaluation of HIM-8::mCherry foci revealed a significant increase (app. 20%) in non-paired HIM-
8:mCherry foci in pachytene in ppk-1(RNAi) worms compare to the WT (Fig. 6a). The increase of HIM-8
foci upon ppk-1(RNAi) but not in control, propose PIP2 importance for proper chromosome pairing. To
eliminate the possibility that observed PIP2 pairing effect is connected with PIP2 cytoplasmic role or its
presence at nuclear membrane we depleted PIP2 in SUN-1::mRuby C. elegans strain. SUN-1 is part of
SUN/KASH protein complex which link nucleoplasmic activities to the cytoskeleton [41]. We detected and
evaluated SUN-1::mRuby localization upon ppk-1(RNAi) and compared it to mRuby signal in WT worms.
We observed that SUN-1::mRuby localization is unchanged (Sup. Fig. 2a) and this suggests that PIP2
importance for chromosome pairing is not connected with its cytoplasmic but rather nuclear functions.
Moreover, we investigated the nuclear periphery state by the localization of lamin in control and ppk-
1(RNAi) worms by indirect immunofluorescence. We did not observed any change of lamin localization
upon PIP2 depletion from C. elegans gonad (Sup. Fig. 2b). Unchanged SUN-1 and lamin localization
confirmed that there are no major changes in the nuclear membrane and periphery structure.

In the next step, we used indirect immunofluorescence to visualize the synaptonemal complex (SC)
formation in rrf-1(pk1417) C. elegans strain. We used anti-HTP-3 antibody and anti-SYP-1 antibody to
visualize central and lateral elements of the SC. In ppk-1(RNAi) worms we observed uneven distribution of
HTP-3 and SYP-1, with partial co-localization which confirmed that the synapsis is not fully formed (Fig.
6b). On the other hand, the synapsis in pachytene nuclei of WT worms was uniformly extended along the
chromosomal axes with complete co-localization of both SC elements (Fig. 6¢). These data suggested us
that homolog pairs of chromosomes are not aligned properly thus SC cannot extend along full length of
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chromosomes, showing the synapsis defect. From these observations, we can conclude that PIP2 is
important for chromosome pairing and formation of the SC complex. Furthermore, by investigating of HTP-
3 localization in diakinesis nuclei of WT and ppk-1(RNAi) in rrf-1(pk1417) strain, we confirmed a
chromatin disorganization. HTP-3 has typical cruciform pattern in WT worms [42] however upon PIP2
depletion, HTP-3 is no longer localized to short but only to long chromosomal arms (Sup. Fig. 3). These
results are apparently connected with the altered chromatin structure (Fig. 2) which is a probable cause of
improperly paired homologs (lack of HTP-3 at short arms; Fig. 5 and Sup. Fig. 3) and subsequently

increased number of DAPI stained bodies (Fig. 2).
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Figure 6. Meiotic defects upon ppk-1(RNAi). (a) HIM-8::mCherry immunofluorescence in ppk-1(RNAi)
or L4440 background. Graph represents number of observed HIM-8 foci during prophase I (N=3, n=30).
(b-c) Indirect immunofluorescence of anti-HTP3 and anti-SYP1 in WT or ppk-1(RNAi) background.
Arrows point to impaired anti-HTP3 and anti-SYP1 co-localization. (d) COSA-1::GFP foci
immunofluorescence in ppk-1(RNAi) or L4440 background. Graph represents % of pachytene nuclei with
observed numbers of COSA-1 foci (N=3, n=30). Scale bars represent 1 um. Statistical comparisons between
genotypes were performed using Student t-test : n.s. non-significant; * P <0.05; ** P <0.01; *** P <0.001
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Pairing of homologs and formation of SC is tightly connected with crossover formation (CO).
Disruption of SC formation between the paired chromosome result in abrogation of recombination. In
context of previous data, we checked crossover formation in C. elegans where COSA-1 foci correspond to
single CO [43]. After depletion of PIP2 from C. elegans gonad we observed a significant change in COSA-
1::GFP foci compare to the WT gonad (Fig. 6d). Statistical evaluation of COSA-1::GFP foci revealed that
approximately 50% of pachytene nuclei have less (4-5) or more (7-8) foci upon ppk-1(RNAi) compare to
WT worms with 6 COSA-1::GFP foci per nucleus.

Overall, from this data we deduct that PIP2 plays an important role in the chromosome pairing and

synaptonemal complex formation, which also affects crossover formation.

PIP2 interacts with proteins involved in the ubiquitin- proteasome pathway

To elucidate molecular mechanism behind observed effects upon ppk-1(RNAi) we decided to identify
PIP2-binding partners in C. elegans germline. We performed mass-spectrometry analysis of the material
immunoprecipitated either by anti-PIP2 or control mouse anti-IgM antibody from C. elegans lysate
prepared from dissected gonads. By comparing control and anti-PIP2 antibody, we identified 65 putative
PIP2-binding partners in C. elegans (Fig. 7) localized either in the cell nucleus and cytoplasm or exclusively
in the cell nucleus.

In the next step, we tested PIP2 interactions in nuclear lysate by immunoprecipitation and partially
confirmed data from mass-spectrometry. We endorsed that PIP2 is indeed a binding partner of lamin,
proteasome subunit beta 4 (PBS-4) and leucine-rich repeat (LRR-1) protein which is known as a subunit of
Cullin 2-RING E3 ligase complex (CRL2RR1) [44,45]; (Fig. 8a) in C. elegans.

Interestingly, LRR-1 co-localizes with PIP2 in germ cell nuclei (Fig. 8b). As LRR-1 localization
depends on CUL-2 [44], we tested PIP2 localization in worms with depleted CUL-2. We did not observe
any change of PIP2 localization and therefore we conclude that PIP2 interacts with LRR-1 within the same

2 LRR-1

nuclear compartment but its localization is not dependent on CRL in germ cell nuclei (Fig. 8b).
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# | UNIPROT protein name # | UNIPROT protein name
1 P90916 |Probable histone-binding protein LINS3 34 | 061792 | Proteasome Regulatory Particle, Non-ATPase-like
2 | QINLD1 [HnRNP A1 35 | VSXYS5 | Regulatory A subunit of protein phosphatase 2A
3 Q9TYVS | Nucleolar protein 1 36 | P91495 | Nuclear Pore complex Protein

4 Q18212 | Spliceosome RNA helicase DDX39B 37 | QIXUVO | Proteasome subunit beta type

5 Q818GS | ADR-1E 38 | Q18409 | Probable splicing factor, arginine/serine-rich 6

6 QIXTT9 |Proteasome Regulatory Particle, ATPase-like 39 | 044411 | Nucleolar GTP-binding protein 1

7 | Q04908 |265 proteasome non-ATPase regulatory subunit 3 40 | Q18787 | 265 protease regulatory subunit 7

8 V5XY55 | Regulatory A subunit of protein phosphatase 2A 41 | Q965V4 | EXPOrtin {Nuclear export receptor) xpo-2

9 016368 |Probable 265 protease regulatory subunit 4 42 | QINEWG | Probable splicing factor, arginine/serine-rich 3
10 | 017915 |GTP-binding nuclear protein ran-1 43 | P04255 | Histone H2B

11 | GSED41 [Cullin-associated NEDD8-dissociated protein 1 44 | Q09511 | Probable splicing factor, arginine/serine-rich 4
12 | P49632 |Ubiquitin-60S ribosomal protein L40 45 | Q23121 | Probable splicing factor, arginine/serine-rich 1
13 | Q21276 | Uncharacterized NOPS5 family protein K07C5.4 46 | Q19973 | C.Elegans Chromodomain protein/cec-4

14 | P91306 |C. Elegans Y-box cey-2 47 | 017919 | Putative H/ACA ribonucleoprotein complex subunit 4
15 | 076371 |Proteasome Regulatory Particle, ATPase-like 48 | Q94045 | Putative RNA polymerase Il transcriptional coactivator
16 | Q19328 [Tudor Staphylococcal Nuclease homolog 49 | Q9XTZ2 | SR Protein Splicing factor

17 | Q20938 |Probable 265 proteasome regulatory subunit rpn-6.1 50 | Q22053 | rRNA 2-O-methyltransferase fibrillarin

18 | QYGZHS | Proteasome Regulatory Particle, Non-ATPase-like 51 | P41932 |14-3-3-like protein 1

19 | Q21215 |Guanine nucleotide-binding protein subunit beta-2-like 1 | 52 | 062102 | Proteasome subunit beta type

20 | QINSV3 [IMportin Beta family 53 | 017586 | Proteasome subunit alpha type-6

21 | 021443 |Lamin-1 54 | Q17361 | Ubiquitin carboxyl-terminal hydrolase 14

22 | P46502 |Probable 265 protease regulatory subunit 6B 55 ] Q95005 | Proteasome subunit alpha type-7

23 | P62784 |Histone H4 56 | Q22037 | Heterogeneous nuclear ribonucleoprotein Al
24 | Q9BL61 | Uncharacterized protein part of spliceosome 57 | P34286 | Proteasome subunit beta type-1

25 | 017071 |Probable 265 protease regulatory subunit 108 58 | P48727 | Serine/threonine-protein phosphatase PP1

26 | Q19007 |Nucleosome Assembly Protein NAP-1 59 | Q23089 | EXPOrtin {Nuclear export receptor) xpo-1

27 | Q18115 | 26S proteasome non-ATPase regulatory subunit 1 60 | 044156 | Proteasome subunit alpha type-1

28 Q351J5 |UBA {Human ubiquitin) related 61 | QIU2UO | U2AF splicing factor

29 | Pa8727 [Serine/threonine-protein phosphatase PP1-beta 62 | Q09583 | Proteasome subunit alpha type-3

30 | Q09475 |Uncharacterized helicase C28H8.3 63 | Q21633 | UBiquitin Conjugating enzyme

31 | Q27GU1 | Chromosome-Segregation and RNAI deficient 64 | Q95008 | Proteasome subunit alpha type-5

32 | GSEDV3 [C. Elegans Y-box OS=Caenorhabditis elegans cey-4 65 | P90868 | Proteasome Beta Subunit

33 | Q9U2X0 [PRotein arginine MethylTransferase

Figure 7. Protein identified in MS analysis as potential PIP2 binding partners. Proteins are listed

To focus on PIP2-LRR-1 complex importance, we investigated RNA polymerase II localization in CUL-2

based on number of identified unique peptides.

depleted worms and observed increased localization compare to WT worms (Fig. 8c).

Here we identified PIP2-interacting partners in C. elegans and to our surprise, a great number of

proteins are involved in the ubiquitin-proteasome pathway. Altogether these results prompt us to

hypothesize that PIP2 might be targeting the RNA polymerase 11 for degradation by CRL2MRR-!
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Figure 8. PIP2 interacts with LRR-1 and PBS-4. (a) Immunoprecipiation by anti-PIP2 and control mouse
anti-IgM from C. elegans nuclear lysate. (b) Indirect immunofluorescence of anti-LRR-1 (green) and anti-
PIP2 (red) in N2 and CUL-2 background germ cell nuclei. Scale bar represents 2um. (c) Indirect
immunofluorescence of pCTD of RNA polymerase Il in ppk-1(RNAi) or L4440 (WT) germ cell nuclei.
Graph represents mean fluorescence intersity measured from N= 3, n= 30. Scale bar represents Sum.
Statistical comparisons between genotypes were performed using Student t-test: n.s. non-significant; * P <
0.05; ** P <0.01; *** P <0.001

Discussion

PIP2 is implicated in various physiological processes therefore, it is very challenging to address its
individual functions. Most studies of PIP2 and its synthetizing enzymes were performed in mammalian
cells and only a few studies take advantage of the C. elegans simpler phosphoinositides metabolism. We
decided to address specifically PIP2 function and thus we benefit from using C. elegans as a model
organism for this study. Here we present that PIP2 influences chromatin structure, and is involved in
processes such as transcriptional regulation, DNA-damage-driven apoptosis, chromosome condensation
with subsequent pairing and the ubiquitin-proteasome degradation pathway. Based on our data we
concluded that observed C. elegans phenotypes might be caused by (i) the altered chromatin structure (ii)

impaired ubiquitin-proteasome pathway or (iii) disrupted binding of PIP2 to essential protein. We propose
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that PIP2 is involved in the regulation of molecular processes at multiple levels and may be a part of many
protein complexes in C. elegans germ cells nuclei.

PIP2 and its kinase PPK-1 have important functions in many physiological processes in C. elegans
which are crucial in early development [30,31]. Here we described PIP2 localization in C. elegans gonad
and embryo by anti-PIP2 antibody directly. PIP2 has a strong nuclear staining during prophase I, which
differ from PPK-1 staining in the gonad. On the other hand, during C. elegans embryogenesis we observed
nuclear, cytoplasmic and membranous localization of PIP2. Panbianco et al. suggested that PIP2 might be
asymmetrically generated in C. elegans embryos because PPK-1 is enriched at the posterior site of embryo
[46]. We did not observe asymmetrical localization of PIP2 in embryos thus we agree more with their other
proposal that PPK-1 might influence spindle positioning independently from its function as a PIP2
producer. Similar suggestions about independent role of PISPK and PIP2 were previously published by us
[17] and Chakrabarti et al. for the regulation of RNA polymerase I transcription in mammalian cells [47].

We observed an increased incidence of males in C. elegans progeny upon PIP2 depletion (Fig. 1g).
C. elegans male genotype is represent by the only one X chromosome (X0) therefore we suggest that
increased incidence is dependent on the observed presence of univalent DAPI stained bodies in ppk-
1(RNAi); (Fig. 2) what is the most probable cause of increased male incidence [48]. Moreover, we observed
oocytes mislocalization and the altered chromatin structure in diakinesis oocytes. The altered chromatin
shape was also described after depletion of ZTF-8 and RAD-51 proteins, and both were shown to be
important for C. elegans germ line genomic stability [40,39]. This is in an agreement with our observed
data of increased RAD-51 and yYH2AX localization in germ cell nuclei upon ppk-1(RNAi). Therefore, we
suggest that PIP2 is important for genomic stability in C. elegans germ line.

The presence of univalents and altered chromatin in nuclei of C. elegans oocytes are connected with
defects in the synaptonemal complex formation and DNA damage [39,40]. Depletion of PIP2 resulted in
the increase of genome instability, supported by defective SC formation, pointing out to the altered

chromatin structure in our experiments. This altered chromatin structure results in synapsis defect, which
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subsequently results in the increased presence of univalents. This is additionally supported by impaired
crossover formation.

The transcription of germ cell specific but not somatic genes is ongoing in germ cell nuclei of C.
elegans. Germ line transcription represents around ~21 % of all genes transcription, and ribosomal genes
transcription is 4-fold higher in germ than in somatic cell nuclei [5]. Following investigation of altered
chromatin upon PIP2 depletion revealed increased localization of RNA polymerase I, phosphorylated form
of RNA polymerase II and 5-fluorouracil (FU) incorporation to the nascent RNA. As transcription is tightly
regulated, the increased transcription rate together with altered chromatin structure is presumably a cause
for DNA damage and repair, with following DNA-damage-driven apoptosis and genomic instability.

In mammalian cells it was proved that defects in the nuclear lamina may lead to misshapen nuclei
[49]. Another important protein complex is SUN/KASH which is known to transmit forces from cytoplasm
through nuclear envelope to the lamina and the chromatin [50]. Penkner et al. showed that active
involvement of nuclear envelope is inevitable for homologous chromosome pairing and SUN-1 mutation
leads to disruption of early meiosis chromatin reorganization. On the other hand, they proved that SUN-1
is not essential for SC formation [51]. Nevertheless, we did not observed any change in lamin localization
or SUN-1 localization upon PIP2 depletion in the C. elegans gonad thus it is highly improbable that
observed phenotypes are caused by cytoplasmic signaling or membranous PIP2.

We hypothesize that these observed impaired processes might originate from disruption of PIP2
interactions with protein partners. To discover more, we performed mass-spectrometry analysis of
immunoprecipitated proteins in complex with PIP2. We identified 65 proteins as potential PIP2 binding
partners, where the most striking partners are involved in the ubiquitin proteasome pathway. We showed
that PIP2 interacts and co-localizes with LRR-1 protein in C. elegans germ cell nuclei. LRR-1 is described
binding partner of CRL2 E3-ligase [45,44] and is important for proliferation and progression through C.
elegans germline development. Burger et al. concluded that HTP-3 is likely a direct target for CRL-2MRR-!
E3 ligase as they observed its accumulation in distally located germ cells. We did not observed this
phenotype (data not shown). However, they also showed that CRL-2"®*"! acts at multiple levels of germ
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cell development [45]. Based on different observed phenotypes upon PIP2 depletion we hypothesize that
PIP2 interaction with CRL-2"*R! plays a role at different levels than CRL-2"%®-! and HTP-3 complex. Most
probably, PIP2 interaction targets CRL-2*R1 to RNA polymerase II as we observed increased RNA pol 11
localization in ppk-1(RNAi) and also CUL-2 depleted worms. Additionally, Merlet et al. observed DNA
damage but did not detect RAD-51 foci in LRR-1 mutants [44]. Thus, this supports our suggestion that
PIP2 may target CRL-2"®R"! also to other proteins connected with disrupted phenotypes upon ppk-1(RNAi).
Interestingly, Jungmichel et al. identified Cullin-1 as possible specific interactor of nuclear PIP2 together
with other proteins as ubiquitin-protein ligase, ubiquitin-like modifier-activating enzyme, ubiquitin-
associated protein 2 in mammalian cells [52]. PIP2 has more protein binding partners (e.g. splicing factors)
based on our mass-spectrometry data and therefore may play a role at various levels of C. elegans
development regulation. Consistently, it was shown in mammalian cell lines that nuclear PIP2 regulates
RNA polymerase I transcription at multiple levels by the interaction with several proteins [16].

On the other hand, PPK-1 per se may contribute to the regulation of these processes independently
from its function as PIP2 producer and possibly by interaction with different protein binding partners, too.
Previously a distinct role of PIP2 and its kinase has been described based on binding partners for
mammalian cell lines [47,17]. Partially some of observed phenotypes might be indirect, caused by the
decrease of second messengers produced by PIP2 cleavage. However, here we provide an evidence about
PIP2 binding partners which are involved in the regulation of various processes thus we are inclined to
conclude that observed phenotypes are connected directly with PIP2. Overall data confirmed PIP2

involvement and importance in the regulation of crucial processes in C. elegans germ cells.

Materials and methods
Strains and culture conditions
All strains were maintained and cultured under standard conditions at 20°C using E. coli OP50 as a food

source [53], except when subjected to RNAI treatment. Used worm strains were obtained from the CGC
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(Ceanorhabditis Genetics Center; Minnesota University,USA): N2 (C. elegans var Bristol), rrf-1(PK1417)
(NL2098), COSA-1::GFP (AV630), CED-1::GFP (MD701), SUN-1::mRuby (CA1219),CUL-2 (EU640;
cultured at 15°C). We obtained H2B::GFP/HIM-8::mCherry [him-8(tm611)IV; ttTi5605 vv Is17 II; unc-
119(ed3)III; H2B::GFP vvIsl7[pie-1p::mCherry::him-8::unc- 54ter, unc-119(+)] strain from Monique
Zetka (MacGill University, Canada). We obtained CED-1::GFP/CEP-1 [bcls39 [lim-7p::ced-1::GFP + lin-
15(+)]cep-1(ep347)L.] strain from Susan Gasser (FMI, Switzerland). Worm strain CUL-2 (EU640) from

CGC was incubated at 15°C.

RNA interference
For RNAI of ppk-1 we used the full coding sequence of 1836 bp (F55A12.3) from C. elegans cDNA. Used

primers were: forward 5- CCCGGGATGGCTTCTCGGTCCAC -3° and reverse 5°
CCATGGTCAAGCGACAGGTGTGT- 3. The sequence was cloned to L4440 feeding vector
(pPD129.36) [54]. The resulting plasmid was transformed into the HT115(DE3) RNase Ill-deficient E. coli
strain. Transformed bacteria were spread on an NGM plate with ampicillin (50 mg/ml) and IPTG (ImM).
Hermaphrodite worms in L3/L4 stage were transferred onto the seeded plates and incubated at 20 °C for 48
hours. As a mock control we used empty 14440 plasmid transformed in E.coli HT115(DE3) bacteria and

worms were incubated under the same conditions.

Antibodies

Following primary antibodies were used in this study: anti-PIP2 mouse monoclonal (Echelon Biosciences
Inc. clone 2C11, Z-A045), anti-Polymerase I rabbit polyclonal (RPA116; gift from I. Grumt), anti-
Polymerase II mouse monoclonal (gift from H. Kimura), anti-BrdU mouse monoclonal (Sigma,
094M4821V ), anti-yH2 AX mouse monoclonal (Millipore, 05-636 ), anti-RADS51 rabbit polyclonal (Santa
Cruz, sc-8349), anti-Lamin rabbit polyclonal (Abcam, ab16048), anti-PPK-1 rabbit polyclonal (gift from
D. Weinkove), anti-fibrillarin rabbit monoclonal (26398, Cell signalling), anti-HTP3 rabbit polyclonal (gift

from M. Zetka), anti-SYP-1 mouse monoclonal (gift from M. Zetka), control mouse anti-IgM (Abcam,
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ab18401), control rabbit anti-IgG (Abcam, ab46540), anti-PBS-4 goat polyclonal (Abcam, ab166792), anti-
LRR-1 rabbit monoclonal (gift from L. Pintard) antibody.

Following secondary antibodies were used in this study: goat anti-mouse IgM (p-chain specific) antibody
conjugated with Alexa Fluor 555 (Invitrogen, A21426), goat anti-mouse IgG (H+L) antibody conjugated
with Alexa Fluor 488 (Invitrogen, A21202), goat anti-rabbit IgG (H+L) antibody conjugated with Alexa
Fluor 488 (Invitrogen, A11034), goat anti-rabbit IgG (H+L) antibody conjugated with Alexa Fluor 555
(Invitrogen, A21429), IRDye 680 donkey anti-mouse IgG (H+L) antibody (LI-COR Biosciences, 926-
68072), IRDye 800 donkey anti-mouse IgG (H+L) antibody (LI-COR Biosciences, 926-32212), IRDye 800
donkey anti-rabbit IgG (H+L) antibody (LI-COR Biosciences, 925-32213), IRDye 680 donkey anti-rabbit
IgG (H+L) antibody (LI-COR, Biosciences, 926-68073), IRDye 800 Goat anti-Mouse IgM (p chain
specific) antibody (LI-COR Biosciences 926-32280), IRDye 800 donkey-anti Goat IgG (H+L) antibody
(LI-COR Biosciences, 926-32214), IRDye 680 donkey-anti Goat IgG (H+L) antibody (LI-COR

Biosciences, 926-68074).

Indirect immunofluorescence, 5-FU treatment and Actinomycin D inhibition

Immunofluorescence staining was performed according to the standard protocol [55]. Images were aquired
at Delta Vision Image Restoration System (Applied Precission). Stacks of approximately 10 optical sections
with 0.3 um using 60x, 1.2 NA U Plan Apochromat objective (Olympus). We deconvolved the obtained
images using the soft-WoRX 3.0 software (Applied Precision). The same imiging conditiones were used
for WT or RNAi samples.

The rrf-1(pk1417) strain was subjected to RNAi feeding for 48 hours. After 48 hours adult worms ppk-
1(RNAi) or WT were dissected and incubated in 8mM 5-FU in M9 (22 mM KH>PO4, 42 mM Na;HPO,, 86
mM NaCl, 1M MgSOs) for 5, 10 or 15 minutes. After treatment, the standard protocol for indirect
immunofluorescence was followed [55].

For AMD inhibition, NGM plates for RNAi knockdown with addition of different AMD concentration

(0.01, 0.05, 1 or 2 pg/ml) were prepared. After 46 h of RNAI, rrf-1(pk1417) worms were replaced to fresh
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dishes to continue RNAI effect with supplement of AMD. Worms were left on AMD containing plates for
2 hours at 20°C, than were subjected to 5-FU treatment and subsequent indirect immunofluorescence

protocol.

Mass-spectrometry

For MS analysis we used material immunoprecipatated by anti-PIP2 or control anti-mouse antibody from
synchronized adults. Gonads from at least 50 N2 worms were disected from body and collected to tube.
The nuclear fraction was prepared according to Singh et al. [56]. After immunoprecipitation washed beads
were resuspended in 100mM TEAB containing 1% SDC. Cysteins were reduced with SmM final
concentration of TCEP (60°C for 60 min) and blocked with 10mM final concentration of MMTS (10 min
Room Temperature). Samples were cleaved on beads with 1pg of trypsin at 37°C overnight. After digestion,
samples were centrifuged and supernatants were collected and acidified with TFA to 1% final
concentration. SDC was removed by extraction to ethylacetate [57]. Peptides were desalted on Michrom
C18 colum. Nano Reversed phase column (EASY-Spray column, 50 cm x 75 pum ID, PepMap C18, 2 pm
particles, 100 A pore size) was used for LC/MS analysis. Mobile phase buffer A was composed of water
and 0.1% formic acid. Mobile phase B was composed of acetonitrile and 0.1% formic acid. Samples were
loaded onto the trap column (Acclaim PepMap300, C18, 5 pm, 300 A Wide Pore, 300 um x 5 mm, 5
Cartridges) for 4 min at 15ul/min. Loading buffer was composed of water, 2% acetonitrile and 0.1%
trifluoroacetic acid. Peptides were eluted with 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- qIT, Thermo). Survey scans of peptide precursors from 400 to 1600 m/z
were performed at 120K 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 2 ion count target was set to 10* and the max injection time
was 35ms. Only those precursors with charge state 2—6 were sampled for MS 2 . The dynamic exclusion

duration was set to 45s with a 10 ppm tolerance around the selected precursor and its isotopes. Monoisotopic
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precursor selection was turned on. The instrument was run in top speed mode with 2s cycles [58]. All data
were analyzed and quantified with the MaxQuant software (version 1.5.3.8); [59]. The false discovery rate
(FDR) was set to 1% for both proteins and peptides and we specified a minimum length of seven amino
acids. The Andromeda search engine was used for the MS/MS spectra search against the Caenorhabditis
elegans database (downloaded from Uniprot on April 2015, containing 25 527 entries). Enzyme specificity
was set as C-terminal to Arg and Lys, also allowing cleavage at proline bonds and a maximum of two
missed cleavages. Dithiomethylation of cysteine was selected as fixed modification and N- terminal protein
acetylation and methionine oxidation as variable modifications. The “match between runs” feature of
MaxQuant was used to transfer identifications to other LC-MS/MS runs based on their masses and retention
time (maximum deviation 0.7 min) and this was also used in quantification experiments. Quantifications
were performed with the label-free algorithms described recently. Data analysis was performed using

Perseus 1.5.2.4 software.

Immunoprecipitation
The nuclear fraction was prepared according to Singh et al. [56]. For precipitation anti-PIP2 (2ug), control
anti-mouse IgM antibody (2ug) and protein L magnetic beads (50ul of slurry) were used according to the

manufacturer’s protocol (Pierce, Thermo Scientific).

Dot blot

N2 worms were subjected to ppk-1(RNAi) or control RNAI for 48 hours. After RNAI treatment single worm
was lysed in lysis buffer (50 mM KCI; 10 mM Tris (pH 8.3); 2.5 mM MgCly; 0.45% NP-40; 0.45% Tween-
20) in total volume of 10 pl. The whole volume was spotted on PDVF membrane and anti-PIP2 antibody

was used for detection.

Characterization of brood sizes and embryonic lethality
L3-L4 hermaphrodites were individually plated onto NGM plates seeded with E.coli HT115(DE3)

transformed by L4440 or ppk-1(RNAi) at 20°C. After 24 hours, adult worms were removed from plates and
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the progeny (laid eggs, L.1) was counted. Subsequently we counted progeny (non-hatched eggs, .1,1.2, L3)

after 48 and 72 hours. We preformed experiment at least for 60 worms in three independent experiments.

Quantitation of COSA-1::GFP, HIM-8::mCherry and RAD-51 foci

Foci were quantified from deconvolved 3D data stacks of C. elegans WT or ppk-1(RNAi) germ cell nuclei.
Foci we counted in at least 300 germ cell nuclei I from at least 10 gonads each. Quantification of RAD-51
foci was performed in whole gonad composing the mitotic tip to late pachytene regions [39]. COSA-1::GFP
was quantified in late pachytene [43]. HIM-8::Cherry was quantified in TZ and late pachytene [60].

Statistical comparisons between genotypes were performed using Student t-test.

Detection of DAPI stained bodies in oocyte nuclei
Oocyte chromosomes were fixed with 4% formaldehyde and stained with DAPI [61]. In some oocyte nuclei
the individual univalents or bivalents lie too close to each other to be resolved unambiguously, thus this

method tends to underestimate the frequency of achiasmate chromosomes.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/link.
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Sup. Figure 1. PIP2 and PPK-1 localization. (a) Indirect immunofluorescence of anti-PIP2
and anti-PPK-1in WT or ppk-1(RNAi) germ cell nuclei background. Scale bar represents 5um.
(b) Indirect immunofluorescence of anti-PIP2 and anti-PPK-1 in WT or ppk-1(RNAi) back-
ground in oocytes. Scale bar represents 10um.
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Sup. Figure 2. SUN-1 and lamin localization. (a) Propidium iodide immuno-
fluorescence of germ cell nuclei in WT or ppk-1(RNAI) background permeabi-
lized or not by Triton-X. (b) SUN-1:mRubby immunofiuorescence of
leptotene/zygotene (transition) or pachytene germ cell nuclei in WT or ppk-
1(RNAI) background. (c) Anti-Lamin indirect immunofluorescence in WT or
ppk-1(RNAi) background pachytene germ cell nuclei. Scale bars represent
Sum.
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Sup. Figure 3. HTP-3 localization in DAPI stained bodies. Indirect immunofluorescence of anti-
HTP-3 in WT or ppk-1(RNAI) background. Scale bar represents 2um.
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Abstract  Although actin monomers polymerize into fil-
aments in the cytoplasm, the form of actin in the nucleus
remains elusive. We searched for the form and func-
tion of P-actin fused to nuclear localization signal and to
enhanced yellow fluorescent protein (EN-actin). Our results
reveal that EN-actin is either dispersed in the nucleoplasm
(homogenous EN-actin) or forms bundled filaments in the
nucleus (EN-actin filaments). Formation of such filaments
was not connected with increased EN-actin levels. Among
numerous actin-binding proteins tested, only cofilin is
recruited to the EN-actin filaments. Overexpression of EN-
actin causes increase in the nuclear levels of actin-related
protein 3 (Arp3). Although Arp3, a member of actin nucle-
ation complex Arp2/3, is responsible for EN-actin filament
nucleation and bundling, the way cofilin affects nuclear
EN-actin filaments dynamics is not clear. While cells with
homogenous EN-actin maintained unaffected mitosis dur-
ing which EN-actin re-localizes to the plasma membrane,
generation of nuclear EN-actin filaments severely decreases
cell proliferation and interferes with mitotic progress.
The introduction of EN-actin manifests in two mitotic-
inborn defects—formation of binucleic cells and genera-
tion of micronuclei—suggesting that cells suffer aberrant
cytokinesis and/or impaired chromosomal segregation.
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In interphase, nuclear EN-actin filaments passed through
chromatin region, but do not co-localize with either chro-
matin remodeling complexes or RNA polymerases I and II.
Surprisingly presence of EN-actin filaments was connected
with increase in the overall transcription levels in the
S-phase by yet unknown mechanism. Taken together, EN-
actin can form filaments in the nucleus which affect impor-
tant cellular processes such as transcription and mitosis.

Keywords Nuclear actin - Transcription - Mitosis -
Actin-related protein 3 - Cofilin

Introduction

Actin is a highly abundant intracellular protein essential
for maintenance of many cellular functions. It is widely
expressed across the species and present in all eukaryotic cell
types. In the cytoplasm, actin is present in the form of mono-
mers (globular actin, G-actin), which can polymerize to form
filaments (F-actin) that can be specifically visualized by phal-
loidin. The formation of F-actin is driven by the availability
of G-actin subunits—a filament grows when G-actin levels
exceed the critical concentration required for polymerization,
and a filament shrinks if the critical concentration was not
reached. Actin filaments are highly dynamic structures that
can assemble or disassemble rapidly based on cell needs.

There are many actin-binding proteins available in the
cytoplasm. Depending on their relative binding affinities,
they can promote, block or alter the formation of actin
filaments. In addition, various actin-binding proteins cross-
link actin filaments to form bundles or networks (reviewed
in Winder and Ayscough 2005). Such structures are impor-
tant for the maintenance of cell shape, polarity, mechanical
resistance, adhesion and movement.
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Actin shuttles between cytoplasm and nucleus employ-
ing importin 9 and exportin 6 (Dopie et al. 2012). In the
nucleus, actin is present in the form of monomers (Jock-
usch et al. 2006; Kukalev et al. 2005; McDonald et al.
2006; Obrdlik et al. 2008; Pendleton et al. 2003), yet its
ability to form nuclear filaments has been questioned for
a long time due to the lack of nuclear phalloidin staining.
Eventually, several conditions leading to the formation of
nuclear actin polymers have been described. Under various
stress conditions (e.g., heat shock, DMSO treatment, virus
infection etc.), nuclear actin rods and paracrystals were
observed in numerous cell types (reviewed in Hofmann
2009). Moreover, a recent study revealed the presence of
actin filaments in nuclei of NIH3T3 cells after overexpres-
sion of LifeAct, an F-actin marker, fused to nuclear locali-
zation signal (NLS). These filaments were formed after
serum induction in a formin-dependent manner (Baarlink
et al. 2013). Accumulation and subsequent polymerization
of the overexpressed actin in the nucleus was also reported
after the disruption of the actin export (Dopie et al. 2012;
Stuven et al. 2003). Additionally, Miyamoto et al. (2011)
detected actin filaments in nuclei of somatic cells trans-
planted into oocytes of Xenopus leavis using an actin-
binding domain of utrophin fused to NLS. Interestingly,
the same probe revealed the presence of punctate structures
in the nuclei of U20S cells under physiological conditions
which were moreover susceptible to phalloidin staining
(Belin et al. 2013). Even though these polymeric structures
do not co-localize with any actin-binding proteins, they are
found predominantly in the interchromatin space and prob-
ably serve as a structural platform that facilitates nuclear
organization (Belin et al. 2013).

Even though the state of nuclear actin is not entirely
clear, its functional importance has been known for
some time. Actin is together with the actin-related pro-
teins required for chromatin remodeling (Ikura et al. 2000;
Kapoor et al. 2013; Mizuguchi et al. 2004; Shen et al.
2000; Szerlong et al. 2008; Zhao et al. 1998). Actin also
associates with all three RNA polymerases (Hofmann et al.
2004; Hu et al. 2004; Philimonenko et al. 2004) and in
cooperation with nuclear myosin 1 (NM1) facilitates tran-
scription initiation and recruitment of chromatin modify-
ing complexes during the elongation phase (reviewed in de
Lanerolle and Serebryannyy 2011). Furthermore, actin also
participates in RNA processing and export by interacting
with heterogenous ribonucleoproteins (hnRNPs; Obrdlik
et al. 2008; Percipalle et al. 2002).

From the data available, it seems that the state of nuclear
actin engaged in chromatin remodeling complexes and in
complex with hnRNPs (Kapoor et al. 2013; Obrdlik et al.
2008; Percipalle et al. 2002) is rather monomeric, whereas
in transcription both forms seem to be involved (Miyamoto
et al. 2011; Obrdlik and Percipalle 2011; Qi et al. 2011,
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Wu et al. 2006; Ye et al. 2008; Yoo et al. 2007). Similarly,
actin in its polymeric form is essential for the movement of
genomic loci throughout the nucleus during transcriptional
activation (Dundr et al. 2007; Hu et al. 2008). The presence
of polymeric actin in the nucleus is also supported by the
findings that various proteins known to bind F-actin in the
cytoplasm also localize to the nucleus (reviewed in Castano
et al. 2010)) and are implicated in nuclear processes such
as transcription (Baarlink et al. 2013; Miyamoto et al.
2011; Obrdlik and Percipalle 2011; Wu et al. 2006; Yoo
et al. 2007).

Kokai et al. (2014) have previously reported that ectopi-
cally expressed p-actin fused to NLS is imported into the
nucleus, where it forms filamentous network. Detailed
analysis of the network revealed that distinct actin filaments
are branched and cross-linked into parallel bundles. The
formation of such structures alters the shape of neuronal-
like rat PC12 cells and activates serum response factor
(SRF)-mediated transcription. In this study, we employed
a similar fusion protein, p-actin fused to enhanced yellow
fluorescent protein (EYFP) and to NLS (EN-actin), aiming
to explore (1) the formation of EN-actin filaments in the
nucleus, (2) contribution of actin-binding proteins to the
EN-actin filaments formation and dynamics, (3) associa-
tion of nuclear EN-actin filaments with complexes where
endogenous actin is known to localize, and (4) an effect of
the nuclear EN-actin filaments formation on cell cycle and
transcription in human osteosarcoma cells (U20S).

Materials and methods
Cells and transfections

U208, H1299, HEK293 and human skin fibroblasts were
cultured in D-MEM supplemented with 10 % FBS in 5 %
CO2/air, 37 °C and humidified atmosphere. Cells were
transfected with Lipofectamine 2000 (Life Technologies)
and TurboFect (Thermo Scientific) according to manufac-
turer’s protocol. 2 pg of DNA and 5 pl of Lipofectamine
or 3 pl of TurboFect was used to transfect 5 x 10° cells.
Cells were incubated for 6 to 12 h with a transfection
mix and additional 36 h before fixation and imaging. Lin-
ear polyethylenimine (PEI), 25 kDa, was purchased from
Polysciences. 1 mg/ml stock solution was prepared and pH
adjusted to 7. 9 pl of this solution was mixed with 1.5 pg
DNA in serum-free media and incubated for 15 min at
room temperature. 5 x 10° cells were incubated with trans-
fection mix for 4 h and then grown for 48 h before imaging.

5 g of exogenous DNA was delivered into 5 x 10° pri-
mary mouse skin fibroblasts by nucleofection using Amaxa
nucleofector (Lonza), programme C005. Cells were seeded
onto coverslips and imaged 48 h after nucleofection.
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Constructs used in this study

EN-actin was generated as described previously (Hofmann
et al. 2009). Shortly, NLS was inserted between the EYFP
and actin into the plasmid pEYFP-actin (Clontech). cDNA
of mouse NM1 was cloned into pCDNA3.I-mCherry
using Nhel and HindIII by standard methods of molecular
biology.

Indirect immunofluorescence and confocal fluorescence
microscopy

U20S cells seeded on glass coverslips were fixed with
4 % paraformaldehyde in PBS for 20 min and permeabi-
lized with 0.1 % Triton X-100 in PBS for 10 min afterward.
Non-specific labeling was further blocked with 5 % BSA
in PBS for 30 min. After washes with PBS, coverslips were
incubated with the respective primary antibodies diluted
in PBS for 1 h at RT in a wet chamber and washed with
PBST (PBS supplemented with 0.05 % Tween 20). Sub-
sequently, coverslips were incubated with corresponding
secondary antibodies for 1 h at RT in a wet chamber. After
final washes in PBST, coverslips were mounted in ProLong
Gold anti-fade reagent with DAPI. For detection of emerin,
cells were fixed with ice-cold methanol for 5 min without
additional permeabilization. Images were acquired using
confocal microscope Leica TCS SP5 AOBS TANDEM
with 63x (NA 1.4) immersion oil objective lens with 405,
512, 561 and 631 laser excitations, and LAS AF software.

Antibodies

Following primary antibodies were used in this study:
lamin B (Santa Cruz cat. no. sc-6217); filamin (Santa
Cruz cat. no. sc-28284); alpha-actinin-4 (Abcam cat. no.
ab96866); spectrin (Sigma Aldrich cat. no. S1390); paxil-
lin (Millipore cat. no. 05-471); vinculin (Sigma Aldrich cat.
no. V4505); mDial (BD Biosciences cat. no. P66520-050);
SUN2 (Abcam cat. no. ab124916); emerin (Abcam cat. no.
ab40688); Arp3 (Welch et al. 1997); cofilin (Abcam cat. no.
ab11062); P-cofilin (Cell Signaling cat. no. 3313); Arp6
(Sigma Aldrich cat. no. R35554); Arp5 (Kitayama et al.
2009); Arp8 (Aoyama et al. 2008); Brgl (Abcam cat. no.
ab70558); hnRNP U (Santa Cruz, clone 3G6); H3K9Me2
(Millipore cat. no. 17-648); H3K4Me2 (Millipore cat.
no. 07-030); CTD-phosphoS2 (Abcam cat. no. ab24758);
RPA194 (Santa Cruz, cat. no. sc-28714); and BrdU (Sigma
Aldrich, clone BU-33).

Secondary antibodies used in this study are donkey anti-
rabbit IgG conjugated with Alexa Fluor 568 (A10042), goat
anti-mouse IgG conjugated with Alexa Fluor 647 (A21236)
and donkey anti-goat IgG cojugated with Alexa Fluor 647
(A21447) all purchased from Life Sciences.

5-Fluorouridine, 5-ethynyl-2’-deoxyuridine incorporation
and EN-actin fluorescence measurements

U20S cells grown on coverslips were transfected with EN-
actin using Lipofectamine as described above. 48 h after the
transfection, cells were incubated for 30 min or 1 h at 37 °C,
5 % COyfair with 2 mM 5-fluorouridine (FU) or 5-ethynyl-
2'-deoxyuridine (EdU), respectively. After this time period,
cells were washed, fixed and permeabilized as mentioned
above. FU incorporated into nascent transcripts was
detected using anti-BrdU antibody as described above. EAU
was directly labeled in a click reaction using ClickiT EdU
Alexa Fluor 647 Flow Cytometry Assay kit (Life Technolo-
gies). Images were acquired as four 200-nm optical stacks
of a total thickness of 2 pm using the above mentioned fluo-
rescence confocal microscope. Total intensity of FU/EdU
fluorescence in the nucleus was integrated from 3D recon-
struction (maximal projection) of all four optical stacks
in LAS AF, background subtracted and normalized to the
nuclear area. The measurement was repeated three times,
and fluorescence intensities of the cells expressing EN-actin
were in each replicate normalized to the controls to prevent
variations caused by antibodies dilutions, etc. Results are
presented as a mean of three experiments & standard devia-
tion (SD) and were plotted using Prism GraphPad. T test
was used to determine the statistical significance. Each cell
imaged was manually classified according to the EN-actin
expression pattern as G-actin (homogenous signal), F-actin
(nuclear filaments) or control (no expression of EN-actin).
Fluorescence of EN-actin was quantified in the same way.

Results
EN-actin forms filaments in the nucleus

We studied the behavior of exogenous B-actin in the nucleus.
In order to achieve its nuclear localization, we fused p-actin
with NLS and EYFP (EN-actin). It has been observed pre-
viously that the overexpression of NLS-B-actin leads to the
formation of filamentous structures inside of the nucleus
in various cell lines (Kokai et al. 2014). When we overex-
pressed EN-actin in human osteosarcoma cell line (U20S),
majority of cells (95 to 99 %) exhibited homogenously dis-
persed nuclear signal, apparently corresponding to the free
G-actin or short actin polymers (Fig. 1a). However, in 1-5 %
of cells, EN-actin assembled into filamentous structures
which stretched through the whole nuclear volume with the
exception of nucleoli (Fig. 1b, c¢). The EN-actin filaments
adopt various shapes from straight long (Fig. 8h) to curved
(Fig. 1b), or they form a dense meshwork (Fig. 1c). These
nuclear actin filaments are phalloidin-positive structures
(Fig. 2a) which in some cases run at the nuclear periphery
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Fig. 1 Overexpressed EN-actin
forms filaments in the nucleus
of U20S cells. In vast majority
of cells (95-99 %), EN-actin
was imported into the nucleus,
where it was homogenously dis-
persed throughout the nucleo-
plasm (a). Minority of cells
(1-5 %) displayed EN-actin
assembled into thick nuclear
filaments (b). At the same time,
EN-actin was also incorporated
into cytoplasmic filaments (a,
¢). Single focal plane in the
equatorial position (b) and 3D
reconstructions of the entire
cells (a, ¢) are shown. Scale
bars 5 pm

95-99 %

1-5%

along the nuclear lamina (Fig. 2b, white arrows), occasion-
ally even reaching the nuclear lamina (Fig. 2c, d). The thick-
ness of and the length of the filaments range from 50 to
100 nm and 1 to 15 pm, respectively, which corresponds to
actin bundles rather than single filaments, as has been con-
cluded previously (Kokai et al. 2014).

In parallel to its nuclear localization, EN-actin was also
incorporated into canonical cytoplasmic filaments in both
cells with homogenous nuclear pattern (Fig. la), as well
as in the cells that contained nuclear EN-actin filaments
(Fig. 1c). This suggests that the presence of cytoplasmic
EN-actin filaments does not restrict nuclear EN-actin fila-
ments formation, and vice versa.

Since nuclear EN-actin filaments are present only in a
small fraction of cells, this raises the question which stimu-
lus triggers their formation. One could predict that when
the critical concentration of actin monomers inside a com-
partment is reached, the polymerization process starts. To
find out whether there is a difference in the amount of EN-
actin in the nucleus between the cells forming filaments
and those having homogenous dispersion of EN-actin,
we measured the total fluorescence intensity of EN-actin
in the nuclei of those cells. Because there is a variability
in size of the nuclei among the cells, we normalized total
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fluorescence intensity to the nuclear area after background
subtraction. We found that there is no significant difference
in normalized fluorescence intensity between nuclei with
homogenously dispersed EN-actin (G-actin) and filaments-
forming nuclei (F-actin; Fig. 2e).

In addition, we tested the impact of transfection method
on the filament formation. For this purpose, we used Lipo-
fectamine 2000 (Life Technologies), TurboFect (Thermo
Scientific) and linear polyethylenimine (Polysciences)
according to the manufacturers’ protocols (see Materials and
methods). Even though the efficiencies of the transfections
varied, the percentage of transfected cells containing nuclear
actin filaments did not change significantly (data not shown).

Taken together, after overexpression of EN-actin, 1-5 %
of cells contain nuclear EN-actin filaments assembled into
bundles. Formation of these filaments is dependent neither
on the intranuclear concentration of EN-actin nor on the
transfection method.

Formation of nuclear EN-actin filaments varies among cell
types

We analyzed the formation of nuclear EN-actin filaments in
various cell types. The pattern of overexpressed EN-actin
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Fig. 2 Properties of nuclear
EN-actin filaments formed in
U20S cells. Nuclear EN-actin
filaments are susceptible to
phalloidin staining (a), run
along the nuclear lamina (b
white arrows) and occasionally
join the nuclear lamina (c—d).
No significant difference in the
total nuclear fluorescence inten-
sity of EN-actin normalized

to the nuclear area was found
between the cells forming EN-
actin filaments (F-actin; e) and
cells containing homogenously
dispersed EN-actin (G-actin;
e). As a control, cells having
no expression of EN-actin

but present within the same
coverslip were used. Results
are presented as mean £ SD of
three independent experiments,
whiskers indicate minimal and
maximal values. In total, 30
cells for F-actin, 69 cells for e
G-actin and 130 control cells

were analyzed (e). Scale bars

5 pm (a—e), 1.25 pm (f-g),

n. s. p>0.05

phalloidin

lamin B

fluorescence of EN-actin
normalized to nuclear area
(a. u/um?)

was inspected in immortalized human embryonic kidney
cell line (HEK293), human cervical carcinoma cell line
(HeLa), human non-small cell lung carcinoma cell line
(H1299) and primary mouse skin fibroblasts. Formation
of nuclear actin filaments was noticed in all immortalized
human cell lines (HEK293, HeLLa, H1299; Fig. 3c—¢); how-
ever, no nuclear filaments were found in primary mouse
fibroblasts (Fig. 3a, b). In mouse fibroblasts, EN-actin was
preferentially incorporated into cytoplasmic fibers (Fig. 3a,
optical section focused to the cytoplasmic fibers), while
only a small portion was imported into the nucleus, where
it stayed homogenously dispersed in the monomeric form
(Fig. 3b, the same cell—optical section in the equatorial
position).

However, we noticed some differences between the
immortalized cell lines. HEK293 cells (Fig. 3e) formed
nuclear actin filaments more readily than U20S cells, reach-
ing up to 10-20 % of cells with filaments. On the other

EN-actin merge
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hand, the proportion of H1299 cells forming nuclear actin
filaments was only around 0.5 % (Fig. 3d). Even though
we found nuclear EN-actin filaments in some H1299 cells,
EN-actin was not imported into the nucleus efficiently; it
rather stayed in the cytoplasmic filaments in majority of
cells (not shown).

Altogether, we conclude that the ability to translocate
EN-actin into the nucleus and form nuclear EN-actin fila-
ments is cell-type specific and reflects diverse nuclear envi-
ronment and/or nucleocytoplasmic transport properties.

Cells with nuclear EN-actin filaments undergo a mitotic
block

In order to investigate the behavior of nuclear EN-actin
during cell cycle, we observed localization of homog-
enously dispersed EN-actin and EN-actin incorporated
into the filaments at various stages of mitosis by light
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EN-actin

mouse skin fibroblast

H1299 HelLa

HEK293

Fig. 3 Formation of nuclear EN-actin filaments varies among cell
types. In primary mouse skin fibroblasts, EN-actin (delivered by
nucleofection) incorporates preferentially into cytoplasmic fibers (a
optical section focused on the cytoplasmic fibers) and does not form
filaments in the nucleus (b optical section of the same cell in the
equatorial position). EN-actin, delivered by transfection, assembled
into filaments in the nuclei of Hela (c¢), H1299 (d) and HEK293 (e)
cells. Scale bars 10 pm (a—c), 5 wm (d—e)

microscopy (Fig. 4a—f). We revealed that homogenously
dispersed EN-actin is at the onset of mitosis exported from
the nucleus (Fig. 4b). In later phases of mitosis, EN-actin
is not associated with chromosomes; it is enriched at the
plasma membrane and in plasma membrane protrusions
instead (Fig. 4c—e). EN-actin is imported into the nucleus
after the re-assembly of the nuclear envelope during cytoki-
nesis (Fig. 4f).

Interestingly, when we monitored cells by a long-term
live-cell observations, we did not observe any cells contain-
ing EN-actin filaments to progress through mitosis. At the
same time, other cells in the field of view which contained
cytoplasmic EN-actin filaments or homogenous nuclear
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EN-actin divided normally (data not shown). This sug-
gests a block in mitosis caused by the presence of EN-actin
filaments in the nucleus. Indeed, when we measured pro-
liferation rate by EdU incorporation, 53 % of the control
or homogenous nuclear EN-actin containing cells incorpo-
rated EAU (Fig. 5¢c, control and G-actin, respectively). After
the formation of nuclear EN-actin filaments, the EAU incor-
poration decreased by a half, to 24 % (Fig. 5c, F-actin). We
furthermore noticed that many cells carrying nuclear actin
filaments exhibited two types of morphological abnormali-
ties: in the first case, additional micronuclei was formed.
This micronuclei contained DAPI-stainable chromatin and
also a homogenous or filamentous EN-actin (Fig. 5a). Sec-
ond, some cells did not complete cytokinesis resulting in
retention of both daughter nuclei within one cell (Fig. 5b).
Of the binucleic cells, 90 % contained nuclear EN-actin fil-
aments in both nuclei, while only 10 % of cells had homog-
enous EN-actin. The other way around, of all the nuclear
EN-actin filament-containing cells, 10 % were binucleic,
while only 1 % of cells with homogenous nuclear EN-actin
were binucleic. In the binucleic cells, both nuclei always
contained the same pattern of EN-actin—either filamentous
or homogenous.

Based on the results, we propose that the presence of
the EN-actin filaments in the cell nucleus may disturb pro-
gress into mitotic phase of a cell cycle. In case the cell still
undergoes mitosis, irregularities in structure of daughter
cells or aberrant cytokinesis appear as a consequence.

Cofilin co-localizes with nuclear EN-actin filaments,
and Arp3 is enriched in cells with EN-actin

The initial experiment (Fig. 2e) showed that the concen-
tration of EN-actin is not the only factor which triggers
assembly of nuclear EN-actin filaments. To see whether
actin-binding proteins participate in the regulation of EN-
actin filaments formation in the nucleus, we observed their
localization in respect of the nuclear EN-actin filaments
by confocal light microscopy (Fig. 6). We considered par-
ticular protein as co-localizing when it was accumulated or
enriched at the EN-actin filaments or in their close vicinity.

As we have established that EN-actin does not form indi-
vidual filaments but bundles instead, we explored the local-
ization of F-actin cross-linking proteins filamin, a-actinin
and spectrin (Fig. 6a—c) which are known to localize to the
nucleus (Bedolla et al. 2009; Dingova et al. 2009). None
of these actin cross-linkers, however, showed preferential
co-localization with nuclear EN-actin filaments; therefore,
it remains unclear by which mechanism nuclear EN-actin
filaments become bundled.

Next, we explored the localization of the F-actin-bind-
ing proteins paxillin and vinculin (Fig. 6d, e). These two
proteins typically associate with focal adhesions, where
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interphase

prophase metaphase

DAPI EN-actin

merge

Fig. 4 EN-actin is enriched at the plasma membrane during mito-
sis. Localization of overexpressed EN-actin was observed at various
stages of mitosis in U20S cells (a—f). At the onset of mitosis, EN-
actin is exported from the nucleus to the plasma membrane (b—e).

vinculin mediates the association between integrin and
F-actin and binds also paxillin (Turner et al. 1990). Despite
the fact that both vinculin and paxillin were previously
reported to localize in the nucleus (Dingova et al. 2009;
Dong et al. 2009; Kano et al. 1996), we detected only a
negligible amount of nuclear paxillin. Yet, neither of them
co-localized with the nuclear filaments formed after the
overexpression of EN-actin (Fig. 6d, e). Therefore, we
speculate that nuclear-specific isoforms of actin-bundling
proteins assist in cross-linking of EN-actin filaments.

In a recent study, Baarlink et al. (2013) showed that for-
mation of the actin filaments in the nucleus is dependent on
the presence of nuclear formins. Since we observed neither
co-localization of formin mDial with the EN-actin fila-
ments nor any change in pattern of mDia upon EN-actin fil-
aments formation (Fig. 6f), we concluded that mDial does
not assist in EN-actin polymerization.

Our results show that nuclear EN-actin filaments join
nuclear lamina occasionally (Fig. 2b—d). Therefore, we also
tested their association with two other nuclear envelope-
associated proteins—SUN?2, a member of linker of nucle-
oskeleton and cytoskeleton complex (LINC; Fig. 6g); and
emerin, an inner nuclear membrane protein, which binds
lamin A/C (Fig. 7a, b). Of these proteins, nuclear EN-actin
filaments join in some cases emerin (Fig. 7a, b) in a similar
manner as lamin B (Fig. 2b—d).

anaphase telophase cytokinesis

When the nuclear envelope re-assembles, EN-actin is imported back
into the nucleus (f). Maximal projections of five optical sections are
shown. Scale bars 10 pm

Next, we investigated the localization of proteins which
affect F-actin assembly. First of them, cofilin binds to the
pointed end of F-actin filaments and causes their disassem-
bly. Surprisingly, cofilin co-localized with the nuclear EN-
actin filaments (Fig. 7c, arrowheads) not only at the ends,
but along the entire length of the filament (Fig. 7d, arrow-
heads). On the contrary, phosphorylated form of cofilin
(P-cofilin), which becomes incapable of F-actin binding,
did not co-localize with EN-actin filaments (Fig. 7e), even
though it was present in the nucleus.

Since the previous study suggested that NLS-actin fila-
ments are branched (Kokai et al. 2014), we explored also
localization of branching proteins which area able to bind
to the existing filaments in order to trigger nucleation and
growth of new branches of the actin filaments. We found
that levels of Arp3, a member of Arp2/3 nucleation com-
plex (Pantaloni et al. 2000), are increased upon expression
of EN-actin (Fig. 7f, g). It is therefore plausible that Arp3
re-localizes to the nucleus after elevation of EN-actin to
assist in the growth of new filaments.

Among the actin-binding proteins analyzed, only Arp3
and cofilin seem to be in relation with the nuclear EN-
actin filaments. Such limited co-localization indicates that
assembly and bundling of nuclear EN-filaments are con-
trolled by nuclear-specific regulators or nuclear-specific
isoforms of actin-associated proteins.
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Fig. 5 Cells with EN-actin filaments exhibit irregularities in the
interphase. U20S cells with EN-actin filaments exhibit two phenom-
ena originated in mitosis—presence of DAPI-stainable micronuclei
(a) and retention of both daughter nuclei within a single cell (b). Cell
proliferation was measured by EdU incorporation. After labeling,
fluorescence of EAU was measured and percentage of EdU-positive
cells is shown for cells containing EN-actin filaments (F-actin, c),
homogenous EN-actin (G-actin, ¢) and control. Results are pre-
sented as mean £ SD of three independent experiments. More than
50 cells were analyzed in each experiment (c). Scale bars 10 pm,
**%p < 0.001

Nuclear EN-actin filaments formation enhances
transcription in the S-phase

It is known that actin is found in chromatin remodeling com-
plexes (Szerlong et al. 2008; Zhao et al. 1998). To test the
functional involvement of the EN-actin filaments in chroma-
tin remodeling, we performed co-localization studies with
protein hallmarks of chromatin remodeling using confocal
microscopy. However, no significant co-localization was
observed with the actin-related proteins (ArpS, Arp8 and
Arpb6), brahma-related gene 1 (Brgl) or hnRNP U (Fig. 8a—e).
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Fig. 6 Nuclear EN-actin filaments do not co-localize with the actin-
binding proteins tested. Co-localization of the nuclear EN-actin
filaments with various actin-binding proteins was tested by indirect
immunofluorescence microscopy in the U20S cells (a—g). A protein
was considered as co-localizing when it predominantly accumulated
at the nuclear EN-filaments or was enriched in their close vicinity.
Nucleus of cell with no EN-actin expression is labelled by a dashed
line. Scale bars 5 pm
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cofilin emerin

P-cofilin

Arp3

inset-Arp3

Fig. 7 Nuclear EN-actin filaments recruit Arp3 and cofilin. Co-local-
ization of the nuclear EN-actin filaments with various actin-binding
proteins was tested by indirect immunofluorescence microscopy in
the U20S cells (a—g). EN-actin filaments occasionally come into con-
tact with emerin (a and b inser). EN-actin filaments co-localize with

Numerous studies have repeatedly emphasized the
importance of actin in transcription (Hofmann et al. 2004;
Hu et al. 2004; Philimonenko et al. 2004). NM1 is a tran-
scription factor, which exerts its function in cooperation
with actin (Ye et al. 2008). Even though one would expect

merge

josul

josul

Idva

cofilin in the nucleus (¢ and d, arrowheads). Inset of the EN-actin
filaments (d). EN-actin filaments do not co-localize with P-cofilin (e),
but recruit Arp3 into the nucleus (f). Nucleus of cell with no expres-
sion of EN-actin is labeled by dashed line (f). Inset of the cell with
increased Arp3 levels and EN-actin filaments (g). Scale bars 2.5 pm

NM1, which requires oligo- or polymeric actin for its func-
tion, to be predominantly found on the EN-actin filaments,
it is not the case (Fig. 8f). Overexpressed NM1-mCherry is
in the nucleoplasm present in the vicinity of the EN-actin
filaments, but no evidence points toward their association.
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NM1-mCherry

Fig. 8 Nuclear EN-actin filaments enhance DNA transcription. Co-
localization of overexpressed nuclear EN-actin and hallmarks of
various nuclear functional complexes was observed in U20S cells
by indirect immunofluorescence microscopy. A protein was con-
sidered as co-localizing when it predominantly accumulated at the
nuclear EN-filaments or was enriched in their close vicinity. Nuclear
EN-actin filaments do not co-localize with components of chromatin
remodeling complexes (a—f), but passed through both transcription-
ally inactive (g) and active chromatin (h). Formation of EN-actin
filaments does not affect either localization of C-terminal domain of
RNA polymerase II phosporylated on serine 2 (CTD-PS2, i) or the
catalytic subunit of RNA polymerase I (RPA194, j). Generation of
nuclear EN-actin filaments causes increase in the overall transcrip-
tion levels in the S-phase (k). In this experiment, transcription lev-
els of cells containing EN-actin filaments (k F-actin) were compared
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to cells with homogenous EN-actin (k G-actin) and to cells with no
expression of EN-actin, which resided within the same coverslips (k
control). Nascent transcripts were labeled by FU in the U20S cells
and their amounts were then quantified by indirect immunofluores-
cence using anti-BrdU antibody. Total fluorescence intensity in the
nucleus was normalized to the nuclear area. The experiment was
repeated three times and the values in each replicate were further
normalized to the control. Normalized mean values = SD of three
independent experiments are shown in the graph where whiskers rep-
resent the minimum and maximum values. More than 20 cells were
analyzed in each experiment. S and G1/G2 phases of the cell cycle
were analyzed separately. No significant changes (p < 0.05) were
observed unless indicated by asterisks. **p = 0.01-0.001. Scale bars
5 wm
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We then proceeded with the study of participation of
EN-actin in transcription and observed its occurrence in
transcriptionally inactive and active chromatin regions,
marked by H3K9Me2 and H3K4Me2 histone modifica-
tion, respectively. Nuclear EN-actin filaments did not
show any preferential enrichment in either type of chro-
matin, neither did homogenously dispersed EN-actin
(Fig. 8g, h). On the other hand, EN-actin filaments did
not avoid either type of chromatin; they passed through
both chromatin regions instead. Therefore, we asked
whether EN-actin filaments or free EN-actin do indeed
affect transcription as has been previously published
(Miyamoto et al. 2011; Wu et al. 2006; Ye et al. 2008).
To answer this question, we explored the presence of the
catalytic subunit of RNA polymerase I (RPA194) as well
as the active form of RNA polymerase II phosphorylated
on serine 2 (CTD-PS2), as these would indicate active
transcription. Both CTD-PS2 and RPA194 were pre-
sent in the cells containing nuclear EN-actin filaments
(Fig. 81, j), and no obvious changes in their localiza-
tion were noticed in comparison with non-transfected
cells. In order to assess the impact of homogenous and
filamentous EN-actin on transcription, we compared
transcription levels of those cells with cells having no
overexpression of actin (control). As it is known that
transcription is inactivated during mitosis, gradually
activated during G1 and its levels are maximal in S and
G2 phases (Klein and Grummt 1999; Oelgeschlager
2002; White et al. 1995), we measured the transcription
levels in different stages of the cell cycle based on the
proliferating cell-nuclear antigen (PCNA) pattern. Nas-
cent transcripts were labeled with fluorouridine (FU)
in vivo, which was then detected by indirect immuno-
fluorescence microscopy. Total fluorescence intensity
of FU in the nucleus was quantified and normalized to
the nuclear area. Transcription levels of cells expressing
either homogenous EN-actin (Fig. 8k, G-actin) or EN-
actin filaments (Fig. 8k, F-actin) did not significantly
differ from the control (Fig. 8k, control) cells in the G1
and G2 phases of the cell cycle. However, we detected
changes in transcription in the S-phase when cells form-
ing nuclear EN-actin filaments significantly increased
their transcription levels by 30 % (Fig. 8k) in compari-
son with control cells. On the other hand, S-phase tran-
scription of cells having homogenous nuclear EN-actin
did not significantly differ either from control cells or
from the cells with EN-actin filaments.

In conclusion, nuclear EN-actin filaments do not par-
ticipate in chromatin remodeling, do not preferentially
associate with transcriptionally active or inactive chro-
matin, but their presence causes increase in general tran-
scription levels in the S-phase in comparison with control
cells.

Discussion

The fundamental ability of actin is to form polymers.
Although polymeric structures are long known to exist
in the cytoplasm, their presence and form in the nucleus
remains unclear.

We showed that the overexpression of EN-actin trig-
gers formation of bundled filaments in the nucleus bearing
various shapes from straight long (Figs. 7e, 8h) to curved
(Fig. 7a) and dense meshwork (Figs. lc, 6e). This observa-
tion is in agreement with a previous work by Kokai et al.
(2014), which moreover proposed that some of the fila-
ments are even branched. Even though we did not study
this feature in greater detail, we support the notion that
some of the filaments are indeed branched, not only cross-
ing each other (Fig. 2b—c).

In U20S cells, EN-actin localizes not only to the
nucleus, but is also incorporated into cytoplasmic fila-
ments (Fig. 1a and c¢). The incorporation of EN-actin into
the cytoplasmic fibers affected neither formation of EN-
actin nuclear filaments nor its nuclear translocation, which
was indeed favored (Fig. Ic). The distribution of EN-actin
within a cell seems to be cell-type specific, because cyto-
plasmic retention was not observed in rat PC12 cells (Kokai
et al. 2014), whereas in primary mouse skin fibroblasts
(Fig. 3a, b) EN-actin resided preferentially in the cytoplasm
and did not form nuclear filaments. At the same time, EN-
actin was readily imported into the nucleus of HEK293
cells (Fig. 3e). This may reflect differential requirements of
actin in the nuclear processes in various cell types.

The formation of nuclear filaments after expression of
exogenous EN-actin is relatively rare in U20S cells, since
only 1-5 % of cells show such phenomenon. Such a low
incidence of EN-actin filament formation suggests that
specific conditions are required to trigger polymeriza-
tion. It is known that actin begins to polymerize when the
critical concentration of free actin monomers is achieved.
However, we did not observe such concentration depend-
ency, since the expression levels of EN-actin normalized
to nuclear area did not differ significantly in cells with
homogenous EN-actin versus cells containing EN-actin fil-
aments (Fig. 2e). This indicates that the amount of actin in
the nucleus is not the only factor determining the filament
formation, but seems to be a prerequisite. In agreement,
blocking the actin export has been reported to cause actin
polymerization inside of the nucleus (Dopie et al. 2012;
Stuven et al. 2003).

While we observed that cells containing homogenous
EN-actin progressed through mitosis (Fig. 4), during which
EN-actin mimicked localization of the endogenous actin
(Yang et al. 2004), the presence of nuclear EN-actin fila-
ments decreased cell proliferation rate by a half (Fig. 5c).
Moreover, we observed two abnormalities in the interphase
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cells which seem to originate in mitosis—formation of
additional micronuclei or retention of both daughter nuclei
within one cell (Fig. 5a, b). These two irregularities were
previously observed by Moulding et al. (2007) as a conse-
quence of increase in cytoplasmic F-actin assembly, which
caused its mislocalization and led to delay in mitosis and
defects in cytokinesis. Besides, both micronuclei forma-
tion and bridging the two daughter nuclei together are
also results of improper chromosome segregation, which
is caused by aberrant centromeric incidence (reviewed in
Fenech et al. 2011). Because F-actin is as well required
for the anchoring of mitotic spindle to the cell cortex and
moreover to establish the direction of spindle movement
(Woolner and Bement 2009), it is plausible that the exces-
sive amount of overexpressed EN-actin (which may form
filaments during mitosis) prevents correct spindle posi-
tioning and manifests in chromosome segregation errors.
Since 90 % of the binucleic cells contained nuclear EN-
actin filaments, whereas only 10 % of the cells contained
homogenous nuclear EN-actin, we speculate that the effect
is reinforced with increasing filamentous EN-actin levels.
In conclusion, multiple aspects seem to contribute to the
defects in mitosis; however, the severity is related to the
amount of EN-actin which is available for polymerization
into nuclear filaments.

It has been shown that the increase in cofilin expression
causes arrest in G1 phase of a cell cycle by a mechanism
which involves cyclin-dependent kinase inhibitor p27%iP!
(Tsai et al. 2009). Although we did not observe elevated
levels of cofilin, we showed a co-localization between cofi-
lin and the nuclear EN-actin filaments (Fig. 7c, d). There-
fore, we speculate that cofilin might trigger the nuclear
p27%iP! Jeading to G1 arrest. In conclusion, the defective
mitosis is probably a result of more than one aspect and
additional experiments need to be performed to understand
this issue clearly.

Numerous actin-binding proteins localize and exert their
functions in the nucleus (reviewed in Castano et al. 2010).
Among those tested in this study, cofilin co-localized with
the nuclear EN-actin filaments (Fig. 7c, d,), whereas its
phosphorylated form (P-cofilin) did not (Fig. 7e). Besides
its involvement in cell cycle progression, cofilin employs
multiple modes of action—upon increase in G-actin
amount, cofilin maintains actin import into the nucleus
(Pendleton et al. 2003) and, at the same time, regulates
actin dynamics. Cofilin severs actin filaments at low actin
concentrations and nucleates actin filaments at high actin
concentrations (Andrianantoandro and Pollard 2006).
When filaments are bundled, they become more resistant to
cofilin severing (Michelot et al. 2007). Therefore, we sug-
gest that cofilin promotes EN-actin filament formation.

We also found Arp3 upregulated upon EN-actin overex-
pression (Fig. 7f, g). Arp3 is a member of Arp2/3 complex,
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which triggers nucleation of the new or branching of the
existing actin filaments (Pantaloni et al. 2000). Although
we did not study branching of the EN-actin filaments, anal-
ysis of nuclear NLS-actin filaments performed by Kokai
et al. (2014) revealed that the filaments are most likely
branched. Hence, we propose that Arp3 might assist in EN-
actin filament nucleation and branching.

Besides cofilin and Arp3, we did not identify any other
actin-associated protein to co-localize with the EN-actin
filaments, despite testing many potential candidates. How-
ever, as recent studies identified nuclear actin filament for-
mation being dependent on nuclear formin (Baarlink et al.
2013), Toca-1, (Miyamoto et al. 2011), N-WASP (Wu et al.
2006) and JMY (Zuchero et al. 2009), we assume that other
nuclear-specific actin-binding proteins assist in EN-actin
dynamics too.

We showed here that both homogenous and filamen-
tous forms of EN-actin are preferentially neither enriched
nor excluded from the chromatin regardless of its tran-
scriptional state (Fig. 8g, h). Noteworthy, we observed
that EN-actin filaments seem to avoid only densely packed
heterochromatin (Figs. Ic, 3c—e, 7g), which indeed occurs
rarely in the U20S cells as revealed by the electron micros-
copy (not shown). Based on the absence of co-localization
between nuclear EN-actin filaments and chromatin remod-
eling complexes (Fig. 8a—f), we support the notion that the
actin in chromatin remodeling complexes and in complex
with hnRNPs is monomeric (Obrdlik et al. 2008; Percipalle
et al. 2002) and nuclear EN-actin filaments do not seem to
affect chromatin state.

Similarly, formation of nuclear EN-actin filaments did
not affect the gross localization of active forms of RNA
polymerases I and II (Fig. 8i, j), which were concentrated
in discrete foci throughout the nucleolus and nucleo-
plasm, respectively. The pattern of transcription foci
was identical to the control cells, and all the cells were
transcriptionally active. After we quantified transcription
levels, we found that there is an elevation in the S-phase
of the cell cycle in the presence of nuclear EN-actin fila-
ments by 30 % in comparison with control, whereas the
presence of homogenous EN-actin did not affect tran-
scription significantly (Fig. 8k). In G1 and G2 phases, the
transcription levels did not differ significantly from con-
trol. It is plausible that recruitment of EN-actin filaments
to the transcription complexes in the S-phase is enabled
by a more permissive state of chromatin in the S-phase.
This finding also points toward the possibility that poly-
meric state of actin is required for transcription as has
been suggested previously (Miyamoto et al. 2011; Obrd-
lik and Percipalle 2011; Wu et al. 2006; Ye et al. 2008;
Yoo et al. 2007). Up to date, numerous studies focused on
the involvement of actin in transcription of SRF-regulated
genes. To trigger transcription, SRF requires its cofactor
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MAL which is only imported into the nucleus when free
of G-actin (Miralles et al. 2003; Vartiainen et al. 2007).
Collectively, these studies revealed that formation of
F-actin in the nucleus or in the cytoplasm depletes lev-
els of G-actin, which cannot sequester MAL. MAL is in
turn imported into the nucleus leading to upregulation of
SRF-mediated transcription (Baarlink et al. 2013; Kokai
et al. 2014; Stern et al. 2009; Vartiainen et al. 2007). It
is therefore reasonable to speculate that the elevation of
transcription upon EN-actin filaments formation that we
observed occurs via exhaustion of free G-actin mono-
mers. However, to answer this clearly, more experiments
need to be performed.

To sum up, our study documents a potential for EN-actin
to form filaments in the nucleus closely resembling actin
filaments in the cytoplasm. Generation of nuclear EN-actin
filaments recruits cofilin and Arp3 into the nucleus and
affects cellular processes. Since our observations of the
EN-actin polymerization, its behavior during cell cycle, co-
localization with actin-binding proteins and transcriptional
activity are in agreement with previous studies, we suggest
that EN-actin fusion protein mimics the endogenous actin
and may be used as a tool for future challenging research
focusing on actin functions in the nucleus.
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4 DISCUSSION

4.1 Localization of nuclear Pls

For better understanding of nuclear PIs roles, we decided to investigate their nuclear
localization. Concerning the detection of nuclear Pls, we tested several antibodies and protein
domains recognizing PIs conjugated with GFP. Overexpression of PIs-binding domains tagged
with GFP not only showed membranous localization as expected, but additionally also nuclear
localization, most probably caused by accumulation of GFP-fusion construct in the cell nucleus
(Hammond and Balla, 2015). We confirmed this unspecific accumulation as most of mutated
PIs-binding domains (incapable of binding to PIs) displayed the same nuclear pattern as their
wild-type forms. EEAI-FYVE was the only domain fused with GFP capable to detect
specifically PI(3)P foci in the nucleoli of U20S cells. Gillooly et al. (2000) have previously
shown PI(3)P presence in nucleoli of human fibroblasts and baby hamster kidney cells which
confirmed our observation.

To overcome the effect of GFP-fusion construct overexpression, we purified
recombinant PLC31-PH, Tubby and OSH1-PH domains fused with eGFP and used them for
PIs detection on fixed cells. PLC51-PH and Tubby domains recognize P1(4,5)P2, and OSH1-
PH domain recognizes PI(4)P. By using the purified OSH1-PH domain together with specific
anti-PI(4)P antibody, we demonstrated for the first time that nuclear PI(4)P can be visualized
in the cell nucleus. In detail, PI(4)P localizes to the nuclear membrane, nuclear speckles and
forms small foci in the nucleoplasm. We observed that PI(4)P forms distinct small foci inside
and at the edges of nuclear speckles, where the active transcription takes place (reviewed in
Spector and Lamond, 2011), which suggests that PI(4)P may have a role in DNA transcription.
Using purified PLC61-PH and Tubby domains together with anti-PI(4,5)P2 antibody we
detected PI1(4,5)P2 in the nucleoli, nuclear speckles and nucleoplasm. Supporting our data,
localization of PI(4,5)P2 in the nuclear speckles and nucleoli has been described previously
(Osborne et al. 2001; Yildirim et al. 2013; Sobol et al. 2016). Our results revealing localization
of PI(4)P and PI(4,5)P2 will help us to better understand the roles of these PIs in the cell
nucleus. Based on our localization study we hypothesized that their functions are connected
with DNA transcription.

By comparing antibodies and protein binding domains staining patterns, we have
described useful tools for visualization of PI(4,5)P2 and PI(4)P in the cell nucleus. Our future

plans are thus to modify and optimize this approach to detect the rest of PIs present in the cell
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nucleus. Moreover, we would like to use this approach to reveal undescribed functions of

nuclear Pls in a greater detail.

4.2 P1(4,5)P2 function in regulation of gene expression at epigenetic level

Nuclear PIs can associate or bind directly to many proteins (Lewis et al. 2011;
Jungmichel et al. 2014), and most probably through this interaction PlIs contribute to nuclear
processes, such as chromatin remodelling, DNA modifications, and transcription. However,
molecular mechanisms of their nuclear functions have been poorly described.

Here we showed that PI(4,5)P directly binds to histone lysine demethylase PHF8 (PHD
finger protein 8), which demethylates H3K9me2/1, H3K27me3, H4K20mel (Feng et al. 2010;
Liu et al. 2010; Zhu et al. 2010). Since these are all repressive histone marks, PHF8 activates
the transcription of its target genes (Bannister and Kouzarides, 2011; Kouzarides, 2007).
PI(4,5)P2 binding to PHF8 changes conformation. Subsequently, PHF8 affinity toward
H3K9me?2 is decreased. Both PI(4,5)P2 and PHFS influence rRNA genes transcription and are
in complex with proteins involved in RNA polymerase I transcription (Feng et al. 2010;
Yildirim et al. 2013; Zhu et al. 2010). The decrease of H3K9me?2 levels caused by PI(4,5)P2-
PHFS interaction increases expression of pre-rRNA genes. We concluded that PI(4,5)P2 acts
as RNA polymerase I transcriptional regulator at the epigenetic level trough interaction with
PHFS. Typically, around 50% of rRNA genes are actively transcribed in cells and thus we
hypothesized that P1(4,5)P2 contributes to this regulation by fine-tuning of PHFS activity, i.e.
to “block”™ its activity as transcription activator to sustain normal levels of rRNA genes
transcription and prevent their upregulation. In agreement, it has been previously shown that
P1(4,5)P2 influences chromatin remodelling, mRNA splicing and export, regulation of RNA
polymerase I transcription at initiation level (Osborne et al. 2001; Rando et al. 2002; Yildirim
et al. 2013; Zhao et al. 1998). Moreover, consistently with our data PIs influencing proteins
function by conformational change were previously reported by Yildirim et al. (2013) for UBF
and fibrillarin and by Gelato et al. (2015) for UHRFI1.

Furthermore, we confirmed that PI(4,5)P2 acts as a regulator of cellular processes at
multiple levels in C. elegans. We decreased P1(4,5)P2 levels by RNAi mediated knockdown of
PPK-1 kinase. PPK-1 kinase was described as the only C. elegans P1(4,5)P2 kinase capable to
produce PI(4,5)P2 in vitro and in vivo (Weinkove et al. 2008; Xu et al. 2007). The decrease of
P1(4,5)P2 from C. elegans gonad was connected with phenotypes, such as increased male
incidence in the progeny or decreased brood size. Similar results upon ppk-/ RNAi depletion
observed Xu et al. (2007) however, they concluded that the observed decrease in number of
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progeny is caused by impaired function of cytoplasmic PI(4,5)P2 and its function in muscles
important for ovulation. Importantly, we also observed increased presence of DAPI stained
bodies, decondensed chromatin, increased levels of DNA transcription and DNA damage.
These observations suggest that P1(4,5)P2 depletion influences various cellular processes of C.

elegans, which are connected with gene expression.

Up to date, there has been no study about PI(4,5)P2 interacting partners in germ cell
nuclei of C. elegans. Therefore we identified possible PI(4,5)P2 interacting partners involved
in these processes. We observed that PI(4,5)P2 interacts with various proteins present in the
nuclei of germ cells thus by depletion of PI1(4,5)P2 we disturbed these interactions and in turn
influenced processes, such as chromosome pairing, DNA damage, apoptosis, transcription and
chromatin shape. Possible PI(4,5)P2 binding partners are e.g. proteasome subunits which are
important for regulation of molecular processes including DNA transcription (reviewed in Geng
et al. 2012). We confirmed that PI(4,5)P2 interacts with proteasome subunits (PBS-4) and
ubiquitin-proteasome interacting protein leucine rich repeat protein 1 (LRR-1) and through this
interaction most probably contribute to the regulation of physiological and molecular processes
in C. elegans. Based on our observation from mammalian cell lines, there is however a
possibility that some phenotypes might be caused by decrease of H3K9me2 connected with
PI(4,5)P2 depletion in C. elegans. We will thus investigate this possibility that PI(4,5)P2 acts

as a transcriptional regulator at the epigenetic level in C. elegans in our future studies.

4.3 Nuclear actin

Actin can be present in two forms, monomeric globular actin (G-actin), or filamentous
actin (F-actin) in the cytoplasm. F-actin is formed by polymerization of G-actin. It is known
that in the cell nucleus actin is present as G-actin (reviewed in Jockusch et al. 2006) and more
recently, several studies reported that also G-actin polymerization can occur in the cell nucleus
(Miyamoto et al. 2011; Belin et al. 2013; Baarlink et al. 2013; Kokai et al. 2014). Therefore,
we investigated whether nuclear F-actin recruits actin-binding proteins and thus affects the
nuclear processes e.g. DNA transcription. After over-expression of EYEP-NLS-actin (EN-
actin) construct in U20S cells, we observed that 1 to 5 % of cells formed long thick nuclear
filaments. These filaments resembled by the length and thickness cytoplasmic F-actin filaments,
the majority of cells however displayed diffused nuclear actin signal. Cofilin, an actin-
depolymerizing factor, and Arp3, a component of actin nucleation complex Arp2/3, are known
actin binding proteins (reviewed in Bamburg and Bernstein, 2010) and we therefore
investigated their co-localization with nuclear F-actin. We showed that both co-localize with
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nuclear actin filaments. Next, we confirmed that EN-actin filaments did not preferentially
localize to either active or inactive chromatin. Also, EN-actin did not co-localize with RNA
polymerases, but on the other hand the level of transcription increases in S-phase of cell cycle
in the presence of EN-actin filaments. Consistently with these data, presence of polymeric actin
increases transcription in the cell nucleus (Ye et al. 2008; Baarlink et al. 2013; Kokai et al.
2014).

Additionally, the formation of EN-actin filaments causes a decrease of cell proliferation
rate and an increase of additional micronuclei formation or retention of both daughter nuclei in
one cell. Moulding et al. (2007) previously reported similar results as a consequence of
cytoplasmic F-actin assembly. The co-localization with actin-binding proteins and changes in
transcriptional activity are in an agreement with previous studies (Yoo et al. 2007; Obrdlik and
Percipalle, 2011; reviewed in Miyamoto and Gurdon, 2013). Thus, we suggest that EN-actin
could be used as a tool in the future research regarding actin functions in the cell nucleus.
Further, we will use EN-actin to investigate role of PI(4,5)P2 -actin complex in the regulation
of gene expression and to identify, whether PI(4,5)P2 is important for nuclear F-actin

interaction with Arp3 or cofilin.
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S SUMMARY AND CONCLUSIONS

5.1 PCo1-PH, Tubby and OSH1-PH domains recognize nuclear Pls

For the first time we visualized the presence of PI(4)P in the nucleus by OSHI-PH
domain. We observed a specific localization of PI(4)P at the nuclear membrane, nuclear
speckles and small foci in the nucleoplasm. PLCo1-PH and Tubby domains detect P1(4,5)P2 in

nucleoli, nuclear speckles and nucleoplasm.

5.2 PHEFS is P1(4,5)P2 binding partner

We showed that PHF8 and P1(4,5)P2 are direct interacting partners. The C-terminal K/R
rich motif of PHF8 is the PI(4,5)P2 binding site. PHF8 and PI(4,5)P2 co-localize in the cell

nucleus and nucleolus.

5.3  PI(4,5)P2 regulates rRNA genes expression at the epigenetic level interacting with
PHFS

We demonstrated that PI1(4,5)P2 decreases PHF8 activity as H3K9me?2 histone lysine
demethylase. binding of PI(4,5)P2 to PHFS8 triggers conformational change in PHFS8. This
conformational change results in decrease of PHFS activity as transcriptional activator and thus

subsequently leads to a decrease in rRNA genes expression.

5.4  PI(4,5)P2 influences chromatin shape in germ cell nuclei C. elegans

We investigated P1(4,5)P2 function in C. elegans. After PPk-1 knockdown mediated by
RNAI and subsequent depletion of PI(4,5)P2, we observed misshapen chromatin in C. elegans
gonad. PI(4,5)P2-depleted worms exhibited phenotypes such as decreased brood size, increased

male progeny incidence and an increase of univalent chromosomes.

5.5  PI(4,5)P2 influences molecular processes in C. elegans germ cell nuclei.

PI(4,5)P2 influences chromatin shape, and is involved in processes such as
transcriptional regulation, DNA-damage-driven apoptosis, chromosome pairing and ubiquitin-
proteasome degradation pathway. Based on our data, we concluded that these C. elegans
phenotypes might be caused by (i) misshapen chromatin (ii) impaired ubiquitin-proteasome
pathway or (iii) disrupted binding to essential protein. We proposed that P1(4,5)P2 is involved
in regulation of molecular processes at multiple levels and as a part of many protein complexes

in C. elegans.
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5.6  Nuclear actin filaments change cellular processes

Overexpression of EN-actin caused that 1-5 % of cells form nuclear actin filaments.
Nuclear F-actin filaments recruited only cofilin and Arp3, known actin binding proteins.
Formation of nuclear F-actin filaments led to an increase in transcription during S-phase,

decrease in cell proliferation and caused aberrant mitosis.
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6 FUTURE PROSPECTS

Our results demonstrate that nuclear PI(4,5)P2 has functions as regulator of important
processes. P1(4,5)P2 regulates rRNA genes expression interacting with PHF8 in mammalian
cell line. Moreover, P1(4,5)P2 depletion influences molecular and physiological processes in C.

elegans. Therefore, we plan to focus on the following questions:

6.1 Is PI(4)P involved in DNA transcription?

PI(4)P localizes in the cell nucleus to nuclear speckles where it forms small foci inside
and at the edges of speckles. Based on the published data, the active transcription takes place
here (reviewed in Spector and Lamond 2011). This suggests that PI(4)P may have a role in
DNA transcription. Therefore we would like to confirm this assumption by identifying PI1(4)P

interacting partners involved in transcription and further reveal PI(4)P importance.

6.2  Can the PI(4,5)P2-PHF8 complex modulate RNA polymerase Il transcription?

Here we showed that PI(4,5)P2 regulates expression of genes transcribed by RNA
polymerase I through binding to PHFS. In the future, we would like to investigate whether
PI(4,5)P2-PHF8 complex influences also transcription of PHFS8 target genes transcribed by
RNA polymerase II. PHF8 target genes are often involved in craniofacial and neural

development, cell cycle progression and other important cellular processes.

6.3  Does PI(4,5)P2 decrease H3K9me2 level through interaction with PHF8 in C.

elegans?

In the mammalian cell line, we showed that PI(4,5)P2 influences H3K9me2 level
through the interaction with PHFS8. Importantly, we observed an increase of DNA transcription
upon PI(4,5)P2 depletion in C. elegans gonad. We will thus investigate the levels of H3K9me2
upon PI(4,5)P2 depletion. So far it is not known whether P1(4,5)P2 interacts with a homolog of
PHEFS (Lee et al., 2015) or other similar proteins, such as jmjd-2 demethylase (Whetstine et al.,
2006) or met-2 methyltransferase (Checchi and Engebrecht, 2011) in C. elegans. Thus we will
investigate also the possibility that PI(4,5)P2 acts as an epigenetic regulator of DNA

transcription in C. elegans.

6.4  Can PI(4,5)P2-actin complex regulate gene expression?

Here we showed that EN-actin can be used as a tool for investigation of nuclear actin

function. Also, nuclear actin filaments decrease cell proliferation rate and increase formation

101



of additional micronuclei or retention of both daughter nuclei in one cell. Recently, Le et al.
(2016) showed that nuclear actin determines global transcriptional activity. We will thus

investigate role of PI(4,5)P2 in actin-mediated DNA transcription regulation.
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