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Abstract

“Investigations on Protein Arginine Methyltransferases (PRMTs) in differentiation and
cancer”

Methylation of arginine residues by the family of Protein Arginine Methyltransferase
(PRMT) enzymes is an important modulator of protein function that is involved in
epigenetic regulation of gene expression, DNA damage response, RNA maturation and
cell signaling. The pre-mRNA of the predominant enzyme of the family, PRMT1, is
alternatively spliced in the 5- end and produces seven different isoforms. PRMT1
isoforms vary in their aminoterminal region, are expressed at different levels in different
tissues, and have distinct substrate specificity and intracellular localization. Here, we
characterize a novel splicing isoform of PRMT1, which lacks introns 8 and 9. These exons
encode the dimerization arm of the enzyme that is essential for PRMT1 enzymatic
activity. Consequently, the isoform does not form catalytically active oligomers with the
other endogenous PRMT1 isoforms. Photobleaching experiments reveal an immobile
fraction of the enzyme in the nucleus, in accordance with earlier results from our
laboratory that had shown a tight association of inhibited or inactivated PRMT1 with
chromatin and the nuclear scaffold. This isoform is detected in a variety of cell lines, but it
is expressed at higher levels in cancer cells and it is further induced by the EMT-inducing
transcription factor Snail. Thus, the novel isoform could act as a modulator of PRMT1
activity in cancer cells by acting as a competitive inhibitor that shields substrates from
access to active PRMT1 oligomers.

Moreover, we provide evidence that lamin B receptor (LBR) is a novel PRMT1
substrate, which might contribute to the epigenetic regulation of gene expression
through non-histone substrates.

The second part of the thesis focuses on PRMTS, a protein that shares a high degree of
homology with PRMT1, but is mainly expressed in the central nervous system. Until now,
PRMTS8 was poorly studied due to the lack of appropriate tools. However, in the present
thesis, we generated several tools and performed a wide variety of experiments in order
to determine the physiological role of PRMT8 in neuronal differentiation and
maintenance. We find that in a neuronal cell system, LUHMES, PRMT8 expression is

induced during differentiation. A recombinant PRMT8:GFP construct accumulates in the



nucleus while LUHMES cells are differentiating. Furthermore, we provide evidence that
the amount of the protein in the nucleus cannot exceed certain levels and reach a plateau
when the total amount of the protein increases in the cell. Moreover, we generated and
validated lentiviral vectors to succesfully achieve the knock-down of endogenous PRMTS,
and to identify interaction partners and substrates through the use of the BiolD method
in future experiments.

Collectively, the work described in the present thesis shows that PRMT1 and PRMT8
have important roles in cancer and neuronal differentiation, respectively. The new
knowledge will be instrumental to further investigations, which will elucidate the
potential use of PRMT1 and PRMTS8 as diagnostic markers or drug targets in cancer and

neurodegenerative diseases.



NepiAnydn
«MeAétn Tou poAou Twv puedudotpavopepacwyv tne apywvivns (PRMTs) otnv kuttapikn
dlaoponoinon kat atov Kapkivo»

H peBuliwon twv  kataloimwv apywivng amd TNV OLKOYEVELDL  TWV
ueBulotpavopepaowv ¢ apyvivng (Protein Arginine Methyltransferases, PRMTs) elvat
€VOG ONUOVTIKOG PUBULOTAG TG AsltoupyloG Twv TPWIEIVWVY KAl EUMAEKETOL OE
SLaSIKAOIEG OMWG: N EMLYEVETIKN pUBULON TNG yoviSlaknG €kppacng, oL amoKploelg os
BAABeg Tou yevetikoU UALKOU, n wpipavon tou RNA kal n Kuttapikr onupatodotnon. O
KUPLOTEPOG EKTMPOOWTIOG TNG OLKOYEVELAG TWV VUMWV QUTWV glvat n PRMT1, and to
yovidlo tng omoiag mapayovtal eptd SLadOPETIKEG LOOUOPPEG HETA ATIO EVAAANAKTIKO
HATIOMO TOU apXLlkoU petaypadou oto 5 dkpo. OL loopopdég autég ekdppalovral oe
Sdladopetika enineda avaloya Le TOV KUTTAPLKO TUTIO, EMLOELKVUOUV SLaKkpLth el8IKOTNTA
YloL GUYKEKPLUEVA UTIOOTPpWHATA KaBwG Kal SLadOopeTIKO UTIOKUTIAPLO EVIOTIOUO. ITNV
napovoa Sidaktopikn datplfn, avakaAvpape pla véa oopopdrn tng PRMTL mou &¢
oXeTlleTal PE TO QMULVOTEAIKO QAKPO TNG MPWTEIVNG, OMWEG Ol £PTA YWWOTEG WG TWPA
loopopdEC. H véa autr oopopdr) Sev gumepléxel ta €€ovia 8 kat 9 ta omola eivatl
unevBuva yla tnv kwdkomoinon Tou Bpayiova Sipeplopol Tou eviUpou.

E€attiag autou, To éviupo dev umopel va SnpLoupyrnoeL KATAAUTIKA EVEPYA OALYOLEPN
HE TIG umoOAowuteg Loopopdeg Tou. Melpapata FRAP (Fluorescent Recovery After
Photobleaching) £€6el€av tnv Umapén evog akLVNTOMOLNUEVOU KAQOUATOC TNG MPWIELVNG
otov mupnva. Ta amoteAéopata autd eival cUpdwva Pe TAALOTEPA EUPNUATA TOU
gpyaotnpiou pog, Tou €8elfav OTL UTIAPXEL LOXUPN TPOCOECN TNG QVEVEPYNG N
aveoTaApévng PRMT1 otn xpwpaTivn Kot oTto Tupnviko kpiwpa (nuclear scaffold). H véa
Loopopdn umopet va mpoodebel ota (Sl umooTpwpaTa PE TNV EVIUMATIKA €VEPYN
PRMT1. H ékdpaon tng avixvelBOnke oc OLAPOPETIKEG KUTTOPLKEG OELPEC KAl HATOV
auénuévn OE QUTEC ME TA TILO E€VIOVA KOPKLWVIKA XOPOKTNPLOTIKA N HUETA oo TNV
unepékpadaon Tou petaypadilkol mopdyovta Snail mMou emAyeL TN UETAMTWON ONO
eMONAL0 og peceyxupa (EMT). OswpoUpe OTL n vEéa Loopopdr Umopel va AelToupynoeL
wG pubuotg t™¢ Spaong NG PRMT1 ota KOPKWIKA KUTTOpA, OSpwvtag wg
QVTOYWVLOTIKOG OVAOTOAEQG TIOU SEV ETUTPETEL TNV MPOCSPACH TWV EVEPYWV OALYOUEPWV

NG PRMT1 ota UTMOOTPWHATA TOUG.



Eniong, mapoucialouvpe véa dedopéva TMOU KATASELKVUOUV OTL O UTIOSOXEQCG TNG
Aauivng B (Lamin B Receptor, LBR) amoteAel undéotpwua tg PRMTI, katL mou dev Atav
YVWOTO HéXPL onpepa. H peBuliwon tou LBR amnéd tnv PRMT1, miBavwg va anoteAel pépog
NG ETYEVETIKAG PUOULONG TWV YOVIOIWV HECW UTIOOTPWHATWY TOU SEV AVIKOUV OTNV
OLKOYEVELQ TWV LOTOVWV.

210 SeUtEPO TUNUA TNG SL8aKTOPIKNG SlatplPng, peetrioape tnv PRMTS, 1o oydoo
HENOG TNG olkoyEévelag twv PRMTs. H aAAnAouxia tng PRMTS8 eival katd €va peyaio
TIOOOOTO OudAoyn He autrnv tng PRMT1, al\d n ékdpaon TnG lvol MEPLOPLOUEVN OTO
KEVIPLKO VEUPLKO clotnua. MéExpL onuepa, n PRMT8 &ev eixe pehetnBel evbehexwg,
e€attiag tng EMelPng KATAANAWY €pYaAeiwv KoL KUTTOPLKWY CUOTNUATWV.

Jta mAaiola tng mapovoag Statplpng avamntuéape véa spyaleia kal Sie€aydyape pia
OELPA TELPAUATWY UE OKOTO VA SLEPEVVICOUUE ToV PpUCLOAOYIKO poAo tng PRMTS8 otn
Sdladopomnoinon kat tn Slatrpnon Tou VEUPLKOU LoToU. ATO TO TIELPAMOTA LOG, TIPOKUTITEL
otL n PRMT8 ekdpaletal evOOyeVWE OTO KUTTAPLKO HOVTEAO VEUPLKNG Sladopomoinong,
LUHMES (LUnd Human MESencephalon). H umepékdpacn tng PRMTS, cuvinyuévng Ue
v npaown $pbopilovoa nmpwrteivn (Green Fluorescent Protein, GFP), katédelte OtL n
PRMT8 cucowpeleTal otov nupnva kabwg ta LUHMES Sladopomolovvtal. Baoel twy
anoteAeopdTwy pag daivetal otL Ta enineda g MPWIEIVNG oToV MupHva 8ev Umopouv
va EEMEPAOOUV Eval OPLO AVEEAPTNTA ATIO TN CUVOALKN TTOOOTNTA TN 0TO KUTTaPOo. TEAOG,
KOTAOKEUAOAUE Kal afloAoyrnoape VEOUG OpPEeiG AEVTL-LWV yld TNV QMOCLWINON TNG
ékdpaong tng PRMT8 kal tnv avixveuon popiwv pe ta omola aAAnAemidpd HECW TNG
pneBodou mou ovopadletal BiolD.

JUVOTTIKA, Ta amoteAéopata TG SL6akToplkng Statplprg pou amodeikviouv OTL N
PRMT1 kot n PRMT8 emuteAoUv ONUOVTIKO POAO OTOV KAPKIVO KOl OTn VEUPLKNA
Sdladopomnoinon, avtiotolya. Ta anoteAéopata autd Ba €xouv LEYAAn XpnoluotnTa o€
ETOUEVEG UeAéTeg Omou Ba SlepeuvnBel n TBavotnta Xprong toug wg SLayvwoTika

epyaAeia 1 papUAKEUTIKOL OTOXOL OTOV KAPKIVO KAl 08 VEUPOEKDUALOTIKEG OLOOEVELEG.
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1. Introduction

1.1 Regulation of gene expression

Pathways affecting gene expression can be categorized into “short-term” mechanisms
that allow cells to rapidly and transiently respond to extracellular and intracellular signals,
and “long-term” mechanisms that govern the functional identity of a particular cell type.
Short-term mechanisms usually involve pathways that transmit signals inside the cell, e.g.
from the plasma membrane to the nucleus, and lead to the transcriptional activation or
inactivation of target genes. In contrast, long-term mechanisms involve relatively stable
changes in the general status of genes, and establish whether genes are silenced or
potentially available for short-term regulation. Thus, short- and long-term mechanisms
are interconnected and act together to assure homeostasis of the organism.

Long-term regulation of gene expression is usually referred to as “epigenetics”,
because it is based on an additional layer of information on top of the DNA sequences in
the genome. In other words, epigenetic mechanisms put “marks” onto chromatin that
can be stably inherited to daughter cells over mitosis, and transmit information about the
expression status of a gene without changing the underlying DNA sequence itself. These
marks affect gene expression by allowing or prohibiting the access of particular
transcription factors to gene promoters and enhancers. Epigenetic regulation occurs
through two basic principles: the methylation of cytosine residues in the DNA sequence,
and the post-translational modification of histones (Fig. 1.1). Both mechanisms cooperate
to set up and faithfully replicate epigenetic marks on chromatin, and are indispensable
for all developmental, differentiation and maintenance processes in an organism. The
first mechanism, DNA methylation, is catalyzed by a family of enzymes called DNA
methyltransferases. 1t usually occurs in CpG (cytosine-phosphate-guanine) islands in
regulatory regions such as promoters, and lead to silencing of the associated gene. DNA
methylation is critically involved in the formation of heterochromatin, and plays an
important role in genomic imprinting, dosage compensation, and telomere stability.

In the present thesis, | focus on histone modifications, and more specifically on a
family of enzymes involved in the methylation of arginine residues in histones, in healthy
(differentiation of neural precursor cells to mature neurons) as well as in pathological

conditions (cancer). These enzymes could become potential drug targets to alter specific



pathways and gene expression, and thus to treat a broad range of diseases including
cancer and neurodegenerative diseases. Other mechanisms such as RNA interference are

also studied as epigenetic mechanisms.

A

L9 Acetylation
Methylation |1y

/P\ Phosphorylation

Chromosome DNA methylation

B l— Transcription possible ﬁ
Gene “switched on”

« Active (open) chromatin

« Unmethylated cytosines
(white circles)

« Acetylated histones

Gene “switched off”
« Silent (condensed) chromatin
« Methylated cytosines
(red circles)
« Deacetylated histones

; Transcription impeded T

Fig. 1.1: Epigenetic regulation of gene expression. (A) Epigenetic marks occur through the methylation of
DNA cytosine residues and through modifications on chromatin histones. These histone modifications
include acetylation, methylation, and phosphorylation as depicted, but also others that fulfill specific
functions. (B) Depending on the structure of the chromatin, gene expression is either activated (gene
“switched on” or inactivated (gene “switched off”) (image obtained from
http://cnx.org/content/m26565/latest/).

1.2 Epigenetics in cancer and differentiation

The development of a complete eukaryotic organism from one single cell, the fertilized
oocyte, is one of the most fascinating processes in biology. Extensive research in the last
decades has elucidated many mechanisms that contribute to this process, although we

are still far from seeing and appreciating the whole picture. Clearly, gaining a deeper



understanding of how pluripotent cells differentiate to post-mitotic cells with unique
traits, how tissues and organs are formed and later maintained in healthy homeostasis, is
crucial for developing new ways to rationally manipulate the involved pathways for
medical purposes.

Cancer, the leading cause of death worldwide, is a consequence of defects in these
homeostatic mechanisms. The biology of human tumors has been characterized as having
six hallmarks: sustained proliferative capacity, evasion of growth suppressors, resisting
cell death (apoptosis), enabling replicative immortality, inducing angiogenesis and
activating invasion and metastasis (Hanahan and Weinberg, 2011). These features
cooperate to promote tumor development, growth and aggressiveness. Understanding
how the implicated molecular mechanisms are regulated, will facilitate the development
of better therapeutic strategies, improve the life quality and increase the survival of the
patients.

Although the development of an organism is a physiological procedure and cancer is a
pathological condition, both share a common characteristic. Development and cancer are
governed by epigenetic mechanisms that direct cells to differentiate into specific cell
types or de-differentiate to become more aggressive, respectively. Primarily,
development from the fertilized oocyte to an embryo and later to a mature organism is
achieved through changes in the expression of genes. Even though all cells of the body
have the same genome, only around 20% of the genes are expressed in any given cell
type, and determine the phenotype and physiological properties of the cell. Disruption of
epigenetic mechanisms can lead to gene silencing of tumor suppressors as well as to the
activation of oncogenes, resulting in malignant cellular transformation. Thus, cancer is

characterized by global changes in the epigenome of the cancer cell.

1.3 Epigenetic regulation of gene expression by arginine methylation
1.3.1 Arginine methylation

Arginine methylation is a post-translational modification of proteins that, in addition to
other functions, is involved in epigenetic gene regulation through the histone code.
Arginine is a positively charged amino acid due to the presence of the strongly basic (pKa

around 12.0) guanidine group that is protonated at all physiologically relevant pH values.



The positive charge, together with multiple hydrogen bond donating capacity and a high
degree of polarity, ensures surface localization of arginine side chains, except in rare
instances of formation of buried guanidinium-carboxylate salt bridges. Arginine residues
function in proteins generally as positively charged groups, contributing to the binding of
negatively charged ligands such as phosphate and phosphate esters, including nucleic
acids. The three nitrogens in the guanidino group of its side chain can be methylated. The
possible products of arginine methylation are monomethylated arginine (omega-Ng-
monomethylarginine, MMA) with a single methyl group on the terminal nitrogen atom,
asymmetric dimethylarginine (omega-Ng,Ng-dimethylarginine, ADMA) where two methyl
groups are placed on one of the terminal nitrogen atoms of the guanidine group, and
symmetric dimethylarginine (omega-Ng,N’s-dimethylarginine, SDMA) where one methyl
group is placed on each of the terminal guanidine nitrogens. In yeast, arginine can also be
methylated at the internal &-guanidino nitrogen atom, producing delta-monomethylated

arginine (Fig. 1.2).
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Fig. 1.2: Types of methylation on arginine residues. Arginine can be monomethylated (MMA(w)) and
subsequently either symmetrically (SDMA(w)) or asymmetrically dimethylated (ADMA(w)). Type |, Il and IlI
indicate the type of the enzyme that carries out each reaction (see next chapter)(Yang and Bedford, 2013).

The addition of each methyl group changes the residue’s shape and removes a
potential hydrogen bond donor. Consequently, the post-translational methylation of

arginine residues has been shown to modify protein function by regulating protein-



protein interactions, both negatively and positively.

1.3.2 Protein aRginine MethylTransferases (PRMTs)

In mammals, arginine methylation is a procedure as common as phosphorylation,
acetylation and ubiquitination (Larsen et al.,, 2016). However, in contrast to e.g.
phosphorylation, arginine methylation of proteins is catalyzed by only a small family of
highly related enzymes, the so-called Protein aRginine MethylTransferases (PRMTSs)
(Bedford and Clarke, 2009) (Fig. 1.3) and maybe a few unrelated enzymes such as the rat
NDUFAF7 protein (Zurita Rendon et al., 2014).

PRMT Domain structures of human enzymes* Function Family Primary
(locus) substrates*®
PRMT1 1 316 Transcription activation, signal Typel H4R3. MRE11.
(19q13.3) transduction, RNA splicing and 53BP1 and SAM68
abcd = DNA repair
PRMT2 1 [ SH3 domain 433 Transcription regulation Typel H3R8
@q223) (] Lo
abc d e
PRMT3 1 Znfinger 531 Ribosomal homeostasis Typel RPS2 and p53
ey @S NN |
abcd e

CARM1 1 608 Transcription activation. RNA Typel H3R17. AlB1. p300.
(19p13.2) C M I ) splicing. cell cycle progression CBP and RNA Pol

T = and DNA repair IICTD
PRMTS 1 637 Transcription repression. signal Typell H3R8.H4R3. E2F1.
(14q112) NN [ transduction and piRNA pathway p53.EGFR and

abc d e CRAF
PRMT6 1 375 Transcription regulation Typel H3R2 and H2AR29
SCE G | — )
abc d e
PRMT7 1 602 Male germline gene imprinting Typelland  H4R3.H2AR3 and
ae6qz2z1)  C [T 1 I Ml D typelll H3R2
abc d e abc d
PRMT8 myr 1 304 Brain-specific function Typel Unknown
(SO e | 1
abcd e
PRMT9 1 PR 843 Unknown Not Unknown
saizy (] I csfd
abcd e abcd e

Fig. 1.3: The Protein aRginine MethylTransferase (PRMT) family. The mammalian PRMT family consists of
9 enzymes that all harbor five conserved domains: I, post-l, Il, Ill and a THW loop. The vertical dark blue
lines represent PRMT domains with good sequence similarity to the indicated PRMT motif. In contrast, red
vertical lines indicate poor sequence similarity to the indicated PRMT motif. a: domain |, b: domain post-I,
c: domain Il, d: domain Ill, e: THW loop and TPR: tetratricopeptide repeat. Some examples of primary
substrates are presented for each molecule, as well as their type and function (modified from Yang &
Bedford 2013).

In humans, the PRMT family consists of nine members (for a detailed description of the
individual members, see chapter 1.4 below). The relation between these proteins was

revealed by sequence homology. All PRMTs contain five conserved domains called I, post-



[, Il, ll (common also to other seven-beta strand methyltransferases) and a THW
(threonine, histidine, tryptophan) loop. PRMTs catalyze the transfer of a methyl group
from S-adenosyl-methionine (SAM) to the guanidino nitrogen atoms of arginine. This
reaction results in the formation of methylarginine and S-adenosylhomocysteine
(AdoHcy). Based on the end product of their reaction, PRMTs are classified into four
different types. Type |, I, and lll methylate the terminal (or w) guanidino nitrogen atoms.
While type Ill produces only monomethylarginine, type | and Il form asymmetrically or
symmetrically dimethylated arginine, respectively, via a monomethylated intermediate.
Type IV is found in yeast, and is responsible for the methylation of the internal ()
guanidino nitrogen atom. Interestingly, yeast harbors only one PRMT of each type | and
type I, whereas in humans type | PRMTs are present as six distinct enzymes (PRMT1,
PRMT2, PRMT3, PRMT4, PRMT6 and PRMTS), and type Il as two enzymes (PRMT5 and
PRMT9). Type lll enzymes only catalyze the formation of monomethylargine, but do not
process further to dimethylarginine (Yang et al., 2015). In humans, PRMT7 is the only type
[l methyltransferase, and histones are its only substrates known today (Feng et al., 2013).

PRMTs (except for PRMT4) methylate arginines preferentially in arginine-glycine (RGG)
rich motifs that often function in both nucleic acid binding and mediating protein-protein
interactions (Thandapani et al., 2013). Surrounding glycine residues increase the flexibility
of the area and gives access to the active site of PRMTs. Exception in this rule is PRMT4,
which prefers arginine neighboring proline, glycine and methionine (PGM) rich motifs
(Yang and Bedford, 2013) and PRMT7, which prefers RxR motifs in a lysine-rich
environment (Feng et al., 2013).

The methylated arginines interact mainly with Tudor domains of proteins (Gayatri and
Bedford, 2014). The Tudor domains of SMN (Survival of motor neuron), SPF30 (Splicing
factor 30), and TDRD1/2/3/6/9/11 (Tudor domain-containing protein) are some examples
of interaction partners of methylarginine (Tripsianes et al.,, 2011). There are
approximately 36 human proteins with a Tudor domain. On the other hand, there are
over 2000 proteins containing RGG motifs. This suggests that other methylarginine-
interacting domains are likely to be discovered.

Members of the PRMT family are involved in a multitude of cellular processes. They

can act as transcriptional co-activators or co-repressors by methylating transcription



factors, other co-activators and histones, thereby modulating their interaction with other
proteins and DNA, or their subcellular localization. PRMTs also methylate splicing factors,
which can regulate the formation of alternative splicing products by promoting exon
skipping in an enzyme-dependent manner. Moreover, PRMTs have been implicated in
DNA repair due to the methylation of Mrel1l that participates in the repair of DNA double
strand breaks by homologous recombination, and also modulates the p53 response.
Finally evidence has been provided that PRMTs are involved in signal transduction
through protein-protein interactions, mRNA translation and protein stability (Auclair and
Richard, 2013; Yang and Bedford, 2013) (Fig. 1.4).

The existence of arginine demethylases is still under debate. Recently it was shown
that some lysine demethylases (KDM3A, KDM4E, KDMS5C) also possess arginine
demethylation activity in vitro (Walport et al., 2016). These new observations need to be

further investigated in order to clarify the dual role of these enzymes.
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Fig. 1.4: An overview of some cellular processes regulated by arginine methylation. (Bedford and Richard,
2005).



1.3.3 Transcriptional regulation by PRMTs

The activity of PRMTs is regulated by post-translational modifications, either on them
or on their substrates, binding to regulatory proteins, microRNAs, as well as through their
subcellular localization. In a regulated manner, PRMTs act as activators or repressors of
gene transcription by modifying histones and transcription factors. Some examples of
transcriptional regulation of gene expression by arginine methylation are depicted in
figure 1.5. PRMT1 and PRMT4 mainly represent co-activating PRMTs. The methylation of
H4R3me2a by PRMT1, for example, leads to recruitment of p300/CBP-associated factor
complex that results in acetylation of histone H3 at lysines 9 and 14 and thus activating
gene expression by binding to transcription factors (Bedford and Clarke, 2009). This
crosstalk between H4R3me2a and H3K9/14Ac was reported in various biological
processes (Li et al., 2015). In a similar way, PRMT4 (CARM1) methylates H3R17, H3R26,
and H3R42, which subsequently also activate the affected genes (Yang and Bedford,
2013).

In contrast to PRMT1 and PRMT4, PRMT5 and PRMT6 act as co-repressors of gene
activity. PRMT5 methylates H4R3me2s and H3R8me2s, while PRMT6 methylates
H3R2me2a. H4R3me2s methylated by PRMTS5 is recognized by DNA methyltransferase
DNMT3a, which is recruited and methylates neighboring DNA to further repress the
expression of genes (Zhao et al.,, 2009). PRMT6 can repress gene expression by
methylation at H2R29me2a (Waldmann et al., 2011). However it can also activate
transcription in a similar way to PRMT4/CARM1 through methylation of H3R42 (Casadio
et al., 2013).

PRMTs also regulate transcription via methylation of non-histone substrates. For
example, PRMT1 regulates TNFa/NF-kB signaling via methylation of p65/RelA R30, which
prevents its binding to DNA (Reintjes et al., 2016). Moreover, in the present doctoral
thesis we provide evidence that Lamin B Receptor (LBR) is a PRMT1-substrate in vitro. LBR
is a protein of the inner membrane of the nuclear envelope, which is known to anchor
heterochromatin to the nuclear periphery. It is speculated that it mediates the interaction
between chromatin and lamin B. It also interacts with the long non-coding XIST RNA in
mouse cells, and potentially assists in spreading the XIST across X chromosome and

achieve X inactivation. For yet unknown reasons and with unknown consequences,



PRMT1 methylates LBR in a phosphorylation-dependent manner.
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Fig. 1.5: Arginine methylation and transcriptional regulation. Arginine methylation activates (left) or
represses (right) gene expression by potentiating or inhibiting the interaction with other factors, which
further enhance the effect by following post-translational modifications. Some examples of modifications
in histones H3 (upper part) and H4 (lower part) as well as in non-histone substrates, involved in various
signaling pathways, are presented(Blanc and Richard, 2017).

1.4 Members of PRMT family
1.4.1 Type | PRMTs

The six Protein Arginine Methyltransferases of type | are the most abundant PRMTs in
humans, and are briefly compared in the following paragraphs.

PRMT1 was discovered by its sequence similarity to the yeast arginine
methyltransferase Hmt/Rmtl. It is the predominant mammalian type | enzyme, being
responsible for more than 85% of all protein arginine methylation (Lin et al., 1996), and is
an essential protein because PRMT1-knockout mice die shortly after implantation (Pawlak
et al., 2000). Currently, seven splicing isoforms of PRMT1 are known, some of which are
cell-type specific, whereas others are ubiquitously found in all cell types. This enzyme will
be further described in one of the next chapters, as it is one of the molecules studied in
this thesis.

PRMT2 was identified as the first relative to PRMT1 (Katsanis et al., 1997). PRMT2 was

long considered enzymatically inactive, but our group has shown that it has a weak



activity (Herrmann and Fackelmayer, 2009). This finding was later independently
confirmed. PRMT2 knockout mice are viable and have no detectable defects (Yoshimoto
et al., 2006). PRMT2 is the only member of the PRMT family that contains an SH3 domain
(Scott et al., 1998); these domains are usually involved in protein-protein interactions
because they recognize and bind proline-rich motifs on other proteins. Functionally, it
was shown to act as an androgen and estrogen receptor co-activator (Meyer et al., 2007),
and can also promote apoptosis by blocking the export of IkB-a from the nucleus (Ganesh
et al., 2006). Unpublished results from our group show that PRMT2 co-localizes with
known markers of splicing speckles in the nucleus, and a yeast two-hybrid screen for
PRMT2-interacting proteins has identified several proteins involved in RNA metabolism.

PRMT3 is predominantly localized in the cytoplasm and contains a zinc finger in its N-
terminus, which is uniqgue among PRMTs and is responsible for its substrate specificity
(Frankel and Clarke, 2000; Tang et al., 1998). This motif can be involved in substrate
recognition or DNA binding of the nuclear fraction of the enzyme (Frankel and Clarke,
2000). One of its known substrates is the ribosomal protein S2, which is part of the small
subunit of ribosomes. In this case, the Zn-finger has been shown to be necessary for
binding to S2 protein, recruiting PRMT3 to the ribosomes. Mouse embryos with disrupted
PRMT3 are small, but they can survive after birth and achieve normal size in adulthood
(Swiercz et al., 2005).

PRMT4 is also called CARM1 (Co-activator Associated aRginine Methyltransferase 1)
because of its transcriptional co-activator activity. It methylates substrates very distinct
from those of PRMT1 and other type | PRMTs, because it does not recognize the glycine-
arginine motifs that are typical targets of these PRMTs (Lee and Bedford, 2002). PRMT4 is
known to methylate steroid receptor co-activators and other transcriptional co-
activators, thereby regulating gene expression (Chen et al., 1999). It also methylates
histone H3 and contributes to the epigenetic histone code, being involved in epigenetic
reprogramming of early embryos (Bedford and Richard, 2005). PRMT4 knockout mice die
perinatally because the lungs cannot inflate after birth due to defects in apoptotic
pathways required for organogenesis (Yadav et al., 2003). PRMT4 has been shown to be
overexpressed in certain forms of cancer, similar to some isoforms of PRMT1 (El

Messaoudi et al., 2006; Hong et al., 2004). Our group has shown that PRMT4 shuttles



between the cytoplasm and the nucleus during the cell cycle, and that it accumulates in
the nucleus after DNA damage (Herrmann et al., 2009). This is compatible with other
reports that suggested a role of PRMT4 in the p53 response (Yadav et al., 2008; Zhao et
al., 2008). CARM1 is involved in regulating pre-mRNA splicing (Cheng et al., 2007; Kuhn et
al., 2011) and its expression is regulated by various microRNAs including miR-181c (Z. Xu
et al., 2013), miR-223 (Vu et al., 2013), and miR-15 (Liu et al., 2014).

PRMT®6 is the only PRMT family member that contains a nuclear localization signal and
is exclusively found in the cell nucleus. It was the first PRMT where the ability of
automethylation was described (Frankel et al., 2002); we have later shown that PRMT4
has the same ability, and others have found the same for PRMTS8. It has been reported
that automethylation increases the stability of the molecule (Singhroy et al., 2013). The
substrate pattern of PRMT6 is very similar to that of PRMT1, and it methylates the same
GAR motifs, e.g. in histones H3 and H4 (Lee et al., 2004). The activity of the enzyme is
mainly associated with transcriptional repression since it methylates arginine 2 of histone
H3 (H3R2me2a) (Neault et al., 2012). It also methylates and stimulates Polymerase B and
thereby regulates the DNA base excision repair (EI-Andaloussi et al., 2006). Finally, PRMT6
has been shown to methylate a number of HIV proteins, which motivates research in the
direction of medical applications (Invernizzi et al., 2007).

PRMT8 was identified bioinformatically through its high sequence homology to
PRMT1. The only major difference between the two proteins is that PRMT8 possesses a
unique N-terminus, which contains a myristoylation motif on glycine 2. Myristoylated
PRMTS8 is tethered to the plasma membrane, which makes it the only membrane-
associated PRMT (J. Lee et al., 2005). However, it was suggested that different start
methionines could be used in vivo, resulting in a non-myristoylated form of the enzyme
that is localized in the nucleus (Kousaka et al., 2009). One important aspect of PRMTS is
that it is exclusively expressed in neurons of the central nervous system (Kousaka et al.,
2009; J. Lee et al., 2005; Taneda et al., 2007). A more detailed description of PRMTS is

provided below, since it is one of the molecules studied in this thesis.

1.4.2 Type Il PRMTs

PRMTS5 is the major type Il mammalian enzyme member of the family responsible for



the majority of the symmetrically dimethylated arginine in the cell. PRMT5 forms a
heterooctameric complex with MEP50 (methylosome protein 50) in vitro, which is
required for activity. MEP50 is responsible for the substrate specificity and interaction
partners of PRMT5 (Antonysamy et al., 2012). However, the necessity of MEP50 in vivo
remains unclear (Tee et al., 2010). PRMT5 methylates its substrates in a distributive
manner by releasing the monomethylated product before the second methylation step
(Wang et al., 2014). It can be localized in different complexes both in cytoplasm and the
nucleus. In the nucleus, it binds to COPR5 (cooperator of PRMT5) and methylates histones
H3 and H4. However, it prefers H4R3 over H3R8 (Lacroix et al., 2008). COPRS5 is also
responsible for PRMT5 transcriptional co-repressing properties. PRMT5 binds to the
hSWI/SNF ATP-dependent chromatin remodeling proteins and functions as a
transcriptional co-activator (Dacwag et al., 2007). It also associates with regulators of
transcriptional elongation (Liu et al., 2007).

PRMT9 (4g31) is a product of a gene at human chromosome 4q31 and was discovered
due to its homology with the other family members (Cook et al., 2006). This protein is
designated with its human chromosomal location because the term PRMT9 had
previously been used for the product of the FBXO11 gene, which was later shown not to
belong to the PRMT family (Cook et al., 2006). It has recently been shown to be a type Il
PRMT that is not redundant with PRMT5 (Hadjikyriacou et al., 2015; Yang et al., 2015). It
is similar in structure to PRMT7, which is an “intramolecular dimer” containing two
AdoMet-binding motifs and active centers with conserved sequences in the double E-loop
important for substrate specificity and activity (Hadjikyriacou et al., 2015; Jain et al.,
2016). It contains two tetratricopeptide repeats (TPR) motifs, which are often found to be
involved in protein-protein interactions (Bedford, 2007). It has been shown that
mutations in the catalytic domain can change PRMT9 activity from type Il to type llI

enzyme (Jain et al., 2016).

1.4.3 Type Il PRMTs
PRMT7 was first identified in a genetic screen for susceptibility to chemotherapeutic
cytotoxicity (Gros et al., 2003). It is the one of two PRMTs that contain two AdoMet-

binding motifs (Miranda et al., 2004). Different laboratories have classified PRMT7 in two



different enzymatic classes. PRMT7 was classified as type Ill enzyme because it was
shown to catalyze the formation of MMA, but not DMA (Miranda et al., 2004). In
contrast, others showed that PRMT7 could catalyze the formation of SDMA in particular
substrates. Hence, it was classified as a type Il enzyme (Lee et al., 2005). Today, PRMT7 is
considered to be a type lll enzyme, which produces monomethylated arginine. Another
reason for classifying PRMT7 as a type Ill enzyme is that it preferentially methylates RxR
motifs, a property which differentiates it from the main enzymes of type | and Il (PRMT1
and PRMTS, respectively). The connection between type Ill and type | and Il PRMTs is not
yet understood. The enzyme acquires a double E-loop necessary for its activity and
substrate specificity. Mutations in two particular residues in the E-loops switch PRMT7 to
type | or Il class of enzymes (Debler et al., 2016; Jain et al., 2016). In contrast to type | and
Il enzymes, which create dimers, and due to its structure, PRMT7 acts as a monomer that
acquires a homodimer-like structure with two catalytic domains both essential for its
activity. PRMT7 activity is associated with either resistance or sensitivity to DNA-
damaging agents (Gros et al., 2006; Verbiest et al., 2008) and sensitivity of the kidney to
damage caused by certain antibiotics (Zheng et al., 2005). Depletion of PRMT7 leads to
up-regulation of genes related to DNA repair machinery (POLD1, POLD2, ALKBH5, and
APEX2) (Karkhanis et al., 2012). PRMT7 also interacts with CTCFL protein to “write”
histone methylation marks onto chromatin in Imprinting Control Regions (ICR), which
then recruits DNA methyltransferases and methylates DNA in the regulatory regions of
imprinted genes (Jelinic et al., 2006).

In the present thesis we characterized a newly identified isoform of PRMT1 and
showed that it is implicated in lung cancer. In addition, we provide evidence that Lamin B
Receptor (LBR) is a novel substrate of PRMT1 in vitro. Moreover, we generated new tools
for studying the role of PRMTS8 in neuronal development and maintenance. For these

reasons an extended description of both enzymes is given in the next chapters.

1.5 PRMT1
Protein Arginine Methyltransferase 1 (PRMT1) is the predominant member of the
family of protein arginine methyltransferases, which is involved in a large variety of

cellular processes. PRMT1 methylates histones and regulates gene expression by acting as



a transcriptional co-activator. Moreover, it methylates RNA binding proteins thus
affecting RNA metabolism and DNA damage proteins which are involved in the
maintenance of genome stability (Auclair and Richard, 2013). PRMT1 is also involved in
signal transduction. It was identified by sequence similarity to the yeast arginine
methyltransferase Hmt1/Rmt (Lin et al., 1996) and was the first mammalian protein
arginine methyltransferase identified as a single gene product. PRMT1 mRNA is detected
in all embryonic and adult tissues analyzed, indicating the importance of the enzyme in
cells (Pawlak et al., 2000). PRMT1 accounts for approximately 85% of the asymmetrically
dimethylated arginines generated in mammalian cells (Tang et al., 2000). It has a complex
pattern of substrate proteins in both the nucleus and the cytoplasm (Herrmann et al.,
2005), and preferentially (but not without several exceptions) methylates the arginine in
RGG motifs (Thandapani et al., 2013).

PRMT1 knock-out mice die shortly after implantation at day E6.5 indicating the crucial
role of PRMT1 in early development (Pawlak et al., 2000). However, embryonic stem cells
derived from these mice are viable with decreased levels in protein arginine methylation,
suggesting that lack of PRMT1 is not prohibiting for cell viability. Saccharomyces
cerevisiae cells lacking the PRMT1 homolog Hmtl/Rmtl are viable (Gary et al., 1996;
Henry and Silver, 1996), but they have multiple defects, including the mislocalization of
proteins within the cell (Shen et al.,, 1998) and chromatin silencing defects (Yu et al.,

2006).

1.5.1 Structure of the protein

The structure of PRMT1 is divided into four parts: N-terminal, AdoMet-binding (S-
adenosylmethionine-binding), B-barrel and dimerization arm (Fig. 1.6). The AdoMet-
binding domain has the consensus fold, conserved in other AdoMet-dependent
methyltransferases (Cheng and Roberts, 2001; Fauman et al., 1999), but the B barrel is
unique to the PRMT family (Zhang et al., 2000). The active site is located between the
AdoMet-binding site and the B-barrel. Two negatively charged glutamate residues within
these domains are responsible for interacting with the positively charged arginine and are

important for the catalysis of the reaction (Zhang and Cheng, 2003).



1.5.2 Oligomerization and mechanism of action of PRMT1

PRMT1 has the ability to form homodimers through its dimerization arm and the outer
surface of the AdoMet-binding domain that provides a hydrophobic dimer interface. The
homodimers can further oligomerize and form a disulfide bond between two not
conserved cysteines (C254) residues in the crystal lattice. However, this higher order
multimerization does not occur in the absence of dimerization, and the formation of the
disulfide bond is not required for oligomerization (Zhang and Cheng, 2003) since the C254
is not conserved among PRMTs (Fig. 1.7). The di- or oligomerization is a common
characteristic among the members of the PRMT family that is crucial for the AdoMet
binding and the activity of the enzyme. As it has been shown by other groups and by
experiments presented in this thesis, PRMT1 becomes inactive if it lacks the dimerization
arm.

The suggested mechanism of PRMT1 action is that the methylation of the substrate is
carried out in a processive manner. The ring-like dimer could allow monomethylarginine,
the product of the first methylation reaction, to enter the active site of the second
molecule of the dimer without releasing the substrate from the ring or replenishing the
methyl donor. Two methionine residues, M48 and M155, seem to play an important role
in the catalytic activity of the enzyme since if they are mutated, they alter substrate
specificity and abolish catalytic activity (Gui et al., 2014).

PRMT1 has a wide range of substrates thus being implicated in many cellular functions.
One of the important substrates of PRMT1 is histone H4 that is methylated by the enzyme
at arginine 3 (H4R3). This modification is considered to be a marker for transcriptional
activation. However, PRMT1 can also be involved in gene repression (Kleinschmidt et al.,
2008), indicating that epigenetic regulation is depended on different factors, such as
surrounding post-translational modifications. The fine-tuning of epigenetic regulation by
PRMT1 also depends on the interaction with other transcription factors and regulatory
proteins, which recruit the enzyme to specific genomic loci in order to carry out the
methylation of histones. The transcriptional role of PRMT1 is also obvious on non-histone
substrates including co-activators, transcriptional elongation factors and splicing factors.
Deregulation of such mechanisms can lead to serious diseases including cancer (see

below for examples).
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Fig. 1.7: Dimerization and oligomerization of
PRMT1. Two ring-like PRMT1 dimers connected

Fig. 1.6: 3D structure of PRMT1 monomer. The
four domains of PRMT1 are depicted in

different colors. The N-terminal helix is shown
in red, the AdoMet-binding domain in green,
the B barrel in yellow and the dimerization arm
in light blue. The bound arginine is shown in
dark blue in the active site, which is located

via a disulfide bond on cysteine 254. The dimer is
formed through the dimerization arm and the
outer surface of AdoMet binding domain and
they are connected via cysteine 254 creating
larger homooligomers (Zhang and Cheng, 2003).

between the AdoMet-binding domain and the
barrel. AdoHcy is shown in grey (modified
fromZhang & Cheng 2003).

1.5.3 Alternative splicing isoforms of PRMT1

The Prmt1 gene is composed of 12 coding exons. Initial studies on the Prmt1 genomic
locus revealed three different transcripts which were products of alternative splicing of
exons 2 and 3 (Scott et al., 1998) and the expression of these variants was later confirmed
on the mRNA level by another study (Scorilas et al., 2000). Later, the group of Jocelyn
Cote, after inspection of upstream sequences and EST comparison, identified additional
exons in the Prmt1 gene that could produce at least seven protein isoforms. These differ
in the amino-terminal region that is involved in substrate recognition and subcellular
localization (Goulet et al., 2007); the rest of the sequence remains identical among

variants. Among these variants, variant 4 starts from a new AUG codon placed in a novel



upstream exon (1c). Variants 3 and 5 include alternative exons e2 and e3, which
introduce an in-frame stop codon (UGA) and consequently the translation initiates at the
next start codon (AUG) in exon 3. The predicted coding regions of the seven prmtl
transcripts excluding the 5’ and 3’ untranslated regions are composed of 1059 nt (v1),
1113 nt (v2), 1041 nt (v3), 1047 nt (v4), 1026 nt (v5), 975 nt (v6), or 960 nt (v7) and it was
predicted that they encode seven polypeptides with molecular mass of 40.5, 42.5, 39.9,
40.1, 39.4, 37.7, and 36.7 kDa, respectively. The combinations of exons, which participate
in the formation of each variant, as well as the predicted transcript and protein sizes, are
depicted in Figure 1.8

All seven isoforms, designated variants 1-7 (v1-v7), were found to be expressed in a
tissue-specific manner. PRMT1v1 is mainly expressed in kidney, liver, lung, skeletal
muscle, and spleen, whereas PRMT1v2 is detected in kidney, liver and pancreas. The
PRMT1v3 isoform is present in all tested tissues, although at low levels. PRMT1v4-v7
show a higher degree of tissue specificity in their expression patterns. For example, v4 is
detectable only in heart, v5 in pancreas, and v7 is predominantly present in the heart and
skeletal tissue. Figure 1.9 shows the expression pattern of each variant in different tissues
after PCR analysis. The only exception is variant 6, which is not detectable in any of the
tissues tested. However, in this thesis is we have shown its expression in LUHMES cells
(see results).

Isoforms 1-6 are active, but variants 3 and 4 appear to have lower activity. The only
exception is variant 7, which is catalytically inactive; the functional role of this variant
remains unknown. The unique amino-terminus of each variant offers the possibility of
discrimination between different substrates. For example, Sam68 and SmB are better
substrates for v1, whereas hnRNP Al is better methylated by v5 and vé6.

The subcellular localization also differs among variants, and seems to be dependent on
the cell type. For example, v3-v6 are distributed evenly between the cytoplasm and the
nucleus, vl and v7 present a more intense nuclear staining, and variant 2 is restricted to
the cytoplasm in Hela cells. Variant 2 acquires a CRM1-dependent leukine-rich nuclear
export signal (NES) that regulates its subcellular localization (Fig. 1.10).

In the present thesis we present data showing that the localization of the seven

PRMT1 isoforms slightly differs in HEK293 compared to the corresponding published
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Fig. 1.8: Alternative splicing isoforms of PRMT1. The genomic locus of Prmt1 gene is presented on the top
of the figure. Below, different exons are spliced in order to create the seven amino-terminal variants of
PRMT1. Exons are drawn as boxes and the sequence of intron boundaries is also shown. “E” indicates
constitutive exons and “e” alternative exons. The combinations of the exons as well as the transcription
start codons are shown. Predicted sizes of the mRNA and the protein of each variant are given on the right
side (modified from Goulet et al. 2007).

localization in Hela cells.

Another important observation is that the molecular dynamics of PRMT1 variants
differ and their mobility is, in some cases, depended on their enzymatic activity. One
striking example, published by our laboratory in the past, is the mobility behavior of
PRMT1v2. This variant is predominantly localized in the cytoplasm due to the nuclear
export signal mentioned above, but it shuttles in and out of the nucleus depending on the

methylation status of its substrates (Herrmann et al., 2005). A mutated form of variant 2,



which destroys the enzymatic activity, leads to its accumulation in the cell nucleus. There,
it forms a granular pattern and becomes partially immobilized (as shown by fluorescence
recovery after photobleaching experiments, FRAP) due to the stable binding on

substrates (histone H3, SAF-A) (Herrmann and Fackelmayer, 2009).
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Fig. 1.9: Tissue-specific expression of PRMT1
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Fig. 1.10: Subcellular localization of PRMT1 variants

in Hela cells (right). Hela cells were transfected with
carboxy-terminal GFP tagged variants of PRMT1 and

were fixed after 36 hours. DAPI was used as a nuclear PRMT1
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1.5.4 PRMT]1, alternative splicing and cancer

The seven variants of PRMT1 were found to be differently expressed in breast cancer
tumors and cell lines; v5 and v6 were detected in specific cancer cell lines but not in
normal breast cells. Overall PRMT1 expression was increased by 9,5 fold in human tumor
sample when compared with the adjacent normal breast tissue and 14 fold higher among
breast cancer cell lines. Expression of v2 was increased 3,5 times in comparison to v1.
Moreover, v7 is increased approximately 3 fold in breast cancer cell lines (Goulet et al.,

2007). This fact has an impact in the overall arginine-methylated protein levels and



pattern between normal and cancerous breast cells and thus makes PRMT1 variants
molecules of high medical interest.

These findings are not the only example of the implication of arginine methylation in
cancer. Additional publications support the idea that alterations in arginine methylation
status and in the expression levels of PRMTs and their splicing isoforms may represent a
driving force leading to the development, progression and aggressiveness of several types
of cancer. PRMT1v2 knock-down leads to significant reduction of cell viability and growth
in breast cancer cells as a result of apoptosis (Baldwin et al., 2012). On the other hand,
overexpression of the same variant increased the growth rate of the same cells, an effect
that does not take place after variant 1 overexpression in the same cell line. It is proposed
that PRMT1v2 has a key role in the survival of the cells. Moreover, high levels of PRMT1v1
have been correlated with poor patient prognosis and reduced disease-free survival
(Mathioudaki et al., 2011). In addition to cell cycle and apoptosis regulation, deregulation
of PRMT1 activity contributes to cancer progression by increasing the invasiveness of the
cells. For example, PRMT1v2 methylates Axin, increases its stability and thereby
decreases B-catenin levels. Depletion of variant 2 leads to decreased invasiveness of MCF-
7 cells in a Matrigel barrier. Overexpression of the same variant in the same cell line leads
to increased motility of the cells (Baldwin et al., 2012). These are only few examples that
highlight the importance of the different variants in cancer development and progression,
and make a strong point why we should study them as independent molecules.

Under normal conditions, alternative splicing provides the cell with the possibility to
create variable proteins for different purposes from a single gene. In that way, the
structural transcript variation and proteome diversity are increased. In cancer, there are
indications that splicing is deregulated resulting in both functional and non-functional
products, and this might be one of the reasons of cancer progression. The alterations in
splicing in cancer cells can be associated with changes either in cis-acting splicing
regulatory sequences or in trans-acting splicing factors. Genes which are related to cell
cycle regulation, apoptosis, growth suppression and genome stability have been found to
be alternatively spliced in different cancer types similarly to PRMT1. It is being discussed
whether these splicing variants can be used as diagnostic markers or drug-target

molecules for therapeutic approaches.



Other studies, which did not discriminate among the variants, have shown an
involvement of PRMT1 in cancer in different ways. For example, PRMT1 is implicated in
cell proliferation and viability as well as in cell cycle progression. Depletion of PRMT1
leads to GO/G1 cell cycle phase arrest, and thus in decreased cell proliferation in
osteosarcoma, breast, bladder and lung cancer cell lines (Le Romancer et al., 2008;
Yoshimatsu et al., 2011; Yu et al., 2009). In addition, PRMT1 affects the activation of
estrogen receptor (ERa) by methylation at arginine 260, resulting in cytoplasmic retention
of ERa and its interaction with Src focal adhesion kinase (FAK) and the regulatory subunit
of PI-3 kinase (p85). These three proteins are involved in cancer cell signaling which
promotes cell survival and invasiveness (Hernandez-Aya and Gonzalez-Angulo, 2011;
Weber et al., 2011; Zheng et al., 2011). In a similar way, PRMT1 affects the activity of
other receptors by methylating them directly or in an indirect way by methylating
receptor binding proteins. An example is TGF signaling, where PRMT1 methylates Smad6
(Xu et al., 2013). Except of the large numbers of PRMT1 substrates, which participate in
cell cycle regulation, there are others, which belong to apoptotic pathways, such as
apoptosis signal regulating kinase 1 (ASK1). Methylation of ASK1 inhibits its activity and
thus promotes its interaction with the negative regulator thioredoxin, making breast
cancer cells resistant to treatment with paclitaxel (Cho et al., 2012). Other substrates of
PRMT1 that are involved in transcription (forkhead box protein 1, FOX01), telomere
stability (telomeric repeat binding factor2, TRF2) and DNA repair (MRE11 and p53 binding
protein 1, 53BP1) as well as the tumor suppressor gene BRCA1 might lead to cancerous
conditions and tumor formation in cases of deregulated PRMT1 activity.

PRMT1 has been shown to correlate with epithelial to mesenchymal transition (EMT)
in lung cancer cells. EMT is an essential process for cancer progression and metastasis.
Overexpression of PRMT1 in a non-transformed bronchial epithelial cell line results in the
induction of EMT, by decreasing E-cadherin, and increasing N-cadherin expression levels
at the same time. Knock-out of PRMT1 gives the opposite effect, thus reducing migration
and invasion of the cells. The suggested mechanism describes that PRMT1 overexpression
suppress E-cadherin expression through an intermediate EMT-inducing transcription
factor, Twist1, which is responsible for E-cadherin repression only when is methylated at

arginine 34 (R34). It is speculated that methylation of Twist1l at R34 drives the protein in



the nucleus, and thereby allows it to transcriptionally suppress E-cadherin (Avasarala et
al., 2015).

As described before, PRMT1 is up-regulated in some types of cancer. It also
epigenetically modifies histone H4 at arginine 3 (H4R3me2a), which is associated with
transcription activation. It has been shown that the methylation status of H4R3 correlates
with increasing tumor grade in a positive way and could be used as a prediction marker of
prostate cancer reappearance (Seligson et al., 2005).

In conclusion, these and additional studies point to the crucial role of PRMT1 in cancer
through various pathways and epigenetic regulation. The existence of different isoforms
adds an extra level of complexity and creates challenging opportunities for the design of
new anticancerous drugs targeting PRMT1.

In the present PhD thesis, | describe the natural existence of a new splicing isoform of
PRMT1 that lacks exons 8 and 9. These exons code for the dimerization arm of the
enzyme. This is the first time where variation in the catalytic core of PRMT1 is observed.
The expression levels of the new variant (designated Aarm) are correlated with the
aggressiveness of lung cancer cell lines. Moreover, | present data indicating that Lamin B
Receptor (LBR) is a novel PRMT1 substrate and its methylation is depended on the
phosphorylation status of the surrounding serine residues in the RS domain of the protein

(see results).

PRMT Cancer type Role(s) in cancer

PRMT1 Breast cancer, Lung cancer, Colon cancer, Bladder cancer, Cell proliferation and survival, Transformation, Resistance
Acute myeloid leukemia, Mixed lineage leukemia to DNA damaging agents, Invasion

PRMT2 Breast cancer Cell proliferation and invasion

PRMT3 Breast cancer Cell survival

CARM1/PRMT4 Breast cancer, Prostate cancer, Colorectal cancer Cell proliferation

PRMT5 Lung cancer, Leukemia, Lymphoma, Melanoma, Cell proliferation, Transformation, Invasion, Resistance to

Gastric cancer, Colorectal cancer DNA damaging agents

PRMT6 Lung cancer, Bladder cancer Cell proliferation

PRMT7 Breast cancer Resistance to DNA damaging agents

PRMTS8 ND ND

PRMT9 ND ND

Fig. 1.11: An overview of the involvement of PRMT family members in different cancers. ND: not
determined (modified from Baldwin et al. 2014).

1.6 PRMT8
PRMTS (originally also called Hrmt114 for “hnRNP methyltransferase-like 4” or HrmtlI3)
was identified when the human genome was scanned for novel open reading frames

(ORFs) that harbor conserved methyltransferase domains. The reading frame identified in



this way is closely related to PRMT1, with more than 80% identity between the two full-
length sequences. However, the difference is attributed to a unique amino-terminus of
around 60 amino acids, which is not found in any of the known splicing isoforms of
PRMT1 — the remainder of the two enzymes are more than 95% identical (Fig. 1.12).
Bioinformatic analysis of the genes encoding these proteins has shown that they are
localized on different chromosomes. In the human genome, PRMT1 is located on
chromosome 19, while PRMTS is located in the subtelomeric region of chromosome 12.
In mouse, PRMT1 maps to chromosome 7, and PRMT8 to chromosome 6. Interestingly,
the intron/exon boundaries of the genes encoding PRMT1 and PRMTS8 are identical in
both the organisms, suggesting a recent duplication of an ancestral locus. Like PRMT1,
PRMTS is an active arginine methyltransferase which displays type | activity, forming Ng-
monomethylarginine and ADMA. The high homology between PRMT1 and PRMTS8
explains why both proteins can form heterodimers, and catalyze the methylation of the

same substrates in vitro.
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Fig. 1.12: Alignment of hPRMT1 and hPRMT8 protein sequences. (A) Alignment of human PRMT1 and
PRMT8 protein sequence. The two proteins are 80% homologous but PRMT8 obtains a unique amino-
terminus of 60 amino acids. Matching amino acids are highlighted in blue. Green boxes represent contain
the three typical domains of a PRMT (I, post-I, II, ll1). (B) Alignment of the human and mouse PRMT8 amino-
terminus. The glycine 2, which is myristoylated, is highlighted in red. Thegroup of basic amino acids close to
the myristoylation motif is marked with pink (from J. Lee et al. 2005).

One fundamental difference between PRMT1 and PRMT8 is the tissue specific
expression pattern. PRMTS is largely expressed in brain and spinal cord (central nervous
system, CNS), but is not detected in other tissues. PRMT1, on the other hand, is
ubiquitously expressed in all cell types and tissues. The CNS-specific expression of PRMTS8
was confirmed by three independent methods. First, Northern blots with RNA from a

large variety of human tissues gave positive signals only with RNA from brain. Second,



ESTs analysis identified PRMT8 sequences almost exclusively in brain cDNA libraries; a low
number of transcripts was also detected in mouse retina and in human lung, testes,
nasopharynx and kidney. Third, when neural precursor cells were isolated by FACS from
Sox1-GFP knock-in mouse embryos, microarray analysis revealed PRMTS8 as one of the
transcripts that are selectively expressed in neural progenitor cells from mid-gestation
mouse embryos (Lee et al., 2005). Later, in situ hybridization demonstrated that PRMTS is
expressed in the central nervous system (CNS), and more specifically in the
somatosensory and limbic system as well as in certain subtypes of motoneurons (Fig.
1.13). Positive signals were exclusively found in neurons, with no signals being observed

in glial cells (Taneda et al., 2007).

Fig. 1.13: Expression of PRMT8 mRNA in a mouse embryo. (A) Sagittal sections obtained from a d16.5
mouse embryo were hybridized with antisense probe specific for PRMT8. (B) Brightfield image of adjacent
section illustrated in (A) stained with hematoxylin/eosin. Note that PRMTS is exclusively expressed in the
brain and spinal cord. Scale bar=3 mm (from Taneda et al. 2007).

As mentioned above, PRMT8 harbors a unique amino-terminal region that contains a
myristoylation motif on glycine 2, which is myristoylated after the post-translational
removal of the initiating methionine. This myristoylation tethers PRMTS8 to the plasma

membrane (Fig. 1.14), and mutation of glycine 2 to alanine leads to a cytoplasmic and



nuclear localization of the enzyme. Interestingly, the myristoylation consensus motif
(MGXXX(S/T)) is conserved between mouse, human and puffer fish. This myristoylation
motif is surrounded by basic amino acids, which electrostatically enhance the interactions

between the myristoyl group and membrane lipids (J. Lee et al., 2005).

Fig. 1.14: Subcellular localization of PRMT8. PRMTS8:GFP
localizes to the plasma membrane of transfected Hela
cells, through its myristoylated amino-terminus and the
surrounding basic amino acids. (from)J. Lee et al. 2005)

Lee et al. proposed a full coding sequence of PRMT8 based on bioinformatic data,
using the 5-most in-frame AUG codon as the translation initiation point. Thus the
predicted protein contains the myristoylation site and is tethered to the plasma
membrane as described above. However, the findings of Kousaka et al. (2009) based on
immunohistochemistry experiments with mouse brain, suggested a different localization
of the protein. PRMT8 was found mainly in the nucleus of neurons of the central nervous
system, rather then on the plasma membrane. In order to explain this observation, they
suggested that PRMT8 may make use of alternative start codons. To investigate this point
in more detail, they compared the size of the endogenous PRMT8 protein with the size of
three recombinant proteins with different in-frame start codons, the one proposed by
Lee et al., and two other methionines downstream. Their results demonstrated that the
major form of the endogenous PRMT8 was comparable in size to the protein expressed
from the third AUG codon, methionine 16. Based on these data, they concluded that the
resulting protein does not contain the N-myristoylation site from the 5’-most start codon,
and would therefore not be associated with the plasma membrane. Also this methionine
is conserved among the investigated species (mouse, rat, and human) (Kousaka et al.,

2009).



One surprising result of the first characterization of PRMT8 was the low enzymatic
activity. As PRMTS8 is almost identical to PRMT1 in the domains responsible for catalytic
activity, a similar specific activity would have been expected. Based on this observation,
Sayegh and co-workers studied if and how the unique amino-terminal domain of PRMT8
could affect its enzymatic activity. They hypothesized that the amino-terminal domain of
PRMTS8 might sterically inhibit the methyltransferase activity. Indeed, they demonstrated
that the proteolytic removal of the first 60 amino acids of PRMT8 caused a 10-fold
increase of the enzymatic activity, reaching enzymatic activity levels comparable to
PRMT1. On the basis of these results, the authors suggest that the amino-terminus may
fold back onto the enzyme to autoinhibit its activity, and may be displaced by interaction
with one or more physiological inducers (Sayegh et al., 2007).

PRMTS8 is automethylated near its amino-terminal domain in vitro and in vivo, with an
asymmetrically dimethylated arginine residue at position 73 and a monomethylated
arginine at position 58 (Sayegh et al., 2007). Automethylation appears to be incomplete,
as methylated and unmethylated residues are found at the same time in different protein
molecules. The ability of PRMT8 to methylate its own amino-terminus points towards a
possible mechanism for regulation of the enzyme. However, the physiological function of
automethylation of PRMT8 has not yet been investigated in detail. It is conceivable that
automethylation affects interaction with other proteins, such as other members of the
PRMT family or unrelated proteins. In fact, PRMT8 harbors two proline-rich domains that
can interact with SH3 domains of other proteins. Specifically, our laboratory has shown
that PRMTS8 interacts with PRMT2, the only member of the PRMT family that contains an
SH3 domain (Herrmann and Fackelmayer, 2009). In addition, as PRMT8 can
homodimerize and heterodimerize with PRMT1, automethylation might be involved in
regulating the formation of enzymatically active PRMT complexes (J. Lee et al., 2005).
These mixed oligomers would most probably differ from homo-oligomers with respect to
subcellular localization and/or substrate specificity, and would only occur in cells of the
CNS where both enzymes are expressed. Crystal structure analysis of hPRMTS8 indicated
that it forms an octamer in solution. This octameric structure is necessary for proper
localization to the plasma membrane and efficient methyltransferase activity (Toma-Fukai

et al., 2016).



Recently, new evidence for PRMTS8 expression in other cell types than brain came to
light. In 2016, Sarah Hernandez demonstrated expression of PRMT8 in induced
regeneration competent cells (iRC) and in human embryonic stem cells (hESCs). iRC cells
are derived by exogenous addition of human fibroblast growth factor FGF2 to fibroblasts
and culture in reduced oxygen concentration (2%) for seven days. These cells show
increased proliferative lifespan and increased time to cellular senescence, while lacking
the tendency to form tumors when injected into SCID mice, a capability that is
characteristic of immortalized and pluripotent cells. The induction of normal fibroblasts to
iRC cells leads to up-regulation of PRMT8 (Hernandez and Dominko, 2016). However,
whether the detection of PRMT8 in iRC cells is an outcome of the lower oxygen levels that
the cells were supplied with (closer to physiological) or a cell specific trait, is not clear yet.
It is being discussed whether the lower oxygen levels induce the expression of PRMTS8 or
if the high levels of oxygen, which are usually used in cell culture conditions, repress its
expression. Moreover, there are other publications, which have shown that other PRMTs
(1-7) are regulated by hypoxic conditions (Yildirim et al., 2006).

These observations together with the findings from Li et al.(2013) are the first
evidence for PRMTS8 having a role in development before becoming localized specifically
to mature brain tissue. Li and colleagues, as the other groups, detected PRMTS8 in adult
zebrafish brain but not in other adult tissues. However, Prmt8 mRNA was also present in
the zebrafish embryo from 0,25 hours post fertilization (hpf) throughout 72 hpf. By whole
mount in situ hybridization, ubiquitous prmt8 expression was detected at early
developmental stages from one cell to 12 hpf. Expression of prmt8 in the eyes and brain,
especially at the mid-hindbrain boundary and the hindbrain was clearly detected at 24
hpf and the expression in the head regions continued to 60 hpf. Even distribution in the
somites was also detected during these periods. The signals were restricted to the
somites at 72 hpf, which later faded and were present mainly in the midbrain at 96 hpf.
Thus, embryonic Prmt8 expression was shown for first time in zebrafish. Knock down of
PRMTS led to severe phenotypes during various morphogenetic events of the zebrafish
embryo (Lin et al., 2013). PRMTS8 has also been detected in mouse embryonic stem cells,
and increased during their neuronal differentiation. The promoter of the gene is activated

by Oct4, Sox2 and Nanog, and PRMT8 expression is down-regulated when Sox2 mRNA is



knocked down by short hairpin RNA (Solari et al., 2016). These findings indicate that
methyltransferase activity of PRMT8 might have a critical role in early embryonic stages,
in addition to its role in the nervous system.

In a different study, PRMT8 has been found to act together with PRMT1 as a rheostat
to integrate retinoid signaling into neuronal specific gene expression governed by
retinoids (Simandi et al., 2015). PRMT8 was induced upon retinoic acid treatment of
mouse embryonic stem cells and was present only in differentiated neurons with nuclear
localization. On the other hand, PRMT1, the protein that is highly homologous to PRMTS,
was strongly expressed and its expression remained constant during neuronal
differentiation showing a slight increase upon retinoic acid treatment. The model
suggested by this group is that only PRMT1 is expressed in early developmental stages
and it acts as a selective repressor of retinoic acid induced genes. After retinoic acid
induction, PRMTS8 is expressed and collaborates with PRMT1 or as a homo-dimer with
itself acting as a co-activator that potentiates retinoid response. The same group
highlighted the importance of PRMT1 and PRMT8 for the proper function of ion channels
after knock down of the two proteins, a result that has to be further investigated
(Simandi et al., 2015).

The group of Tanja Dominko demonstrated the expression of a new PRMTS8 variant
(designated variant 2) in human fibroblasts, indicating human PRMT8 expression outside
of the central nervous system (Hernandez and Dominko, 2016). Variant 2 is mostly
expressed in normal fibroblasts as well as in iRC cells and is critical for proliferation of
human fibroblasts. On the other hand, variant 1 was found mostly in hESCs. The protein
product of PRMT8 variant 2 lacks the glycine residue near the N-terminus, which is
myristoylated, resulting in the localization of PRMTS8 variant 2 in the nucleus (Hernandez
et al, unpublished data).

Recently, it was reported that PRMTS8 has a dual enzymatic activity. The first one is the
known methyltransferase activity. In addition, a conserved catalytic aminoacid sequence
which is typical among phospholipases D (PLDs) was identified in PRMT8 sequence. This
motif, HxK(x)4D(x)6GG/S (where x represents any amino acid) is referred to as the HKD
motif. PRMT8 was found to act as a phospholipase by hydrolyzing phosphatidylcholine to
choline and phosphatidic acid (Kim et al., 2015).



Recently PRMT8 was related to cancer. PRMT8 was found to be down-regulated in
glioma tissues from patients. Whether this is because PRMTS8 is a specific neural marker,
which is not expressed in astrocyte-derived tumors or whether the loss of PRMT8
positively affects astrocyte differentiation, resulting in a shift in cell fate commitment,
remains to be elucidated. There are findings, which support that loss of PRMT8 leads to
marker increase (Cxcr4, Dhfrand, Efempl) or decrease (Gfra2) related to astrocyte-
derived glioma (Simandi et al., 2015). On the other hand, other groups support that
PRMTS is critical for the proliferation of grade IV glioblastomas, since knock-down of this
molecule kills glioblastoma line U87MG. The same happened after the knock-down of
PRMTS variant 2 in human fibroblasts leading to the conclusion that PRMT8 knock-down
provokes loss of cell proliferation in both non-tumorigenic and tumorigenic cell types
(Hernandez and Dominko, 2016).

High levels of PRMT8 expression were also detected in various types of cancer, which
normally do not express it, such as breast, glandular, cervical, head and neck, prostate
and thyroid cancer. Other types of cancer were found to express moderate-high levels of
PRMTS8 (colorectal, endometrial, brain, lung, ovarian, pancreatic, skin, testicular and
urothelial cancer) and others were found with low-high levels (renal and stomach). An
interesting observation was that in some cases PRMT8 expression levels were correlated
with patient survival. For example, in patients with breast and ovarian cancer, high
PRMT8 expression was correlated with increased patient survival, whereas in gastric
cancer, high PRMT8 expression was correlated with decreased patient survival. However,
in patients with non-small-cell lung cancer, no significant correlation was identified
between patient survival and PRMT8 expression levels. The possibility that PRMT8
expression levels can be used as a prognostic biomarker for cancer or as a therapeutic
target is being discussed. However, more experiments must be carried out in to this
direction (Hernandez et al., 2017).

The interest of our group lies on the role of PRMT8 in neuronal differentiation and
maintenance. We speculate that PRMT8 has an epigenetic role neuronal differentiation
and maintenance, by modifying histones and thus activating genes related to neuronal
lineage while suppressing others unrelated to neurons. One of the aims of this thesis was

to set up new tools for this kind of studies, which they were not available before (see



results) and start a preliminary characterization of the behavior of the molecule.

1.7 LUHMES - an appropriate model for studies on PRMTS8

One of our interests was to study the functional role of PRMT8 in neuronal
differentiation and maintenance. For this purpose several tools as well as a reliable
cellular model needed to be set up in the laboratory. We thus searched for a cell model
that can be used to obtain a homogeneous population of human post-mitotic neurons.
Rapid and large-scale differentiation models are necessary to investigate the cellular
events that drive neuronal differentiation, and allow for studies on the cause of
neurodevelopmental disorders. Already existing cell lines such as PC12 (cell line derived
from a pheochromocytoma of the ratadrenal medulla), Neuro2a (mouse, albino,
neuroblastoma), or embryonic stem cells (ES cells) are widely used in these studies, but
all have several disadvantages. For example, PC12 and Neuro2a cells are derived from rat
and mouse, respectively, so they are not suitable for studies of human diseases because
rodent cells often react differently to growth factors or differentiation stimuli than
human cells. The same applies to mouse embryonic stem cells. Human embryonic stem
cells (hESCs), on the other hand, can differentiate into many different cell types including
neurons, but differentiation to mature neurons is neither synchronous nor quantitative
with presently available differentiation protocols. These protocols are time-consuming,
not very efficient, and —due to the need for special growth factors and media—
prohibitively expensive.

For the reasons described above, we decided to work with committed neural
precursors immortalized with LINX-v-myc vector, where v-myc expression is tightly
regulated (Hoshimaru et al., 1996) (Fig. 1.15). In particular, we used LUHMES (Lund
human mesencephalic) cells. These cells are a subclone of the tetracycline-controlled, v-
myc-overexpressing human mesencephalic-derived cell line MESC2.10, characterized at
and originating from Lund University (Lund, Sweden) (Lotharius et al., 2002). The cells
were derived from an 8-week-old human ventral mesencephalic tissue. The karyotype of
these cells revealed a normal set of chromosomes and female phenotype (Paul et al.,
2007). However, it was demonstrated that these cells were unstable and heterogeneous

regarding to tyrosine hydroxylase (TH) expression, and they were not suitable for



replacement of dopaminergic neurons upon transplantation (Fountaine et al., 2008; Paul
et al., 2007). Due to these reasons, a subclone of MESC2.10 was created, designated
LUHMES, which was initially used to study dopamine related cell death mechanisms
(Lotharius et al., 2005; Schildknecht et al., 2009).

LUHMES can be induced to differentiate into morphologically and biochemically
mature dopaminergic neurons. The differentiation of LUHMES is triggered by shutting
down the expression of v-myc after the addition of tetracycline to the differentiation
medium, together with glial cell line-derived neurotrophic factor (GDNF), dibutyryl-cAMP
(cAMP) and N2 medium supplement. The procedure contains a two-step optimized
protocol and results in large-scale post-mitotic neurons after six days (see methods). The
differentiated cells exhibit the same dopaminergic and neuronal characteristics as
MESC2.10 cells (e.g., intense B-lll-tubulin immunoreactivity, extensive neuritic processes,
time-dependent induction of tyrosine hydroxylase, and extracellular dopamine release).
This is accompanied by the down-regulation of some precursor markers and the up-

regulation of neuronal markers.

mesencephalic cells

human embryonic

Fig. 1.15: Construction of committed
immortalized neuronal precursors.
Human embryonic mesencephalic cells
are retrovirally infected with a LINX v-myc
vector. The vector contains a neomycin
resistance gene for selection. A
tetracycline-controlled transactivator
(tTA, vyellow circles) strongly activates
transcription from a minimal CMV
promoter in the absence of tetracycline.
Constitutive expression of v-myc in the
absence of tetracycline allows cells to
Q proliferate continuously. Induction with

tetracycline (purple triangle) abolishes

v

Grow 0-6 days in: transcription activation by tTA and blocks
TET (m), db-cAMP, and GDNF

the expression of v-myc, leading to
differentiation to dopaminergic
neurons(Lotharius et al., 2002)

* |ﬁ%—»v-myc
. differentiated MESI|I cell

Proliferating LUHMES grow in colonies with absent neurites but small structures, called

primary cilia, are frequently observed by electron microscopy. Two days after the



induction of differentiation, LUHMES homogeneously extend structures with
characteristics of lamellipodia and filopodia. On day 3, neurites of 50-150 um with large
membrane protrusions are observed. The proximal part of these protrusions is stained for
the cytoskeletal blll-tubulin and the distal part is positive for F-actin but negative for B-llI-
tubulin. This morphology as well as B-lll-tubulin and F-actin distribution are typical for
neurites and growth cones in primary neuronal cultures. Monitoring of the growth
behavior during LUHMES differentiation revealed morphological characteristics of
dopamine neurons in the substantia nigra from histochemical stainings (Arsenault et al.,
1988; Jaeger et al.,, 1989). A percentage of the cells display one neurite and another
percentage two neurites at opposite poles. One of the two is elongated constantly with a
velocity of 20 um/h. It often happens that the extending neurite extends and then
retracts into different directions and sometimes it forms a second extension followed by
the collapse of the original growth cone and formation of a new one at the new edge. The
elongation is slowed down on day 5,and a high percentage of cells lacks the growth cone

after this time. The average length of the axon on day 5 is 500-1000 um (fig. 1.16).

Mature neurons

Fig. 1.16: Morphological characteristics of undifferentiated and differentiated LUHMES cells. Inspection
of LUHMES under the electron microscope revealed that undifferentiated cells (left) grow in colonies with
absent neurites. However, primary cilia are visible. After five days of differentiation (right) cells grow
neurites, creating a homogeneous network. Marked squares contain cells, which are shown in higher
magnification (modified from Scholz et al. 2011).

Under “maintenance” cell culture conditions in the presence of basic FGF, these
conditionally immortalized cells are simultaneously expressing some neuroblast and stem
cell markers. Undifferentiated cells express the neuronal cytoskeletal protein B-IlI-tubulin.
The mRNA of this gene is up-regulated during differentiation, as well as the mRNA of Fox-
3/NeuN (marker of post-mitotic neurons). On the other hand, CDK1 (cell cycle regulator)
is down-regulated during differentiation. Undifferentiated cells are also positive for the

proliferation marker Ki-67, which is not detectable in differentiated, post-mitotic LUHMES



cells. Patch-clamp analysis revealed that neuronal electrical features increase from day 5
to day 12 of differentiation, while the post-mitotic state was already reached from day 5.

Analysis of typical differentiation markers revealed a group of genes being up-
regulated during differentiation. These genes were related to neuronal function or they
were related to neurites or to synapsis formation (neuregulin 1, pentraxin 1, dopamine
receptor D2). Synaptic markers are being up-regulated very fast, within two days of
differentiation in contrast to post-synaptic markers (GRIN1, DLG4, neuroligin 1) and
synaptic vesicle 2a which were up-regulated later. Other neuronal genes are detected in
undifferentiated cells and their expression remains stable throughout differentiation
(effector of neurogenesis MEF2C, neurite growth-promoting factor 2 MDK, tyrosine
activation protein YWHAH) indicating the existence of neuronal features already in
undifferentiated LUHMES. Markers such as Sox2 and the marker for migrating
neuroblasts Pax3 are down-regulated and completely absent on day 5 of differentiation.
Immunostaining revealed the homogeneous expression of the markers among all cells
that remain the same after day 5 regarding localization and strength.

LUHMES cells can also differentiate to post-mitotic neurons with an alternative
differentiation protocol where GDNF and cAMP are omitted (-/-). In this case, the
differentiated cells look morphologically and immunocytologically identical to those
obtained from the +GDNF/+cAMP protocol (+/+). They also express similar levels of
marker proteins. The only difference is that the expression levels of tyrosine hydroxylase
(TH) and dopamine receptor D2 (DRD2) are significantly reduced. This result shows that
LUHMES cell fate is predetermined via a robust, endogenous program and only few
features (mainly TH) need external signals to be regulated.

LUHMES cells are therefore an ideal model for our study. Their human origin and the
optimized 2-step protocol allow for a rapid and synchronous homogenous population of
post-mitotic neurons with characterized properties which are reproducible. Most

importantly differentiated LUHMES express PRMTS in high levels (see results).

1.8 Aim of the thesis
Given the important role of arginine methylation in cancer and differentiation, the aim

of the present thesis was to find new PRMT1 variants, characterize them and study their



role in cancer. In parallel, we looked for novel nuclear substrates of PRMT1. Finally, we
intended to set up new tools for studies on the role of PRMTS8 in neuronal differentiation
and maintenance including a cellular model, shRNAs and expression vectors as well as
antibodies and proceed with a preliminary characterization of the molecule with regard

to expression levels, localization etc.



2. Materials and Methods

2.1 Cell culture methods
2.1.1 Human cancer cell lines and normal human lung fibroblasts

Cells were cultivated as a monolayer in tissue-culture grade plastic dishes (Sarstedt) at
37°C under humidified atmosphere containing 5% CO,. The growth medium consisted of
DMEM (PAA) for HEK293 (immortalized human embryonic kidney), HeLa (human cervix
carcinoma), HFL-1 and MRC5 (normal human lung fibroblasts), and the human lung
cancer cell lines H1299 and A549, or RPMI-1640 (Gibco) for the human lung cancer cell
lines H1437 and H1792, according to instructions provided by ATCC. All media contained
10% fetal calf serum (FCS; Gibco) and 1x Penicillin/Streptomycin (PAA). Confluent cells
were split every 2-3 days. After rinsing with PBS (136.9 mM NaCl, 2.68 mM KCl, 8.09 mM
Na,HPQO,4, 1.47 mM KH,PQ,) the cells were detached using a 0.05% trypsin/0.022% EDTA

solution in PBS, and transferred to new dishes with fresh medium in a ratio of 1:3 to 1:5.

2.1.2 LUHMES

LUHMES cells were cultured at 37°C in a humidified atmosphere containing 5% CO,.
Proliferating cells were washed with PBS and enzymatically dissociated with 0.025%
trypsin/0.01% EDTA solution in PBS and seeded in T75 Nunclon™ (Nunc) flasks coated
with 40 ug/ml poly-L-ornithine and 1 pug/ml Fibronectin (Sigma-Aldrich). The proliferation
medium consisted of Advanced DMEM/F12 (Gibco) supplied with 2 mM L-Glutamine
(PAA), 1x N-2 supplement (PAA) and 0.04 pg/ml recombinant basic fibroblast growth
factor (FGF; Peprotech). 2x10° or 1x10° cells were seeded every two or three days,
respectively.

Differentiation of LUHMES cells was performed in two steps. As a predifferentiation
step, 2.5x10° cells were seeded on T75 flasks in proliferation medium. After 24 hours (day
0, d0), proliferation medium was substituted by differentiation medium. Differentiation
medium consisted of Advanced DMEM/F12, 2 mM L-Glutamine, 1x N-2 supplement, 1
ug/ml tetracycline, 2 ng/mL recombinant human glial cell-derived neurotrophic factor
(GDNF) and 1 mM dibutyryl-cAMP (Sigma-Aldrich). In many experiments, GDNF and
dibutyryl-cAMP were omitted. The cells were incubated with differentiation medium for

48 hours in order to stop their proliferation. On day 2 they were detached with



trypsin/EDTA solution and, depending on the experiment, were seeded on new poly-L-
ornithin/Fibronectin flasks, dishes or glass coverslips (Marienfeld) in a density of 100.000

cells/cm?.

2.2 Transfection and infection of cells
2.2.1 Transfection of cells with Polyethylenimine (PEI) and Lipofectamine 2000

One day before transfection, cells were split at a ratio of 1:5 to obtain around 50%
confluency at the time of transfection. Prior to transfection, the medium on the dishes
(100 mm) was reduced from 10 ml to 3 ml. A transfection “working solution” of PEI
(Sigma-Aldrich) was prepared by freshly mixing 9 ul of PEIl stock solution (25% PEI in
sterile distilled water) with 0.5 ml of sterile distilled water. For each transfection, 4.5 ul of
the PEI working solution was further diluted into 300 ul of serum free medium. In a
separate tube, 10 pg of plasmid were diluted in 50 pl of serum free medium. PEI-DNA
complexes were formed by thoroughly mixing the plasmid dilution with the readily
prepared PEl/medium dilution and incubation for 30 min at room temperature. The
resulting suspension was dropwise added to the cells, mixed well and incubated from 3 to
5 hours, before the volume of the medium was adjusted to 10 ml again. Cells were
analyzed at least 24 h after transfection.

Transfection of cells with Lipofectamine 2000 (Invitrogen) was performed according to
manufacturer's instructions. The cells were analyzed at least 24 hours post-transfection.

Depending on the resistance gene that each vector was carrying, HEK293 cells were
selected either with 1 pg/ml puromycin (Clontech) for one week or with 400 pug/ml G418

antibiotic (Biosera) for 4-6 weeks in order to obtain stable cell lines.

2.2.2 Generation of lentiviruses and infection of LUHMES

Lentiviruses were produced by PEI transfection of HEK293T cells, as described above,
with a three-plasmids system consisting of pMD2.G (envelope vector), pBR8.91
(packaging vector) and a transfer vector, which was different according to the
experiment. For protein overexpression, LeGO-iPuro2 was used, while for protein knock-
down shRNAs were cloned in a LeGO-G/Puro vector. The ratio between the vectors was

2.3:1.6:1 (transfer vector:pBR8.91:pMD2.G). One day after transfection the medium, of



the cells was exchanged with LUHMES proliferation medium (Advanced DMEM/F12 with
2 mM L-Glutamine) for experiments in LUHMES cells, or DMEM for experiments in other
cells. Two and three days after transfection the supernatants were harvested, filtered
through 0.45 um filters (Roth) and incubated overnight with Lenti-X Concentrator
(Clontech) or “"homemade” precipitation solution (8% Polyethylene glycol-6000, 300 mM
NaCl) at 4°C overnight. Then, the mixtures were centrifuged at 1500 g at 4°C for 45 min,
the pellets were resuspended in 100 pl PBS, aliquoted and stored at -80°C. Different
volumes of viral stocks were tested for their ability to infect LUHMES cells efficiently. The
infected cells were selected with 0.1 pg/ml puromycin for one week in order to obtain

stable cell lines.

2.3 Microscopy methods
Microscopic observation of live or fixed cells was carried out in a Leica TCS SP5
Confocal microscope and data acquirement and analysis were achieved by the

accompanying software, LAS AF.

2.3.1 Immunofluorescence microscopy

LUHMES cells grown on poly-L-ornithin/Fibronectin-coated coverslips, or HEK293 cells
grown on Alcian Blue-coated coverslips (0.1% w/v Alcian Blue in water), were washed
briefly in PBS, and fixed for 30 min with 3.5% w/v paraformaldehyde solution in PBS. The
coverslips were washed again in PBS and permeabilized with 0.3% v/v Triton for 10 min.
The cells were then washed in PBS and they were blocked with 3.5% w/v bovine serum
albumin (BSA) in PBS for 1 hour. Cells were incubated with the primary antibody (diluted
appropriately in blocking solution) for 1 hour. The coverslips were washed several times
with PBS to completely remove unbound antibodies. Then, the samples were incubated
with the secondary antibody for 30 min followed again by several washing steps in PBS.
For nuclear staining, samples were incubated either with 1:1000 DRAQ5™
(Thermo/Molecular Probes) or 1:300 TO-PRO™-3 lodide (Invitrogen) or 1:20000 SYTOX™
Green (Invitrogen) diluted in PBS. To remove the PBS, the sample was washed once with
water and mounted on a glass slide with mounting medium (100 mM Tris pH 8, 90%

Glycerol, 2.5% DABCO).



2.3.2 Fluorescence Recovery After Photobleaching (FRAP)

Fluorescence Recovery After Photobleaching (FRAP) experiments were performed with
whole populations of HEK293 cells stably expressing YFP fusion constructs of full length
PRMT1v1 and PRMT1v1Aarm. Cells were seeded on 35 mm glass-bottom dishes so as to
be 50-70% confluent at the time of the experiment. Dishes were placed on the stage of
the Leica SP5 microscope and rectangular regions of interest (ROIls, height of bleached
area=2.5 um) from at least 25 cells containing a part of the cytoplasm and the nucleus
were photobleached following the steps of the FRAP wizard of LAS AF software. The ROI
was bleached with the 488 nm laser at 85% laser power. The pre-bleaching, bleaching and
post-bleaching (recovery) steps were monitored by the software. 250 images of each cell
were captured within 50 sec after bleaching using 5% laser intensity to minimize further
bleaching. The recovery time in each cellular compartment (cytoplasm and nucleus) in the
ROl was measured separately, as well as a region outside of the bleached area. The data
were imported to Microsoft Excel for analysis. The pixel intensities on different time
points were normalized to the total cell brightness and to the prebleaching brightness for

cytoplasm and nucleus separately.

2.4 Biochemical and Molecular Genetics Methods
2.4.1 Quantitation of total protein
Colorimetric quantitation of total protein in cell lysates was done using the Pierce BCA

Protein Assay Kit (Thermo Scientific), according to the manual.

2.4.2 Protein extraction/precipitation according to Wessel&Fliigge (1984)

Cells were lysed in 400 pl of 1% SDS solution. The lysate was sonified to shear genomic
DNA and thereby reduce viscosity. An equal volume of methanol was added to the
sample and mixed well. Then, 100 ul of chloroform were added and mixed to obtain a
phase separation, and precipitated protein was recovered by centrifugation for 5 min at
full speed. The precipitated protein could be observed in the interphase between the
methanol solution and the chloroform. The upper phase (methanol, water, salts and
nucleic acids) was removed and 300 ul of methanol were added to the interphase and

chloroform phase. Precipitated protein was pelleted by centrifugation for 2 min, the



supernatant was removed and the pellet was allowed to dry. The dry pellet could be
stored at -20°C, or redissolved in an appropriate volume of SDS PAGE loading buffer, and

boiled at 95°C for 5 min.

2.4.3 Gel electrophoresis of proteins and Western blot

Protein extracts were adjusted to 1x SDS PAGE loading buffer (5% mercaptoethanol, 10
mM Tris pH 7.4, 2.5% SDS) boiled at 95°C for 5 min and loaded onto an 8-12% acrylamide
gel. The gel run was performed at 18 mA. Proteins were transferred to a PVDF membrane
for 70 min at 350 mA by tank blotting in a Biorad chamber. The membrane was blocked
with 1x Rotiblock solution (Roth) for 1 hour, rinsed for 5 min with TNT buffer (150 mM
NaCl, 10 mM Tris pH 8, 0.005% v/v Tween 20), and then incubated with the primary
antibody diluted in TNT for 1 hour to over night. The membrane was thoroughly washed
with TNT for 30 min, with at least 5 changes of washing buffer. After washing, the
membrane was incubated for 30 min with the secondary antibody diluted in TNT plus 1%
dried milk. The membrane was again washed 3 to 4 times in TNT and quickly rinsed once
in water before chemiluminescent detection with SuperSignal Femto reagent (Pierce),
diluted 1:6 in water was carried out. A film was exposed to the membrane in an X-ray

cassette and was developed in an X-ray film developer machine (Amersham).

2.4.4 Immunoprecipitation

Cultured cells were washed twice with cold PBS on the dish, then the PBS was
completely removed and 1 ml of lysis buffer (50 mM Tris-HCl pH 8, 150 mM NaCl, 1% v/v
NP-40) was added. The cells were scraped off the dish and transferred to a tube. The
sample was sonified to shear DNA, and centrifuged for 5 min at 10000 rpm at 4°C for
preclearing the lysate. The supernatant was transferred into a new tube and the pellet
(preclear pellet), containing insoluble proteins complexes was stored at -20°C in case it
was needed for analysis. A small amount of the supernatant was also kept as an input
control at -20°C. The supernatant was mixed with the antibody (3 ug) and incubated for 2
hours at 4°C in an overhead shaker/mixer. Then, 30 pul of 50% Protein G Sepharose
suspension (Pierce) were added, and the sample was incubated for another hour under

the same conditions. Immunoprecipitated proteins bound to the beads were collected by



centrifugation (10 sec, 3000 g), and the supernatant was stored for controls. The beads
were washed six times by centrifuging and resuspending in 1ml of cold lysis buffer.
Precipitated proteins were either eluted from the beads by adding 2x Laemmli buffer
(10% mercaptoethanol, 20 mM Tris pH 7.4, 5% SDS) and boiling at 95°C, or used

immediately for enzymatic activity assays.

2.4.5 In vitro methylation assay

For in vitro methylation assays, HEK293 cells growing in 100 mm dishes were
transfected with GFP- or YFP-tagged PRMTs by PEl transfection. One day after
transfection, the enzymes were immunoprecipitated as described above, using 4 ug of
anti-GFP antibodies (Roche). The beads with the precipitated PRMTs were mixed with
either 30 ul of hypomethylated total HEK293 extract or with bacterially expressed and
purified peptides (kindly provided from Prof. Anastasia’s Politou lab, Medical School,
University of loannina). In the reaction, 5 ul of radioactive methyl donor, S-Adenosyl-L-
[methyl—3H]Methionin (SAM[3H]) (spec. activity 2.96 TBg/mmol, Amersham), were added,
and the volume was filled up to 60 pl. The reactions were incubated at 37°C for 4 hours
with constant shaking before they were terminated with the addition of 7 ul of 10x SDS
PAGE loading buffer and boiling at 95°C for 5 min. For the analysis of the results, 1/3 of
each reaction was run on a 10% acrylamide gel. After the run, the gel was stained with
Coomassie staining solution (25% v/v Isopropanol, 10% v/v Acetic acid, 0.05% w/v
Coomassie Brilliant Blue R250) for the visualization of the protein bands. The gel was then
incubated in EN®*HANCEsolution (NEN Life Sciences) in a glass bowl for 45 min at room
temperature and subsequently washed in water 3 times for 10 min each. After the
washing steps, the gel was put onto a gel dryer on a wet Whatman filter paper, covered
with Saran wrap, and dried for about 1-2 hours at a maximum of 55°C. The dried gel, after
the removal of the Saran wrap, was exposed to an autoradigraphy film from overnight to
2 weeks at -80°C and developed in the developer machine.

Hypomethylated extracts were obtained by treatment of HEK293 cells with 15 uM of
the S-adenosylhomocysteine hydrolase inhibitor, adenosine-2’, 3'-dialdehyde (Adox) for
48 hours. Cells were washed twice in PBS before they were rinsed briefly twice with

ddH,0. Then, they were harvested in a small volume of ddH,0 and heated at 70°C for 10



min for the inactivation of the endogenous PRMTs. The samples were let to cool down
and centrifuged at full speed for 15 min. The supernatant was kept and adjusted to 1x
PBS by the addition of the appropriate of volume of 10x PBS, and the sample was

centrifuged again. The supernatant was aliquoted and stored at -20°C until use.

2.4.6 RNA analysis - Preparation of total RNA and cDNA synthesis

Total cellular RNA was extracted and purified using the NucleoSpin RNA Mini kit
(Macherey-Nagel) according to the manufacturer's manual. After quality control by
agarose gel electrophoresis (1% w/v agarose in TAE buffer: 40 mM Tris pH 8, 1 mM EDTA),
RNA was reverse-transcribed with the PrimeScript RT reagent kit (Takara #RR0O37A)
according to protocol V of the manufacturer. The synthesized cDNA was stored at -20°C

until further use. All procedures were done under RNase-free conditions.

2.4.7 Polymerase chain reaction (PCR)

For RT-PCR, 1 pl of cDNA was amplified by PCR in a volume of 20 ul, containing 10
pmole of sense- and antisense primers, 0.4 pl dNTP mix (containing 10 mM per
nucleotide), 2 ul 10x concentrated reaction buffer (final concentrations: 50 mM KCl, 1.5
mM MgCl,, 10 mM Tris pH 9, 0.5% Triton X100) and 2 units of homemade Taq
polymerase. The final volume was adjusted to 20 pl with water. Amplification programs
were carefully optimized in pilot experiments, according to melting temperatures of the
primers, as given in table 2.3. Typically, DNA was initially denatured at 95°C for 5 min,
before primers were annealed for 30 sec. DNA was elongated at 72°C for 30 sec, before
denaturing again at 95°C for 30 sec. Denaturation, annealing, and elongation were
repeated for 20 to 35 cycles, depending on the gene of interest. A final elongation step at
72°C for 10 min was performed, before the samples were cooled to 4°C. Reaction
products were either analyzed by agarose gel electrophoresis or stored at -20°C.

To quantify transcripts, real-time quantitative PCR (qPCR) was performed in capillaries
on a Roche LightCycler 2, using cyber green (Kapa #KK4602) in a total volume of 20 pl. All
gPCR analyses were done on at least two biological replicates, in triplicate each. For

normalization, we used primer sets for GAPDH.



2.5 Work with bacteria
2.5.1 Transformation of bacteria by electroporation

Aliquots (40 pl) of frozen, electrocompetent E.coli XL1 bacteria were thawed and
mixed with 1 pl plasmid diluted in water to 1 ng/ul. An electric pulse was applied with a
BioRad GenePulser Il, using 1800 V, 200 Ohm, 25 yuFa in a 1 mm electroporation cuvette.
After the pulse, cells were immediately diluted to 1 ml with LB medium (1% w/v Bacto-
Trypton, 0.5 w/v Yeast extract, 1% w/v NaCl), transferred to a glass test tube, and allowed
to recover for 30 min at 37°C. After recovery they were plated on LB agar plates (LB
medium plus 0.15% w/v agar) containing the appropriate antibiotic and incubated over

night.

2.5.2 Small-scale preparation of plasmid DNA

Single colonies were picked from the Petri dishes, and cultured for 8 hours to over
night at 37°C in 1 ml of LB with the appropriate antibiotic. Bacteria were harvested by
centrifugation for 5 min at 5000 rpm in an Eppendorf centrifuge and resuspended in 100
ul of GET resuspension buffer (50 mM Glucose, 25 mM Tris pH 8, 10 mM EDTA). Bacteria
were lysed in 200 pl of lysis buffer (0.2 N NaOH, 1% w/v SDS) by gently inverting the tube
several times. Bacterial protein and genomic DNA were precipitated with 150 pl of cold
salt solution (3 M Potassium acetate, 1.8 M Acetic acid). After gentle but thorough
mixing, precipitated material was removed by centrifugation (5 min, 14000 rpm). 400 pl
of the supernatant was mixed with 900 ul of cold ethanol, and precipitated DNA was
pelleted by centrifugation (15 min, 14000 rpm). The supernatant was completely
removed, and the pellet was allowed to air-dry. Finally, DNA was redissolved in 50 to 100
pl of TE (10 mM Tris-HCl pH 8, 1 mM EDTA) containing 100 ng/ml DNase-free RNase
(Roche).

2.5.3 Medium-scale preparation of plasmid DNA
Larger amounts of plasmid were purified from 100 ml of bacterial culture, using the

NucleoBond Xtra Midi kit (Macherey-Nagel) according to the manual.



2.6 Other methods
2.6.1 Fluorescence-activated cell sorting (FACS)

For fluorescence-activated cell sorting cells were washed with PBS and detached from
the dishes with trypsin-EDTA solution. Then they were harvested and centrifuged at 300 g
for 5 min. The cell pellet was incubated with hypotonic solution (0.1% w/v sodium citrate,
0.1% v/v Triton X-100, 50 mg/| propidium iodide). The stained cells were analyzed on a
FACSCalibur (Becton-Dickinson) flow cytometer, equipped with 2 lasers (488 nm, 635
nm). Data analysis was carried with CellQuest software (Becton-Dickinson), for at least
10000 cells/sample. Untransfected and YFP-transfected HEK293 cells were used as a

IlI

control for the “normal” cell cycle and the YFP fluorescence respectively.
2.6.2 Identification of molecules in proximity with the BiolD method

BiolD is a method being used for the identification of proteins, which are in proximity
to a protein of interest. The principle of the method is based on the idea that a biotin
ligase is fused to the protein of interest and then it is transfected/infected to the cells,
where it will biotinylate neighboring proteins after the addition of biotin to the culture
medium. The biotinylated proteins can then be isolated by streptavidin beads and
identified by mass spectrometry. The principle of the BiolD method is presented in figure
2.1. For our experiments we used a mutated form of the bacterial biotin ligase BirA, called
BirA*(R118G). This mutant cannot make dimers and cannot bind to DNA (Kwon et al.,
2000).I1t has been shown that BirA* promiscuously biotinylates the proteins in proximity
in vivo after the supplementation of biotin in the culture medium (Roux et al., 2012).

PRMTS8 fused with BirA* in its carboxy-terminus was cloned in a LeGO-iPuro2 vector
and infected in LUHMES cells before selection with 0.1 ug/ml puromycin for one week.
For control experiments a LeGo-iPuro2 vector encoding BirA* was used for creating a
LUHMES stable cell line under the same conditions. The infected cells were then qualified
for the ability to express and properly localize the proteins by immunofluorescence and
Western blot with an anti-HA antibody (Roche) as describe before. For labeling proteins in
proximity with biotin undifferentiated cells were supplied with 50 uM of biotin in the
culture medium. 24 hours later the cells were lysed in 1% SDS. The proteins were

precipated by the Wessel&Fliigge protocol, analyzed by SDS-PAGE and transferred to a



PVDF membrane. The blot membrane was incubated with 1:25000 diluted streptavidin
conjugated to horseradish peroxidase (HRP) and exposed to an autoradiography film after

incubation with ECL.
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Fig. 2.1: Principle of the BiolD method. A protein of interest is fused to a bacterial biotin ligase (light blue,
purple) and transfected to cells. Proximal proteins (dark blue, petrol) are labeled after the addition of
biotin (red dots) in the culture medium. Labeled proteins can then be purified by streptavidin magnetic
beads and analyzed by mass spectrometry (from Roux et al. 2012).

2.6.3 Studying the distribution of PRMT8M16 between the cytoplasm and the nucleus
HEK293 cells stably expressing PRMT8M16:EYFP were seeded in to 35 mm glass-
bottom dishes so as to be 50-70% confluent at the time of the experiment. Random fields
of the cells were imaged at the confocal microscope keeping the same parameters from
one image to the other. The acquired images were analyzed by the Imagel software.
There, a region of interest (ROI) of 15x15 pixels was used to measure the mean brightness
of cellular and nuclear PRMT8M16:EYFP in more than one hundred cells. The numbers

were statistically analyzed by Microsoft Excel.

2.6.4 Antibody production in rabbits
Two rabbits were injected with an epitope corresponding to a region in the amino-

terminus of PRMT8 (NH,-CPGRGKMSKLLNPEEMT-COOH) mixed with complete Freund’s



MATERIALS & METHODS
adjuvant. Two weeks later, the injection was repeated and samples from their blood were
tested for their antibody titer before the final bleeding.

Table 2.1: Antibodies used in the present thesis.

e NN =T

Alpha-tubulin Hybridoma Bank 12G10
Geminin Hybridoma Bank CPTC-GMNN-1
Neurofilament 165 Hybridoma Bank 2H3
Neurofilament 200 Hybridoma Bank RT97
Synaptic vesicle marker Hybridoma Bank Sv2
Isletl Hybridoma Bank 40.2D6
HA tag Roche 11 583 816 001
GFP Roche 11 814 460 001
Flag tag Sigma-Aldrich F3165
" secondaryantibodies |
Alexa568 goat a-mouse IgG | Molecular Probes A-11004
Alexa568 goat a-rabbit IgG Molecular Probes A-11036
a-mouse IgG (Western blot) Sigma A0545
a-rabbit I1gG (Western blot) Sigma A9309

Table 2.2: Plasmids used in the present thesis.

Recombinant gene Vector backbone m

PRMT1:GFP
PRMT4:GFP pGFP-C Kindly provided by Prof. Mark
PRMT6:GFP Bedford
PRMTS8:GFP pGFP-N
PRMT8M16:EYFP pEYFP-N This work
Seven aminoterminal variants Kindly provided by Prof. Jocelyn
of PRMT1 tagged with GFP PGFP-N Coté
PRMT1v1:YFP
PRMT1viAarm:YFP pPEYFP-N This work
PRMT1v2Aarm:YFP
Fibrilarin:FusionRed pFusionRed-N Kindly provided by Prof. Dmitriy
Chudakov
Snail:FlagHA 6SA pCMV-Tag 2B Addgene #16221
ShRN:(;ff_ L;T’gf;::gfeké;jown LeGo-G/Puro http://www.lentigo-vectors.de/
PRMTS8:GFP . http://www.lentigo-vectors.de/
PRMTS:BirA*HA LeGO-iPuro2 This work
pcDNA3.1MCS-BirA(R118G)-HA pcDNA3.1MCS Addgene #36047
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Table 2.3: PCR primers used in the present thesis.

, . Product size

 CCAAAGCAAGTGGTGACCAATG |
PRMTS TCTACTGTGAAATCGAGGTCTCG
GGCAATAGCATGGCGAGCG
S0x2 CACCGAACCCATGGAGCCAA 324 2>
CCTTTCCGTTTCGCCTTCAC
PAX3 CTTCTCCACGTCAGGCGTT 402 62
GGAGGAGTCACCCAGGAGTCA
GMNN-1 TGGCTTTGCATCCGTAGAGGAA 387 2>
TGGGAAATGGCTCGTCATTT
NF165 GGCCTCTTCCATTTCTGACT 294 2>
TGAGGCCACTCAAGTTCCAA
NLGN GTGCCATGGTCCCACATTAG 384 >8
S CGAGTTCGAGTACCCCTTCA ;
P CTCTCAGCTCCTTGCATGTG 7 2>
AAGCCACTCAGATGCTCGCC
DRD2 CACTGCCCTGGCAGAGTGAG 412 >8
CACCTTCGCGCAGTTCTC
TH CTGTCCAGCACGTCGATG 387 >8
AGCCACATCGCTCAGAACAC
GAPDH GAGGCATTGCTGATGATCTTG 472 >3
GGATCTTCATGAGGTAGTCAGTC
ACTIN BETA CCTCGCCTTTGCCGATCC 626 >3
CGGGACAAGTGGCTGGAGGTG 2o .
PRMT14arm CGAAACCGCCTAGGAACGCT 4 >
P8VX AGAAACGGTGCGCCGAGATGG
PSVYFW1 TCCCCTCCCTCTTGAAAATGC
PSVYFW2 CATGTCTCAGGTCCCCTCC
P8VIFW1 ATGGGCATGAAACACTCCTCC 471
PV1FW2 TGCTCCTGAGGAGGAAAATGG 442 >3
P8V2FW1 ATGGAGTCTCTGGCTTCAG 444
P8V2FW2 GGCTTCAGATGGATTCAAGC 433
PSREV GTGGTTGGCCTTAATGATCTTC
PRMT1V1 331
PRMT1V2 GAGGCCGCGAACTGCATCAT 385
PRMT1V3 504
PRMT1V4 TCCATTGCCAATGAAATCTTCCA 470 59
PRMT 1V5 ACTGGAGAGATGGTGTCCTGTGG 318
PRMT 1V6 AGAAGCTGACCAGACAAAGAGA 329
PRMT 1V7 TGCATCATGGAGGAGATGCTGAAGG 219
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Common reverse
primer for PRMT1 TGGCTTTGACGATCTTCACC

variants

CGGGACAAGTGGCTGGAGGTG

PRMT14arm_gPCR CAGGGCGTGCACGTAGTCAT 108
ATGACTACGTGCACGCCCTG

PRMT1_qPCR CGTCTGCTTCCAGTGCGTGTA 113
TGCACCACCAACTGCTTAGC

GAPDH_qPCR 87

GGCATGGACTGTGGTCATGAG

Table 2.4: shRNAs sequences used in the present thesis.

Gene name Sequence 5’'—3’

PRMTS8 KD1 AATGTGCGAGACCTCGATTTCACAGTAGA
PRMTS8 KD2 AAGCAAGTGGTGACCAATGCCTGTTTGAT
PRMTS8 KD3 GTGTGAAACATCTGTATCTAATGACTACA
PRMTS8 KD4 GTGTTCAAGGACAAAGTGGTACTGGATGT
Scrambled control GCACTACCAGAGCTAACTCAGATAGTACT
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3. Results

3.1 A new PRMT1 splicing variant

Protein Arginine Methyltransferase 1 (PRMT1) is the predominant member of the
family of protein arginine methyltransferases, which are involved in a large variety of
cellular processes, including epigenetic regulation of transcription, RNA processing, DNA
repair, and signal transduction. PRMT1 accounts for approximately 85% of the
asymmetrically dimethylated arginines generated in mammalian cells (Tang et al., 2000),
and has a complex pattern of substrate proteins in both the nucleus and the cytoplasm
(Herrmann et al., 2005). It is known that PRMT1 obtain its enzymatic activity through the
formation of oligomers, which start being formed from dimers (Zhang and Cheng, 2003).
Until now, it was known that PRMT1 produces seven distinct splicing isoforms, which
differ in their amino-terminal first exons, which are involved in substrate recognition and
subcellular localization (Goulet et al., 2007). No variation has yet been described in the
catalytic core of the protein. For the first time, we have discovered and characterized a
novel ubiquitous splicing isoform of PRMT1, which lacks exons 8 and 9. These exons
encode the multimerization arm of the enzyme, which is required for the formation of

catalytically active enzyme oligomers.

3.1.1 Bioinformatic identification of the new variant

As published earlier by other laboratories (Goulet et al., 2007; Scorilas et al., 2000),
PRMT1 can be spliced to produce seven different isoforms, which vary in the 5' region of
the mRNA and consequently the amino-terminal end of the protein molecule (Fig. 3.1A).
Inspired by this work, we decided to search for other PRMT1 variants that might have an
interesting role in physiological or pathological conditions of the cell. In database
analyses, we identified an Expressed Sequence Tag (EST) from neuroblastoma cells
(GenBank accession number BX352789.2). This EST sequence was identical with the
PRMT1vl mRNA, but with the striking difference that exons 8 and 9 were absent. These
two exons encode for the dimerization arm of PRMT1, which is responsible for the
dimerization and hence for the activity of the enzyme (Fig. 3.1B, C). Therefore, the newly

identified variant was named PRMT1Aarm (or shortly Aarm).



A

E8 E9
EfaElb  ElcEld E2 E3 E4 E5 E6 E7 “ E10  EM E12
variants vl..v7 ——— variant Aarm

Fig. 3.1: Exon organization of the Prmtl gene, showing the known splicing variants v1-v7, and the novel
variant PRMT1Aarm (A) and structural context of the new variant (B, C). (B) Structure of the dimer of
canonical PRMT1, showing in space fill mode the tip of the dimerization arm (blue) and the dimer interface
on the AdoMet binding domain of the bound second monomer (red). (C) Structure of a PRMT1 monomer,
with the dimerization arm highlighted in color (upper panel), and the PRMT1Aarm deletion variant with the
missing part in transparent color (lower panel). Note that the two amino acids, amino-terminal (end of
exon 7) and carboxy-terminal (start of exon 10) of the dimerization arm, are located closely together in the
full-length protein, and can easily be joined without causing major structural changes in the protein.

3.1.2 Expression of Aarm in different cells

For the characterization of the Aarm isoform, we initially investigated whether the in
silico identified isoform was expressed endogenously in different cell types. For that
reason, we designed a primer pair, which would specifically amplify the Aarm isoform.
The forward primer (5'-CGGGACAAGTGGCTGGAGGTG-3’) was designed in a manner that
it anneals to a sequence across the exon-exon junction of exons 7 and 10 of PRMT1
mRNA and is therefore specific for Aarm that lacks exons 8 and 9. The reverse primer (5'-
CGAAACCGCCTAGGAACGCT-3’) hybridizes to a sequence in exon 12 that is common to all
known PRMT1 isoforms. PCR with this primer pair and the appropriate cDNA as a

template is predicted to produce a specific amplicon of 429 bp, if Aarm is expressed. For



the experiment, total RNA was purified and reverse transcribed to cDNA from HEK293,
Hela and undifferentiated LUHMES cells (for extended description and characterization of
these cells see introduction and below). The resulting cDNAs were analyzed by PCR with
the described primer set, followed by agarose gel electrophoresis. GAPDH was used as a
quality and loading control. Figure 3.2 shows that both cancer cell lines (HEK293 and
Hela) as well as the immortalized neuronal precursors (LUHMES) are positive for Aarm;
thus, Aarm is being endogenously expressed in these cell lines of different origin, at least
on the level of RNA (also see additional experiments with other cell lines below).
Currently, the expression of Aarm on protein level cannot be measured due to the lack of
an appropriate antibody, which would recognize specifically this variant, but not the

remaining seven isoforms of PRMT1.

Fig. 3.2: PRMT1lAarm mRNA detection in
different cell lines. Total RNA was purified from
HEK293, Hela and undifferentiated LUHMES,
and subjected to RT-PCR with a primer pair
specific for Aarm. Aarm was present in all three
cell lines. GAPDH was used as a quality control.

Fig. 3.3: The arm deletion preferentially occurs
together with variant 1 of the amino-terminus.
Expression of Aarm in Hela cells was investigated
by RT-PCR with a forward primer that anneals to
exon E1d common to variants 1, 2, 3, 5 and 7, and
a reverse primer specific for Aarm. This would give
different amplicon sizes for different combinations
of v1-v3 together with Aarm. For comparison, an
identical PCR was performed with two plasmids
encoding PRMT1v1Aarm:EYFP and
PRMT1v2Aarm:EYFP respectively. Note that the
amplicon size from Hela cDNA is identical to the
one from the PRMT1v1Aarm plasmid.

3.1.3 Deletion of the dimerization arm and amino-terminal variation of PRMT1

The originally identified EST included a part of exon 1d followed by exons 4-12,

excluding of course exons 8 and 9. This is a strong indication that the arm deletion co-



occurs with variant 1 of the amino-terminus (see Fig. 3.1), but does not rule out that it
may also be combined with the amino-terminus of other isoforms. To investigate this
point, we performed total RNA isolation from Hela cells, reverse transcribed it to cDNA
and amplified it by PCR with a forward primer (5-GAGGCCGCGAACTGCATCAT-3’) that
anneals to exon E1d common to variants 1, 2, 3, 5 and 7, and a reverse primer specific for
Aarm (5’-GGTATAGATGTCCACCTCCAGCC-3’). This would give different amplicon sizes for
different combinations of v1, v2, v3, v5 and v7 with Aarm (predicted product sizes, 507
bp, 561 bp, 680 bp, 665 bp and 405 bp, respectively). In parallel, an identical PCR was
performed with cloned constructs encoding PRMT1v1Aarm:EYFP and PRMT1v2Aarm:EYFP
for comparison. Figure 3.3 shows that HelLa cDNA produced a single band that has
identical size with the one from the PRMT1v1Aarm:EYFP plasmid (507 bp). The conclusion
is that the arm deletion occurs together with variant one of the amino-terminus as it was
expected from the sequence of the EST. For this reason, we decided to focus the

following experiments on the full-length and the Aarm form of variant 1.

3.1.4 Comparison of the subcellular localization of Aarm with the other amino-terminal
variants of PRMT1

It is known from the literature that the amino-terminal variants of PRMT1 localize
differently among the cell compartments in Hela cells (Goulet et al., 2007), but also due
to different conditions like the accumulation of the cytoplasmic variant 2 into the nucleus
after enzymatic inactivation by site directed mutagenesis in HEK293 cells (Herrmann and
Fackelmayer, 2009). This is speculated to be one of the reasons of their substrate
specificity. Next, we thus compared the localization of Aarm to the seven amino-terminal
variants of PRMT1, to clarify whether the lack of the dimerization arm can affect the
localization of PRMT1v1. HEK293 cells were transfected with expression vectors coding
the seven isoforms tagged with GFP in their carboxy-terminuses (a kind gift from Jocelyn
Cote's lab at the Department of Cellular and Molecular Medicine, University of Ottawa),
and stable cell lines were created after selection with G418 for five weeks. Live cells were
observed under the microscope and confocal images were obtained. In parallel,
PRMT1v1Aarm:EYFP vector was used and the same procedure was followed. As shown in

Figure 3.4, the lack of the arm does not significantly affect the localization of the protein.



In general, all variants, including Aarm, were distributed between cytoplasm and nucleus,
with the cytoplasmic levels being always higher. In contrast to Hela cells where, variants
3, 4,5, 6 showed an even distribution between cytoplasm and nucleus, and variants 1 and
7 showed a stronger nuclear signal (Goulet et al., 2007), HEK293 cells presented stronger
cytoplasmic levels. This indicates that the localization of the variants is dependent on the
cell type. The only exception was variant 2, which was completely excluded from the
nucleus and it was detected exclusively in the cytoplasm. This result was expected since
variant 2 is the only variant, where alternative exon 2 is translated and which codes for a
nuclear export signal. We conclude that PRMT1v1 localization is not affected when the
dimerization arm is missing. Moreover, the distribution of amino-terminal variants of
PRMT1 between cytoplasm and nucleus depends on the cell type in which they are being

expressed.

PRMT1v1 PRMT1v2 PRMT1v3 PRMT1v4 PRMT1v5 PRMT1v6 PRMT1v7 PRMT1v1Aarm

Fig. 3.4: Localization of PRMT1 isoforms in live cells. The seven known variants of PRMT1 were expressed
as EGFP fusion proteins in HEK293 cells, and visualized by confocal microscopy. The Aarm of variant 1 was
expressed as a fusion protein with EYFP. Two or three representative cells are shown in each case.
Localization of variant 1 is not affected upon removal of the dimerization arm. Additionally, the seven
variants show differences in their distribution between cytoplasm and nucleus compared to the one that
has been show in Hela cells.

3.1.5 Expression levels of Aarm

Microscopic observation of HEK293 cells transiently or stably transfected with
PRMT1v1:EYFP and PRMT1v1lAarm:EYFP, repeatedly indicated much lower expression
levels of the Aarm variant. Moreover, increased cell death was observed in the Aarm-
transfected cells two days after transfection. In the stable cell lines, the cells which
manage to survive were those with the lowest expression levels of Aarm. The same result
was observed when whole cell extracts from these cells were analyzed by Western blot
with antibodies against GFP (Roche) which recognize the EYFP tag of both proteins. In
detail, HEK293 cells were transfected with PRMT1v1:EYFP and PRMT1vlAarm:EYFP



coding vectors. After 24 hours, total cell extracts were obtained and analyzed by SDS-

PAGE and immunoblotting. The acrylamide gel was stained with Coomassie for
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Fig. 3.6: FACS analysis of PRMT1v1:EYFP and PRMT1v1Aarm:EYFP transfected HEK293 cells. HEK293 cells
were transiently transfected with constructs encoding PRMT1v1:YFP or PRMT1v1Aarm:YFP, respectively.
24 hours after transfection, cells were harvested and analyzed by fluorescence-activated cell sorting
(FACS). (A) Cells were investigated for expression levels of the two constructs. Untransfected cells and cells
transfected with empty eYFP vector were used as references. Insert: western blot with extracts from cells
expressing the two variants, using anti-GFP antibodies. (B) Cells were analyzed for cell cycle by staining
with propidium iodide. Note that cells expressing PRMT1vl have a cell cycle profile identical with
untransfected control cells, whereas PRMT1v1Aarm lead to an arrest in G1 and increased number of cells
with sub-G1 amount of DNA. (M1= G1 phase, M2=S, M3= G2/M, M4=sub-G1)



normalization and the blot membrane was stained with antibodies against GFP. The
results are presented in Figure 3.5, demonstrating that the level of the expressed full-
length PRMT1 is around four times higher than that of Aarm. This result is compatible
with our previous microscopic observations.

The expression levels of Aarm were also compared to those of the full-length PRMT1
by fluorescent activated cell sorting (FACS). HEK293 cells were transfected with the same
plasmids and 24 hours later they were detached from the dishes and incubated with
propidium iodide (PI) hypotonic solution (0.1% w/v sodium citrate, 0.1% v/v Triton X-100,
50 mg/| Pl in distilled water) for 15 minutes. Pl was used for cell cycle analysis in parallel
with the expression levels comparison for the two proteins. The analysis of the results
revealed that the Aarm expression levels were about four times less than the full-length
protein (Fig. 3.6A). Due to this reason and the fact that a cell sorter for sorting cells with
similar expression levels of the two proteins was not available, the experiments which
required normalized expression levels was carried by the usage of 4 times more of the
Aarm cell extract. It is important to mention here that the two proteins were cloned in
the same vector backbone and were under the control of the same promoter (CMV). They
were also transfected in exactly the same way to the cells.

Pl incorporated levels from the DNA of each cell revealed that the cell cycle was
blocked in the G1 phase in cells expressing Aarm. As shown in Figure 3.6B, expression of
PRMT1v1Aarm:EYFP, but not full-length PRMT1v1:EYFP, results in a block in the G1 phase
of the cell cycle, and in an increase of cell death as shown by an increase of the sub-G1
fraction of cells from 6.4% to 17.4%. We conclude that a considerable expression of
PRMT1Aarm is not compatible with progression through the cell cycle, and consequently
lead to cell death by apoptosis. Interestingly, already in short times after transfection, the
expression levels of PRMT1v1Aarm and full length PRMT1v1 were different by a factor of
around 4, even though they were expressed from the same vector backbone with the
identical promoter. Aarm is not tolerated by the cells and leads to cell death, so that only
cells with very low expression levels can survive and create stable cell lines. Whether the
above is due to the blocking of the cell cycle or whether other cellular functions are
affected and consequently block the cell cycle and lead to cell death remains to be

elucidated.



3.1.6 Potential proteasomal degradation of Aarm

The next question we addressed was whether the low level of Aarm protein was an
outcome of degradation through the proteasomal pathway in a higher degree than the
full-length protein. To this end, HEK293 cells were transfected either with the full-length
PRMT1 or with the Aarm form and incubated with 1 uM of proteasomal inhibitor MG132

(Sigma) for 8 and 16 hours. The total cell extracts were analyzed by Western blot with a-
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Fig. 3.7: Localization of PRMT1lvl and PRMT1vlAarm are differently affected by inhibition of the
proteasome with MG132. (A) Cells transiently expressing the two constructs were treated with MG132 for
8 or 16 hours, respectively, before total cell extract was prepared and analyzed by western blotting with an
anti-GFP antibody. Even after 16 hours, the expression levels of both proteins remain constant. Full-length
PRMT1 showed slightly increased levels after 8 hours of treatment. (B) HEK293 cells stably expressing
Fibrillarin-FusionRed as a marker for nucleoli were transiently transfected with the two PRMT1 constructs,
and then treated with MG132 as in (A). Analysis by confocal microscopy reveals that PRMT1vlAarm, but
not PRMT1v1, re-localize from predominantly cytoplasmic localization to the periphery of nucleoli upon
MG132 treatment. Scale bar: 20 um.



GFP antibodies. As shown in Figure 3.7A, the inhibition of the proteasomal machinery did
not affect the expression levels of the proteins since the levels of both remain stable
independently of the shorter or longer incubation times with MG132. The only exception
is that after 8 hours slightly more PRMT1 is observed. Apparently, the increased
proteasomal degradation is not the reason for the lower Aarm levels. Combining the data
from this experiment and the FACS analysis, we conclude that elevated levels of Aarm
possibly lead to growth disadvantage resulting only in cells with very low expression
levels, or Aarm variant levels were suppressed with an unknown mechanism and for a yet
unknown reason by the cell.

While inhibition of the proteasome did not result in changes at the levels of the two
proteins, we microscopically observed a striking re-localization of Aarm after 8 hours of
MG132 treatment in HEK293 cells, which did not occur for full-length PRMT1 (Fig. 3.7B).
As also shown above in Figure 3.4, PRMT1v1:EYFP and PRMT1v1Aarm:EYFP do not differ
in their subcellular localization under normal cell culture conditions. However, after eight
hours of inhibition of the proteasome with MG132, Aarm is almost completely absent
from the cytoplasm and has accumulated in the nucleolus, where it localizes in close
vicinity to fibrillarin visualized by the nucleolar marker protein Fibrillarin:FusionRed (a
kind gift of the laboratory of Dmitriy Chudakov, Moscow). Under the same conditions, full
length PRMT1v1 does not significantly change its localization (Fig. 3.7B, upper panel).
Thus, PRMT1vlAarm accumulates in nucleoli when the proteasome is inhibited, while
full- length PRMT1v1 is not affected. Similar re-localization after proteasome inhibition
has been shown before for several other proteins, but the reason for this phenomenon is

not yet clear (see discussion).

3.1.7 Dimerization ability of PRMT1v1lAarm

It has been shown earlier that PRMT1 becomes enzymatically active only after
oligomerization (Zhang and Cheng, 2003). These authors had also used an artificial
construct lacking the dimerization arm, similar to our naturally occurring Aarm isoform. As
their recombinant construct eluted as a monomer from gel filtration columns, and lacked
enzymatic activity, we hypothesized that the lack of exons 8 and 9 in the Aarm isoform,

which code for the dimerization arm of PRMT1, would not allow the interaction of Aarm



with itself or with the other PRMT1 isoforms. In order to examine this possibility, we
designed and carried out the following experimental procedure. HEK293 cells were
transiently transfected with expression vectors encoding PRMT1v1:EYFP and
PRMT1v1Aarm:EYFP. Cells were lyzed and the whole cell extracts were subjected to
immunoprecipitation with anti-GFP antibodies. Four times more starting material was
used from the cells which were expressing Aarm to account for the lower expression level
of the protein (see above). The precipitated proteins were analyzed by Western blot. The
blot membrane was stained with anti-PRMT1 antibodies (Cell Signalling), revealing the
overexpressed fusion proteins and the endogenous PRMT1 isoforms and oligomers,
which co-immunoprecipitated with the full-length PRMT1v1 protein, but not with the
Aarm form of variant 1 (fig. 3.8A). PRMT1vlAarm:EYFP appears in a lower molecular
weight than the full-length PRMT1v1:EYFP due to the lack of the arm. Endogenous PRMT1
monomers, which appear in the first lane together with some high molecular weight
bands (most probably representing remaining non-denatured PRMT1 oligomers) indicate
that full-length PRMT1 is able to interact with endogenous PRMT1, while on the other
hand, the Aarm isoform does not co-precipitate endogenous PRMT1 (lane 2). This result
verifies that the lack of the dimerization arm leads to dimerization and further

oligomerization incapability of Aarm variant with any of the endogenous PRMT1 variants.

3.1.8 Enzymatic activity of PRMT1vlAarm

The lack of the dimerization arm and the consequent dimerization incapability of Aarm
suggest that the Aarm isoform cannot be enzymatically active. To investigate this point,
we carried out methylation reactions with hypomethylated protein extracts using the full-
length variant 1 of PRMT1 compared to the Aarm form of the same variant. In particular,
HEK293 cells were transfected with PRMT1v1:EYFP and PRMT1v1Aarm:EYFP plasmids. 24
hours post-transfection, cells were |Ilysed and the lysates subjected to
immunoprecipitation with an anti-GFP antibody. The precipitated enzymes were
incubated with hypomethylated HEK293 total cell extract and with a radioactive methyl
donor, S-AdenosyI—L-[methyI—3H]Methionin (SAM[3H]) at 37°C for 4 hours. Due to the
lower Aarm expression levels, four times more precipitate was used in comparison to the

full-length protein. The hypomethylated cell extract was obtained from HEK293 cells



treated with 15 uM of the S-adenosylhomocysteine hydrolase inhibitor, adenosine-2',3'-
dialdehyde (Adox). The methylation reaction products were analyzed by SDS-PAGE and
the dried gel was exposed to an autoradiography film. In contrast to full length PRMT1,
the Aarm form of variant 1 is incapable of methylating the hypomethylated cell extract
since the activity of the Aarm form is not higher than the background which might appear
due to the traces of active endogenous PRMT1 in the hypomethylated cell extract (Fig.
3.8B).

Fig. 3.8: The Aarm isoform does not dimerize with
endogenous PRMT1 and is enzymatically inactive.
(A) HEK293 cells were transfected with expression
vectors encoding either PRMT1v1:EYFP or

A <& B <& PRMT1v1Aarm:EYFP. 24 hours after transfection,
/\,\;\'\’ /\,\/VQ’ /\,\/4'\’ &,&Ib whole cell extracts were prepared and subjected to
N NN immunoprecipitation with anti-GFP antibodies.
R R
Western blot with anti-PRMT1 antibody revealed
x| the expressed fusion proteins and the endogenous
-116 116

97 57— — PRMT1 monomer and oligomers, which co-
immunoprecipitated with the full-length PRMT1v1

constructs | | g (66 e protein, but not with the Aarm isoform. (B) PRMT1
constructs were immunoprecipitated as in (A) and

endogenous | s -43 43- incubated  with  radioactive  SAM[’H]  and
hypomethylated whole cell extract from HEK293

_29 29— cells. The products of the reactions were analyzed

by SDS-PAGE and the gel was exposed to an
autoradiography film. Aarm is incapable of
methylating the hypomethylated substrates,
apparently due to the absence of oligomerization
with the other PRMT1 molecules.

3.1.9 Molecular dynamics of Aarm

Mobility of proteins is an important parameter because it can give information about if
and how fast they move in the cell or if they are bound to cellular structures, which
totally or partially immobilize them.

It has been earlier shown from our lab that an inactive form of PRMT1v2, obtained by
site directed mutagenesis in the SAM binding site, accumulates in the nucleus and gains
an immobile fraction there, but not in the cytoplasm. The immobile fraction is caused by
stable interactions with nuclear substrates such as SAF-A and histone H3 (Herrmann and
Fackelmayer, 2009). Considering the fact that Aarm is an inactive form of PRMT1, we
have already observed that the localization of PRMT1v1l is not affected when the

dimerization arm is removed from the protein. On the other hand, mobility might be



affected. In order to investigate the dynamics of Aarm and compare it to the full-length in
live cells, we performed Fluorescence Recovery After Photobleaching (FRAP) experiments
with HEK293 stably expressing the full-length and the Aarm form of PRMT1v1 tagged with
EYFP. A rectangular bleaching area that included both cytoplasmic and nuclear parts in at
least 20 cells was photobleached and the fluorescence recovery of each area (nucleus and
cytoplasm individually) was monitored through 250 post-bleach images. The analysis was
done by the FRAP wizard which is supplied with the Leica imaging software and later with
Microsoft Excel. The percentage of fluorescence recovery during time is presented in
Figure 3.9. The analysis revealed that both full-length PRMT1v1 and Aarm are fully mobile
in the cytoplasm, with recovery half-time less than 3 seconds, behaving like soluble

proteins. In contrast, in the nucleus, the two proteins recover to only 75% of the initial

Fig. 3.9: Molecular dynamics of full-length

1.2 PRMT1vl and PRMT1lvlAarm. HEK293 cells
- - stably  expressing  PRMT1v1:EYFP  and
] 139¢ 4nn'r=ingr+n~ﬂ~~'."'""" P PRMT1vlAarm:EYFP were used for the
8 | ',,gli‘« ’ analysis of the mobility of the two proteins.
g 0.8 “i‘ Rectangular regions including parts of the
; ‘ ‘F cytoplasm and the nucleus of at least 20 cells
e 0.6 rl’lr for each case were photobleached and
Q | ;

9 0.4 H’ PRMT1Aarm cytoplasm anaIszd dfor t:e!r .fl.u.oTe]flcence recove;y,
o Y "i PRMT1Aarm nudeus normalized to their initial fluorescence. The
o means of the fluorescence from all cells

S 0.2 —— PRMT1v1 cytoplasm . . .
= Y together with the SEM for each time point are

PRMT1v1 nucleus
presented here. In cytoplasm, both PRMT1
T T T T T 1 forms are fully mobile with a recovery half-
0 10 ?O 30 40 50 time of 3 seconds, but both proteins have a
time [s] 25% immobile fraction in the nucleus.

fluorescence. This result resembles earlier observations of the laboratory, in which
Herrmann et al. (2005) had shown an immobilization of PRMT1v2 upon enzyme
inhibition. The result for full length PRMT1v1 was surprising, as it differs significantly from
PRMT1v2; this will require further research (see discussion). Interestingly, Aarm behaves
very similar to full length PRMT1v1 with regard to its immobile fraction, but recovers

more slowly, presumably indicating longer interaction with substrate proteins.

3.1.10 Involvement of Aarm expression in lung cancer
It has been previously reported that the expression levels of PRMT1 variants are

altered between normal and cancerous breast tissues as well as between normal and



breast cancer cell lines (Baldwin et al., 2014; Goulet et al., 2007; Scorilas et al., 2000).
Based on these observations, we decided to investigate whether something similar
happens with Aarm between normal and lung cancer cell lines. For this purpose, two
normal human lung fibroblasts cell strains (HFL-1 and MRC5) and four different human
lung cancer cell lines (A549, H1299, H1437, H1792) were used for comparative assays
(table 3.1). The cells lines were kindly provided by Prof. Evangelos Kolettas (Laboratory of
Biology, School of Medicine, University of loannina, and Biomedical Research Division,
Institute of Molecular Biology and Biotechnology-FORTH, loannina). Total RNA from all
cell lines was isolated and reverse transcribed to cDNA, which was then amplified by PCR
with primers corresponding to Aarm (forward primer 5'-CGGGACAAGTGGCTGGAGGTG-3’,
reverse primer 5’-CGAAACCGCCTAGGAACGCT-3’). GAPDH was used for normalization.
Fig. 3.10: PRMT1lAarm expression in two
A ”°"*":" 2 o}'“”g ;;”CGF rap normal diploid lung fibroblast lines, HFL-1 and
Q7 SN I g

QRS MRC5, and a panel of four lung cancer lines

Rl S with different status of p53 and K-Ras (A549,
m GAPDH isolated from lung fibroblasts (HFL-1 and
MRC5) and lung cancer cell lines (A549, H1299,

H1437, H1792) and reverse transcribed to

cDNA. PCR with these cDNAs and Aarm primers

B 25__ revealed unequal expression levels of Aarm
20- I among the cell lines. The lowest levels were

5 | detected in the normal lung fibroblasts. Cancer
2 15 lines were different from this aspect with
g_ | H1437 having the lowest and H1792 the
_<1:)10- highest levels. A549 and H1299 expressed
S intermediate levels. GAPDH was used as a
54 I I loading control. (B) Quantitative RT-PCR was
1= I performed on RNA from the same cells. The

0 T T T T T T means of PRMT1Aarm expression relative to

& QS‘:” 04 O b?;\ /\%f" MRCS cells are given, together with their SEM.

A3 = R SO SN ¢ The data was normalized to GAPDH and

cell line analyzed by the AACt method.

The gel with the PCR products stained with ethidium bromide is presented in Figure
3.10A, demonstrating that the amounts of Aarm vary among the different types of cells.
Normal human lung fibroblasts express the lowest levels of Aarm expression. In contrast,
human lung cancer cells lines express increased Aarm levels with H1437 expressing the
lowest and H1792 the highest levels. A549 and H1299 express intermediate and similar

levels of Aarm.



In order to quantify these differences, we performed qPCR with the same cDNAs and
the same primer pairs according to the KAPA SYBR® FAST gPCR Kit. The results were
reproduced after the qPCR analysis with the AACt method. The relative expression levels
of the four human lung cancer cell lines compared to each one of the normal human lung
fibroblast strains are presented schematically in Figure 3.10B. According to our
measurements, HFL1 fibroblasts express 2,6 times more than MRC-5. All cancer cell lines
express higher levels of Aarm compared to fibroblasts. A549 and H1299 express 2,3 and
6,5 times more Aarm compared to HFL1 and to MRC-5 respectively. H1437 express 1,3
fold compared to HFL1 and 3,8 fold compared to MRC-5. H1792 expresses 9 and 22 times
higher levels of Aarm compared to HFL1 and to MRC-5 respectively (Table 3.2). The fact
that the more aggressive the cell line, the higher the levels of Aarm was a striking
observation of potentially high importance. For example, H1792 cells which originate
from a stage 4 cancer and is the only cell line with mutated K-Ras and almost null p53 had
the highest levels of Aarm. This line is also a mixture of epithelial and mesenchymal cells,
which means it might have gone through epithelial to mesenchymal transition (EMT), a
change which occurs very often in cancer cells and has an important role in cancer
progression, invasion and metastasis. Indeed, mesenchymal cancer cells are known for
their invasiveness, aggressiveness and their metastatic abilities. On the other hand, p53
mutated H1437 cells, which have a wild type K-Ras express the lowest levels among the

cancer cell lines.

Table 3.1: Characteristics of the cells used to compare Aarm expression levels between normal lung lung
fibroblasts and human lung cancer cells.

| Cells _Characteristics _____ Morphology ____KRas ____p53

Normal male human .
HFL-1 lung diploid fibroblasts Spindle-shaped wt wt
Normal male human .
MRCS lung diploid fibroblasts Spindle-shaped wt wt
58 years male, Mostly epithelial but
Caucasian, metastatic many mesenchymal

43 years male,

K-Ras®?® wt

H1299 . Epithelial wt null
Caucasian
60 I
H1437 years, maie, Epithelial wt p53R267°
Caucasian
H1792 50 years, male, Epithelial- K-Ras®125 mut (almost

Caucasian Mesenchymal null)




Table 3.2: Aarm relative expression in lung cancer cell lines and normal lung fibroblasts.

Relative expressmn Cells Relative expression
~ toHFL1 ~ toMRC5

HFL-1 1 ~ MRC5
MRC5 0,42 |.| HFL-1 2,60
A549 2,25 . As49 6,45
H1299 2,30 | H1299 6,70
H1437 1,32 | H1437 3,79
H1792 8,96 | H1792 22,13

3.1.11 Epithelial to mesenchymal transition (EMT) increases Aarm expression levels

The previous results suggested that the most aggressive lung cancer cell line expresses
the highest Aarm levels. We therefore decided to test whether we can experimentally
affect the level of Aarm by forcing cells to undergo Epithelial to Mesenchymal Transition
(EMT). EMT is a normal morphogenetic process, which happens during the formation of
the embryo. In addition, EMT has been observed to occur during cancer development,
and it contributes to cancer progression. In this process, epithelial cells undergo
molecular and morphological changes including loss of epithelial polarity and adhesive
properties, and gain a fibroblastoid phenotype with increased cell motility and
invasiveness. This procedure is governed by epigenetic mechanisms through DNA
methylation, histone modifications and miRNAs. Snail is a transcriptional repressor, which
plays an important role in EMT by suppressing genes supporting an epithelial phenotype
such as CDH1 which encodes E-cadherin (Tiwari et al., 2012; Wu et al., 2012).

For our experiments, we used a well-characterized plasmid, which expresses a
mutated Snail variant (Snail 6SA; Addgene plasmid #16221) and has successfully be used
in the literature to change the epithelial character of the cells to mesenchymal (Zhou et
al., 2004). HEK293 cells were transfected with two different methods (Lipofectamine
2000, LF and Polyethylenimine, PEl) and with pCMV-Tag 2B vector encoding Flag:Snail
6SA. Transfected cells were selected with G418 for 5 weeks. Then, they were fixed and
incubated with the monoclonal M2-anti-Flag antibody (Sigma) and SYTOX Green. A
representative confocal image of a nucleus of a cell is presented in Figure 3.11B, where

the expression and the nuclear localization of Snail are verified. Snail is co-localized with



A control Snail-6SA
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Fig. 3.11: PRMT1 and Aarm up-regulation
upon stable Snail expression in HEK293
cells. (A, B) Cells’ shape became more
spindle-like after transfection with Snail. The
Sytox green merge expression and the correct localization of
Snail were verified after fixation and
immunofluorescence of the stable cells with
the anti-Flag antibody (red) and SYTOX Green
as a DNA counterstaining (green). A
representative nucleus is shown here (scale
bar: 10 um). (C) HEK293 cells were stably
transfected with Flag:Snail 6 expression
vector either with Lipofectamine 2000 (LF) or
Polyethylenimine (PEl). The expression of
PRMT1 and Aarm was measured with qPCR
with primer pairs corresponding to all seven
amino-terminal variants of PRMT1 and Aarm

T I I respectively. The mean of individual
64 .

Snail-6SA

C PRMT1pan PRMT1Aarm

% %k % ¥

e experiments is presented graphically
together with SEM for each case. PRMT1 was
47 —5 up-regulated 2,9 fold in both cases and Aarm
T == 5,47 and 7 fold in LF and PEI transfected cells
24 respectively. The stars indicate statistical
== T significance (three stars: p<0.01, four stars:
- - - p<0.005).

fold up-regulation

SYTOX Green in the nucleus of the stable cell line. Moreover, transfected and
untransfected cells were stained with the green-fluorescent dye, DIOC6 (Thermo Fisher
Scientific), in order to visualize membranes and thus the shape of the cells. The
population, which was expressing Snail, had an increased number of spindle-shaped cells
in comparison to the untransfected population. This morphology is typical for
mesenchymal cells and verifies that Snail triggered the desirable changes in the cells.
After selection, total RNA from normal and stably transfected cells was purified and
transcribed to cDNA. The cDNAs were analyzed by qPCR with a primer pair annealing to
Aarm and another one annealing to conserved regions among the seven amino-terminal
variants of PRMT1. GAPDH was used for normalization. The data was analyzed by the
AACt method and depicted graphically in Figure 3.11C. Interestingly, total PRMT1

expression (all expressed splicing isoforms) was increased about 2,9 fold in both cases



(Lipofectamine and Polyethylenimine transfected cells). On the other hand, Aarm
expression was increased by 5,5 and 7 fold in Lipofectamine and in Polyethylenimine
transfected cells respectively.

These results demonstrate that overexpression of Snail can increase the expression
levels of Aarm and PRMT1 in HEK293 cells. We conclude that the higher levels of Aarm
are associated with the mesenchymal cancer cell phenotype, and its impact in cancer will

be investigated in future experiments.

Table 3.3: Up-regulation factors of PRMT1 and Aarm upon Snail transfection.

Untransfected HEK293 1 1
LF transfected HEK293 with
Flag:Snail 6SA 29 el
PEl transfected HEK293 284 7

with Flag:Snail 6SA

3.1.12 Aarm expression during differentiation

As shown above, the levels of Aarm are altered in lung cancer cell lines. Cancer, on the
one hand, is a pathological condition where many changes occur in the cell in all aspects.
Differentiation, on the other hand, represents also a condition where the cell changes,
but this process is physiological. It is known that PRMT1 acts together with its paralogue
PRMTS8 to co-ordinate neuronal differentiation through retinoic acid signaling. PRMT1 is
highly expressed in undifferentiated embryonic stem cells, acting mainly as a selective
gene repressor of a large set of retinoic acid-induced genes including Hoxal, Hoxbl,
Pmp22 and Spsbl. Its expression remains constant during neural differentiation showing
a slight increase upon RA-treatment (Simandi et al., 2015). For these reasons, we decided
to examine if and how Aarm is regulated during differentiation of LUHMES cells (compare
Fig. 3.2 for the expression of Aarm in undifferentiated LUHMES) in order to have a
comparison of a physiological and a pathological condition in a cell culture context. To
this end, LUHMES cells were differentiated and total RNA was prepared from
undifferentiated cells (day 0) and cells which were induced to differentiate as well as

terminally differentiated cells (day 1-8, day 10, day 12 and day 14). The isolated RNAs



were reverse transcribed to cDNA, followed by PCR with the Aarm primers. The PCR
products were analyzed by agarose gel electrophoresis and the results are presented in
figure 3.12A. Aarm mRNA was detected in the undifferentiated cells and in all stages of

differentiation, but clearly decreased after day 7, when the neurons are mature.

A DO D1 D2 D3 D4 D5 D6 D7 D8 D10 D12 D14
PRMT1v1Aarm
GAPDH

B

PRMT1
variants

DO D7 DO D7 DO D7 DO D7 DO D7
GAPDH

Fig. 3.12: Aarm and PRMT1 amino-terminal variants expression during neuronal differentiation of
LUHMES cells. (A) LUHMES cells were differentiated and total RNA was isolated from undifferentiated (day
0, DO) and differentiating/differentiated cells of day 1-8, 10, 12, 14 (D1-D8, D10, D12, D14). Aarm
expression was analyzed by RT-PCR, and the products were analyzed on an agarose gel. (B) cDNAs from
undifferentiated (DO) and differentiated (D7) LUHMES were analyzed by PCR with primer pairs specific to
the seven different amino-terminal variants of PRMT1. Variants 1-3 were amplified by the same primer pair
and the three products can be discriminated by their size differences. The remaining variants (v4-v7) were
amplified by a different forward primer and a reverse primer common for all variants. GAPDH was used for
normalization in both experiments.

For comparison, we tested the expression of the seven amino-terminal variants of
PRMT1 between undifferentiated and differentiated cells. cDNA from undifferentiated
(day 0) and differentiated (day 7) LUHMES was used as a template with primer pairs
specific for each one of the seven PRMT1 amino-terminal variants. In Figure 3.11B the
agarose gel with the PCR products for each variant are presented in pairs of
undifferentiated and differentiated cells. For variants 1, 2 and 3 a common primer pair
was used and the three different products are discriminated by their size (see methods,
Table 2.3). There are not striking differences between the two states for variants 1-6, but
variant 7 is only detectable after cell differentiation. The absence or presence of variant 7

in undifferentiated and differentiated cells, respectively, creates intriguing questions



since variant 7 is enzymatically inactive and its role should be elucidated in future

experiments.

3.2 Novel PRMT1 substrates

Our interest about PRMTs includes the identification of new substrates, which are
being methylated by this family of enzymes. In collaboration with Dr. Panagiota
Georgoulia from Prof. Anastasia Politou’s group (Laboratory of Biological Chemistry,
School of Medicine, University of loannina), whose focus lies on Intrinsically Disordered
Proteins (IDPs), we investigated whether Lamin B Receptor (LBR) and Scaffold Attachment
Factor B (SAF-B) are methylated by PRMTs.

IDPs are proteins or domains in proteins, without defined secondary or 3D structure.
They are usually rich in hydrophilic amino acids, which makes them ideal substrates for
post-translational modifications. The combination of different modifications gives
plasticity to these molecules through the alteration of hydrogen bonds or salt bridges.
Lamin B Receptor (LBR) is localized in the nuclear envelope and participates in a variety of
functions such as the tethering of nuclear lamina to the inner nuclear membrane and
chromatin remodeling. The nucleoplasm-facing amino-terminal part of the protein has
been shown to mediate most of LBR's interactions. It harbors a 60-amino acid Tudor
domain followed by a 40-residue region rich in charged amino acids (Arginines and
Serines repeats, RS region), and a third 110-amino acid segment (SG domain) with no
apparent homologies. RS region also exists in other IDPs and includes multiple
phosphorylation sites. SAF-B participates in chromatin organization, regulation of gene
expression and RNA maturation. This protein contains regions rich in Arginine-Glutamic
acid dipeptides (p43 domain), and it also belongs to the IDP group. Hence, SAF-B is also a
good candidate for post-translational modifications.

Our aim was to investigate the possibility of post-translational arginine methylation in
LBR and/or SAF-B molecule by members of the PRMT family. Regarding LBR, our studies
were focused in the amino-terminus of the protein and in the domains that constitute it
(i.e. TD, RS and SG).

First, we tested whether the amino-terminal region of LBR could be methylated by one

of the PRMTs. The enzymes with the highest possibility of methylating LBR, because of



their localization in the cell nucleus and their abundance and ubiquity, were PRMT1,
PRMT4 or PRMT6. HEK293 cells were transiently transfected with three different vectors
that express-under the control of a CMV promoter - PRMT1, PRMT4 and PRMT6 tagged
with GFP in their amino-terminus. Twenty-four hours post-transfection, and after the
expression of the enzymes was verified by observing the cells under the fluorescence
microscope, the cells were lyzed in lysis buffer. The lysates were subjected to
immunoprecipitation with anti-GFP antibodies. The precipitated enzymes were incubated
with either the amino-terminal region of LBR or hypomethylated HEK293 total cell extract
(as a control) and with a radioactive methyl donor, S-Adenosyl-L-[methyl-*H]Methionin
(SAM[H]) at 37°C for 4 hours. A bacterially expressed LBR peptide was purified by Dr.
Panagiota Georgoulia from Prof. Anastasia Politou’s lab (School of Medicine, University of
loannina). The hypomethylated cell extract was obtained from HEK293 cells treated with
15 uM of the S-adenosylhomocysteine hydrolase inhibitor, Adenosine-2’, 3’ -dialdehyde
(Adox). The methylation reaction products were analyzed by SDS-PAGE and the dried gel
was exposed to an autoradiography film. According to the controls, PRMT1 strongly
methylates the hypomethylated extract. PRMT4 and PRMT6 have lower enzymatic
activity than PRMT1, with PRMT6 being very weak. This was expected because these
three enzymes possess different enzymatic activity (Herrmann et al., 2009). In the assays
with the LBR amino-terminus, only the incubation with PRMT1 gave a strong signal of
methylated protein; the assays with PRMT4 and PRMT6 were negative (Fig. 3.13A).
Control experiments without PRMT1 were also negative (Fig. 3.13B). Thus, LBR is a novel
substrate of PRMT1. The next question we addressed was to clarify which domain of the
LBR amino-terminus is being methylated by PRMT1. The domains that were used was TD,
RS (two different preparations 1 & 2) and the combination of both, SG and SG combined
with RS. These experiments show that methylation is restricted in the RS domain of LBR,
and is independent of the presence or absence of Tudor domain. On the other hand,
when RS was combined with SG domain the methylation was much weaker (Fig.
3.13C+D).

Finally, we carried out methylation reactions using the bacterially expressed RS
peptide, an unmodified synthetic part of RS (NH,-SSPSRRRGSRSRSRSRS-COOH) and three

synthetic RS peptides with phosphorylations in different Serines (RS 1 - pS71, RS 2 — pS86,
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Fig. 3.13: LBR methylation by PRMT1. (A) HEK293 cells were transiently transfected with GFP tagged
PRMT1, PRMT4 and PRMT6. 24 hours after transfection the cells were lysed in lysis buffer. The lysates
were subjected to immunoprecipitation with antibodies against GFP. The precipitated enzymes were used
for methylation reactions with hypomethylated extracts from HEK293 cells or with the bacterially
expressed amino-terminal region of LBR as substrate and SAM[3H] as a methyl donor. PRMT1, PRMT4 and
PRMT6 methylate the hypomethylated extract with different intensity. PRMT1 is the only enzyme that
methylates LBR amino-terminal region. (B) In the absence of PRMT1 neither the hypomethylated extract
nor LBR give signal for methylation. (C), (D) Different domains and combinations of them from the LBR
amino-terminal region (Tudor, RS, Tudor-RS, RS-SG and SG) were used as substrates in order to identify
which of them are being methylated. The region of LBR that is being methylated by PRMT1 is the RS
domain and the methylation is independent of the presence of Tudor domain. However, the presence of
SG domain inhibits the methylation of RS. (E) Phosphorylated Serines in different positions of synthetic RS
peptides affect the methylation by PRMT1 positively or negatively. Phosphorylation of Serine 71 (RS 1) has
the strongest methylation signal. Unmodified RS (RS 0) and RS with phosphorylated Serine 86 (RS 2) have
the weakest methylation.
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RS 3 — pS78 & pS80). A minus RS control reaction was used as a reference point of the
background signal. Due to the small size of the synthetic peptides, the reaction products
were dot-blotted on a PVDF membrane, which was exposed on an autoradiography film.
We find that the bacterially expressed RS peptide was indeed strongly methylated; this
was further confirmed with the synthetic peptide RS1 (Fig. 3.13E). Peptide RS3
(phosphorylated on Serine 78) was also methylated, although weaker. On the other hand,
we found almost no methylation for the unmodified (RS 0) and the S86 phosphorylated
(RS 2) synthetic peptides.

Following these experiments with LBR as a substrate, we attempted to express in
bacteria and purify p43 domain of SAF-B (rich in Arginine-Glutamic acid dipeptides) in
order to use it in similar experiments. Several conditions of expression and purification
were tested, but we did not manage to get reasonable amounts of soluble protein, which

could be used for in vitro methylation assays.

3.3 Tools for the study of PRMT8

PRMTS is the eighth member of the protein arginine methyltransferases family. It is a
paralogue of PRMT1, but contains a unique amino-terminus with a myristoylation anchor,
which targets the protein on the plasma membrane. In contrast to the other ubiquitous
PRMT family members, the expression of PRMTS8 is restricted in the central nervous
system. This well-defined expression profile, in combination with the very specific
localization, creates challenging questions about its role in neuronal differentiation
and/or maintenance. However, due to the lack of available tools such as antibodies and
appropriate model systems, and the fact that this protein has a strong homology with
highly abundant PRMT1 which makes creating specific antibodies very challenging,
PRMTS8 has been poorly studied. To date, very few studies about PRMT8 have been
published, and often with controversial results. Most of these studies have been done in
models, which do not endogenously express PRMTS8 (e.g. Hela cells), combined with the
overexpression of alternative hypothetical forms of the overexpressed protein. Recently,
some publications studied endogenous PRMT8 in human embryonic stem cells and
induced regeneration competent cells (Hernandez and Dominko, 2016), mouse stem cells

(Solari et al., 2016) and neurons obtained from mouse stem cells upon retinoic acid



treatment (Simandi et al., 2015). Our aim was to set up a solid human neuronal
differentiation model system, which expresses PRMT8 endogenously, as well as to create
and validate tools for studying the role of this molecule in detail, in order to elucidate its

physiological function in neurons and its potential role in diseases.

3.3.1 PRMTS is endogenously expressed in differentiated LUHMES - Morphological and
molecular characterization of the system

One of the aims of the present thesis was to set up new tools for studying the role of
PRMTS8 in neuronal differentiation and/or maintenance. Different cellular models were
analyzed for their ability to differentiate to mature neurons, which express endogenous
PRMTS8. For example, PRMT8 mRNA was detected in low levels in mouse embryonic stem
cells (mESCs) and in spontaneously differentiating mESCs after four days upon removal of
leukemia inhibitor factor (LIF) (data not shown). The expression of PRMT8 in mESCs is
compatible with recent findings (Solari et al., 2016). However, our interest was focused
on the role of PRMT8 in differentiating or mature human neurons and not in a mixed
mouse cell population. mESCs on the one hand, is a mouse model system and, on the
other hand, it is challenging to set up protocols which reproducibly give high percentage
of neurons after their differentiation. Our purpose was therefore to set up a human
cellular system to study neuronal differentiation, which could differentiate efficiently and
reproducibly in mature neurons with known molecular and morphological characteristics
and with higher expression levels than the spontaneously differentiating mouse stem
cells. As described in detail in the introduction, we chose LUHMES cells as a model for
neuronal differentiation. This mesencephalic-derived human cell line can be induced to
homogenously differentiate to post-mitotic mature dopaminergic neurons in almost
100% within 5 days. LUHMES cells are a subclone of the originally generated MESC2.10
cell line, which was obtained from human embryonic mesencephalic tissue that was
conditionally immortalized by infection with a LINX v-myc retroviral vector system. In this
system, the expression of v-myc oncogene is under the control of tetracycline. In the
absence of tetracycline, LUHMES cells proliferate continuously. After the addition of
tetracycline, v-myc expression is inhibited. Consequently, the cells stop proliferating and

start differentiating to post-mitotic neurons (Lotharius et al., 2005). LUHMES cells were



kindly offered by Prof. Marcel Leist (Chair of in vitro Toxicology and Biomedicine,
University of Konstanz, Germany), after my visit to his lab in order to be trained on the
manipulation of the cells.

Although LUHMES cells are well-characterized (Scholz et al., 2011) to undergo
profound morphological and molecular changes after several days of differentiation, we
decided to ensure that they also behave as expected in our hands. To this end, we
performed maintenance culture and several differentiations of the cells in the way is
described in methods, and observed their morphology on daily basis. Moreover, we
examined the cells for up-regulation or down-regulation of marker genes, either by RT-
PCR or immunofluroescence with specific primers and antibodies respectively.

In Figure 3.14 the morphological changes after 6 days of differentiation are presented.
While being kept in maintenance medium, cells grow in colonies and no neurites are
observed (day 0). After shifting to differentiation medium and applying the two-step
differentiation protocol, the cells gradually and synchronously create a network of
neurons with long neurites (day 6). For a better visualization of the colonies and the
neuronal network, in the undifferentiated and differentiated cells, respectively, LUHMES
were stained with an antibody against the cytoskeletal protein a-tubulin. The protein was
present in both states, distributed in the undifferentiated cells and along the somata and
the axons of the differentiated cells.

Following the morphological observation of LUHMES differentiation, we proceeded to
the molecular investigation of the procedure. Total mRNA was isolated from
undifferentiated (day 0) and differentiated (day 7) LUHMES. RNA was reverse transcribed
to cDNA and subjected to PCR with primer pairs specific for different marker genes.
GAPDH and Actin beta were used for normalization (Fig. 3.15). The list of the primer pairs
which were used in these experiments is given in methods. We find that markers such as
SOX2 (sex determining region Y-box 2), PAX3 (paired box 3) and GMNN (geminin) are
down-regulated. SOX2 is a transcription factor, essential for maintaining self-renewal and
pluripotency of undifferentiated embryonic stem cells. It is also known for playing an
important role in the maintenance of neural stem cells. The expression of SOX2 is down-

regulated during LUHMES differentiation. The same kinetic behavior is observed for PAX3



Fig. 3.14: Morphological changes during
LUHMES differentiation. LUHMES cells display
morphological changes during their
differentiation from immortalized,
undifferentiated cells to post-mitotic neurons.
Before induction (day 0), the cells are growing in
clusters and have no apparent protrusions. After
induction with tetracyclin and replating the
cells, the population creates a homogeneous
network of functional neurons. (A) day 0 shows
undifferentiated cells, day 1 and day 3 shows
the changes during differentiation and day 6
shows mature post-mitotic neurons, 10x
magpnification lens. (B) day 3 (intermediate) and
day 6 (mature neurons) of differentiation, 20x
magpnification lens. (C) For better visualization of
the morphological changes, day 0 and day 7
LUHMES were cultivated on glass coverslips,
fixed and stained with a primary anti-a-tubulin
antibody and a secondary anti-mouse
conjugated with Alexa 568(red).

a-tubulin a-tubulin

and GMNN, a migrating neuroblast marker and a cell cycle control marker controlling
G1/S phase transition, respectively. The traces of GMNN, which are detected on day 7 are
explained through the immunofluorescence results in the next paragraph. On the other
hand, NLGN (Neuroligin), a post-synaptic protein, which participates in the formation of
the synapse and SYP (Synaptophysin), the major synaptic vesicle protein, are up-
regulated. The same kinetic behavior is observed for DRD2 (dopamine receptor D2) and
TH (tyrosine hydroxylase). NF165 (Neurofilament 165), a neuronal cytoskeleton protein,
remains more or less the same. Finally, and most importantly PRMTS, the protein of our
interest, appears only after differentiation of LUHMES. This result indicate, first, that
PRMTS8 is endogenously expressed in those cells and second, that PRMTS8 expression is

absent in undifferentiated cells and expressed only in differentiated LUHMES cells. This



suggests that it may be involved either in the differentiation process or in the
maintenance of the mature neurons, or in both of them. Moreover, it verifies that
LUHMES, apart from all the advantages they have as a cell line, are suitable for fulfilling
our aim — the study of the role of PRMTS8 in neurons.

In parallel with the transcriptional analysis of differentiation markers, LUHMES cells

were cultured on glass coverslips and fixed with paraformaldehyde on day 0 and on day 7

DAY O0 DAY7

Fig. 3.15: Expression of markers in undifferentiated and

PAX3 differentiated LUHMES. Total RNA was isolated and
GMNN _ reverse transcribed to cDNA from undifferentiated (Day 0)
and differentiated (Day 7) LUHMES. The cDNAs were

NF165 analyzed by PCR for the expression of markers related to
NLGN — neuronal differentiation. SOX2, PAX3 and GMNN are
down-regulated. NF165 expression levels remain almost

SYP ‘ stable between the two states. On the other hand, NLGN,
DRD2 _ SYP, DRD2 and TH are up-regulated after differentiation.
PRMTS8 is also up-regulated on day 7. GAPDH and Actin

™ m were used for normalization.

for immunofluorescence experiments. Fixed cells were blocked with BSA and incubated
with primary antibodies against Geminin (GMNN), Neurofilament 165 (NF165),
Neurofilament 200 (NF200), synaptic vesicle protein 2 (SV2) and insulin gene enhancer
protein Islet-1 (ISL1) (all antibodies were from Developmental Studies Hybridoma Bank;
DSHB, lowa), and secondary anti-mouse antibody conjugated with Alexa 568 (red).
DRAQS5 was used as a DNA counterstain. The cells were observed under the microscope
and confocal images were obtained.

Geminin is localized in the nucleus of undifferentiated cells, indicating that they are
actively proliferating. After seven days of differentiation, Geminin has disappeared from
the cells, which are post-mitotic. Very few cells “escape” the differentiation, and remain
proliferating, creating small colonies between the neuronal network of the differentiated

cells. Those cells are positive for Geminin like the undifferentiated cells. This also explains
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Fig. 3.16: LUHMES differentiation and expression of marker proteins. Undifferentiated and differentiated
LUHMES cells were fixed with paraformaldehyde on day 0 and day 7 and stained with primary antibodies
against Geminin (GMNN), Neurofilament 165 (NF165) and Neurofilament 200 (NF200). Differentiated cells
of day 7 were also stained with antibodies against synaptic vesicle protein 2 (SV2) and insulin gene
enhancer protein Islet-1 (ISL1). Primary antibodies were detected with a secondary anti-mouse antibody
(red). DRAQS was used for staining DNA (blue). Proliferating LUHMES of day 0 are positive for the cell cycle
marker Geminin but they become negative on day 7. Few cells, which “escape” the differentiation process
and continue growing in clusters, remain positive on day 7. Undifferentiated LUHMES are negative for
NF165 but positive for NF200. Both neuron specific cytoskeletal proteins are present in differentiated
LUHMES. Day 7 cells are also positive for SV2 and Islet-1. Scale bars are indicated individually on every
image.

the traces of Geminin mRNA detected by RT-PCR in the differentiated cells in the previous
experiment.

Undifferentiated cells were negative for the neuronal cytoskeleton specific protein
Neurofilament 165, but they were positive for Neurofilament 200. Differentiated LUHMES
of day 7 were positive for both Neurofilament 165 and Neurofilament 200. Differentiated
cells were also positive for the synaptic vesicle protein 2 (SV2), an abundant and
conserved component of synaptic vesicles in vertebrates and Islet-1, a member of the

family of homeodomain containing transcription factors. Islet-1 is expressed in all islet



cells in the pancreas and is considered to be an early marker for motor neuron

differentiation (Fig. 3.16).

3.3.2 PRMT8 mRNA is highly up-regulated during LUHMES differentiation

As described above, LUHMES cells can differentiate in a similar way in the presence or
absence of dibutyryl-cAMP and/or glial cell derived neurotrophic factor (GDNF). The
differentiated cells follow the same gene expression pattern and the dopamine uptake
and release is also identical. However, tyrosine hydroxylase (TH) requires the continuous
presence of cAMP (Scholz et al., 2011). We have already shown that PRMTS8 is up-
regulated in differentiated LUHMES using the +cAMP/+GDNF protocol. Next, we aimed to
analyze whether PRMTS8 is being expressed in LUHMES after omitting cAMP and GDNF
from the differentiation medium. The experiment was performed by collecting samples in
different time points of differentiation. Total RNA was purified from the samples, and
reverse transcribed to cDNA, followed by gPCR or semi-quantitative PCR. For the qPCR,
cDNAs from day 0, 2, 4 and 6 were used in order to quantify the relative expression levels
of PRMT8 to those that the undifferentiated cells (day 0) express. The results were
normalized to GAPDH and analyzed by the AACt method. In parallel, the relative
expression of PRMT1 and PRMT6 were measured for comparison. We find that PRMT8
was strongly up-regulated on day 6 (257 fold); on the other hand PRMT1 was slightly
down-regulated, and PRMT6 slightly up-regulated (fig. 3.17A and table 3.4). Thus, PRMT8
up-regulation does not require cAMP and GDNF.
In order to monitor PRMT8 expression levels over a longer time course, we used cDNAs
from day 0-8, 10, 12 and 14 as PCR templates with the same specific primers for PRMT8
(forward primer 5’-CCAAAGCAAGTGGTGACCAATG-3’, reverse primer  5’-
TCTACTGTGAAATCGAGGTCTCG-3’) and GAPDH for normalization. The semi-quantitative
PCR products were analyzed by agarose gel electrophoresis, stained with ethidium
bromide. PRMTS8 starts appearing on day 2 and increases up to day 7. From day 8 until
day 14, expression of PRMT8 decreases gradually (Fig. 3.17B).
The expression levels of PRMT1 variants during LUHMES differentiation are presented in
chapter 3.1.11. In comparison to PRMT8, PRMT1 variants remain more or less stable after

differentiation, with variant 7 being the only exception.



Expression levels of PRMT1, PRMT6 and PRMT8
during LUHMES differentiation
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Fig. 3.17: PRMTS8 up-regulation during LUHMES cell differentiation. Total RNA was isolated from LUHMES
cells on day O to 8, day 10, 12 and 14. The RNAs were reverse transcribed to cDNA. (A) The expression
levels of PRMT1, PRMT6 and PRMT8 were measured by qPCR on day 0, 2, 4 and 6. In contrast to PRMT1
and PRMT6, PRMT8 was up-regulated by 257 fold on day 6 of differentiation. (B) The expression levels of
PRMTS8 were monitored on day 0-8, day 10, 12 and 14 (D1-D8, D10, D12, D14). PRMTS8 increases during
differentiation, reaching a peak on day 7, and then decreases until day 14. GAPDH was used for
normalization.

Table 3.4. Expression levels of PRMT1, PRMT6 and PRMT8 during LUHMES cell differentiation. PRMT1 and
PRMT®6 are not significantly modulated during differentiation. On the other hand, PRMT8 is highly up-
regulated by 257 fold.

Day 0 1,00 1,00 1,06
Day 2 0,69 0,93 3,44
Day 4 0,89 0,91 10,28
Day 6 0,75 2,26 257,29

3.3.3 PRMTS8 antibodies
A significant obstacle in the studies of PRMT8 is the lack of a good commercially
available antibody that recognizes endogenous PRMTS8, but not the highly related and

much more abundant PRMT1. The fact that many companies create anti-PRMT8



antibodies and later qualify them in cell lines where PRMT8 should not be present (e.g.
HEK293 cells) or use the recombinant protein to show that their antibody react with
PRMTS8 in Western blots, creates suspicions about their quality and reliability. We have
therefore decided to create new antibodies to PRMT8. To this end, we started
collaborating with the American company Cell Signaling that is commercializing high
quality antibodies to a large variety of proteins of medical interest. Different regions of
PRMTS8, mainly parts of its unique amino-terminus as well as the full protein sequence,
were used as epitopes from immunization of rabbits. Over twenty different crude sera
and purified antibodies from the immunized rabbits were sent to our laboratory for
validation. As the first step of testing, the sera and the antibodies were checked for their
ability to recognize the recombinant PRMTS8. To this end, HEK293 cells were transiently
transfected with expression vectors for GFP-tagged PRMTS8. One day after transfection,
whole cell protein extracts were prepared by lysing the cells with SDS, and precipitated
according to Wessel&Fliigge. The extracts were analyzed by SDS-PAGE and the results
were visualized by immunoblotting. The different rabbit sera and the antibodies were
used in a concentration of 1:1000. All tested sera and antibodies reacted with PRMTS,
with different affinity, and a band appeared in the expected size (a representative
Western blot with some of the tested antibodies is shown in Fig. 3.18). The next and more
important step was to test whether the sera and the antibodies can be used for the
immunodetection of endogenous PRMT8. Therefore LUHMES were differentiated for
seven days and the procedure described above for HEK293 cells was followed. We knew
already that on day 7, LUHMES express the highest levels of PRMT8 mRNA, and for this
reason we chose to take protein extracts on that day. Extracts from undifferentiated
LUHMES were used in parallel for comparison with those from the differentiated cells. To
our surprise, none of the sera or of the antibodies detected endogenous PRMTS8 in
differentiated cells, even in higher concentrations (up to 1:100) and in low stringency
buffers (TNT). There was either no signal at all or non-specific bands, but there was no
protein band in the expected molecular weight size of 42 kDa, which does not exist in the
undifferentiated cells and appears upon differentiation.

We have also tried to generate ourselves antibodies using an epitope from a sequence

(NH,-CPGRGKMSKLLNPEEMT-COOH), corresponding to a region in the amino-terminus of



PRMTS. The same sequence has been used earlier and it is described earlier (Kousaka et
al., 2009). Two rabbits were immunized twice, and samples from their blood were
received for testing before the final bleeding. Unfortunately, one of the rabbits died
during the procedure. The final sera and the purified antibody (by affinity
chromatography with the peptide we used for immunization) were tested in the same
way we did with the Cell Signaling antibodies. Also our own antibody successfully detects
recombinant PRMT8 expressed in HEK293 cells, but fails to detect the endogenous
PRMTS8 in LUHMES cell extracts (data not shown). For the reasons described above, we

had to continue with experiments that did not rely on an antibody to PRMTS.
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3.3.4 PRMTS8 hypothetical amino terminus

Until today, there are apparently conflicting data in the literature about the full
sequence of PRMT8. There are two different opinions, which are described in detail in the
introduction. Briefly, PRMTS8 is believed to acquire a unique amino-terminus with a
myristoylation motif, which targets the protein on the plasma membrane (Lee et al.,
2005). Earlier work suggested that PRMT8 does not include the first 15 amino-terminal
amino acids, thus the myristoylation motif is absent and the protein is not associated with
the plasma membrane. This was explained by the usage of an alternative starting codon
16 amino acids downstream of the original one (Kousaka et al., 2009). Moreover,
alternative variants are given in GenBank.

In order to test which PRMT8 isoform is being expressed in LUHMES we designed
different forward primers and combined them with a common reverse primer (P8rev; 5’-
GTGGTTGGCCTTAATGATCTTC-3’), which anneals on a sequence of exon 3 of PRMT8. The
designed forward primers anneal in regions 5' of the known exon 1, and which, according

to their sequence and homology with a human sequences (GenBank accession:



NM_019854.4, designated "variant 1" of PRMT8, NM_001256536.1, designated “variant
2” of PRMT8) or a rat EST (GenBank accession #XP_002726479.1, designated "PRMT8-
like"), respectively, could represent alternative 5' exons. Thus, they could encode
different amino termini of human PRMT8. We used as a template RNA from
differentiated (day 7) LUHMES cells. The PCR products were analyzed by agarose gel
electrophoresis and visualized by ethidium bromide. The only transcript that was
detected was variant 1 with two independent alternative forward primers. The other PCR
reactions did not give any products (Fig 3.19). From these experiments we concluded that
the sequences we chose for alternative forward primers are not present in naturally

occuring variants of PRMTS.
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Fig. 3.19: PRMTS8 hypothetical amino terminus. Differentiated LUHMES cDNA was analyzed by RT-PCR for
the expression of alternative isoforms of PRMTS8. Two alternative variants (variant 1 and variant 2) and two
hypothetical variants (variant X and variant Y) from a rat EST were checked with two alternative primers
each (except for variant X that was analyzed with one forward primer). Only variant 1 (GenBank accession
number NM_019854.4) was found to be expressed in differentiated LUHMES cells of day 7. The legends
above the image represent the name of the forward primer, which was used in each PCR. P8vX: PRMT8
hypothetical variant X; P8vYfw1/2: PRMT8 hypothetical variant Y-alternative forward primer 1/2;
P8vifw1/2: PRMTS8 variant 1-alternative forward primer 1/2; P8v2fw1/2: PRMTS8 variant 2-alternative
forward primer 1/2. The reverse primer was common in all PCRs.

3.3.5 Subcellular localization of PRMT8

As it has been stated earlier, the first published form PRMT8 has a unique amino-
terminus, which contains a myristoylation on glycine 2, and is thus anchored on the
plasma membrane. This hypothesis was proved by overexpression of GFP fusion
constructs of PRMT8 in Hela cells (Herrmann et al.,, 2009; Lee et al., 2005). Later, a
different group suggested that the myristoylation motif was not included in PRMT8
protein sequence due to the fact that the translation of the protein was starting from a
start codon 16 amino acids downstream of the original one. This leads to a distribution of
PRMTS in the cell with a dominant nuclear pattern, instead of being bound to the plasma
membrane (Kousaka et al., 2009). As the localization of a protein is crucial for its function,

we decided to clarify these controversial opinions. To this end, we performed localization
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Fig. 3.20: PRMT8 localization during LUHMES differentiation. Undifferentiated LUHMES were infected
with PRMT8:GFP LeGO-iPuro2 vector. After selection with Puromycin for one week, they were induced to
differentiate. Cells were fixed with paraformaldehyde every day of differentiation and stained with TO-
PRO-3 as a DNA staining. The samples were observed under the microscope and confocal images were
obtained. PRMT8:GFP (green) is mainly localized in the cellular membrane of undifferentiated LUHMES.
While differentiation is in process, more and more protein is localized in the cytoplasm and in the nucleus
of the neurons. A fraction of it remains in the plasma membrane even on day 7. For comparison an image
of HEK293 cells infected with the same construct is presented. PRMTS8 is restricted in the plasma
membrane of HEK293 cells.

experiments in cells where PRMTS8 is endogenously expressed (i.e. LUHMES). As it was
mentioned earlier, there were no available antibodies that recognize the endogenous
protein. We therefore proceeded with recombinant GFP-fusion proteins. We

hypothesized that the localization of recombinant PRMT8 in LUHMES should be



representative because it is an endogenous protein of the system and potential
interaction partners, which could determine its localization, should be present in the
system. We chose to work with the original "full length" (the one with the myristoylation
anchor) because we had found that this is expressed in LUHMES on the mRNA level, and
we do not have indications that the one which is shorter by 15 amino acids is the natural
form of the protein. Undifferentiated LUHMES cells were infected with PRMT8:GFP LeGO-
iPuro2 vector and selected for one week in 0.1 pg/ml of puromycin. The stable
PRMT8:GFP-expressing LUHMES were induced to differentiate by adding tetracycline on
glass coverslips to switch off v-myc oncogene expression. Images of fixed cells were
obtained with a confocal microscope every day of differentiation. TO-PRO-3 was used as
an infrared DNA counterstaining. In undifferentiated cells, the protein is mainly localized
in the plasma membrane, but a small fraction of it is distributed equally between the
cytoplasm and the nucleus. As the differentiation is progressing, the nuclear signal of the
protein becomes stronger (Fig. 3.20). The same behavior was observed in live LUHMES
cells. This means that — for yet unknown reasons — full-length PRMT8 accumulates in the

nucleus. The reasons and the mechanism would be studied in future experiments.

3.3.6 PRMTS8 nuclear amounts are regulated

Following the observation that the full-length PRMT8 translocates to the nucleus
during differentiation, and in combination with the previous knowledge (Kousaka et al.,
2009) that PRMTS8 is enriched in the nucleus during differentiation of PC12 cells, we
hypothesized that the full-length protein may be first processed and then moves into the
nucleus. For example, PRMT8 amino-terminal region could be proteolytically cleaved or
folded inside the molecule after specific signals and then dissociate from the membrane.
Next, it could receive other signals or be accompanied by other proteins into the nucleus.
The phenomenon is specifically observed in LUHMES but not in HEK293 cells. In order to
mimic the shifting of PRMTS8 from the plasma membrane and its distribution between the
cytoplasm and the nucleus and quantify its amounts in each cellular compartment, we
created an artificial system. We cloned PRMT8 cDNA in a pEYFP vector by removing a part
of its amino-terminus, which encodes the first 15 amino acids (45 nucleotides). The new

protein was designated PRMT8M16:EYFP, because the first amino acid is methionine



which corresponds to position 16 of the full-length protein. This creates a construct that
corresponds to the shorter form of PRMT8 as described by Kousaka et al. 2009, which
lacks the part that is responsible for the membrane anchoring of PRMT8. For this
experiment, HEK293 cells were used due to the fact that is a simpler cellular system, and
because these cells have a morphology which makes them very suitable for such
experiments. HEK293 cells were transfected with PRMT8M16:EYFP and observed under
the microscope. Indeed, PRMT8M16:EYFP was localized in the cytoplasm and in the
nucleus of the cells. The localization of the protein was completely different to
PRMTS8:GFP in HEK293 cells, which was restricted to the plasma membrane (Fig. 3.21). In

fact, it very much resembled the localization of PRMT1 or PRMT1Aarm (compare Fig. 3.4).

Fig. 3.21: Comparison of the subcellular
localization of PRMT8:GFP and
PRMT8M16:EYFP. HEK293 cells were
transfected with encoding vectors either for
PRMT8:GFP or for PRMT8M16:EYFP and
confocal images were acquired. As expected,
full-length PRMT8 was localized on the plasma
membrane. In contrast, the form which lacks
the fifteen first amino acids of its amino-
terminus (PRMT8M16:EYFP) is released from
the membrane and is distributed between the
cytoplasm and the nucleus of the cell.

PRMT8:GFP PRMT8M16:EYFP

During these experiments, we also observed that, independently of the expression
level of PRMT8M16:EYFP in each individual cell, the intensity of fluorescent signal seems
to be similar in each of the nuclei. It appeared as if the signal in the nucleus of
PRMT8M16:EYFP transfected cells could not exceed a certain intensity. Inspired by that
observation, we quantified the relation between the total amount of protein per cell and
the amounts in the nucleus or in the cytoplasm. Random fields of stable PRMT8M16:EYFP
HEK293 cells were imaged under the same parameters. The images were analyzed with
Imagel software by measuring the mean fluorescent intensity in a region of interest (ROI)
of 15x15 pixels in both the cytoplasm and the nucleus of more than one hundred cells.
The numbers were statistically analyzed by Microsoft Excel, and are presented graphically
in Figure 3.22A. The cells are arranged by increasing total brightness from left to right
(green bars). It is obvious that cytoplasmic brightness (blue bars) increases together with

the total brightness. On the other hand, nuclear brightness (red bars) cannot exceed 35



PRMT8M16 cytoplasmic and nuclear levels
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Fig. 3.22: PRMT8M16 distribution between the cytoplasm and the nucleus. Confocal images of random
fields of stably transfected HEK293 cells expressing PRMT8M16:EYFP were acquired. The images were
analyzed by Imagel software. A 15x15 pixels ROl was used to measure the mean brightness of a
cytoplasmic and a nuclear region of over one hundred cells. (A) The numbers were analyzed by Microsoft
Excel and arranged by increasing total (cytoplasmic plus nuclear) brightness (green bars) from left to right.
Blue bars represent the cytoplasmic brightness and red bars the nuclear brightness of each individual cell.
Cytoplasmic brightness increases along with the total brightness. In contrast, nuclear brightness cannot
exceed 35 units, independently of the total cell brightness. (B) The means of the cytoplasmic (light blue)
and the nuclear (red) brightness of all cells are presented. The nuclear mean is lower with a small spread
(nuclear mean=15,88, SD=7,06). On the other hand, the cytoplasmic mean is higher and the measurements
are much more spread (cytoplasmic mean=41,95, SD=34,71). Green bars represent the standard deviation,
which in this case is showing the spread of the measured intensities in cytoplasm and nucleus. (C)
Cytoplasmic (blue) and nuclear (red) enrichment of PRMT8. When the total cell brightness (cytoplasmic
plus nuclear, X axis) increases, PRMT8 is enriched in the cytoplasm. This is shown from the positive
numbers that the cytoplasmic enrichment has in the cells with higher total amounts of PRMTS8. In those
cells the nuclear enrichment is negative.

arbitrary units, independently of the total cell brightness. The means of cytoplasmic and
nuclear brightness of all cells were calculated, showing that the cytoplasmic mean (light
blue bar) was higher and with a very high spread (cytoplasmic mean=41,95, SD=34,71), in
stark contrast to the nuclear brightness (red bar), where the mean is lower with a much
lower spread (nuclear mean=15,88, SD=7,06) (Fig. 3.22B). Thus, we could state that

nuclear amounts of PRMT8 range around the same levels and the cytoplasmic amounts



differ according to the total amount of protein per cell. The cytoplasmic (C) and the
nuclear (N) enrichment of every individual cell are presented. The formulas, which were
used for those calculations are the difference of the cytoplasmic from the nuclear
brightness of each cell and vice versa divided by the total cytoplasmic and nuclear
brightness ((C-N)/(C+N) and (N-C)/(C+N)). For the first case, positive numbers indicate
cytoplasmic enrichment and negative numbers nuclear enrichment of PRMT8. The same
logic is applied in the second case where, positive numbers indicate nuclear enrichment
and negative numbers cytoplasmic enrichment of PRMTS. It is clear that by increasing the
total amount of protein per cell there is cytoplasmic enrichment of the protein (Fig.

3.220).

3.3.7 Knocking-down PRMTS8

The up-regulation of PRMT8 during the neuronal differentiation of LUHMES cells
indicates that it may play a role in this process and/or in the maintenance of the mature
neurons, resulting from LUHMES differentiation. An interesting issue to be answered in
the future is the effect of PRMT8 knock-down in these cells. For that purpose, four
different short hairpin sequences targeting PRMT8 mRNA:

- KD1:5-AATGTGCGAGACCTCGATTTCACAGTAGA-3,

- KD2:5-AAGCAAGTGGTGACCAATGCCTGTTTGAT-3,

- KD3:5-GTGTGAAACATCTGTATCTAATGACTACA-3’,

- KD4:5-GTGTTCAAGGACAAAGTGGTACTGGATGT-3’
plus a scramble control sequence was cloned in LeGO-G/Puro vector. The four constructs
(KD1 to KD4) and the scramble control (SCR) were qualified for their ability to reduce
PRMTS8 on the mRNA level by RT-PCR. LUHMES were infected with lentiviruses carrying
those vectors and stable cells lines were created after a week of selection in 0.1 ug/ml
puromycin. Successful infection was verified by microscopic observation of the cells,
based on the green fluorescent protein encoded by the LeGO-G/Puro vector. All five-cell
lines were induced to differentiate for 7 days. Total RNA was purified and reverse
transcribed to cDNA. cDNAs were used as a template for a PCR reaction with PRMTS8 and
GAPDH specific primers. The PCR products were analyzed by agarose gel electrophoresis

and visualized by ethidium bromide. The best knock-down effect was observed from KD2



construct, followed by KD1 and KD3. KD4 cells were expressing higher amounts than the
scramble control, and will thus be omitted from the next experiments (Fig. 3.23). In future
experiments, when specific antibodies for PRMT8 become available, it will also be
necessary to verify the knockdown efficiency on protein level. Differentiated cells
expressing shRNAs did not present any morphological changes compared to the scramble
control.

Fig. 3.23: Knock-down effect of the newly designed
constructs on PRMT8 mRNA. LUHMES stable cell lines
SCR KD1 KD2 KD3 KD4 were created with vectors encoding four different shRNAs
corresponding to PRMT8 mRNA (KD1, KD2, KD3, KD4), or a
_ scrambled (SCR) control. The cells were differentiated for
_ seven days before PRMT8 mRNA levels were measured by

PRMT8

GAPDH semi-quantitative PCR. KD2 had the best knock-down effect
on PRMTS, followed by KD1 and KD3. KD4 showed, for
unclear reasons, increased PRMTS8 levels in comparison to

the scrambled control.

3.3.8 Tools for the identification of interactions partners and/or substrates of PRMTS8

Other important experiments, which will help us elucidate the cellular functions of
PRMT8 will be the identification of its interaction partners or the substrates that
methylates. Conventional methods such as co-immunoprecipitation (co-IP) or yeast two-
hybrid system (Y2H) are not very suitable in the case of PRMT8. First, co-IP can currently
not be applied due to the lack of a reliable antibody against endogenous PRMT8. Two-
hybrid systems, on the other hand, must be performed in yeast or other specialized cell
systems, which rules out identifying partners in the natural environment of the PRMT8
protein, cells from the central nervous system. A promising new alternative method
appears to be the BiolD system based on BirA. BiolD can provide a list of proteins, which
are in very close proximity of the protein of interest. It is based on a mutated form of the
bacterial biotin ligase BirA (Bifunctional ligase/repressor BirA), designated BirA*, as
described in the methods.

In our pilot experiments, we designed and validated the tools for BiolD of PRMTS, to
be used in LUHMES cells. To this end, BirA*HA and PRMTS8:BirA*HA were cloned in the
LeGO-iPuro2 vector. Next, undifferentiated LUHMES were infected with lentiviruses
encoding the two constructs. The cells were selected in 0.1 pg/ml puromycin for one
week in order to obtain stable cell lines. After selection, the two cell lines were tested for

the expression and the correct localization of the recombinant proteins. Undifferentiated



and differentiated cells from each line were lyzed and the protein extracts were analyzed
by SDS-PAGE and Western blot with the a-HA antibody. As expected, we found BirA*HA
and PRMTS8:BirA*HA both in undifferentiated (DO) and differentiated (D7) cells (Fig.
3.24B).

The correct localization of the two proteins is essential for this experiment because we
take advantage of the labeling of neighboring proteins in order to find interaction
partners or substrates of PRMTS. Cells from the two different cell lines were seeded on
coverslips, fixed and stained with the anti-HA primary antibody and an anti-rat secondary
antibody conjugated with Alexa568. DRAQ5 was used as a DNA counterstaining. Samples
were observed under the microscope and confocal images were acquired. We observed
that BirA*HA was distributed homogeneously in the cell. On the other hand,
PRMTS8:BirA*HA was localized mainly on the plasma membrane and a small fraction of it
was detected in the cytoplasm and in the nucleus. Thus, the distribution of
PRMTS8:BirA*HA was exactly like that of PRMTS8:GFP (Fig. 3.24A), verifying that the protein
encoded by the construct is properly localized.

In the next step, undifferentiated cells of both cell lines were supplied with 50 uM of
biotin (Sigma) for 24 hours. Afterwards, the cells were lyzed and the protein extracts were
analyzed by SDS-PAGE and Western blot. Equal amounts of protein were loaded on a
separate gel and later stained with Coomassie blue. The blot membrane was incubated
with streptavidin conjugated to horseradish peroxidase (HRP) and exposed to an
autoradiography film after incubation with ECL. We observed that our control, free BirA*,
promiscuously biotinylates LUHMES proteins. On the other hand, PRMTS8:BirA* presents a
much more restricted biotinylation profile (Fig. 3.24C). As a control, the same experiment
was repeated by omitting the biotin from the culture medium and no signal was detected
on the film (data not shown). These results suggest that the newly obtained constructs,
LeGO-iPuro2-Bira*HA and LeGO-iPuro-PRMT8:BirA*HA are expressed and localized
properly in LUHMES cells, and that they are enzymatically active to biotinylate proximal
proteins. In future experiments, biotinylated proteins will be precipitated by streptavidin
magnetic beads and analyzed by mass spectrometry in order to obtain a list of proteins in

proximity of PRMTS8 and study the most interesting of them.
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Fig. 3.24: Application of BiolD method for recognition of proteins in proximity with PRMTS8. (A) LUHMES
cells were infected with lentiviruses carrying BirA*HA and PRMTS8:BirA*HA in LeGO-iPuro2 vector and
stable cell lines were created after one week of selection with puromycin. Undifferentiated cells grown on
coverslips were stained with a primary anti-HA antibody and a secondary anti-rat conjugated with
Alexa568 (red). DRAQ5 was used as a DNA staining (blue). The localization of the two constructs was
observed under the microscope and the confocal images are presented here. (B) The same cell lines were
differentiated for seven days and protein extracts from undifferentiated (DO) and differentiated (D7) cells
were isolated. The extracts were analyzed by Western blotting with anti-HA primary antibody and an anti-
rat secondary antibody, verifying the expression of the two constructs in both cellular states and in the
correct molecular mass size. (C) Undifferentiated cells of both BirA*HA and PRMT8:BirA*HA cell lines were
supplied with 50 uM of biotin and total cell extracts were obtained. The extracts were separated by SDS-
PAGE, transferred to a membrane, and incubated with streptavidin conjugated with HRP. After incubation
of the membrane with ECL and exposition to an autoradiography film the biotinylated proteins appeared in
each one of the two cell lines.



4, Discussion

4.1 PRMT1: Identification and characterization of a novel splice variant and its impact
on cancer

PRMT1 is the predominant member of the human family of protein arginine
methyltransferases, and has previously been described to occur in a variety of splicing
variants that differ in their amino terminus (Goulet et al., 2007). Here, we characterized a
novel splicing variant that lacks the dimerization arm of the protein, and is catalytically
inactive but able to bind to natural substrates. The novel variant, which we call
PRMT1Aarm, correlates with the malignant phenotype in lung cancer lines, and is
increased by expression of the transcription factor Snail.

Several previous studies had provided evidence for a role of protein arginine
methylation and members of the PRMT family in different types of cancer (reviewed by
Yang & Bedford 2013). PRMT1 and PRMT5 are enzymes that asymmetrically or
symmetrically methylate identical arginine residues, respectively, for example arginine 3
of Histone H4. Symmetric R3 methylation of H4 by PRMTS5 results in silencing of the
underlying gene (Zhao et al., 2009), whereas asymmetric arginine methylation of H4 by
PRMT1 results in transcriptional activation (Wang et al., 2001) and is associated with
increased tumor grade in prostate cancer (Seligson et al., 2005). Both enzymes have
recently been correlated with tumor aggressiveness, and their knock-down in both in
vitro and in vivo studies had shown that it results in cell cycle arrest and reduced tumor
volume (Baldwin et al. 2012; Han et al. 2014; Wang et al. 2012). This is also in line with a
recent clinical study, which demonstrated that high PRMT1 mRNA expression in breast
cancer tissues correlates with poor patient prognosis and a reduced disease-free survival
(Mathioudaki et al., 2011). However, the contribution of PRMT1 to malignancy is still not
well understood on a molecular level, nor do we know enough about how the activity of
PRMT1 is regulated on specific substrates. This is of particular interest because PRMT1 is
a highly abundant enzyme that fully methylates most of its substrates (see, e.g. Herrmann
et al. 2004), but at the same time only a small fraction of histone tails are modified by the
enzyme. One way of regulation is the interaction with other proteins such as B-cell
translocation gene 1 (BTG1) and BTG2, which promote its multimerization and result in

increased PRMT1 activity and co-activator function (Lin et al., 1996). Earlier results



suggested that the activity of PRMT1 can also be regulated by the balance of expressed
splicing variants (Goulet et al., 2007), which are all able to form oligomers with each
other, resulting in oligomeric holoenzymes with different activity and distinct substrate
specificities in different cell types. Along the same line, our group had previously
demonstrated that catalytically inactive PRMT1v2 stably binds to substrates; it might thus
contribute to the regulation of PRMT1 activity by shielding selected substrates from being
methylated by active monomers in the same oligomeric PRMT1 complex, thereby
reducing its specific activity (Herrmann et al., 2005).

In contrast to all other known splicing variants of PRMT1 that differ in their amino
terminus, the novel isoform described in this thesis lacks the dimerization arm of the
enzyme, and thus represents the first example of a PRMT1 isoform with variation in the
catalytic core of the protein. PRMT1Aarm cannot multimerize with other variants of
endogenous PRMT1 (Fig. 3.8A) and is catalytically dead (Fig. 3.8B), but is still able to
stably associate with substrates in the nucleus as measured by photobleaching analysis
(Fig. 3.9). Surprisingly, we found here that full length PRMT1vl also possesses an
immobile fraction in the nucleus (Fig. 3.9), in contrast to PRMT1v2, which our group had
investigated earlier (Herrmann et al., 2005). This is an interesting finding, because
PRMT1v2 is the only splicing variant that contains a nuclear export signal (Goulet et al.,
2007), and thus should be excluded from the nucleus. However, our group has shown
that the localization of PRMT1v2 is highly dependent on the cell type, ranging from
almost exclusively cytoplasmic to almost exclusively nuclear (Herrmann et al., 2009), most
probably due to the localization of the majority of its substrates in the respective cell line.
Also, its nucleo-cytoplasmic shuttling requires enzymatic activity, with inactive enzyme
preferentially displaying nuclear localization. On the other hand, PRMT1v1 is present in
the nucleus in much higher amount, as it lacks an export signal. We hypothesize that
PRMT1v1 may stably associate with substrates (or regulators) in the nucleus, resulting in
an immobilized fraction of the enzyme. We will investigate this point in further
experiments, but for the present study it is mainly important to note that the immobile
fractions of PRMT1Aarm and PRMT1v1l are identical, demonstrating that binding of
PRMT1Aarm to the factors that also immobilize PRMT1lvl does not require

multimerization, in contrast to enzymatic activity, which does. This suggests that



PRMT1Aarm associates with endogenous PRMT1 substrates without being a component
of an active oligomeric holoenzyme itself, and can act as a competitive inhibitor. In fact,
we find that experimental overexpression of PRMT1Aarm leads to a block in the G1 phase
of the cell cycle, and to morphological changes indicative of apoptosis as well as an
increase of cells with sub-G1 content of DNA (fig. 3.6). This is in line with observations
from Wang and colleagues, who have demonstrated that knock-down of PRMT1 results in
an arrest in the G1-S phase of the cell cycle, proliferation inhibition and apoptosis
induction in glioma cell lines (Wang et al., 2012).

We find that the protein level in transient expression of the isoform is typically around
one fourth of active PRMT1v1 (Fig. 3.5 & 3.6), and even less in stably expressing cells after
several weeks of selection. Apparently, the cell counteracts the forced expression of
elevated amounts of PRMT1Aarm, even though it is expressed from the same CMV
promoter on the expression construct as full length PRMT1v1, suggesting that high levels
of PRMT1Aarm may not be compatible with cellular growth. This is reminiscent of earlier
results from our laboratory which had demonstrated that a point-mutated, inactive
version of PRMT1 can likewise only be expressed at low levels (Herrmann and
Fackelmayer, 2009). We thus investigated whether PRMT1Aarm (and possibly other
inactive versions of the enzyme) is degraded by the proteasome pathway, in an attempt
of the cell to lower the toxicity of PRMT1Aarm. Upon first inspection, the amount of the
isoform does not change detectably after an 8 or 16 hour incubation with the proteasome
inhibitor MG132. Unexpectedly, though, we microscopically found that only
PRMT1v1Aarm, but not full length PRMT1v1, accumulates in nucleoli, next to but not
exactly co-localizing with Fibrillarin (Fig. 3.7B). This re-localization is seen only after
MG132 treatment, while in untreated cells the localization of PRMT1Aarm and full length
PRMT1v1 are indistinguishable. The structures to which PRMT1Aarm re-localizes are
reminiscent of “nucleolar aggresomes”, which have been found before in many cell types
after treatment with proteasome inhibitors, and appear to contain dozens of proteins
that accumulate there during proteotoxic stress, together with polyadenylated RNA
(Latonen et al., 2011). Among the proteins found in these structures are components of
the ubiquitin-proteasome system, including PML body proteins and ubiquitin itself, as

well as targets including cancer-related transcription factors and cell cycle regulators (e.g.



p53, MDMZ2, cyclins) and proteins involved in neurodegenerative diseases (e.g. ataxin-1,
Malin). Interestingly, we find that PRMT1Aarm is almost entirely cleared from the
cytoplasm when it re-locates to nucleolar aggresomes. This is not a consequence of
cytoplasmic PRMT1Aarm being degraded, because the total amount of the protein
remains the same during MG132 treatment (Fig. 3.7A). Most probably, the nucleolar
aggresome proteins are in the process of being degraded, and their normal half-lives are
bound to have an effect on the kinetics of their appearance in nucleolar aggresomes
(Latonen et al., 2011). We therefore hypothesize that the half-life of PRMT1Aarm is
somewhat decreased in comparison to full length PRMT1v1, and thus the lower steady-
state amount of the PRMT1Aarm isoform most likely results from faster degradation. The
re-localization of PRMT1Aarm to nucleolar aggresomes is also remarkable from a
different point of view. As the protein is predominantly cytoplasmic in untreated cells,
one would expect it to localize to "classical" cytoplasmic aggresomes (Johnston et al.,
1998; Rodriguez-Gonzalez et al., 2008) rather than nucleolar aggresomes, which are
usually only used by nuclear proteins (Latonen et al.,, 2011). Taken together with the
results from photobleaching, these indicate that the main place of action of PRMT1 may
be the nucleus, irrespective of the predominant localization in the cytoplasm. This is also
in line with re-localization of inhibited or genetically inactivated PRMT1v2 to the nucleus,
where it stably but reversibly binds to substrates in chromatin and the nuclear scaffold,
and the cell-type specificity that results in predominantly nuclear PRMT1v2 in some cells,
such as MCF-7 breast cancer cells (Herrmann et al., 2009). Thus, PRMT1 activity appears
to be at least partially regulated by its cytoplasmic-to-nuclear translocation.

We had originally found this new variant in database searches as an expressed
sequence tag from a neuroblastoma (GenBank accession number BX352789.2); in follow-
up experiments, we detected its expression in variable amounts in normal fibroblasts and
different cancer cell lines (Fig. 3.10A). When investigated by semi-quantitative and
quantitative RT-PCR, we found that the amount of PRMT1Aarm is significantly higher in
non-small cell lung cancer cell lines than in normal diploid lung fibroblasts, and correlates
with their reported aggressiveness (Fig. 3.10): it was higher in H1792 that originate from a
stage 4 lung adenocarcinoma and expressing mutant K-Ras and mutant p53, and lower in

H1437 from a stage 1 lung adenocarcinoma, expressing wild type K-Ras and a dominant



negative p53. The two other cancer cell lines, expressing mutant K-Ras and wild type p53
(A549) or wild type K-Ras and mutant p53 (H1299), displayed intermediate but almost
identical levels of up-regulation.

In these experiments, we also observed a correlation with the mesenchymal
phenotype, with higher expression of PRMT1Aarm in cell lines with a higher percentage
of mesenchymal cancer cells. As HEK293 cells can be driven towards mesenchymal cells
by expressing Snail (Kashyap et al., 2013), one of the master EMT-inducing transcription
factors (see, e.g. Zhou et al. 2004), we generated a HEK293 cell line that stably expresses
Snail, and indeed find that they have a significantly elevated level of PRMT1Aarm in
comparison to the parental cells (Fig. 3.11). Thus, PRMT1Aarm is clearly up-regulated in
cells undergoing EMT. Together, these results point to a link between PRMT1Aarm
expression and cancer cell phenotype in lung cells. The specific way in which PRMT1Aarm
is linked to cancer remains currently unknown. PRMT1lAarm could promote the
transformation of normal to cancer cells in a similar way to splice variant 2 (Baldwin et al.,
2012), and thus being expressed in higher levels in cancer cells. On the other hand, and
maybe more likely in light of our results, PRMT1Aarm might not promote cancer, but
rather be acting as a defence mechanism against neoplastic transformation. In this
scenario, PRMT1Aarm could protect the cells from cancer progression by negatively
regulating PRMT1-mediated methylation, which has been linked to cancer promotion in
several studies. This could explain our observation that cells forced to express higher
amounts of PRMT1Aarm have increased rate of apoptotic cell death, as they initiate
apoptosis in order to avoid their transition to cancer cells through EMT. In other, words,
PRMT1Aarm may be a cancer barrier. This is particularly plausible, as PRMT1 has recently
been found to act as an important regulator of EMT through PRMT1-mediated
methylation and activation of the E-cadherin repressor, Twistl, in non-small cell lung
cancer (Avasarala et al.,, 2015) as well as in breast cancer (Gao et al.,, 2016). Through
promoting migration and invasion, overexpression of PRMT1 may trigger cancer cells to
metastasize (Gao et al., 2016). Overall PRMT1 was also found to be increased (2.9 fold)
after induction of EMT but in a smaller factor than the Aarm (6.5 fold). The elevated levels
of PRMT1 in the Snail transfected cells might be an outcome of the increase of particular

variants and not of all seven. We cannot exclude that some of the seven variants might be



down-regulated. The increase of PRMT1Aarm in cells that underwent EMT may therefore
represent an attempt to reduce PRMTL1 activity, and in this way counteract PRMT1-
induced activation of the EMT program in affected cells.

The expression of Aarm was detected in every cell line analyzed in the present thesis. It
was present in normal lung fibroblasts and lung cancer cell lines as well as in HEK293 and
Hela cells. Moreover, it was present in LUHMES cells and its expression remained
constant during differentiation (Fig. 3.2, 3.10 & 3.12). This points to a functional role of
this variant in the cell, and also excludes the formal possibility that it is only detected in
cancer cells because of general splicing defects in transformed cells. The observation that
its expression levels remain stable during differentiation might indicate that Aarm is not
specifically associated with differentiation of LUHMES cells. However, it might have a role
in the survival of the cells, since it is detected in every stage of LUHMES differentiation as
well as in every cell line we have analyzed.

A parallel experiment revealed that, although Aarm expression as well as the other six
amino-terminal variants of PRMT1 were found to be unchanged during LUHMES
differentiation, variant 7 was not detectable in undifferentiated LUHMES, but was up-
regulated in differentiated LUHMES (Fig. 3.12). This indicates that variant 7 might have a
role in differentiated cells or in cells that are in the process of differentiation. These
results are very interesting because variants 4-7 were thought to be tissue specific
(Goulet et al., 2007). According to Goulet, variant 4 was detectable only in the heart,
whereas variant 5 was mostly expressed in the pancreas, and variant 7 was
predominantly present in the heart and skeletal muscles. In contrast, we observed strong
expression of variants 4, 5 and 6 in both undifferentiated and differentiated LUHMES
which origin from mesencephalon. Moreover, variant 7 is detected in the differentiated
cells which means that its expression is not restricted in the heart and skeletal muscles.

Future research in our laboratory will now extend these results, aiming at better
defining the properties of PRMT1Aarm and its functional role in regulating PRMT1
activity, particularly in relation to cancer. An obstacle, which has to be overcome, is the
production of suitable antibodies against Aarm. The epitope, which can be used for
antibodies creation, is restricted because the biggest part of Aarm sequence is

homologous to the rest PRMT1 variants. In principle, the only possibility of an appropriate



epitope would be the amino acid sequence at the point where exon 7 and 10 are fused. In
addition, shRNAs with sequences derived from the same region of the molecule could be
used for knock-down studies. By better understanding the function of Aarm function we
could also investigate the possibility of its use as a diagnostic marker or a drug target in
different types of cancer.

In a side project of this thesis, | investigated Lamin B receptor as a novel substrate of
PRMT]1, in collaboration with the laboratory of Prof. Anastasia Politou. Prof. Politou's
laboratory is interested in understanding the physiological role of intrinsically disordered
proteins or protein domains, of which LBR is an example. LBR is an important factor of the
nuclear periphery, and is involved in gene regulation. The nucleoplasm-facing amino-
terminal part of the protein has been shown to mediate most of the protein's
interactions. It harbors a 60-residue Tudor domain followed by a 40-residue region rich in
charged amino acids (Arginines and Serines repeats, RS region), and a third 110-amino
acid segment (SG domain) with no apparent homologies. Sequence comparisons with
PRMT consensus sequences suggested that the RS region might be a novel substrate of
PRMT1, and that its methylation may be one factor in regulating the protein's functional
interactions, adding LBR to one of the non-histone proteins that are post-translationally
modified. As shown in Fig 3.13A, we indeed find a strong methylation of the RS domain of
LBR by PRMT1, but not by PRMT4 or PRMT6 which were used as controls. Moreover, as
Fig. 3.13C & D show, methylation of the RS domain is independent of the presence or
absence of Tudor domain, but is negatively affected by the presence of the SG domain.

Future work will focus on the functional consequences of the methylation of LBR.

4.2 PRMTS: Role in neuronal differentiation using a human cellular model in vitro
PRMT8 was discovered due to its high sequence homology with PRMTL. Initially,
PRMTS8 was believed to be restricted to the central nervous system (Kousaka et al., 2009;
J. Lee et al.,, 2005; Taneda et al., 2007) and associated with the plasma membrane
through the myristoylation anchor on glycine 2 (J. Lee et al., 2005; Taneda et al., 2007).
Recent studies have demonstrated the expression of PRMT8 in human and mouse
embryonic stem cells, in induced regenerative competent cells (iRC), in zebrafish embryo

and in different types of cancer (Hernandez and Dominko, 2016; Hernandez et al., 2017;



Lin et al., 2013; Solari et al., 2016). Work from the group of Fukamizu suggests that
PRMTS8 has dual enzymatic activity, the known methyltransferase plus phospholipase
activity (Kim et al., 2015). The expression of a second variant, which does not contain the
myristoylation motif, was recently discovered in human fibroblasts and in iRC cells by the
laboratory of Dominko (Hernandez and Dominko, 2016).

In the present thesis, we set up an appropriate human cellular model system for
studying the role of PRMT8 in neuronal differentiation and maintenance. An expression
profile analysis as well as the localization of the protein during differentiation are also
presented. | also generated and validated vectors for PRMT8 knock-down and for the
identification of its interaction partners. Motivated by our work on Aarm, we also looked
for the existence of hypothetical alternative splicing variants.

For our experiments on PRMT8, we worked with the mesencephalic-derived cell line,
LUHMES. This cell line has several advantages compared to other common cell lines being
used in neurobiology, as described in the introduction. In the present thesis, this elegant
model system of neuronal differentiation was set up and characterized in our lab. We
propagated and differentiated the cells according to the described protocols and analyzed
them for the expression of typical markers by RT-PCR and immunofluoresence. In parallel,
we monitored the morphological changes of the cells during differentiation. Markers such
as SOX2, PAX3 and Geminin were down-regulated. Although differentiated cells are post-
mitotic, we detected traces of Geminin by RT-PCR (Fig. 3.15). This result was explained
later through immunofluorescence experiments, where we detected small colonies of
cells, among the network of differentiated neurons, which had managed to “escape” the
differentiation process and continue proliferating as well as being positive for Geminin
(Fig. 3.16). The number of the colonies was very small in comparison to the whole
population of cells and might occur from few cells in which the tetracycline-controlled
transactivator does not work properly. Other markers such as Neuroligin, Synaptophysin,
DRD2, tyrosine hydroxylase and Neurofilament 165 were up-regulated (Fig. 3.15).
Unexpectedly, Neurofilament 165 was detected in undifferentiated cells by RT-PCR but
not by immunofluorescence, maybe due to post-translational modifications that render
the protein invisible to the monoclonal antibody 2H3, and that differ between

differentiated and non-differentiated cells.



The behavior of LUHMES cells in our hands (morphology and marker expression) is in
line with the description by Dr. Diana Scholz (Scholz et al., 2011) where a detailed
characterization of the system has been carried out. After verifying that LUHMES cells
behave in the appropriate way, we measured the expression levels of PRMT8 in cells
during differentiation compared to undifferentiated cells. In line with earlier publications
(Kousaka et al., 2009; Lee et al., 2005; Taneda et al., 2007), PRMT8 expression increased
during differentiation. In LUHMES cells, this up-regulation appears to happen in a highly
synchronous way. PRMT8 expression reaches a peak on day 7, at a time point when the
cells are fully differentiated, and then slightly decreases and remains stable until day 14
(Fig. 3.17B). As PRMTS8 can readily be detected in brain, which mostly contains post-
mitotic but not developing neurons, we speculate that the decrease of PRMT8 RNA in
later days of LUHMES culture is a result of cell culture conditions that may not support
maintenance of mature neurons for extended periods of time.

In line with the semi-quantitative analysis, quantification by qPCR revealed that PRMT8
is up-regulated by 257 fold on day 6 of differentiation. The relative up-regulation is very
high compared to the changes of the levels of other members of the PRMT family; PRMT1
is down-regulated to 75% and PRMT6 is up-regulated by only 2.26 fold compared to
undifferentiated cells (Fig. 3.17A). Individual PRMT1 variants remain also more or less
stable except for variant 7, which is up-regulated in differentiated cells and might have a
regulatory role in differentiation or in post-mitotic neurons (Fig. 3.12). PRMT1 has
recently been shown to remain stable or slightly up-regulated during neuronal
differentiation of mouse embryonic stem cells upon induction with retinoic acid, which is
reminiscent of the results of our differentiation model (Simandi et al., 2015). Moreover it
has been shown that all PRMT1 isoforms were detected in very low levels in adult brain in
contrast to fetal brain where the expression was stronger (Goulet et al., 2007; Scott et al.,
1998). It is thus possible that PRMT8 could replace PRMT1 in adult brain tissue.

In summary, LUHMES is a conditionally immortalized human cell line in which PRMT8 is
inducibly expressed at high levels, and in a regulated manner, following the induced
neuronal differentiatin of the cells. This makes LUHMES an excellent choice for the study
of PRMT8. Moreover, the primers and the PCR conditions for analysing the expression

levels of PRMTS8, in normal conditions or after different treatments, have been



established and validated in this thesis. We have not detected PRMT8 expression in other
cell lines (e.g. HEK293). However, recently it has been stated that PRMT8 is being
expressed in some types of cancer (Hernandez et al., 2017). In my diploma work | have
detected PRMTS8 expression in mouse embryonic stem cells (unpublished data), which is
in line with recent findings (Solari et al., 2016).

Unfortunately, we could not test for PRMT8 protein levels because of the lack of a
reliable antibody. There are several antibodies on the market, but discussions with
leading scientists in PRMT research have the consensus that these antibodies are not
reliable, and mainly cross-react with the highly homologous PRMT1. For example, several
commercial antibodies are presented in manufacturer's descriptions in western blots with
extracts from HEK293 cells, a cell line that does not express the protein according to our
and other laboratories' results. Second, many of the antibodies have been shown to
recognize recombinant PRMTS, but not the endogenous protein. In our own attempts to
create new antibodies against PRMTS8, we collaborated with the American Cell Signaling
company. Peptides from the amino-terminus of PRMTS8, which is the only region of the
protein that sufficiently differs from PRMT1, or the full-length protein were used for
immunizing rabbits by the company. We received the crude sera and purified antibodies
from the company, and we carried out a series of tests in order to check whether they
recognize the recombinant and the endogenous protein, but not other members of the
family. Indeed, this collaboration succeeded in creation of sera as well as purified
antibodies, which strongly recognize PRMT8 in extracts from transfected cells (Fig. 3.18).
The reactions were also highly specific, as the sera and antibodies did not detect PRMT1
or the other, less homologous, members of the PRMT family. However, all these
antibodies failed to detect endogenous PRMTS in differentiated LUHMES (day 7) extracts
where we had previously detected PRMT8 transcripts by RT-PCR. Kousaka et al. (2009)
had used a synthetic peptide from a region further downstream from the amino-terminus
(positions 55-71) and created antibodies that recognized the endogenous PRMTS8 in
mouse brain extracts in Western blot and immunocytochemistry experiments. We have
requested a small aliquot of this antibody, and did several tests, but did not manage to
detect endogenous PRMT8 in LUHMES, and obtained somehow inconclusive results in

mouse brain extracts. This antibody, like those produced by Cell Signaling, was also



working very well with over-expressed protein. To create a similar antibody for future
work, we also used the same sequence (positions 55-71) as an epitope for injecting
rabbits. Interestingly, our results were the same: the antibody recognized recombinant
PRMTS, but did not see the endogenous protein. There are several potential reasons for
this result. In contrast to the detection of protein by western blotting, PCR reactions from
LUHMES might be positive, because of the high sensitivity of PCR amplification. This
possibility would be even more pronounced if the expression level of PRMTS8 protein was
very low. Maybe PRMTS8 is sufficient in very low levels in order to carry out its
physiological function. However, as judged from the expression levels of other family
members, this would be unusual for a PRMT. Also, the number of cycles required to
obtain a positive PCR result suggested that the expression of PRMTS is not extremely low.
A more probable explanation could be the presence of post-translational modifications in
the amino-terminus or in other domains of PRMT8, which could hinder antibody binding.
Last, as there is still controversy about the exact amino-terminus of endogenous PRMT8
(see below), it is possible that the peptides sequences used to create antibodies are
completely or partially missing on the endogenous protein. This could explain why the
recombinant protein is strongly recognized by the antibodies (in which case the start
codon is determined by cloning), but the endogenous protein escapes detection. Further
work will be necessary to decide between these possibilities and draw final conclusions.
The data about full length sequence of endogenous PRMT8 are controversial. First, Dr.
Lee published the PRMTS8 sequence that is myristoylated in Glycine 2 and anchors to the
plasma membrane (Lee et al., 2005). Later it was suggested that translation of the mRNA
starts from an alternative start codon, 16 codons downstream from the original ATG
(Kousaka et al., 2009) that Lee had published previously (Lee et al., 2005). Thus, the
myristoylation anchor of the protein would be omitted, and the protein would not be
attached on the plasma membrane. It was recently reported the expression of a novel
splicing variant of PRMT8 (Gene Bank KR014345.1; Homo sapiens arginine
methyltransferase 8 isoform 4) in human fibroblasts and in induced regenerative
competent cells with an alternative exon 1 upstream of the one that was known until
then (Hernandez and Dominko, 2016). In this variant, the myristoylation motif is also

omitted (Hernandez and Dominko, 2016). In the present thesis | looked for the expression



of two hypothetical isoforms of the transcript (X, Y) and of variant 1 and variant 2
(GeneBank NM_019854.4 and NM_001256536.1 respectively) in differentiated LUHMES
cells of day 7. The expression of variant 1 was verified with two alternative forward
primers. On the other hand, no other variants or hypothetical variants could be detected.
For this reason we decided to use variant 1 of PRMTS8 for the following overexpression
experiments.

In this thesis, localization experiments of PRMT8 during LUHMES differentiation
revealed that the protein is mainly bound to the plasma membrane in undifferentiated
cells and a small fraction is equally distributed between the cytoplasm and the nucleus. In
differentiated cells, the signal in the nucleus becomes stronger. The reason for the
accumulation of PRMT8 in the nucleus is still unknown and should be studied in future
experiments. The nuclear accumulation points to a possible role of PRMT8 in epigenetic
mechanisms regulated by exogenous signals. This is reminiscent of the accumulation of
PRMT8M16 in the nucleus of PC12 cells upon NGF-induced differentiation (Kousaka et al.,
2009). However, our results show that the amino-terminal region of PRMTS8, which
includes the myristoylation anchor cannot block the detachment of the protein from the
plasma membrane and the translocation to other cellular compartments. The appropriate
environment seems to play an important role in this procedure because when we
infected HEK293 cells with exactly the same construct, the protein was strictly localized in
the plasma membrane and it was completely excluded from the cytoplasm and the
nucleus (Fig. 3.20). Therefore, in parallel with the creation of functional expression
vectors for PRMT8:GFP and stable cell lines for the study of the localization of the
molecule under different conditions, we found out that PRMT8 localization shifts during
differentiation and accumulates in the nucleus in a cell-type depended manner. We
believe that the localization of recombinant PRMT8 in LUHMES is representative of the
molecule because it is an endogenous protein of the system, and the signals as well as the
interaction partners, which determine its localization should be present there. We
hypothesize that PRMT8 amino-terminal region could be proteolytically cleaved or folded
inside the molecule after specific signals and then dissociate from the membrane. Next, it
could receive other signals or be accompanied by other proteins into the nucleus. As our

results show, this is specifically observed in LUHMES but not in HEK293 cells where



PRMTS8 remains anchored on the plasma membrane.

The artificial system we created to mimic Kousaka's protein — HEK293 cells stably
transfected with PRMT8M16 — revealed that the localization of this form of PRMTS is
distributed between the cytoplasm and the nucleus, and is reminiscent of the localization
of full length PRMT1 or Aarm (Fig. 3.21 and Fig. 3.4). In this system we measured the
levels of the protein in the cytoplasm and in the nucleus. Surprisingly, we found that
PRMT8M16 levels could not exceed a particular level in the nucleus, independently of the
total amount of the protein in the cell. In other words, the amounts of PRMT8M16 are
increasing in the cytoplasm when the total amount of the protein is increasing in the cell.
In contrast, the nuclear amount of PRTM8M16 reaches a plateau already after quite low
expression levels (Fig. 3.22). This suggests that the concentration of PRMT8 in the nucleus
is kept at a low level, either actively through regulated import into the nucleus, or
passively through interaction with nuclear factors that bind and recruit PRMTS8 to its
subtrates. Possibly, this is one of the ways that the activity of the enzyme on its nuclear
substrates is modulated.

Little is known about the effect of PRMT8 knock-down in cells. It has been shown that
PRMT8 knock-down kills glioblastoma line U87MG (Hernandez and Dominko, 2016).
Similar results were observed upon knock-down of PRMTS8 variant 2 (isoform 4) in human
fibroblasts (Hernandez and Dominko, 2016). Creation of tools for PRMT8 knock-down was
considered of high importance by us. For this reason, we created and validated vectors
carrying shRNAs targeting sequences derived from the PRMT8 sequence. Three out of
four shRNAs knocked-down PRMT8 mRNA in differentiated LUHMES, although with
different efficiency (Fig. 3.23). It was impossible to validate the efficiency of those
constructs on the protein level because of the lack of the antibody at that stage. The
effect of KD1, KD2, and KD3 is possible to be improved by infection of the cells with
higher amounts of viruses, because in the particular experiment modest quantity of
viruses was used to be able to better compare the knockdown efficiencies. Interestingly,
LUHMES cells in which PRMT8 was knocked down did not show any morphological
differences during differentiation compared to the scramble control. What remains is the
analysis of PRMT8 knocked-down LUHMES cells on the molecular level. For example, the

changes in the profile of methylated proteins could be studied in order to get hints about



PRMTS8 possible substrates. Moreover, high throughput screening for neuronal markers
deregulation could be carried out in order to clarify if PRMTS8 is responsible for the
regulation of neuronal specific proteins, and identify them.

One of the goals of our group is the identification of substrates and interaction
partners of PRMTS. For this purpose, we created the tools in order to apply the novel
BiolD method in our system (Roux et al., 2012). BiolD is a method for identifying proteins
in proximity of a protein of interest, which might potentially be interaction partners or
substrates in case that the protein of interest is an enzyme. BiolD method has several
advantages compared to other methods that are currently used for finding proximal
proteins and interactions. For example, biotinylation is amenable to selective isolation
because it is relatively uncommon in mammalian cells. Moreover, this procedure
overcomes the limitations of the other methods like yeast two hybrid where the proteins
might lack the appropriate post-translational modifications or the interacting partners are
absent (while others, non-physiological exist and might create artifacts). It also has an
advantage compared to co-immunoprecipitation, because it is taking place in vivo
(cellular environment), it does not exclude the insoluble proteins and weak or transient
interactions are also detected.

Of course, there are also limitations in this system. One of those is the problem, which
we should consider in every experiment involving recombined proteins. BirA* is a protein,
which might affect properties of the protein of interest such as the localization or the
interaction with oligomers or multiprotein complexes. Another issue is the covalent
bonding of biotin molecules mainly on the lysines of the proximal protein. The
consequence is that the positive charge of those residues is neutralized and can affect
other post-translational modifications. The result is that the protein (fusion or
neighboring) behavior might change. The efficacy of the method is based on the
availability of lysines in the neighboring proteins, so the amount of the biotinylated
proteins should not indicate the strength of the interaction. In the opposite way, the
absence of biotinylation does not mean absence of interaction or proximity. As a
conclusion, this method provides a list of candidates, which might be interaction
partners, but should be studied further to verify or not the interaction with the protein of

interest.



In the present thesis we created and validated the tools for applying this method on
PRMTS8. We created lentiviral vectors encoding PRMT8 fused to a mutated bacterial biotin
ligase, BirA*, and a control vector encoding for BirA* alone. We created stable cell lines
and verified the expression and the proper localization of the constructs in LUHMES as
well as their ability to biotinylate proteins upon supplementation of biotin in the culture
medium. In future experiments, biotinylated proteins will be purified from LUHMES
extracts by streptavidin magnetic beads and analyzed by mass spectrometry. This will
reveal important information about the role of PRMT8 in neuronal differentiation and
maintenance, and might help clarifying the role of PRMT8 in neurodegenerative diseases,

where PRMT8 might be a novel drug target.
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Abstract

Methylation of arginine residues is an important modulator of protein function that
is involved in epigenetic gene regulation, DNA damage response and RNA
maturation, as well as in cellular signaling. The enzymes that catalyze this post-
translational modification are called protein arginine methyltransferases (PRMTs), of
which PRMT1 is the predominant enzyme. Human PRMT1 has previously been
shown to occur in seven splicing isoforms, which are differentially abundant in
different tissues, and have distinct substrate specificity and intracellular localization.
Here we characterize a novel splicing isoform which does not affect the amino-
terminus of the protein like the seven known isoforms, but rather lacks exons 8 and
9 which encode the dimerization arm of the enzyme that is essential for enzymatic
activity. Consequently, the isoform does not form catalytically active oligomers with
the other endogenous PRMT1 isoforms. Photobleaching experiments reveal an
immobile fraction of the enzyme in the nucleus, in accordance with earlier results
from our laboratory that had shown a tight association of inhibited or inactivated
PRMT1 with chromatin and the nuclear scaffold. Thus, it apparently is able to bind to
the same substrates as catalytically active PRMT1. This isoform is found in a variety
of cell lines, but is increased in those of cancer origin or after expression of the EMT-
inducing transcriptional repressor Snaill. We discuss that the novel isoform could act
as a modulator of PRMT1 activity in cancer cells by acting as a competitive inhibitor
that shields substrates from access to active PRMT1 oligomers. This article is
protected by copyright. All rights reserved

keywords: protein arginine methylation; alternative splicing; dimerization arm;
malignancy; epithelial-mesenchymal transition

This article is protected by copyright. All rights reserved



Introduction

The transition from a normal to a neoplastic phenotype is a complex process that
involves a multitude of pathways and factors that are not yet understood in
sufficient detail. There is increasing evidence that the methylation of arginine
residues in proteins plays an important role through its effects on epigenetic gene
regulation, signal transduction, pre-mRNA splicing, DNA repair and the intracellular
localization of proteins (for review, see Blanc and Richard, 2017). This common post-
translational modification is catalyzed by a small family of protein arginine
methyltransferases (PRMT, see e.g. Herrmann et al., 2009), of which PRMT1 is the
predominant enzyme that is responsible for greater than 85% of protein arginine
methylation (Tang et al., 2000). It is a type | arginine methyltransferase, and as such
asymmetrically dimethylates arginine residues on one of the w-guanidino nitrogen
atoms of the arginine sidechain, using AdoMet as the methyl donor. Methylation by
PRMT1 occurs preferentially at arginine residues that are flanked by one or more
glycine residues (Gary and Clarke, 1998; Lee and Bedford, 2002). PRMT1 has a wide
range of substrates in both the cytoplasm and the nucleus, is expressed in all
embryonic and adult tissues, and is essential for early embryonic development
(Pawlak et al., 2000).

The overall structure of monomeric PRMT1 can be divided into four parts: amino-
terminal tail, AdoMet-binding domain, B-barrel and dimerization arm (Zhang and
Cheng, 2003). The AdoMet-binding domain has the consensus fold conserved in
other AdoMet-dependent methyltransferases (Cheng and Roberts, 2001), whereas
the B-barrel domain is unique to the PRMT family (Zhang et al., 2000). The active site
is located between these two domains, and contains two conserved glutamate
residues. These negatively charged residues interact with the positively charged
arginine in the substrate and are critical for catalysis (Zhang and Cheng, 2003).
PRMT1 has the ability to form dimers and larger oligomers through its dimerization
arm, and the oligomerization is essential for AdoMet binding and enzymatic activity.
The ring-like dimer allows the product of the first methylation reaction,
monomethylarginine, to enter the active site of the second molecule of the dimer,
without releasing the substrate from the ring or replenishing the methyl donor.
Thus, the dimerization permits the production of the final product, asymmetric
dimethylarginine, in a processive manner. As for the substrate binding region of the
PRMT1 molecule, three different peptide-binding channels have been identified,
suggesting that different PRMT1 substrates might approach the active site from
different angles (Zhang and Cheng, 2003).

Although the PRMT1 protein is often treated in the literature as a single entity, the
Prmtl gene is composed of 12 coding exons and the resulting pre-mRNA is subjected
to extensive alternative splicing. Upon initial identification of the PRMT1 genomic
locus, it was observed that three transcripts (named v1-v3) could be produced
through alternative splicing of exons 2 and 3 (Scorilas et al., 2000). Later, inspection
of available ESTs and comparison with complete genomic sequences revealed the
existence of previously unidentified exons upstream of the exon harboring the AUG
start codon for v1-v3 (Goulet et al., 2007). These alternative exons were called ela-
eld, with eld being the exon previously labeled as exon 1. A complex pattern of
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alternative splicing takes place in about 1 kilobase of sequence upstream from that
originally identified exon 1, and — potentially together with the use of alternative
transcription start sites — gives rise to seven known isoforms (named v1-v7, Fig. 1A,
suppl. Fig. S1) with distinct amino-terminal sequences. Among these isoforms, v4 is
the only mRNA where translation initiation starts at a new AUG located in an
upstream 5' exon. For isoforms v3 and v5, inclusion of alternative exons e2 and e3 in
the message introduces an in-frame stop codon (UGA) and results in translation
initiating at the next AUG in exon 3. According to EST analysis, a number of different
mMRNAs can lead to the production of the v5 and v6 proteins from various possible
pairing combinations of the exons ela, eld, e2 and e3. The predicted protein-coding
regions (excluding 5'and 3'-untranslated regions) of the various Prmt1 transcripts are
composed of 1059 nt (v1), 1113 nt (v2), 1041 nt (v3), 1047 nt (v4), 1026 nt (v5), 975
nt (v6), or 960 nt (v7) and encode seven deduced polypeptides with predicted
molecular masses of 40.5, 42.5, 39.9, 40.1, 39.4, 37.7, and 36.7 kDa, respectively.

The isoforms appear to serve different roles, as their unique amino-terminal
sequences affect their substrate specificity and enzymatic activity. In addition, the
relative expression of these isoforms may regulate the overall PRMT1 function in the
living cell, because their expression is partially tissue-specific and they exhibit
distinct subcellular localization (Goulet et al., 2007). For example, the PRMT1v2
isoform contains a leucine-rich, CRM1-dependent nuclear export signal, and its
relative expression was found to be increased in breast cancer cell lines and tumors.
More recently, the same laboratory demonstrated that specific depletion of
PRMT1v2 by RNA interference causes a decrease in cancer cell survival due to
induction of apoptosis, and significantly decreased cell invasion in an aggressive
cancer cell line (Baldwin et al., 2012). In keeping with this, PRMT1v2 overexpression
in a non-aggressive cancer cell line was sufficient to render them more invasive. This
novel tumor promoting activity was specific to PRMT1v2, as overexpression of other
isoforms did not enhance cell invasion. Thus, distinct splicing isoforms of PRMT1
have a different impact on the process of neoplastic transformation. This motivated
us to search for additional splicing isoforms that may play a role in cancer
development.

Here, we describe the discovery and characterization of a novel isoform of PRMT1,
which differs from the known variants because it is not adding variability to the
amino terminus of the protein, but rather lacks the dimerization arm that is essential
for the formation of enzymatically active PRMT1 oligomers. We find that the relative
abundance of this splice variant is correlated with cellular malignancy, and can
experimentally be increased by expression of the epithelial-to-mesenchymal-
transition (EMT) inducing transcriptional repressor Snaill.

Materials & Methods

Cell culture and transfection. Cells were cultured as a monolayer in tissue-culture
grade plastic dishes at 37°C under humidified atmosphere containing 5% CO». The
growth medium consisted of DMEM for HEK293 (immortalized human embryonic
kidney), HeLa (human cervix carcinoma), the normal lung fibroblasts HFL-1 and MRC-
5, and the lung cancer lines H1299 and A549, or RPMI1640 for lung cancer lines
H1437 and H1792, according to instructions provided by ATCC. All media contained
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10% FCS and 1x Penicillin/Streptomycin. The cells were passaged 1:3 or 1:4 every 2-3
days shortly before they became confluent.

Cells were transfected with Polyethylenimine as described previously (Helbig and
Fackelmayer, 2003; Mearini and Fackelmayer, 2006) or Lipofectamine 2000
(Invitrogen) as per manufacturer's instructions, and analyzed at least 24 h post
transfection. To generate cell lines that stably express PRMT1v1:YFP,
PRMT1Aarm:YFP or fibrillarin:FusionRed, respectively, HEK293 cells were split 1:10
one day post transfection, and were kept in selective medium (DMEM plus 400
ug/ml G418) without passaging until resistant colonies had developed (4 to 6 weeks).
Cells were then trypsinized and passaged 1:3 for three times, before they were
frozen for cryopreservation. For some experiments, single cell clones were selected
from this population by limited dilution.

Live cell morphology (Fig. 4A) was analyzed after total membrane staining with 1
ug/ml of the lipophilic dye 3,3'-Dihexyloxacarbocyanine lodide (DiOCs; Invitrogen) in
cell culture medium for 15 min; before microscopic analysis, cells were washed three
times with medium to remove unbound dye.

Photobleaching experiments and FACS. Fluorescence Recovery After
Photobleaching (FRAP) experiments were performed with whole populations of
HEK293 cells stably expressing YFP fusion constructs of full length PRMT1v1 and
PRMT1Aarm, exactly as described previously (Fackelmayer, 2005; Herrmann et al.,
2005). Fluorescence-activated cell sorting (FACS) was performed by detaching the
cells from the dishes with trypsin and incubation with hypotonic solution (0.1 % w/v
sodium citrate, 0.1 % v/v Triton X-100) containing 50 mg/| propidium iodide for 15
minutes, as described previously (Vartholomatos et al., 2015).

Cell extracts and immunoprecipitation. For SDS PAGE analysis, whole cell extracts
were prepared by lysing cells from one 60 mm dish in 400 ul of 1 % SDS in water,
followed by brief sonication to reduce viscosity. Then, protein was precipitated
according to Wessel and Fligge (1984) by vigorously mixing with an equal volume of
methanol and addition of 100 pl of chloroform. After mixing, precipitated protein
was recovered by centrifugation for 5 min at full speed, air dried, then re-dissolved
in SDS gel loading buffer and heated to 65°C for 5 min.

To prepare native extracts for immunoprecipitation and activity assays, cells were
washed twice with cold PBS, and lyzed in 1 ml of lysis buffer (50 mM Tris-HCI pH 8,
150 mM NaCl, 1 % NP-40). The sample was sonified to shear DNA, and centrifuged
for 5 min at 10000 rpm at 4°C to preclear the lysate. A small amount of the
supernatant was kept as loading control. For immunoprecipitation, the supernatant
was mixed with 4 pg of antibody and incubated for 1 h at 4°C in a rotating mixer.
Then, 30 pl of 50 % Protein G Sepharose suspension were added, and the sample
was incubated for an additional hour under the same conditions.
Immunoprecipitated proteins bound to the beads were collected by centrifugation
(10 sec, 3000 g). The beads were washed six times in 1 ml of cold lysis buffer each.
Precipitated proteins were either eluted from the beads by adding 2x SDS gel sample
buffer and boiling at 95°C, or used immediately for enzymatic activity assays.
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RNA analysis. All procedures were done under RNase-free conditions. Total cellular
RNA was extracted and purified using the NucleoSpin RNA Mini kit (Macherey-Nagel)
according to the manufacturer's manual. After quality control by agarose gel
electrophoresis, RNA was reverse-transcribed with the PrimeScript RT reagent kit
(Takara #RR037A) according to protocol V of the manufacturer. The synthesized
cDNA was stored at -20°C until further use. For RT-PCR, cDNA was diluted 1:5 to
1:10, and 1 pl of the dilution was amplified by PCR in a volume of 20 pl, containing
10 pmole of sense- and antisense primers, 0.4 pul dNTP mix (containing 10 mM per
nucleotide), 2 ul 10x concentrated reaction buffer (final concentrations: 50 mM KCl,
1.5 mM MgClz, 10 mM Tris pH 9, 0.5 % Triton X100), and 2 units of homemade Taq
polymerase. The final volume was adjusted to 20 ul with water. Amplification
programs were carefully optimized in pilot experiments and according to melting
temperatures of the primers, as given in suppl. table 1. To quantify transcripts, real-
time quantitative PCR (qPCR) was performed in capillaries on a Roche LightCycler 2,
using cyber green (Kapa #KK4602) in a total volume of 20 pl. All gPCR analyses were
done on at least two biological replicates, in triplicate each. For normalization, we
used primer sets for GAPDH, 18S RNA, and Alu, respectively (suppl. table 1).

Other methods. Radioactive activity assay, SDS page analysis, western blot, silver
staining and agarose gel electrophoresis were carried out as described previously
(Herrmann et al., 2004; Herrmann et al., 2009). Colorimetric quantitation of total
protein in cell lysates was done using the Pierce BCA Protein Assay Kit (Thermo
Scientific), according to the manual.

Results

PRMT1Aarm is a naturally occurring new variant of PRMT1

The presence of different isoforms, which are also found to vary in abundance
between healthy and cancer cells (Goulet et al., 2007), suggests that the activity of
PRMT1 is finely regulated through the balance of expressed isoforms. We have thus
screened GenBank for potential additional isoforms, and found an Expressed
Sequence Tag (EST) from human neuroblastoma cells (accession# BX352789.2) that
differs from the previously characterized isoforms. In the new form, exons 8 and 9
are skipped, directly fusing exon 7 and 10. This results in a deletion of amino acids
168 to 234 of the enzyme, which exactly encode the known dimerization arm of
PRMT1 (Fig. 1). It is thus similar to the artificial construct PRMT1Aarm that was
investigated by Zhang & Cheng (2003). We find, for the first time, that such an
isoform also exists in nature, at least as an EST in the GenBank database.

To verify the presence of PRMT1Aarm in cell lines, we developed specific primer sets
(suppl. table 1; also see suppl. Fig. S1 for the positioning of all used PCR primers) for
use in RT-PCR. For semi-quantitative PCR, the forward primer (P1Aarmfwd; 5'-
CGGGACAAGTGGCTGGAGGTG-3') hybridizes to a sequence across the border of
exons 7 and 10 (in italics) of the prmt1 gene, and is therefore specific for
PRMT1Aarm that lacks exons 8 and 9. The reverse primer (Pan12r; 5'-
CGAAACCGCCTAGGAACGCT-3') hybridizes to a sequence in exon 12 that is common
to all PRMT1 isoforms. For PRMT1Aarm, this PCR produces a specific amplicon of
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429bp; no amplification was observed from sequences containing exon 8 and 9,
using cloned PRMT1v1 as a PCR template (not shown). For quantitative PCR, the
same forward primer was combined with a different reverse primer (Pan10rq; 5'-
CAGGGCGTGCACGTAGTCAT-3'), to produce a specific amplicon of 108bp. When
performed on RNA prepared from HEK293 and Hela cells, expression of PRMT1Aarm
was clearly detectable at comparable levels after 25 cycles of semi-quantitative PCR
amplification (Fig. 2A, also compare suppl. Fig. S2). To examine which other
alternative exons, upstream of exon 7, are present in the novel isoform PRMT1Aarm,
we designed a PRMT1Aarm-specific reverse primer, which again hybridized across
the border of exon 7 and 10, but in the opposite orientation. This primer
(P1Aarmrev; 5'-GGTATAGATGTCCACCTCCAGCC -3'), was then combined with
published or newly designed forward primers specific for the known amino-terminal
splicing isoforms (Fig. 2B). PCR reactions with these primer pairs would yield specific
products that correspond to the 5' end of the known seven isoforms. For a first
analysis, we used the published forward primer PF (Scorilas et al., 2000) located in
exon eld. This primer, combined with P1Aarmrev, would amplify all known isoforms
except v4 and v6, with characteristic product sizes (v1: 507bp; v2: 561bp; v3: 680bp;
v5: 665bp; v7: 405bp). We obtained only one strong band, at the predicted size
corresponding to variant v1.

For a more detailed analysis, we used published primers (Goulet et al., 2007) for
variant 5 and 7, and newly designed primers for variant 3 (v3s), located in the longer
form of exon 3 unique to variant 3, for variant 4 (v4s), overlapping the junction
between exon elc and E4, and for variant 6 (v6s), located in exon elb. The isoform-
specific primers gave only very weak products for isoform 3 and 7, and no signals for
isoform 4, 5, and 6. In control PCR reactions to verify the presence of the known
isoforms in Hela cells, we used the same specific forward primers and combined
them with the common reverse primer (Pan12r) in exon 12. We find products of the
expected size for all isoforms, with the exception of variant 4 which appears to be
lacking in Hela cells (Fig. 2B, lower panel). To further confirm that PRMT1Aarm
contains the upstream exons of variant 1, but not those of the other major isoform
v2, we cloned a "Aarm version" of PRMT1v2, and used it to compare the
amplification product from this plasmid with the products from the Aarm version of
variant 1, and from Hela cDNA. We find only one band amplified from Hela cDNA,
with a size corresponding to the 5'-end of variant 1, but not of variant 2.

Thus, together, these two experiments clearly show that the lack of the dimerization
arm in exon 8 and 9 is almost exclusively combined with a 5' end identical to variant
1in Hela cells.

PRMT1Aarm expression is correlated with cellular malignancy

To expand our analysis to other cell lines, we next analyzed the level of PRMT1Aarm
expression in two normal diploid lung fibroblast strains, HFL-1 and MRC-5, and a
panel of four lung cancer lines with different status of p53 and K-Ras (suppl. table 2).
We find that the expression level of PRMT1Aarm is consistently higher in the cancer
cell lines when investigated by semi-quantitative PCR (Fig. 3B) and real-time
quantitative RT-PCR (Fig. 3C, also compare suppl. Fig. S2). The results, which were
readily reproducible in five independent experiments, show that H1792 has the
highest level of PRMT1Aarm expression of all the tested cell lines (7 times more than
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HFL-1 and 25 times more than MRC-5). The second highest PRMT1Aarm expression
levels are found in H1299 cells (3 times more than HFL-1 and 11 times more than
MRC-5). A549 cells express slightly less than H1299 (2.5 times more than HFL-1 and
10 times more than MRC-5). Finally, H1437 express the lowest amount of
PRMT1Aarm of all tested cancer cell lines (2 times more than HFL-1 and 6 times
more than MRC-5). This higher abundance of the PRMT1Aarm splicing isoform in
cancer cells is in line with reports that the expression levels of PRMT1 variants are
altered between normal and cancer cell lines, in that case from breast cancer
(Baldwin et al., 2012; Goulet et al., 2007; Scorilas et al., 2000). Furthermore, the
relative expression levels suggest a correlation to the presence of cells that display
mesenchymal phenotype. For example, the H1792 cell line originates from a stage 4
cancer and is the only cell line in our panel with mutated K-Ras and mutated p53
with almost p53 null phenotype, had the highest levels of PRMT1Aarm. This line is a
mixture of epithelial and mesenchymal-like cells, suggesting that it has at least
partially gone through epithelial-to-mesenchymal transition (EMT). Transformed
cells that have undergone EMT are known for their invasiveness, aggressiveness and
their metastatic abilities. On the other hand, H1437 cells have wild type K-Ras and a
point mutation in p53 and strictly epithelial phenotype, show the lowest levels of
PRMT1Aarm among the investigated cancer cell lines.

To investigate whether PRMT1Aarm directly correlates with EMT, we transfected
HEK293 cells with an expression vector for flag-tagged Snail-6SA, a stabilized form of
the transcriptional repressor Snaill that is critically involved in driving EMT (see, e.g.
Zhou et al., 2004). In line with earlier data from other laboratories who had used
HEK293 cells as an EMT model (see e.g. Kashyap et al., 2013; Wu et al., 2009), we
find that expression of Snail leads to morphological changes towards more spindle-
shaped cells (Fig. 4A, left panel), concomitant with a strong reduction of E-Cadherin
expression (Fig. 4A, right panel), both of which are characteristic for cells undergoing
EMT. Immunofluorescence with an anti-flag antibody confirmed the proper nuclear
localization of Snail (Fig. 3B). We also transfected HEK293 with the Snail-6SA
expression vector by two independent methods of transfection (Lipofectamine 2000
and Polyethylenimine, respectively), to establish stable cell lines. After selection, we
prepared RNA from these cells and investigated them by quantitative RT-PCR for the
presence of total PRMT1 (all isoforms, amplified with the "pan" PRMT1 primer set
Panfwd and Pan12r) and PRMT1Aarm (amplified with primers P1Aarmfwd and
Pan10rq). This analysis showed that the level of total PRMT1 is increased by about a
factor of 3 in comparison to the non-transfected parental HEK293 cell line.
Interestingly, however, the level of PRMT1Aarm is significantly further increased,
revealing a six- to sevenfold up-regulation of PRMT1Aarm in comparison to controls,
and independently of the transfection method (Fig. 4C). Thus, Snail enhances the
splicing of the PRMT1 pre-mRNA in favor of PRMT1Aarm, in line with a correlation
between PRMT1Aarm and EMT or malignancy.

PRMT1Aarm expression leads to G1 cell cycle block and cell death

In a further set of experiments, we characterized the PRMT1Aarm protein, and its
potential function in live cells. To this end, we cloned the coding region of
PRMT1Aarm into a pEYFP-N1 vector to express a yellow fluorescent fusion protein,
and used full length PRMT1v1:YFP as a control in all following experiments.
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Microscopic observation of HEK293 cells transiently or stably transfected with
PRMT1v1:EYFP and PRMT1Aarm:EYFP, respectively, consistently indicated
significantly lower expression levels of the PRMT1Aarm variant. Moreover, increased
cell death was observed for the PRMT1Aarm-transfected cells two days after
transfection. In stable cell populations after six weeks of selection, the cells which
managed to survive were those with the lowest expression levels of PRMT1Aarm,
while a large range of expression levels was found for full length PRMT1v1:EYFP. To
guantify the difference in average expression between PRMT1v1:EYFP and
PRMT1Aarm:EYFP, we performed western blotting with total cell extracts prepared
24h post transfection with the two expression constructs. We find that the level of
the expressed full-length PRMT1 is about four times higher than that of PRMT1Aarm
(Fig. 5A), in agreement with the results from microscopic observation. Identical
results were also obtained by fluorescence-activated cell sorting (FACS). In these
experiments, we used propidium iodide for cell cycle analysis in parallel with the
expression levels comparison for the two proteins. As shown in Fig. 5B, expression of
PRMT1Aarm:EYFP, but not full length PRMT1v1:EYFP, results in a arrest in the G1
phase of the cell cycle, and in increased cell death as shown by an increase of the
sub-G1 fraction of cells from 6.4% to 17.4%. We conclude that a considerable
expression of PRMT1Aarm is not compatible with cell cycle progression, and
consequently leads to cell death by apoptosis.

PRMT1Aarm accumulates in nucleoli under proteasome inhibition

Interestingly, already shortly after transfection, the expression levels of PRMT1Aarm
and full length PRMT1v1 were different by a factor of around 4, even though they
were expressed from the same promoter and vector backbone. We thus
hypothesized that the difference may be on protein level, perhaps due to increased
proteosomal degradation of PRMT1Aarm. To address this point, we transfected
HEK293 with the two constructs, and, starting 24 h after transfection, incubated
them with 5 puM of the proteasomal inhibitor MG132 for 8 or 16 hours. We find that,
when we analyzed total cell extracts by immunoblotting, the levels of both proteins
remained stable independently of incubation time with MG132 (Fig. 6A). While
inhibition of the proteasome did not result in changes in the levels of the two
proteins, we microscopically observed a striking re-localization of PRMT1Aarm after
8 hours of MG132 treatment in HEK293 cells, which did not occur for full-length
PRMT1 (Fig. 6B&C). Then, PRMT1Aarm is almost completely absent from the
cytoplasm and has accumulated at the nucleolus as visualized by the nucleolar
marker protein fibrillarin:FusionRed (a kind gift of the laboratory of Dmitriy
Chudakov, Moscow). Similar re-localization after proteasome inhibition has been
shown before for several other proteins, but the functional consequences of this
phenomenon are not yet entirely clear (see discussion). Under the same conditions,
full length PRMT1v1 does not significantly change its localization, and remains
excluded from nucleoli (Fig. 6B&C).

PRMT1Aarm is catalytically inactive, but stably interacts with nuclear proteins

It has been shown earlier that PRMT1 obtains its enzymatic activity only after
oligomerization (Zhang and Cheng, 2003); these authors had also used an artificial
construct lacking the dimerization arm, similar to our naturally occurring
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PRMT1Aarm isoform. As their recombinant construct had eluted as a monomer from
gel filtration columns, and completely lacked enzymatic activity, we hypothesized
that the lack of exons 8 and 9 in the PRMT1Aarm isoform, which code for the
dimerization arm of PRMT1, would also not allow the interaction of PRMT1Aarm
with itself or with the other PRMT1 isoforms. In order to investigate this possibility,
we transiently transfected HEK293 cells with expression vectors encoding
PRMT1v1:EYFP and PRMT1Aarm:EYFP, and performed immunoprecipitation with
anti-GFP antibodies. Four times more starting material was used from the cells
expressing PRMT1Aarm to account for the lower expression level of the protein (see
above). The precipitated proteins were analyzed by Western blot with anti-PRMT1
antibodies, which recognize both the overexpressed fusion proteins and the
endogenous PRMT1 isoforms. We find that endogenous PRMT1 readily co-
immunoprecipitated with the expressed full-length PRMT1v1:YFP protein (Fig. 7A,
lane 1), but not with PRMT1Aarm (Fig. 7A, lane 2). Interestingly, lane 1 also shows
some high molecular weight bands that most probably represent remaining non-
denatured PRMT1 oligomers that co-precipitate exclusively with full-length
PRMT1v1:YFP. These results verify that the lack of the dimerization arm indeed
results in the inability of dimerization (and further oligomerization) of the
PRMT1Aarm variant with endogenous PRMT1 variants. Consequently, the
PRMT1Aarm variant also lacks enzymatic activity (Fig. 7B) as determined by an assay
with hypomethylated protein extracts as a substrate (compare Herrmann et al.,
2004). When we performed silver staining of the same immunoprecipitation assays,
however, we obtained a very similar pattern of co-precipitated proteins for
PRMT1v1 and PRMT1Aarm (Fig. 7C). This demonstrates that PRMT1Aarm still can
bind to many of the same factors that are also bound by (active) PRMT1v1, although
some differences were also obvious (Fig. 7C, asterisks).

We had earlier demonstrated that a chemically inhibited or mutated, catalytically
inactive PRMT1v2 accumulates in the nucleus (Herrmann et al., 2005; Herrmann and
Fackelmayer, 2009). Interestingly, we find a similar enrichment in the nucleus also
for PRMT1Aarm (Fig. 7D). As PRMT1Aarm is a naturally occurring inactive form of
PRMT1, its molecular dynamics could also resemble those of inhibited or genetically
inactivated enzyme. In a last set of experiments, we therefore measured the
dynamics of PRMT1Aarm and compare it to the full-length variant 1 in live cells, by
performing Fluorescence Recovery After Photobleaching (FRAP) experiments. To this
end, we used HEK293 stably expressing the full-length and the PRMT1Aarm form of
PRMT1v1 tagged with EYFP. A rectangular bleaching area that included both
cytoplasmic and nuclear parts in at least 20 cells was photobleached and the
fluorescence recovery of each area (nucleus and cytoplasm individually) was
monitored through 250 post-bleach images over a time period of 50 seconds (Fig 8).
This analysis revealed that both full-length PRMT1v1 and PRMT1Aarm are fully
mobile in the cytoplasm, with recovery half-time of around 3 seconds, and thus
behave like soluble proteins. In the nucleus, on the other hand, both proteins
recover to only 75% of the initial fluorescence, and have an immobile fraction of
25%. We also note that PRMT1Aarm recovers more slowly, presumably indicating
longer interaction with substrate proteins. So, indeed, PRMT1Aarm — but also full
length PRMT1v1 — display molecular dynamics identical with our earlier data on
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substrate-bound inactive PRMT1 (Herrmann et al., 2005), which we have added for
comparison (Fig. 8, grey dotted line). Further research will be necessary to
understand the reason for the immobile fraction of full length PRMT1v1, as it differs
significantly from the PRMT1v2 variant we had investigated previously (Herrmann et
al., 2005).

Discussion

PRMT1 is the predominant member of the human family of protein arginine
methyltransferases, and has previously been described to occur in a variety of
splicing variants that differ in their amino terminus (Goulet et al., 2007). Here, we
characterize a novel splicing variant that lacks the dimerization arm of the enzyme,
and thus represents the first example of a PRMT1 isoform with variation in the
catalytic core of the protein. The novel variant, which we call PRMT1Aarm, correlates
with the malignant phenotype in lung cancer lines, and is increased by expression of
the transcriptional repressor Snail.

Several previous studies have demonstrated a role of members of the PRMT family
in cell homeostasis and in different types of cancer (reviewed by Yang and Bedford,
2013). For example, PRMT1 and PRMTS5 have been correlated with tumor
aggressiveness, and their knockdown in both in vitro and in vivo studies had shown
cell cycle arrest and reduced tumor volume (e.g. Baldwin et al., 2012; Wang et al.,
2012; Han et al., 2014; Yan et al., 2014); also, high PRMT1 expression in breast
cancer tissues correlates with poor patient prognosis and a reduced disease-free
survival (Mathioudaki et al., 2011). However, the contribution of PRMTs to
malignancy is still not well understood on a molecular level. In the case of PRMT]1,
we in particular must understand how the activity of PRMT1 is regulated on specific
substrates, as this highly abundant enzyme fully methylates most of its substrates
(see, e.g. Herrmann et al., 2004), but at the same time methylates only a small
fraction of histone tails. One way of regulation is the interaction with proteins such
as B-cell translocation gene 1 (BTG1) and BTG2, which promote its multimerization
and result in increased PRMT1 activity and co-activator function (Lin et al., 1996; Lee
et al., 2007). Results from the C6té laboratory suggest that the activity of PRMT1 can
also be regulated by the balance of expressed splicing variants (Goulet et al., 2007).
These variants are all able to form oligomers with each other, and can result in
oligomeric holoenzymes with different activity and distinct substrate specificities in
different cell types. In fact, PRMT1v2 has been shown to promote the survival and
invasiveness of human breast cancer cells (Baldwin et al., 2012). Along this line, we
had demonstrated that catalytically inactive PRMT1v2 stably binds to nuclear
substrates, and might thus contribute to the regulation of PRMT1 activity as a
competitive inhibitor (Herrmann et al., 2005). In the present paper, we describe the
same behavior for PRMT1Aarm: It is catalytically inactive (Fig. 7B), accumulates in
the nucleus (Fig. 7D) through stable interaction with other proteins (Fig. 7C), and
gains an immobile fraction (Fig. 8) very similar to a catalytically inactive mutant of
PRMT1v2 (Herrmann et al., 2005; Herrmann and Fackelmayer, 2009). With regard to
interacting proteins, we find that the general pattern of co-precipitated proteins is
very similar for both PRMT1 constructs, but also show some distinct differences. For
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example, we detect a protein of around 40 kD exclusively in the sample with full
length PRMT1v1, while we find two proteins of around 48 and 50 kD exclusively in
the sample with PRMT1Aarm (labeled with asterisks in Fig. 7C). Of note, the
enrichment of the 50 kD protein in the PRMT1Aarm sample reproduces the result of
inhibited PRMT1v2 from our earlier publication Herrmann et al. (2005).

As expected from the lack of the dimerization arm, PRMT1Aarm cannot multimerize
with other variants of endogenous PRMT1 (Fig. 7A). Nevertheless, PRMT1Aarm
associates with endogenous interaction partners (substrates or regulators) of
PRMT1, without being a component of an active oligomeric holoenzyme itself. Thus,
the recognition and binding of interacting proteins is independent of multimerization
of PRMT1, and of its enzymatic activity. Due to these interactions, PRMT1Aarm may
act as a competitive inhibitor, shielding selected substrates from being methylated
by an active PRMT1 oligomer. This may explain how the experimental
overexpression of PRMT1Aarm leads to a block in the G1 phase of the cell cycle, and
to morphological changes indicative of apoptosis as well as an increase of cells with
sub-G1 content of DNA (Fig. 5B). This is in agreement with the previous observation
that knock-down of PRMT1 results in an arrest in the G1-S phase of the cell cycle,
proliferation inhibition and apoptosis induction in human glioma cell lines (Wang et
al., 2012).

We find that in transiently transfected cells, the protein level of PRMT1Aarm is
typically about one-fourth of active PRMT1v1 (Fig. 5A), and even less in stably
expressing cells after several weeks of selection. This is reminiscent of earlier results
from our laboratory which had demonstrated that a point-mutated, inactive version
of PRMT1v2 can likewise only be expressed in low levels (Herrmann and
Fackelmayer, 2009). Apparently, the cell counteracts the elevated amounts of
PRMT1Aarm, resulting from its forced expression, on protein level (as the RNA is
expressed from the same CMV promoter as full length PRMT1v1). Interestingly,
when we investigated whether PRMT1Aarm is degraded by the proteasome, we
found that only PRMT1Aarm, but not full length PRMT1v1, re-locates from
predominantly cytoplasmic localization to nucleoli in almost all cells upon MG132
treatment (Fig. 6B). This is not a consequence of cytoplasmic PRMT1Aarm being
degraded, because the total amount of the protein remains the same during MG132
treatment (Fig. 6A). More specifically, we found that PRMT1Aarm localizes close to,
but not exactly co-localizing with fibrillarin (Fig. 6C), to structures that are
reminiscent of “nucleolar aggresomes”. These structures have been found before in
many cell types after treatment with proteasome inhibitors, and contain dozens of
proteins, together with polyadenylated RNA (Latonen et al., 2011). Among the
proteins found in these structures are components of the ubiquitin-proteasome
system, including PML body proteins and ubiquitin itself, as well as targets including
cancer-related transcription factors and cell cycle regulators (e.g. p53, MDM2,
cyclins), and proteins involved in neurodegenerative diseases (e.g. ataxin-1, Malin).
Most probably, the nucleolar aggresome proteins are in the process of being
degraded, and their normal half lives are bound to have an effect on the kinetics of
their appearance in nucleolar aggresomes (Latonen et al., 2011). We therefore
hypothesize that the half-life of PRMT1Aarm is somewhat decreased in comparison
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to full length PRMT1v1, and thus the lower steady-state amount of the PRMT1Aarm
isoform most likely results from faster degradation.

We had originally found the PRMT1Aarm variant in database searches as an
expressed sequence tag from a neuroblastoma (GenBank accession number
BX352789.2). In follow-up experiments, we detected its expression in variable
amounts in normal fibroblasts and different lines of transformed cells (Fig. 2A, Fig.
3). When investigated by semi-quantitative and quantitative RT-PCR, we find that
the amount of PRMT1Aarm is significantly higher in human non-small cell lung
cancer cell lines than in human normal diploid lung fibroblasts, and correlates with
their reported aggressiveness (Fig. 3B): It was highest in H1792 that originate from a
stage 4 lung adenocarcinoma and expressing mutant K-Ras and mutant p53, and
lowest in H1437 from a stage 1 lung adenocarcinoma, expressing wild type K-Ras and
a dominant negative p53. The two other cancer cell lines, expressing mutant K-Ras
and wild type p53 (A549) or wild type K-Ras and mutant p53 (H1299), displayed
intermediate but almost identical levels of up-regulation. In these experiments, we
also observed a correlation with the mesenchymal phenotype, displaying higher
expression of PRMT1Aarm in cell lines with a higher percentage of mesenchymal
cells. To recapitulate the up-regulation of PRMT1Aarm in an experimental system,
we expressed Snaill, one of the master regulators of EMT (see, e.g. Zhou et al.,
2004), in HEK293 cells that can be driven towards a mesenchymal-like phenotype
(Kashyap et al., 2013; Wu et al., 2009). Indeed, concomitant with a change in cellular
morphology and a down-regulation of E-Cadherin indicative of EMT, we find a
significant up-regulation of PRMT1Aarm (Fig. 4). Together, these results point to a
link between PRMT1Aarm expression and cancer cell phenotype in lung cells.

The particular way in which PRMT1Aarm is linked to cancer remains presently
unknown. PRMT1Aarm could promote the transformation of normal cells to cancer
cells in a similar way to variant v2 (Baldwin et al., 2012), and thus being expressed in
higher levels in cancer cells. However, in the light of our results, it is more likely that
PRMT1Aarm is involved in a defense mechanism against neoplastic transformation.
In this scenario, PRMT1Aarm could protect the cells from cancer progression by
negatively regulating PRMT1-mediated methylation, which has been linked to cancer
promotion in several studies. This could explain our observation that cells forced to
express higher amounts of PRMT1Aarm have an increased rate of cell death, as they
initiate apoptosis in order to avoid their transition to cancer cells, perhaps through
EMT. This is particularly plausible, as PRMT1 has recently been found to act as an
important regulator of EMT through PRMT1-mediated methylation and activation of
the E-cadherin repressor, Twistl, in non-small cell lung cancer (Avasarala et al.,
2015) as well as in breast cancer (Gao et al., 2016). Through promoting cell migration
and invasion, overexpression of PRMT1 may promote development of metastases
(Gao et al., 2016). The Snaill-induced increase of PRMT1Aarm may therefore
represent an attempt to reduce PRMT1 activity, and in this way counteract PRMT1-
induced activation of the EMT program in affected cells.

Future research in our laboratory will now extend these experiments, with the aim
to better understand the properties of PRMT1Aarm and its role in regulating PRMT1
activity, particularly in cancer development and progression.
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Legends and Figures

Fig. 1. (A) Exon organization of the Prmt1 gene, showing the known splicing variants
v1-v7, and the novel variant PRMT1Aarm. (B, C) Structural context of the new
variant. (B) Structure of the dimer of canonical PRMT1, showing in space fill mode
the tip of the dimerization arm (blue) and the dimer interface on the AdoMet
binding domain of the bound second monomer (red). (C) Structure of a PRMT1
monomer, with the dimerization arm highlighted in colors (upper panel), and the
PRMT1Aarm deletion variant with the missing part in transparent color (lower
panel). Note that the flexible loop VDIYT (blue arrow) at the beginning of exon 10 is
of suitable size to fold over and connect the two amino acids (red) amino-terminal
(L167, end of exon 7) and carboxy-terminal (E236, start of exon 10) of the deleted
arm, without causing major structural changes in the protein.

Fig. 2. (A) Expression of PRMT1Aarm on RNA level in HEK293 and Hela cells. Total
RNA was prepared from untreated HEK293 and Hela cells and reverse-transcribed,
followed by 20, 25 and 30 cycles of PCR with a primer set specific for PRMT1Aarm.
(B) RT-PCR with isoform-specific forward primers and the PRMT1Aarm specific
reverse primer (P1Aarmrev) was used to identify the exons present upstream of
exon 7 (upper panel), or with isoform-specific forward primer and a general
PRMT1pan reverse primer (lower panel). Note that a strong amplification product is
only obtained with the forward primer PF ("v1...v3"). (C) Dimerization-arm deletion
constructs were cloned for variant 1 and variant 2, and used for PCR with the primer
pair PF and P1Aarmrev. The products were compared with the product from RT-PCR
from Hela cDNA. Note that the RT-PCR product is identical with that of the v1
construct.

Fig. 3. (A) PRMT1Aarm expression in two normal diploid lung fibroblast strains, HFL-1
and MRC-5, and a panel of four lung cancer lines (A549, H1299, H1437, H1792) with
different status of p53 and K-Ras. Semi-quantitative PCR for 30 cycles was
performed, and the products were analyzed by agarose gel electrophoresis, together
with products from RT-PCR with the PRMT1pan primer pair (26 cycles) that amplifies
all PRMT1 isoforms. GAPDH was used as a loading control. (B) Quantitative RT-PCR
was performed on RNA from the same cells. The data was normalized to GAPDH and
analyzed by the AACt method. The means of PRMT1Aarm expression relative to
MRC-5 cells are given, together with their SEM. (one star: p<0.05; three stars:
p<0.001, two-tailed t-tests)

Fig. 4. Expression of PRMT1Aarm is increased in cells expressing the EMT inducer
Snaill. (A) HEK293 cells transfected with a Flag:Snail-6SA expression vector were
analyzed for cell morphology by staining of live cells with DiOCs, and for the
expression of Snail and E-Cadherin by RT-PCR, using GAPDH as a normalization
control. (B) Expression and correct nuclear localization of Snail were verified by
immunofluorescence with anti-Flag antibody (red) and Sytox Green as a DNA
counterstain (green). A representative nucleus is shown; scale bar: 10um. (C) Total
PRMT1 and PRMT1Aarm are up-regulated upon Snail expression in HEK293 cells
stably transfected with Flag:Snail-6SA expression vector either with Lipofectamine
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2000 (LF) or Polyethylenimine (PEIl). The expression of PRMT1 and PRMT1Aarm was
measured with gPCR with primer pairs that amplify all seven amino-terminal variants
of PRMT1 or PRMT1Aarm, respectively. The data was normalized to GAPDH and
analyzed by the AACt method. The mean of individual experiments is presented
graphically together with SEM for each case. The stars indicate statistical significance
(three stars: p<0.01, four stars: p<0.005, two-tailed t-tests).

Fig. 5. Expression of PRMT1Aarm leads to a G1 cell cycle arrest. HEK293 cells were
transiently transfected with constructs encoding PRMT1v1:YFP or PRMT1Aarm:YFP,
respectively. 24h after transfection, cells were harvested and analyzed by
fluorescence-activated cell sorting (FACS). (A) Expression levels of the two
constructs. Untransfected cells and cells transfected with empty YFP vector were
used as references. Insert: western blot with extracts from cells expressing the two
variants, using anti-GFP antibodies (upper panel), or a part of an identical gel stained
with Coomassie blue as loading control (lower panel). (B) Cells cycle analysis of
transfected cells by staining with propidium iodide. Note that cells expressing
PRMT1v1 have a cell cycle profile identical with untransfected control cells, whereas
PRMT1Aarm lead to an arrest in G1 and increased number of cells with sub-G1
amount of DNA. M1= G1 phase, M2= S, M3= G2/M, M4=sub-G1.

Fig. 6. Localization of PRMT1v1 and PRMT1Aarm are differently affected by
inhibition of the proteasome with MG132. (A) Cells transiently expressing PRMT1v1
or PRMT1Aarm, respectively, were treated with 5 uM MG132 for 8 or 16 hours,
respectively, before total cell extract was prepared and analyzed by western blotting
with anti-GFP antibody (upper panel), or an identical gel stained with Coomassie
blue as loading control (lower panel). (B) Cells transfected as in (A) and treated with
MG132 for 8 h were investigated by confocal microscopy. Note how PRMT1Aarm,
but not PRMT1v1, relocalizes from predominantly cytoplasmic localization to
nucleoli in 97% of treated cells. Upper panel: typical microscopic fields with the
expressed constructs in green, and a nuclear counterstain with To-Pro 3 in red; lower
panel: statistical analysis of the four conditions. Each black dot represents one
percent of cells with nucleolar localization; grey dots represent cells with non-
nucleolar localization. p<0.0001, two-tailed t-test. (C) PRMT1Aarm accumulates in
nucleolar aggresomes. Live cells stably expressing fibrillarin:FusionRed as a marker
for nucleoli were transiently transfected with the two PRMT1 constructs, and then
treated with MG132 as in (B).

Fig. 7. PRMT1Aarm does not multimerize with endogenous PRMT1, is catalytically
inactive, and accumulates in the nucleus through stable interaction with nuclear
factors. (A) Extracts from cells expressing PRMT1v1:YPF or PRMT1Aarm:YFP were
subjected to immunoprecipitation with anti-GFP antibodies, and the precipitated
proteins were analyzed by western blot with antibodies to PRMT1. (B) PRMT1
constructs were immunoprecipitated as in (A), and the immunoprecipitated native
proteins were incubated with radioactive AdoMet and hypomethylated total cell
extract as a substrate. Reaction products were separated by SDS PAGE and the
radioactively labeled products were visualized by fluorography. (C) Identification of
proteins that are preferentially associated with PRMT1v1 or PRMT1Aarm,
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respectively. Total cell extracts were used for immunoprecipitation with monoclonal
antibodies against GFP. After extensive washing, proteins were resolved by SDS-
PAGE and visualized by silver staining. Note that some proteins differentially interact
with PRMT1 and PRMT1Aarm, denoted by asterisks beside the lanes.

(D) Typical microscopic fields of cells expressing PRMT1v1 or PRMT1Aarm,
respectively, under steady state conditions in live cells (left panel). For
guantification, mean pixel intensities in several regions of interest in the cytoplasm
and the nucleus were measured, and expressed as a ratio of nuclear versus
cytoplasmic fluorescence; n=110 cells per construct (right panel). Note that
catalytically inactive PRMT1 accumulates in the nucleus approximately threefold in
comparison to wild-type PRMT1; shown is the median with 25 and 75 percentile
(box) and 5-95 percentile (whisker). p<0.0001, two-tailed t-test.

Fig. 8. HEK293 cells stably expressing PRMT1v1:YFP or PRMT1Aarm:YFP, respectively,
were analyzed by fluorescence recovery after photobleaching (FRAP). Rectangular
regions of interest spanning both the cytoplasm and the nucleus of cells were
photobleached, and the recovery of fluorescence was recorded for 50sec.
Cytoplasmic and nuclear regions were then analyzed separately for 25 cells per
construct. Shown are the means (and SEM) of the measurements. Dotted grey line:
FRAP recovery curve of a catalytically dead mutant of PRMT1v2, shown for
comparison.

Supplementary Fig. S1. Schematic representation of the genomic structure of the
prmtl gene, and the individual exon composition of the mature mRNAs of all eight
isoforms. The positioning of all primers used for PCR analysis is shown by arrows.

Supplementary Fig. S2. Comparison of PRMT1Aarm expression between lung

fibroblasts, lung cancer lines, and HEK293 cells, as determined by semi-quantitative
RT-PCR. GAPDH was used for normalization
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Tables

Supplementary TABLE I. DNA primer sequences and conditions for RT-PCR

primer name sequence (5'->3") use* annealing | elongation
Pl1Aarmrev GGTATAGATGTCCACCTCCAGCC semi 65°C 30sec, 72°C
P1Aarmfwd CGGGACAAGTGGCTGGAGGTG semi&q 67°C 20sec, 67°C
Pan10rq CAGGGCGTGCACGTAGTCAT q 60°C 60sec, 60°C
Panfwd ATGACTACGTGCACGCCCTG semi&q 60°C 30sec, 72°C
Panllrq CGTCTGCTTCCAGTGCGTGTA q 60°C 60sec, 60°C
Pani12r CGAAACCGCCTAGGAACGCT semi 60°C 30sec, 72°C
v3s AGATGGTAGGCGTGGCTGA semi 65°C 30sec, 72°C
vis GCGGGGTCGCGGTGTCCT semi 65°C 30sec, 72°C
v6s AGAAGCTGACCAGACAAAGAGA semi 65°C 30sec, 72°C
PF (1) GAGGCCGCGAACTGCATCAT semi 65°C 30sec, 72°C
PR (1) TGGCTTTGACGATCTTCACC semi 65°C 30sec, 72°C
P1F5 (2) ACTGGAGAGATGGTGTCCTGTGG semi 65°C 30sec, 72°C
P1F7 (2) TGCATCATGGAGGAGATGCTGAAGG |semi 65°C 30sec, 72°C
Snail_fwd (3) ACCACTATGCCGCGCTCTT semi&q 60°C 60sec, 60°C
Snail_rev (3) GGTCGTAGGGCTGCTGGAA semi&q 60°C 60sec, 60°C
ecadherin_fwd (3) GTCAGTTCAGACTCCAGCCC semi&q 60°C 60sec, 60°C
ecadherin_rev (3) AAATTCACTCTGCCCAGGACG semi&q 60°C 60sec, 60°C
GAPDH_fwd (4) AGCCACATCGCTCAGAACAC semi 57°C 45sec, 72°C
GAPDH_rev (4) GAGGCATTGCTGATGATCTTG semi 57°C 45sec, 72°C
GAPDH_RT_fwd (5) | TGCACCACCAACTGCTTAGC q 60°C 60sec, 60°C
GAPDH_RT_rev (5) | GGCATGGACTGTGGTCATGAG q 60°C 60sec, 60°C
18S_RT_fwd (6) CTCAACACGGGAAACCTCAC semi&q 60°C 60sec, 60°C
18S_RT_rev (6) CGCTCCACCAACTAAGAACG semi&q 60°C 60sec, 60°C
Alu_fwd (7) CATGGTGAAACCCCGTCTCTA semi&q 60°C 60sec, 60°C
Alu_rev (7) GCCTCAGCCTCCCGAGTAG semi&q 60°C 60sec, 60°C

* semi= semi-quantitative end point PCR; g= real-time qPCR
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Supplementary TABLE Il. Cell lines used in this study

line characteristics morphology K-Ras p53

HFL-1 Normal diploid human lung fibroblast wt wt
fibroblasts, male

MRC-5 | Normal diploid human lung fibroblast wt wt
fibroblasts, male

A549 58 years male, Caucasian, stage 2, mostly epithelial, G12S wt
NSCLC, primary tumor few mesenchymal

H1299 | 43 years male, Caucasian, NSCLC, epithelial wt null
metastatic site

H1437 | 60 years male, Caucasian, stage 1 epithelial wt R267>P
adenocarcinoma; NSCLC

H1792 | 50 years male, Caucasian, stage 4 epithelial- G12C c.672+1G>A
NSCLC metastatic site mesenchymal (almost null)




