Transcriptional regulation by Inositol Polyphosphates

Thesis by

Wanda Anselmo

Submitted to

Universita’ della Calabria

In partial fulfillment of the requirements
for the degree of

Doctor in Biologia Molecolare ed Attivita’ dei Farmaci in Oncologia

Submitted December 10, 2014

Defended December 19, 2014



Table of Contents

INtroduCtion TO INOSITOL ........couiiiiiie e 3
INOSITOI NUCIEAN FUNCTIONS........eiiiiciecc et 7
IP7 (5-diphosphoinositolpentakiSphoSphate) ..o 10
IP7 — TN NEBW FOIE ... se bbb 11
RESUITS ...t b b bbb bR R R Rt n et b 14
DISCUSSION ...ttt bbb bbbt bbb et b et nn s 27
Materials AN METNOGS..........oiiiiieiee et 30
Cell Culture, Transfections, and Drug Treatments ...........cccccveieereiieeseeie s 30
QA= (=T T =] (o) T SRRSO 30
DUAI LUCITEIASE ASSAY ....ecvviveeieesieiteesteetesieesteete st e steeste st e s teetessaestaessesseesbeenbesseesteenesnsenreeneens 31
FIOW CYLOMELIY ASSAY ...ecuviiveeieesieitie st ete st e steeste st e ste et e st e s teetessaesteesteaseesteesbesseesreesesnneareeneens 31
BIDHOGIAPNY ..ot 32



Introduction to Inositol

The discovery of inositol dates back more than a century and half and since this initial finding
there have been numerous major discoveries leading towards our understanding of inositol
polyphosphate signaling pathways. The German chemist Josef Scherer first isolated
hexahydroxycyclohexane (1) from muscle tissue and designated this new molecule inos (Greek
for muscle). Additional early discoveries include (the the identification in 1850 of high levels of
phosphorous in phytate, by Theodor Harting in 1914, the determination of phytate's structure as
myo-inositol-1,2,3,4,5,6-hexakisdihydrogen phosphate (2-3). Myo-inositol is the most abundant
inositol found in nature and is synthesized by both prokaryote and eukaryote cells and is the
primary basic isomer to which all phosphorylation occurs. Through the phosphorylation of its six
hydroxyl groups in the inositol ring (4), myo-inositol produces many signaling molecules
(inositols) which act as secondary messengers in the cytoplasm and nucleus. These messenger
molecules (phosphorylated inositols) transmit signals originating from the receptors on the cell’s

surface to target molecules inside the cell.

Inositol hexaphosphate (IP6) is the most abundant inositol in eukaryotes (5) with a concentration
in mammalian cells in the range of 10-60 uM. IP6 is derived from the hydrolysis of variable
hydroxyl groups on PIP2 (Phosphatidylinositol 4,5-bisphosphate) by PLC1 of the Phospholipase
C (PLC) family, generating the I1P3, 1,4,5 and DAG. The former, a well-known IP3 Ca2+ regulator,
is a necessary precursor for the evolution of inositol species with increased phosphorylation, while

the latter is instrumental in the activation of protein kinase C (6).
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Fig. 1. IPK family members (including IPMK and IP6K mediate the sequential, combinatorial phosphorylation of 1P3
to generate a novel class of poorly defined second messengers—“higher” inositol polyphosphates. Additionally, we
recently characterized IPMK as a lipid inositide kinase possessing a novel “PI3K” activity. Inositol pyrophosphates
such as IP7 and IP8 are generated by IP6Ks and represent high energy inositol molecules capable of
pyrophosphorylating proteins.

In the last fifteen years, many studies have focused on the mechanism and metabolism of inositols
in the yeast Saccharomyces cerevisiae (7). This is largely due to its characteristic of having a
highly reproducible, controlled cultivation method, and the knowledge of its entire genome (8).
Four inositol kinases have been indentified in eukaryotic system (budding yeast) and another two
in plants and metazoans. The four enzymes discovered in yeast are: Ipk2, Ipk1, Kcsl and Vipl. In
single-celled organism (yeast), the synthesis of inositol phosphate pathways starts with the
conversion of inositol 1,4,5- trisphosphate [1(1,4,5)P3 or IP3] to inositol 1,4,5,6-tetrakisphosphate
[1(1,4,5,6)P4 or IP4] and then to inositol 1,3,4,5,6-pentakisphosphate [1(1,3,4,5,6)P5 or IP5)
through the first enzyme Ipk2. IP5 is transformed to inositol 1,2,3,4,5,6-hexakiphosphate
[1(2,2,3,4,5,6)P6 or IP6) through another kinase Ipkl. The last two kinases Kcsl and Vipl, act as
an inositol hexakiphosphate (IP6K) and inositol heptakisphosphate kinases (PP-IP5K)
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respectively, and generate the last member of the inositol phosphate family (0): the inositol
pyrophosphates [PP-IP4, PP-IP5 (IP7), PP2-1P3 and PP2-1P4 (IP8)]. Kcsl and Vipl collectively

work together to generate IP8 from IP6.

PI(4,5)P, L50P,  5-PPAP,
PLC : ;
\ 2 " 5-PP-IP,

pr

1(1.4.5)&:;- 1(1,3.4,5)P, == 1(1,3,4,5,6)P, 'Ps PP,-IP,

v P D
/ /" / 1/3-PP-IP,
r 4 /

1(1,3,4)P, 1(1,3,4,6)P,

—o- - ~
Mammalian IP3IK  ITPKI IPK2/IPMK IPKI/IPSK IP6K  VIPI/PPIP5SK

1(1,3.4)F; 56K

Budding yeast IPK2/ARG82 IPKI KCSI VIPI

Fig 2: Inositol phosphate and pyrophosphate pathways. Activation of phosphoinositide-specific phospholipase C
(PLC) triggers the conversion of phosphatidylinositol 4,5-bisphosphate, P1(4,5)P,, to the second messengers 1(1,4,5)P3
and 1,2-diacylglycerol (not shown). Metabolism of | (1,4,5)Ps occurs to generate numerous inositol phosphate and
inositol pyrophosphate chemical codes. There are several evolutionarily conserved inositol phosphate kinases that
contribute to the production of these regulatory molecules: in mammals there are 6 distinct kinase activities, whereas
in the budding yeast there are 4 gene products. The commonly used gene name abbreviations are listed. Inositol
phosphatases are omitted for clarity except for the black arrow linking 1(1,3,4,5)P4 and 1(1,3,4)P3, which is encoded
by a 5-phosphatase INPP5.

Two other IP kinases are identified in higher eukaryotics species (mammals): IPMK and IP5K.
The first one is an Ipk2 homolog and makes IP5 though IP4’s phosphorylation. The second one
instead is an Ipkl homolog to produce IP5 and IP6 (10). However in higher eukaryotes an
alternative way to produce IP6 has been identified. Availed with the presence of IP3K and
1(1,3,4)P3 5/6-kinases(alias ITPK1) (11-12), IP6 may be produced by phosphorylating 1(1,3,4)P3
to 1(1,3,4,6)P4. In this pathway 1(1,4,5)P3 is phosphorylated by IP3 3-kinase to 1(1,3,4,5)P4. The
latter subsequently is dephosphorylated by 5-Ptase to 1(1,3,4)P3 and afterwards catalyzed by IP3



5/6-kinase in the preferred human Ipk2/IPMK substrate 1(1,3,4,6)P4. 1(1,3,4,6)P4 is sequentially
phosphorylated by Ipk2 and Ipk1 to make IP5 and finally IP6.

Recently studies conducted by Leymann and co-workers (13) have demonstrated that the
production of I1P4, IP5 and IP6 is not dependent on Iptk activity, but is dependent on Ipk2/IPMK.
Frederick JP et all. reported in their study, with mice deficient for Ipk2, that the synthesis of
inositol pentakisphosphate, hexakisphosphate and pyrophosphate species is mostly disrupted, and
that Ipk2-deficient mice die around embryonic day 9.5 with multiple morphological defects,

including abnormal folding of the neural tube.

Subcellular localization studies showed that Ipk1 and Ipk2 have nuclear compartment localization,
whereas Kcsl and mammalian homologs IP6K1 (14-15) are distributed in both nuclear and
cytoplasmic compartments. The only exception is Vipl where its localization is purely

cytoplasmic (16). These nuclear presences suggest a crucial nuclear functions of IPs and PP-IPs.



Inositol nuclear functions

IP6, second to IP3, is the most studied inositol phosphate in the last 10 years. The variety of studies
performed on IP6 show its diverse set of cellular functions. Recent studies demonstrated a pools
of nuclear PIP2 which resulted from the nuclear-cytoplasmic shuttle of PLC isoforms.
Furthermore, these studies show that PIPs are involved in nuclear function. This includes pre-
MRNA splicing, nuclear calcium, chromatin structure, cell cycle, gene expression and messenger

RNA export (17-19).

Genetic studies on budding yeast detected three distinct nuclear processes where IP and PP-IP

were induced:

= Transcriptional regulation/chromatin remodeling
= Efficient mRNA export from the nucleus

= Telomere length maintenance
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Fig 3: Nuclear role within which inositols are involved.




Studies about the role of IPs as nuclear-signaling molecules show a series of discoveries in the
phosphate-responsive signaling pathway (PHO). The PHO pathway is important for chromatin
remodeling and it carefully coordinates cellular responses to phosphate starvation. Recent reports
identified IP7 as a negative regulator of Pho80-Pho85 CDK complex in a Pho81-dependent
manner. Pho-85 is a cyclin-dependent kinase and it is associated with cyclin Pho-80. In the
presence of high Pi levels, the complex Ph80-Pho85 is active and makes the phosphorylation of
transcription factor Pho4. Phosphorylated Pho4 is exported to the cytoplasm and the gene targets
remain turned off. Otherwise, in absence of Pi or in Pi starvation, Pho81, that is a CDK1 inhibitor,
prevents Pho80-Pho85 phosphorylation and exportation of Pho4. Pho4 remains in the nucleus and
binds activation sequences in the PHO5 promoter. Furthermore, Pho4 recruits the chromatin-
remodeling complexes INO80 and SWI/SNF, which help displace four positioned nucleosomes
from the PHOS5 promoter facilitating PHOS transcription. Therefore, during Pi starvation, yeast
cells increase IP7 levels. The IP7 binds to the Pho80-Pho85 complex and its link is sufficient
enough to inactivate the Pho80-Pho85 complex, the Pho4’s phosphorylation and consequently
transcriptional activation and mRNA synthesis (19).

It was demonstrated that IPs plays other important roles after transcription and processing mRNA,
specifically during assembly into a messenger ribonucleoprotein (mRNP) particle (20). The
MRNA is generated at the end of MRNA maturation, and it is competent for mRNA export through
the NPC (Nuclear Pore Complex). To allow the mRNA export, NPC requires a series of essential
nuclear transport factors and IP6 (21). Additionally, Dbp5 (DEAD-box protein) requires for
activation two cofactors: Glel and IP6. Glel (export factor localized at the cytoplasmic face of the
NPC) alone is not able to stimulate the RNA-dependent ATPase activity of Dbp5 but needs to be
tied to IP6 (22-23-24).

IPs family is also involved in two other nuclear processes. The first is the adenosine deaminases
process. ADAR (adenosine deaminases acting on RNA) or ADAT (transfer RNA) is a family of
enzymes that mediate the site-specific catalytic deamination of adenosine to produce inosine in
RNA. Deamination of adenosine happens inside the nucleus and is seen in the crystal structure of

human ADAR?2 that this enzyme requires presence of 1P6 ).

Phospholipase C pathway is implicated on the second process, DNA repair, through IP6 which

plays a role as a positive regulator of NHEJ in mammalian cells. The components that are required
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for NHEJ include the Ku70/80 heterodimer that binds to DNA ends, and a DNA-dependent protein
kinase catalytic subunit (DNA-PKcs), that shares significant homology to the P13-kinase family.
Ku recruits DNA-PK to the DNA and the break in the DNA is repaired by a DNA ligase IV. An
in vitro assay revealed that IP6 could activate the DNA-PKcs/Ku holoenzyme. The IP6 interaction
appeared to be mediated through its direct binding Ku. Cells with partially depleted IPs had

correlatively reduced mobility of Ku.

An additional role for inositides-regulated DNA metabolism has been proposed in the modulation
of telomere length in yeast. It was shown that plcl, ipk2, and kcs1 mutants have longer telomeres

when compared to wild-type cells, implicating PP-IP4 as a negative regulator of telomere length.



IP7 (5-diphosphoinositolpentakisphosphate)

IP7 and IP8 are defined “high energy” molecules because contain highly energetic pyrophosphate
bonds. Inositol pyrophosphates are made by the IP6Ks, and recently discovered VIPL. In
mammalian cells exists three IP6Ks isoforms: IP6K1, IP6K2 and IP6K3 and they are able to
phosphorylate IP6 to IP7 and IP5 to PP-P4 utilizing ATP as a phosphate donor. In the first case
when IP6 was the precursor, IP6Ks attached to the phosphate group at position 5 of the inositol
ring and formed 5-PP-1P5/IP7 and afterwards phosphorylated to 5-PPP-1P5/IP8. Indeed, when IP5
is the substrate, IP6Ks makes a phosphorylation at position 1 and/or position 3, generating 1(3)-
PP-1P4. The other class of enzyme, VIP1/PP-IP5K, not only makes a conversion of 1P6 to IP7 but
also catalyzes the IP7 phosphorylation to make 1P8, but they are unable to use IP5 as a substrate.
IP7 plays a role in the regulation of endocytosis, chemotaxis, apoptosis and telomere elongation
ADD BIBLIO. Studies conducted by Snyder and co-workers showed the innovative IP7 protein
pyrophosphorylation. This novel modification is characterized by the IP7’s ability to make a
donation/transfer of its beta-phosphate group to protein target trough a non-enzymatic and
temperature dependent reaction. However, even though it is a kinase-independent reaction, the
phosphorylation mediated by IP7 requires a priming event through a canonical kinase-ATP
phosphorylation on a serine residue. Therefore, it defines a new mechanism called pyro-
phosphorylation, in which a phosphate group is added onto a pre-existing phosphoserine
previously phosphorylated by CK2.
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IP7 — the new role

The Proto-assay chip reported the identification of almost 259 IP7’s target proteins. The proteins
shown in the list (Table 1), for the majority, belong to nuclear compartments. For the role that IP7
in the nucleus environment, we decided to investigate and characterize the interaction between the
inositol pyrophosphate and the components of the Polycomb Repressive Complex 2, Enhancer of
Zeste 2 (EZH2) and Embryonic Ectoderm Development (EED).

PRC2 complex is composed of five subunits: EZH2, EED, SUZ12, Rbp48 and AEBP2. EZH2 is
the catalytic subunit of the complex. Its methyltransferase activity plays an important role in the
trimethylation of Lysine 27 of histone 3 (26-27). Tri-methylation of H3K27 is associated with
chromatin condensation and transcriptional repression of genes involved in development
differentiation. The PRC2 complex, in conjunction with its positively acting Trithorax Group
proteins (TrxG), can maintain heritable transcription patterns of the homeotic (Hox) genes during
development and differentiation (28-29-30)

Following the idea that IP7 could have a role in the nucleus environment, we investigated the
interactions between the inositol pyrophosphate and the enzyme of the chromatin repressive
complex, as well as which ways the phosphorylation, that IP7 mediated on its target, could change
the activity and function of them. The first approach we performed was to test the interaction
between IP6K1 and EZH2.

We created two versions of IP6K1 both generated with a Myc tag: Wilde type and Kinase death.
Kinase death (containing a mutation on the catalytic site), and transfected with EZH2 HA tagged.
Lysates were precipitated with Myc beads. Contrary to our expectations, we didn’t see the
IPEK1IWT-EZH?2 interaction. Instead, with IP6KIWT present, EZH2 disappeared. In our next
step, we attempted to determine if this lack of interaction was directly related to EZH2 or was an
IP6K1 repressor effect. For this reason, in the next experiment we performed a co-transfection on
Human Embryonic Kidney 293 T-cells. For each of the IP6K1 Myc tag versions (WT and KD),
we transfected with both of the components of the PRC2 complex (EED-HA tag and SUZ12-HA
tag) first with one then the other.

In all cases, we assisted to a down-regulation of protein expression, when they were co-transfected

with IP6K1-WT version. This led us to theorize a new repressor role for IP6K1. At this point, we
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investigated whether or not the repressor role played by IP6K1-WT, was directed toward the
exogenous plasmid. The next experiments we performed were aimed at discovering the value of
the EZH2 endogenous protein levels when co-transfected with IP6K1-WT and KD versions. The
results did not show any modulation in EZH2 endogenous expression protein which confirmed
that the EZH2 exogenous version could potentially be an IP6K1-WT phosphorylation target.
Phosphorylation of EZH2-HA could function as a signal for its degradation (31). To examine this
possibility, we compared the half-lives of the exogenous and the endogenous EZH2. To this end,
we transfected HA-tagged EZH2 into HEK 293 T-cells and treated cells with the protein synthesis
inhibitor, cycloheximide, (Chx) at different times. Western blot analysis showed that exogenous
EZH2 exhibit a half-life of almost 6h, in contrast endogenous EZH2 showed a longer half-life,
almost 22h. The shorter half-life of exogenous EZH2 (HA-EZH2) may be due to reduced protein
stability or the actions of inositol pyrophosphatase. Studies conducted by Hofmannand and
Falquet, demonstrated the decisions about which protein is to be degraded at a specific time is
made by the ubiquitination machinery, often in response to a prior event such as phosphorylation
(32). Referring to this model, using a proteasome inhibitor (MG132) we examined the protein
levels of EZH2-HAtag in treated and untreated cells. Although EZH2-HA was not detected in the
untreated cells, likely due to its quick degradation, it is clearly detected in presence of the
proteasome inhibitor MG132. Subsequently, we investigated about how IP6K1 recognizes and
recruits its target and how it acts as a repressor. To investigate if the IP6K1 repressor effect is
PRC2 complex dependent, we performed co-transfection experiments with over expression of the
other two genes: GFP and Luciferase. In both cases we assisted and showed the down-regulation
of both the GFP and Luciferase proteins levels. At this point is still unknown what the mechanism
behind this down-regulation is. We hypothesized that IP6K1 can have a suppressor role during the
DNA transcription process. However, it still unknown how, and at which level of this process,
IP6K1 is implicated. In order to determine how IP6K1 acts during the transcription process, we
chose to use the GAL4/UAS system. In the GAL4 system, the promoter drives expression of the
transcriptional activator GAL4, which in turn activates the target gene (IP6K1). The GALA4 protein
activates transcription of only those genes bearing GAL4 binding sites Upstream Activation
Sequence (UAS). The GAL4 gene is placed near the promoter/enhancer driving ectopic
expression, and UAS is fused to the target gene (Luciferase). The promoter/enhancer directs

expression of GAL4, and GAL4 in turn directs transcription of the UAS—target gene.
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The data show that, the luciferase expression is down regulated when it is in co-transfection with
IP6K1-WT as expected. Experiments performed with IP6K1p-BIND (WT and KD version) co-
transfected with a Luciferase gene, while it is placed under the control of a different promoter,
showed no effect in regulation of the expression. However, we strikingly observed down regulation

of Luciferase expression when it is co-transfected with IP6K1-KD.

During this study we identified a correlation between inositol pyrophosphates and the DNA
transcription process. It is still inconclusive whether IP7 is responsible for the repressor effect on
the gene transcription. However, we are continuing to make progress towards establishing a novel

function of inositol pyrophosphates.
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Results

In order to discovery and characterization of IP7 substrate | planned to begin this study utilizing a
semisynthetic epitope approach. This approach employ the use of IP7S, novel inositol molecule
analogue, in which the P pyrophosphate moiety is replaced with a thiol-containing phosphate
capable of labeling substrates in a fashion that permits the exploitation of a semisyntethic epitope
by the thiophosphate ester antibody. Through a proto-array chip (Fig 4) we were able to identify
two of PRC2 complex complements, EZH2 and EED, of 259 potential substrates of I1P7.

Chromatin relevant IP7 targets

. Ll
B

i : 3 [ 22 CHD2 Chromodomain-helicase-DNA-binding protein 2
: " S BRD4 Bromodomain-containing protein 4

BAP1 BRCA1 associated protein-1
EZH2 Enhancer of zeste homolog 2

e : EED Embryonic ectoderm development

T RYBP RINGI and YY1 binding protein

: CHEK1 CHK1 checkpoint homolog
CHES1 Checkpoint suppressor 1
RAD51AP1 RAD51-associated protein 1
SDs3 Histone deacetylase corepressor complex component
i et e NoC2L Nucleolar complex associated 2 homolog

Fig 4. IP7pS-mediated phosphorylation of proteins on a proto-array chip. IP73S reactions, followed by alkylation
and thiophosphate antibody detection occur on the nitrocellulose coated slide. Imaging was performed via a GenePix
array scanner after application of a fluorescent secondary (Alexa Fluor 647 Goat Anti-Rabbit 19gG). 259 unique
proteins were identified as substrates of IP7 meeting significance criteria including duplicate and intensity analysis.
(Representative of 4 arrays performed). Table 1. Subset of nuclear, chromatin relevant IP7 targets identified via
IP7BS-mediated phosphorylation of proteins on a proto-array chip. Also shown are representative in vitro assay
confirmation of the array results in which tagged-overexpressed proteins are immunoprecipitated from mammalian
cells (293T) and subjected to IP7 phosphorylation reactions. Equal amounts of protein were present under both
reaction condition (untreated/phosphorylated as verified by anti-myc tag blots (not shown). Bolded are Polycomb

Group proteins involved in histone methylation.
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To further biochemically confirm IP7’s distinct pyrophosphorylation of EZH2 we developed a
novel, sensitive assay utilizing the NanoPro platform. The assay is based on an isoelectric focusing
protocol in which proteins are first separated and the cross linked in a capillary-based system
amenable to antibody-based-HRP detection (Fig 5A). As such, the system’s greatest utility is in
its ability to characterize, separate, and resolve proteins are first according to their various
phosphorylation states using a single, standard antibody. Using anti-HA tag antibody and probing
293T, HA-EZH2-expressing cell lysate, the NanoPro platform identifies two, overlapping peaks
for EZH2 at respective pls of 5.70+-0.01 and 5.61+-0.01. Further reacting the lysate in vitro by the
addition of recombinant CK2 and ATP shifts the peak distribution, increasing the 5.70+-0.01 peak
curve area. However, addition of IP7 to the lysates results in a dramatic acidic shift to EZH2’s pl
profile resulting in a peak at 4.87, suggesting we can in fact monitor IP7-mediated phosphorylation
via this method (Fig 5B). Indeed, under longer image integration times (not shown), we can detect
a small 4.87 peak in untreated lysates (data not shown), potentially corresponding to endogenously

pyrophosphorylated EZH2.
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Fig. 5. A) Capillary-based immunoassay platform utilizing isoelectric focusing to resolve differing phosphorylation
states of a protein. B) Isoelectric focusing of 293T lysates overexpressing HA-tagged EZH2: untreated (pink) lysates
contain 2 overlapping pl peaks; addition of recombinant CK2 and ATP enhances phosphorylation and shifts peak

distribution (blue); addition of IP7 results in a further acidic shift (green).

Previous results shown EZH2 as a probably IP7 substrate. In order to show the putative interaction
between EZH2 and IP¢K1, Myc- pulldown experiments were performed in Human Embryonic
Kidney 293T cells using Myc-tagged IPsK1 Wild Type, Myc-tagged IPsK1 Kinase Death versions
and HA-tagged EZH2.

Anti-HA

Anti-HA

Anti-Mvc

Anti-Myc q
— —

EzH2-HA + + o+
IP6K1-Myc WT . .
IP6K1-Myc KD . .

Fig. 6: IP6K1 interacts with EZH2. Coimmunoprecipitation assay of EZH2 and IP6K1. Lysates from 293T cells
transfected with the indicated plasmids were immunoprecipitated with antibodies against Myc and HA. Whole-cell
lysate (lysate) was also subjected to Western blot analysis to examine the expression of EZH2 and IP6K1.

Data shows (Fig. 6) association between exogenous EZH2, (HA)-tagged EZH2, and IP6K1 KD
version (Fig. 6 third well) suggests that it interact in vivo with IP6K1 enzyme, but this association
is reduced in cells co-transfected with HA-EZH2 and IP6K1 WT version suggesting that the

inositol pyrophosphate could modulate the interaction (second well).
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We evaluate with the same approach whether all others two PRC2 components, EED and SUZ-
12, interact with IP6K1 enzyme in the same way. As a shown in Fig 7 EED-Ha tagged and SUZ12-
HA tagged where co-transfected with both active and inactive catalytically forms of IP6K1 and
again we assisted to a down-regulation of expression of PRC2 complex components protein when

are co-transfected with IP6K1-WT version and precipitation with catalytically inactive 1IP6K1
(IP6K1 KD).

Anti-Mvc Anti-Mvc

| e —
Anti-HA 3 .
- —— Anti-HA
Anti-Myc -. Anti-Mvc -
EED-HA + + o+ SUZIZ-HA A
IP6K1-Myc WT . +

IP6K1-Myc WT - + -
- . IP6K1-Myc KD - -+

IP6K1-Myc KD +

Fig 7: IP6K1 interacts with other both PRC2 components. Examination of the interaction between endogenous
HA-EED and HA-SUZ12 (respectively panels A and B) and Myc-IP6K1 by immunoprecipitation and Western
blotting with antibodies against either HA and Myc in HEK 293 cells.
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To confirm whether EZH2 lack is a tag-dependent event or is an interaction consequence, cells
HEK 293T were transfected with Flag-EZH2 and either GST or GST-IP¢K1 WT (CMV-GST R11)
version. Cells were lysate and subjected to SDS-PAGE. Western blotting was then performed with
anti-GST and anti-Flag antibodies. As shown in Figure 8 A, EZH2 flag version when co-
transfected with IP6K1 Wild Type is is enable to be detected. In addition, co-transfection
experiments were performed using HA-EZH2 and either GST or GST-IPsK1 WT version. The
detection of anti-GST and anti-HA with the respective antibodies was successful to demonstrate
the EZH2 deficiency when is co-transfected with IP6K1 WT version.

A B
Anti-Flag Anti-HA —
et e
Anti-GST Anti-GST 4
- —
B-actin PTRRT  CTBPDS B-actin — —
EZH2-Flag + + EZH2-HA + 4
CMV-GST  + - CMV-GST oo
CMV-GST R11 - CMV-GST R11 - +

Fig 8: Interaction between IP6K1 and EZH?2 is independent by IP6K1 and EZH2 tag. Coimmunoprecipitation
assay of EZH2 and IP6K1. Lysates from 293T cells transfected with the indicated plasmids were immunoprecipitated
with antibodies against Flag, HA and GST. Whole-cell lysate (lysate) was also subjected to Western blot analysis to
examine the expression of EZH2 tagged and IP6K1 tagged.

These results show the potential interaction between IP6K1 and PRC2 complex suggesting that
the PRC2 complex subunits, EZH2, EED and SUZ12 could be, likely, IP7’s substrates. Surprising
the EZH2 down regulation in co-transfection with IP6K1 active version. These results led us to

suggest that EZH2’s phosphorylation IP7-mediated, could mediate the ubiquitination process and
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consequently EZH2 degradation by the proteasome. Susan C. Wu et al. demonstrated how EZH2’s
phosphorylation CDK1-mediated could regulates its stability and promote its degradation. The
above studies and observations drive us to consider the ubiquitination process as a possible
mechanism through EZH2 could be degraded.

We overexpressed in HEK 293T cells, exogenous EZH2, (HA)-tagged EZH2, and exogenous
IP6K1, (Myc)-tagged IP6K1, WT and KD version for 48h. Prior to harvesting, the cells were
treated with or without the proteasome inhibitor, MG132 (Fig 9). Although (HA)-tagged EZH2
was not detected in the untreated cells, likely due to its quick degradation, but is clearly evident
(HA)-tagged EZH2 presence when cells were treated with MG132 (Fig 9 (Panel B).

A B
Control
Anti-HA .
Anti-HA
Anti-EZH2 Anti-EZH2
Anti-Myc Anti-Myc
B actin B actin
EZH2-HA + + 4+ EZH2-HA + + 4
IP6K1-Myc WT - + - IP6K1-Myc WT ) + )
IP6K1-Myc KD - - + IP6K1-Myc KD . } +

Fig. 9: Phosphorylation EZH2 is ubiquitinated and degraded via the proteasome pathway: HEK 293cells were
co-trasfected with EZH2-Ha tagged and both 1PsK1-Myc tagged isoforms. 4 h prior to harvesting, cells were treated
with or without 25 mM MG132. Lysates were prepared under denaturing conditions and subjected Western blot
analysis was performed using to using FLAG the indicated antibodies.
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On the basis of the above-mentioned results, we aimed to examine if the enzyme IP6K1 could also
interact with endogenous EZH2 and if this interaction could produce the EZH2’s degradation. To
evaluate our hypothesis we evaluate the EZH2 endogenous levels in cells transfected with or
without HA-tagged EZH2, in presence of IP6K1 WT version and KD version. Data shown that in
cells co-transfected with HA-tagged EZH2 and Myc-tagged IP6K1 WT the levels of endogenous
EZH2 are similar to cells that have not been transfected with (HA)-tagged EZH2 despite levels of
(HA)-tagged EZH?2 are significantly reduced.

A B

Anti-HA P Anti-HA b p—

Anti-Myc ROTER— Anti-Myc e S

Anti-EZH2 . @ .-..-. Anti-SUZ12 ——
Anti-Bactin T T Anti-B actin — e ——

EZH2-HA - -+ 4 SUZ12-HA . ot 44
IP6K1-Myc WT - +- - - IP6K1-Myc WT - t-- -
IP6K1-Myc KD - - +- -+ IP6K1-Myc KD - - 4- -+

Fig. 10: Endogenous levels of PRC2 complex components: (A) HEK 293cells were co-transfected with EZH2-Ha
tagged; SUZ12-Ha tagged (B); and both IP6K1-Myc tagged isoforms. Western blot analysis of HEK 293 cell extracts
using the anti-HA, anti-Myc and anti-EZH2 total antibodies was performed. Data shows that endogenous EZH2 levels
are not changed in presence of IP6K1 WT version, suggesting a specific IP6K1 interaction, in vivo, with EZH2 tagged
version.
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Tai-Lung Cha et al. in a recent work reported one potential Akt phosphorylation site, serine 21, in
the EZH2 protein. Through a combination of phosphorylation site prediction programs they
identified other two possible EZH2 phosphorylation site: Thr-345 and Thr-487. Previous studies
demonstrated that EZH2 phosphorylation on these sites appear to be less stable than total EZH2.

In view of all that we tried to figured out if a possible IP7 pyrophosphorylation reaction could
make an EZH2 instability form. For this reason we performed comparison stability experiment
between exogenous and endogenous EZH2. We approached at this study through use of protein
synthesis inhibitor, cycloheximide (Chx). To this end, we co-transfected (HA)-tagged EZH2 and
(Myc)-tagged IP6K1 active and inactive forms in into HEK 293, to evaluate the exogenous levels
of EZH2 (data not shown) and at the same time we made a single transfection with (Myc)-tagged
IP6K1 WT and KD to measure the EZH2 endogenous levels (2 set).

Two sets of treatment time were performed, cells co-transfected with exogenous EZH2 were

treated for 1-2-4 and 6h while endogenous set were treated for longer time 16-18-20-22 hr.

Western blot analysis using the HA-antibodies for first set, and EZH2-antibodies for second set,
have allowed the detection of differences half-life for exogenous and endogenous EZH2 (~ 6hs for
exogenous EZH2) (more than 20hs for endogenous EZH?2). The shorter half-life of (HA)-tagged
EZH2 suggests a reduced protein stability cause probably by the pyrophosphorylation reaction.

All experiments showed a selective modulation of PRC2 complex protein expression under IP6K1
WT control, probably due by producing IP7. The inositol, in turn, is responsible of
pyrophosphorylation activity that makes an instable form its targets and subsequently drive them
to the degradation process. Despite all this plethora of experiments we investigated if the IP6K1
WT repressor effect shows a PRC2 complex down-regulation expression or if a general effect that

it exercises, likely, is interfering during the different step that lead the protein formation.
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To prove the general effect exercised by IP6K1 WT co-transfection experiments were performed.
HEK 293t cells were transfected first day with empty vector Myc-tagged (as a control), IP6K1 WT
and IP6K1 KD Myc. 24h after the first transfection cells were transfected again with GFP plasmid

and Luc-plasmid.
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Anti-Myc —
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200000 - B-actin
0 .
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IP6K1-Myc WT - + -
\\(1
& IP6K1-Myc KD R

Fig 11. IP6K1 suppress the GFP express ion showing a general down regulation effect. Representative flow
cytometry histograms for the transfection in HEK 293T cells showing difference in GFP expression levels 48 h post
IP6K1 WT and KD Myc tag transfection and 24h post GFP transfection (A). Representative western blot of GFP, Myc
and B-actin from HEK 293T cells. (B)

The extent to which the IP6K1 WT yield an effective down regulation of GFP and Luciferase was
established by subjecting a sample of the whole cell lysates to SDS-PAGE and there solved gel to
immunoblotting. Immunoblotting of beta-actin provides a measure of equivalent loading,
antibodies against GFP and Luciferase showed also this case the ability of IP6K1 active form to

modulate the amount of protein expression.
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Fig 12. IP6K1 WT down regulated the transcriptional level of Luciferase: (A) HEK 293T cells were transiently
co-transfected with luciferase reporter genes and IP6K1 WT and KD Myc tagged in 24-well plates,
respectively;, CMV-Luciferase acted as a target gene. HEK29T cells were transiently co-transfected with cMyc-CMV
Luc, IP6K1 WT Myc-CMV Luc and IP6K1KD Myc Myc-CMV Luc, using Lipofectamine 2000 in 24-well plates.
48 h later, collecting cells and using the dual-luciferase reporter assay system measured luciferase activities. The
ordinate indicated relative luciferase activity. (B) Relative western blotting experiment using anti-Luciferase, anti Myc
and b-actin antibodies.

Moreover results from Flow cytometry assay, confirmed that GFP fluorescence amount is
enhanced, in samples co-transfected with empty vector and IP6K1-KD Myc tagged. On the
contrary amount of GFP fluorescence are decreased in cells overexpressing IP6K1-WT. Same
results are obtained when we performed confirmation experiments through Luciferase assay (Fig
12).
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Fig: 13. IP6K1 WT pBIND and IP6K1 KD pBIND can regulated the transcriptional level of UAS-Luciferase:
HEK 293T cells were transiently co-transfected with luciferase reporter genes above UAS vector and IP6K1 WT and
KD pBIND in 24-well plates, The experimental group cells were co-transfected with pBIND C vector-UAS Luc,
IP6K1 pBIND-UAS Luc and IP6K1 KD-UAS using Lipofectamine 2000 in 24-well plates. 48 h later, cells were
harvested and luciferase activities were measured using Dual-Luciferase Reporter Assay.

Subsequently we performed experiments using the bipartite system GAL4-UAS (add biblio PPT).
This system is based on two different kind of plasmid, one activator (p-BIND), and other one is
the effector (UAS). In the activator plasmid, containing GAL4 DNA-binding domain, our gene of
interest IP6K1, is placed under the control of a specific promoter, while in the effector plasmid the
gene of interest, in our case the Luciferase, is fused to sequence of the DNA-binding motif of
GAL4 (Upstream Activating Sequences, UAS). HEK 293T cells were transfected with empty
vector (as a control) and IP6K1 p-BIND (WT and KD). After 24h cells were transfected with UAS-
Luciferase, and the day after we achieved a Luciferase assay. Data showed, as our expectation, the
down regulation of luciferase signal under IP6K1 WT but surprisingly we assisted also to a down
regulation of Luciferase under IP6K1 KD action. This result pointed out that the repressor effect
is independent from its catalytic activity and that to act as a repressor, is necessary the nuclear

localization but mostly important is the direct interaction with the DNA (Fig 15).
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Fig 14. IP6K1 WT pBIND and IP6K1 KD pBIND do not effect the GFP expression: Representative flow
cytometry histograms for the transfection in HEK 293T cells showing in all three conditions, a costant expression of
GFP levels 24 h post GFP transfection. ) Relative western blotting experiment using anti-GFP, anti Myc and b-actin
antibodies.

Still unknown is in which cellular compartment and in which way IP6K1 acts as repressor during
this process. Could IP6K1 get it the nucleus compartment and through phosphorylation probably

mediated by IP7 create a transcriptional repressive state?

To try to answer to this question, last experiment we performed, was a comparison between GFP

level protein.

Co-transfections experiments DNA-DNA and DNA-RNA are compared. HEK 293 cells were
transfected with IP6K1 WT and KD at 48h. 24h later cells are transfected again, one set were
transfected with GFP DNA plasmid and the second set is transfected with GFP-RNA. Day after
cells were collect and expression proteins levels were analyze through SDS page. Data shown the
levels of the GFP protein in cells transfected GFP DNA (plasmid) were modulated in presence of
IP6K1 WT. Protein’s level of GFP-RNA instead are unchanged. This result suggests an
involvement of IP6K1 WT during the transcription process and supposedly its presence inside the

nucleus.
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Fig 15. Comparison of GFP protein levels: HEK 293 T cells were co-transfected with cMyc, IP6K1 WT Myc tag
and IP6K1 KD Myc Tag for 48h. After 24h the first transfection cells are again transfected with GFP DNA (plasmid)

and GFP (RNA).
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Discussion

The inositol phosphates are known as second messenger classes and represent one of the most
important signaling families. After two decades of research, the consensus is that inositol
pyrophosphates are key regulators of cellular metabolism. In addition, recent studies showed that
the inositol phosphates are implicated in regulation of mMRNA transport from the nucleus, the

stimulation of DNA-dependent protein kinase activity and influencing vesicular dynamics.

In light of these studies, it is not surprising to find as a potential target of diphosphoinositol
pentakisphosphate (IP7) the catalytic subunit of Polycomb Repressive Complex 2 (PRC2
complex), Enhancer of Zeste 2 (EZH2) ,which is responsible for a mark of transcriptionally silent
chromatin, involved in the epigenetics modification. EZH2’s role is to maintain more condensed

the chromatin configuration through the trimethylation of Lysine 27 of Histone 3 (H3K27me3).

The information regarding the nuclear process where IP7 is involved in, lead us to investigate first
the connection between IP7 and EZH2, as well as which consequences result from this interaction
in the epigenetics system. EZH2, catalytic subunit of (PRC2), pledged in the epigenetic
modification as a trimethylation of Lysine 27 of Histone 3 (H3K27me3).

We then investigated on the interaction between IP7 and EZH2 and a following EZH2’s
phosphorylation, and how this post transcriptional modification can change the activity of EZH2.
Because of IP7’s unable detection, we were forced to use, during the experimental work, Inositol
Hexakisphosphate Kinase 1(IP6K1) the enzyme responsible of its conversion. We performed
experiments aimed to evaluate the interaction between IP7 and EZH2. Data shown a completely
lack on, EZH2 expression, when it is co-transfected with the active form of IP6K1. Despite it, is
still unknown how IP7 can makes EZH2 disappear, we are interrogate if maybe its
pyrophosphorylation reaction can affect EZH2 stability and its catalytic activity.

One report demonstrated that the Serine 21 of EZH2 can be phosphorylated by AKT, and suggested
that the phospho-mimic S21D inhibited PRC2mediated H3K27 trimethylation and gene silencing
(33). Furthermore, Kaneko S. et al, described during their study on, the correlation between EZH2
phosphorylation and cell-cycle, that the phosphorylation mediated by Cyclin D1 (CDK1) on two
different Threonine sites of EZH2 (T345 and T487) does not product alterations of its catalytic
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activity and the trimethylation of H3K27 (H3K27me3), were relatively constant throughout the
cell cycle. (34)

On the basis of the above studies, we performed experiment aimed to evaluate the alteration of
EZH2 activity when co-transfected with IP6K1. We performed experiments aimed to understand
how posttranslational modification of EZH2 could affected its association with its target. Our
finding was, that in HEK 293-T cells transfected with IP6K1 Wilde Type (IP6K1-WT) and KD,
EZH2 endogenous levels were not modulate and we did not reveal any difference in the
trimethylation of H3K27 (H3K27me3). Intrigued to discover how IP6K1 acts in different way
against exogenous and endogenous protein, experiments with use of inhibitor of protein
biosynthesis (Chx) were performed. Data showed differences between exogenous and endogenous
half-life of proteins, approximately 6h for the EZH2 HA tagged (exogenous) and 22h for the EZH2
endogenous. This extremely differences made us wonder about: when, where and against who
IP6K1 plays a repressor role. The steps through which IP6K1 could be involved during the protein
disappearing are: DNA transcription, RNA production, RNA exportation and protein biosynthesis.
First step to understand the mechanism of action of IP6K1, was to analyze the nature of its
repressor role. Is it a general role or it is just exercised against its target? To answer at this question,
we performed different experiments aimed to evaluate, first, the interaction between IP7 and the
other two PRC2 complex component, Embryonic ectoderm development (EED) and SUZ-12 and
second with GFP (plasmid) and Luciferase (plasmid). Data shown a completely lack on, SUZ-12,
expression and down regulation of EED, GFP and Luciferase expressions, when they are singularly
co-transfected with the active form of IP6K1.

At that point, we had provided evidence about the IP6K1 general repressor effect and not just
selective against its target.

Another step we had to make for the comprehension of IP6K1 repressor role is where it acts. Is it
acts as a repressor during the DNA transcription process? Is it acts as a repressor inhibiting the

RNA exportation? Is it acts mediating proteins degradation?

To determine which role plays IP6K1 during this process we used the GAL4/UAS system. This
system, originally developed in yeast, is composite by a promoter (or enhancer) that directs

expression of the yeast transcriptional activator GAL4 in a particular pattern, and GAL4 in turn
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directs transcription of the GAL4-responsive (UAS) target gene in an identical pattern (35-36).
The CheckMate Mammalian Two-Hybrid System adapted this system to mammalian cells (37-
38). This system is compound by two vectors, the first one is the pBIND Vector, which contain
the yeast GAL4 DNA-binding domain, upstream of a multiple cloning region (in our experiment
we used this vector to generate the IP6K1 pBIND). The second vector is the UAS vector (in our

system the Luciferase plasmid is located under UAS GAL4 binding site).

Through this system we were able to realize a direct interaction between IP6K1 and DNA. We
observed, as our expectation, a down regulation of Luciferase fluorescence when it was co-
transfected with IP6K1 WT pBIND. Strikingly we detected also a Luciferase down regulation
when it was co-transfected with IP6K1Kinease Death (IP6K1-KD) pBIND.

This results suggests, that IP6K1 needs to effect is repressor role a direct interaction to the DNA.
The ability of this system is to generate a direct interaction between GAL4 and UAS site, so in our
case between IP6K1 and DNA. Through this system we were able to figure out that IP6K1 can
produce a repressor effect when it interacts with the DNA. Interesting role, likely, is played by
IP7. Our deduction so, is that IP7 generated by IP6K1 can force and drive IP6K1 toward the
nucleus, and so to the DNA. IP6K1 after the probably IP7 binding, can exercise by its own or by
phosphorylation of a transcriptional factor, a repressor role. It still unknown the mechanism
through this happens. Our finding, so is the IP6K1 could acts as a DNA transcription repressor,
hypothesis validates by the result we obtained from the double transfection experiments we
performed using IP6K1WT and KD (plasmid) and in vitro synthesized GFP mRNA (generated by
T cells). The result we achieved by this results is that the GFP protein level after RNA transfection
was not modulated compared to the GFP protein level generated from GFP DNA transfection.
Ones again these results suggests the probably implication of IP6K1 during the DNA transcription

progress.
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Materials and Methods

Cell Culture, Transfections, and Drug Treatments

HEK293T, HeLa, U20S, and NIH3T3 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with10%fetalbovineserumandpenicillin/streptomycin. PC3 cells were
cultured in DMEM/F12 (1:1) supplemented with 10% fetal bovine serum and
penicillin/streptomycin. Transfections were performed using Lipofectamine 2000 (Invitrogen
catalog number 11668-019). Cycloheximide (Sigma catalog number C4859) was used at a final

concentration of 100 mg/ml.

Western Blotting

HEK 293T cells were washed twice with ice-cold PBS and scraped into ice-cold lysis buffer (50
mmol/L Tris—HCI [pH 8.0], 1% Triton X-100, 150 mmol NaCl) with protease (Roche Diagnostic
GmbH, Mannheim, Germany) and phosphatase inhibitors cocktail (SIGMA Chemical Co., St.
Louis, MO). Lysates were incubated at 4 C with gentle rotation for 1 h. Samples were then
centrifuged at 15,0009 for 10 min at 4 C, and supernatants were recovered. Protein concentration
was determined using the DC Protein assay kit (Bio-Rad, Hercules, CA) using BSA as standard.
Then, total protein extracts equivalent to 50 mg protein/lane were resolved by SDS-PAGE under
reducing condition and electrophoretically transferred to PVDF membranes (Millipore SpA,
Milan, Italy). Transfer efficiency on the membranes were routinely monitored by 0.1% Red
Ponceau S (SIGMA Chemical Co.). Membranes were probed with the following antibodies: FLAG
M2 mouse monoclonal (Sigma catalog number F3165), HA mouse monoclonal (ROCHE 12CADb5),
c-Myc Mouse Monoclonal Antibody (Invitrogen R950-25), GAPDH rabbit monoclonal (Cell
Signaling 14C10), GST Rabbit mAb (Cell Signaling 91C1), b-actin Rabbit mAb (Cell Signaling
13E5), EZH2 XP Rabbit mAb (Cell Signaling D2C9), EED Rabbit polyclonal (ab96801), Suz-12
Rabbit polyclonal (ab77605), GFP Rabbit XP(R) (Cell Signaling D5.1),Firefly Luciferase Goat
pAb (abcam ab635).
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Dual Luciferase Assay

Four mg of IP6K1 WT and KD Myc tagged, 4 mg of IP6K1 WT and KD pBIND and 4 mg of
CMV-Luciferase Firefly and 4 mg UAS-luciferase firefly, were transfected into HEK 293A cells
using Lipofectamine. After being cultured for 48 hours, cells were lysed by the addition of 100 pl
of passive lysis buffer. Twenty microliters of lysate were used for determining dual luciferase

activities.

Flow Cytometry Assay

Cell transformation was quantitatively determined using a Bio Rad Flow Cytometry (Bio-Rad,
USA) equipped with a xenon-ion excitation lamp (488nm). Aliquot of transformed cells were
collected after 48h of transformation, centrifuged, and then washed twice by saline solution. The
cells were subsequently resuspended in buffered saline solution and analyzed in a FACS caliber
flow cytometer. All analysis were performed at a low flow rate (20 ml min-1) with pressure setting
of 0.7 bar. To avoid errors, sample were diluted with sterile seawater. Intrinsic structural
parameters forward scatter and side scatter with the green fluorescence from the GFP (515 to
545nm emission filter) measured in the FL1 channel as an extrinsic parameter by analyzing data

with cell process software were used to evaluate transformation efficiency.
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