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ABSTRACT

The Janus kinase/signal transducers and activators of transcription (JAK/STAT) pathway is an
evolutionarily conserved mechanism for signalling transduction and involves four steps regulated by
protein-protein interactions. Cytokines bind to the common receptor glycoprotein 130 (gp130) to
activate JAKs, which then phosphorylate STATs leading to its dimerization and translocation to the
nucleus to induce target genes.

The activation of this pathway is essential for astroglia production during brain development
and upon central nervous system (CNS) damage. Astrocytes are crucial to neuronal survival and
determine the ability of the CNS to repair damage and regenerate. Multiple brain insults elicit a
reactive response from astrocytes called astrogliosis, which can impair axonal regeneration and the
reestablishment of the neural circuits. Due to the pleiotropic effects of the JAK/STAT pathway several
attempts have been made to target this signalling pathway. However, further investigation on protein
interactions and dynamics are required for an efficient determination of molecular targets. In this
regard, bimolecular fluorescence complementation (BiFC) assays offer a direct method to identify
potential modulators of protein interactions.

In this study, we developed two Venus-based BiFC systems to screen for modulators of key
protein-protein interactions in the JAK/STAT pathway, a gp130-Venus and a Venus-STAT3 BiFC system.
Both systems worked in living cells and displayed a similar behaviour to endogenous proteins
sustaining novel information regarding the dimerization of these proteins. The Venus-STAT3 BiFC
system was further validated by a specific inhibitor of STAT3. These results show the potential of the
BiFC systems as tools for drug and genetic screenings, as well as step-by-step analysis of the JAK/STAT

pathway in diverse biological contexts.

Keywords: JAK/STAT pathway; gp130; STAT3; astrocytes; BiFC system.
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RESUMO

A via de sinalizagdo JAK/STAT é um mecanismo de transduc¢do de sinal conservado na evolugdo,
gue envolve quatro etapas de fosforilagdo e a formagao de varios complexos proteicos. As citocinas da
familia da interleucina 6 ligam-se a cadeia comum do receptor composta pela glicoproteina 130
(gp130), induzindo uma alteragdo de conformagdo que ativa as JAKs, construtivamente associadas a
estes. Por sua vez, as JAKs fosforilam residuos de tirosina especificos nos recetores que permitem
recrutar proteinas, como o fator de transcricdo STAT3. As JAKs fosforilam o STAT3 em residuos
especificos e estes dimeros ativados migram para o nucleo para induzir a transcricio de genes
especificos. A fosforilacdo do STAT3 pelas JAKs sempre foi considerada o processo pelo qual estes
fatores de transcricdo dimerizam, migram para o nucleo e ligam-se ao DNA. No entanto, estudos
recentes demonstram que esta proteina existe como dimeros estdveis a priori e estes sao
continuamente transportados entre o citoplasma e o nucleo.

A ativacdo deste mecanismo de transducdo de sinal é essencial para a producdo de astrdcitos
durante o desenvolvimento do cérebro e em alturas de dano no sistema nervoso central. Os astrécitos
sdo extremamente importantes para a sobrevivéncia dos neurdnios e determinam a capacidade de o
sistema nervoso central reparar danos e de se regenerar. Existem multiplos estimulos negativos que
podem gerar uma resposta reativa dos astrécitos, denominada astrogliose, que é mediada pela via
JAK/STAT. Quando o grau de lesdo é severo os astrécitos formam a cicatriz glial, que constitui uma
barreira entre o microambiente lesado e o parénquima saudavel. Esta barreira limita a extensdo do
dano e inflamagao provenientes do estimulo patoldgico, protegendo as células neuronais. No entanto,
esta resposta imediatamente protetora pode promover doengas e inibir a regenera¢do do sistema
nervoso central se o estimulo patoldgico persistir e a astrogliose for incapaz de o resolver.

A via JAK/STAT condiciona inUmeras respostas bioldgicas envolvidas no ciclo celular,
diferenciagdao e migracdo celular e apoptose. Devido ao seu largo espectro de agao, esta via estd
envolvida em processos fisiolégicos fundamentais, como por exemplo, o desenvolvimento e a
hematopoiese. A sua associacdo a diversas patologias é inerente as suas funcgdes, e estas incluem
inflamacdo crénica, doencas autoimunes, desordens neurodegenerativas e varios tipos de cancro. A
ativacdo constitutiva do fator de transcricdo STAT3 estd associada a muitas destas patologias tornando
esta via num alvo terapéutico promissor. No entanto, é necessario um maior conhecimento
relativamente as dindmicas intervenientes em interagGes proteicas subjacentes a este mecanismo, de
forma a determinar mais eficientemente possiveis alvos moleculares e os seus moduladores.

A complementacdo de fluorescéncia bimolecular (BiFC) é uma técnica que permite visualizar
interacGes proteicas em células vivas. Esta técnica baseia-se na fusdo de fragmentos complementares

de uma proteina fluorescente com as proteinas de interesse. Quando as proteinas de interesse
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interagem a proteina repdrter é reconstituida e emite um sinal fluorescente proporcional ao nimero
de dimeros formados. Este sinal pode ser analisado, quantitativamente e qualitativamente, utilizando
métodos convencionais como a citometria de fluxo e a microscopia de fluorescéncia. O sistema BiFC
também permite uma andlise direta para identificar moduladores promissores de interacdes protéicas.
Aplicando este sistema ao estudo da via JAK/STAT, teremos uma maior compreensdo sobre as
complexas interacdes protéicas que controlam a astrogliose, promovendo a regeneracao do sistema
nervoso central.

No presente estudo foram desenvolvidos dois sistemas de BiFC baseados na proteina
fluorescente Venus, de forma a avaliar moduladores na interagdo de proteinas cruciais na via
JAK/STAT. Estes sistemas, gp130-Venus e Venus-STAT3, foram criados por clonagem molecular a partir
de outros plasmideos. Posteriormente foram testados em células animais e analisados por citometria
de fluxo e microscopia de fluorescéncia de forma a avaliar a sua funcionalidade, eficiéncia e
comportamento.

Tanto o sistema gp130-Venus como o Venus-STAT3, funcionaram em células vivas, tendo o
primeiro baixos niveis de fluorescéncia, enquanto que o segundo demonstrou uma eficiéncia total
superior. O comportamento de ambos os sistemas foi similar as proteinas enddgenas, confirmando as
investigagdes recentes referentes ao estado de dimerizagdo destas proteinas na auséncia de estimulos.
O Venus-STAT3 produziu um maior nivel de fluorescéncia e portanto foi o sistema estudado com mais
profundidade.

Para aferir a aplicabilidade do sistema molecular desenvolvido no estudo de intera¢des de
proteina, estuddmos um dos plasmideos do sistema Venus-STAT3 em combinagdao com outros
plasmideos que continham a metade complementar da proteina Venus. Os plasmideos analisados
eram constituidos por diversas proteinas envolvidas em doengas neurodegenerativas como:
huntingtin, tau, synuclein, DJ-1 e GFAP, e tanto o factor de transcricdo p53 como o seu regulador,
mdm?2. O sistema Venus-STAT3 também foi investigado em células animais apds estimulacdo com
citocinas, voltando a verificar-se um comportamento semelhante ao enddgeno.

O sistema Venus-STAT3 confere informacdo direta sobre a dimerizacdo de STAT3. Para provar o
seu potencial como ferramenta para a descoberta de novos moduladores desta interacdo, foi testado
com um inibidor especifico de dimeriza¢do recentemente desenvolvido pelo grupo de investigacdo da
Dr. Rita Delgado. O tratamento com este inibidor reduziu a fluorescéncia gerada pela interagdo dos
dimeros STAT3, voltando-se a validar este sistema.

Os resultados apresentados demonstram o potencial destes sistemas BiFC a dois niveis: 1) como
ferramentas na andlise de moduladores farmacolégicos e genéticos, e 2) na disseccdo dos
intervenientes da via JAK/STAT em diversos contextos bioldgicos. Estas ferramentas contribuem para

um maior conhecimento das dindmicas das interacOes proteicas envolvidas nesta cascada de

Vi
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sinalizagcdo, que mesmo parecendo simples se torna complexa quando analisada em conjunto com

outras vias de sinalizac¢do.

Palavras-chave: via JAK/STAT; gp130; STAT3; astrdcito; sistema BiFC.

Vi
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Introduction

1.1 THE JAK/STAT PATHWAY

Each biological process is uniquely regulated by a series of biochemical mechanisms that derived
from complex cascades of protein-protein interactions. The Janus kinase (JAK)/Signal transducer and
activators of transcription (STAT) pathway is an evolutionarily conserved mechanism by means of
which extracellular factors control gene expression. This signalling pathway plays a relevant role in a
wide range of phenomena, both physiological and pathological, as it is involved in embryonic
development, neuronal regeneration, acute-phase response to injury, neurodegeneration and cancer,
to mention just a few examples.

The consensus JAK/STAT pathway is relatively straightforward and comprises four key
phosphorylation steps and the formation of several protein complexes at the membrane, cytoplasm
and nucleus (Figure 1). Upon ligand binding to receptor glycoprotein 130 (gp130) homo/heterodimers
[1], JAKs become activated by transphosphorylation due to close proximity [2] . JAKs then
phosphorylate specific conserved tyrosine residues within the cytoplasmic part of the receptor [3].
These residues act as docking sites for signalling molecules containing Scr homology 2 (SH2) domains.
STAT3 proteins are recruited by their SH2 domains to these sites, where JAKs phosphorylate them in
specific tyrosine and serine residues (Tyr705 and Ser727) [4]. This leads to the release of
phosphorylated STAT3 dimers from the receptor [5] and their translocation into the nucleus, where
they bind to specific promoter regions to induce gene expression. Activated STAT3 dimers can partner
with coactivators, such as p300/CREB binding protein? (CBP) or Smad®® proteins, to enhance the

transcriptional rate of target genes’, such as the glial fibrillary acidic protein (GFAP) [6].

Figure 1 — Schematic representation of the JAK/STAT pathway. [1] Ligand binding to receptor complex. [2] Phosphorylation
of JAKs. [3] JAKs phosphorylate specific tyrosine residues in the receptor. [4] Recruitment of STAT3 to the receptor and
subsequently phosphorylation by JAKs. [5] Activated STAT3 dimers are released from the receptor. [6] STAT3 dimers
translocate to the nucleus, associate with co-activators and induce expression of target genes (e.g. GFAP).
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The IL-6 family of cytokines is the main stimulator of this pathway?, enclosing IL-68, I1L-11°, LIF
(leukemia inhibitory factor), OSM (Oncostatin M), CNTF (ciliary neurotrophic factor), CT-1
(cardiotrophin-1) and CLC (cardiotrophin-like cytokine). The interaction between different IL-6
cytokines and their receptors and effector molecules is specific, eliciting precise as well as overlapping
physiological responses'®!! (Figure 2). Cytokines bind to plasma membrane receptor complexes
containing the common signal transduction receptor chain gp130, which can form homodimers or
heterodimers with LIF receptor or OSM receptor. IL-6, IL-11 and CNTF first bind specifically to their
non-signalling a-receptors (IL-6Ra, IL-11Ra and CNTFRa)!*13, They are then able to efficiently recruit
the gp130 signalling receptor subunits or induce a conformational change in transient homodimers of
gp130'15, The remaining cytokines signal via heterodimers of either gp130/LIFR (LIF, CNTF, CT-1 and
CLC) or gp130/0SMR (OSM)28,

T

O Uk ) )

Figure 2 — Different cytokines and receptor complexes can trigger the JAK/STAT pathway.

Phosphorylation of STATs by JAKs is the next step in the pathway. Although the STAT family has
7 members in humans, we will focus on STAT3 because it is the key effector of astrogliogenesis and
central to this thesis. The consensus for this pathway is that STAT3 phosphorylation by JAKs leads to
STAT3 dimerization, subsequent translocation into the nucleus and binding to DNAY. However, current
evidence strongly indicates that STAT3 exists as stable homodimer prior to cytokine stimulation and
that Ty705 phosphorylation changes its conformation!®'®, These dimers shuttle continuously between
the cytosol and the nucleus in unstimulated cells, suggesting that stimulated cells decrease STAT3
nuclear export and retains it in the nucleus?®22, Although unphosphorylated dimers exist and are
present in the nucleus, they are incapable of binding to specific promoter regions of active STAT3.
Unphosphorylated dimers are involved in chromatin remodelling and transcription of MET, MRAS and
cyclin D1 by cooperating with other protein complexes such as NFkB and CD44%7%,

The JAK/STAT pathway is tightly regulated by genetic inhibitors at different levels. Protein
tyrosine phosphatases (PTPs) bind to JAKs and STAT3 to facilitate their dephosphorylation?. The
suppressor of cytokine signalling (SOCS1/3) binds to JAKs via its SH2 domain and abolishes STAT3
recruitment to the receptor?. Finally, protein inhibitors of activated STATs (PIAS) obstruct STAT3 DNA

binding ability and induce the expression of corepressors?’.
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1.2 THE JAK/STAT PATHWAY Is A PROMISING THERAPEUTIC TARGET

The JAK/STAT pathway is essential for normal development and physiology. Mice deficient in
one of the members of the IL-6 family show mild phenotypes due to the pleiotropic activities of gp130-
dependent cytokines. In contrast, gp130-null mice die 12.5 days post-coitum, exhibiting disrupted
placental architecture, hypoplastic development and a decrease in fetal liver hematopoiesis. Gp130
mutations produce defects in multiple organs (e.g. brain, heart, liver and lungs)?. Both gp130- and
LIFR-deficient mice exhibit a significant reduction of astrocytes and GFAP expression, as well as loss of
motor and sensory neurons in several loci at late stages of development?. Knockout mice for JAK1 or
JAK2 are not viable, dying in the perinatal and embryonic period, respectively. Knockout models for
STAT proteins are viable except for STAT3 -/- mice, which shows severe developmental abnormalities,
highlighting the relevance of this transcription factor®.

The wide range of effects of the JAK/STAT pathway in biological processes is mainly due to
activated STAT3 target genes. These are related to cell cycle control (e.g. c-Myc); apoptosis (e.g. Bcl-
XL, Bcl-2, Mcl-1 and surviving); astrocyte differentiation and development (e.g. GFAP and S100); and
metastasis (e.g. metalloproteases and vascular endothelial growth factor), which have been associated

with the onset and progression of a number of diseases®'. These include chronic inflammatory

35,36 37-39

responses®?, autoimmune disorders®*34, neurodegenerative disorders®>3¢ and cancers

In many of these disorders, STAT3 is continuously activated by dysregulation of upstream
kinases or loss of endogenous inhibitors. Several therapeutic approaches attempted to suppress
constitutive activation of STAT3. For instance, the AG490 compound inhibits JAK phosphorylation and
subsequently STAT3 phosphorylation, reducing invasion and adhesion of highly metastatic cells*.
Other JAK inhibitors have demonstrated clinical efficiency in rheumatoid arthritis and other
inflammatory diseases3.

Although, there is an increasing interest in modulating this pathway, little is still known about
its time-spatial interactions with other signalling pathways that modulate the final outcome of
JAK/STAT activation (Figure 3). These pathways can induce the formation of co-activator complexes
with STAT3 (e.g. transforming growth factor beta superfamily®** [TGF-B] and retinoic acid>**™** [RA]),
potentiate Ser727 phosphorylation (e.g. Ras/mitogen-activated protein kinase** [MAPK] and
phosphoinositide 3-kinase>***” [PI3K]), or facilitate STAT3 phosphorylation by JAKs (Notch

pathway*®49),
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Figure 3 — Representative scheme of multiple signalling cascades interacting with the JAK/STAT pathway to induce STAT3
gene expression. From left to right: TGF-B superfamily, Notch, JAK/STAT, Retinoic Acid, Ras/MAPK and PI3K pathway.

Understanding the interplay between the JAK/STAT pathway and other pathways will contribute
to a better comprehension of its biological consequences in human pathology, allowing the discovery
of new modulators and unlocking a broader spectrum of molecular targets for future therapeutics.

We are especially interested in the role of the JAK/STAT pathway in the production of astroglia
during brain development and upon CNS damage, which determines the ability of the CNS to repair

damage and regenerate.

1.3 ASTROCYTES ARE AN ESSENTIAL CELL TYPE IN THE BRAIN

1.3.1 Astrocytes: History, Definition and Classification

In the end of the 19" century, Rudolph Virchow coined the term Neuroglia for the once thought
inactive connective tissue that supported neurons in the Central Nervous System (CNS). The
development of metallic staining techniques by Camilo Golgi, Santiago Ramdn y Cajal and Pio del Rio-
Hortega enabled the discovery of three non-excitable neural cell types: astrocytes, oligodendrocytes
and microglia. All three are crucial for neuronal function, but for the purpose of this work only
astrocytes will be further reviewed.

The word astrocyte is derived from the Latin and Greek expression “astra” and “kytos”, and
literally means star-shaped cell. Astrocytes are the most abundant cell in the brain (excluding
cerebellum) in an overall proportion of 5:1 versus neurons. These cells are classified by their
morphology and presence in white matter (fibrous astrocytes), or grey matter (protoplasmic
astrocytes) (Figure 4).

The majority of fibrous astrocytes display several long intersecting processes®, rich in
intermediate filaments that radiate symmetrically from the cell soma. These processes do not
frequently branch, but they extend along axons bundles providing structural support for axonal tracts

and commonly forming end feet at capillaries and nodes of Ranvier. On the other hand, protoplasmic
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astrocytes have a complex morphology with highly branched processes that enfold neuronal synapses
and cell bodies by forming membranous sheets. This subtype has fewer intermediate filaments but a
higher density of organelles. Protoplasmic astrocytes also interact with capillaries and the pial
surface®. This subtype is organized in individual non-overlapping anatomical domains that are free of

processes from any other astrocytes™.

Figure 4 — Astrocytes are star-shaped cells. A) and B) Protoplasmic and fibrous human astrocytes stained for GFAP (brown)
with haematoxylin counterstain, respectively. [Adapted from Rao, A & Jacobson, M, 2005, Development Neurobiology, 4t
edn, Plenum Publishers, New York] C) Spatial organization of astrocytes (yellow) and neurons (blue) in rat cortex. A small

vessel is outlined by astrocytic endfeet. [Adapted from Nedergaard, M., Ransom, B. & Goldman, S. a. New roles for astrocytes:
redefining the functional architecture of the brain. Trends Neurosci. 26, 523-30 (2003)]

Astrocytes integrate a syncytial superstructure through evenly distributed gap junctions along
their processes®?. This network enables fast communication between cells, because they are
permeable to ions and other biologically important molecules (e.g. nucleotides, sugars, amino acids).
Glial excitability through the release of calcium also allows astrocytes to gather information from the
extracellular space. These mechanisms allow a rapid and coordinated regulation of the electrical and
biochemical demands of the tissue.

From a more molecular point of view, astrocytes are mainly characterized by the expression of
the intermediate filament GFAP, the calcium binding protein S100B and glutamine synthetase>3. Other
markers include the glutamate transporters GLAST and GLT-1 in rodents, which correspond to
excitatory amino acids transporters 1 and 2 (EAA1, 2) in the human brain; the water channel aquaporin
4 (AQ4), connexin 43 (gap junctions); and the aldehyde dehydrogenase 1 family, member L1

(ALDH1L1), a selective label for cortical astrocytes in vivo>*>°.

1.3.2 Astrocytes Maintain Normal Neuronal Function and Survival

Astrocytes were initially regarded as secondary cells of the CNS, only providing a structural
support for neurons. Over the past decade, numerous studies have come forward to demystify this
housekeeping view of astrocytes, picturing a more active and dynamic role for them in normal brain
function.

One of the best recognized features of astrocytes is their dense expression of potassium (K+)
channels. This enables an efficient regulation of physiological pH by removing the excess of

extracellular K+ produced during normal and pathological neuronal activity®®. The water channel AQ4
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is enriched in astroglial processes, where it regulates fluid homeostasis and facilitates the flux of gases
by contact with blood vessels®®. Furthermore, astrocytes are the main responsible for the inactivation
and recycling of glutamate due to their specific expression of glutamate transporters and glutamine
synthetase®. Glutamate is the main excitatory neurotransmitter in the brain, but it can also be a
powerful neurotoxin at high concentrations. Astrocytes remove 80% of extracellular glutamate by
EAAT1/2 transporters, preventing their potentially detrimental accumulation. Astrocytes also produce
and secrete glutathione to the extracellular medium, and thus provide antioxidant protection and
reduce neuronal toxicity®®. Besides providing a healthy environment, these star-shaped cells release
energy metabolites to support neuron activity, which facilitates learning and memory?.

Astrocytes are closely associated with neuronal membranes and specifically with synaptic
regions, by enwrapping presynaptic and postsynaptic terminals. Neurons co-cultured with astrocytes
developed seven-fold more mature functional synapses than neurons grown in the absence of
astrocytes®”°8, These cells also regulate postsynaptic currents though calcium excitability by releasing
neuroactive molecules, which influences long-term potentiation and synaptic scaling®. Very
importantly, the interaction of astrocytes, perycites and vascular endothelial cells form the blood-brain

barrier and regulate CNS blood flow in response to neuronal activity3®>®,

1.3.3 Astrocytes a Major Line of Defence Against Brain Insults

Astrocytes protect the brain tissue from numerous pathological stimuli, from acute lesions, such
as trauma or stroke, to chronic neurodegeneration, such as Alzheimer and Parkinson diseases. A
common hallmark of these disturbances is the proliferation and hypertrophy of astrocytes in response
to insults, a phenomenon known as reactive astrogliosis®®>°.

Astrogliosis can range from mild to severe with glial scar formation®. Upregulation of GFAP
expression and other genes leads to hypertrophy of the cell body and processes. However, astrocytes
will only invade each other’s domain when the tissue is severely damaged. If the blood-brain barrier is
disrupted, the domain network organization is dismantled and astrocytes proliferate and form a dense
web of interdigitated processes and cell bodies, known as the glial scar®*®! (Figure 5). Reactive
astrocytes express pro-inflammatory cytokines and trophic factors that alter the microenvironment®2,
Furthermore, they also produce dense extracellular deposits of proteoglycans and other molecules
capable of remodelling the local extracellular matrix, including collagen, chondroitin sulfate

proteoglycans and tenascin-C, among others>%°,
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Figure 5 - Confocal images of GFAP and BrdU expression demonstrating astrocyte reactivity after photothrombosis.
Astrocyte proliferation starts by day 2, lost of individual domain is apparent by day 6 and a glial scar is formed by migrating
astrocytes by day 14. [Adapted from Choudhury, G.R., Ding,S., Reactive astrocytes and therapeutic potential in focal ischemic
stroke, Neurobiol.Dis. (2015)%1]

The reactivity of astrocytes can be triggered by any lesion involving the CNS, such as
neuroinflammation, necrosis, edema, infection or chronic neurodegeneration. The occurrence of these
processes leads to the upregulation of STAT3 in reactive astrocytes, which is essential for
neuroprotection in acute responses® >, Production of cytokines from the IL-6 family in response to
brain insults protects motor neurons of the spinal cord from degeneration following spinal cord injury
in adult mice®?. Absence of SOCS3 promotes gpl30-mediated CNTF signalling, promoting axon
regeneration®®®’, Deletion of STAT3 following traumatic insults leads to limited migration of astrocytes.
This has been associated with widespread infiltration of inflammatory cells, demyelination and severe
loss of motor function®. STAT3 activation induces the expression of anti-apoptotic regulatory proteins
Bcl-2 and Bcl-xL, reducing neuronal apoptosis®2. Inhibition of STAT3 phosphorylation potentiates lesion
enlargement and exacerbation of neurological deficits. These experimental data highlight the positive

effect of astrogliosis and STAT3 signalling in CNS repair®®®,

1.4 MODULATION OF ASTROCYTES COULD ENABLE NEURONAL REGENERATION

Astrogliosis has a clear positive effect on brain tissue immediately after distinct pathological
stimuli. The formation of the glial scar in acute phases of CNS insults acts as a border between the toxic
lesion and the healthy parenchyma. It restrains the spread of inflammation and infection, thus limiting
the extent of the damage and protecting neural cells. Nevertheless, when the insult to the CNS persists
and astrogliosis is unable to resolve it, there is an exacerbation of inflammation and loss of normal
functions by astrocytes, which can sustain and promote disease, inhibit neuroplasticity and block CNS
regeneration.

Reactive astrocytes secrete pro-inflammatory molecules and neuromodulators that can disrupt
glutamate homeostasis in chronic stages, leading to synapse dysfunction and excitotoxicity, and
facilitating seizure-like activity®®. Furthermore, glial scar formation and release of matrix glycoproteins
creates a biochemical and physical barrier for the regeneration of axons and the reestablishment of
the neural circuits®*®. Inhibition of the JAK/STAT pathway has positive effects on neurogenesis and

CNS repair3265707L7172 Genetic ablation of GFAP and vimentin in mice also attenuates reactive gliosis,
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enhances neurogenesis and synaptic and axonal regeneration, and improves functional recovery after
spinal cord injury”>74,

In summary, the benefits of reactive astrocytes in acute stress response can be counterbalanced
by restricted regenerative potential at a later stage. A greater understanding of the spatial and
temporal changes of injured CNS tissue at molecular and cellular levels is required to fully understand
astrogliosis. The identification and characterization of the mechanisms that govern key protein-protein

interactions within the JAK/STAT pathway can enable a greater control of astrogliosis and CNS repair.

1.5 BIMOLECULAR FLUORESCENCE COMPLEMENTATION (BIFC) AsSAYS

The JAK/STAT pathway comprehends several protein-protein interactions regulated by specific
processes, and leading to important biological responses. In the complex web of signalling
transduction, a single protein can have multiple partners contributing to multiple cellular functions.
Studying the relation between proteins in living cells, as well as their modulation by the environment,
is crucial for understanding physiological and pathological dynamics.

Traditional methods for the study of protein-protein interactions require the extraction of
proteins from their in vivo setting or rely on indirect detection of their consequences. Bimolecular
fluorescence complementation (BiFC) is a new promising approach to unveil the role and regulation of
macromolecular partnerships in living cells’. This technique is based on the fusion of complementary
fragments of a fluorescent protein to two interacting proteins (Figure 6). When the proteins of interest
interact, the reporter protein is reassembled, resulting in a fluorescent signal that is proportional to
the amount of dimers’®. Fluorescence can then be analysed qualitative and quantitatively by
conventional methods, such as flow cytometry and fluorescent microscopy.

yenus} .
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Figure 6 — Schematic representation of BiFC cellular model used for the visualization of protein-protein interactions. In this
example, STAT3 is fused with two complementary non-fluorescent halves of the Venus fluorescent protein. When STAT3
dimers are formed, the functional fluorophore is reconstituted.

BiFCis animportant tool to visualize and study specific protein-protein interactions in living cells.
It can be useful, for example, to elucidate the residues or domains that are responsible for a particular
interaction or to identify small molecule and genetic modulators of protein complexes’”’8,

Bearing the unique features of these systems in mind, creating BiFC systems with key proteins
of the JAK/STAT pathway could push forward our understanding of the complex signalling network

leading to astrogliosis, and thus promote CNS regeneration.
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Objectives

The JAK/STAT pathway is a key player in astrogliosis and CNS response to damage, but also in
other non-neural pathological conditions, such as inflammation and cancer. Its understanding can
therefore boost the finding of therapeutic targets for chronic inflammation, neurodegenerative
diseases, psychiatric syndromes and tumours.

Our main goal is to develop a series of robust Venus-based BiFC systems to screen for
modulators of key protein-protein interactions of the JAK/STAT pathway in living mammalian cells. The
specific objectives of this master thesis are:

1. Develop BiFC models to analyse the JAK/STAT pathway in living cells; and

2. Characterize the functionality and behaviour of these BiFC models.
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Methods

3.1 MATERIALS AND REAGENTS

Cloning enzymes, penicillin/streptomycin solution, and NE-PER™ Nuclear and Cytoplasm
Extraction and LightShift® Chemiluminescent EMSA Kits were acquired from Thermo Scientifc (MA,
USA). Dulbecco’s Modified Eagle’s Medium (DMEM) and phosphate buffered saline (PBS) without Ca2+
and Mg2+ were purchased from Lonza (Basel, Switzerland). Fetal bovine serum (FBS) was obtained
from Biowest (Nuaillé, France). Bradford and DAPI were acquired from PanReac AppliChem (Barcelona,
Spain). DNA purification kits were purchased from NZYTech (Lisbon, Portugal).

Lipofectamine® 2000 and IL-6 were acquired from Invitrogen (MA, USA). The anti-STAT3 rabbit
monoclonal antibody was obtained from Cell Signalling (MA, USA). Anti-glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) mouse monoclonal antibody was purchased from Ambion (CA, USA). The
Alexa Fluor 594 chicken anti-rabbit IgG antibody was acquired from Life Technologies (NY, USA).
Secondary antibodies ECL™ sheep anti mouse IgG HRP and donkey anti-rabbit IgG HRP and trypsin
were purchased from GE Healthcare Life Sciences (Buckinghamshire, United Kingdom).
Chemiluminescent HRP substrate Immobilon™ Western was obtained from Milipore (Billerica, USA).

U251 human glioblastoma cells were purchased from Public Health England (Salisbury, United
Kingdom). HEK293 human embryonic kidney cells were a kind gift from Julia Costa (ITQB, Portugal).
Plasmid pSVLgp130/id-YFP was kindly provided by Dr. Gerhard Miller-Newen (Institute of
Biochemistry, RWTH Aachen University). 25Q-Huntigtin-V2, 103Q-Huntigtin-V2, TAU-V2 and a-syn-V2
were a kind gift from Dr. Tiago Outeiro (University of Gottingen, Germany). p53-V2 and Mdm2-V2
plasmids were a kind gift from Drs. Cecilia Rodrigues and Joana Amaral (University of Lisbon, Portugal).
The DJ1-V2 plasmid was a gracious gift from Dr. Flaviano Giorgini (University of Leicester, United
Kingdom) and the GFAP-V2 plasmid was synthetized by Ricardo Vilela at our laboratory
(ITQB,Portugal).

3.2 GENERATION OF GP130-VENUS AND VENUS-STAT3 BIFC CONSTRUCTS

The complementary halves of the Venus reporter protein were extracted from a plasmid
carrying full-length Venus by PCR using the following primers: 5’AATTAAGGTTACCTATGGTGA-
GCAAGGGCGAG3’ and 5TAGTGGCGGCTGTTCGTTATTCCTAGGCAGTCA3’ for Venusl (V1, amino acids
1-158); and 5" GTCATCGGTTACCTAAGAACGGCATCAAGGCCAA3’ and 5'CGTACCTGCTCGACATGTTCAT-
TCCTAGGTAGTCA3’ for Venus2 (V2, amino acids 159-238). PCR fragments were digested with
BstEll/BamHI. The destination vector pSVLgp130/id-YFP encodes a truncated gp130 protein in which
Pro666 is immediately followed by a half of the yellow fluorescent protein (YFP)*. The YFP fluorescent

protein was removed by digestion with BstEll/BamHI and substituted by the corresponding Venus
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halves. Constructs were verified by digestion with the cloning enzymes and sequencing (GATC,
Cologne, Germany). Afterwards, the gp130-Venus fusion proteins were subcloned into Xhol/BamHI
sites of a pcDNA 3.1 (-) vector for mammalian expression. A summary of the molecular cloning for the

generation of these BiFC constructs is illustrated in the following workflow (Figure 7).

DNA Extraction
i ——————

Verification of
Plasmid

Enzyme Digestion
~ /Sequencing
- S

Figure 7 — Workflow for the generation of the GP130-Venus BiFC constructs.

The constructs containing V1-STAT3 and V2-STAT3 were designed by means of the A Plasmid
Editor (APE) freeware (http://biologylabs.utah.edu/jorgensen72wayned/ape/) and manufactured by
Life technologies on a pcDNA 3.1(-) backbone.

‘GP130 V1 (V1 [STAT3
Gpizo @2 W2 stAT3

Figure 8 — lllustration of the constructs generated for this study. Venus halves were cloned on the C-terminal and N-terminal
of the Gp130 and STAT3 proteins, respectively

3.3 EXPERIMENTS IN MAMMALIAN CELLS
All experiments were carried out in Human Embryonic Kidney (HEK) 293 cells and Human glioma
cells (U251), which were maintained and seeded in suitable culture conditions (Section 3.3.1 below).
To evaluate the potential of the BiFC constructs three main steps were performed:

1. Gp130-Venus and Venus-STAT3 BiFC constructs were tested for functionality, fluorescence
efficiency and behaviour in living cells. They were compared with a positive control constituted
by a well characterized BiFC pair of mutated huntingtin (103QHtt-Venus). Single BiFC plasmids
were used as a negative control.

2. The V1-STAT3 fusion protein was co-expressed with several Venus 2 fusion proteins to further
ascertain its potential to visualize protein-protein interactions. The plasmids used were the
following: 25QHtt-V2 (huntingtin protein), 103QHtt-V2, a-syn-V2 (a-synuclein), DJ1-V2, TAU-V2,
GFAP-V2, p53-V2 and Mdm2-V2.

3. The behaviour of Venus-STAT3 was investigated after stimulating cells with IL-6 or LIF or specific
inhibition of the JAK/STAT pathway by means of a STAT3 inhibitor recently developed by Dr. Rita

Delgado (ITQB) (binuclear copper complex).
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Twenty-four hours after transfection, cells were analysed by flow cytometry, fluorescent

microscopy, western blot (WB) or electrophoretic mobility shift assay (EMSA).

3.3.1 Culture, transfections and treatments

Both HEK 293 and U251 cells were grown in DMEM supplemented with 10% FBS and 1X
Penicillin/Streptomycin mixture, and maintained at 372C in a humidified atmosphere of 5% CO2.

For all the experiments, cells were counted and seeded according to the analytical method. For
flow cytometry and microscopy, 3x10° U251 and 8x10° HEK 263 cells were seeded per well (6-well
plates) or 35 mm dish (glass-bottom), respectively. For WB and EMSA assays, 0.8x10° U251 cells and
2x10°% HEK 293 cells were plated on 60 mm dishes. Transfections were performed twenty-four hours
later using a DNA to Lipofectamine® 2000 ratio of 1:4 (ug:ul). Most experiments were carried out with
1 ug of DNA per plasmid, with two exceptions: the 25QHtt plasmid (150 ng)’®, to equalize expression
levels; and the single transfections of V1-STAT3 and V2-STAT3 (2 ug) in the EMSA assay, to reach final
DNA amounts equal to the double V1-STAT3/V2-STAT3 transfection. Cell medium was replaced 5-6
hours later, and samples were collected or analysed twenty-four hours after transfection.

The inhibitory molecule binuclear copper complex (150ug/mL) was added after replacing the
cell medium and analysed 16-24 hours later. IL-6 and LIF stimulation experiments were performed
twenty-four hours after transfection, to ensure that STAT3 was already expressed when the cells are
exposed to the cytokines. Cells were treated with 100ng/mL of IL-6 and LIF for 0, 0.25, 0.5 and 1 hour

and were handled according to the requirements of each analytical method.

3.4 FLow CYTOMETRY
Cells were washed once with PBS without Ca2+ and Mg2+, trypsinized (0.25% w/v) for 5 minutes
at 379C and collected into microcentrifuge tubes. Cell suspensions were centrifuged, supernatants
discarded and cell pellets resuspended in PBS. Fluorescence was measured using a FACSCalibur flow
cytometer (Becton Dickinson, CA, USA) equipped with a low-power aircooler 15 mW blue (488) argon
laser and a red (635) diode laser (band-pass filter 530/30). Ten thousand events were examined per

group and the data was analysed using FlowJo software (Tree Star Inc., OR, USA).

3.5 FLUORESCENCE MICROSCOPY
Living cells were examined directly by a custom-built Nikon Eclipse TE2000-S inverted
fluorescence microscope equipped with a Hamamatsu Flash 2.8 sCMOS camera. Some samples were
also processed for immunocytochemistry, and image acquisition was performed in the same
microscope. All photos were taken using a 100X objective and handled in Imagel) free software

(http://rsbweb.nih.gov/ij/).
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3.6 IMMUNOCYTOCHEMISTRY
Cells were rinsed in PBS once and fixed in 4% paraformaldehyde in PBS and permeabilized in ice-
cold methanol for 10 min at -202C followed by a PBS washing step (5 min). Specimens were then
blocked in 1% BSA for 1 hour and incubated with primary anti-STAT3 rabbit antibody (1:1000 in 1%
BSA) at 49C overnight. Subsequently, cells were washed with PBS (3 times x 5 min) and incubated with
Alexa Fluor 594 anti-rabbit secondary antibody (1:1000 in 1% BSA) for 2 hours at room temperature in
the dark. Samples were then incubated with 1ug/ml of DAPI for 5 min to stain nuclei, washed (3 times

x 5 min) and observed under a fluorescent microscope.

3.7 WESTERN BLOT ANALYSIS

For total protein extraction, cells were rinsed once in PBS, lysed with NP-40 lysis buffer (150 mM
sodium chloride, 1.0% NP-40, 50 mM Tris pH 8.0, containing a cocktail of protease and phosphatase
inhibitors) and scrapped directly from dishes. Samples were always kept on ice to avoid protein
degradation. Cell suspensions were transferred into a pre-cooled microcentrifuge tube and incubated
for 10 minutes on ice. Following cell disruption performed by Sonifier® W-450D (Branson Emerson, CT,
USA), samples were centrifuged at 10,000 x g for 10 minutes at 42C. Supernatants were collected, and
protein concentrations were determined using Bradford solution and a standard curve with known
concentrations of BSA (0.125 to 2 pg/ul). Samples were incubated for 5 minutes and read at 595 nm
by means of a microplate reader (Multiskan Go, Thermo Scientific). Loading buffer (4% SDS, 10% 2-
mercaptoethanol, 20% glycerol, 0.004% bromophenol blue, 0.125 mM Tris-HCl, at pH 6.8) was added
to 50 ug of total protein extracts per sample, which were then boiled for 5 minutes at 1002C. Samples
were separated on 10% sodium dodecyl sulphate (SDS)-polyacrylamide gel electrophoresis and
transferred to nitrocellulose membranes.

After electrophoretic transfer, membranes were stained with Ponceau S (0.1% w/v) to verify
protein transfer efficiency. Membranes were rinsed in water and Tris-buffered saline with Tween 20
(TBST) (150 mM NaCl, 50 mM Tris pH 7.4, 0.5% Tween-20) to remove Ponceau. Blocking was performed
in 5% (w/v) non-fat dry milk in TBS at room temperature for 1 hour. After a rinsing step in TBST (5 min),
membranes were incubated with primary antibodies diluted in 5% BSA in TBS 1X and 0.05% of sodium
azide overnight at 42C. The primary antibodies used were anti-STAT3 (1:1000, rabbit polyclonal) and
anti-GAPDH (1:10000, mouse monoclonal). After rinsing with TBST (3 times x 5 min), membranes were
incubated with the appropriate secondary antibody conjugated with horseradish peroxidase (HRP)
(1:10000 in 5% non-fat dry milk) for 2 hours at room temperature. Membranes were washed 3 times
in TBST (5 min each), incubated for 1 minute in chemiluminescent HRP substrate and processed for

protein detection using Chemidoc XRS+ Biorad (CA, USA). GAPDH signal was used as a loading control.
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3.8 EMSA AssAys

Nuclear extracts were prepared by means of NE-PER™ Nuclear and Cytoplasm Extraction Kit
following manufacturer’s instructions. All steps were performed at 42C and protease inhibitors were
added to CER | and NER solutions to prevent protein degradation. A 4% native polyacrylamide gel was
prepared in 0.5 X Tris-borate-EDTA (TBE) and pre-run for 1 hour. The EMSA assay was performed by
means of the LightShift® Chemiluminescent EMSA kit, following manufacturer’s instructions. Binding
reactions contained 1 pmol/ul of 3° end-labeled biotin double-stranded oligonucleotide probe for
STAT3 (5’-GATCTAGGAATTCCCAGAAGGATC-3’) in 1X of binding buffer, 50 ng/pl poly (dI-dC), 2.5%
glycerol, 0.05% NP-40, 25 mM KCI, 1mM EDTA and 3 ul of nuclear extract. Control reactions for binding
specificity contained a 200-fold molar excess of unlabelled probe. After electrophoretic separation of
protein-DNA complexes and transfer to nylon Hybond N+ membranes, membranes were UV-cross-
linked and blocked with the blocking buffer provided by the kit. Biotin-labeled oligonucleotides were
detected by means of stabilized streptavidin-HRP conjugates and the HRP chemiluminescence reaction

with luminol, and imaged by means of a Chemidoc device (Biorad).

3.9 STATISTICS
GrahPad Prism 5 software (GrahPad Software Inc., CA, USA) was used to perform the statistical
analysis. Results were analysed by means of a one-way ANOVA followed by a Tukey’s Multiples

Comparison Test for comparison of averages, with a significance of p<0.05.
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Results

4.1 PRODUCTION OF BIFC SYSTEMS

BiFC systems are composed of two plasmids. The proteins of interest have to be fused to either
the N-terminal half (V1) or the C-terminal half (V2) of the Venus yellow fluorescent protein. If the
proteins of interest interact, an efficient complementation of the Venus halves should occur, producing
fluorescence’. The Venus halves can be fused to the N-terminus or the C-terminus of the protein of
interest, but it is impossible to predict a priori which the optimal location for the tag is. When the
proteins of interest have never been tagged, the optimal location has to be determined empirically.
However, if the protein has been reportedly tagged, the starting location can be chosen according to

existing literature.

4.1.1 Production of GP130-Venus BiFC constructs

For the generation of the gp130/id-Venus plasmids, our first cloning approach was to remove
the YFP1 half (540bp) from the pSVLgp130/id-YFP1 BiFC plasmid (6798bp) and substitute it by Venus
halves (Figure 9-A). The original pSVLgp130/id-YFP BiFC plasmids had the YFP halves in the C-terminus
of gp130, and were tested in vivo with positive results!*®°, However, the Venus protein is much
brighter than the YFP protein, and it is able to efficiently reconstitute the fluorophore at 372C, while
YFP-based BiFC systems require pre-cooling of cells at 302C for a couple of hours®.

The cloning of Venus halves in the pSVLgp130/id vector was successful as demonstrated by the
presence of positive clones (figure 9-B). Digestion of clones carrying V1 or V2 halves released bands at
the expected sizes (477bp and 246bp, respectively). However, pSVLgp130/id-Venus BiFC plasmids did
not produced fluorescence for unknown reasons (discussed in section 4.2.1). To overcome this
situation a second approach was performed (figure 9-A).

The gp130 protein fused with the Venus halves in the pSVL vector was removed by digestion
with Xhol and BamHI and sequenced for confirmation of intact proteins. Then, the extracted insert was
cloned into Xhol/BamHI sites of a previously digested pcDNA3.1 plasmid (Fig. 9-A, 2" step). Figure 9-C
shows positive clones for pcDNAgp130/id-V1 and pcDNAgp130/id-V2 was determined by enzyme
digestion and the appearance of bands at 2475bp and 2244bp, respectively.
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Figure 9 — Cloning strategy for fusion of gp130 protein with Venus halves. A) Schematic representation of different
approaches for cloning gp130 protein with Venus. First strategy: PCR products of the two Venus halves were cloned in
pSVLgp130/id plasmid, previously digested with BstEll and BamHI to remove the YFP half. Second strategy: Gp130 fused with
Venus halves was digested with Xhol and BamHI and inserted into a pcDNA 3.1(-) plasmid. B) Test digestion of pSVLgp130/id-
V1 and V2 clones, 477pb and 246pb respectively. (Arrowhead — positive clones) C) Test digestion of pcDNAgp130/id-V1 and
V2 clones, 2475pb and 2244pb respectively. (Arrowhead — positive clones)
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4.1.2 Production of Venus-STAT3 BiFC constructs

The Venus-STAT3 plasmids were designed using STAT3 and Venus consensus sequences. Venus
halves were fused to the N-terminus of STAT3 to ensure that all splice variants were tagged®. After
replacing the codon for glycine 380 from GGA to GGC (also encoding for glycine), to remove a BamHI

restriction site (GAGATCC), the constructs were manufactured by life technologies.

4.2 CHARACTERIZATION OF BIFC SYSTEMS IN MAMMALIAN CELLS

4.2.1 Characterization of gp130-Venus BiFC plasmids

pSVLgp130/id-Venus BiFC plasmids produced no fluorescence in U251 cells, as determined by
flow cytometry (figure 10). There were no problems with plasmid transfection, because the positive
control produced fluorescence. Venus BiFC systems often have background fluorescence caused by
spontaneous complementation of Venus halves®. However, combinations of gp130 constructs with
complementary Htt constructs showed no fluorescence either, indicating that gp130 constructs were
not functional. We were not able to verify if the plasmid was expressed, but we detected some
irregularities in the sequence of the plasmid beyond the gp130id/Venus sequence. Since the
gp130id/Venus sequences were correct and there were restriction sites available, we subcloned the

fusion proteins into pcDNA3.1 mammalian expression plasmids as described above.

w*
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Figure 10 — Fluorescence of pSVLgp130/id-Venus BiFC system. The BiFC system did not produce fluorescence in U251
cells as compared with the positive 103QHtt-Venus BiFC system previously developed by Dr. Herrera. None of the constructs
worked co-transfected with the positive control corresponding Venus halve constructs.

U251 cells transfected with pcDNAgp130/id-Venus showed fluorescence, although it was very
low in comparison with the positive control (figure 11-A). When pcDNAgp130/id-V1/V2 plasmids were
transfected with the corresponding 103QHtt-V2/V1 plasmid, the fluorescent signal was higher than
the produced by pcDNAgp130/id-Venus pair.
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Microscopy observations were consistent with the low fluorescence levels detected by flow
cytometry. A very low number of cells were labelled and they showed low fluorescence, which was
quickly photobleached and challenged our analysis. However, gp130/id-Venus stained the plasma
membrane and the cytoplasm to a lesser extent, as expected for a membrane-bound protein (figure
11-B). These results indicate that gp130 homodimers can be located in the cell membrane in the

absence of cytokine stimulation, as previously documented#15:8°,

Positive Control

pcDNAgp130/id-V1
pcDNAgp130/id-V2

Gpl30-V1+Htt-V2

Gp130-V2+HttV1

pcDNAgp130/id-Venus

Gp130-VZ+HO-V1
Gpl30-V1+H-V2
Gpl30-Venus
Gp130-V2
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1] Positive Control A
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Figure 11 — Low fluorescence levels of pcDNAgp130/id-Venus BiFC system in U251 cells. A) The generated BiFC
system shows low levels of fluorescence compared with the positive control. Individual pcDNAgp130/id constructs produced
higher levels of fluorescence when co-transfected with 103QHtt-V1/V2 constructs. B) U251 cells transfected with the
generated BiFC system labelled the plasma membrane and cytoplasm. Scale bar 20 um.

4.2.2 Characterization of Venus-STAT3 BiFC plasmids

To characterize the dynamics of STAT3 dimers in mammalian cells, we tested the venus-STAT3
BiFC system in HEK293 and U251 human cells (figure 12). The system was positive in more than 15%
of the cells analysed by flow cytometry in both cell lineages, giving signal levels a little lower than the

Htt-Venus BiFC system.
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Western Blots confirmed the expression of our constructs in cells (figure 12-B). STAT3 is
endogenously expressed by both cell lineages and its molecular weight is 80 kDa. Venus has a
molecular weight of 27 kDa, V1 corresponds approximately to 2/3 and V2 to 1/3 of the reassembled
protein. The molecular weight of the fusion proteins is therefore consistent with their tags.
Electromobility shift assay (EMSA) demonstrated that individual V1/V2-STAT3 plasmids increased

STAT3 presence in the nucleus (figure 12-C).
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Figure 12 — Characterization of Venus-STAT3 BiFC system in mammalian cells. A) Venus-STAT3 has high fluorescence levels
compared with the positive control. B) Immunoblots show expression of Venus-STAT3 in mammalian cells. C) EMSA assay
identifying nuclear STAT3.

Most labelled cells produced a homogeneous distribution of STAT3 dimers throughout the
cytoplasm and nucleus in both cell lineages, although U251 cells showed more nuclear localization
than HEK cells (figure 13-A). Furthermore, our constructs demonstrated different accumulation
patterns of STAT3 dimers (figure 13-B). Small aggregates were observed in the cytoplasm and
perinuclear region. In some cases, the concentration of aggregates in the perinuclear region was

marked.
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Figure 13 — Distribution patterns of Venus-STAT3 BiFC system in mammalian cells. A) Homogenous distribution of Venus-
STAT3 throughout the nucleus and cytosol. B) Aberrant patterns of Venus-STAT3. Left panel: U251 cells. Scale bar 20 um.

4.2.3 STAT3 BiFC System Provides Insight in Protein Interactions

To acknowledge the applicability of the STAT3 BiFC constructs in studying interactions with other
proteins and to verify STAT3 ability to form aggregates, we transfected U251 cells with V1-STAT3
plasmid in combination with plasmids containing several V2 fusion proteins. Most co-transfected
plasmids expressed proteins that are directly involved in neurodegenerative diseases, have a strong
tendency to aggregate and are mainly localized in the cytosol. These include huntingtin, GFAP, tau,
synuclein and DJ-1. The remaining plasmids code for p53 transcription factor and its regulator, mdmz2,
which localization shifts between the cytosol and nucleus. V1-STAT3 had high levels of fluorescence (<
15% of cells) when combined with both normal and mutant huntingtin, medium levels (> 5%) with
GFAP, synuclein and DJ-1, and low levels (< 5%) with tau and p53 (figure 14). No fluorescence was
displayed with the mdm2 combination. These results could indicate different degrees of affinity for

the different possible binding partners.
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Figure 14 - Interaction between V1-STAT3 and other proteins related to neurodegeneration. Flow cytometry charts of
different pairs of BIC constructs.
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The distribution pattern of fluorescence was heterogeneous in STAT3/huntingtin combinations
and homogeneous in the other combinations (figure 15-A). STAT3/25QHtt signal was most frequently
observed uniformly throughout the cell, while the other patterns consisted in nuclear staining and a
few small aggregates in the cytosol. On the other hand, STAT3/103QHtt produced mainly large
spherical aggregates in the cytosol, with a few arrested in the nucleus, resembling huntingtin
aggregates in a similar BiFC system’®®*. These behaviour patterns are compatible with the
predisposition of huntingtin to form aggregates when overexpressed or mutated.

Both synuclein and DJ-1 showed a uniform distribution throughout the nucleus and the
cytoplasm (figure 15-B). This is consistent with STAT3, synuclein® and DJ-1% BiFC systems, where
dimers are observed both in cytosol and nucleus. The STAT3/Tau pair has the same appearance as the
corresponding Tau/Tau BiFC system?®. Since Tau is a microtubule-binding protein, it delineated the
microtubular network, indicating that in this case Tau could be dragging STAT3 to microtubules. The
STAT3/GFAP combination labelled the cytoplasm and the nucleus. Although the STAT3/p53
combination displayed a low level of fluorescence, no labelled cells were found by microscopy. The
p53 BiFC system showed good levels of fluorescence®, but it was difficult to image cells because it

quickly photobleached (Herrera F, personal communication).
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Figure 15 — Interaction between V1-STAT3 and other proteins related to neurodegeneration. A) and B) Representative
microscopy images of the interactions between the V1-STAT3 and the other proteins tagged with Venus 2. Scale bar 20 um.

4.2.4 Dynamics of the STAT3 BiFC System after Cytokine Stimulation

To assess the functional behaviour of our constructs we stimulated transfected U251 cells with
IL-6 and LIF for 15, 30 minutes and 1 hour. Microscopy results of unstimulated cells had a homogenous
distribution of STAT3 dimers throughout the cell (figure 16). At 15 minutes both cytokines induced a
more pronounced perinuclear staining and after 30 minutes the majority of STAT3 dimers were present
in the nucleus. After 1 hour, cells reverted to their uniform pattern throughout the cytoplasm and
nucleus, consistently with previous studies?®??, We did not observed changes in overall fluorescence
levels upon cytokine stimulation by flow cytometry (Data not shown), supporting the idea that STAT3

dimers are pre-formed independently of phosphorylation®2,

STAT3 BIFC
SYSTEM STAT3 Ab Merge + DAPI
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Figure 16 — STAT3 expression patterns in unstimulated and stimulated cells. U251 cells were stimulated for 15, 30 minutes
and 1 hour with IL-6 and LIF. Analysis for Venus-STAT3 BiFC system (green) and STAT3 antibody (red) were performed. Scale
bar 20 um.
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4.2.5 Modulation of STAT3 dimerization by STAT3 Inhibitors

The search for modulators of STAT3 has gained ground, and even though a few have promising
features®, it is still an expanding field. STAT3 can be directly targeted by inhibiting its (a) recruitment
to the receptor, (b) phosphorylation, (c) dimerization, (d) nuclear translocation and (e) DNA binding.

Our BiFC system provides direct information about STAT3 dimerization. To investigate the
potential of this BiFC system, we tested a binuclear copper complex recently developed by Dr. Rita
Delgado’s group to bind specifically to phosphorylated STAT3 and inhibit STAT3 dimerization. We
observed that this inhibitor prevented binding of STAT3 to DNA in vitro (Figure 17A) and LIF-induced
STAT3 translocation to the nucleus in living cells (Figure 17B). The binuclear copper complex

significantly decreased average fluorescence, indicating inhibition of STAT3 dimerization (figure 17C).
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Figure 17 — Inhibition of STAT3 dimerization. A) Inhibitor prevents the association between STAT3 and DNA in a dose-
dependent manner. B) The inhibitor blocked STAT3 translocation to the nucleus in U251 cells treated with LIF. C) Fluorescence
rate of Venus-STAT3 decreased in the presence of the binuclear cooper complex. Statistical analysis of fluorescence means
from untreated and treated cells demonstrates a significant decrease in fluorescence.
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Discussion

In the present study we successfully developed two novel systems to study key protein-protein
interactions in the JAK/STAT pathway. The central role of this signal transduction cascade in the onset
and progress of a wide spectrum of disorders encourages the understanding and discovery of new
modulators of the pathway. Our main objective is to understand how astroglia is produced during brain
development and upon CNS damage. Astrocytes are crucial to neuron survival in physiological and
pathological conditions and can determine the ability of the CNS to repair damage and regenerate.
Several brain insults elicit a reactive response from astrocytes called astrogliosis, which can lead to
glial scar formation. The production of this structure in acute phases of CNS damage acts as protective
border between lesion and healthy parenchyma, promoting neuron survival and maintenance®.
However, if the insult to the CNS persists and astrogliosis is unable to resolve it, the astrocytic response
can sustain and promote disease and inhibits CNS regeneration. The JAK/STAT pathway is the canonical
route for astrogliogenesis and gp130-mediated activation of STAT3 has been proved vital to
astrogliosis®. The generation of tools like our BiFC systems could help to unravel the molecular and
cellular mechanisms required to induce CNS regeneration.

The BiFC system developed in the pSVL plasmid did not work in living cells, in spite of being a
mammalian expression vector previously used for similar purposes!*#. We detected problems in the
sequence of these plasmids surrounding the fusion gp130/id-Venus proteins, namely some
translocation of parts of the plasmid to the 3’ region of the cloning site. We were unable to confirm
expression of the fusion proteins with these constructs. However, the pcDNAgp130/id-Venus
constructs produced fluorescence in living cells, supporting a possible lack of expression with
pSVLgp130/id-Venus constructs.

Our pcDNAgp130/id-Venus BiFC system produced low levels of fluorescence. This could be
attributed to the complexity of the transmembrane profile of glycoprotein 130. The original gp130/id-
YFP BiFC system was also very inefficient in this sense!®. One possible explanation is the truncation of

t!®. Using longer cytoplasmic portions could

gp130/id that renders it signal transduction-incompeten
be more stable and provide better signals. The recruitment of downstream effector molecules might
further stabilize the signalling complex, intensifying the BiFC system functionality®®. The introduction
of a linker between gp130 and Venus could provide better flexibility for the reassembly of Venus,
leading to higher levels of fluorescence®. Giese et al. (2005) demonstrated that gp130 homodimers
are transient and can only be stabilized by cytokine binding and that stimulation with IL-6R further

increases this phenomenon?®. Testing our BiFC system with IL-6 and IL-6R and with constructs adding

a linker could provide higher levels of fluorescence. Although it is undesirable, lowering the
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temperature at 302C for 1-4 hours could also increase the signal®.. Further analyses should be done to
optimize this system.

A Venus-STAT3 BiFC system was successfully expressed in living cells with high levels of
fluorescence and a similar behaviour to endogenous STAT3 dimers. The homogeneous distribution
observed in both the nucleus and cytoplasm in unstimulated cells, as well as the lack of changes in
overall fluorescence upon cytokine stimulation, supports the basal existence of STAT3 dimers before
phosphorylation, as well as its constitutive, Tyr705-independent nuclear shuttling®20-22,

We added Venus halves to the N-terminus of STAT3 to detect possible splicing variants®. Since
the association of V1-STAT3 with other proteins did not lead to unexpected accumulation we can
assume that N-terminus tags did not interfere with STAT3 dynamics®. Additionally, when STAT3/STAT3
BiFC pairs were expressed, the majority of cells showed an expected distribution of dimers?. The
Venus-STAT3 BiFC system also behaved as expected upon cytokine stimulation, demonstrating nuclear
accumulation after 30 minutes of treatment®. Finally, a STAT3 inhibitor that binds specifically to
phospho-STAT3 and prevents its dimerization was able to reduce overall fluorescence, further
validating the BiFC model.

However, we could also identify some abnormal functions of the generated constructs. A few
cells showed perinuclear STAT3 aggregates, which could be a result of STAT3 overexpression or
malfunction. Alternatively, the BiFC tags might induce a conformational change that disturbs protein
folding of unphosphorylated dimers or inhibits the association of STAT3 dimers with important
structure modulators?>°®9!, The N-terminal region of STAT3 is essential for the formation of functional
unphosphorylated STAT3 dimers?*. The reassembly of Venus may produce dimers variants that are
more insoluble or prone to aggregation. STAT5 aggregation-prone variants induce similar dot-like
structures®?, and STAT3 inhibitors lead to perinuclear aggregates targeted for degradation by the
ubiquitin-proteasome system?3. The N-terminal region of STAT3 interacts with importin-a3, which
mediates its translocation to the nucleus by conformational changes. Impaired interaction between
the two proteins by small interfering ribonucleic acid (siRNA) can also lead to a perinuclear punctate
staining, similar to the observed in this study?2. On the other hand, N-terminal tags have been added
to STAT3 successfully without alterations in the dynamics of the transcription factor®2. We are planning
to clone the Venus halves in the C-terminal region of STAT3 and compare the results obtained with the
different STAT3-Venus BiFC systems.

Together, the gp130 and the STAT3 BiFC systems could be a powerful tool to carry out high-
throughput genetic and pharmacological screenings to identify the pathways that are involved in
astrogliogenesis, providing information about the step of the pathway at which each gene/protein
acts. They can also serve to identify novel possible protein interactors of gp130 and STAT3, and the

mechanisms that control these interactions, as we did previously for huntingtin?®, tau®® and
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synuclein®. Furthermore, these systems have multiple applications beyond astrogliogenesis, reactive

gliosis and CNS regeneration, since the JAK/STAT pathway is essential for normal development and

physiology.
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Conclusions

In the present study, we successfully developed two BiFC systems to visualize and study the
protein interactions of gp130 receptor and STAT3 transcriptional factor and we can conclude that:
1. Gpl130 and STAT3 form dimers in the absence of ligand or pathway activation. However,
dimerization can be regulated by other means (e.g. dinuclear copper complexes).
2. N-terminal tags do not affect STAT3 protein dynamics. However, we will test C-terminal tags and
compare the results.
Gp130-Venus and Venus-STAT3 BiFC systems could be promising tools for drug and genetic
screenings and step-by-step analysis of the JAK/STAT pathway in various biological contexts. Further
studies are required to assess the best combinations of constructs and optimize the systems for this

purpose.
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