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Resumo

Os astrocitos sdo um tipo de células nervosas essenciais para um bom funcionamento do Sistema
Nervoso Central (SNC). Normalmente, sdo responsaveis pela regulagdo da corrente sanguinea,
manutengdo da barreira hematoencefalica, fornecimento de energia através dos metabdlicos,
participacgdo na fungao e plasticidade sindptica e manutencdo do equilibrio de ides extracelulares,

fluidos e transmissores.

Estas células sdo também os primeiros elementos a responderem ap6és um insulto do SNC. Os
astrocitos perante traumas apresentam uma variedade de mecanismos de defesa e um deles € a via
do JAK/STATS3. A ativagao desta via ocorre durante a astrogliose reativa, um processo pelo qual
os astrocitos sofrem grandes alteragdes, principalmente na expressdo dos seus genes, na
morfologia e proliferagdo. Em casos mais graves, a ativacdo de STAT3 permite a formacao da
cicatrizacao glial, uma barreia fisica que protege as células saudaveis das danificadas e da propria

inflamacao.

STAT3 (signal transducer and activator of transcription 3) no geral participa em inumeras
fungdes bioldgicas em forma de homo-dimero e hetero-dimero (com STATI1, outro membro da
familia das proteinas STAT). Esta proteina ¢ um fator de transcrigao citoplasmatico que tem como
principal fungdo a regulacdo da expressdo de genes especificos envolvidos no crescimento,
sobrevivéncia e diferenciagdo celular, assim como no desenvolvimento e na inflamagao, entre
outros processos biologicos. No entanto, tem sido demonstrado que a desregulagdo da ativagdo
de STAT3 pode contribuir para o desenvolvimento de varias doengas. Por exemplo, STAT3
aberrante ou constitutivamente ativo estd associado a uma grande variedade de cancros e

malignidades hematologicas.

A classica via de sinalizacdo de STAT3 é a JAK/STAT3. Esta comega quando citocinas ou fatores
de crescimento se ligam a recetores permitindo que proteinas como JAK fosforilem o dominio
citoplasmatico do mesmo. Dimeros de STAT3 sdo recrutados para o recetor e fosforilados na
tirosina na posicao 705 também por JAK, ativando-os. Estes dimeros ativos entram para o niicleo
e regulam a expressao de genes alvo. Inicialmente pensava-se que a formagao de dimeros ocorria
apenas depois da ativagdo de STAT3, ou seja, depois da fosforilagao da tirosina 705. No entanto,
nos ultimos anos tem sido demonstrado que STAT3 encontra-se maioritariamente no citoplasma
em forma de dimero ndo-fosforilado (U-STAT3) em células ndo estimuladas. Para além disso,
dimeros de U-STAT3 conseguem entrar no nicleo e na mitocondria para regular a atividade
transcricional e aumentar a respiragao celular, respetivamente. Esta descoberta levantou bastantes
questdes na comunidade cientifica pois STAT3 estd a revelar ser uma proteina muito mais

complexa do que se pensava.

i



Asymmetric post-translational modifications regulate the intracellular distribution of
unstimulated STAT3 dimers

STAT3 apresenta seis dominios, cada um com fungdes especificas, ¢ ¢ alvo de inumeras
alteragoes como mutagdes ¢ modificagcdes pds-traducionais em certos residuos. Estas alteragdes
sdo capazes de influenciar o comportamento de STAT3 e, por conseguinte, a sua funcdo. Por esta
razdo, neste projeto foram estudados varios residuos. Cinco deles estdo relacionados com
modificagdes pos-traducionais: K49, K140, K685, Y705 e S727. K49 pode ser acetilado ou
dimetilado, podendo regular positivamente a transcri¢ao de genes e a ligacdo do STAT3 ao ADN.
A dimetilagdo de K140 atenua a expressao de um regulador negativo de STAT3. Também ocorre
acetilacdo do residuo K685 que participa na dimerizacdo e permite amplificar o efeito da
fosforilagdo de Y705. A fosforilagao de Y705 ¢, por sua vez, a modificagao pos-traducional mais
estudada, pois ela € responsavel por ativar STAT3 para a sua funcdo transcricional. Outra
fosforilagdo acontece no residuo S727 que tanto aumenta o efeito da fosforilagdo de Y705 ao
ajudar na regulagdo da expressdo de genes, como esta envolvida na respiracdo mitocondrial. Para
além destes residuos, ainda foi estudado um residuo relacionado com adenomas hepatocelulares
inflamatérios quando estd mutado (L78); outro relacionado com a estabilidade estrutural dos
dimeros (R609); e o terminal carboxilico que inclui os dois Gltimos dominios de STAT3, SH2 e
TAD. Para avaliar a contribui¢do relativa destes residuos na dimerizagdo ¢ na distribui¢do
intracelular, foram geradas combinagdes simétricas (com a mesma mutagao nos dois mondomeros)
e assimétricas (com mutagoes diferentes em cada monomero). Ao longo do projeto foi usado o
sistema de complementac¢do bimolecular de fluorescéncia (BiFC) em células ndo estimuladas.
Venus foi a proteina fluorescente usada neste sistema. Ambas metades ndo fluorescentes desta
proteina (Venus 1 e Venus 2) foram fundidas com o terminal aminico de STAT3 em dois
plasmideos independentes. Quando duas moléculas de STAT3 dimerizam, as metades de Venus
sdo capazes de interagir diretamente uma com a outra tornando-se numa proteina funcional e
emitir fluorescéncia. O sinal que é emitido ¢ diretamente proporcional a quantidade de dimeros

formados.

Na primeira parte deste projeto foi focada a dimerizagdo. Através da técnica de citometria de
fluxo, conseguiu-se perceber que esta ndo foi afetada pelos mutantes simples e duplos (Y705F e
S727A) resistentes a fosforilagdo. No entanto, foi parcialmente diminuida pelo mutante que nao
apresentava os dominios SH2 e TAD, por um inibidor de STAT3 e pelas combinagdes
assimétricas e simétrica do mutante L78R. Isto significa que a dimerizagdo ocorre
independentemente da fosforilagcdo, e que o residuo L78 ¢ o dominio SH2 apresentam um papel

crucial na formagdo e estabilizacdo da mesma, respetivamente.

Na segunda parte, foi avaliada a distribuicdo intracelular de STAT3 através da técnica de
microscopia de fluorescéncia. Os resultados obtidos revelaram que os residuos estudados afetam
de maneira diferente a distribuicao intracelular de STAT3. K49, Y705 e S727 sdo os que mais
afetam a localiza¢do de STAT3. Os mutantes K49R e S727A aumentam a translocacao de STAT3

il
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entre o nucleo e o citoplasma apenas quando sdo combinados assimetricamente. Em contraste, o
mutante Y705F aumenta este movimento apenas quando esta acoplado com ele proprio. Enquanto
que o mutante L78R aumenta a localizagdo nuclear e a formagao de agregados com praticamente
todas as combinagdes (simétrica e assimétricas), a combinagdo simétrica de R609Q aumenta
apenas a localizagdo mitocondrial. Por fim, os pares contendo as mutacdes K140R e K685R
apresentam uma tendéncia de alterar a localizac@o citoplasmatica dos dimeros de STAT3 para o
ntcleo, mas s6 com um par € que foi significativo. No entanto, vendo noutra perspetiva, as
combinagdes com duas mutacdes K-R foram as que mais alteraram a translocagdo entre
citoplasma e nucleo. As combina¢des com apenas uma mutacdo K-R ou com um mutante

resistente a fosforilagdo conseguiram aumentar a quantidade de STAT3 no ntcleo.

Em suma, a ocorréncia de diferentes modificagdes pos-traducionais nos dois mondémeros do
mesmo dimero influenciam a distribuigdo intracelular de STAT3, assim como o residuo L78. Os
resultados obtidos sugerem que as modifica¢des pds-traducionais que ocorrem nas lisinas sdo as
que mais regulam a circulagdo de STAT3 entre o citoplasma e o nicleo mesmo combinadas com
outras modificacdes. O STAT3 que vai para a mitocondria parece também ser regulado por estas
mesmas modificagdes. Para além disso, estes resultados também indicam que ¢é bastante
importante que o residuo L78 se mantenha intacto durante o funcionamento de STAT3. Esta
mutacdo pode causar grandes alteracdes no comportamento de STAT3 tanto combinado com ele
proprio como com outros mutantes. Estas combinacdes conseguiram diminuir a formacao de

dimeros e alterar a distribuicdo intracelular.

Concluindo, ha a possibilidade de haver um novo nivel da regulacdo da atividade de STAT3 e,
consequentemente, novos alvos terapéuticos. Para além disso, estes resultados revelaram ser
importantes para outros complexos de proteinas que também sejam regulados por modificacdes
pos-traducionais. Sendo STAT3 uma proteina envolvida no desenvolvimento, imunidade e em
varias doencas, o comportamento destes residuos estudados e das modificagoes pos-traducionais
podem ter implicagdes relevantes para o diagnostico, tratamento € o estudo de uma grande

variedade de patologias humanas.

Palavras chave: STAT3, complementacdo bimolecular de fluorescéncia, dimerizagao,

modificagdes pos-traducionais, distribuicao intracelular
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Abstract

STATS3 is a transcription factor involved in many biological functions, such as cell proliferation,
differentiation and survival, development and immunity, among others. STAT3 is functional
when it dimerizes with itself or with STAT1. These dimers can be phosphorylated and become
active, but inactive STAT3 dimers can influence its activity as well. Dysregulation of STAT3
activation initiates, contributes and sustains a variety of human diseases, including cancer. The
aim of this project was to study specific residues/domains that had been described to influence
STATS3 activity in the literature: K49, .78, K140, R609, K685, Y705, S727 and the SH2 domain.
A Venus-STAT3 BiFC system was used in order to study the dimerization and intracellular
distribution of STAT3 dimers in unstimulated cells. Asymmetric post-translational modifications
change the intracellular distribution of STAT3 homodimers more strikingly than symmetric ones.
The symmetric combinations carrying the L78R, R609Q and Y 705F mutations were the only ones
to affect intracellular distribution. Meanwhile, combinations carrying one or more K-R
substitutions affected the nucleocytoplasmic shuttling. The L78 residue is also important for
dimerization, mostly when combined with K49 and R609, as well as C-terminal of STAT3. This
could mean a new level of regulation of STAT3 activity, and therefore a new possible therapeutic
target. These results could be highly relevant for other protein complexes regulated by post-
translational modifications beyond STAT3. Given the essential roles of STAT3 in development,
immunity, tissue stress and cancer, our findings could have important implications for the

diagnosis, treatment and understanding of a wide spectrum of human pathologies.

Key-words: STAT3, bimolecular fluorescence complementation, dimerization, post-translational

modifications, intracellular distribution
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1. Background

1.1. The Discovery of STATSs
Signal transducer and activator of transcription (STAT) proteins belong to a family of cytoplasmic
transcription factors constituted by seven members: STATI, 2, 3, 4, 5a, 5b and 6. Genetic
mapping of mouse and human genes revealed that STAT genes are chromosomally localized in
only three clusters: STAT1 and STAT4, STAT2 and STAT6, STAT3 and STAT5a/b. This
suggests the existence of a common ancestral gene which was initially duplicated, followed by

dispersion of the linked loci to different chromossomes'.

The first STAT family members, STAT1 and STAT2, were discovered in interferon (IFN)
signaling pathways in mammalian cells during the 1990s. In response to [IFNa and IFNf, a DNA-
binding complex is formed consisting of STAT1, STAT2 and the p48 DNA-binding protein,
which binds to the IFN-stimulated response element. On other hand, in response to IFNy, a DNA-
binding complex is formed by STAT1 homodimers that binds to the IFNy-activated sequence
(GAS)**. Following these studies, it became clear that STATs could dimerize with each other and
their activities could be activated by various cytokines. Further proteins were soon identified:
STAT3 was cloned as an interleukin-6 (IL-6)-activated transcription factor and by homology to
STAT1; STAT4 was also cloned by homology approaches; STATS was cloned as a prolactin-
activated transcription factor from sheep and mice, leading to the discovery of STAT5a and
STATSD genes; and STAT6 was cloned as an IL.-4-activated DNA-binding protein as well as by
homology*’. STAT homologues have also been discovered in other species, such as, C. elegans,

Dictyostelium, Drosophila and zebra fish®.

1.2. STAT structure
STATs are transcription factors between 750 and 800 amino acid residues in length, and
characterized by the presence of six different domains (Fig. 1)’. The amino-terminal domain
(NTD) is necessary for dimerization, tetramerization and interaction with other elements essential
for STAT regulation. The coiled-coil domain facilitates several protein-protein interactions (PPIs)
through its large hydrophilic surface, receptor binding and nuclear translocation. The DNA
binding domain (DBD) is essential to transcribe target genes and maintain proper conformation
for importin binding and nuclear export/import. The linker domain is involved in transcriptional
activation and PPIs. The Src-homology 2 (SH2) domain is the most conserved domain among
STATs and is critical for receptor association and formation of phosphorylated dimers and their
stabilization. The SH2 domain of a phosphorylated STAT molecule binds a specific
phosphotyrosine (pY) residue within the SH2 domain of another STAT molecule. The carboxyl-

terminal transactivation domain (TAD) is the least conserved domain and allows the binding of
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STATS to co-activators, such as Janus kinases (JAKSs) and cytokines, and can initiate or enhance
transcription®”,
\
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Figure 1 — The STAT family of proteins. A, Structural representation of the STATI dimer. (Chen et al.,
1998). B, Functional motifs of STAT. STATs share several conserved domains, including a N-terminal
domain, a coiled-coil domain, a DNA-binding domain, a linker domain, a SH2 domain and a C-terminal
transactivation domain.

1.3.  Activation of STATSs and their regulation
STATs are activated by a plethora of cytokines, growth factors and hormones that are able to
control cell growth and differentiation, development and immune responses'’. These extracellular
ligands are necessary to stimulate membrane-bound receptor complexes, that subsequently allow
STAT phosphorylation on a single tyrosine (Y) located around residue 700 and initiate the
signaling pathway''. Cytokines, including IFNs, ILs, neurotrophic factors, colony-stimulating
factors (CSFs) and hormones, bind to cytokine receptors allowing them to associate with tyrosine
kinases (TKs), including JAKs, which in turn phosphorylate STATs. Some growth factor
receptors, such as epidermal growth factor (EGF) and platelet-derived growth factor (PDGF)
receptors, have intrinsic tyrosine kinase activity (RTKs) that can activate STAT directly or
indirectly by means of JAKs and members of Src family'>. Non-receptor tyrosine kinases
(NRTKs), such as Src and Abelson leukemia protein (ABL), also can activate STATs
constitutively in the absence of ligand-induced receptor signaling. G-protein coupled receptors
can activate STAT1 and STAT3 in T-cells. Finally, activation of STATs can also be mediated by

other proteins that serve as adaptors to bring JAKs within close proximity to activate STATs"?.
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In normal cells, STAT activity is regulated by a variety of mechanisms, but the most predominant
are post-translational modifications (PTMs), such as phosphorylation, methylation and
acetylation. Tyrosine phosphorylation at the SH2 domain is essential for their activation.
However, STAT1, STAT3, and STATS are also phosphorylated at a serine (S) in the TAD domain
for maximal transcriptional activity. Furthermore, arginine (R) and lysine (K) methylation and
lysine acetylation have also been described to increase DNA binding activity and gene
transcription'*'®. Another regulatory mechanism occurs at the level of gene expression. It has
been reported that in response to IL-6 induction, STAT3 induces stat3 mRNA in the liver'”. This
autoregulatory mechanism for stat3 gene activation was first thought to be part of a positive

feedback, but it could also lead to the displacement of activated STAT3 from the DNA.

STAT activity can be negatively regulated as well. Overexpression of truncated (f) isoforms of
STATI1, STAT3 and STATS, lacking the TAD domain, behave as dominant-negative factors in
certain circumstances. Cytokine-inducible SH2-containing protein (CIS) competes with STATs
for the same docking site on the phosphorylated receptors whereas suppressors of cytokine
signaling (SOCSs) can suppress JAK activity through direct interaction or by inhibiting the
activity of phosphorylated receptors. Unlike SOCS, protein inhibitor of activated STAT (PIAS)
is constitutively expressed, interacts directly with phosphorylated STATs and negatively
regulates them in the nucleus in a ligand-dependent manner'®. Other examples of negative
regulators include the JAK-binding proteins (JABs) and the STAT-induced STAT inhibitors
(SSIs). Phosphatases, such as TC45, SH2-containing phosphatases 1 and 2 (SH1 and SH2), and
protein-tyrosine-phosphatase-1B (PTP1B) can dephosphorylate and inactivate STATs'*, Also,
like most proteins, intracellular levels of STATSs can be regulated by protein degradation via the

ubiquitin-proteosome pathway?'.

1.4. JAK/STAT signaling pathway
The best studied pathway for STAT activation is perhaps through JAKs, more commonly known
as the JAK/STAT pathway. Upon binding of the ligand, JAKSs phosphorylate key tyrosine residues
located on the cytoplasmic tail of the receptor, providing docking sites for the STAT proteins.
Non-phosphorylated STAT dimers bind to the phosphorylated receptor site through their SH2
domains, and are subsequently phosphorylated at the key SH2 tyrosine residue by JAKs.
Phosphorylated STAT (P-STAT) dimers dissociate from the receptor and translocate to the
nucleus where they bind to specific DNA response elements to facilitate gene transcription®. In
the nucleus, there are mainly two types of STAT response elements: ISRE and GAS. ISREs
activate a multimeric complex called interferon-stimulated gene factor 3 (ISGF3) that comprises
STAT1a, STATIB, STAT2 and p48/IRF-9 and seems to be restricted to IFN signaling. Its target
genes include ISG15, ISG54, 6-16, and 2-5A synthetase. GAS elements bind to hetero- and

homodimers of STATs and include the sis-inducible element (SIE) in the c-fos promoter, the acute
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phase response element (APRE) in promoters of acute phase proteins, and the prolactin response
element (PRE) in the S-casein promoter. They are responsible to activate genes such as c-fos
(through STATI1 and STAT3), IRF-1, 6-16, 9-27, 2-5 A synthetase, Ly-6E (through STAT1a),
a2-macroglobulin, fibrinogen, and al-acid glycoprotein, cell cycle regulator Cyclin D1, anti-
apoptotic Bcl-X;, and Mcl-1 (through STAT3), and fS-casein, Bcl-Xi, and Cyclin D1 (through
STATS)>.

There are four mammalian JAKSs critical for cytokine signaling: JAK1, JAK2, JAK3 and tyrosine
kinase 2 (TYK2). They range in size from 1200 to 1300 amino acids and are nearly ubiquitously
expressed, with the exception of JAK3 which is only expressed in hematopoietic, vascular smooth
muscle and endothelial cells. JAKSs consist of seven conserved JAK homology (JH) domains (Fig.
2). The C-terminal portion includes a distinctive kinase domain (JH1) and a pseudokinase domain
(JH2), which has a kinase domain fold but lacks crucial residues for catalytic activity and for
nucleotide binding. The N-terminal JH domains, JH3-JH7, constitute a FERM (four-point-one,
ezrin, radixin, moesin) domain and mediate association with receptors****. Each JAK family
member has different affinities for cytokine and growth factor receptors, but in general they can
be activated by receptors from the IFN family (IFNa/p, IFNy, IL-10, IL-19, IL-20, IL-22), the
glycoprotein 130 (gp130) family (IL-6, IL-11, oncostatin M (OSM), leukemia inhibitor factor
(LIF), cardiotrophin-1 (CT-1), granulocyte colony-stimulating factor, leptin, IL-12, IL-23), the
vC family (IL-2, IL-4, IL-7, IL-9, IL15, IL-21) or the single chain family (erythropoietin, growth

factor, prolactin, thrombopoietin)®***,
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Receptor binding region Pseudokinase Kinase
domain domain

Figure 2 — JAK structure. JAKs share seven regions of high homology, JHI-JH7. JHI has been shown
to encode the kinase. JH2 represents a pseudokinase domain, which appears to regulate JHI catalytic
activity. JH3-JH7 are implicated in receptor association.

1.5.  Roles of STATS in biological processes
STATSs present a dual role: they act as cytoplasmic proteins for signal transduction and as nuclear
transcription factors for gene transcription. Essentially, STATs can regulate the expression of
genes that promote cell growth, survival, differentiation, development and inflammation®’.
Nonetheless, as mentioned above, different STATs have a variety of activation pathways that may
happen in different tissues at different time periods, depending on extracellular cues and
physiological requirements. For that reason, each one of them has specific functions. STAT] is

mainly implicated in innate and adaptive immunity and can act as a key intermediary to down-
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regulate cell proliferation, apoptosis and tumor suppression. STAT2, STAT4, and STAT6 play
an important role in the maturation of naive CD4" T cells and, therefore, in regulation of immune
responses. STAT3 and STATS5a/b promote growth and differentiation of various tissues and
prevent cell death®. These biological functions were studied through generation of gene targeted

mice (Table 1)"*%.

Table 1 — Role of STAT proteins. I[FN — interferon; Thl — T helper 1; IL — interleukin; NK — natural killer;
Th2 — T helper 2

STAT proteins Phenotype of null mice
Impaired responses to [FNs; impaired growth control; defective macrophages

STATI .. . e o .
activity; high sensitivity to viral infections

STAT2 Impaired responses to interferons

STAT3 Embryonic lethality; multiple defects in adult tissues including impaired cell
survival (both positive and negative) and impaired response to pathogens

STAT4 Impaired Th1 differentiation owing to loss of IL-12 responsiveness

STATSa Impaired mammary gland development and lactation owing to loss of
prolactin responsiveness; partial defect in T cell growth

STATSb Defect ‘in NK cell development owing to loss of growth hormone
responsiveness;

STAT6 Impaired Th2 differentiation owing to loss of IL-4 responsiveness

Although STAT functions in humans include mostly physiology and development, they can also
regulate oncogenic signaling in many different tumor types. STAT3 and STATS are the STATs
most often implicated in human cancer progression®’. Approximately 70% of human solid and
hematological tumors exhibit overexpression or constitutively activated STAT3 compared with
normal cells’'. In cancer cells, activation of STAT3 and STATS leads to increased cell
proliferation, cell survival, angiogenesis, and immune system evasion®’. Conversely, their

inactivation/knockout sensitizes cancer cells to antitumoral treatments®* >,

Dysregulation of STAT activation can also lead to other complications. For example, malfunction
of the JAK/STAT pathway has been reported to be associated with various cardiovascular

diseases®, central nervous system inflammation and neurodegenerative diseases’’.

1.6. STAT3
STAT3 was independently discovered and studied by two research groups and described in 1994,
Zhong et al. thought that if IFNa and IFN transcriptional responses used different STATs that
shared some amino acids, it seemed likely that additional family members could also influence
the activity of other STATSs. As a result, they discovered STAT3 as a DNA-binding protein in
response to EGF in hepatocytes®®. Akira et al. purified and cloned STAT3 from mouse liver

nuclear extracts and named it as acute phase response factor (APRF). Furthermore, they identified
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STAT3 as a DNA-binding factor that selectively binds to IL-6-responsive element within the

acute phase gene promoter'’.

STATS3 is also activated by such diverse agents as growth factors, oncogenes, and IFNs, and plays
an important role in cell growth, survival, differentiation of various tissue types, such as skin,
liver, mammary gland, thymus and nervous system, inflammation and motility*”. The classic
pathway of STAT3 is known as the JAK/STAT3 pathway. Members of the IL-6 family of
cytokines exert their action through their corresponding receptor complexed with the gp130
transmembrane protein, which in turn initiates intracellular signaling through JAK by
phosphorylating STAT3 at tyrosine 705 (Y705)*. Y705 phosphorylation converts STAT3 from
an inactive conformation to an active one. Originally, P-STAT3 was thought to be released from
the receptor as a monomer, and then form homo- or heterodimers (e.g. with STAT1). However,
recent data demonstrated that STAT3 resides largely in the cytoplasm of resting cells as
unphosphorylated homodimers. These homodimers can be recruited to the receptor-associated
JAK upon ligand binding. Y phosphorylation allows STAT3 dimers to be released from the
receptor and reorient their conformation where the SH2 domains come closer with each other and
create a stronger interaction*'. Active STAT3 dimers are then recognized by importin 03, which

binds the coiled-coil domain of STAT3 and mediates its nuclear import to activate transcription®.

It is now recognized the existence of non-canonical STAT3 pathways, in which the functions of
STATS3 are independent of Y705 phosphorylation or even nuclear translocation. Both active and
inactive STAT3 dimers undergo nucleocytoplasmic shuttling and regulate gene transcription,
although the target genes could be different. In addition, STAT3 was also discovered to be present
in isolated mitochondria, suggesting that STAT3 exerts a direct impact on mitochondrial

function®.

A critical role for STAT3 in malignant transformation was initially revealed through a
oncoprotein, v-Src. Studies showed that STAT3 is constitutively activated in v-Src
transformation** suggesting that STAT3 may have key roles in oncogenesis. Aberrantly activated
STAT3 is now known to initiate, contribute and sustain a variety of cancers, such as breast,
ovaries, prostate, lung, pancreas, brain and hematologic malignancies'**“°. STAT3
dysregulation, constitutive activation or mutations that disrupt the epigenetic control of
endogenous regulators of STAT3 signaling have been reported to induce cell proliferation and
resistance to apoptosis***’. Constitutive activation of STAT3 can also be caused by loss of
negative regulation, excessive stimulation, positive feedback loops and somatic mutations that
confer a hyperactive property to STAT3*. No STAT3 mutations are associated with malignant
tumors, but several have been identified in benign inflammatory hepatocellular adenoma (IHCA),

including L78R, D502Y, K658Y, E166Q and Y640F*. These mutations produce constitutively
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activated STAT3 conformations that accumulate in the nucleus and enhance STATS3

transcriptional activity.

Although STAT3 hyperactivation is present in many cancers’, the role of STAT3 in oncogenesis
is still unclear and is likely dependent on tumor type and cellular context. Given the fact that it is
able to regulate both oncogenes and tumor suppressor genes, STAT3 has been reported to either
promote or inhibit oncogenesis. STAT3 can directly regulate genes leading to multiple tumor
promoting processes from cell survival, invasion, angiogenesis, and immune escape; and
indirectly regulate other transcription factors that support tumor growth by promoting survival,
angiogenesis, metastasis, and even pluripotency’. Numerous target genes and their cellular

function have been identified for STAT3 (Table 2)°"*,

Table 2 - Gene Regulation by STAT3. c-Fos — cellular Fos; HIF — hypoxia inducible factor; Oct — octamer
transcription factor; Hsp — heat shock protein; IL — interleukin, COX — cyclooxygenase; MMP — matrix
metalloproteinase; ICAM — intracellular adhesion molecular; NGAL — neutrophil gelatinase associated
lipocalin; POMC — proopiomelanocortin; SAA — serum amyloid A; VEGF-A — vascular endothelial growth
factor A; bFGF — basic fibroblast growth factor;, HGF — hepatocyte growth factor; TNF — tumor necrosis
factor; SIP — shingosine-1-phosphatase; R — receptor; MUC - mucin

Function STAT3-Regulated genes

c-Fos, HIF-1a, c-Myc, Sox2, Nanog, Twist,
Zebl, p53, Oct-1

Bcl-2, Mcl-1, Bcel-xL, Survivin, Fas, Hsp70,
Hsp90a/B, Cyclin-D1

Immune Suppression and Inflammation IL-10/23, TGF-B, COX-2

MMP-1/2/3/9, Fascin, Vimentin, RhoU,

Transcription Factors

Apoptosis and Proliferation

Metastasis ICAM-1, NGAL, POMC, SAA1
Angiogenesis VEGEF-A, bFGF, HGF
Cell Signaling AKT, PIM-1, TNF-R2, SIP-R1, MUC-1

The inhibition of STAT3 suppresses tumor growth and enhances the sensitivity to anticancer
agents in a variety of tumors, thus suggesting STAT3 as a potential target for anticancer therapy*>.
There have been developed inhibitors that target steps of STAT3 activation and function.
Inhibition of EGFR, TKR, JAK or SFK can inhibit phosphorylation/activation of STAT3 in
various tumors. Inhibiting intermolecular interactions that involve STAT3 can affect STAT3 SH2
domain. Inhibition of nuclear import/export of STAT3 where the targets are importins a3, a5 and
a7, importin B and exportin 1 and inhibition of STAT3-mediated transcription by targeting its
DNA binding site are also processes being developed. Finally, application of natural products for
unspecified targets is being considered as well****. During the past few years, many unexpected
new roles of STAT3 in cancer and its underlying mechanisms have emerged™. These newly
discovered pathways have been pointed to unique directions for the creation of new therapeutics

for cancer trying to overcome its complexity.
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Although STAT3 role in cancer remains a major topic in biomedical research, there has been
evidence that STAT3 activation or suppression has a significant contribution in the progression
or remission of a series of other human diseases. High levels of STAT3 are found in myocardial
ischemia/reperfusion injury, rheumatoid arthritis, renal fibrosis, inflammatory lung
diseases/pulmonary fibrosis, psoriasis, inflammatory bowel disease and atherosclerosis. Low
levels of STAT3 are found in cardiomyopathy, liver fibrosis, obesity and diabetes type 2°°.
STATS3 level and activity are found up- or down-regulated in Alzheimer’s disease (AD), and for

that reason STATS3 role in this condition is still controversial®’.

Regarding the central nervous system (CNS), high levels of STAT3 have been implicated in
neural regeneration and glial reactivity™. Upon brain trauma, star-shaped glial cells called
astrocytes undergo important morphological modifications including hyperplasia and
hypertrophy. This process is called reactive astrogliosis and involves dramatic changes in gene
expression, especially the ones that regulate the morphology, energy metabolism, function and
proliferation of astrocytes. Within days after insult, a glial scar, a physical and functional wall, is
formed around the injured brain tissue and in severe cases it can be permanent™ . Due to the
variety of responses that astrocytes can provide, reactive astrogliosis has been divided in three
categories: (1) mild to moderate reactive astrogliosis, (2) severe diffuse reactive astrogliosis and
(3) severe reactive astrogliosis with compact scar formation. Compact astroglial scars are
comprised of newly proliferated astrocytes with densely overlapping processes that form borders
to damaged tissue and inflammation®'. This important step has been reported to be dependent on

the activation of the JAK/STAT3 pathway®*.

1.6.1. Post-translational modifications of STAT3
Proteins can be regulated by PTMs, including phosphorylation/dephosphorylation (on tyrosines,
serines and threonines), methylation/demethylation (on arginines and lysines),
acetylation/deacetylation (on lysines), isomerization, ubiquitination (on lysines), proteolytic
cleavage and others. There are a number of PTMs that regulate STAT3 activity. Y705
phosphorylation is probably the most studied PTM and it is essential for STAT3 activation. When
mutated to phenylalanine (STAT3-Y705F), this mutant could not be phosphorylated and showed
a dominant-negative activity influencing the activation of Wild-type (WT) STAT3%. Serine 727
(S727) is phosphorylated in different situations to facilitate gene expression®. Interestingly,
constitutive S727 phosphorylation without Y705 phosphorylation was reported to be a hallmark
of chronic lymphocytic leukemia®. Furthermore, phosphorylation at S727, but not at Y705, is
necessary for the localization of STAT3 to the mitochondria of hepatocytes and myocardial

cells®®*7.

Several different PTMs of lysine residues have been reported to affect the STAT3 function as
well. Lysine 685 (K685) is rapidly acetylated by p300 in response to OSM and IL-6 (as early as
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15 and 20 min, respectively). It enhances tyrosine phosphorylation and is necessary for
dimerization'*®, A significant increase of acetylation at K685 is detected in tumor tissues. CD44
is a transmembrane glycoprotein that has been recognized as a marker for tumor cells. When
activated, it can bind to STAT3 and p300 in the nucleus and acetylate STAT3 at K685 leading to
cell proliferation®. In addition, K685 acetylation can also lead to DNA methylation and silencing
of tumor suppressor genes through recruitment of DNA methyltransferase 1 (DNMT1)”. K49 can
either be acetylated or dimethylated. Acetylation at K49 is associated with positive regulation of
gene expression and DNA binding. More specifically, IL-6-induced gene expression requires
p300-mediated acetylation of K49"'. It was later discovered that this residue could be also
dimethylated by the histone methyltransferase enhancer of zeste homolog 2 (EZH2) and influence
gene transcription in response to IL-67%. K49 dimethylation is enhanced by exposure of cells to
cytokines, but they only occur after Y705 phosphorylation. For example, EZH2 is bound
preferentially to tyrosine-phosphorylated STAT3. K140 is another residue that can be
dimethylated. Dimethylation is mediated by methyl transferase SET9 and takes place in the
nucleus. Like K49, K140 dimethylation occurs in response to IL-6 stimulation, but only after
Y705 and S727 phosphorylation. This PTM is required to maintain normal cellular
responsiveness to cytokines by reducing the duration and extent of expression of the potent

negative-regulator SOCS3'°.

1.6.2. Unphosphorylated STAT3
Initially, it was thought that STAT3 existed as a cytoplasmic monomer, dimerizing and
translocating to the nucleus only upon tyrosine phosphorylation. P-STAT3 would dimerize by
means of the SH2 domains of the STAT3 molecules, and only phosphorylated dimers could bind
to DNA. This view still persists in the literature in spite of an increasing body of evidence against
it. STAT3 proteins exist as stable homodimers prior to activation (currently known as
latent/unstimulated/unphosphorylated STAT3, U-STAT3 dimers). Both the amino and/or
carboxyl termini are important to stabilize homodimerization of these inactive dimers and may
facilitate subsequent activation”. There are two possible unphosphorylated dimer orientations
termed as “antiparallel” and “parallel”, based on whether the SH2 domain is on the opposite or
the same end of the dimer. The antiparallel conformation was speculated as the predominant
structure in the latent state prior to stimulation. However, FRET analysis showed that the C-
terminal domains had close proximity in latent state, supporting a parallel orientation similar to
activated STAT3". Dimers of unphosphorylated STAT3 are also able to enter the nucleus and
bind to DNA, regulating the transcription of a different set of genes than phosphorylated STAT3".

1.6.2.1. Nucleocytoplasmic shuttling

Latent STAT3 enters the nucleus independently of its phosphorylation’, unlike other STATS,
such as STAT1 and STAT2, which accumulate in the nucleus only following their
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phosphorylation””. The variety of behavior between different STAT proteins can be due to the
involvement of distinct mechanisms that regulate their intracellular trafficking. Large proteins,
like STATSs, are only able to travel freely into and from the nucleus due to their nuclear-
localization sequences (NLS) or nuclear-export sequences (NES). These signals can either result
in protein modifications altering the protein conformation, or in association with another protein
which includes importins and exportins for nuclear import and export, respectively’”. In the
canonical nuclear translocation, the P-STAT3 dimer is released from the receptor and translocates
to the nucleus through importin-a3, which recognizes the coiled-coil domain and mediate its
nucleocytoplasmic shuttling. However, recent studies showed that STAT3 can bind constitutively
to importin-a3 and a6 and shuttling in and out of the nucleus independently of its
phosphorylation®’. In contrast, the phosphorylation of the nuclear localization signal of STAT1 is

81.82 While some

a prerequisite for its interaction with importin-a5 and subsequent nuclear import
studies revealed that U-STAT3 could translocate to the nucleus through importins, others
demonstrated that it was independent of the binding of NLS and NES and importins. U-STAT3
mutants lacking NLS and NES were generated, and they could shuttle between cytoplasm and
nucleus indicating that the NLS and NES of STAT3 are not necessary for nucleocytoplasmic
shuttling of U-STATS3. In addition, when the NTD was deleted from the monomeric form, it could
shuttle faster than the WT-STATS3, indicating that dimerization of U-STAT3 is not necessary for
nucleocytoplasmic shuttling®. Furthermore, this STAT3 monomer could not accumulate in the
nucleus after stimulation with cytokines, indicating that the NTD is essential not only for latent
dimerization but also for nucleocytoplasmic shuttling®. Although there are inactive monomers
and dimers in the nucleus, the pre-association of STAT3 complexes occurs strongly within the
cytoplasmic environment®. The constitutive presence of latent STAT3 in the nucleus is not static:
there is a subcellular distribution of latent STAT3 with high cytoplasmic and low nuclear
concentrations that represents a steady state resulting from continuous nuclear import and
export®®. In general, inactive monomers dimerize in the cytoplasm in a parallel orientation which
is mostly stabilized by homotypic interactions between NTDs. The protomers are orientated in a
form which structurally allows the separate SH2 domains to interact with each other resulting in

additional stabilization*.
1.6.2.2. Mitochondria

Mitochondria are double-membrane subcellular compartments that contain their own circular
genome, i.e. mitochondrial DNA (mtDNA). They are best known as powerhouses that supply
eukaryotes with cellular energy, producing the majority of ATP needed for cellular processes
through oxidative phosphorylation. Nevertheless, mitochondria are also crucial for other
biological processes, such as maintaining ion homeostasis, producing precursors of

macromolecules (i.e. lipids, proteins and DNA), and regulating apoptosis by sequestering
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potentially damaging byproducts including reactive oxygen species (ROS). Furthermore, recent
evidence demonstrates that mitochondria play an active role in integrating signaling pathways
and communicating with other organelles®’. Notably, mitochondrial dysfunction not only affects
ATP synthesis leading to a variety of mitochondrial diseases, but is also linked to cancer,
metabolic disorders and neurodegenerative diseases, such as, Alzheimer’s, Parkinson’s and

Huntington’s diseases™.

In 2009, it was discovered a small pool of STAT3 present in mitochondria (mitoSTAT3)% and its
presence in different cells and tissues was confirmed by a number of follow-up studies. Currently,
it is known that mitoSTAT3 is involved in cellular metabolism, cell development and death,
cancer transformation, ischemia/reperfusion (I/R) heart injury, sperm motility, T cell immunity
and others®. Although mitoSTAT3 is not necessary for the maintenance and formation of
mitochondria, it enhances the activity of the complexes I, Il and V of the electron transport chain.
In cells with loss of STATS3, the activity of these complexes is reduced but can be restored by
reconstituting these cells with a mitochondrially restricted form of STAT3. This fact awakened a
huge interest in the scientific community, which confirmed these findings and additionally
showed that STAT3 can also affect the activity of complexes III and IV of the electron transport
chain®. In addition, Ras-mediated cellular transformation was shown to be dependent on

mitoSTAT3"".

Focusing on post-translational modifications, both Y705 and S727 phosphorylation of STAT3
have been found in mitochondria but only S727 phosphorylation is critical for mitoSTAT3 to
enhance the activity of complexes I and II®*. STAT3 Y705 phosphorylation or its transcriptional

activity are not required for its role on the electron transport chain in several cell types.

To understand how mitoSTAT3 works it is important to know how STAT3 is transported to
mitochondria. This field continues to be unclear but there has been some progress: the C-terminus
of STAT3 has been shown to be required for mitochondrial transport®. Moreover, it has been
observed that the gene associated with retinoid interferon-induced cell mortality 19 (GRIM-19),
a component of mitochondrial complex I, can regulate STAT3 translocation into mitochondria
when the S727 residue is phosphorylated. GRIM-19 seems to have an important role on other
mitoSTAT3 functions. It enhances STAT3 integration in complex I, intensifying the production
of ROS%; and it interacts directly with the NLS-domain of STAT3, impairing STAT3 nuclear

localization and inhibiting its transcriptional activity®”.
1.6.2.3.  Transcriptional activity of unphosphorylated STAT3

Surprisingly, recent data indicate that STAT3 transcriptional activity is partially independent of
phosphorylation. Unphosphorylated STAT3 is also capable of binding to DNA and be a

transcriptional activator and chromatin/genomic organizer by itself. It can bind to DNA-response
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elements, such as GAS, as a monomer and as a dimer; and to AT-rich DNA sequence sites which
are important for regulation of gene expression and/or chromatin organization due to their
particular structure’. Phosphorylated STAT3 dimers can also drive the expression of the STAT3
gene itself, leading to a large ligand-dependent increase in the intracellular levels of U-STAT3,
which persists for many days and drives the expression of a set of genes distinct from the set
activated by P-STAT3 dimers””. For example, high levels of U-STAT3 can activate the expression
of RANTES, an important mediator of acute and chronic inflammation, and some oncogenes

including MET and MRAS®.
1.6.2.4.  Important residues for unphosphorylated STAT3 activity

Since phosphorylated STAT3 activates its own transcription, an increase in unphosphorylated
STAT3 can be caused by an abnormal constitutive activation of STAT3, which can lead to
tumorigenesis’’. This is one of the reasons why current efforts are also focusing on
unphosphorylated STAT3. Nowadays there is a need to understand deeply the contribution of
specific residues to unphosphorylated STAT3 activity. Some of these residues have been
identified. Two intermolecular disulfide bridges, C367-C542 and C418-C426, influence the
structure and stability of U-STAT3 dimers. When these bonds are reduced, the dimeric form starts
to dissociate. Mutations in these residues trigger structural changes in unphosphorylated STAT3
dimers and abolished its DNA-binding activity”®. L78 and R609 residues are also relevant to
unphosphorylated STAT3 dimerization. STAT3-L78R itself cannot dimerize without stimulation,
thus supporting the significance of the NTD for latent dimer formation™. Concerning the R609Q
mutation, it not only prevents interaction with pY motifs and the binding pocket in the SH2
domain, but also leads to a complete reorientation of this domain resulting in a monomer
structurally similar to a dimer, which possibly disturbs any kind of interaction. This suggests that
R609 is essential for dimer formation and for SH2 domain to stabilize latent dimers’’. Two
arginine residues within the DNA biding domain, R414 and R417, are important for tyrosine
phosphorylation and modulation of nuclear accumulation of latent STAT3. Mutations of these
residues to glutamine attenuated STAT3 phosphorylation, and impaired nuclear import/export

and distribution of latent STAT3, leading to a higher nuclear accumulation®.

The residue K685 is known to be one important PTM of STATS3. It is found to be acetylated in
U-STATS3 and is necessary for the expression of most U-STAT3-dependent genes. A global
analysis revealed that more than 70% of the gene expression induced by a high level of
unphosphorylated STAT3 was impaired by the K685R mutation®. Chronic activation of ATR1
(angiotensin II type-1 receptor) induces unregulated expression of the STAT3 gene, leading to
nuclear accumulation of U-STAT3, which correlates with the progression of cardiac

100

hypertrophy . K685 acetylation in response to angiotensin Il was demonstrated to be critical for
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U-STAT3-driven gene expression in the context of heart failure, revealing an essential role of this

residue in important pathological situations.

2. Objectives

STAT3 can act and induce transcriptional activity both as a stimulated or unstimulated dimer.
Recent evidence indicates that unstimulated STAT3 is involved in human pathologies such as
cancer. Mutations or post-translational modifications in specific residues (K49, L78, K140, R609,
K685, Y705 and S727) can alter STAT3 signaling pathway. The main aim of this project was to
determine the relative contribution of specific residues to the homodimerization and intracellular

localization of unstimulated STAT3 homodimers.

3. Material and Methods

3.1. The Venus-STAT3 bimolecular fluorescent complementation system
Bimolecular fluorescence complementation (BiFC) assays are systems used to study protein-
protein interactions in living cells. A Venus-STAT3 BiFC system was designed and developed in
our lab (Cell Structure and Dynamics, ITQB-NOVA, Oeiras, Portugal). In this assay, STAT3
proteins were fused to non-fluorescent halves of the Venus fluorescent reporter protein, a member

of the green fluorescent protein (GFP) family (Fig. 3).

+ Venus 1
+

+ Venus 2

|

STAT3
STAT3

Figure 3 — A BiFC cellular model for the visualization of STAT3 dimers in living cells. Venus BiFC
fragments (Venus 1 and Venus 2) were fused to the N-terminal of the STAT3 sequence in two independent
constructs. When two STAT3 molecules dimerize, the Venus halves interact directly with each other and
the protein becomes functional and emits fluorescence.

When the STAT3 proteins dimerize, the two halves of Venus get close enough to directly contact
with each other and reassemble the functional reporter protein. Consequently, a signal is emitted
and is proportional to the amount of STAT3 dimers formed. Fluorescence can then be analyzed

qualitatively and quantitatively by conventional methods, such as flow cytometry and

fluorescence microscopy.
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3.2.  Generation of Venus-STAT3 BiFC constructs
In order to generate single and double STAT3 mutants, the original Venus-STAT3 BiFC system
carrying Wild-type STAT3 or the Y705F mutant were used as a template for Polymerase chain
reaction (PCR)-based site-directed mutagenesis, respectively. These sets of template constructs
were already available at Dr. Herrera’s laboratory. In total, 10 different STAT3 mutant constructs
were generated: five fused with Venus 1 (amino acids 1-157) and another five fused with Venus

2 (amino acids 158-238).

For the mutagenesis, five pairs of primers (forward and reverse, Table 3) were designed using
PrimerX free software (http://www.bioinformatics.org/primerx/) with the aim of generating
mutations by replacing a single residue by another without altering the fundamental amino acid
structure of STAT3 (Fig. 4A). The original leucine (L) residue on position 78 and the lysine (K)
residues on positions 49 and 685 were replaced by arginine (R); the arginine residue on position

609 by glutamine (Q); and the serine (S) residue on position 727 by alanine (A) (Fig. 4B).

Table 3 — Primers used for mutagenesis and PCR cloning. Fwd — forward; Rev — reverse.

Name Primer Melting
Temperature

Fwd CATATGCGGCCAGCAGAGAATCACATGCCAC 68 °C
STAT3 K49R

Rev GTGGCATGTGATTCTCTGCTGGCCGCATATG 68 °C

Fwd ~ CAAGAGTCGAATGTTCGCTATCAGCACAATCTAC 64 °C
STAT3 L78R

Rev  GTAGATTGTGCTGATAGCGAACATS6TCGACTCTTG 64 °C

Fwd ~ GGCACCTTCCTGCTACAATTCAAGTGAAAGCAGC 68 °C
STAT3 R609Q

Rev  GCTGCTTTCACTGAATTGTAGCAGGAAGGTGCC 68 °C

Fwd GAGGCATTCGGAAGGTATTGTCGGCC 65 °C
STAT3 K685R

Rev GGCCGACAATACCTTCCGAATGCCTC 65 °C

Fwd CATTGACCTGCCGATGGCACCCCGCACTTTAGATTC 71°C
STAT3 ST27A

Rev  GAATCTAAAGTGCGGGGTGCCATCGGCAGGTCAATG 71°C
NheIVenus1 Fwd ACTAGCTAGCATGGTGAGCAAGGGCGAGGA 69 °C
NheIVenus2 Fwd  ACTAGCTAGCATGAAGAACGGCATCAAGGCCAA 68 °C
Bam;ITI ng)AB Rev CTATGGATCCTTAGTTCCAAAGGGCCAGGA 65 °C

PCR was carried out with Pfu Turbo DNA polymerase (2.5 U/uL), (Agilent; CA, USA), Venus-
STAT3 BiFC constructs as DNA templates (10 ng) and the corresponding pair of primers (125

ng). The conditions used for the denaturation, annealing and extension were 30 s at 95 °C, 16

14



Asymmetric post-translational modifications regulate the intracellular distribution of
unstimulated STAT3 dimers

cycles of 30 s at 95 °C, 1 min at 68 °C and 9 min at 72 °C. The cycles were adjusted according to
the type of mutation desired and the annealing temperature was also adapted to the primers (Table
3). After PCR amplification, reactions were digested with Dpnl restriction enzyme (10 U/uL)
(Thermo Fisher Scientific; Waltham, MA, USA) for 1 h at 37 °C. Dpnl cleaves only methylated
DNA, which is only present in the template DNA due to their previous amplification in bacteria.
Thus, it digests the non-mutated templates and in principle leaves mutated constructs intact.
Mutagenesis reactions were then transformed into thermocompetent Escherichia coli (NZYtech;
Lisbon, Portugal). Briefly, the reaction mix was added to competent bacteria and placed on ice
for 30 min. A heat-shock of 45 s at 42 °C and 2 min in ice was given to the mix. Later, 300 uL of
Luria Broth (LB) medium (1% w/v Tryptone; 0.5% w/v Yeast extract; 171 mM NaCl) without
antibiotics were added and incubated in agitation at 120 rpm, 37 °C for 1 h. Transformed bacteria
were seeded on LB agar 1x (1% w/v Tryptone; 0.5% w/v Yeast extract; 171 mM NaCl; 1.5% w/v
Agar) in petri dishes containing 100 pg/mL of ampicillin and grown overnight at 37 °C. For DNA
extraction and sequencing, colonies were collected and grown in 3 mL of LB medium containing
100 pg/mL of ampicillin at 37 °C in agitation at 180 rpm overnight. The ZymoPure™ Mini Prep
Kit (Zymo Research; CA, USA) allowed the DNA extraction and it was quantified on a Nanodrop
2000c from Thermo Fisher Scientific Inc. (Waltham, MA, USA) using H,O Mili-Q as blank. The

success of mutagenesis was confirmed by sequencing (GATC, Germany).
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B L78R K685R  ST27A
K49R K140R R609Q | Y705F
Amino Coiled-Coil | DNA binding | Linker
Terminal
0 130 320 465 585 688 770
ACT

Figure 4 — Generation of the STAT3 constructs. A, Schematic representation of the generation of
STAT3-L78R mutant construct. B, Localization of the STAT3 mutants on STAT3 BiFC constructs.
L78R, R609Q, Y705F-K49R, Y705F-K685R, Y705F-S727A mutations were generated in both VI- and V2-
STAT3 BIFC constructs and the C-terminal was successfully removed from V2-STAT3 BiFC construct.
K49R, KI140R, K685R, Y705F and S727A mutations were already made by mutagenesis.

Venus-STAT3 constructs without the SH2 and TAD domains (Venus-STAT3ACT) were obtained
through cloning. Venus-STAT3 BiFC system carrying Wild-type STAT3 as template (Fig. 5A).
This plasmid was submitted to cloning by amplifying the Venus-STAT3ACT fragment from the
original pcDNA 3.3 TOPO vector and subcloned into the same vector. The primers used are
shown in Table 3, and the restriction enzymes chosen to digest the Venus-STAT3ACT inserts
without the C terminus were Nhel and BamHI (10 U/uL) (Thermo Fisher Scientific; Waltham,
CA, USA). PCRs were carried out using Phusion DNA polymerase (2 U/uL) (Thermo Fisher
Scientific; Waltham, CA, USA), Venus-STAT3 BiFC constructs as DNA templates (10 ng), the
corresponding pair of primers (100 ng) and DMSO (100%) (Thermo Fisher Scientific, Waltham,
CA, USA). The conditions used for denaturation, annealing and extension were 30 s at 98 °C, 30
cycles of 10 s at 98 °C, 30 s at 67 °C and 1 min at 72 °C, and 10 min at 72 °C. The extension time
was calculated according to the operation rate of the polymerase (15-30 s/kb) and the size of
Venus-STAT3ACT (approximately 2500 kb). The melting temperatures of primers were also
taken into consideration for the annealing temperature. After the agarose gel electrophoresis
confirmed that the primers worked (Fig. 5B), the inserts were purified using the NZY Gelpure kit
(NZYtech; Lisbon, Portugal).

Both the Venus-STAT3 BiFC system carrying Wild-type STAT3 and the PCR products were
digested with Nhel and BamHI restriction enzymes to remove the fragment containing Venus-
STAT3 from the pcDNA 3.3 vector and generate compatible cohesive ends between them.
Agarose gel electrophoresis was executed to confirm the efficiency of digestion and the insert
was purified and quantified (Fig. 5C). DNA insert ligation into vector DNA was carried out using
T4 DNA ligase (New England BioLabs; Ipswich, MA, USA) for 2 h at room temperature. The
ligation products were then transformed into bacteria, and three colonies were selected for further
growth, DNA extraction and quantification, as described above. Cloning was confirmed by

digestion with Nhel and BamHI and sequencing (Fig. 5D).
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Figure 5 — Generation of Venus-STAT3ACT. A, Schematic representation of PCR cloning. B, Agarose
gel electrophoresis confirmed that (1) VI-STAT3ACT and (2) V2-STAT3ACT fragments were successfully
amplified with Nhel and BamHI primers. C, After digestion with Nhel and BamHI, agarose gel
electrophoresis showed three bands: the first being the Venus-STAT3 linearized plasmid (around 8000
kDa), the second (in red) being the pcDNA 3.3 vector (around 5000 kDa) and the third being the insert
removed (V2-STAT3, around 2500 kDa). D, The reactions were digested with Nhel and BamHI to confirm
the ligation between pcDNA 3.3 vector and the Venus-STAT3ACT insert. (1) VI-STAT3ACT and (2)-(3)
V2-STAT3ACT were the bands chosen for sequencing.

3.3.  Cell Culture
HeLa human cervix adenocarcinoma cells (reference CRM-CLL-2) were maintained in 100 mm
tissue culture dishes (VWR®; PA, USA) at 37 °C in a humidified incubator with 5% CO, in
Dulbecco’s Modified Eagle’s Medium (DMEM, Biowest; Nuaillé, France) supplemented with 10
% fetal bovine serum (Biowest; Nuaillé, France), 2 mM glutamine (Lonza; Verviers, Belgium)
and 1x Penicillin/Streptomycin solution (Gibco®; Carlsbag, CA, USA). Medium was changed
every other day and cells where passed once a week by trypsinization (Trypsin 0.05% w/v, for 5
min at 37 °C) (Corning®; Corning, NY, USA). For all experiments, cells were counted using a
Neubauer Chamber from Assistent (Sonheim, Germany) and seeded in different types of dishes

according to the type of assay. For flow cytometry experiments, cells were seeded at 8x10°
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cells/well (6-well plates). For microscopy, cells were seeded at 8x10° cells/dish in 35 mm glass-

bottom dishes. For western blotting, cells were seeded at 2x10° cells/dish in 60 mm dishes.

3.3.1. Transfection
Cells were transfected with complementary pairs of Venus-STAT3 BiFC plasmids containing the
gene sequence of Wild-type or mutant STAT3 using jetPRIME (Polyplus-transfection®; Illkirch,
France) according to manufacturer’s instructions. Briefly, 24 h after cell seeding, the transfection
mixture in a 1:3 ratio (1 pg of DNA: 3 pl of jetPRIME) was prepared and added to cells. Twenty-
four hours after transfection, STAT3 dimerization was evaluated by flow cytometry, STAT3
expression and phosphorylation by Western Blot, and intracellular STAT3 localization by
fluorescence microscopy. For some experiments, the STAT3 inhibitor Sttatic (Selleckchem,
Houston, TX, USA) or the Leukemia inhibitory factor (LIF) (R&D systems, Minneapolis, MN,

USA) were used as indicated in the corresponding figure legends.

3.4. Fluorescence Microscopy
Living or fixed cells were examined in a custom-built Nikon Eclipse TE2000-S inverted
fluorescence microscope equipped with a Hamamatsu Flash 2.8 sCMOS camera. For fixation,
cells were washed with PBS and fixed and permeabilized in 100% ice-cold methanol, at -20 °C,

for 10 min. They were washed again and stored in PBS at 4 °C.

Photos were taken using a 100x objective and handled with Imagel free software. Cells were
classified qualitatively in three categories according to the relative intensity and localization of
the fluorescence signal (Fig. 6A, 6B, 6C): 1) predominantly in the cytoplasm, 2) predominantly
in the nucleus, or 3) homogeneously distributed through nucleus and cytoplasm. These categories
are mutually exclusive meaning their sum is 100% of cells. Furthermore, the percentage of cells
with mitochondrial signal, where the fluorescent signal co-localizes with Mitotracker Red (Life
Technologies; Eugene, OR, USA), or aggregates where the fluorescent signal did not co-localized

with the dye (Fig. 6D), was also determined.

A B
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D Aggregates Mitochondria

Venus-STAT3 BiFC

with Mitotracker Red

Figure 6 — Representative fluorescence microscopy pictures of the qualitative classification in HeLa
cells. A, Predominantly in the cytoplasm. B, Predominantly in the nucleus. C, Homogenously in the
cytoplasm and nucleus. D, Mitochondrial localization and aggregates with and without Mitotracker Red.
Scale bar: 20 um.

3.5. Flow Cytometry
Cells were washed once with PBS and trypsinized (0.05% w/v) for 5 min at 37 °C. They were
collected in microcentrifuge tubes and centrifuged (300xg, 5 min at RT). The supernatant was
discarded and the cell pellet resuspended in PBS. Fluorescence was measured using a
FACSC Calibur flow cytometer (Becton Dickinson, CA, USA) equipped with low-power air cooler
15 mW blue (488 nm) argon laser and a red (635 nm) diode laser (band-pass filter 530/30 nm).
For each experiment group 10000 events were analyzed. Data were analyzed by means of FlowJo

software (Tree Star Inc., OR, USA).

3.6. Protein Analysis
3.6.1. Extraction of total protein
Cells were washed once with PBS and lysed using NP-40 lysis buffer (150 mM NaCl, 50 mM
Tris-HCI pH 8.0, 1% NP-40) supplemented with tablets of protease and phosphatase inhibitors
(Roche; Basel, Switzerland). Cells were scrapped directly from the plates into microcentrifuge
tubes and incubated 10 min in ice. A W-450 D sonicator (Emerson, Danbury, USA) was used for
5 s at 10% of amplitude in order to disrupt cell membranes and release intracellular proteins. Cells

were then centrifuged at 10,000 xg for 10 min at 4 °C and the soluble protein fraction was collected
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into a new microcentrifuge tube. During this process, samples were always kept on ice to avoid

protein degradation.

Protein concentration was quantified on a microplate reader (Thermo Fisher Scientific; Waltham,
CA, USA) by means of the Bradford method. A standard curve with known concentrations of
bovine serum albumin (BSA, 0.125 to 2 pg/ul) was used to determine protein concentration.
Samples were incubated with 200 uL. of Bradford solution (PanReac Appli-Chem; Barcelona,
Spain) for 5 min and then read at 595 nm. Samples were then loaded and resolved by SDS-Page

as described below.

3.6.2. SDS-PAGE and Western Blot
15-20 pg of total protein from cell extracts were mixed with 4x denaturing loading buffer (0.125
mM Tris pH 6.8; 4% sodium dodecyl sulphate (SDS), 20% glycerol, 10% b-mercaptoethanol,
0.004% bromophenol blue) and boiled for 5 min at 95 °C. Samples were separated by 10% w/v
SDS-PAGE electrophoresis made with Protogel reagents (National Diagnostics; Atlanta, GA,
USA) and run in running buffer (25 mM Tris-Base; 3.5 mM SDS; 0.2 M Glycine) with a constant
voltage of 120 V for 1 h. Proteins were transferred to nitrocellulose membranes (GE HealthCare
Life Technologies; Boston, MA, USA) at 100 V for 1 h in transfer buffer (25 mM Tris-Base; 0.2
M Glycine; 20% methanol). After electrophoretic transfer, membranes were stained with Ponceau
S (0.1% w/v) (Amresco; Solon, OH, USA) to check if protein transfer was efficient. Ponceau S
solution was removed from the membranes by washing them with Tris-buffered saline (TBS, 150
mM NaCl; 50 mM Tris pH 7.4). Membranes were then blocked with 5% (w/v) non-fat dry milk
in 1x TBS at room temperature for 1h, washed with TBS-T (TBS, 0.05% Tween 20) (10 min, 3
times) and incubated overnight at 4 °C with the following primary antibodies using recommended
concentrations: anti-STAT3, 1:1000, mouse monoclonal (Santa Cruz Biotechnology; Dallas, TX,
USA); anti-P-STAT3(Y705), 1:1000, rabbit polyclonal (Cell Signaling Technology; Danvers,
MA, USA); anti-GAPDH, 1:2000, mouse monoclonal (Invitrogen; Carlsbag, CA, USA); or anti-
Lamin B, 1:1000, mouse monoclonal (Santa Cruz Biotechnology; Dallas, TX, USA). Primary
antibodies were always diluted in 5% BSA in 1x TBS and 0.05% w/v of sodium azide. GAPDH
and Lamin B were the housekeeping genes used as loading control for cytoplasmic protein
extracts and total proteins, and nuclear protein extracts, respectively. Membranes were washed
again and incubated with secondary antibody in blocking solution for 2 h, washed and incubated
1 min with chemiluminescent HRP substrate. The signal was detected using a ChemiDoc™

Imaging System (Bio-Rad; Hercules, CA, USA).
3.7.  Statistical analysis

Each assay was performed at least three independent times and all values are expressed as

normalized means =+ standard error. Statistical analysis was performed using SigmaPlot. One-way
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ANOVA was used to compared differences among conditions, followed by a Bonferroni test

adjusted for multiple comparisons. Values of p < 0.05 were considered significant.

4. Results
4.1. High levels of U-STAT3 are found in the cytoplasm in HeLa cells

TOTAL CYTO NUC
+ FBS  -FBS +LIF +FBS -FBS  +LIF + FBS -FBS +LIF
— ==3: STAT3
e &= P-STAT3(705)
—_ — - —— GAPDH / Lamin B

Figure 7 — Unphosphorylated STAT3 is found expressed mostly in the cytoplasm. HelLa cells were
transfected with both WT Venus-STAT3 BiF C constructs (VI-STAT3 and V2-STAT3) and incubated with
the absence or presence of LIF (100 ng/mL). Total, cytoplasmic and nuclear protein extractions were
made and analyzed by Western blot with specific antibodies (P-STAT3(Y705F), STAT3, GAPDH and
Lamin-B).

In order to verify the expression of U-STAT3 in HeLa cells, these cells were transfected with WT
Venus-STAT3 constructs. Twenty-four hours later, the medium was changed for fresh medium
with or without FBS. FBS removal for at least two hours before adding LIF is required to observe
the effect of LIF on STAT3 (data not shown). Cells were incubated with LIF (100 ng/mL) for two
hours to confirm the activation of STAT3. Total, cytoplasmic and nuclear proteins were extracted
and analyzed by Western blot (Fig. 7). Three bands were observed, corresponding to (1) V1-
STATS3, (2) V2-STATS3, and (E) endogenous STAT3. High levels of STAT3 were found in the

cytoplasm in unstimulated cells, with a low but visible nuclear signal. Incubation with LIF

induced STAT3 phosphorylation and accumulation to the nucleus.

4.2.  Venus-STAT3 BiFC constructs are able to dimerize
HeLa cells were transfected with the WT pair of Venus-STAT3 BiFC constructs and analysed by
flow cytometry (Fig. 8A and 8B). Fluorescence is proportional to the amount of STAT3 dimers.
Incubation with LIF and single and double Y705F/S727A phosphoresistant mutants did not affect
STAT3 dimerization. On the other hand, incubation with the STAT3 inhibitor Stattic (5 uM) for
24 hours or removal of the C-terminus containing SH2 domain partially prevented STAT3

dimerization (Fig. 8C).
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Figure 8 — The Venus-STAT3 BiFC system allows the visualization and study of STAT3 dimers in
living cells. A, One thousand HeLa cells were analyzed by flow cytometry 24 hours after transfection with
WT Venus-STAT3 pair and have a clear signal in the green spectrum (FLI1). Not transfected cells were
used as negative control (CON). B, Histogram of the negative control and WT STAT3 pair. C, After
transfection with WT Venus-STAT3 constructs, HeLa cells were incubated with LIF (100 ng/mL) for 2
hours in the absence of serum, or incubated with the STAT3 inhibitor Stattic (5 uM) for 24 hours. BiFC
constructs with of single and double phosphoresistant mutations and without C-terminal were also
evaluated. Results were normalized versus WT STAT3 pair (100%). Data are shown as the average +
Standard Error (SEM) of n=12 (Wild-type, WT) or n=3 (rest of combinations) independent experiments.
* significant vs the symmetric WT STATS3 pair, *, p<0.05.

4.3. L78R STAT3 mutant affects dimerization in unstimulated cells
As described in section 3.2 (Materials and Methods), using the BiFC constructs as templates it
was possible to obtain seven different single point mutations on key STAT3 residues involved in
diseases, dimerization, acetylation, methylation and phosphorylation. Complementary STAT3
constructs carrying inactivating PTM mutations (K49R, K140R, K685R, Y705F and S727A), as
well as L78R and R609Q, were combined with each other (Table 4). This resulted in seven dimers
carrying equal mutations in both STAT3 monomers (i.e. “symmetric STAT3 dimers”) and 21

dimers carrying different mutations in their monomers (i.e. “asymmetric STAT3 dimers”).

There is a clear tendency of STAT3-L78R mutant to prevent dimerization. All pairs carrying at
least one STAT3-L78R mutant show low percentage of fluorescent cells, indicating that they
decreased dimerization. However, only the L78R+K49R and L78R+R609Q combinations

achieved significance (Fig. 9).
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Table 4 — Combinations of the Venus-STAT3 BIFC constructs

Venus 2
K49R L78R K140R R609Q K685R Y705F S727A
K49R 1
L78R 2 8
K140R 3 9 14
Venus 1 R609Q 4 10 15 19
K685R 5 11 16 20 23
Y705F 6 12 17 21 24 26
S727A 7 13 18 22 25 27 28
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Figure 9 — Venus-STAT3 symmetric and asymmetric dimers do not regulate STAT3 homodimerization
in unstimulated cells. The graph represents the percentage of fluorescent cells observed in each Venus-
STAT3 combination by means of flow cytometry. The numeric code (x axis) is represented in the Table 4
(above the graph). Errors represent the Standard Error. *, significant vs the symmetric WT STAT3 pair,
* p<0.05.

4.4. Phosphoresistant mutations affect STAT3 intracellular localization in
unstimulated HeLa cells

Intracellular localization of unstimulated STAT3 homodimers carrying the same mutations in

both STAT3 molecules (i.e. “symmetric STAT3 dimers”) was studied by microscopy (Fig. 10).
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K49R L78R K140R

R609Q K685R Y705F S727A

Figure 10 — Representative microscopy pictures of intracellular distribution of each symmetric
combination. Hela cells were transfected with symmetric combinations (i.e. equal mutations) and
analyzed by fluorescence microscopy. WT Venus-STAT3 pair was used as a control. Scale bar: 20 um.

The WT-STAT3 symmetric dimer was predominantly localized in the cytoplasm in the absence
of stimulating cytokines. STAT3-K49R, K140R, K685R and S727A symmetric dimers are also
found predominantly in the cytoplasm. However, K140R and Y705F symmetric dimers tended to
decrease cytoplasmic localization, but not reaching significant levels. STAT3-Y705F pair was
the only mutation that induced a significant increase in the percentage of cells with homogeneous
nucleocytoplasmic fluorescence (Fig. 11).
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Figure 11 — Nuclear, cytoplasmic and nucleocytoplasmic localization of symmetric STAT3 dimers. The
graph represents the percentage of cells with fluorescence in the nucleus, cytoplasm, and both. The WT
STAT3 symmetric pair was used as reference. Data are shown as the average of n=12 (Wild-type, WT) or
n=3 (rest of combinations) independent experiments. Errors represent the Standard Error.*, significant
vs the symmetric WT STAT3 pair, * p<0.05.
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Figure 12 — Mitochondprial localization of symmetric STAT3 dimers. The graph represents the
percentage of cells with fluorescence in mitochondria. The WT STAT3 symmetric pair was used as
reference. Data are shown as the average of n=12 (Wild-type, WT) or n=3 (rest of combinations)
independent experiments. Errors represent the Standard Error. No combination produced
significant changes.
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Figure 13 — Presence of aggregates in cells with symmetric STAT3 dimers. The graph represents the
percentage of cells with fluorescence with aggregates. The WT STAT3 symmetric pair was used as
reference. Data are shown as the average of n=12 (Wild-type, WT) or n=3 (rest of combinations)
independent experiments. Errors represent the Standard Error. No combination produced significant
changes.

Mitochondrial localization was enhanced by STAT3-K49R, K140R and K685R symmetric
dimers (Fig. 12) and more aggregates were formed by STAT3-K140R, Y705F and S727A
symmetric dimers (Fig. 13). Nonetheless, none of these results were statistically significant.
4.5. Asymmetric combinations of STAT3 PTM mutants affect intracellular
distribution of STAT3 homodimers

The intracellular localization of STAT3 dimers carrying different inactivating PTM mutations in

their two monomers (i.e. “asymmetric STAT3 dimers”) was also evaluated in unstimulated HeLa

cells.
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Figure 14 — Asymmetric STAT3 PTMs regulate intracellular localization of STAT3 homodimers. The
graph represents the percentage of cells with fluorescence in different cellular compartments. The WT
STAT3 symmetric pair was used as reference. Data are shown as the average of n=12 (Wild-type, WT)
or n=3 (rest of combinations) independent experiments. Errors represent the Standard Error. *
significant vs the symmetric Wild-type STAT3 pair, * p<0.05, ** p<0.01.

Our BiFC system enabled us to determine relative contribution of PTMs residues (K49, K140,
K685, Y705 and S727) to the intracellular distribution of STAT3 dimers. While the K49R
symmetric pair was predominantly found in the cytoplasm, asymmetric combinations carrying
only one K49R substitution dominantly induced an increase in cells with homogeneous
nucleocytoplasmic fluorescence at the expense of cytoplasmic localization. In general, Y705F,
K140R and K685R asymmetric pairs showed some tendency to shift cytoplasmic localization
towards the nucleus, but only the YO75F+S727A and K140R+S727A combinations achieved
significance. The K140R+K685R pair had a similar effect as the STAT3-K49R asymmetric
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dimers while the K685R+S727A pair only showed significance in nuclear translocation. No

results were significant regarding the presence or absence of aggregates (Fig. 14).
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Figure 15 — The intracellular distribution of STAT3 dimers is highly regulated by PTM mutations and
asymmetric pairs. A-B, the same original data as Fig. 14. A, data was pooled according to the number and
nature of substitutions, or B, to the symmetry or asymmetry of substitutions in the STAT3 homodimer and
represented as box plots. The limits of the boxes represent the smallest and largest values, the straight line
represents the median, the dashed line represents the average, and the dotted line represents the average
Jor Wild-type STAT3 pair. Statistical analysis was carried out on the average + Standard Error of each
pool. * significant vs the symmetric Wild-type STAT3 pair, * p<0.05, ** p<0.01; # significant vs 2xYF/SA
substitution (in A) or the symmetric mutant pairs (in B), # p<0.05, ## p<0.01.

Data were then pooled and analyzed according to the number and type of PTM mutations present
in each BiFC pair. There are combinations carrying one (asymmetric) or two K-R substitutions
(symmetric or asymmetric); and combinations carrying one (asymmetric) or two phosphoresistant

mutants (symmetric or asymmetric).

Dimers with 1x or 2x K-R substitutions significantly increased mitochondrial translocation, while
decreasing the percentage of cells with STAT3 dimers predominantly in the cytoplasm (Fig. 15A).
Asymmetric combinations of 1x K-R substitution and 1x phosphoresistant mutant also increased
nuclear translocation, however, only 2x K-R combinations increased homogenous

nucleocytoplasmic distribution. Combinations carrying 2x phosphoresistant mutants (symmetric
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or asymmetric) had no significant effect on intracellular distribution of STAT3 homodimers (Fig.

15A). No significant changes were found regarding presence or absence of aggregates.

These results were later confirmed by polling the data according to whether the STAT3 pair was
symmetric or asymmetric in their PTM mutations (Fig. 15B). Compared to the WT-STAT3 dimer,
asymmetric STAT3 dimers, but not the symmetric ones, clearly increased nucleocytoplasmic or
nuclear distribution at the expense of decreasing cytoplasmic localization. Furthermore, when
compared to each other, asymmetric dimers had a bigger effect on decreasing cytoplasmic
localization than symmetric dimers. However, both symmetric and asymmetric combinations
were able to produce an increase in mitochondrial localization of STAT3 dimers. Again, no
significant changes were found regarding presence or absence of aggregates (Fig. 15B).
4.6. The STAT3-L78R mutation has a dominant effect in intracellular
distribution
L78R and R609Q STAT3 mutants were also studied in order to understand how a mutated residue
involved in benign inflammatory hepatocellular adenoma, and a relevant residue within the SH2
domain could regulate intracellular distribution of STAT3 dimers.
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Figure 16 — Nuclear, cytoplasmic and nucleocytoplasmic localization of STAT3 dimer combinations
with L78R and R609Q mutants. The graph represents the percentage of cells with fluorescence in the
nucleus, cytoplasm, and both. The WT STAT3 symmetric pair was used as reference. Data are shown
as the average of n=12 (Wild-type, WT) or n=3 (rest of combinations) independent experiments. Errors
represent the Standard Error. *, significant vs the symmetric Wild-type STAT3 pair, * p<0.05.
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Figure 17 — Mitochondrial localization of STAT3 dimer combinations with L78R and R609Q mutants.
The graph represents the percentage of cells with fluorescence in mitochondria. The WT STAT3 symmetric
pair was used as reference. Data are shown as the average of n=12 (Wild-type, WT) or n=3 (rest of
combinations) independent experiments. Errors represent the Standard Error. *, significant vs the
symmetric Wild-type STAT3 pair, *, p<0.05.
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Figure 18 — Presence of aggregates in cells with STAT3 dimer combinations with L78R and R609Q
mutants. The graph represents the percentage of cells with fluorescence with aggregates. The WT STAT3
symmetric pair was used as reference. Data are shown as the average of n=12 (Wild-type, WT) or n=3
(rest of combinations) independent experiments. Errors represent the Standard Error. *, significant vs
the symmetric Wild-type STAT3 pair, * p<0.05.
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STAT3 symmetric combinations (STAT3-L78R+L78R and R609Q+R609Q) significantly
regulated STAT3 intracellular distribution (Fig. 16 and Fig.18). Compared to the WT STAT3
pair, the STAT3-L78R symmetric dimer increased nuclear translocation and decreased
cytoplasmic levels (Fig.16). Both symmetric L78R+L78R and R609Q+R609Q dimers increased
mitochondrial localization of STAT3 dimers, but only the latter was found to be significant

(Fig.18).

Asymmetric STAT3-L78R dimers had the same effect as the STAT3-L78R symmetric dimer.
They increased nuclear translocation by decreasing the cytoplasmic levels. These results were
significant with the exception of L78R+K140R pair which was exclusively significant in

decreasing the cytoplasmic distribution (Fig. 16).

STAT3-R609Q+K49R and R609Q+K140R dimers had a similar effect to the WT STAT3 pair.
Meanwhile, R609Q+K685R and R609Q+Y705F pairs could decrease cytoplasm localization by
increasing it in the nucleus. The R609Q+S727A pair was able to increase cells with homogeneous

nucleocytoplasmic fluorescence at the expense of cytoplasmic localization (Fig.16).

In general, aggregate formation increased mostly in STAT3 dimers carrying L78R mutation.
However, L78R+K685R and L78R+S727A were the only pairs that increased it significantly
(Fig.17).
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Figure 19 — Intracellular distribution of STAT3-L78R and R609Q symmetric and asymmetric dimers.
Asymmetric dimers are all containing L78R and R609Q mutants and symmetry dimers are all seven
mutants. Data was pooled according to the symmetry or asymmetry of substitutions in the STAT3
homodimer and represented as box plots. The limits of the boxes represent the smallest and largest values,
the straight line represents the median, the dashed line represents the average, and the dotted line
represents the average for Wild-type STAT3 pair. Statistical analysis was carried out on the average +
Standard Error of each pool. *, significant vs the symmetric Wild-type STAT3 pair, * p<0.05, ** p<0.01;
#, significant vs the symmetric mutant pairs, # p<0.05, ##, p<0.01.

Data was pooled again and analyzed according to whether the STAT3 pair was symmetric or
asymmetric but with the inclusion of L78R and R609Q mutants (Fig.19). In general, STAT3
symmetric and asymmetric dimers affected differently intracellular distribution. Symmetric

dimers could increase fluorescent cells in every cellular compartment by decreasing it in
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cytoplasm. However, the mitochondrial distribution was the only cellular compartment to have
statistical significance when compared with both WT STAT3 and asymmetric dimers. In contrast,
asymmetric dimers could decrease it. Furthermore, asymmetric dimers had a deeper influence in
the nucleus and cytoplasm since they significantly increased nuclear distribution and decreased
cytoplasmic distribution, even compared to the symmetric dimers. Aggregate formation was
increased by both but only the asymmetric dimers were statistically significant. L78R and R609Q
residues could attenuate most of the effects of other residues but they were not completely
eliminated. Comparing both box plots (Fig. 15B and Fig. 19), the asymmetric STAT3 dimers
which include L78R and R609Q mutants had a higher impact on increasing nuclear localization
and producing aggregates. Mitochondrial distribution was reduced with these mutants while on
the other hand it was increased without them. Nonetheless, asymmetric STAT3-L78R and R609Q
dimers could not increase nucleocytoplasmic as much as asymmetric pairs containing the

inactivated PTMs.

S. Discussion
In this thesis, we studied the molecular determinants of STAT3 dimerization and intracellular
distribution using a novel set of tools based on BiFC and a different perspective. STAT3 dimers
are generally assumed explicitly or implicitly to be post-translationally modified in a symmetric
way, with both STAT3 monomers equally and simultaneously modified. This is highly unlikely
in a complex intracellular environment, and we present experimental evidence supporting our
hypothesis. Symmetric and asymmetric Venus-STAT3 dimers were explored in order to
understand the effects and relative contribution of a diverse set of residues/domains on the

dimerization and intracellular distribution of STAT3.

The STAT family of transcription factors are responsible to transduce signals and induce the
expression of specific sets of target genes. Their activity is primarily initiated through
extracellular signals, such as cytokines. Dey ef al. showed that STAT3 activity can be stimulated
by LIF in HEK cells'”", which is consistent with our results in HeLa cells. LIF induces nuclear
translocation and does not regulate dimerization of STAT3. It was initially suggested that only
activated STAT3 could dimerize, translocate to the nucleus and bind to the DNA. However, it has
been established that unstimulated STAT3 resides as dimers in different cellular compartments,
but mostly in the cytoplasm®7>®*. We demonstrated that there is U-STAT3 present in the
cytoplasm as well as in the nucleus, which has already been shown for STAT1 in the absence of
ligand stimulation'®?. These results are in agreement with the fact that STAT3 is one of the STATSs
able to continuously shuttle between cytoplasm and nucleus®. Moreover, single and double
phosphoresistant mutants (Y705F and S727A) or addition of LIF to cells do not affect

dimerization, supporting the fact that dimerization is independent of phosphorylation.
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Flow cytometry results show that Venus-STAT3ACT, STAT3 without SH2 and TAD domains,
partially decreases dimerization, consistent with previous reports™. These results indicate that
SH2 domain is indeed necessary for an efficient dimer formation and serve to validate our BiFC
system. This also explains why STAT3p, which lacks only the TAD domain, is still able to

dimerize like the full length protein'®.

We show that specific asymmetric PTMs on STAT3 dimers can regulate nuclear import/export
more deeply than symmetric ones. The pairs containing 1x K-R substitutions enhance the
localization of STAT3 dimers in the nucleus, and 2x K-R substitutions clearly induce STAT3
shuttling between the cytoplasm and the nucleus. Therefore, it can be speculated that PTMs of K
residues can control the most nucleocytoplasmic shuttling. This is in agreement with the literature,
because protein lysine and arginine methylation play a critical role in the regulation of
intracellular distribution of proteins, such as heat shock protein 70 (HSP70)'*. However, some
studies have demonstrated that STAT3 lysine dimethylation only occurs after phosphorylation
induced by IL-6 in STAT3-null human cell line A4 '®72, Nonetheless, residual PTMs in U-STAT3
can occur in other cell lines, like HeLa cells (data not shown). Our results show that lysine
residues play key roles in STAT3 dimers localization. Focusing on mitochondria localization of
STAT3 dimers, 1x and 2x K-R substitutions are able to enhance it. The only described PTM to
affect mitoSTAT3 activity is S727 phosphorylation®®®! but there is a possibility that another PTM

may be responsible for controlling its distribution.

In addition, asymmetric STAT3 dimers carrying one phosphoresistant mutant also increase
nuclear translocation, while those carrying two phosphoresistant STAT3 molecules do not,
indicating that U-STAT3 may need to be partially phosphorylated to enter into the nucleus. It is
also possible to speculate that this could be a mechanism that enhances the affinity of importins
to bind U-STAT3; or that attenuates or prevents the effect of lysine PTMs on nuclear
translocation. Considering that Liu et al.* revealed that U-STAT3 can enter to the nucleus, it is
possible that U-STAT3 needs more complexed mechanisms than P-STAT3 to induce nuclear
import. Persistently activated STAT3 has been proved to have a steady state of constant import
and export'® that supposedly involves an activation/inactivation cycle with phosphorylation at
the receptor and dephosphorylation in the nucleus. Since STAT3 was evaluated in unstimulated
cells, it not entirely possible to be sure of what happens when they are stimulated. However, this
supports the idea that phosphorylation at one single residue might be enough for STAT3 dimer to
enter the nucleus, be held there and possibly induce transcriptional activity, while phosphorylation

on two residues support or enhance its transcriptional activity®.

Each residue has a different effect on STAT3 intracellular distribution, which means that specific
residues could indeed have specific roles on STAT3 location and activity. Consistent previous

reports®, WT STAT3 was found predominantly in the cytoplasm in unstimulated cells. K49,
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Y705 and S727 are residues that can influence intracellular distribution, although in different
manners. Mutated S727 and K49 STAT3 molecules coupled with themselves do not affect
intracellular distribution. In contrast, when coupled with other mutated STAT3 molecules, their
response is altered. Overall, asymmetric pairs with these mutants decrease cytoplasmic
localization, indicating that K49 and S727 residues could prevent nuclear import or induce nuclear
export. The fact that S727-phosphorylated STAT3 dimers can be functional in both nucleus® and

mitochondria®®’!

supports the necessity of U-STAT3 to be partially phosphorylated in order to
regulate its intracellular distribution. Concerning K49, it is possible to have a crucial role in the
regulation of intracellular localization due to the fact that lysine residues have been described to

be involved in nuclear localization of non-histone proteins'®,

On the other hand, the Y705F symmetric pair enhances nucleocytoplasmic translocation. This
indicates that nucleocytoplasmic shuttling of U-STAT3 could be limited by the Y705 residue.
However, our results show that when another PTM is inactivated in one of the STAT3 monomers,
the effect of Y705F is attenuated. This is consistent with the observations by Ray et al.”!, who
showed that unacetylated tyrosine-phosphorylated STAT3 can be unstable in the nucleus. We
think it is worth to test further the hypothesis that STAT3 dimers formed by different STAT3

monomers could represent a form of control of nucleocytoplasmic shuttling.

Although both K140 and K685 containing pairs show some tendency to shift cytoplasmic
localization to the nucleus, their symmetric pairs do not have a significant impact on intracellular
distribution. It has been reported that K685 acetylation is essential for the formation of stable
dimers'®. However, our results show no effect on dimerization by K685R mutant. This can be due
to the technique that was used. In BiFC systems the reconstitution of the fluorophore is
irreversible, preventing the visualization of the dissociation of STAT3 dimers'”’. The K685R
mutation does not necessarily play a role in the initial dimerization, but in its posterior
stabilization. Although the BiFC system has this limitation versus other methods such as
FRET/BRET or homofluoppi, it also has some advantages. First, it is more user-friendly than
FRET/BRET, and easier to adapt to high-throughput systems. And second, unlike homofluoppi,
it allows monitorization by both flow cytometry and microscopy of STAT3 homodimerization,

heterodimerization and interactions with other proteins'®’.

Despite the fact that L78 does not suffer any PTM, it may be another residue responsible for
mediating nuclear translocation. Fluorescence microscopy results show that L78R has a dominant
effect on other mutants, because their asymmetric pairs containing one STAT3-L78R mutant still
induce nuclear localization. This is consistent with previous studies. Domoszlai et al.”* and Vogt
et al® have observed that L78R STAT3 and STAT3 lacking N-terminal domain, respectively,
translocated to nucleus. Furthermore, Pilati er al.*’ showed that this mutant can activate STAT3

transcriptional activity independently of cytokine stimulation. These authors have also described
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L78R as a monoallelic mutation, and therefore L78R could be an example of heterozygous
dominant-negative mutation, similar to the STAT3 mutations present in autosomal-dominant

108

hyper-Ig3 syndrome ™. Box plots also show that some effects of PTM mutations are attenuated
when L78R residue is included, especially, nuclear distribution. However, this mutant does not
affect nucleocytoplasmic distribution, suggesting that L78 does not promote nucleocytoplasmic
shuttling. Instead it could only regulate nuclear import/export. Moreover, L78R asymmetric pairs
carrying K685R and S727A mutations produce aggregates. It is still not fully clear why STAT3
is sometimes able to be shown as aggregates. Nonetheless, it is possible that being L78R one of
several mutations involved in a disease, natural degradation or stabilization could be disturbed,
increasing STAT3 accumulation in the form of aggregates. Lysine acetylation can avoid the

ubiquitination and degradation of proteins'”’, and inactivating acetylation can boost aggregate
q g p g y gereg

formation.

Furthermore, L78R mutation revealed to be also important for STAT3 dimerization. It prevents
dimerization with more intensity when coupled with STAT3 molecules carrying K49R and
R609Q mutations. U-STAT3 has been suggested to have a parallel orientation”*. The fact that the
L78R+K49R combination (both residues within the NTD) disrupted dimerization, is consistent
with a parallel orientation. Domoszlai et al.”* showed that STAT3 NTDs have homotypic
interactions between them and Zhang et al.''® showed that the NTD does not interact with any
other STAT3 domains. This suggests that mutated L78 and K49 residues could be disrupting these
interactions between STAT3 NTDs that are necessary for dimerization. Furthermore, it confirms
that NTD is indeed necessary for a stable dimerization. Nonetheless, STAT3 dimer with point
mutations at the NTD or the SH2 domain disturbs dimerization as well. Kretzschmar et al.”’
revealed the need of an intact SH2 domain for U-STAT3 dimerization through FRET studies with
R609Q STAT3 mutant. On the other hand, flow cytometry results show that pairs containing the
R609Q mutation only affect significantly dimerization when the NTD of one of the STAT3
monomers is altered at position 78. The fact that symmetric STAT3-R609Q+R609Q combination
does not disturb it could support that the SH2 domain is not the main domain responsible for
dimer formation. This indicates that latent STAT3 dimerization occurs mainly through NTDs and
these dimers may be stabilized by the SH2 domain. Provided that STAT3ACT also decreased
dimerization, it is very likely that there are more mechanisms involving the SH2 domain that need

to be further investigated.

The R609Q symmetric combination promotes mitochondrial translocation. This arginine may
influence intracellular distribution like other arginine residues within the DBD of U-STAT3 do*®.
When the STAT3 R414 and R417 residues are mutated to glutamine, they impaired nuclear
transportation and accumulation of U-STAT3. However, our results show that when combined

with PTMs the effect of the R609Q mutation is attenuated, meaning that this residue may
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influence intracellular distribution of STAT3 only in specific situations. For example, when
STATS3 is phosphorylated at S727, it can localize in mitochondria. This PTM may attenuate the
effect of R609 residue that presumably was blocking STAT3 to enter into mitochondria.

6. Concluding remarks
STATS3 is an important protein due to the fact that its dysregulation is implicated in many diseases.
Although it has a classic signaling pathway, JAK/STAT3, STAT3 can participate in many other
signaling pathways that are still to be studied and understood. Some of them are represented in
Fig. 19. Unphosphorylated STAT3 has been demonstrated to have key roles in STAT3 activity.
It can dimerize, enter the nucleus and mitochondria and initiate gene transcription or enhance
cellular respiration, respectively. Here we describe that asymmetric STAT3 dimers, mostly
involving residues susceptible to PTMs, have a critical impact on nucleocytoplasmic shuttling
that consequently affect STAT3 dynamics and possibly its activity. Further investigations are

being carried out in our lab to advance of our understanding of this surprising phenomenon.
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Figure 20 — Schematic representation of different STAT3 signaling pathways. STAT3 can exist as
monomer or dimer in the cytoplasm and nucleus, however, it resides mostly as inactivated STAT3 dimer.
Upon ligand binding STAT3 dimer is recruited to the receptor and phosphorylated at Y705. Beyond
phosphorylation, it can suffer other PTMs, such as, acetylation or methylation that control intracellular
distribution. S727 phosphorylation, but not Y705, is necessary for mitochondria translocation, but it can
enter through GRIM-19 binding as well. In the nucleus, inactivated, activated and STAT3 with different
PTMs are able to regulate gene expression.
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