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Abstract
Shahidi Dadras, M. 2017. Regulation of cell polarity and invasion by TGF-β and BMP
signaling. Digital Comprehensive Summaries of Uppsala Dissertations from the Faculty of
Medicine 1403. 53 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-0171-6.
Transforming growth factor β (TGF-β) and bone morphogenetic protein (BMP) signaling
pathways are involved in many physiological processes during embryonic and adult life. TGFβ promotes epithelial to mesenchymal transition (EMT). We identified a gene target of TGFβ signaling, encoding the salt-inducible kinase 1 (SIK1). A potential substrate of this kinase,
the polarity protein Par3, is an established regulator of tight junction assembly. SIK1 associates
with Par3, can potentially phosphorylate Par3 and leads to its degradation, contributing to tight
junction disassembly.
Glioblastoma multiforme (GBM) is a common malignancy in the central nervous system,
characterized by high heterogeneity, invasiveness, and resistance to therapy. One of the causes
of heterogeneity and therapy-resistance is the existence of glioblastoma stem cells (GSCs). TGFβ signaling promotes self-renewal while BMP signaling induces differentiation of GSCs. Snail
is a potent inducer of the EMT in carcinomas. However, in the context of GBM, Snail induces
BMP signaling and represses TGF-β signaling through interaction with SMADs, the signaling
mediators of TGF-β and BMP. In conclusion, Snail differentially regulates the activity of the
opposing BMP and TGF-β pathways, thus promoting an astrocytic fate switch and repressing
stemness in GSCs.
Although profound changes in cell polarity is a hallmark of invasive malignancies, little is
known about the role of the polarity machinery in tumor suppression. Patient transcriptomic
data suggested low Par3 expression, correlating with poor survival of the GBM patients.
Par3 silencing decreased the GSC self-renewal capacity and enhanced their invasiveness.
Transcriptomic analysis indicates that loss of Par3 leads to downregulation of genes encoding
mitochondrial enzymes that generate ATP. These results support a novel role of Par3 in GBM,
beyond its contribution to junctional contacts between cells.
Another regulator of TGF-β and BMP signaling is the liver kinase B1 (LKB1). According
to GBM patient mRNA analysis, high levels of LKB1 correlate with poor prognosis. Silencing
of LKB1 in GSCs impairs invasion and self-renewal capacity due to downregulation of genes
involved in these processes. Moreover, loss of LKB1 induces mitochondrial dysfunction,
leading to decreased ATP levels. Collectively, this thesis has delivered a group of novel
regulatory pathways that control critical aspects of cancer cell polarity, invasion and stemness.
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Introduction

Cancer is the generic name given to a large group of diseases that can affect
any part of the body and it is the second leading cause of mortality worldwide. The major cause of lethality in cancer is metastasis. During metastasis
cancer cells gain invasive properties, leave the primary tumor, entering the
circulation and form metastases in different organs. Within the tumor mass, a
distinct population of cancer cells remains proliferative and undifferentiated.
These cells are called cancer stem cells (CSCs) and are the main cause of
relapse and metastasis by giving rise to new tumors. Increasing knowledge
about the characteristics of CSCs is necessary for improvement of the survival and the quality of life of cancer patients.
Transforming growth factor β (TGF- β) and bone morphogenetic protein
(BMP) signaling are two well-known signaling pathways playing important
roles in the regulation of CSCs and metastasis. TGF-β promotes tumorigenesis by inducing cancer invasion and epithelial to mesenchymal transition
(EMT). During EMT, cells lose their polarity and cell-cell junctions, and
gain mesenchymal characteristics that are correlated with invasiveness. Additionally, TGF-β promotes self-renewal, while BMP induces differentiations in different sets of malignancies.
As a result, this thesis work is focused on the regulation of polarity and
invasion by TGF-β and BMP signaling pathways and the mechanisms
through which these two specific cytokines exert their functions on cancer
cells.
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1.Transforming growth factor beta (TGF-β)
and bone morphogenetic protein (BMP)
signaling pathways

1.1. TGF-β family ligands
The TGF-β family of ligands is a group of secreted and dimeric cytokines,
encoded by 33 genes in human and mice 1. These cytokines play a key role
in normal development and disease by controlling cell physiology, proliferation, apoptosis, differentiation and migration 2, 3. TGF-β family ligands are
classified in two different subgroups according to their functions, TGF-β,
activins, nodal, and some of the growth and differentiation factors (GDFs) as
the TGF-β-like group; and the other group of ligands make the bone morphogenetic protein (BMP)-like group including BMPs, different GDFs and
the anti-Müllerian hormone (AMH) 4.
All TGF-β ligands are produced as an inactive precursor molecule consisting of three domains: N-terminal signal peptide, amino-terminal prodomain (latency associated peptide, LAP) and a C-terminal mature domain 5, 6.
The inactive TGF-β precursor is a dimer, most often linked by a single disulfide bond (e.g. TGF-β) but sometimes lacking the covalent disulfide linkage.
The inactive precursor protein is first processed in the Golgi apparatus by
endoproteases 7. The mature peptide and LAP remain non-covalently bound
together, known as the TGF-β inactive complex or small latency complex
(SLC) 5. Furthermore, during processing, the SLC binds to the latent TGF-β
binding proteins (LTBPs) and forms the large latent complex (LLC). Upon
secretion, the LLC associates covalently to extracellular matrix (ECM) proteins, such as fibronectin and fibrillin-1, a mechanism that keeps TGF-β
stored in an inactive form and makes it available for later action 5, 8. Mature
bioactive TGF-β that consists of the processed C-terminal homodimeric polypeptide binds directly to the protein core of a transmembrane proteoglycan
receptor, β-glycan or TGF-β type III receptor. This co-receptor presents ligand to the signaling serine/threonine kinase receptors. β-glycan is not expressed in all cell types and it is not absolutely necessary for TGF-β signaling. In endothelial cells, the β-glycan function seems to be replaced by a
related transmembrane glycoprotein named endoglin 9.
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1.2. Smad-dependent signaling
There are eight Smad family members in vertebrates that can be divided into
three distinct groups: receptor-activated Smads (R-Smads) including Smad1,
2, 3, 5, and 8, the common mediator Smad (Co-Smad) Smad4, and the inhibitory Smads (I-Smads) consisting of Smad6 and 7 10. The Smads have two
folded domains, the N-terminal (MH1, mad homology 1) domain and the Cterminal MH2 domain, connected to each other by an extended and relatively unfolded linker region 3, 11 (Figure 1). The N-terminal MH1 domain is a
DNA-binding domain that also contains a nuclear localization signal (NLS),
whereas the MH2 domain is crucial to mediate the complex formation between R-Smads and Co-Smad. In addition, many regulatory proteins including transcription factors, and the co-activators p300 and Creb binding protein
(CBP), bind selectively to the MH1 or MH2 domains 12-14.

Figure 1. Illustration of the structure of Smad proteins with MH1 (green), linker
(yellow) and MH2 (pink) domains.

The Smad signaling cascade initiates through binding of the TGF-β/BMP
ligand to a heterotetrameric complex of serine/threonine kinase receptors
known as type II and type I. The receptors are transmembrane proteins that
transduce signals from the cell membrane to the nucleus through activation
of the Smad proteins, which regulate gene expression (Figure 2)3, 4, 15.
Members of this family of receptors have structural characteristics similar
to both serine/threonine and tyrosine kinases. This receptor family is rather
small in mammals, with only 12 members. In humans, there are seven type I
receptors and five type II receptors through which individual members of the
TGF-β family transduce their signals by binding to different pairwise combinations of the receptors 4, 16. For instance, the TGF-β-like group of ligands
signal via the type II receptors TβR-II, activin type II receptor (ActR-II) A
and B together with the type I receptors, including, TβR-I (ALK5), activin
receptor-like kinase 4 (ALK4), and ALK7. While the BMP-like group of
ligands signal via type II receptors such as BMPRII, ActR-IIA and ActR13

IIB, in combination with the type I receptors ALK1, ALK2, ALK3 and
ALK6 4, 11.
TGF-β ligands bind TβRII with higher affinity than TβRI. Thus the binding of TGF-β ligands occurs first to TβRII 17. On the contrary, BMP type I
receptors have a higher affinitiy for the ligand than the type II receptor.
Thus, the ligands for the BMP receptors bind to the receptor complex with
lower affinity than TGF-β ligands to the corresponding receptors16, 18, 19. Upon ligand-induced oligomerization, the type II receptor phosphorylates the
type I receptor at its glycine and serine (GS) rich segment on specific serine
residues of the juxtamembrane domain, thus activating the kinase of type I
receptor 11, 20. The activated type I receptor kinase phosphorylates the receptor-activated (R) – Smads, including Smad2/3 in TGF-β signaling pathways
and Smad1/5/8 in BMP signaling pathways, in their Ser-X-Ser motifs within
the C-terminal of the MH2 domain 13, 21 (Figure 2). However, in endothelial
cells TGF-β ligands can lead to phosphorylation of Smad1/5/8 through binding to a receptor complex containing the tissue selective ALK1 type I receptor 22, 23. Some scaffolding cytoplasmic proteins associate with type I/II receptors and Smads, for instance, the Smad anchor for receptor activation
(SARA) protein binds to non-activated Smad2 and the receptor complex
facilitating presentation of Smad2, and to some extent Smad3 promoting
their phosphorylation by the type I receptor. Moreover, binding of SARA to
Smad2 inhibits its nuclear translocation 15, 24-26. In an analogous manner, a
SARA-like accessory function has been reported in BMP signaling, i.e.
endofin 16, 27. Once phosphorylated, R-Smads interact with Smad4 forming
trimeric protein complexes, which can be translocated to the nucleus where
they bind to DNA sequences called Smad-binding elements (SBE), 5´GTCT-3´ or its reverse complement 5´-AGAC-3´, via the Smad MH1 domains. Smad complexes act as transcription factors regulating the expression
of different genes involved in embryogenesis, differentiation, proliferation,
apoptosis, migration and immune responses 20, 21. The binding affinity of the
Smads to SBE is relatively weak. For this reason, high affinity and high
specificity recognition of DNA by Smad complexes depends on Smadinteracting transcription factors and co-activators and co-repressors, which
contribute to the transcriptional responses induced by TGF-β family members 21. Examples of Smad-interacting transcription factors include:
CBP/p300, bHLH (basic helix-loop-helix), bZIP, forkhead family of transcription factors (for example FoxH1, FoxO1), nuclear receptors, and homeodomain proteins28, 29. A specific combination of these factors with the
Smads and their expression and availability in different cell types determines
the specific cellular response to TGF-β and BMP signaling21. The Smad
pathway is evolutionary conserved and is regulated by posttranslational
modifications, such as phosphorylation events, and ubiquitylation, as well as
nucleocytoplasmic shuttling by inhibitory (I)-Smads 11, 30. I-Smads are induced and accumulated in the nucleus by Smad signaling. After stimulation
14

of cells with TGF-β and BMP, I-Smads are exported to the cytoplasm where
they bind to type I receptors and exert negative feedback by blocking RSmad phosphorylation and R-Smad-Smad4 complex formation, stimulating
receptor dephosphorylation by recruiting phosphatases, and promoting receptor poly-ubiquitylation and lysosomal degradation 30.

Figure 2. Smad-dependent pathway. TGF-β/BMP ligands dimerize and bind to their
corresponding receptors. Upon phosphorylation, type I receptor phosphorylates the
R-Smads. Phosphorylated R-Smads form complexes with Smad4 and translocate to
the nucleus where they regulate the expression of different genes.

1.3. Smad-independent (non-canonical) signaling
Although Smads are the important signal transducers, an increasing amount
of biochemical and developmental evidence has been recollected in favor of
Smad-independent or non-canonical TGF-β signaling pathways, through
which TGF-β controls a wide spectrum of cellular responses 31. Non-Smad
signaling proteins have three general mechanisms by which they contribute
to physiological responses to TGF-β: (1) Direct modification (such as phosphorylation) of Smads by non-Smad signaling pathways, thus modulation of
the activity of the central effectors; (2) Smads transmit signals to other
pathways by direct interaction and modulation of other signaling proteins,
such as protein kinases; (3) The TGF-β receptors directly interact with or
15

phosphorylate other proteins thus initiating parallel signaling that elicit physiological responses. These non-canonical pathways act as nodes of crosstalk
between TGF-β and other signaling pathways, such as tyrosine kinase receptors, G protein-coupled receptors or cytokine receptors. This allows regulation of different cell processes, such as apoptosis, epithelial to mesenchymal
transition (EMT), proliferation, matrix regulation and cell differentiation 30.
Early studies showed that TGF-β causes rapid activation of Ras and extracellular signal regulated kinases (ERK1/2) MAP kinases (MAPK) in normal
epithelial and colon carcinoma cells 32-34. Other non-canonical pathways
include activation of other MAPK pathways i.e. p38, and c-Jun N-terminal
kinases (JNK), phosphatidylinositol-3´ (PI3) kinase, Rho-like GTPases
(Rho, Rac and Cdc42), protein kinase A (PKA), partitioning defective (Par)
6 and TGF-β activated kinase 1 (TAK 1) 10, 31, 35, 36 (Figure3). A characteristic
mechanism involves the recruitment of ubiquitin ligases of the TNF-α receptor-associated factor (TRAF) family, such as TRAF4 and TRAF6 to the
TGF-β receptor complex, which, via ubiquitylation activates the TAK1 protein kinase that then phosphorylates downstream kinases leading to p38 and
JNK activation during EMT and apoptosis of epithelial cells31. One specific
role of TβRI in tumor invasion is via TRAF6-mediated poly-ubiquitylation
of this receptor, promoting cleavage of TβRI by TNF-α converting enzyme
(TACE), in a PKC-ζ-dependent manner. The liberated intracellular domain
(ICD) of TβRI is translocated to the nucleus where it associates with the
transcriptional regulator p300 to activate genes involved in tumor cell invasiveness, such as Snail and MMP2 37. TRAF6 also has an important role in
the activation of PI3-kinase (PI3K) and the downstream kinase Akt (Figure
3) 38. The mechanism of activation of Par6 will be discussed later. In addition to activation of non-Smad proteins by the type I receptor in the noncanonical pathway, some studies indicate that the Smad proteins themselves
can be regulated by other proteins different than type I receptors. For instance during hematopoiesis, transcription intermediate factor 1 γ (TIF1γ)
can associate with Smad2-Smad3 and replace Smad4 in the complex 39. Similar to TIF1γ, the thyroid transcription factor 1 (TTF1) can replace Smad4 in
Smad2/3 complexes and regulate specific subsets of genes in response to
TGF-β 40. In some mammary and lung epithelial cells, Ras signaling can
inhibit TGF-β signaling by activating the ERK1/2 MAP-kinases which are
able to phosphorylate the R-Smads in the linker region and block their translocation in the nucleus 41. Another example of Smad signaling regulation by
non-Smad components is the protein kinase C (PKC), which is capable of
phosphorylating Smad3 in the MH1 domain and inhibit its DNA binding 42.
Overall, there is a growing list of post-translational mechanisms that regulate Smad protein function and the concerted activity of non-canonical signaling proteins plus Smads mediates the cellular response to members of the
TGF-β family 43, 44.
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Figure 3. Smad-independent TGF-β signaling. The activated receptor complex activates non-Smad signaling pathways, including Erk, JNK and P38 MAPKs, IKK,
Rho and Par6, leading to regulation of different genes, TJ and actin cytoskeleton
rearrangement.

1.4. TGF-β physiological responses
The activities of members of the TGF-β family permeate every aspect of life
in multicellular organisms. It is therefore impossible to summarize all important physiogical actions of the TGF-βs and the BMPs. In the following
sections, I therefore present selective examples that illustrate major principles of function of ligands in the TGF-β family.

1.4.1. TGF-β and growth inhibition
TGF-β potently induces cell cycle arrest of several types of cells. Today it is
well-established that TGF-β induces the growth inhibition in epithelial, endothelial and hematopoietic cells, as well as primary fibroblasts of embryonic origin 30, 45. However, TGF-β has mitotic activity in certain transformed
cells and immortalized fibroblasts 46. The cytostatic effect of TGF-β signaling is very well studied in epithelial cells. TGF-β signaling inhibits cell cycle
progression through transcriptional repression of c-myc and inhibitor of differentiation (ID1, 2 and 3) genes while it activates the expression of cyclindependent kinase (CDK) inhibitors, including p15, p21, and p57, which are
induced by Smad proteins 9, 47, 48. P21 is induced rapidly by all TGF-β superfamily receptor complexes, but BMP7 induces higher expression of p21 than
17

TGF-β in various epithelial cells 49. Smad proteins cooperate with Sp1 and
p53, leading to upregulation of p21 levels 50-52. During TGF-β-induced
growth inhibition, Smads cooperate with other transcription factors, such as
Runx3, to promote p21 gene expression in gastric epithelial cells 53. In addition, TGF-β induces Smad3/4 to form a complex with FoxO transcription
factors and activates p21 and p15, a process that is negatively controlled by
the PI3K pathway, which is a known inhibitor of FoxO in the nucleus 54, 55.
Some non-Smad pathways induced by TGF-β contribute to its cytostatic
effects. For instances, TGF-β-induced activation of JNK and p38 leads to
phosphorylation and stabilization of p21, therefore increasing its half-life 56.

1.4.2. Apoptosis
TGF-β is a well-known inducer of apoptosis mediating its pro-apoptotic
effects through a set of genes regulated by Smads, including phospholipid
phosphatase SHIP, death-associated protein kinase (DAPK) and TGF-βinducible early response gene 1 (TIEG1) 45, 47. TGF-β/Smad signaling suppresses development of a broad spectrum of cancer types by inhibiting cell
proliferation and inducing apoptosis 32, 48, 57. In hepatocellular carcinoma
(HCC), CXXC5, a member of the CXXC-type zinc finger domaincontaining protein family, associates with HDAC1 in competition with
Smad2/3 and enhances transcriptional activity of Smad2/3 proteins, thus
promoting TGF-β-induced cell cycle arrest and apoptosis 58. Moreover, in
gastric SNU-620 carcinoma cells, TGF-β induces expression and activation
of the Fas receptor, leading to caspase-8 activation and apoptosis in a
Smad3-dependent manner 59. Additionally, MAPK p38 and JNK mediate
apoptotic signals downstream of TGF-β receptors 30. The pro-apoptotic adaptor protein Daxx has been shown to be required for TGF-β-induced apoptosis
through interaction with TGF-β type II receptor and activation of JNK in
epithelial cells and hepatocytes 60. In the Daxx-JNK pathway, homeodomain-interacting kinase 2 (HIPK2) interacts and phosphorylates Daxx. Daxx
phosphorylation activates MAPK kinases MKK4 and MKK7, which lead to
activation of JNK and induction of apoptosis 61. Another regulator of TGF-βinduced apoptosis is Smad7, whereby Smad7 acts as a scaffolding protein to
facilitate the activation of p38 by interacting with TAK1 35. Moreover,
TAK1 can form a complex with the BMP receptors through its binding partner TAB1 and the inhibitor of apoptotic caspases XIAP, an E3 ubiquitin
ligase. Both TGF-β and BMP receptors activate TAK1, leading to MKK3, 4,
6 and 7 activation, and activation of the two apoptotic pathways, JNK and
p38 MAPK, in various cell types 30, 62. Another mechanism used by TGF-β
to promote apoptosis involves mobilization of mitochondrial components.
TGF-β induces localization of the septin-like mitochondrial protein ARTS in
the cytoplasm, where it binds to and inactivates XIAP. Inactivation of XIAP
leads to caspase-3 activation and apoptosis 63-65. Finally, TGF-β antagonizes
18

pro-survival signaling through physical interaction of Smad3 with the survival kinase Akt. This interaction leads to inactivation of Akt, thus promoting apoptosis 66, 67.

1.4.3. TGF-β and EMT
TGF-β is abundant in the tumor microenvironment (TME), where it promotes various aggressive characteristics including invasive migration and
epithelial to mesenchymal transition (EMT) 68. In addition, the TGF-β family
is implicated in multiple stages of early embryonic development; a prominent example is Nodal, which signals the generation of proximodistal polarity in the early embryo 69. EMT plays a central role during embryonic development and tissue repair. However, it can adversely cause organ fibrosis and
promote carcinoma progression through a variety of mechanisms 70. During
EMT, cells lose their epithelial identity and gain mesenchymal features. The
molecular changes that characterize EMT include, transcription factor activation, expression of specific cell surface proteins, downregulation of many
cell-cell contacts, reorganization of cytoskeletal components leading to the
formation of actin stress fibers, upregulation of vimentin, changes in the
expression of specific microRNAs, and production of extracellular matrix
(ECM) proteins, such as fibronectin and degrading enzymes 71 (Figure 4).
In cancer cells, EMT promotes invasiveness and stem-cell like features 72.
TGF-β regulates EMT through Smad-dependent and Smad-independent
pathways, such as the PI3K/Akt, ERK1/2, p38 and JNK MAPK 73. Direct
interaction between TGF-β receptors and Par6, a regulator of epithelial cell
polarity and tight junction assembly, is required for TGF-β-dependent EMT.
This interaction leads to phosphorylation of Par6 by TβRII, which in turn
recruits Smurf1, an E3 ubiquitin ligase. Smurf1 then stimulates ubiquitylation and degradation of RhoA, thereby leading to loss and disorganization of
tight junction and cell polarity 74 (Figure 3). In addition, TGF-β negatively
regulates Rho-A through another mechanism by inducing the expression of
miR-155 to disrupt tight junction assembly75. On the other hand, TGF-β
mediates EMT through activation of RhoA and stress fiber formation76. Recent studies have shown that TGF-β induces the activity of mTORC2 during
EMT and activation of mTORC2 contributes to migration and invasion. The
mTORC2 is also required for TGF-β-induced RhoA activation 77.
TGF-β-induced EMT is driven by a transcriptional program that involves
the zinc finger transcription factors Snail and Slug, the zinc finger E-box
binding homeobox ZEB proteins (ZEB1 and 2), and the basic helix-loophelix (bHLH) factors E47, E2-2 and Twist 71, 78, 79. These transcriptional repressors recognize E-box DNA sequences near the transcription initiation
site of the E-cadherin gene and other epithelial genes, repressing their expression 9. Among the mentioned EMT transcription factors (EMT-TFs),
Snail, ZEB and Twist control global plasticity programs affecting cell stem19

ness and fate. Aberrant activation of these factors in adult tumor cells is
commonly seen, as they enable cancer cell plasticity and promote both tumor
initiation and cancer metastasis 80. Snail also participates in the activation of
mesenchymal genes, such as fibronectin 81, 82. In addition to TGF-β, various
signaling pathways, including FGF, WNT and Notch pathways, can induce
Snail expression 83-85. The activity of Snail is regulated post-translationally
through phosphorylation events via various kinases, including GSK3β and
p21 activated kinase-1 (PAK1) 86, 87. The high mobility group factor
HMGA2 was identified as an upstream inducer of many major transcriptional repressors of E-cadherin during TGF-β-induced EMT. HMGA2 is induced
by TGF-β through Smad3/4-dependent mechanism and induces expression
of Snail and Twist during EMT of breast cancer cells 88, 89. Silencing
HMGA2 suppresses cell proliferation, migration, invasion and EMT via
suppression of TGF-β/Smad and Wnt/ β-catenin pathways in bladder cancer
90
. Moreover, in mammary epithelial cells, HMGA2 suppresses E-Cadherin
expression by inducing hypermethylation of the Cdh1 gene promoter, thus
promoting tumor cell invasion 91.
TGF-β also represses the expression of ID2 and ID3 during EMT. ID proteins antagonize bHLH proteins, such as Twist1. In addition, ID2 and ID3
are direct targets of BMP7 signaling pathway, which could explain how
BMP7 can inhibit TGF-β-induced EMT 88, 92.

Figure 4. Epithelial to mesenchymal transition (EMT). Epithelial cells that undergo
EMT upon TGF-β stimulation (red cell) acquire mesenchymal properties and dissociate from the neighboring cells. EMT-TFs induce EMT by downregulating epithelial and upregulating mesenchymal markers.

1.5. Aberrant TGF-β signaling in cancer
Due to widespread involvement of TGF-β signaling in multiple cellular processes, aberrant TGF-β signaling is associated with the development of many
diseases, including cancer 39, 93. TGF-β signaling plays a dual role in cancer
20

development. During the initial stages of cancer it acts as a tumor suppressor
by inhibiting cell growth, while in the later stages of cancer it acts as a tumor
promoter and promotes tumor invasiveness and metastasis 48. Mutations of
TGF-β type I and II receptors and Smads (most prominently Smad4) have
been observed in many tumor types, including colorectal cancer, pancreatic
cancer and hematopoietic malignancies, indicating the tumor suppressive
role of TGF-β signaling in the early stages of certain malignancies. For instance, loss of functional cell surface TβRI correlates with insensitivity to
TGF-β-mediated growth inhibition in the development and progression of
human lymphoproliferative malignancies94. On the contrary, TGF-β signaling remains active and promotes invasion and metastasis of many cancer
types, including breast cancer, prostate cancer and colon cancer 95. These
findings support a model, which is mainly corroborated by studies in mouse
models of cancer progression, indicating that TGF-β gradually lose its tumor
suppressive abilities and gain tumor promoting abilities during carcinogenesis 9, 48.
During tumor progression, cancer cells acquire motility by transforming
to migratory cells through EMT. TGF-β is one of the main EMT inducers
during cancer progression and metastasis. CULT1, also known as CDP, Cut
or CUX-1, is a transcription factor known to be one of the critical TGF-β
targets that enhances cancer cell motility and invasiveness 96. Interactions of
cancer cells with the primary tumor microenvironment are important determinants of cancer progression. For instance, direct contact of tumor cells
with platelets primes metastasis and induces EMT via synergistic activation
of both TGF-β and NF-κB pathways. Specific inhibition of platelet-derived
TGF-β and NF-κB signaling in cancer cells prevents metastasis97.
One of the major components of the defense mechanism against tumor
cells is the immune system. T lymphocytes and natural killer cells are the
two main immune cells for recognition and elimination of cancer cells. In
order to promote metastasis, TGF-β signaling suppresses the immune response against tumor cells by downregulation of T lymphocytes, which,
when absent, are not able to recognize and eliminate tumor cells, thus enabling cancer progression 95, 98. TGF-β is a potent immunosuppressive cytokine in many biological contexts beyond cancer. This exciting topic is not
discussed here, as it falls outside the scope of the thesis.
TGF-β signaling can also stimulate angiogenesis, which enables nutrient
and oxygen delivery to the tumor cells. Angiogenesis in the tumor environment is achieved at least in part by induction of angiogenic mediators such
as vascular endothelial growth factors (VEGFs) and connective tissue
growth factor (CTGF), that are direct targets of the TGF-β signaling pathways 95, 99, 100.
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1.6. Aberrant BMP signaling in diseases
The firs BMP was discovered in 1965 by Marshall R Urist as a cytokine
inducing bone and cartilage formation in ectopic skeletal sites in vivo 101, 102.
BMPs play important roles in the development of many organs during embryogenesis, such as bone, cartilage, muscle, brain and kidney 103.
During bone and cartilage formation, BMP induces differentiation of
mesenchymal progenitor cells to the mature osteoblasts through activation of
the BMP type I receptors and Smad1/5/8 104-106. BMP-induced chemotaxis of
mesenchymal progenitor cells plays a key role in development, disease and
tissue repair. BMP2 induces the activation of PI3K leading to cortical actin
rearrangement, planar cell polarity and chemotaxis107. Moreover, some studies have shown that BMPs are involved in the development of several cancers, and are sometimes linked to tumor progression while certain other
BMPs act as tumor suppressors 108, 109. BMPs are known to be important
regulators throughout the body and defects in BMP production and functionality are linked to certain pathological conditions 110. For instance, genetic
mutations in the BMP signaling components, such as the BMPR2 gene, are
linked to familial or sporadic cases of pulmonary arterial hypertension
(PAH) 111. BMP signaling plays a critical role in the development of the eye
and neurogenesis. For example, BMPR1A is essential for lens and retinal
growth. Some studies indicate that knockout of BMPR1A leads to formation
of small lenses, due to increased apoptosis of lens epithelial cells 110, 112.
BMP13 and BMPR1B are implicated in maintaining cell survival in the eye
and loss of either of them results in retinal apoptosis and smaller eye size 110,
113-115
. Another consequence of loss of BMP function is neural defects during
the development of central nervous system (CNS). One of the highlights of
BMP signaling in neurogenesis is the role of BMP7 signaling which regulates neural development in corticogenesis 116. BMP7 deletion results in impaired neurogenesis and reduced cortical thickening. Moreover, BMPR1A is
essential for the development of neurons involved in feeding behavior regulation 110, 116-118.
In different cancers, BMP proteins have a dual role suppressing and promoting tumorigenesis. In colorectal cancer and glioblastoma, BMPs mainly
act as tumor suppressors, while in breast cancer, pancreatic cancer, prostate
cancer and bone cancer BMPs promote tumorigenesis and metastasis 119-123.
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2. Epithelial polarity and Par complex

The formation of functional epithelial tissues involves the coordinated action
of the several protein complexes involved in polarity regulation. In epithelial
cells these complexes are key players for the development of apico-basal
polarity, asymmetric division and directed cell migration. The major polarity
complexes in epithelial cells are the apical polarity complexes, including the
Par3/Par6/aPKC (Par complex) and the Crumbs/PALS1/PATJ (Crumbs
complex), which are conserved between species and along with a lateral
complex, the Scribble/ lethal giant larvae (Lgl)/ Disc large (DLG) complex
or Scribble complex. These are crucial to the formation of apical junctions,
such as tight junctions in epithelial tissues 124, 125. Although the Crumbs
complex is restricted to epithelial cells, Par and Scribble complexes regulate
cell polarity in a broader context, such as during axonal growth in neurons
126
.
The Par complex is localized in the apical domain of epithelial cells and is
linked to tight junctions (TJ) through interaction of junctional adhesion molecules (JAMs) with Par3 127. Par3 is an established central component of the
apical-basal polarity system, which is a complex of Par3, Par6 and the atypical protein kinase C (aPKC), and downstream small GTPases of the Rho
family, that determines the assembly of cell-cell junctions in epithelial cells,
leading to compartmentalization of the epithelial plasma membrane 128.
Mammalian Par3 controls the epidermal barrier, keratinocyte differentiation
and stem cell maintenance. Loss of epidermal Par3 leads to disturbed skin
barrier, altered expression and localization of tight junction components and
increased thickness of epidermis129. A tumor suppressor role of Par3 has
been proposed in various types of cancer130. Par3 silencing promotes tumorigenesis and metastasis through induction of matrix metalloprotease (MMP)
9, destruction of extracellular matrix (ECM), all mediated by aPKCdependent JAK/Stat3 activation. Par3 expression is significantly reduced in
human breast cancer cells, which correlates with active aPKC and STAT3
131
. Mutation of the Par3 gene has been observed in 8% of lung squamous
cell carcinoma (LSCC). Par3 inactivation in LSCCs impairs STAT3 and
promotes tumor invasion 132. Par3 acts as a scaffold protein for the other
members of the Par complex, Par6 and aPKC. As a result, any changes in the
structure of Par3 that lead to the downregulation of this protein disrupt the
Par complex and TJ assembly 125, 133.
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Par (partitioning defective) proteins are evolutionary conserved in all the
metazoans. For instance, in Drosophila melanogaster a Par3-related protein
called Bazooka controls the orientation of mitotic spindles in epithelial cells
134
. In all types of eukaryotic cells, asymmetric cell division occurs and is
essential for metazoan development. Several studies on asymmetric cell division in Caenorahbditis elegans have revealed that Par proteins are necessary for anterior/posterior polarity 135.
Par3 is a large protein with three PDZ (PSD-95/Dlg/Zo-1) domains. These domains mediate protein-protein interactions, usually with other PDZ
domains or with specific carboxy-terminal motifs 133, 136, 137. In addition to
other members of the Par complex, Par3 interacts with T-cell lymphoma
invasion and Rac activator Tiam1, LIM domain kinase (LIMK2) and the
adaptor protein 14-3-3 126, 138, 139. 14-3-3ζ binds to Par3 via phosphorylated
Ser144 preventing complex formation of Par3 with other members of the Par
complex 139. Overexpression of 14-3-3ζ results in a severe disruption of polarity, whereas overexpression of a 14-3-3ζ mutant that is unable to bind to
phospho-proteins has no effect on cell polarity 139.
In addition to regulation of cell polarity, Par3 interacts with Ku70 and
Ku80, two regulatory proteins that play essential roles in repairing doublestranded DNA breaks (DSBs). Nuclear association of Par3 with Ku70/Ku80
is enhanced after γ-irradiation proposing an unexpected role of cell polarity
in the DSB repair mechanism 140.
Par6 and aPKC regulate polarization processes of normal cells. However,
increasing evidence suggests that they also play a role in oncogenic progression 141. In epithelial cells, TGF-β-induced Par6 phosphorylation results in
dissolution of junctional complexes, cytoskeletal remodeling and increased
metastatic potential 74, 141. Some studies suggest that aPKC may be an attractive therapeutic target against tumor progression. For instance, loss of function experiments of aPKC in lung cancer cells reduces the invasive phenotype of cancer cells and tumor progression in vivo 142, 143.
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3. Liver kinase B1 (LKB1)

The liver kinase B1 (LKB1), also known as serine/threonine kinase 11
(STK11), is a tumor suppressor kinase which is frequently mutated in sporadic lung adenocarcinoma and cervical cancer. Inactivating germline mutations of STK11 is linked to Peutz Jeghers syndrome (PJS) characterized by
gastro-intestinal polyposis, mucocutaneous pigmentation and in severe cases
a higher risk of developing malignancies 144, 145. Increasing numbers of studies have contributed to the understanding of the molecular functions of
LKB1 and have revealed its contribution to energy metabolism, cell death,
cell proliferation and cellular polarity 144, 146. Heterozygous LKB1+/- mice
exhibit gastrointestinal polyposis identical to those seen in individuals affected with PJS. However, loss of LKB1 has been associated with resistance
from oncogenic transformations such as Ras. These findings place LKB1 in
a distinct class of tumor suppressors, suggesting that LKB1 loss of function
may happen in early stages of tumorigenesis while LKB1 might be beneficial for the late stages of tumor progression 147. In cells, LKB1 forms a heterotrimeric complex with the pseudokinase STRAD and the scaffolding protein MO25 at a 1:1:1 ratio. MO25, with the help of ATP, binds to STRAD
and keeps STRAD in a closed and inactive conformation. STRAD in a
closed conformation, typical of active protein kinases, binds to LKB1 as a
pseudosubstrate and allows LKB1 to change to its active conformation. These findings indicate that STRAD is key factor in regulating LKB1 tumor
suppressor activities 148-150. The trimeric complex of LKB1 with STRAD and
MO25 acts as an upstream kinase that activates AMPK (AMP-activated kinase) via phosphorylation at Thr172. Since AMPK inhibits lipid biosynthesis
in the G1 phase of the cell cycle, activation of AMPK by LKB1 may explain
the ability of LKB1 to act as a tumor suppressor 151. In addition to interacting
with STRAD and MO25, LKB1 associates with heat shock protein 90
(HSP90) chaperone and the Cdc37 kinase-specific targeting subunit for
HSP90. Complex formation of LKB1 with HSP90 and Cdc37 is separate
from the LKB1:STRAD:MO25 complex. HSP90 and Cdc37 stabilize LKB1
by preventing its degradation through proteasomes. 144, 152, 153.
The microRNA miR-451 regulates cell proliferation and migration in gliomas by targeting the LKB1 scaffolding partner MO25. Thus, miR-451 is a
regulator of the LKB1/AMPK pathway, and this represents a fundamental
mechanism that contributes to cellular adaptation in response to metabolic
stress154. In addition, several reports support a miR-451 suppression of glio25

ma migration, suggesting a possible role of LKB1 in promoting cell migration and proliferation under metabolic stress conditions in gliomas 155, 156.
LKB1, in complex with STRAD and MO25, phosphorylates and activates
14 downstream human kinases including: AMPK1, AMPK2, NUAK1,
NUAK2, BRSK1, BRSK2, QIK, QSK, SIK, MARK1, MARK2, MARK3,
MARK4 and MELK. The catalytic activity of LKB1 and the presence of
STRAD and MO25 are required for this activation. These kinases mediate
the physiologic effects of LKB1, such as cell growth, cell polarity, cellular
energy regulation, as well as LKB1 tumor suppressor activity 157.

3.1. LKB1 and cellular energy regulation
LKB1 plays a key role in controlling the energy charge through activation
and phosphorylation of the AMPK family 158. In normal cells AMPK activation results in inhibition of ATP-consuming processes, such as proliferation
and biosynthesis of molecules through regulation of the mammalian target of
rapamycin complex1 (mTORC1) pathway 159-161. Moreover, loss of LKB1
leads to dysfunctional mitochondria and metabolic dysregulation 162. Cells
lacking LKB1 are resistant to cell transformation by oncogenes, and therefore, undergo apoptosis under metabolic stress 163. Accordingly, LKB1 regulates starvation-induced autophagy as LKB1-deficient zebrafish larvae fail to
activate autophagy and this autophagy defect can be partially rescued by
inhibition of the mTOR signaling pathway 164. Active AMPK leads to activation of tuberous sclerosis complex 2 (TSC2), which inactivates the Rheb
GTPases and leads to inhibition of the mTOR pathway 144, 165. However,
TSC2-deficient cells remain responsive to energy stress. As a result, AMPK
directly phosphorylates the mTOR binding partner Raptor that is required for
the inhibition of mTORC1 and cell cycle arrest induced by energy stress.
Therefore, during energy depletion, LKB1-activated AMPK is a metabolic
checkpoint coordinating cell growth with energy status 166.

3.2. LKB1 and cellular polarity regulation
The link between LKB1 and cellular polarity was first established in 1988 by
a set of studies in C. elegans mutants. Loss of LKB1 in worms disrupted the
normal asymmetries established during embryogenesis. The identified genes
in this study were Par-4 (the ortholog of LKB1), serine/threonine kinase Par1 (MARK), a ring finger protein Par-2, two PDZ domain containing proteins
Par-3 and Par-6, and Par-5 (the 14-3-3 protein). Interestingly, subcellular
localization of Par-4/LKB1 was not affected by any other Par protein while
mutations in Par-4/LKB1 disrupted the distribution of Par-3 and Par-6 146, 167,
168
. Besides Par-1/MARKs, BRSKs and AMPKs are regulators of cellular
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polarity. The brain-specific kinases (BRSKs) are mainly expressed in the
nervous system and play a key role in polarization of neurons, as BRSK
double knockout embryos have severely reduced axon growth and mislocalization of axon and dendritic markers 169.
AMPKs are involved in the regulation of epithelial tight junction assembly and cell polarization. During calcium-induced tight junction assembly
and cell polarization, the level of AMPK phosphorylation is induced which
depends on the kinase activity of LKB1170. In addition, LKB1-induced
AMPK phosphorylation on Thr172 contributes to the formation of mitotic
spindles during mitosis. Myosin regulatory light chain (MRLC) is a downstream target of AMPK, which mediates acto-myosin contractility. AMPK
phosphorylates MRLC at the mitotic spindle poles and controls microtubule
organization during mitosis 171, 172. Finally, loss of LKB1 compromises epithelial integrity through mislocalization of cell polarity markers, disruption
of basement membrane (BM) and lateralization of tight junctions in the
mammary epithelium. Although loss of LKB1 is not a sole promoter of tumorigenesis, but the combination of LKB1 deficiency and oncogenic synergy with c-Myc leads to dramatic acceleration towards cell proliferation and
tumor progression 173.
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4. Salt inducible kinase 1 (SIK1)

Salt inducible kinase (SIK1) was discovered in 1994 in the myocardium of
the developing mouse heart, called MSK (myocardial SNF1-like kinase)
due to structural similarity with the SNF1 kinase in yeast 174, 175. The name
SIK refers to the observation of SIK1 induction in the adrenal glands of
rats fed with high salt diet 175, 176. SIK1 belongs to the AMPK family 157, 177.
The cloning of SIK1 led to a novel cDNA clone, encoding a polypeptide of
776 amino acids, similar to serine/threonine kinases in the SNF1/AMP
kinase family 175, 178. SIK1 has two close family members, SIK2 and SIK3.
SIK2 is known to modulate the insulin-signaling cascade of adipocytes,
and is as a consequence involved in the progression of insulin resistance
178
.
The master kinase LKB1 activates SIK1 through phosphorylation of
Thr182 within its T-loop 157. Nevertheless, some studies indicate that
LKB1 is not the sole kinase responsible for the activation of SIK1. Two
other proteins including the 14-3-3 phospho-protein binding adaptor and
glycogen synthase kinase-3β (GSK-3β) cooperate with LKB1 in order to
phosphorylate and activate SIK1 179 180. SIK1 expression is induced during
cardiogenesis and skeletal muscle differentiation174, in adrenal glands,
leading to steroidogenesis181 and in the liver where it suppresses gluconeogenesis 182. SIK1 may link LKB1 to the maintenance of epithelial junction
stability by down-regulating EMT transcription factors, such as Snail, Zeb1
and Zeb2, which repress E-cadherin 183. Moreover, SIK1 expression is induced by TGF-β/Smad signaling. SIK1 and Smad7 form a complex and
cooperate to downregulate the activated TβRI receptor. The ubiquitin ligase Smurf2 and SIK1 form complex and cooperate to induce TβRI turnover. In addition, loss of endogenous SIK1 results in enhanced gene responses of the cytostatic and fibrotic programs of TGF-β. Thus, SIK is a
negative regulator that mediates TGF-β receptor turnover and physiological signaling 184, 185.
The protein structure of SIK1 consists of two main domains, including an
N-terminal serine/threonine kinase domain followed by a ubiquitin associated (UBA) domain of 43 amino acids, and finally a long C-terminal domain
of not well-known function except for a nuclear localization site mapping
around Ser577. The kinase domain is crucial for the catalytic activity of
SIK1 and is also known to contain the LKB1-mediated phosphorylation
site 186-188. Recent studies disclose new substrates for SIK1. SIK1 phos28

phorylates transducer of CREB activity (TORC) through which it downregulates its function as the co-activator of CREB (cAMP responseelement binding protein), and as a result of this phosphorylation CREB
localizes into the nucleus 189.
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5. Glioblastoma multiforme

Glioblastoma multiforme (GBM) is one of the most frequent and lethal central nervous system (CNS) tumors characterized by a high rate of proliferation, tumor angiogenesis and chemoresistance 190, 191. The prognosis of GBM
patients is poor and the median overall survival (OS) in spite of all possible
modern therapy treatments is only 12-18 months 191. Standard treatment of
GBM involves macroscopic complete surgical resection followed by combined radiation and chemotherapy with temozolomide 191, 192. In the last decade, enormous genomic and transcriptomic analyses have led to a new classification and characterization of GBM genetic mutations, including gene
copy number alterations and gene expression profiles. These studies classify
GBM tumors to three subtypes, proneural (PN), classical (CL), and mesenchymal (MES) 193, 194. One of the great challenges in therapy development is
the large degree of heterogeneity of the GBM tumors 193. Several advanced
techniques, allowing detection of the single mutated DNA molecule confirm
the high heterogeneity of GBM. Heterogeneity can affect GBM biology in
different ways, such as creating chemoresistance microenvironment, acquiring new driver mutations, or mutations that confer resistance to therapy 195.
One of the most accepted theories to explain heterogeneity in cancer is the
cancer stem cell (CSC) model. In tumors generated from cells with stem cell
characteristics, these cells will maintain their population by asymmetric division and generate more differentiated daughter cells which establish the bulk
of the tumor, while the more proliferative daughter cells, remain as a small
subpopulation within the tumor mass and are known as CSCs 195, 196. In this
model, heterogeneity has a dualistic nature of CSCs daughters, tumorigenic
and non-CSCs that are known to be non-tumorigenic. Glioma CSCs were
defined by the expression of CD133 and cells not expressing this marker
lack the tumorigenic potential 195, 197, 198. In addition, recent studies have proposed that a subpopulation of glioma cells characterized by higher expression of CD44 and ID1 acquire stem-like phenotype. These markers can be
used as stem cell markers depending on the GBM subtype. CD133, is believed to be mostly expressed in proneural glioma stem cells (GSC), while
CD44 is highly expressed in tumors of the mesenchymal subtype 199, 200.
TGF-β is known to have a cytostatic effect in epithelial cells via inducing
the expression of p21. However, in GSCs the levels of the transcription factor FoxG1 are higher leading to a direct interaction with FoxO3, therefore
preventing FoxO3 from promoting the expression of TGF-β-induced p21. As
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a result, GBMs can resist the cytostatic effects of TGF-β, thus promoting cell
proliferation 55, 201. Moreover, in GBMs higher levels of phospho-Smad2
correlate with increased proliferation leading to poor survival of the patients
202
. Autocrine TGF-β production maintains stemness in the GSCs. TGF-β upregulates the expression level of the stem cell transcription factor Sox2 and
the cytokine leukemia inhibitory factor (LIF) in a Smad-dependent manner
203, 204
. Interestingly, ID1, ID3, LIF, Sox2 and Sox4 are all required to maintain the CD44high population in GBMs, suggesting these molecular pathways
are interconnected. However, not all GSCs respond potently to TGF-β, due
to the different genetic background of the GBMs among different patients 201,
205
. Finally, TGF-β can maintain the proliferative characteristic of GSCs by
inhibiting apoptosis via induction of Nodal expression levels 206.
In contrast with the stemness effects of TGF-β, BMPs exert an opposite
function in the GBMs. For instance, BMP4 decreases the population of the
CD133+ GSCs, and promotes astrocytic differentiation 207. BMP7 reduces
GSCs cell proliferation and promotes differentiation via upregulation of
transcription factor Snail 208. All these observations are consistent with a
tumor suppressor function of BMP in GBMs. However, another member of
the BMP family, BMP2, promotes GBM proliferation, migration, enhanced
GSCs self-renewal and enhanced tumor formation in vivo. The miR-656
impairs the BMP2 effects by targeting the BMPR1A receptor which is
known to be downregulated in GBMs 209.
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Present investigation

Aim
The aim of this thesis was to uncover mechanisms by which TGF-β and
BMP signaling pathways regulate cell polarity, migration and invasion during cancer progression and metastasis.

Paper I. The protein kinase SIK downregulates the
polarity protein Par3
This study describes a novel role of salt inducible kinase (SIK) in regulating
the tight junction assembly by phosphorylation and degradation of the polarity complex protein Par3. We have performed an in silico screen for SIK
phosphorylation substrates. Several novel substrates were uncovered, among
which we have focused on Par3. We provided bioinformatic and biochemical
evidence that SIK can phosphorylates Par3 on Ser885, a putative phosphorylation site of Par3. SIK association with Par3 leads to degradation of Par3
that can be prevented by proteasomal and lysosomal inhibitors. Ultimately,
SIK-mediated phosphorylation of Par3 impacts epithelial tight junction assembly and contributes to the loss of epithelial polarity. Immunohistochemistry analysis displayed high levels of SIK expression in advanced and invasive epithelial tumor samples. In addition, SIK expression correlates with
TGF-β/Smad signaling activity and low to undetectable levels of Par3. Finally, our model suggests that SIK can act directly on Par3 in order to regulate
epithelial tight junction assembly.

Paper II. Snail regulates BMP and TGF-β pathways to
control the differentiation status of glioma initiating
cells
In this paper, we have shown that Snail displays tumor suppressor effects in
GBM by inhibiting GSCs self-renewal and promoting a fate switch towards
the astrocytic lineage, through induction of BMP and suppression of TGF-β.
Blocking the BMP pathway using Noggin and DMH1, or knockdown of
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BMP type I receptors or Smad1/5, abolish Snail-induced astrocytic fate. We
have observed that Snail suppresses GSC stemness in a TGF-β-dependent
manner. Therefore, suppression of TGF-β and its downstream signaling by
Snail reduces GSC survival and self-renewal. In our GBM in vivo model,
inhibiting TGF-β signaling reduced GBM proliferation, while in the same
GBM model, TGF-β pretreatment enhanced tumor cell proliferation and
stemness.
Our work suggests a novel role of Snail as a direct regulator of TGF-β
through binding to the TGF-β1 promoter. Moreover, we observed Snail interaction with BMP and TGF-β R-Smad MH1-linker domains via its N- and
C-terminal domains.
Altogether, our current work indicates that Snail inhibits the tumorigenic
potential of GBM by blocking GSCs self-renewal capacity and promoting
the astrocytic fate switch, by inducing BMP signaling and repressing TGF-β
pathway.

Paper III. Par3 promotes glioblastoma stem cell selfrenewal while inhibiting cell invasion
This work was inspired by recent studies that identified genetic mutations in
the polarity protein Par3 gene, known as PARD3, in GBM. Taking advantage of patient-derived GSCs, we studied the role of Par3 in stem cell
self-renewal, migration and invasion. According to patient transcriptomic
data analysis, low levels of PARD3 correlates with poor prognosis in GBM
patients. Indeed, we could detect low or even undetectable Par3 expression
levels in our patient derived GSCs. Unexpectedly, loss of Par3 decreased the
neurosphere forming capacity of the GSCs as analyzed by extreme limiting
dilution assay (ELDA) and enhanced their invasiveness. Genome-wide transcriptomic analysis confirmed low stemness and high invasive gene expression in GSCs after silencing the PARD3 gene in GSCs. Moreover, according
to our transcriptomic analysis we could identify another set of genes exhibiting low expression after silencing endogenous Par3. These genes encode
mitochondrial enzymes that generate ATP; accordingly, loss of Par3 reduced
ATP levels in the GSCs. This was accompanied by elevated levels of reactive oxygen species (ROS). Based on several studies increased ROS production is associated with aggressive phenotype in diverse types of cancers. In
order to investigate whether increased level of ROS play any role in the invasion of the GSCs, we used two antioxidants, butyl-hydroxyanisole (BHA)
and N-acetyl-L-cysteine (NAC). We indeed observed inhibition of invasion
in GSCs after NAC or BHA treatment. Our results show that Par3 has both
tumor suppressor and oncogenic function in GSCs. On one hand loss of Par3
enhances migration and invasion by increasing intracellular ROS levels, and
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on the other hand it impairs GSC neurosphere forming capacity, selfrenewal, mitochondrial membrane potential and ATP production.

Paper IV. The protein kinase LKB1 takes oncogenic
actions in glioblastoma promoting self-renewal and
invasiveness
This paper describes the significance of the liver kinase B1 (LKB1) in the
maintenance of GSCs. An initial evaluation of LKB1 gene expression levels
in GBM patients in various public datasets, have revealed that high LKB1
expression levels correlates with worse prognosis of GBM patients. However, we could not observe any significant changes of LKB1 mRNA expression in GBM patients compared to patients with other glioma subtypes or
compared to the normal tissue in any available datasets. Taking advantage of
our patient-derived GSCs, endogenous LKB1 was silenced with short interfering (si) RNA transfection technique to analyze how it affected gene expression using Ion torrent AmpliseqTM. According to our transcriptomic
analysis, silencing LKB1 strongly repressed genes related to endoplasmic
stress and migration. Following our transcriptomic analysis, the effects of
LKB1 knockdown were assessed in GSC self-renewal, proliferation, migratory and invasive capacity, and finally oxidative stress and mitochondrial
function. Silencing LKB1 impairs invasion and stem cell self-renewal capacity of the GSCs. In agreement to the effects of LKB1 knockdown on impaired self-renewal and invasion in functional cell-based assays, we observed repression of the transcription of genes involved in these processes
including, several members of the ADAM (a disintegrin and metalloproteinases) family, TGF-β ligands, and PDGF and EGF family ligands and receptors. In addition, loss of LKB1 leads to induction of mitochondrial dysfunction and decreased ATP levels, inhibiting GSC proliferation.
Taken all together, our data suggest that LKB1 is a good therapeutic target as it regulates several mechanisms that result in poor survival rate in
GBM patients.
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Future perspectives

Paper I. The protein kinase SIK downregulates the
polarity protein Par3
SIK1 has been established as a negative regulator of TGF-β signaling
through downregulation of type I receptor signaling in cooperation with the
Smurf2 ubiquitin ligase 185. In this work, we have explored new possible
functions of this kinase. We have performed an in silico screen for further
substrates of SIK1 and, interestingly, we found few candidates involved in
EMT. Par3, the core member of the polarity complex Par, was shown to be
phosphorylated by SIK1. Indeed, we have observed that SIK1 promotes
phosphorylation of Par3 on Ser885, in a functionally important domain of
Par3. However, the physiological relevance of Par3 phosphorylation on
Ser885 requires further analysis using phospho-specific antibodies for this
site, and performing a thorough screen against other possible protein kinases
that could mediate a direct phosphorylation on this amino acid residue.
So far, our current results indicate that Par3 is degraded through proteasomes and lysosomes. However, attempts to prove SIK1-induced Par3
ubiquitylation have failed in our hands.
According to studies by other groups, Par3 is downregulated during TGFβ-induced EMT 210, 211. Therefore, we continued our investigation discovering whether phosphorylation and downregulation of Par3 by SIK1 plays any
role during TGF-β-induced EMT. Indeed, we observed that silencing SIK1
leads to stabilization of tight junction assembly during TGF-β-induced EMT.
In agreement with these observations, loss of Par3 significantly elevated the
effects of TGF-β during EMT. Therefore, to really establish a role for SIK1
in downregulation of epithelial markers during TGF-β-induced EMT, we
need to perform experiments in which we replace endogenous Par3 with a
Par3 Ser885 mutant construct to determine whether the non-phosphorylated
Par3 mutant is unable to be downregulated during EMT.
Finally, our current data suggest that SIK1 expression is up-regulated in
cancer and there is a correlation between SIK and phosphorylation level of
Smad2. However, to validate these observations, we need to set a complete
screen for the levels of SIK1 and phosoho-Smad2 by tissue microarray and
check whether there is any correlation between high levels of SIK1 and
phospho-Smad2, and low levels of Par3.
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Paper II. Snail regulates BMP and TGF-β pathways to
control the differentiation status of glioma initiating
cells
In this paper, we obtained clear evidence that Snail inhibits the tumorigenic
potential of GBM through blocking of GSCs self-renewal capacity and promoting the astrocytic fate switch by inducing BMP signaling and repressing
the TGF-β pathway. We have demonstrated that Snail interacts with RSmads and generates a positive feedback loop in the BMP signaling pathway, while it transcriptionally downregulates the TGF-β gene, leading to
suppression of the TGF-β signaling arm. The antagonistic effects of BMP
signaling against TGF-β are well-established in embryonic development and
cancer 212. However, whether BMPs promote Smad1/5 complexes with Snail
to regulate additional target genes, which are important for astrocytic differentiation and suppression of GSC stemness, remains to be elucidated.
It would be interesting to perform a ChIP-sequence experiment in glioblastoma cells in response to TGF-β and BMP7, and compare the binding
sites of Snail depending on the cytokine used to stimulate the cells. To further study the interaction of Snail and R-Smads, it would be important to
compare the binding sites of Smad2/3 to the binding sites of Snail after TGFβ treatment, and those of Smad1/5 versus Snail after BMP7 treatment. An
interesting question is whether TGF-β Smads and BMP Smads compete for
binding to Snail in order to regulate gene expression, as both cytokines induce the expression of the transcription factor Snail.

Paper III. Par3 promotes glioblastoma stem cell selfrenewal while inhibiting cell invasion
Loss of cellular polarity is an established hallmark of invasiveness in several
malignancies. However, little is known about the role of the polarity machinery in tumor suppression of diverse tumors. In GBM, the role of polarity
genes in the invasiveness of the tumors has not been excessively explored.
The PARD3 gene has been identified to carry several deletions in the exons 3
to 20 or exon 25 in GBM patients. These mutations result in disruption of
astrocyte tight junctions, while reconstituting the wild-type Par3 expression
restored tight junction formation 213. In this study, we found that low levels
of Par3 correlates with poor prognosis in GBM patients. Taken advantage of
our patient-derived GSCs, we observed that loss of Par3 decreased the selfrenewal capacity, cell proliferation and viability, while it increased the invasiveness of cells. In addition, loss of Par3 contributed to downregulation of
self-renewal inducing factors, stem cell transcription factors, and PDGF and
EGF family ligands and their receptors. This could be a possible explanation
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for the effect of Par3 silencing on self-renewal capacity of the GSCs. It will
be interesting to establish a specific mechanistic connection between the
function of Par3 and possibly its associated polarity proteins and the regulation of such genes that drive the stemness and proliferative capacity of
GSCs. In addition following further transcriptomic analysis, knockdown of
Par3 in GSCs leads to significant repression of genes responsible for ATP
synthesis and family members of mitochondrial membrane carriers and
transporters. This correlates with low levels of ATP production and elevated
levels of ROS after silencing Par3. However, it remains to be further investigated whether overexpression of the mentioned genes reverses the effects of
Par3 knockdown on ATP and ROS levels, as well as restores the selfrenewal capacity of GSCs. In our study, loss of Par3 leads to increased invasiveness of GSCs. In addition, mitochondrial ROS and different isoforms of
NOX have been shown to amplify the tumorigenic phenotype and metastatic
behavior in cancer cells 214, 215. Indeed, using the antioxidants BHA and
NAC, we could block the invasion induced by Par3 knockdown. Therefore,
it would be interesting to examine the invasiveness of GSCs in an in vivo
model, such as zebrafish, after silencing Par3.
Finally, generating stable knockout clones of Par3 in neural progenitor
cells could be an interesting model in order to investigate whether loss of
Par3 reproduce the same effects in the neural progenitor cells as it does in
the GSCs and promotes their tumorigenesis (?).

Paper IV. The protein kinase LKB1 takes oncogenic
actions in glioblastoma promoting self-renewal and
invasiveness
In this paper we examined the role of tumor suppressor LKB1 in GSCs. So
far the significance of LKB1 in the GSCs maintenance has not been fully
elucidated. Certain previous studies suggested a tumor suppressor role of
LKB1, while the others report its tumorigenic role. According to different
available datasets high levels of LKB1 correlates with lower survival of
GBM patients. Our transcriptomic analysis in our patient-derived GSCs revealed that silencing LKB1 strongly repressed genes related to endoplasmic
reticulum stress and migration. Indeed, we observed low migratory capacity
of GSCs after knocking down LKB1. However, the mechanisms in which
loss of LKB1 leads to endoplasmic reticulum stress still remains unclear. We
observed that LKB1 regulated GSC proliferation, viability and the ability of
sphere formation. These observations can be explained by the fact that
LKB1 silencing regulated key pathways and molecules that regulate GSCs’
self-renewal capacity. In addition, we observed impaired mitochondrial
function, reduction of ATP levels and increased levels of ROS. Further ex37

periments are needed to understand the signaling cascade downstream of
LKB1 in order to further elucidate the mechanisms behind LKB1 regulation
of self-renewal capacity, invasion and response to the metabolic stress. It
would be interesting to uncover whether LKB1 exerts its effects by targeting
AMPK/mTOR signaling or miR-451 or independent from these two wellknown targets.

38

Acknowledgments

During these five years many people have colored my life and shared not
only knowledge, but also great memories. This PhD has been a truly lifechanging experience for me and it would not have been possible to achieve
without the support that I received from many people.
First and foremost, I would like to express my sincere gratitude to my supervisor, Prof. Aristidis Moustakas, for the continuous support of my research. You have always been extremely patient, motivating and generous.
Thank you for having your door always open, for making me feel comfortable and always finding a solution to any problem I took to you. For always
seeing the positive side of all failure and showing the way forward with the
positive energy you send at all time. Thank you for encouraging me and
letting me grow as a research scientist during all these years. I could not
have imagined having a better supervisor and mentor.
I would also like to thank my co-supervisor Prof. Carl-Henrik Heldin for
his expert advice and encouragement over these five years. I really admire
the way you stay on top of all the individuals, projects, meetings and countless activities and not only listen but also contribute and give insightful input
to everybody. I deeply admire the spirited passion you put into your work,
while keeping a humble and honest self as a leader.
Special thanks to Dr. Laia Caja, first as a dear colleague and second as my
co-supervisor. You gave me so much support and encouragements, you have
been a model for me, having witnessed all the energy you put into your work
and your incredible capacity to deliver, and the high standards you set for
yourself, and for the ones working with you, being able to push them to their
best, sometimes against their will! I would not have made it here without
your lending an understanding ear to my problems and the tough times I had
during my PhD project. I do hope I have the privilege to work with people
like you in the future.
I am deeply grateful to the project collaborators, Michael Vanlandewijck,
Carl-Johan Rubin, Nima Rafati, Maria Catalina Gomez Puerto, Sijia
Liu. Special thanks to Prof. Peter ten Dijke for offering me the opportunity
39

to work in his lab, collaborating with his team and learning new ways of
working, I am very grateful. I would like to acknowledge Prof. Staffan Johansson for his boundless generosity and kindness. You have always been
positive and supportive. Many thanks to Prof. Lena Kjellén for the times at
D9:4 corridor during my master’s studies, and to my examiner Prof. Catharina Svensson.
Thank you Anita Morén for being so friendly and helping me finding my
way in the beginning of my PhD and for all the effort you put into keeping
the lab in order. I am grateful to my colleagues in the TGF-β signaling
group, Panos and Costas, for all the beers and fun times together, Varun,
Natsnet, Andrew and Yutaro, for creating a friendly and fun atmosphere in
the lab. Kallia and Claudia, I always remember the two years we worked
together at the B9:3 lab. Kallia, you have always been the symbol of patience and kindness, and Claudia you are the symbol of hard work and ambition, you girls are a great inspiration to me. Giwrgos Divolis, it has been a
great pleasure working with you for a few months, I hope to see you soon! I
would also like to thank the past members of the TGF-β signaling group,
Pedro Garcia Gomez, Erna Raja, E-Jean Tan, Kaoro Kahata, Yukihide
Watanabe, Gad Hatem, Naga Maturi and Jon Carthy for all the scientific
discussions and helpful suggestions.
My dear friends Giulia, Ana Rosa and Carmen, you are the best that happened to me in my Uppsala life. I am so grateful for all the moments we
have shared together (I hope you won’t share too much of these moments
with others during my PhD spex!). You girls have always been by my side
during thick and thin, and I could always count on you. You showed me the
meaning of true friendship. My Ki-Zumba buddy Guilherme! You have no
idea how much I enjoy our spending time together. Everyday is a new adventure with you! I would like to thank the Spanish gang, especially, Ana
Mingot, Laura and Fernando (Laurando), Alejandro, Andrea, Gianni
and Dani for all the fun moments that we shared together. My kizomba
community, Anders, Fred and Kelvin for all the road trips to Stockholm
and memorable dance nights. Pieter and Davide, I really miss our Friday
night trips to Värmlands nation, waiting in the queue and insisting to get in,
even at -28°C. Eva Garmendia, I’m so greatful to get to know you both
through photography and kizomba. Greek Maria, it is really heart-warming
to see your friendly face everyday in the lab. My first and dear IMBIM
friend, Sara Pijuan, words cannot describe how grateful I am to get to know
you. You taught me a lot and I’ll always remember our great memories together.

40

In addition, I would like to extend my gratitude to all my past and present
colleagues at the Ludwig institute/ B11:3 who have helped in different ways.
Aino, Lotti, Mariya, Ulla, Lasse, and Uffe, Thank you for allowing us
work in a functional and organized environment. Also big thanks to, AnnaKarin Olsson, Johan Lennartsson, Evi Heldin, Ingvar Ferby, Glenda,
Merima, Ria, Anders, Ihor, Oleks, Anahita, Jessica, Yanyu, Melanie,
Siamak, Deepesh, Mari, Noura, Natalia, Nikki, Chun and Per.
Without the support of my Family I would have not been able to make it to
where I am today. In particular I would like to thank my parents for all their
unconditional love and support during all these years. You are the main reason of who I am. Special thank to my one and only grandmother, for always having faith in me. My dear aunts, Neda and Mojgan, for bringing out
the bright side of every tough situation and to my beautiful cousins, Amir,
Yasi and Nelly. Finally, Guillaume, thank you for being so patient and understanding during the whole time. Thanks for arranging your schedule,
commuting almost everyday and taking good care of me by creating a peaceful, loving environment. You make me feel complete.

41

References

1.
2.
3.
4.
5.
6.
7.
8.

9.
10.
11.
12.
13.
14.
15.
16.
17.

42

Moses, H.L., Roberts, A.B. & Derynck, R. The Discovery and Early Days of
TGF-β: A Historical Perspective. Cold Spring Harb Perspect Biol 8 (2016).
Budi, E.H., Duan, D. & Derynck, R. Transforming Growth Factor-β
Receptors and Smads: Regulatory Complexity and Functional Versatility.
Trends Cell Biol 27, 658-672 (2017).
Massagué, J. TGFβ signalling in context. Nat Rev Mol Cell Biol 13, 616-630
(2012).
Weiss, A. & Attisano, L. The TGFbeta superfamily signaling pathway. Wiley
Interdiscip Rev Dev Biol 2, 47-63 (2013).
Annes, J.P., Munger, J.S. & Rifkin, D.B. Making sense of latent TGFbeta
activation. J Cell Sci 116, 217-224 (2003).
Harrison, C.A., Al-Musawi, S.L. & Walton, K.L. Prodomains regulate the
synthesis, extracellular localisation and activity of TGF-β superfamily
ligands. Growth Factors 29, 174-186 (2011).
Dubois, C.M., Laprise, M.H., Blanchette, F., Gentry, L.E. & Leduc, R.
Processing of transforming growth factor beta 1 precursor by human furin
convertase. J Biol Chem 270, 10618-10624 (1995).
Saharinen, J., Hyytiäinen, M., Taipale, J. & Keski-Oja, J. Latent transforming
growth factor-beta binding proteins (LTBPs)--structural extracellular matrix
proteins for targeting TGF-beta action. Cytokine Growth Factor Rev 10, 99117 (1999).
Pardali, K. & Moustakas, A. Actions of TGF-beta as tumor suppressor and
pro-metastatic factor in human cancer. Biochim Biophys Acta 1775, 21-62
(2007).
Derynck, R. & Zhang, Y.E. Smad-dependent and Smad-independent
pathways in TGF-beta family signalling. Nature 425, 577-584 (2003).
Shi, Y. & Massagué, J. Mechanisms of TGF-beta signaling from cell
membrane to the nucleus. Cell 113, 685-700 (2003).
Moustakas, A. & Heldin, C.H. The regulation of TGFbeta signal
transduction. Development 136, 3699-3714 (2009).
Feng, X.H. & Derynck, R. Specificity and versatility in tgf-beta signaling
through Smads. Annu Rev Cell Dev Biol 21, 659-693 (2005).
Xiao, Z., Latek, R. & Lodish, H.F. An extended bipartite nuclear localization
signal in Smad4 is required for its nuclear import and transcriptional activity.
Oncogene 22, 1057-1069 (2003).
Moustakas, A., Souchelnytskyi, S. & Heldin, C.H. Smad regulation in TGFbeta signal transduction. Journal of cell science 114, 4359-4369 (2001).
Heldin, C.H. & Moustakas, A. Signaling Receptors for TGF-β Family
Members. Cold Spring Harb Perspect Biol 8 (2016).
Groppe, J. et al. Cooperative assembly of TGF-beta superfamily signaling
complexes is mediated by two disparate mechanisms and distinct modes of
receptor binding. Mol Cell 29, 157-168 (2008).

18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.

29.
30.
31.
32.
33.
34.
35.

36.
37.
38.

Kirsch, T., Sebald, W. & Dreyer, M.K. Crystal structure of the BMP-2-BRIA
ectodomain complex. Nat Struct Biol 7, 492-496 (2000).
Sebald, W., Nickel, J., Zhang, J.L. & Mueller, T.D. Molecular recognition in
bone morphogenetic protein (BMP)/receptor interaction. Biol Chem 385,
697-710 (2004).
Moustakas, A. Smad signalling network. Journal of cell science 115, 33553356 (2002).
Massagué, J., Seoane, J. & Wotton, D. Smad transcription factors. Genes Dev
19, 2783-2810 (2005).
Ross, S. & Hill, C.S. How the Smads regulate transcription. Int J Biochem
Cell Biol 40, 383-408 (2008).
Heldin, C.H., Landstrom, M. & Moustakas, A. Mechanism of TGF-beta
signaling to growth arrest, apoptosis, and epithelial-mesenchymal transition.
Current opinion in cell biology 21, 166-176 (2009).
D, X. (
Xu, L., Chen, Y.G. & Massagué, J. The nuclear import function of Smad2 is
masked by SARA and unmasked by TGFbeta-dependent phosphorylation.
Nat Cell Biol 2, 559-562 (2000).
Tsukazaki, T., Chiang, T.A., Davison, A.F., Attisano, L. & Wrana, J.L.
SARA, a FYVE domain protein that recruits Smad2 to the TGFbeta receptor.
Cell 95, 779-791 (1998).
Shi, W. et al. Endofin acts as a Smad anchor for receptor activation in BMP
signaling. J Cell Sci 120, 1216-1224 (2007).
Feng, X.H., Zhang, Y., Wu, R.Y. & Derynck, R. The tumor suppressor
Smad4/DPC4 and transcriptional adaptor CBP/p300 are coactivators for
smad3 in TGF-beta-induced transcriptional activation. Genes Dev 12, 21532163 (1998).
Iyer, N.G., Ozdag, H. & Caldas, C. p300/CBP and cancer. Oncogene 23,
4225-4231 (2004).
Moustakas, A. & Heldin, C.H. Non-Smad TGF-beta signals. Journal of cell
science 118, 3573-3584 (2005).
Zhang, Y.E. Non-Smad pathways in TGF-beta signaling. Cell Res 19, 128139 (2009).
Zhang, Y.E. Non-Smad Signaling Pathways of the TGF-β Family. Cold
Spring Harb Perspect Biol 9 (2017).
Yan, Z., Winawer, S. & Friedman, E. Two different signal transduction
pathways can be activated by transforming growth factor beta 1 in epithelial
cells. J Biol Chem 269, 13231-13237 (1994).
Mulder, K.M. & Morris, S.L. Activation of p21ras by transforming growth
factor beta in epithelial cells. J Biol Chem 267, 5029-5031 (1992).
Edlund, S. et al. Transforming growth factor-beta1 (TGF-beta)-induced
apoptosis of prostate cancer cells involves Smad7-dependent activation of
p38 by TGF-beta-activated kinase 1 and mitogen-activated protein kinase
kinase 3. Mol Biol Cell 14, 529-544 (2003).
Engel, M.E., McDonnell, M.A., Law, B.K. & Moses, H.L. Interdependent
SMAD and JNK signaling in transforming growth factor-beta-mediated
transcription. J Biol Chem 274, 37413-37420 (1999).
Mu, Y. et al. TRAF6 ubiquitinates TGFβ type I receptor to promote its
cleavage and nuclear translocation in cancer. Nat Commun 2, 330 (2011).
Hamidi, A. et al. TGF-β promotes PI3K-AKT signaling and prostate cancer
cell migration through the TRAF6-mediated ubiquitylation of p85α. Sci
Signal 10 (2017).

43

39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.

51.
52.
53.
54.
55.
56.
57.
58.

44

He, W. et al. Hematopoiesis controlled by distinct TIF1gamma and Smad4
branches of the TGFbeta pathway. Cell 125, 929-941 (2006).
Isogaya, K. et al. A Smad3 and TTF-1/NKX2-1 complex regulates Smad4independent gene expression. Cell Res 24, 994-1008 (2014).
Kretzschmar, M., Doody, J., Timokhina, I. & Massagué, J. A mechanism of
repression of TGFbeta/ Smad signaling by oncogenic Ras. Genes Dev 13,
804-816 (1999).
Yakymovych, I., Ten Dijke, P., Heldin, C.H. & Souchelnytskyi, S.
Regulation of Smad signaling by protein kinase C. FASEB J 15, 553-555
(2001).
Lönn, P., Morén, A., Raja, E., Dahl, M. & Moustakas, A. Regulating the
stability of TGFbeta receptors and Smads. Cell Res 19, 21-35 (2009).
Xu, P., Liu, J. & Derynck, R. Post-translational regulation of TGF-β receptor
and Smad signaling. FEBS Lett 586, 1871-1884 (2012).
Ten Dijke, P., Goumans, M.J., Itoh, F. & Itoh, S. Regulation of cell
proliferation by Smad proteins. J Cell Physiol 191, 1-16 (2002).
Alexandrow, M.G. & Moses, H.L. Transforming growth factor beta and cell
cycle regulation. Cancer Res 55, 1452-1457 (1995).
Siegel, P.M. & Massagué, J. Cytostatic and apoptotic actions of TGF-beta in
homeostasis and cancer. Nat Rev Cancer 3, 807-821 (2003).
Massagué, J. TGFbeta in Cancer. Cell 134, 215-230 (2008).
Pardali, K., Kowanetz, M., Heldin, C.H. & Moustakas, A. Smad pathwayspecific transcriptional regulation of the cell cycle inhibitor
p21(WAF1/Cip1). J Cell Physiol 204, 260-272 (2005).
Moustakas, A. & Kardassis, D. Regulation of the human p21/WAF1/Cip1
promoter in hepatic cells by functional interactions between Sp1 and Smad
family members. Proceedings of the National Academy of Sciences of the
United States of America 95, 6733-6738 (1998).
Pardali, K. et al. Role of Smad proteins and transcription factor Sp1 in
p21(Waf1/Cip1) regulation by transforming growth factor-beta. J Biol Chem
275, 29244-29256 (2000).
Cordenonsi, M. et al. Links between tumor suppressors: p53 is required for
TGF-beta gene responses by cooperating with Smads. Cell 113, 301-314
(2003).
Chi, X.Z. et al. RUNX3 suppresses gastric epithelial cell growth by inducing
p21(WAF1/Cip1) expression in cooperation with transforming growth factor
{beta}-activated SMAD. Mol Cell Biol 25, 8097-8107 (2005).
Gomis, R.R. et al. A FoxO-Smad synexpression group in human
keratinocytes. Proc Natl Acad Sci U S A 103, 12747-12752 (2006).
Seoane, J., Le, H.V., Shen, L., Anderson, S.A. & Massagué, J. Integration of
Smad and forkhead pathways in the control of neuroepithelial and
glioblastoma cell proliferation. Cell 117, 211-223 (2004).
Kim, G.Y. et al. The stress-activated protein kinases p38 alpha and JNK1
stabilize p21(Cip1) by phosphorylation. J Biol Chem 277, 29792-29802
(2002).
Giannelli, G., Mazzocca, A., Fransvea, E., Lahn, M. & Antonaci, S.
Inhibiting TGF-β signaling in hepatocellular carcinoma. Biochim Biophys
Acta 1815, 214-223 (2011).
Yan, X. et al. CXXC5 suppresses hepatocellular carcinoma by promoting
TGF-β-induced cell cycle arrest and apoptosis. J Mol Cell Biol (2017).

59.
60.
61.

62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.

Kim, S.G. et al. Transforming growth factor-beta 1 induces apoptosis through
Fas ligand-independent activation of the Fas death pathway in human gastric
SNU-620 carcinoma cells. Mol Biol Cell 15, 420-434 (2004).
Perlman, R., Schiemann, W.P., Brooks, M.W., Lodish, H.F. & Weinberg,
R.A. TGF-beta-induced apoptosis is mediated by the adapter protein Daxx
that facilitates JNK activation. Nat Cell Biol 3, 708-714 (2001).
Hofmann, T.G., Stollberg, N., Schmitz, M.L. & Will, H. HIPK2 regulates
transforming growth factor-beta-induced c-Jun NH(2)-terminal kinase
activation and apoptosis in human hepatoma cells. Cancer Res 63, 8271-8277
(2003).
Yamaguchi, K. et al. XIAP, a cellular member of the inhibitor of apoptosis
protein family, links the receptors to TAB1-TAK1 in the BMP signaling
pathway. EMBO J 18, 179-187 (1999).
Edison, N. et al. Peptides mimicking the unique ARTS-XIAP binding site
promote apoptotic cell death in cultured cancer cells. Clin Cancer Res 18,
2569-2578 (2012).
Gottfried, Y., Rotem, A., Lotan, R., Steller, H. & Larisch, S. The
mitochondrial ARTS protein promotes apoptosis through targeting XIAP.
EMBO J 23, 1627-1635 (2004).
Elhasid, R. & Larisch, S. ARTS-based anticancer therapy: taking aim at
cancer stem cells. Future Oncol 7, 1185-1194 (2011).
Conery, A.R. et al. Akt interacts directly with Smad3 to regulate the
sensitivity to TGF-beta induced apoptosis. Nat Cell Biol 6, 366-372 (2004).
Remy, I., Montmarquette, A. & Michnick, S.W. PKB/Akt modulates TGFbeta signalling through a direct interaction with Smad3. Nat Cell Biol 6, 358365 (2004).
Krishnan, V. et al. TGF-β promotes genomic instability after loss of RUNX3.
Cancer Res (2017).
Kahata, K., Dadras, M.S. & Moustakas, A. TGF-β Family Signaling in
Epithelial Differentiation and Epithelial-Mesenchymal Transition. Cold
Spring Harb Perspect Biol (2017).
Thiery, J.P., Acloque, H., Huang, R.Y. & Nieto, M.A. Epithelialmesenchymal transitions in development and disease. Cell 139, 871-890
(2009).
Kalluri, R. & Weinberg, R.A. The basics of epithelial-mesenchymal
transition. The Journal of clinical investigation 119, 1420-1428 (2009).
Valastyan, S. & Weinberg, R.A. Tumor metastasis: molecular insights and
evolving paradigms. Cell 147, 275-292 (2011).
Moustakas, A. & Heldin, C.H. Induction of epithelial-mesenchymal
transition by transforming growth factor β. Semin Cancer Biol 22, 446-454
(2012).
Ozdamar, B. et al. Regulation of the polarity protein Par6 by TGFbeta
receptors controls epithelial cell plasticity. Science 307, 1603-1609 (2005).
Kong, W. et al. MicroRNA-155 is regulated by the transforming growth
factor beta/Smad pathway and contributes to epithelial cell plasticity by
targeting RhoA. Molecular and cellular biology 28, 6773-6784 (2008).
Bhowmick, N.A. et al. Transforming growth factor-beta1 mediates epithelial
to mesenchymal transdifferentiation through a RhoA-dependent mechanism.
Mol Biol Cell 12, 27-36 (2001).
Lamouille, S. & Derynck, R. Cell size and invasion in TGF-beta-induced
epithelial to mesenchymal transition is regulated by activation of the mTOR
pathway. J Cell Biol 178, 437-451 (2007).

45

78.
79.
80.
81.
82.
83.
84.
85.

86.
87.
88.
89.
90.
91.
92.

93.
94.

95.

46

Peinado, H., Olmeda, D. & Cano, A. Snail, Zeb and bHLH factors in tumour
progression: an alliance against the epithelial phenotype? Nat Rev Cancer 7,
415-428 (2007).
Peinado, H., Portillo, F. & Cano, A. Transcriptional regulation of cadherins
during development and carcinogenesis. Int J Dev Biol 48, 365-375 (2004).
Baulida, J. Epithelial-to-mesenchymal transition transcription factors in
cancer-associated fibroblasts. Mol Oncol 11, 847-859 (2017).
Stanisavljevic, J., Porta-de-la-Riva, M., Batlle, R., de Herreros, A.G. &
Baulida, J. The p65 subunit of NF-κB and PARP1 assist Snail1 in activating
fibronectin transcription. J Cell Sci 124, 4161-4171 (2011).
Hsu, D.S. et al. Acetylation of snail modulates the cytokinome of cancer cells
to enhance the recruitment of macrophages. Cancer Cell 26, 534-548 (2014).
Ciruna, B. & Rossant, J. FGF signaling regulates mesoderm cell fate
specification and morphogenetic movement at the primitive streak. Dev Cell
1, 37-49 (2001).
Yook, J.I. et al. A Wnt-Axin2-GSK3beta cascade regulates Snail1 activity in
breast cancer cells. Nat Cell Biol 8, 1398-1406 (2006).
Saad, S., Stanners, S.R., Yong, R., Tang, O. & Pollock, C.A. Notch mediated
epithelial to mesenchymal transformation is associated with increased
expression of the Snail transcription factor. Int J Biochem Cell Biol 42, 11151122 (2010).
Zhou, B.P. et al. Dual regulation of Snail by GSK-3beta-mediated
phosphorylation in control of epithelial-mesenchymal transition. Nat Cell
Biol 6, 931-940 (2004).
Yang, Z. et al. Pak1 phosphorylation of snail, a master regulator of epithelialto-mesenchyme transition, modulates snail's subcellular localization and
functions. Cancer Res 65, 3179-3184 (2005).
Thuault, S. et al. Transforming growth factor-beta employs HMGA2 to elicit
epithelial-mesenchymal transition. J Cell Biol 174, 175-183 (2006).
Thuault, S. et al. HMGA2 and Smads co-regulate SNAIL1 expression during
induction of epithelial-to-mesenchymal transition. J Biol Chem 283, 3343733446 (2008).
Shi, Z. et al. Silencing of HMGA2 suppresses cellular proliferation,
migration, invasion, and epithelial-mesenchymal transition in bladder cancer.
Tumour Biol 37, 7515-7523 (2016).
Tan, E.J. et al. The high mobility group A2 protein epigenetically silences the
Cdh1 gene during epithelial-to-mesenchymal transition. Nucleic Acids Res
43, 162-178 (2015).
Kowanetz, M., Valcourt, U., Bergstrom, R., Heldin, C.H. & Moustakas, A.
Id2 and Id3 define the potency of cell proliferation and differentiation
responses to transforming growth factor beta and bone morphogenetic
protein. Molecular and cellular biology 24, 4241-4254 (2004).
Gordon, K.J. & Blobe, G.C. Role of transforming growth factor-beta
superfamily signaling pathways in human disease. Biochim Biophys Acta
1782, 197-228 (2008).
DeCoteau, J.F. et al. Loss of functional cell surface transforming growth
factor beta (TGF-beta) type 1 receptor correlates with insensitivity to TGFbeta in chronic lymphocytic leukemia. Proc Natl Acad Sci U S A 94, 58775881 (1997).
Padua, D. & Massagué, J. Roles of TGFbeta in metastasis. Cell Res 19, 89102 (2009).

96.
97.
98.
99.
100.
101.
102.
103.

104.
105.
106.
107.
108.
109.
110.
111.
112.
113.
114.
115.

Michl, P. et al. CUTL1 is a target of TGF(beta) signaling that enhances
cancer cell motility and invasiveness. Cancer Cell 7, 521-532 (2005).
Labelle, M., Begum, S. & Hynes, R.O. Direct signaling between platelets and
cancer cells induces an epithelial-mesenchymal-like transition and promotes
metastasis. Cancer Cell 20, 576-590 (2011).
Gorelik, L. & Flavell, R.A. Immune-mediated eradication of tumors through
the blockade of transforming growth factor-beta signaling in T cells. Nat Med
7, 1118-1122 (2001).
Sánchez-Elsner, T. et al. Synergistic cooperation between hypoxia and
transforming growth factor-beta pathways on human vascular endothelial
growth factor gene expression. J Biol Chem 276, 38527-38535 (2001).
Shimo, T. et al. Involvement of CTGF, a hypertrophic chondrocyte-specific
gene product, in tumor angiogenesis. Oncology 61, 315-322 (2001).
Urist, M.R. Bone: formation by autoinduction. Science 150, 893-899 (1965).
González-Gómez, P., Anselmo, N.P. & Mira, H. BMPs as therapeutic targets
and biomarkers in astrocytic glioma. Biomed Res Int 2014, 549742 (2014).
Katagiri, T., Fukuda, T., Nojima, J., Kanomata, K. & Nakamura, A.
[Genomic approaches to bone and joint diseases. An important role of crosstalk between BMP and Wnt on bone formation]. Clin Calcium 18, 194-201
(2008).
Akiyama, S. et al. Constitutively active BMP type I receptors transduce
BMP-2 signals without the ligand in C2C12 myoblasts. Exp Cell Res 235,
362-369 (1997).
Chen, Y.G., Wang, Z., Ma, J., Zhang, L. & Lu, Z. Endofin, a FYVE domain
protein, interacts with Smad4 and facilitates transforming growth factor-beta
signaling. J Biol Chem 282, 9688-9695 (2007).
Fujii, M. et al. Roles of bone morphogenetic protein type I receptors and
Smad proteins in osteoblast and chondroblast differentiation. Mol Biol Cell
10, 3801-3813 (1999).
Hiepen, C. et al. BMP2-induced chemotaxis requires PI3K p55γ/p110αdependent phosphatidylinositol (3,4,5)-triphosphate production and LL5β
recruitment at the cytocortex. BMC Biol 12, 43 (2014).
Wakefield, L.M. & Hill, C.S. Beyond TGFβ: roles of other TGFβ
superfamily members in cancer. Nat Rev Cancer 13, 328-341 (2013).
Kallioniemi, A. Bone morphogenetic protein 4-a fascinating regulator of
cancer cell behavior. Cancer Genet 205, 267-277 (2012).
Wang, R.N. et al. Bone Morphogenetic Protein (BMP) signaling in
development and human diseases. Genes Dis 1, 87-105 (2014).
Deng, Z. et al. Familial primary pulmonary hypertension (gene PPH1) is
caused by mutations in the bone morphogenetic protein receptor-II gene. Am
J Hum Genet 67, 737-744 (2000).
Rajagopal, R. et al. Functions of the type 1 BMP receptor Acvr1 (Alk2) in
lens development: cell proliferation, terminal differentiation, and survival.
Invest Ophthalmol Vis Sci 49, 4953-4960 (2008).
Asai-Coakwell, M. et al. Contribution of growth differentiation factor 6dependent cell survival to early-onset retinal dystrophies. Hum Mol Genet 22,
1432-1442 (2013).
Hanel, M.L. & Hensey, C. Eye and neural defects associated with loss of
GDF6. BMC Dev Biol 6, 43 (2006).
Liu, J., Wilson, S. & Reh, T. BMP receptor 1b is required for axon guidance
and cell survival in the developing retina. Dev Biol 256, 34-48 (2003).

47

116.
117.
118.
119.
120.
121.

122.
123.
124.
125.
126.
127.
128.
129.

130.
131.
132.
133.
134.

48

Segklia, A. et al. Bmp7 regulates the survival, proliferation, and neurogenic
properties of neural progenitor cells during corticogenesis in the mouse.
PLoS One 7, e34088 (2012).
Lee, K.J., Mendelsohn, M. & Jessell, T.M. Neuronal patterning by BMPs: a
requirement for GDF7 in the generation of a discrete class of commissural
interneurons in the mouse spinal cord. Genes Dev 12, 3394-3407 (1998).
Peng, C.Y., Mukhopadhyay, A., Jarrett, J.C., Yoshikawa, K. & Kessler, J.A.
BMP receptor 1A regulates development of hypothalamic circuits critical for
feeding behavior. J Neurosci 32, 17211-17224 (2012).
Feeley, B.T. et al. Influence of BMPs on the formation of osteoblastic lesions
in metastatic prostate cancer. J Bone Miner Res 20, 2189-2199 (2005).
Katsuno, Y. et al. Bone morphogenetic protein signaling enhances invasion
and bone metastasis of breast cancer cells through Smad pathway. Oncogene
27, 6322-6333 (2008).
Gordon, K.J., Kirkbride, K.C., How, T. & Blobe, G.C. Bone morphogenetic
proteins induce pancreatic cancer cell invasiveness through a Smad1dependent mechanism that involves matrix metalloproteinase-2.
Carcinogenesis 30, 238-248 (2009).
Kodach, L.L. et al. The bone morphogenetic protein pathway is inactivated in
the majority of sporadic colorectal cancers. Gastroenterology 134, 1332-1341
(2008).
Yoshikawa, H., Nakase, T., Myoui, A. & Ueda, T. Bone morphogenetic
proteins in bone tumors. J Orthop Sci 9, 334-340 (2004).
Suzuki, A. & Ohno, S. The PAR-aPKC system: lessons in polarity. J Cell Sci
119, 979-987 (2006).
Assémat, E., Bazellières, E., Pallesi-Pocachard, E., Le Bivic, A. & MasseyHarroche, D. Polarity complex proteins. Biochim Biophys Acta 1778, 614630 (2008).
Mertens, A.E., Pegtel, D.M. & Collard, J.G. Tiam1 takes PARt in cell
polarity. Trends Cell Biol 16, 308-316 (2006).
Ebnet, K. et al. The cell polarity protein ASIP/PAR-3 directly associates with
junctional adhesion molecule (JAM). EMBO J 20, 3738-3748 (2001).
Weng, M. & Wieschaus, E. Polarity protein Par3/Bazooka follows myosindependent junction repositioning. Dev Biol 422, 125-134 (2017).
Ali, N.J. et al. Essential Role of Polarity Protein Par3 for Epidermal
Homeostasis through Regulation of Barrier Function, Keratinocyte
Differentiation, and Stem Cell Maintenance. J Invest Dermatol 136, 24062416 (2016).
Lin, W.H., Asmann, Y.W. & Anastasiadis, P.Z. Expression of polarity genes
in human cancer. Cancer Inform 14, 15-28 (2015).
McCaffrey, L.M., Montalbano, J., Mihai, C. & Macara, I.G. Loss of the Par3
polarity protein promotes breast tumorigenesis and metastasis. Cancer Cell
22, 601-614 (2012).
Bonastre, E. et al. PARD3 Inactivation in Lung Squamous Cell Carcinomas
Impairs STAT3 and Promotes Malignant Invasion. Cancer Res 75, 12871297 (2015).
Joberty, G., Petersen, C., Gao, L. & Macara, I.G. The cell-polarity protein
Par6 links Par3 and atypical protein kinase C to Cdc42. Nat Cell Biol 2, 531539 (2000).
Kuchinke, U., Grawe, F. & Knust, E. Control of spindle orientation in
Drosophila by the Par-3-related PDZ-domain protein Bazooka. Curr Biol 8,
1357-1365 (1998).

135.
136.
137.
138.
139.
140.
141.
142.
143.
144.
145.
146.
147.
148.
149.
150.
151.
152.
153.
154.

Nelson, W.J. & Grindstaff, K.K. Cell polarity: par for the polar course. Curr
Biol 7, R562-564 (1997).
Fanning, A.S. & Anderson, J.M. Protein-protein interactions: PDZ domain
networks. Curr Biol 6, 1385-1388 (1996).
Ponting, C.P., Phillips, C., Davies, K.E. & Blake, D.J. PDZ domains:
targeting signalling molecules to sub-membranous sites. Bioessays 19, 469479 (1997).
Chen, X. & Macara, I.G. Par-3 mediates the inhibition of LIM kinase 2 to
regulate cofilin phosphorylation and tight junction assembly. J Cell Biol 172,
671-678 (2006).
Hurd, T.W. et al. Phosphorylation-dependent binding of 14-3-3 to the
polarity protein Par3 regulates cell polarity in mammalian epithelia. Curr
Biol 13, 2082-2090 (2003).
Fang, L. et al. Cell polarity protein Par3 complexes with DNA-PK via Ku70
and regulates DNA double-strand break repair. Cell Res 17, 100-116 (2007).
Gunaratne, A. & Di Guglielmo, G.M. Par6 is phosphorylated by aPKC to
facilitate EMT. Cell Adh Migr 7, 357-361 (2013).
Regala, R.P. et al. Atypical protein kinase Ciota plays a critical role in human
lung cancer cell growth and tumorigenicity. J Biol Chem 280, 31109-31115
(2005).
Frederick, L.A. et al. Matrix metalloproteinase-10 is a critical effector of
protein kinase Ciota-Par6alpha-mediated lung cancer. Oncogene 27, 48414853 (2008).
Alessi, D.R., Sakamoto, K. & Bayascas, J.R. LKB1-dependent signaling
pathways. Annu Rev Biochem 75, 137-163 (2006).
Hemminki, A. et al. A serine/threonine kinase gene defective in PeutzJeghers syndrome. Nature 391, 184-187 (1998).
Katajisto, P. et al. The LKB1 tumor suppressor kinase in human disease.
Biochim Biophys Acta 1775, 63-75 (2007).
Bardeesy, N. et al. Loss of the Lkb1 tumour suppressor provokes intestinal
polyposis but resistance to transformation. Nature 419, 162-167 (2002).
Baas, A.F. et al. Activation of the tumour suppressor kinase LKB1 by the
STE20-like pseudokinase STRAD. EMBO J 22, 3062-3072 (2003).
Zeqiraj, E. et al. ATP and MO25alpha regulate the conformational state of
the STRADalpha pseudokinase and activation of the LKB1 tumour
suppressor. PLoS Biol 7, e1000126 (2009).
Zeqiraj, E., Filippi, B.M., Deak, M., Alessi, D.R. & van Aalten, D.M.
Structure of the LKB1-STRAD-MO25 complex reveals an allosteric
mechanism of kinase activation. Science 326, 1707-1711 (2009).
Hawley, S.A. et al. Complexes between the LKB1 tumor suppressor, STRAD
alpha/beta and MO25 alpha/beta are upstream kinases in the AMP-activated
protein kinase cascade. J Biol 2, 28 (2003).
Boudeau, J., Deak, M., Lawlor, M.A., Morrice, N.A. & Alessi, D.R. Heatshock protein 90 and Cdc37 interact with LKB1 and regulate its stability.
Biochem J 370, 849-857 (2003).
Nony, P. et al. Stability of the Peutz-Jeghers syndrome kinase LKB1 requires
its binding to the molecular chaperones Hsp90/Cdc37. Oncogene 22, 91659175 (2003).
Godlewski, J. et al. MicroRNA-451 regulates LKB1/AMPK signaling and
allows adaptation to metabolic stress in glioma cells. Mol Cell 37, 620-632
(2010).

49

155.
156.
157.
158.
159.

160.
161.

162.
163.
164.
165.
166.
167.
168.
169.
170.
171.
172.
173.

50

Kim, Y., Roh, S., Lawler, S. & Friedman, A. miR451 and AMPK mutual
antagonism in glioma cell migration and proliferation: a mathematical model.
PLoS One 6, e28293 (2011).
Zhao, K. et al. The role of miR-451 in the switching between proliferation
and migration in malignant glioma cells: AMPK signaling, mTOR
modulation and Rac1 activation required. Int J Oncol 50, 1989-1999 (2017).
Lizcano, J.M. et al. LKB1 is a master kinase that activates 13 kinases of the
AMPK subfamily, including MARK/PAR-1. EMBO J 23, 833-843 (2004).
Spicer, J. & Ashworth, A. LKB1 kinase: master and commander of
metabolism and polarity. Curr Biol 14, R383-385 (2004).
Bolster, D.R., Crozier, S.J., Kimball, S.R. & Jefferson, L.S. AMP-activated
protein kinase suppresses protein synthesis in rat skeletal muscle through
down-regulated mammalian target of rapamycin (mTOR) signaling. J Biol
Chem 277, 23977-23980 (2002).
Kimura, N. et al. A possible linkage between AMP-activated protein kinase
(AMPK) and mammalian target of rapamycin (mTOR) signalling pathway.
Genes Cells 8, 65-79 (2003).
Krause, U., Bertrand, L. & Hue, L. Control of p70 ribosomal protein S6
kinase and acetyl-CoA carboxylase by AMP-activated protein kinase and
protein phosphatases in isolated hepatocytes. Eur J Biochem 269, 3751-3759
(2002).
Carretero, J. et al. Dysfunctional AMPK activity, signalling through mTOR
and survival in response to energetic stress in LKB1-deficient lung cancer.
Oncogene 26, 1616-1625 (2007).
Shaw, R.J. et al. The tumor suppressor LKB1 kinase directly activates AMPactivated kinase and regulates apoptosis in response to energy stress. Proc
Natl Acad Sci U S A 101, 3329-3335 (2004).
Mans, L.A. et al. The tumor suppressor LKB1 regulates starvation-induced
autophagy under systemic metabolic stress. Sci Rep 7, 7327 (2017).
Inoki, K., Zhu, T. & Guan, K.L. TSC2 mediates cellular energy response to
control cell growth and survival. Cell 115, 577-590 (2003).
Gwinn, D.M. et al. AMPK phosphorylation of raptor mediates a metabolic
checkpoint. Mol Cell 30, 214-226 (2008).
Kemphues, K.J., Priess, J.R., Morton, D.G. & Cheng, N.S. Identification of
genes required for cytoplasmic localization in early C. elegans embryos. Cell
52, 311-320 (1988).
Hung, T.J. & Kemphues, K.J. PAR-6 is a conserved PDZ domain-containing
protein that colocalizes with PAR-3 in Caenorhabditis elegans embryos.
Development 126, 127-135 (1999).
Kishi, M., Pan, Y.A., Crump, J.G. & Sanes, J.R. Mammalian SAD kinases
are required for neuronal polarization. Science 307, 929-932 (2005).
Zheng, B. & Cantley, L.C. Regulation of epithelial tight junction assembly
and disassembly by AMP-activated protein kinase. Proc Natl Acad Sci U S A
104, 819-822 (2007).
Hultin, S. et al. AmotL2 integrates polarity and junctional cues to modulate
cell shape. Sci Rep 7, 7548 (2017).
Thaiparambil, J.T., Eggers, C.M. & Marcus, A.I. AMPK regulates mitotic
spindle orientation through phosphorylation of myosin regulatory light chain.
Mol Cell Biol 32, 3203-3217 (2012).
Partanen, J.I. et al. Tumor suppressor function of Liver kinase B1 (Lkb1) is
linked to regulation of epithelial integrity. Proc Natl Acad Sci U S A 109,
E388-397 (2012).

174.
175.
176.
177.
178.
179.
180.
181.
182.
183.
184.
185.

186.
187.
188.
189.
190.
191.
192.
193.

Ruiz, J.C., Conlon, F.L. & Robertson, E.J. Identification of novel protein
kinases expressed in the myocardium of the developing mouse heart. Mech
Dev 48, 153-164 (1994).
Wang, Z., Takemori, H., Halder, S.K., Nonaka, Y. & Okamoto, M. Cloning
of a novel kinase (SIK) of the SNF1/AMPK family from high salt diet-treated
rat adrenal. FEBS Lett 453, 135-139 (1999).
Jaitovich, A. & Bertorello, A.M. Salt, Na+,K+-ATPase and hypertension.
Life Sci 86, 73-78 (2010).
Selvik, L.K. et al. Salt-Inducible Kinase 1 (SIK1) Is Induced by Gastrin and
Inhibits Migration of Gastric Adenocarcinoma Cells. PLoS One 9, e112485
(2014).
Katoh, Y. et al. Salt-inducible kinase (SIK) isoforms: their involvement in
steroidogenesis and adipogenesis. Mol Cell Endocrinol 217, 109-112 (2004).
Al-Hakim, A.K. et al. 14-3-3 cooperates with LKB1 to regulate the activity
and localization of QSK and SIK. J Cell Sci 118, 5661-5673 (2005).
Hashimoto, Y.K., Satoh, T., Okamoto, M. & Takemori, H. Importance of
autophosphorylation at Ser186 in the A-loop of salt inducible kinase 1 for its
sustained kinase activity. J Cell Biochem 104, 1724-1739 (2008).
Okamoto, M., Takemori, H. & Katoh, Y. Salt-inducible kinase in
steroidogenesis and adipogenesis. Trends Endocrinol Metab 15, 21-26
(2004).
Patel, K. et al. The LKB1-salt-inducible kinase pathway functions as a key
gluconeogenic suppressor in the liver. Nat Commun 5, 4535 (2014).
Eneling, K. et al. Salt-inducible kinase 1 regulates E-cadherin expression and
intercellular junction stability. FASEB J 26, 3230-3239 (2012).
Kowanetz, M. et al. TGFbeta induces SIK to negatively regulate type I
receptor kinase signaling. J Cell Biol 182, 655-662 (2008).
Lönn, P. et al. Transcriptional induction of salt-inducible kinase 1 by
transforming growth factor β leads to negative regulation of type I receptor
signaling in cooperation with the Smurf2 ubiquitin ligase. J Biol Chem 287,
12867-12878 (2012).
Jaleel, M. et al. The ubiquitin-associated domain of AMPK-related kinases
regulates conformation and LKB1-mediated phosphorylation and activation.
Biochem J 394, 545-555 (2006).
Katoh, Y., Takemori, H., Doi, J. & Okamoto, M. Identification of the nuclear
localization domain of salt-inducible kinase. Endocr Res 28, 315-318 (2002).
Lin, X. et al. Salt-inducible kinase is involved in the ACTH/cAMPdependent protein kinase signaling in Y1 mouse adrenocortical tumor cells.
Mol Endocrinol 15, 1264-1276 (2001).
Katoh, Y. et al. Silencing the constitutive active transcription factor CREB
by the LKB1-SIK signaling cascade. FEBS J 273, 2730-2748 (2006).
Idilli, A.I., Precazzini, F., Mione, M.C. & Anelli, V. Zebrafish in
Translational Cancer Research: Insight into Leukemia, Melanoma, Glioma
and Endocrine Tumor Biology. Genes (Basel) 8 (2017).
Franceschi, E., Minichillo, S. & Brandes, A.A. Pharmacotherapy of
Glioblastoma: Established Treatments and Emerging Concepts. CNS Drugs
31, 675-684 (2017).
Stupp, R. et al. Radiotherapy plus concomitant and adjuvant temozolomide
for glioblastoma. N Engl J Med 352, 987-996 (2005).
Verhaak, R.G. et al. Integrated genomic analysis identifies clinically relevant
subtypes of glioblastoma characterized by abnormalities in PDGFRA, IDH1,
EGFR, and NF1. Cancer Cell 17, 98-110 (2010).

51

194.
195.
196.
197.
198.
199.
200.
201.
202.
203.
204.
205.
206.
207.
208.
209.
210.

211.
212.

52

Wang, Q. et al. Tumor Evolution of Glioma-Intrinsic Gene Expression
Subtypes Associates with Immunological Changes in the Microenvironment.
Cancer Cell 32, 42-56.e46 (2017).
Inda, M.M., Bonavia, R. & Seoane, J. Glioblastoma multiforme: a look inside
its heterogeneous nature. Cancers (Basel) 6, 226-239 (2014).
Shibata, M. & Shen, M.M. The roots of cancer: stem cells and the basis for
tumor heterogeneity. Bioessays 35, 253-260 (2013).
Singh, S.K. et al. Identification of human brain tumour initiating cells.
Nature 432, 396-401 (2004).
Magee, J.A., Piskounova, E. & Morrison, S.J. Cancer stem cells: impact,
heterogeneity, and uncertainty. Cancer Cell 21, 283-296 (2012).
Anido, J. et al. TGF-β Receptor Inhibitors Target the CD44(high)/Id1(high)
Glioma-Initiating Cell Population in Human Glioblastoma. Cancer Cell 18,
655-668 (2010).
Mao, P. et al. Mesenchymal glioma stem cells are maintained by activated
glycolytic metabolism involving aldehyde dehydrogenase 1A3. Proc Natl
Acad Sci U S A 110, 8644-8649 (2013).
Caja, L., Bellomo, C. & Moustakas, A. Transforming growth factor β and
bone morphogenetic protein actions in brain tumors. FEBS Lett 589, 15881597 (2015).
Bruna, A. et al. High TGFbeta-Smad activity confers poor prognosis in
glioma patients and promotes cell proliferation depending on the methylation
of the PDGF-B gene. Cancer Cell 11, 147-160 (2007).
Ikushima, H. et al. Autocrine TGF-beta signaling maintains tumorigenicity of
glioma-initiating cells through Sry-related HMG-box factors. Cell Stem Cell
5, 504-514 (2009).
Penuelas, S. et al. TGF-beta increases glioma-initiating cell self-renewal
through the induction of LIF in human glioblastoma. Cancer Cell 15, 315327 (2009).
Bellomo, C., Caja, L. & Moustakas, A. Transforming growth factor β as
regulator of cancer stemness and metastasis. Br J Cancer 115, 761-769
(2016).
Lee, C.C. et al. Nodal promotes growth and invasion in human gliomas.
Oncogene 29, 3110-3123 (2010).
Piccirillo, S.G. et al. Bone morphogenetic proteins inhibit the tumorigenic
potential of human brain tumour-initiating cells. Nature 444, 761-765 (2006).
Savary, K. et al. Snail depletes the tumorigenic potential of glioblastoma.
Oncogene 32, 5409-5420 (2013).
Guo, M. et al. miR-656 inhibits glioma tumorigenesis through repression of
BMPR1A. Carcinogenesis 35, 1698-1706 (2014).
Wang, X. et al. Downregulation of Par-3 expression and disruption of Par
complex integrity by TGF-beta during the process of epithelial to
mesenchymal transition in rat proximal epithelial cells. Biochim Biophys Acta
1782, 51-59 (2008).
Zhou, Q. et al. TGF-{beta}-induced MiR-491-5p expression promotes Par-3
degradation in rat proximal tubular epithelial cells. J Biol Chem 285, 4001940027 (2010).
Caja, L., Kahata, K. & Moustakas, A. Context-dependent action of
transforming growth factor β family members on normal and cancer stem
cells. Curr Pharm Des 18, 4072-4086 (2012).

213.
214.
215.

Rothenberg, S.M. et al. A genome-wide screen for microdeletions reveals
disruption of polarity complex genes in diverse human cancers. Cancer Res
70, 2158-2164 (2010).
Sabharwal, S.S. & Schumacker, P.T. Mitochondrial ROS in cancer: initiators,
amplifiers or an Achilles' heel? Nat Rev Cancer 14, 709-721 (2014).
Aydin, E., Johansson, J., Nazir, F.H., Hellstrand, K. & Martner, A. Role of
NOX2-derived reactive oxygen species in NK cell-mediated control of
murine melanoma metastasis. Cancer Immunol Res (2017).

53

Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 1403
Editor: The Dean of the Faculty of Medicine
A doctoral dissertation from the Faculty of Medicine, Uppsala
University, is usually a summary of a number of papers. A few
copies of the complete dissertation are kept at major Swedish
research libraries, while the summary alone is distributed
internationally through the series Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of
Medicine. (Prior to January, 2005, the series was published
under the title “Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Medicine”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-334409

ACTA
UNIVERSITATIS
UPSALIENSIS
UPPSALA
2017

