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Abstract: The role and function of the members of the TGF( superfamily has been a substantial area of research fo-
cus for the last several decades. During that time, it has become apparent that aberrations in TGF family signaling,
whether through the BMP, Activin, or TGFp arms of the pathway, can result in tumorigenesis or contribute to its pro-
gression. Downstream signaling regulates cellular growth under normal physiological conditions yet induces diverse
processes during carcinogenesis, ranging from epithelial- to-mesenchymal transition to cell migration and invasion
to angiogenesis. Due to these observations, the question has been raised how to utilize and target components of
these signaling pathways in cancer therapy. Given that these cascades include both ligands and receptors, there
are multiple levels at which to interfere. Activin receptor-like kinases (ALKs) are a group of seven type | receptors re-
sponsible for TGFB family signal transduction and are utilized by many ligands within the superfamily. The challenge
lies in specifically targeting the often-overlapping functional effects of BMP, Activin, or TGF( signaling during cancer
progression. This review focuses on the characteristic function of the individual receptors within each subfamily and
their recognized roles in cancer. We next explore the clinical utility of therapeutically targeting ALKs as some have
shown partial responses in Phase | clinical trials but disappointing outcomes when used in Phase Il studies. Finally,

we discuss the challenges and future directions of this body of work.
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Introduction

The TGFB superfamily has long been of interest
in elucidating the mechanisms of normal physi-
ological development and the development of
cancer. This family portrays a seemingly sim-
plistic mechanism of action: the ligand binds a
type Il receptor dimer, which then forms a tetra-
mer with a type | receptor dimer and transduc-
es a signal through Smad2/3 or Smadl/5/8,
ultimately driving nuclear transcription. How-
ever, there are numerous family members and
several layers of regulation, which complicate
the effects following signaling initiation.

The TGFB superfamily is made up of greater
than 30 ligands, which are subdivided into fur-
ther groups according to structural and mecha-
nistic similarities: transforming growth factor
beta ligands (TGFB), bone morphogenic pro-
teins (BMPs), activins, growth and differentia-
tion factors (GDFs), and anti-Mullerian hor-

mones (AMH) (reviewed in [1, 2]). In contrast to
the large family of signaling ligands, there are a
small number of receptors to transduce these
signals: five type Il receptors and seven type |
receptors (reviewed in [3]). As there are sub-
stantially more ligands than available recep-
tors, there is overlap in the combination of
ligands and receptors. Though the focus of this
review is on the type | receptors that transduce
these signals, it is important to recognize the
magnitude of inputs coming into these recep-
tors, resulting in a diverse set of biological out-
puts, including cell growth suppression, epithe-
lial to mesenchymal transition, and migration
and invasion.

Type | receptors

The type | receptors, known collectively as
Activin receptor-like kinases (ALKs), are more
similar to each other than to the type Il recep-
tors, hence their separate classification. The
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two classes share only approximately 40%
amino acid sequence similarity [4]. In humans,
seven ALKs have been identified. This class of
kinases is approximately 40-60% homologous
and share structural elements including a cys-
teine- rich extracellular domain with glycosyl-
ation site, a transmembrane domain, and a
cytoplasmic tail with an active serine/threonine
kinase domain [5-8]. Due to their similarities,
or, potentially, their differences, the type |
receptors form hetero-tetrameric complexes [9,
10]. This results in differential downstream sig-
naling and translational control through pairing
with various type Il receptors [10]. As there are
substantial differences in the biological and
functional effects of the type | receptors, the
focus of this review will describe their primary
function as well as their involvement in cancer
and therapeutic potential. However, though this
review will focus on ALKs, it is important to note
the TGFB type Il receptors, as they play a neces-
sary part in this signaling cascade. The tumor
suppressive function of the TGF( type Il recep-
tors have been extensively documented. Se-
veral studies have illustrated the presence of
TGFB type Il receptor mutations and inactiva-
tions. Of particular note, approximately 90% of
microsatellite (MS) unstable and 15% of MS
stable colorectal cancers have TGFBR2 inacti-
vating mutations [11]. TGFBR2 inactivation is
more frequently observed in MS unstable can-
cer types, such as gastric cancer and glioma,
than in MS stable cancer [12]. Interestingly,
this does not appear to be a phenomenon that
occurs among ALKs.

In contrast to the previously stated MS unstable
colorectal cancer observations, individuals suf-
fering from hereditary nonpolyposis colorectal
cancer, which frequently have TGFBR2 inacti-
vating mutations, often have overall better out-
comes than those with sporadic colorectal can-
cer, suggesting a protective effect of TGFBR2
inactivation in these cases [12, 13] (for a more
complete review of the literature, please see
[12, 14]). The potential duality of function of the
TGFB family receptors is not unique and is a
characteristic that translates to ALKs.

As there are differences in the biological and
functional effects of the ALKs, the focus of this
review will describe their primary tasks as well
as the involvement of ALKs in cancer and thera-
peutic potential.
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ALK1
Function

ALK1 (ACVL1) has been well studied for its role
in vasculogenesis. ALK1 primarily acts as a
BMP receptor, due to the high binding affinity of
BMP9 and BMP10, which leads to the type I
receptor/ALK1 complex formation. Upon activa-
tion, ALK1 signals via Smad1/5/9 most com-
monly in endothelial cells, contributing to both
angiogenesis and lymphatic vessel formation
[15-17]. Interestingly, TGF[3 has also been found
to induce Smadl/5/9 signaling in endothelial
cells, however the co-receptor endoglin and
ALKS5 are required for full activation [18]. During
wound healing, ALK1 expression increases to
induce blood vessel branching and, upon
wound closure, its expression is downregulated
[19]. Inhibition of endothelial ALK1 signaling
through the use of an ALK1 neutralizing anti-
body substantially inhibits vasculogenesis and
angiogenesis, even when growth factors, such
as vascular endothelial growth factor (VEGF)
and basic fibroblast growth factor (bFGF), are
present [20].

Interestingly, some studies have indicated that
ALK1/Smadl/5/9 works synergistically with
the Notch pathway to regulate angiogenesis
[21]. Rostama and colleagues found that Delta-
like ligand 4 (DlI4)/Notch with BMP9/ALK1 acti-
vation induces cell quiescence through p21
and thrombospondin-1, as well as induces the
expression of Hey genes in lung endothelial
cells. Additionally, upon loss of DIl4, ALK1/
Smadl/5/9 becomes upregulated, therefore
compensating for the loss of Notch signaling
[24]. Similarly, treatment of primary human
endothelial cells with BMP9 induces Heyl and
Hey2 genes through cooperation with Notch,
however treatment with soluble ALK1 inhibited
expression, demonstrating the close relation-
ship of these two pathways [22].

Loss of function of ALK1 is a primary cause of
autosomal dominant vascular dysplasia syn-
drome, as known as hereditary hemorrhagic
telangiectasia type 2 (HHT2) [20]. With an inci-
dence of 1 in 8000, approximately 80-90% of
HHT2 cases have mutations in ALK1 or endog-
lin, a TGFB family co-receptor [15]. Mutation of
ALKZ1 in HHT2 results in a haploinsufficency,
where the affected ALK1 allele can then induce
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for recurrent or persistent
endometrial carcinoma, it

Table 1. Comprehensive list of the inhibitors discussed in this review

Receptor Target Inhibitor Use Reference ) )
ALK ALK1L-Fc Laboratory [19] was deemed ineffective as
PF-03446962 Phase | 16, 27] a single-agent therapeutic
[25]. Combination therapy
Dalantercept/ACE-041 Phase I/l [23-25] of dalantercept with the
ALK2 DMH1 Laboratory [40] vascular endothelial grow-
K02288 Laboratory [44] th factor receptor (VEGFR)
Approved - inhibitor sunitinib has sho-
LDN-212854 FOP treatment [43] wn some promise in meta-
ALK3 LDN-193189 Laboratory [64] static renal cell carcinoma
DMH2 Laboratory [64] in vivo. When combined
VU0465350 Laboratory [64] with sunitinib, dalanter-
ALK4 SB-431542 Laboratory [85] cept induced tumor necro-
SB-505124 Laboratory/Phase | [84, 107] sis, stifled cellular growth
and revascularization, and
ALK5 SB-431542 Laboratory [85, 105, 108] downregulated the expres-
EW-7197 Laboratory [106] sion of pro-angiogenic ge-
SB-505124 Laboratory/Phase | [107, 109] nes, as well as endothelial
LY-2157299 Phase | [84, 107] cell- speciﬁc Notch path_
GW6604 Phase | [107] way genes [26].
ALK7 SB-431542 Laboratory [85]
SB-505124 Laboratory/Phase | [84, 107] An additional approach to

mMRNA synthesis or degradation of the non-
functional protein [15].

Role in cancer and therapeutic potential

As ALK1 has a well-established role in vasculo-
genesis, as described above, investigating the
potential contribution of ALK1 in cancer seems
like a logical step. ALK1 global knockout mice
are phenotypically similar to BMP9 knockout
mice, presenting with enlarged lymphatic ves-
sels and development of cancer [17]. ALK1
expression is induced in the vasculature of
breast tumors [19]. Several strategies have
been explored to block ALK1 signaling in endo-
thelial cells, thereby downregulating or inhibit-
ing tumor angiogenesis. In vivo, the extracellu-
lar domain of ALK, coupled to a mouse-derived
Fc region (ALK1-Fc), has been used as a ligand
trap for BMP9/10, thus blocking their binding
to endothelial ALK [19]. Similarly, dalantercept
(ACE-041) is a soluble form of ALK1 that binds
to BMP9/10, therefore preventing the activa-
tion of endogenous ALK1 and inhibiting signal-
ing complex formation [23, 24].

Dalantercept/ACE-O41 showed potential in a
Phase | dose-escalation study, where 14 of 29
patients had partial response or stable dise-
ase [24]. However, when it was used in Phase Il
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blocking ALK1 signaling
has been through the use
of a monoclonal antibody specifically targeting
ALK1. PF-03446962 prevents BMP and TGFf
ligands from binding to the ALK1 extracellular
domain [16]. It was tested in a Phase | study for
advanced solid tumors and has since been
approved for use in colorectal cancer, mesothe-
lioma, and endometrial cancer [16, 23]. Most
recently, PF- 03446962 was used in a Phase |
study for hepatocellular carcinoma. While the
majority of patients had adverse effects relat-
ed to the treatment, 50% of those treated had
stable disease, however, no complete or partial
responses were observed [27]. Collectively, the
studies have indicated that ALK1 may be a fea-
sible therapeutic target for advanced solid
tumors. For a complete list of ALK1 inhibitors
and additional inhibitors discussed in this
review, please refer to Table 1.

ALK2
Function

ALK2 (ACVR1) is a bone fide BMP receptor.
Various TGFj3, Activin,and BMP ligands, such as
BMP9 and Activin B, have been found to induce
ALK2 signaling [28, 29]. In Leydig cells, which
are found in the testes, ALK2 can inhibit Activin
signaling by blocking Activin A access to the
type Il receptor by forming a type Il/type | recep-
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tor complex in the absence of ligand [30]. When
it acts in this manner, ALK2 has an inhibitory
function. Interestingly, induction of signaling
through non-TGF( family ligands has been
noted. For example, Tsai and colleagues found
that stress-induced phosphoprotein 1 (STIP1)
can bind directly to ALK2, independent of a type
Il receptor, to induce downstream Smad signal-
ing [28].

Primarily studied for its role in osteogenesis
and chondrogenesis, ALK2 is required for chon-
drocyte proliferation and differentiation [31].
This role has been illustrated using an ALK2
knockout mouse model, in which ALK2 was
conditionally deleted in cartilage. These mice
show defects in bone formation, as observed
by shortened cranial bases and hypoplastic
cervical vertebrae. Adult ALK2 conditional
knockout mice develop progressive kyphosis,
or convex curvature of the spine [31].

The importance of ALK2 in osteogenesis is fully
grasped in the development of fibrodysplasia
ossicans progressive (FOP). FOP is a sporadic,
rare disease (incidence of 1 in 2 million) that is
characterized by progressive ossification of
muscles, tendons, ligaments, and connective
tissues [32, 33]. The progression of FOP results
in chronic pain and growth impediments, often
leading to difficulty breathing and, ultimately,
death [33]. Gain-of-function mutations in ALK2
have been identified as the cause of FOP.
Approximately 50% of the identified ALK2 muta-
tions occur in the GS activating domain, a ser-
ine/threonine rich sequence near the kinase
domain of these type | receptors [33]. Of the GS
mutations, the R206H mutation comprises
approximately 90% [34]. Though many of the
ALK2 mutations occur in the same region, gen-
otype-phenotype correlations seem to exist, as
the clinical presentation of FOP varies depend-
ing on the ALK2 mutation [33]. Interestingly,
the type Il receptor is required for the gain-of-
function effect [35]. Therefore, it stands to rea-
son that not only may the location of the ALK2
mutation dictate the severity of FOP, but also
the expression level of the BMP type Il receptor
may contribute to its phenotype.

Role in cancer and therapeutic potential

Few examples of alterations in ALK2 signaling
are have been found in the context of cancer.
One of the best-known examples occurs in dif-
fuse intrinsic pontine glioma (DIPG), a rare type
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of childhood tumor. Buczkowicz and colleagues
found that approximately 20% of DIPG tumor
samples had similar mutations to those found
in FOP, indicating ALK2 gain-of-function [36].
Hyperactivation of ALK2 signaling has also
been noted in ovarian cancer. ALK2 activation,
via autocrine BMP9 signaling, induces tran-
scription of ID1 and ID3, thus increasing prolif-
eration [28, 37]. Though BMP9 can also signal
through ALK1, as discussed above, Herrera
and colleagues found that this proliferative
phenotype was specific to ALK2 signaling in
immortalized ovarian surface epithelial cells
and ovarian cancer lines [37].

In contrast, maintaining ALK2 signaling has
been indicated as a regulator of tumor suppres-
sion. Olsen et al. found that treatment of prima-
ry multiple myeloma samples with BMP9 re-
sulted in signaling through ALK2 and the induc-
tion of apoptosis [38]. In melanoma, treatment
with BMP7 upregulates ALK2, inducing mesen-
chymal-to- epithelial transition via downregula-
tion of Twist, leading to an overall reduction of
invasion [39].

Specifically targeting ALK2 in therapeutics has
proven challenging. DMH1 is a dorsomorphin
analog and selective inhibitor of ALK2 [40]. It
reduces the ability of ALK2 to phosphorylate
Smadl/5/9 without affecting other kinases
such as ALK5, AMPK, or VEGFR [40-42]. DMH1,
however, has not been reported for use in the
clinic. An additional dorsomorphin analog, LDN-
212854, has been used as a means to treat or
prevent FOP, yet this inhibitor also non-specifi-
cally inhibits ALK1 and ALK3 [43]. Thus far, the
most effective ALK2-inhibition strategy has
been through the use of K02288, a 2-amino-
pyridine compound with high affinity for both
ALK1 and ALK2. This inhibitor binds to a con-
served binding pocket in ALK1 and ALK2, which
results in reduced angiogenesis and vessel
sprout in vitro [44]. Targeting ALK2, along with
the non-specific inhibition of the other ALK
kinases ALK2 and ALK3, has been shown as an
effective strategy in vitro, one that may show
efficacy upon further clinical testing.

ALK3
Function

Though some functions of ALK3 (BMPR1A) sug-
gest similarity to ALK2, this protein has sub-
stantial sequence similarity with a different ALK
family member, ALKG [45]. Currently, it is known
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that many BMPs (BMP2, 4, 5, 6, 7, 8, 14, 15),
GDF6, GDF7, and AMH can bind to ALK3 with
some affinity to initiate differential downstream
action (reviewed in [46]). Global knockout of
ALK3 is embryonic lethal [47]. ALK3 is expre-
ssed in cells of the osteo lineage and bone
marrow and is necessary for post-natal bone
formation; as such, it is suggested that the
main function of ALK3 is osteogenesis [32].
Mice with conditional knockout of ALK3 in carti-
lage lack growth of the long bones, however
this tissue gets replaced with bone-like tissue,
supporting a role of ALK3 in cell fate and osteo-
genesis [48]. Conditional deletion of Alk3 from
osteoblasts produces a similar phenotype.
These mice have increased bone formation in
the trabecular bone, vertebrae, tail, and ribs,
coupled with a reduction in osteoclastogenesis
[49].

Unlike ALK2, ALK3 has additional critical roles
in development. Deletion of ALK3 in Xenopus
results in dorsalized embryos and defects in
the eye [50]. Myocardial- and neural crest-spe-
cific knockouts of ALK3 show drastic develop-
mental defects (reviewed in [51]). Epicardial-
specific deletion of ALK3 in mice results in
atypical developmental of the atrioventricular
sulcus and annulus fibrosis within the cardia
[52]. Additionally, when ALK3 is deleted early
(at weaning or early adulthood) from the fore-
gut, mice have improper gastric patterning, as
well as a reduced number of parietal cells and
increased number of endocrine cells [53].

Affecting another area of the gastrointestinal
tract, the loss of or mutations in BMPR1A/
ALK3 has been associated with the develop-
ment of juvenile polyposis syndrome (JPS), a
hereditary condition that is characterized by
the presence of hamartomatous polyps and
associated with an increased risk for colorectal
cancer. Germline mutations in ALK3 are found
in approximately 20% of JPS cases, while 45%
of cases have mutations in ALK3 and/or the co-
Smad, Smad4, therefore contributing to loss of
ALK3 signaling [54, 55]. Additionally, case
reports of JPS have reported ALK3 mutations
occurring independently of Smad4 mutations
[56, 57].

Role in cancer and therapeutic potential

Loss of ALK3 is best known to contribute to
increased risk for colorectal cancer (CRC). As
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described above, individuals with JPS, which is
associated with loss of ALK3 signaling, have an
increased risk of cancer development, particu-
larly CRC. However, it has also been noted that
loss of ALK3 has also been associated
increased risk of esophageal carcinoma, adre-
nal hamartoma, and Wilm’s tumors [56, 58].
Without JPS as a predisposition, mutations in
ALK3, along with several other mismatch repair
genes including Smad4, account for less than
5% of CRC [59]. Chang and colleagues found
similar results. In a cohort of 103 patients, one
patient was found to have a de novo mutation
in ALK3 [60]. Similarly to CRC, individuals with
loss of ALK3, but unaffected Smad4 expres-
sion in pancreatic ductal adenocarcinoma,
have significantly poorer survival compared to
those who are ALK3-positive [61].

In contrast to loss of signaling contributing to
colorectal cancer, abrogation of ALK3 in other
cancer contexts appears to promote aggres-
siveness. Pickup and colleagues found that
conditional knockout of ALK3 in breast cancer
cell lines results in delayed tumor onset in vivo,
however these cells acquire more mesenchy-
mal markers. Analysis of patient data from The
Cancer Genome Atlas indicated that individuals
with high ALK3 expression had overall poorer
survival, regardless of subtype [62].

Additionally, BMP2-induced ALK3 signaling in
liposarcoma has been associated with increa-
sed extracellular matrix remodeling, disease
progression, and, therefore, poorer patient out-
come [63].

As the role of ALK3 in cancer is a double-edged
sword, the feasibility of targeting this receptor
in vivo remains uncertain. Currently, the only
reported ALK3 inhibitors in use are LDN-
193189, DMH2, and VU0465350. These inhib-
itors have been used to treat liver disease by
enhancing liver regeneration [64].

ALK4
Function

ALK4 (ACVR1B) is a versatile receptor that has
a critical role in development. In Xenopus, ALK4
activates both sides of the developmental path-
way: the TGFB-driven left side with the ligands
Xnrl and derriere and the BMP-driven right side
with the ligand Vgl [65]. This activation modu-
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lates mesoderm induction and dorsoanterior/
ventroposterior development during primary
axis formation [65].

Constitutive activation of ALK4 induces Xeno-
pus mesodermal and dorsoanterior markers,
similarly to Activin expression models [66].

In mouse models, global knockout of Alk4
(Acvrlb) is embryonic lethal due to develop-
mental impairment of the epiblast and extra-
embryonic ectoderm, leading to improper gas-
trulation [67]. Activation of ALK4 can occur
through a multitude of ligands, such as Activins,
GDFs, and Nodal [68]. Conditional knockouts of
Alk4 in various adult tissues have been gener-
ated to analyze the impact of Alk4 systemically.
Activin A signaling, mediated via ALK4, has a
substantial role in reproduction. Trophoblast
invasion is regulated through a canonical ALK4-
mediated pathway, where upregulated SNAIL
induces MMP-2 expression; knockdown of
ALK4 attenuated this effect [69].

Conditional knockout of uterine Alk4 results in
subfertility due to defects in placental develop-
ment [70]. Signaling through ALK4/ALKY in the
male reproductive tract is required for germ cell
development and Sertoli cell proliferation [71].
This may be initiated by Nodal or GDFs, along
with Cripto, as these mechanisms can trigger
downstream phosphorylation of Smad2 [72,
73].

Additional conditional mouse models have
been generated to examine the tissue specific
effects of ALK4. Squamous cell deletion of Alk4
leads to substantial hair loss, increased epider-
mal thickness, and growth stunting in approxi-
mately 25% of Alk4-null mice. Interestingly, this
appears to have a dose-dependent effect, as
those with the highest Cre-driven Alk4 expres-
sion had the most severe phenotype. Mole-
cularly, Alk4- deleted tissues had increased
expression of the transcription factor Lefil,
which regulated hair-specific expression of ker-
atin, and increased proliferation [74]. A subse-
quent conditional model of Alk4 in adult tissues
has also been developed, with Alk4 loss
observed in skin, liver, spleen, pancreas, and
kidney [75].

Role in cancer and therapeutic potential
The best-characterized alterations of ALK4

expression have been noted in pituitary and
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pancreatic cancers. Alternatively spliced forms
of ALK4 have been identified in somatotroph,
corticotroph, and nonfunctioning pituitary ade-
nomas, which are generally not found in normal
tissue [76]. These splice variants of ALK4 are
truncated, lacking the kinase domain and,
therefore, cannot propagate anti-proliferative
signals [76, 77]. Restoration of full-length ALK4
reverses these effects [77]. Conversely, rather
than alternative splicing, pancreatic cancers
frequently show ALK4 deletions. Su and col-
leagues identified loss of heterozygosity of
ALK4 in 34% of cancer xenografts and 45% of
pancreatic cancer cell lines, supporting the
hypothesis that ALK4 acts as a tumor suppres-
sor in this cancer type [78]. In ALK4-positive
pancreatic cancer cell lines, invasion could be
inhibited through treatment with SB-431542, a
chemical inhibitor of ALK4/5/7 [79].

Though the role of ALK4 has not been compre-
hensively explored in most cancer contexts,
several studies have suggested that ALK4
expression can have either oncogenic or tumor
suppressive influences. Both prostate cancer
cell lines and testicular carcinomas have been
shown to retain variable levels of ALK4 expres-
sion [80, 81]. Landis and colleagues found that,
in ErbB2/Her2/Neu positive tumors, TGF( sig-
naling through ALK5 was frequently lost, how-
ever ALK4-mediated Activin A signaling remain-
ed active along the invasive front of the tumor
[82]. Similarly, B16 melanoma cells, upon treat-
ment with Activin A, showed dose-dependent
regulation of CDH1 and HMGA2 expression.
However, in the metastatic cultured B16 cell
lines, ALK4 expression was substantially
reduced [83].

Targeting ALK4 in therapeutics appears to be,
generally, an unfeasible target, as most noted
alterations in ALK4 signaling are deletions or
inactivations. In some cancers, such as pros-
tate, testicular, or Her2-positive breast cancers,
as discussed above, targeting ALK4 may have
potential. However, the existing inhibitors not
only target ALK4, but the additional type | recep-
tors ALK5 and/or ALK7. SB-505124 and SB-
431542 potently inhibit ALK4/5/7, as shown by
decreased phosphorylation of Smad2 and
Smad1/5/9 [84, 85]. These two inhibitors are
not currently used clinically. Additional inhibi-
tors, such as LY-362947, LY-2157299, and
SD-208, among others, have also been devel-
oped (reviewed in [86]).
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ALK5
Function

Similar to the previously discussed receptors,
ALK5 (TGFBR1) plays critical roles in develop-
ment and reproduction. ALK5 has been best
characterized as the primary receptor for the
TGFB ligands (TGFB1, TGFB2, TGFB3), however
GDF8 and GDF9 have been additionally report-
ed to signal through this receptor [87, 88].
GDF8 can signal via ALK5 to activate Smad3,
ERK1/2, and steroidogenic acute regulatory
protein (StAR) in granulosa cells. This effect
can be blocked by inhibition of ALK5 [87]. GDF9
signals through BMPRIl and ALK5 recruiting
Smad2 and Smad3 to activate adrenalcortical
and Sertoli cells [88]. Both are required for fol-
liculogenesis [87, 88].

ALK5 is required for proper embryonic develop-
ment; Alk5 knockout mice are embryonic lethal
[89]. Even AIk5 mutant mice with a D266A
knock-in mutation in the L45 loop, therefore
not allowing for Alk5 to phosphorylate Smad2,
only survive until E10.5 due to defects in vascu-
lature formation [90]. Targeted deletion of Alk5
in the neural stem compartment is embryonic
lethal at E15 due to failure of upper lip palate
closure [91]. Because of its embryonic lethality,
investigators have utilized conditional knock-
outs of AIk5 to examine its role in the develop-
ment of various tissues. Deletion of Alk5 in the
endocardium, using Tie2-Cre in vitro and in vivo,
demonstrated that this signaling pathway is
necessary for not only epithelial-to-mesenchy-
mal transition of the cardiac cells, but also dif-
ferentiation and maintenance of tight junctions,
as observed through downregulation of N-
cadherin and VE-cadherin [92]. Additional vas-
cular defects were noted in mice with Alkb
knockout in skin lymphatic endothelial cells.
These vascular networks lacked organization
and complexity, and were hyperproliferative
[93].

Previously, we discussed that ALK5 is neces-
sary for reproductive function. Mice with condi-
tional knockout of AIk5 in the uterus are sterile.
Deletion of AlkS disrupts development of the
oviductal diverticula and myometrium. Addi-
tionally, these mice have hyperproliferative
uteruses and irregular glands [94]. This pheno-
type is exemplified during implantation, as tro-
phoblasts lack organization, a reduction in the
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uterine natural killer cell population, and dimin-
ished arterial remodeling [95]. These results
suggest that ALK5 is necessary to not only
transduce TGFB family signaling, but that it is
also needed to mediate part of the uterine
immune response. Though loss of AIk5 expres-
sion in the uterus results in defective process-
es, constitutive expression of the receptor is
additionally problematic. Conditional gain-of-
function of uterine AIK5S resulted in increased
myometrium thickness, causing hypermuscu-
larized uteri. In the endometrium, constitutive
activity of Alkb promoted fibroblast differentia-
tion and a smooth muscle gene signature.
Interestingly, deletion of AIk5 in the uterus had
substantial epithelial effects, while constitutive
activation heavily altered the uterine microenvi-
ronment [96].

Role in cancer and therapeutic potential

Though research suggests that alterations of
ALK5 promote cancer progression, ALK5 alone
appears not to be sufficient for this process
and needs to cooperate with an oncogenic driv-
er. Examples of this have been explored in
breast, colorectal, head and neck squamous
(HNSCC), and pancreatic cancers. Landis and
colleagues found that phosphorylation of
Smad2 was substantially downregulated in a
mammary cancer model of ErbB2/Her2/Neu
amplification, a result of Alk5 loss [82]. APC is
mutated in approximately 70% of sporadic CRC
and is often described as the “first hit” [97].
The commonly used APC™" mouse model, com-
bined with loss of heterozygosity of Alk5, devel-
op approximately three times more tumors than
APC™n/Alk5  wild-type mice, indicating that
diminished Alk5 signaling can be a second-hit
accelerating tumor formation in CRC. Alkb
wild-type and knockout mice alone did not
develop CRC tumors [98]. Alterations in ALK5
in CRC frequently occurs through the deletion
of three alanines located in a nine alanine
repeat, termed TGFBR1*6A [99]. Homozygous
variants of TGFBR1*6A has been associated
with increased risk of CRC, though a more sub-
stantial rate of this deletion has been observed
in CRC metastases, compared to primary
tumors [99, 100].

In HNSCC, PI3K pathway mutations occur at a
frequency of approximately 30% [101]. Of the
PI3K pathway mutations, loss of PTEN expres-
sion is common [102].
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Additionally, HNSCC patient samples and cell
lines have marked reduction in ALK5 protein
expression. A combination of these two mod-
els, knockout of Pten and Alk5, in HNSCC pro-
moted the expansion of the cancer stem cell
niche, reduced cellular senescence, and increa-
sed cancer-associated inflammation [103]. This
association of ALK5 has also been strength-
ened in a mouse model of pancreatic cancer.
Homozygous loss of Alk5, with mutant Kras, led
to the development of pre-cancerous lesions at
100% frequency. While only 50% of Alk5 het-
erozygotes showed pre-cancerous lesions,
those that were developed were larger than
those in knockout mice [104].

Though loss of ALK5 often confers a tumor cell
advantage, ALK5 activation has been noted in
osteosarcoma and sex-cord stromal tumors,
indicating a dual role for this signaling receptor.
Treatment of the osteosarcoma cell line MG63
with TGF(, which acts primarily through ALK5,
induced cellular proliferation viathe Smad2/3/4
axis. This effect could be inhibited through
treatment with SB-431542 [105]. Additionally,
constitutively active Alk5 in ovarian granulosa
cells, described previously, promoted the devel-
opment of sex-cord stromal tumors within two
months. These tumors also had elevated
expression of the Hedgehog proteins Glil and
Gli2 [1086].

As described above, ALK5 deletion or mutation
in tumors appears to be the common form of
pathway alteration. That being said, efforts
have been directed at inhibiting the ALK5 cas-
cade and, surprisingly, have had some success.
Several of these inhibitors such as LY-2157299,
SB-505124, and GW6604 have been tested in
Phase | and Phase Il clinical trials (reviewed in
[107]). These inhibitors target the ATP binding
pocket of the kinase, removing its signal trans-
duction ability. A limitation of several ALK5
inhibitors is their lack of selectivity between
ALKs; for example, SB-431542 inhibits not just
ALK5, but also ALK4 and ALK7 [85].

However, these off-target effects of inhibitors
can be utilized. Dasatinib, a commonly used Src
inhibitor, has also been used in vitro to inhibit
ALK5 in PDAC; it has been shown to inhibit
Smad?2 phosphorylation and cell invasion, simi-
larly to that observed following treatment with
the ALK4/5/7 inhibitor SB-431542 [108].
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Efforts have been directed at developing ALK5-
specific inhibitors. EW-7197 has been used as
an in vitro treatment for melanoma. Use of
EW-7197 enhanced the number of tumor-infil-
trating lymphocytes, particularly CD8+ cytotox-
ic T cells [107, 109], thereby stimulating the
immune response.

ALK6
Function

ALK6 (BMPRIB) acts primarily as a BMP recep-
tor, with preferential binding to BMP2, BMP4,
BMP6, BMP7, BMP15 and GDF5, however
ligand binding of Mullerian-inhibiting substance
(MIS) has also been observed [110, 111]. In
Xenopus, the necessity of ALK6 during develop-
ment has been shown, as loss of ALK6G causes
defects in neural crest formation and pigmen-
tation, resulting in an embryonic lethal pheno-
type [50].

In vertebrate development, expression of ALK6
is tightly controlled, and primarily found in mes-
enchymal pre-cartilage, chondrocytes and
osteoblasts. During osteoblast differentiation,
ALKG expression is upregulated, indicating a
role for this protein in bone formation [32]. This
is further indicated in the association of ALK6
mutations in the development of brachydactyly
type Al and type A2. Brachydactyly is an auto-
somal domain disorder affecting the digits.
Type Al is an inherited disorder characterized
by malformation of the middle 2-5 fingers, while
type A2 is autosomal and characterized by
shortening of the index fingers and, sometimes,
the first and second toes [112, 113]. Two het-
erozygous mutations in ALK6 have been identi-
fied in association with the development of
type Al, which work to halt kinase function
[113]. Similarly, linkage analysis of two families
identified mutations falling within the GS and
kinase domains. Interestingly, only the GS
domain mutation rendered the protein kinase-
dead, while the kinase domain mutations
appeared to have no effect on kinase activity,
indicating that these mutations differentially
affect ALKG function [112]. Additional evidence
implicating ALKG in bone formation is the devel-
opment of the skeletal disorders Grebe dyspla-
sia and acromesomelic du Pan dysplasia [111,
114]. Various mutations affecting the activity of
the ALK6 kinase domain have been associated
with these disorders [111, 115].
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ALKG6 expression is highest in the brain, lung,
and ovary in adult tissues (reviewed in [45]). In
the ovaries, ALKG is necessary for folliculogen-
esis. Its expression fluctuates throughout the
stages, however, reduced or disrupted ALKG6
expression on the granulosa cell surface has
been associated with reduced growth of the fol-
licles [116]. Adult sheep with a point mutation
in ALK6 have impaired follicle development and
an increased ovulation rate [117].

Role in cancer and therapeutic potential

As is a recurrent theme in the TGFB family, the
role of ALKG in cancer appears to be both tumor
promoting and suppressive. Examples of the
oncogenic properties of ALK6 have been
explored in chronic myeloid leukemia (CML),
epithelial ovarian cancer, luminal breast can-
cer, and colorectal cancer. Upregulation or over-
expression of ALK6 has been identified on CML
cells, compared to healthy donors. It is suggest-
ed that microenvironmental influence of BMP2
and BMP4 contribute to the noted change in
ALKG expression [118]. A similar observation
has been made in epithelial ovarian cancers,
where patient samples with ALK6 expression
had a worse prognosis compared to patients
without ALK6 expression [110]. In the investi-
gation of ALKG6-ligand interactions in cancer,
BMP2 binding and signaling through ALK®, in
conjunction with IL-6, has been shown to pro-
mote the development of luminal breast cancer
through the upregulation of Smad5 and GATAS3,
as well as downregulation of FOXC1 [119].
Using MCF10A cells, Chapellier and colleagues
demonstrated increased colony formation in
soft agar and greater ability to form tumors in
vivo [120]. Functionally, in vitro knockdown of
ALK6 in SW480 CRC cells, which are Smad4
positive, decreased invasion [121].

Though primarily seemingly oncogenic, ALK6
appears to act as a tumor suppressor in glio-
mas and glioblastomas. Expression of ALKG is
downregulated in various malignant gliomas,
including astrocytomas and glioblastomas,
compared to normal astrocytes, as measured
by mRNA expression and reduced phosphoryla-
tion of Smadl/5/9. Re-expression of ALKG6
decreased the ability of these cells to have
anchorage-independent growth [122]. Additi-
onally, treatment of glioblastoma samples with
BMP7 decreased proliferation and sphere num-
ber [123]. These studies indicate that, when
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the ALKG pathway is active in gliomas and glio-
blastomas, is acts as a suppressor. Interes-
tingly, the function of this pathway is likely
dependent upon the activating ligand, as stimu-
lation with BMP2 and BMP7 appears to have
differential effects. That being said, despite
having limited therapeutic options in develop-
ment or available, treatment with BMP ligands
themselves shows some potential in vitro
[124-126].

ALK7
Function

Little is known regarding ALK7 (ACVR1C). Until
recent years, the type Il receptor and ligands
interacting with ALK7 were unknown [127].
Several ligands have now been identified,
including GDF3, Activin B, and Activin AB [128-
130]. ALK7 shows high sequence similarity to
ALK4 and ALK5, however, the structure of the
extracellular domain diverges from the other
type | receptors [8, 127]. Similarly to other
ALKs, ALK7 substantially impacts develop-
ment. In Xenopus, active ALK7 is associated
with the induction of the mesoendodermal
markers [131]. In post-natal development and
adulthood, ALKY is primarily expressed in the
central nervous system, where the signaling
pathway is suggested to be involved in neuro-
nal proliferation and differentiation, as well as
the pancreas and colon [6, 127]. AIk7 knockout
mice have been shown to metabolic issues,
including reduced insulin sensitivity, impaired
glucose tolerance, and enlargement of pancre-
atic islands [129].

Role in cancer and therapeutic potential

Loss of ALK7 in cancer has been, thus far, con-
sistently associated with poor outcomes. In
gallbladder cancer, expression of ALK7 has
been associated with better survival compared
to patients with ALK7-negative squamous cell,
adenosquamous, and adenocarcinomas of the
gallbladder [132]. A similar pattern was found
in breast cancer, where ALK7 expression
becomes lost with increased cancer grade and
stage [133]. In vitro utilization of a triple nega-
tive breast cancer cell line showed that re-
expression of ALK7, along with Activin B treat-
ment, can restore the functional effects of this
pathway and inhibit proliferation. A more molec-
ular examination of ALK7 in ovarian cancer has
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indicated that ALK7 signaling, via the Smad2/3
axis, can upregulate and downregulate cyclin
G2 and Skpl and Skp2, respectively, whereby
inhibiting cell cycle and acting as a tumor sup-
pressor [134]. ALK7 regulation in cancer may
be a result of post- transcriptional regulation.
Ye and colleagues found that loss of ALK7 in
ovarian cancer patient samples was associat-
ed with high expression of mir376c¢. Additionally,
high levels of mir376¢c were found in patients
who exhibited chemoresistance. In vitro overex-
pression of ALK7 could partially overcome cis-
platin-induced cell death [135].

As previously discussed, specific inhibition of
ALK7 has proven no small feat. Of the current
inhibitors, SB-431542 and SB-505124 are the
most highly utilized in the laboratory, with
SB-505124 being used in Phase | clinical trials
[84, 85]. However, as these are not specific
inhibitors (also target ALK4 and ALKS5), there is
no sure way to know if targeting ALK7 is yet ben-
eficial, or if targeting the combination of recep-
tors is more efficacious.

Conclusion

As presented here, signaling of the TGF[3 signal-
ing family is mediated by the formation of het-
eromeric complexes of type | and type Il recep-
tors. Downstream signaling occurs upon ligand
binding and affects various cellular processes
in normal cells with implications for tumorigen-
esis through the regulation of apoptosis, migra-
tion and invasion, angiogenesis and immune
response. The promise of using ALKs as thera-
peutic targets has been shown in successful
Phase | clinical trials, yet the challenge lies in
restoring homeostasis in the face of multiple
overlapping downstream signaling cascades
and the potential of off-target effects resulting
in serious side-effects. Additional difficulties
are met by the similarity of these receptors and
the aim to specifically inhibit one type of recep-
tor. Aside from the receptor inhibition as
described in this review, other pre-clinical tests
aimed to neutralize the ligands. Neutralizing
antibodies against TGFB3, 1D11, demonstrated
successful suppression of metastasis in a
mouse breast cancer model [136]. Clinical tri-
als testing a number of approaches to inhibit
TGFp signaling are recruiting or ongoing (clinical-
trials.gov). Ligand traps consisting of extracel-
lular domains of human ACVR (mostly type 2)
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have been developed and are valuable in
Activin-induced muscle wasting, cachexia, a
complication of cancer.

Taken together, although most cancers show
alterations of the TGFB pathway, use of inhibi-
tors has shown some encouraging early results,
yet many hurdles have to be overcome before
they could be considered for first-line treat-
ments.
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