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Growth Differentiation Factor 11 (GDF11), a member of the super family of the
Transforming Growth Factor B, has gained more attention in the last few years due
to numerous reports regarding its functions in other systems, which are different to
those related to differentiation and embryonic development, such as age-related muscle
dysfunction, skin biology, metabolism, and cancer. GDF11 is expressed in many tissues,
including skeletal muscle, pancreas, kidney, nervous system, and retina, among others.
GDF11 circulating levels and protein content in tissues are quite variable and are affected
by pathological conditions or age. Although, GDF11 biology had a lot of controversies,
must of them are only misunderstandings regarding the variability of its responses, which
are independent of the tissue, grade of cellular differentiation or pathologies. A blunt fact
regarding GDF11 biology is that its target cells have stemness feature, a property that
could be found in certain adult cells in health and in disease, such as cancer cells. This
review is focused to present and analyze the recent findings in the emerging research
field of GDF11 function in cancer and metabolism, and discusses the controversies
surrounding the biology of this atypical growth factor.

Keywords: GDF11, PCSK5, cancer, liver, HCC, metabolism

INTRODUCTION

On May 2013 the research groups, led by doctors Amy J. Wagers and Richard T. Lee, published
outstanding work suggesting that the growth differentiation factor 11 (GDF11) could be a good
candidate for the age-related heart hypertrophy reversion observed in the model of heterochronic
parabiosis (1). One year later, on May 2014, Science journal published a couple of works by the same
research team at Harvard University, unveiling that systemic injection of the GDF11 reverses age-
related dysfunction in skeletal muscle (2) and vascular and neurogenic function in the brain (3).
Both reports were astonishing, particularly because myostatin, also known as GDF8, shares high
structural homology with GDF11, but GDF8 induces exactly the contrary effect, muscle growth
inhibition (4). At that moment, GDF11 was called “the rejuvenation factor; a term taken by a
commentary note published by Jocelyn Kaiser in the same number of the Science journal (5), and
Karoline E. Brun published another similar commentary in Cell journal entitle “GDF11 and the
Mythical Fountain of Youth” (6).
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The findings, beyond this unfortunate motto, revealed that
GDF11 could exert functions in adult systems, in addition of
those characterized in embryonic and fetal tissues. The works by
the groups of doctors Wagers and Lee provided evidence that the
main target cells are those with certain stemness phenotype, such
as the satellite cells in the muscle, which are the progenitor ones
for new functional muscle cells.

If GDF11 targets cells with stemness capacity, then many
cancer cells should be targeted by this growth factor.

Many cancer cells gain stemness capacity and this correlates
with aggressiveness and poor prognosis. The findings raised by
the group of doctors, Wagers and Lee, position cancer cells
as a target of GDF11 since they proved that stemness is a
key condition for GDFI11 effect. However, the results could be
opposite depending of the cancer cell origin, metabolic status,
or the stage of the cancer. We must wait for incoming works
in the next few years, perhaps months, revealing a more precise
mechanism regarding these apparent controversies in cancer
and metabolism.

This work is focused to review the general knowledge of
GDF11, and its functions in cancer biology and metabolism,
taking into consideration recent findings in the specialized
literature and in the public databases and scientific on-
line resources.

GDF11 AN ATYPICAL TGF- FAMILY
MEMBER

GDF11 (also known as Bone Morphogenetic Protein, BMP11),
is a member of the super family of the Transforming Growth
Factor beta (TGF-B) and a subfamily of the BMP which is widely
secreted in many species, including mouse, rat and human, and
it is accepted as a key factor in embryo development, particularly
in the anterior/posterior patterning (7-9).

GDF11 was identified by McPherron et al. in 1999, who cloned
the human and mouse GDF11 and characterized its function in
pattering the axial skeleton (9). Two years prior, the same group
also discovered and characterized the GDF8 (10).

In humans, GDF11 gene is located in chromosome
12 (12q13.2, forward strand, Ensembl accession number:
ENSG00000135414). Two splice variants products have been
identified, according to Ensembl (Figure 1), the first one, GDF11-
201 is a 8657 bp RNA, formed by three coding exons, generating
a 407 amino acids protein, and the second one, GDF11-202, is
a 1,258 bp, formed by three exons generating a 380 amino acids
protein (11). Jeanplong (12) reported another RNA splice variant
determined as GDF-11AEx11, characterized by the absence of
exon 1, and composed for exon 2 and 3 with transcriptional
initiation in intron 1 (4,701 bp). It is predicted this variant could
be regulated by transcription factors, such as some myogenic
factors (MRF, Myf5, MyoD, Myogenin, and MRF4), Pax3, NF1,
AP1, among others (12), suggesting that it could be involved in
muscle development and/or repair as reported in other work (2).
Interestingly, the promoter of GDF11 could also be activated by
trichostatin A (13), an inhibitor of histone deacetylases (HDAC),
suggesting a clear epigenetic regulation of the GDFI1 gene

expression; HDAC3 regulates zebrafish liver development by
modulating GDF11. The overexpression of HDAC3 increases
liver size, while the increase of GDF11 expression induces a
small size liver; interestingly, the knockdown of GDF11 did
not induce any relevant change in liver morphology. The role
of HDAC3 in GDF11 function in liver development is likely
a direct control over the hepatocyte precursor (hepatoblast)
proliferation, as observed in HCC-derived cells (14), but this
must be deeply addressed.

GDF11 mRNA is translated in a precursor protein (Figure 2),
which is processed by specific proteases generating the mature
GDF11 (C-terminal, 12.5 kDa) and the pro-domain (N-
terminal, 30.1 kDa). GDFI11 shares 89% amino acid sequence
homology with GDF8, however GDF8 expression in human
tissues is restricted to cardiac and skeletal muscle (1),
while GDF11 is practically expressed in all tissues (15).
Although there is high homology between mature GDF8
and GDFI11, the pro-domains of both proteins share only
54% homology. The pro-domain is fundamental for proper
protein folding, disulfide bond formation and exportation
of the homodimers (16), suggesting differences in post-
translational process.

The protein convertase subtilisin/kexin 5 (PCSK5) is one of
the main acting proteins on GDF11, activating the mature GDF11
by proteolytic process at basic sites of the pro-domain (17). The
elimination of PCSKS5 in the mouse embryo was associated with
abnormal expression of Hlxb9 and Hox genes, two well-known
GDF11 target genes, generating defects in the anteroposterior
patterning and strongly proposing a relationship with GDF11
functions (7, 8).

In humans, GDF11 is expressed in practically all tissues, but is
particularly relevant in the brain (hippocampus), the kidneys, the
endometrium, and the heart muscle; while the liver is the organ
with the lowest expression (1, 15, 18).

THE SIGNAL TRANSDUCTION

As a member of the BMP family, GDF11 uses the canonical
receptors and the SMAD proteins for signaling. The GDFI11
dimer (a disulfide-linked homodimer of carboxy-terminal
fragments) binds the activin receptors type II A or B (ActRIIA,
ActRIIB), proteins with serine/threonine kinase activity; leading
to the recruitment and transphosphorylation of two type
I serine/threonine kinase receptors, also known as activin-
like kinase receptors (ALK), particularly the 4, 5, or 7 (19,
20). The activated ALK receptor phosphorylates and activates
the receptor-regulated SMAD (R-SAMD). GDFI11 particularly
transduces by using SMAD2 and 3 (14, 21), and some reports
also propose the participation of SMADI, 5 and 8 (22). The R-
SMAD dimer recruits the co-SMAD, SMAD4, to form a trimeric
complex, which eventually translocates to the nucleus for gene
expression regulation (23). Although the signal transduction
of the TGF-p family might seem simple, it is highly regulated
by extracellular and intracellular mechanisms. Inside the cell,
the regulation can occur at the membrane or in the cytosol,
during nuclear translocation and DNA biding, at this level, is a
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FIGURE 1 | Schematic representation of GDF11 gene and mRNA. (A) Gdf11 gene and (B) Gdf11 transcripts and table with the two transcripts specifications
according to Ensembl (www.ensembl.org, ENSG00000135414.9) and Jeanplog 2014.
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FIGURE 2 | Maturation process of GDF11.

tetrameric complex because the interaction with a fourth protein
component or partner (24) (Figure 3).

GDF11 can also transduce by non-canonical pathways.
Mitogen activated protein kinase (MAPK) is perhaps the main
non-SMAD pathway controlled by the growth factor, activating
routes such as p38, AKT, and JNK (25, 26), however, in some
cases, inhibiting the activation of JNK or NF-kB (27) depending

of the cell lineage. Further, it has been described that the
family can also transduce by MAPKKK? [also known as TGEF-
B activated kinase 1 (TAK1)] via MEK6 (28-30). TAK1 is part
of a signaling complex formed by TAK1 binding protein 1
(TAB1) and with either TAB2 or TAB3 (31). TAK1 complex
follows an intricate mechanism of activation involving the tumor
necrosis factor receptor-associated factor (TRAF) 2 or 6, adaptor
proteins with non-conventional activity of E3 ubiquitin ligase.
TRAF proteins exert regulation over TAB2 or 3. Finally, the
autophosphorylation of TAKI leads to the activation of its
downstream targets, particularly members of the MAPK and
NEF-kB signaling pathways (32).

Negative regulation of the GDF11-mediated signaling can also
occur at different levels. Extracellularly, GDF11 can be negatively
regulated by the interaction with many proteins such as follistatin
(33, 34), GDF-associated serum protein-1 (GASP-1), GASP-2
(35), decorin and follistatin-like 3, among others (4). Follistatin,
a secreted glycoprotein, binds GDF11 and inhibits its interaction
with ActRIIB. Follistatin is the main extracellular inhibitor of
GDF11, and is transcriptionally regulated by the same GDFI11
signaling, indicating that the signal transduction is restricted by a
negative feedback mechanism (36).

The BMP and activin membrane-bound inhibitor (BAMBI), a
co-receptor that is not functional due to it lacks cytosolic domain,
has been suggested to be another negative regulator in plasma
membrane, but that still remains to be confirmed (19).

In the cytosol, GDF11 follows the canonical negative
regulation of the family. It has been reported that GDFI11 is
regulated by SMAD7 (37) and SMADG (19). The SMAD specific
E3 ubiquitin protein ligase 2 (SMUREF2) also displays negative
regulation of the signaling pathway (28). Negative-regulation
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FIGURE 3 | The signal transduction of GDF11. The figure displays the canonical signal transduction mediated by R-SMAD (SMAD 2/3, SMAD 1,5,8), assisted by the
Co-SMAD (SMAD4). The signal could inhibited by inhibitory SMAD (I-SMAD) 6 or 7 or by the SMAD specific E3 ubiquitin protein ligase (SMURF). Extracellularly,
GDF11 could be inhibited by the BMP and activin membrane-bound inhibitor (BAMBI), or the action of proteins such as Follistatin, Decorin, and GDF-associated
serum protein-1 (GASP-1) and GASP-2. The non-canonical pathway is driven particularly by the Mitogen Activated Proteins Kinases (MAPK), signaling continues to
the tumor necrosis factor receptor-associated factor (TRAF) 2 or 6; and TGF-B activated kinase 1 (TAK1), which in addition uses the TAK1 binding protein (TAB) 1 and
one of both 2 or 3. Non-canonical regulation could influence the nuclear factor kappa B (NF-kB) among others, and the inhibition of this pathway could be blocked by
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of the non-canonical pathway is driven by specific protein
phosphatases (PP), such as PPC1, among others.

DEVELOPMENT AND AGED-RELATED
FUNCTION

Although GDF11 was identified in 1999 (9), as previously
mentioned, in 2014 the growth factor was transiently located
in the “Sancta sanctorum” of the “miraculous” molecule,
when the laboratory of Amy Wagers (2) reported that
GDF11 was responsible for the skeletal muscle regeneration in
mice heterochronic parabiosis. A profound controversy arose
regarding the rejuvenating property of GDF11; some groups
stated that this property is displayed by the growth factor (1-
3, 38), while others reported the opposite effect (39-42), as
previously mentioned. To have a good point of view regarding
this debate, we suggest a deep view of cited works and
commentaries regarding the controversy (3, 5, 6, 19, 42, 43).
Regardless of this disagreement, there is no doubt about the
GDF11 function in differentiation and embryonic development,
particularly in anterior/posterior axial skeleton (9) and brain
function (44), which are nicely reviewed elsewhere (19, 45, 46).

GDF11 VS. GDF8 AND THE RACE FOR THE
DISCOVERY OF THE REJUVENATION
PROPERTIES

GDF11 and GDF8 are close related members of the activins
subclass in the TGF-B superfamily. Sharing 90% of their
amino acid sequence (38, 47), these two proteins have been a
technical challenge for antibody manufacturers and, therefore,
protagonists of one of the most controversial studies in recent
years (29, 39, 48-50), regarding to the issue of GDF11 being the
protein responsible for “rejuvenation” of aged organisms (1, 2),
as previously mentioned.

The race from the discovery of the rejuvenation properties of
GDF11 to the following debate of the antibody specificity led to
a deeper structural analysis of these proteins and the interaction
with their receptor. Due to the similarities of ~90% of sequence
identity of the C-terminal signaling domain between GDF11 and
GDF8, their mature form is nearly identical, which causes these
proteins to share the same activin type II receptor (38).

Although they are indeed similar in their monomeric form, in
fact these proteins are thought to have opposite functions, where
GDF11 works as a muscle generator in embryogenesis (9) but
GDF8 acts as a muscle mass inhibitor (10, 51), which may be
the result of the final homodimer structure. Thus, it is important
to understand that the GDF11 and GDF8 homodimer formation
leads to a different conformation that allows them to interact with
the same receptor in a unique and specific way. It is reported
that both homodimers are linked by a single disulfide bond in
an antiparallel conformation, but the flexibility in the relative
orientations generated by the differences in their structure are
determinant for the quaternary structure variations that lead to
a distinctive biological response (47, 52).

It has also been reported that GDF11 has a stronger affinity
for the receptor than GDF8 (38) and that it is more dependent on
direct receptor contacts (53), but there is also an issue with crystal
structures of both proteins. Human myostatin alone has not been
reported and the available structures are bound to extracellular
antagonists (follistatin and follistatin-like 3) (54, 55), which have
been compared to a small-angle X-ray scattering (SAXS) analysis
to determine the mechanism of activation (52). On the other
hand, human GDF11 structure has been resolved in recent years
(47), thus, it is possible to discover the real impact of the structure
of both proteins in future, at which point we can begin to uncover
exactly what makes the responses so different.

GDF11 EFFECTS IN CANCER BIOLOGY

An emerging field of research is the impact of GDF11 in cancer
biology. Most of the cancer cells, particularly those with high
aggressiveness, retain or recover stemness capacity, placing them
as a potential target of GDF11 (14, 23).

There exist some controversies in cancer biology as well; in
some cases GDF11 induces clear tumor suppressive properties
(14, 23), and in others it is the opposite (56, 57). Once again,
the versatility displayed by this growth factor depends of cell
progeny, grade of differentiation or transformation.

LIVER CANCER

We recently published work describing how GDF11 induces
tumor suppressive properties in human hepatocellular
carcinoma-derived cells, Huh7 and Hep3B cell lines, restricting
spheroid formation and clonogenic capacity, an effect that is also
observed in other liver cancer cell lines (SNU-182, Hepal-6, and
HepG2), decreasing proliferation, motogenesis, and invasion.
These characteristics were associated with transcriptional
repression of cyclin D1 and A, and the overexpression of
p27 (14). GDFI11 effects, on hepatic cell proliferation, have
been found in liver development, where GDF11 targets the
hepatoblast, the hepatocyte precursor (13, 58).

Remarkably, the invasion experiments using the chick embryo
chorioallantoic membrane (CAM) model (14, 59) revealed a
static phenotype in Huh7 cells treated for 72h with GDF11
(50 ng/ml), an outcome well-correlated with a decrease in cell
migration and proliferation. Furthermore, GDFI11 treated cells
were incapable of sustaining colony and sphere capacity in the
absence of GDFI11, up to 5 days, indicating that the effect of
GDF11 on self-renewal capacity is not transient, suggesting a
reprogramming effect.

Similar results were obtained in the hepatoblastoma cell lines,
HepG2 and SMMC-7721: the treatment with GDF11 up to 72h
reduced cell viability. Although SMMC-7721 cells are probably a
HELA-derivative cell line, the effect was also present (60). This
report also provides preliminary evidence that the expression of
GDF11 was significantly lower in cancerous tissue rather than in
normal liver.

Outstandingly, GDF11 was capable of decreasing
aggressiveness-associated markers in Huh7 and Hep3B cells,
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producing a deregulation in the expression of Epcam, promol
(CD133), cd24, and ck19, that was associated with the repression
of Snail and N-cadherin, and the overexpression of occluding
and E-cadherin, strongly indicating a mesenchymal to epithelial
transition (14).

It is interesting that, under normal conditions, liver cells,
which are the poorest in GDFI11 production, are highly
responsive to GDF11 in the context of cancer could be relevant
in terms of a possible use of GDF11 for treatment. The work
by Gerardo-Ramirez clearly showed that all HCC cells used
in the study responded to the exogenous GDFI1 treatment,
decreasing all aggressiveness-associated markers. Interestingly,
the effects in HCC cells were differentiated, and it was dependent
of the stemness capacity, being more responsive to Hep3B
cells, which express fewer stemness markers compared to Huh7
cells. Supporting this statement, in liver development GDF11
has been related to inhibition of liver growth, mainly targeting
proliferation of hepatoblast, the cell precursor or mature
hepatocytes by a mechanism involving HDAC3, which inhibits
the expression of GDF11 as proven by Farooq and collaborators
(58). This work clearly demonstrates that GDF11 targets hepatic
cells with stemness features, not necessarily those observed in
cancer, but in the normal liver, particularly in development.

BREAST CANCER

Similarly, Bajikar et al. (23) identified a tumor-suppressive role
of GDF11 in a triple-negative breast cancer (TNBC). These cells,
under 3D culture, heterogeneously express GDF11 and very low
levels of GDF8, as well as the main canonical receptors, such as
ALK4, and ALK5, among other protein machinery required for
a proper signal transduction. This clearly indicates that breast
epithelial cells express the required components to recognize
GDF11 as an autocrine or paracrine stimulus (23). GDF11 also
induced a decrease in number and size of the spheroids and
generated more-compacted structures by the increment in E-
cadherin, as observed in liver cancer cell lines, and GDF11
treatment induces a cell-cell adhesion preventing metastasis
phenomena (14, 23).

Authors also found a defective GDF11 maturation and
secretion in seven of nine studied TNBC cell lines. The linker
was the convertase PCSK5, in which a deficiency was found in
the TNBC cells, inducing the extracellular accumulation of the
immature proGDF11 and, for instance, loss in the bioactivity
of GDF11. This mechanism was also observed in mice; the lack
of Pcsk5 in Apcmin/ * animals (61) increases adenocarcinoma
formation in the small intestine, decreasing the survival (23, 62),
which demonstrates a clear function in tandem of GDF11 and
PCSKS5 to induce the tumor suppressive properties. In fact, the
restoration of the PCSK5 activity in the TNBC cells suppresses
lung metastasis (23).

Another work by Wallner et al. (63) revealed that super-
physiological levels of GDF11 (2ug/ml) could provide
advantages in chemotherapy in breast adenocarcinoma,
inducing a decrement in the migrative capacity of MCF-7 cells in
a scratch assay. Similar findings were observed in the presence of

follistatin (2 pg/ml), while GDF8 (2 jug/ml) induced cell death at
the same time. This study also showed that GDFI11 is expressed
in low grade adenocarcinoma tissue (G1), but lower levels in G3
tissue were found, and it was correlated with high expression
of follistatin in G1, suggesting an inhibitory effect of GDF11 at
higher levels of differentiation, which is consistent with the idea
that high aggressiveness in cancer associates with less GDF11
function, confirming the tumor suppressive capacity of GDF11.

PANCREATIC CANCER

Pancreatic cancer (PC) represents one of the most lethal cancers
worldwide (64). It has been reported that GDF11 is down-
regulated in PC tissue, compared with surrounding tissue, and
pancreatic cell lines exhibit a low expression of the growth
factor (65). This group also reported that, in a cohort of 63 PC
patients, those with high GDF11 expression had significantly
better survival rates in comparison with those with low GDF11
expression. These effects were related to decreased proliferation,
migration and invasion, and these observations are in agreement
with those reported in HCC and TNBC. GDF11 is also capable of
inducing apoptosis in PC cell lines (65).

Similarly, the human protein atlas (https://www.proteinatlas.
org) provides evidence from 176 patients: those with high GDF11
expression (n = 61) exhibited better survival rates, compared
with those with low expression (n = 115, p < 0.001) (Figure 4).
These observations strongly suggest that GDF11 could also exert
tumor suppressive properties that should be deeply addressed
to gain confidence, particularly the effect of exogenous active
GDF11 (18).

Interestingly, another member of the family GDF15 is directly
correlated with poor survival in PC patients, and it is proposed
as a better marker than CA-125 (66), again raising the atypical
functions of this growth factor.

As observed in HCC, in PC, the targets of GDF11 are poorly
differentiated cells. In the mouse embryo, GDF11 is expressed in
the pancreatic epithelium, at embryonic day E12-E14 (67), as it
happens in the liver, but in GDF11~/~ animals the pancreas size
are 2-fold smaller than wild type.

In the context of the educated guess that cells with some
stemness phenotype respond to GDF11, even in cancer, it has
been proven that GDF11 negatively regulates NGN3™ progenitor
cells and GDF11 induces B-cell differentiation (68), supporting
the role of GDF11 in metabolism. Under this context, GDF11
exerts its functions in pancreatic cells with stemness phenotype.

COLORECTAL CANCER

In 130 patients with colorectal cancer (CRC), the expression of
GDF11 was significantly higher compared with normal tissue
(56). The classification of the patient cohort in low and high
GDF11 expression revealed that those patients with high levels
of GDF11 showed a higher frequency of lymph node metastasis,
more deaths and lower survival. The study suggests that GDF11
could be a prognostic biomarker in patients with this disease.
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FIGURE 5 | Genomic alterations in Gdf11 gene. Alteration frequency by type of cancer according to cBioportal for cancer genomics (https://www.cbioportal.org).
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It is known that lymphangiogenesis is a fundamental
phenomenon for colorectal cancer dissemination (69). Recently,
Ungaro and collaborators reported that the microenvironment in
the lymphatic vessels provides support to the tumor-derived cells
by manipulating the production of extracellular matrix proteins
and soluble factors, such as cytokines and growth factors (70).
Whole transcriptomic analysis addressed by RNA-seq of isolated
human intestinal lymphatic endothelial cells (HILEC) from
surgically resected CRC and healthy corresponding controls,
revealed that among those genes differentially expressed, GDF11
was observed as a significant increment with high statistical
confidence. CACO-2 cells demonstrated high proliferation in co-
culture with CRC-HILEC, but the GDF11 silencing by siRNA
abrogated this effect indicating a tumor promotion role of
GDF11 in CRC. Interestingly, GDF11 was expressed not only
in lymphatic vessels in CRC, but also in normal tissue (69).
The study also provides evidence of a direct correlation of
GDF11 expression and tumor stage, confirming in this particular
cancer that GDFI1 expression could be a marker of tumor

progression (70), and also raises mechanistic evidence that
microenvironment in the lymphatic vessel could play a pivotal
role in metastasis by local production of GDF11.

OTHER TYPES OF CANCER

Some reports have pointed to the pro-tumorigenic properties
of GDF11, with major or minor confidence of rigorous
scientific approach.

In oral squamous cell carcinoma, Qin and coauthors (57)
showed that in a small patient cohort GDFI1 expression
is positively correlated with aggressiveness, finding a higher
expression in metastatic oral cancer (n = 19) in comparison
with non-metastatic oral cancer (n = 15). Authors also sustain
that GDF11 induced epithelial to mesenchymal transition by
downregulating epithelial markers such as E-cadherin, and the
overexpression of vimentin or metalloproteinase 9.

In uveal melanoma, GDF11 expression was significantly
upregulated compared with surrounding tissue, the expression
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truncating, O inframe, 5 others.

was higher in stage IV and substantially greater in the deceased
cases regarding living cases (71). The multivariate analysis
confirmed that GDF11 is an independent prognostic indicator of
unfavorable overall survival.

GDF11 AND PCSK MUTATIONS

The study by Liu et al. (71) also showed that no relevant
mutations were observed in the GDFI1l gene in fact. The
cBioportal for cancer genomics web site (https://www.cbioportal.
org) indicates that GDF11 is altered in 1% of database patients.
Figure 4 shows the alteration frequency in Gdf11 gene in some
cancers, and Figure 5 depicts the number of somatic mutations,
most of which are missense (72). It seems that mutations in the
Gdf11 gene are not the main consequence in those cancers where

GDF11 is a prognostic factor, which increases research interest in
transcriptional and post-translational regulation.

It is particularly relevant to consider the convertase PCSK5,
a key regulator of GDFI1 activity. Pcsk5 gene presents a
high frequency of genomic alterations in 3% of the patients,
according to cBioportal, being particularly relevant in melanoma,
endometrial carcinoma, and stomach adenocarcinoma, among
others (Figure 6). Missense mutations are particularly observed
in the peptidase transcript (Figure 7) (72). As proven remarkably
by the team of doctor Kevin A. Janes (23), maturation of bioactive
GDF11 is defective in TNBC due to insufficient PCSK5 activity
but, as shown, the frequency of mutations appear not to be
related with the flaw (Figure 8). Once again, transcriptional
and post-translational regulation should be considered in
future research.
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TABLE 1 | Overview of cancer cell lines or tissue from patients with differential
effect of GDF11, as tumor suppressive or tumor promotion protein.

Cancer Cell/Tissue Tumor Tumor References
suppressive promotion
Liver Huh7 (14)
Hep3B
SNU-182 X
Hepal-6 HepG2
Liver HepG2 (60)
SMMC-7721 X
and
tissue
Breast MDA-MB-231 X (23)
MDA-MB-468
and
tissue
Breast MCF-7 X (63)
Pancreas PANC-1 X (65)
CFPAC-1
Tissue
Colorectal Tissue X (56)
Colorectal Tissue X (70)
Colorectal CACO-2 X (69)
Oral squamous  Tissue X (657)
cell carcinoma
Uveal Tissue X (71)
melanoma

EFFECTS OF GDF11 AS METABOLISM
REGULATOR

The impact of GDF11 in the development of pancreas implies
that the growth factor could exert some metabolic regulation on
this organ in the adult, particularly in the endocrine pancreas
(67). Dichmann and coauthors found that in the gdfllf/ -
mouse, the maturation and number of f- and o-cells are
normal, however, another group led by Harmon reported that
the gdf11~/~ mouse exhibited impairment maturation of B-cells
and an increment in a-cells, which could produce glucagon in
comparison with the wild type mouse (68). This controversy,
which is not unusual, must be addressed, but makes it clear that
GDF11 could be inducing effects in the metabolism mediated by
the pancreas.

Recently, a work by Anon-Hidalgo et al. (73) reported a
convincing study associating the circulating levels of GDF11
with thyroid-stimulating hormone (TSH) in humans. The study
showed subjects with high or normal levels of TSH present
high level contents of GDF11, compared with patients with low
levels of TSH. This finding could be due to the fact that other
members of the family, such as GDF8 and GDF15, are regulators
of the energy homeostasis (74, 75). Anon-Hidalgo team states
that it could be related to a regulation of TSH by GDFI1, or
GDF11 could be positively regulated by TSH or any other thyroid
hormones (73).

Luo et al. published that GDF11 decreased lipid content in
human mesenchymal stem cells and the mouse 3T3-L1 cell line.

This was associated with the repression of adipogenic genes,
such as the transcription factors Pparg, Cebpa, and the executer
proteins Plp, Cd36, Plinl, Adipoq, among others, in a mechanism
associated to the canonical signal transduction mediated by
SMAD2/3 (76). The report provides evidence that GDF11 could
exert control over lipid content in unclear fashion. The role of
GDFI1 in lipid homeostasis could be directed to lipid uptake
or efflux, intervening in lipogenic or lipolysis pathways, or lipid
removal by autophagy, but data provided by Luo et al. suggest
an intervention in lipogenesis. Interestingly, obese mice fed
with a high lipid diet present significantly decreased circulating
GDF11 levels, compared with mice under low fat diet (77). The
mRNA and protein content of GDF11 in skeletal muscle from
mice under the high fat diet correlated with the serum content
of the growth factor, exhibiting lower expression and protein
content, compared with animals under low fat diet. Furthermore,
palmitate treatment in the mouse-derived myoblast cell line,
C2C12, decreases GDF11 expression. However, the GDF11 did
not ameliorate the palmitate-induced insulin resistance and
GDF11 treatment did not change expression of Glut4 or Irs-1.

The evidence sustains the metabolic intervention by GDF11,
at least in terms of lipid homeostasis, and again in cells
with stemness features. This could be relevant in cancer, since
lipid overload is one of the main characteristics required
for a proper cancer cell proliferation (78, 79). In fact, it
is reported that GDF11 impairs mitochondrial function in
cancer cell lines, particularly in HCC-derived cells (14). The
impact of GDF11 in the central metabolic organelle could
explain the tumor suppressive properties exerted by the growth
factor. Mitochondria provide essential intermediaries required
for cell proliferation: driving redox and calcium homeostasis,
coordinating energy supply and mediating cell survival; all
of which are fundamental for all cells, and particularly for
transformed ones (80). A report by Hernandez-Rizo and
collaborators states that GDF11 restricts cell proliferation in
hepatic tumor cells through glycolysis and lipid metabolism
impairment (81). In agreement with these findings, Garrido-
Moreno et al. (82) recently reported that GDF11 prevents
cardiomyocyte hypertrophy by preserving the communication
between the mitochondria and sarcoplasmic reticulum and
calcium mobility, preserving oxidative mitochondria metabolism
by a mechanism mediated by the maintenance of mitochondrial
cytosolic calcium buffering capacity.

Although the evidence of GDF11 regulation of the energetic
and lipid metabolism is limited, it clearly indicates an effect
tending to maintain the cellular energetic homeostasis. More
research is required to characterize the mechanism underlying
metabolic regulation by the growth factor, particularly in
cancer cells.

CONCLUDING REMARKS AND FUTURE
PROSPECTIVE

GDF11 is an intriguing non-conventional growth factor, perhaps
the most fascinating new member of the TGF-f superfamily.
It transduces, as practically all members, by the canonical
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SMAD and non-canonical MAPK pathways, but its functions
can be quite variable, even contradictory, depending of the cell
lineage, tissue (Table 1), or even age. This raises a complex
body of physiological control, which could also differ in health
or disease. GDF11 displays a versatile response that must be
fully characterized, due to it representing an interesting point
of intervention in many diseases or physiological conditions,
particularly in cancer. It is remarkable that one of the main
characteristics in GDFI11 target cells, in normal or pathological
conditions, is the stemness capacity. The effects exerted by the
growth factor in cancer have begun to be characterized with
greater scientific rigor and mechanistic approaches.

Perhaps it is time that GDF11, due to its diverse functionality,
constitutes its own subfamily as an atypical and versatile member
of the TGF-p family.

We must be cautious to oversimplify its functions. The
controversies found clearly indicate that GDFI11 displays
particular activities depending of cell type, grade of
differentiation, and pathological or normal conditions. This
remarkable atypical member of the TGF-f family must be
carefully studied in clear and well-controlled biological systems.

REFERENCES

1. Loffredo FS, Steinhauser ML, Jay SM, Gannon J, Pancoast JR, Yalamanchi
P, et al. Growth differentiation factor 11 is a circulating factor that
reverses age-related cardiac hypertrophy. Cell. (2013) 153:828-39.
doi: 10.1016/j.cell.2013.04.015

2. Sinha M, Jang YC, Oh J, Khong D, Wu EY, Manohar R, et al. Restoring
systemic GDF11 levels reverses age-related dysfunction in mouse skeletal
muscle. Science. (2014) 344:649-52. doi: 10.1126/science.1251152

3. Katsimpardi L, Litterman NK, Schein PA, Miller CM, Loffredo FS,

Wojtkiewicz GR, et al. Vascular and neurogenic rejuvenation of the
aging mouse brain by young systemic factors. Science. (2014) 344:630-4.
doi: 10.1126/science.1251141

. Walker RG, Poggioli T, Katsimpardi L, Buchanan SM, Oh J, Wattrus S,

et al. Biochemistry and biology of GDFI1 and myostatin: similarities,
differences, and questions for future investigation. Circ Res. (2016)
118:1125-41; 1142.  doi:  10.1161/CIRCRESAHA.116.3
08391

5. Kaiser J. Aging. 'Rejuvenation factor’ in blood turns back the clock
in old mice. Science. (2014) 344:570-1. doi: 10.1126/science.344.6
184.570

6. Brun CE, Rudnicki MA. GDFI11 and the mythical fountain of youth. Cell
Metab. (2015) 22:54-6. doi: 10.1016/j.cmet.2015.05.009

7. Lee YJ, McPherron A, Choe S, Sakai Y, Chandraratna RA, Lee §J,
et al. Growth differentiation factor 11 signaling controls retinoic acid
activity for axial vertebral development. Dev Biol. (2010) 347:195-203.
doi: 10.1016/j.ydbio.2010.08.022

8. Tsuda T, Iwai N, Deguchi E, Kimura O, Ono S, Furukawa T, et al
PCSK5 and GDF11 expression in the hindgut region of mouse embryos
with anorectal malformations. Eur ] Pediatr Surg. (2011) 21:238-41.
doi: 10.1055/5-0031-1273691

9. McPherron AC, Lawler AM, Lee SJ. Regulation of anterior/posterior

patterning of the axial skeleton by growth/differentiation factor 11. Nat Genet.

(1999) 22:260-4. doi: 10.1038/10320

McPherron AC, Lawler AM, Lee SJ. Regulation of skeletal muscle mass in

mice by a new TGF-beta superfamily member. Nature. (1997) 387:83-90.

doi: 10.1038/387083a0

Hunt SE, McLaren W, Gil L, Thormann A, Schuilenburg H, Sheppard

D, et al. Ensembl variation resources. Database. (2018) 2018:bayl119.

doi: 10.1093/database/bay119

discussion

10.

11.

The knowledge, regarding GDF11, will surely be increased in the
next few years. The mechanism of action in each particular cancer
or cell type must be elucidated to clarify these controversies, and
perhaps they will stop being such, thanks to the mechanistic
enlightenments obtained in the incoming research in the field.

AUTHOR CONTRIBUTIONS

AS-N, MG-R, GP-V, and LC-R conception and preparation of
the manuscript. LB, VS, and RM-L reviewed and corrected the
manuscript. MCG-R and LG-Q final review of the manuscript
and financial support.

FUNDING

This work was partially funded by a grant from the Consejo
Nacional de Ciencia y Tecnologia (CONACYT): CB-252942;
Fronteras de la Ciencia 1320; Apoyo al Fortalecimiento y
Desarrollo de la Infraestructura 2017-280788, and Universidad
Autonoma Metropolitana. We thank Frida Gomez-Cuevas for
the assistance in the preparation of the manuscript.

Jeanplong E, Falconer SJ, Oldham JM, Magbool NJ, Thomas M, Hennebry
A, et al. Identification and expression of a novel transcript of the growth
and differentiation factor-11 gene. Mol Cell Biochem. (2014) 390:9-18.
doi: 10.1007/s11010-013-1949-3

Zhang X, Wharton W, Yuan Z, Tsai SC, Olashaw N, Seto E. Activation of
the growth-differentiation factor 11 gene by the histone deacetylase (HDAC)
inhibitor trichostatin A and repression by HDAC3. Mol Cell Biol. (2004)
24:5106-18. doi: 10.1128/MCB.24.12.5106-5118.2004

Gerardo-Ramirez M, Lazzarini-Lechuga R, Hernandez-Rizo S, Jimenez-
Salazar JE, Simoni-Nieves A, Garcia-Ruiz C, et al. GDF11 exhibits tumor
suppressive properties in hepatocellular carcinoma cells by restricting clonal
expansion and invasion. Biochim Biophys Acta Mol Basis Dis. (2019)
1865:1540-54. doi: 10.1016/j.bbadis.2019.03.003

Uhlen M, Fagerberg L, Hallstrom BM, Lindskog C, Oksvold P, Mardinoglu A,
et al. Proteomics. Tissue-based map of the human proteome. Science. (2015)
347:1260419. doi: 10.1126/science.1260419

Gray AM, Mason AJ. Requirement for activin A and transforming growth
factor-beta 1 pro-regions in homodimer assembly. Science. (1990) 247:1328-
30. doi: 10.1126/science.2315700

. Essalmani R, Zaid A, Marcinkiewicz J, Chamberland A, Pasquato A, Seidah
NG, et al. In vivo functions of the proprotein convertase PC5/6 during mouse
development: Gdfl1 is a likely substrate. Proc Natl Acad Sci USA. (2008)
105:5750-5. doi: 10.1073/pnas.0709428105

Uhlen M, Zhang C, Lee S, Sjostedt E, Fagerberg L, Bidkhori G, et al.
A pathology atlas of the human cancer transcriptome. Science. (2017)
357:eaan2507. doi: 10.1126/science.aan2507

Jamaiyar A, Wan W, Janota DM, Enrick MK, Chilian WM, Yin L. The
versatility and paradox of GDF 11. Pharmacol Ther. (2017) 175:28-34.
doi: 10.1016/j.pharmthera.2017.02.032

Andersson O, Reissmann E, Ibanez CF. Growth differentiation factor
11 signals through the transforming growth factor-beta receptor ALKS5
to regionalize the anterior-posterior axis. EMBO Rep. (2006) 7:831-7.
doi: 10.1038/sj.embor.7400752

Gaunt SJ, George M, Paul YL. Direct activation of a mouse Hoxd11 axial
expression enhancer by Gdf11/Smad signalling. Dev Biol. (2013) 383:52-60.
doi: 10.1016/j.ydbio.2013.08.025

Zhang YH, Cheng F, Du XT, Gao JL, Xiao XL, Li N, et al. GDF11/BMP11
activates both smad1/5/8 and smad2/3 signals but shows no significant effect
on proliferation and migration of human umbilical vein endothelial cells.
Oncotarget. (2016) 7:12063-74. doi: 10.18632/oncotarget.10664

20.

21.

22.

Frontiers in Oncology | www.frontiersin.org

10

October 2019 | Volume 9 | Article 1039


https://doi.org/10.1016/j.cell.2013.04.015
https://doi.org/10.1126/science.1251152
https://doi.org/10.1126/science.1251141
https://doi.org/10.1161/CIRCRESAHA.116.308391
https://doi.org/10.1126/science.344.6184.570
https://doi.org/10.1016/j.cmet.2015.05.009
https://doi.org/10.1016/j.ydbio.2010.08.022
https://doi.org/10.1055/s-0031-1273691
https://doi.org/10.1038/10320
https://doi.org/10.1038/387083a0
https://doi.org/10.1093/database/bay119
https://doi.org/10.1007/s11010-013-1949-3
https://doi.org/10.1128/MCB.24.12.5106-5118.2004
https://doi.org/10.1016/j.bbadis.2019.03.003
https://doi.org/10.1126/science.1260419
https://doi.org/10.1126/science.2315700
https://doi.org/10.1073/pnas.0709428105
https://doi.org/10.1126/science.aan2507
https://doi.org/10.1016/j.pharmthera.2017.02.032
https://doi.org/10.1038/sj.embor.7400752
https://doi.org/10.1016/j.ydbio.2013.08.025
https://doi.org/10.18632/oncotarget.10664
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Simoni-Nieves et al.

GDF11 Regulation in Cancer and Metabolism

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Bajikar SS, Wang CC, Borten MA, Pereira EJ, Atkins KA, Janes KA. Tumor-
suppressor inactivation of GDFI1 occurs by precursor sequestration
in triple-negative breast cancer. Dev Cell. (2017) 43:418-35 el3.
doi: 10.1016/j.devcel.2017.10.027

Hata A, Chen YG. TGF-beta signaling from receptors to smads. Cold Spring
Harb Perspect Biol. (2016) 8:a022061. doi: 10.1101/cshperspect.a022061
Wang Z, Dou M, Liu E Jiang P, Ye S, Ma L, et al. GDF11 induces
differentiation and apoptosis and inhibits migration of C17.2 neural stem
cells via modulating MAPK signaling pathway. Peer]. (2018) 6:€5524.
doi: 10.7717/peerj.5524

Demontis F, Patel VK, Swindell WR, Perrimon N. Intertissue control of
the nucleolus via a myokine-dependent longevity pathway. Cell Rep. (2014)
7:1481-94. doi: 10.1016/j.celrep.2014.05.001

Mei W, Xiang G, Li Y, Li H, Xiang L, Lu J, et al. GDF11 protects
against endothelial injury and reduces atherosclerotic lesion formation
in apolipoprotein e-null mice. Mol Ther. (2016) 24:1926-38.
doi: 10.1038/mt.2016.160

van Wijk B, Moorman AFE, van den Hoff MJ. Role of bone morphogenetic
proteins in cardiac differentiation. Cardiovasc Res. (2007) 74:244-55.
doi: 10.1016/j.cardiores.2006.11.022

Hammers DW, Merscham-Banda M, Hsiao JY, Engst S, Hartman ]JJ,
Sweeney HL. Supraphysiological levels of GDF11 induce striated muscle
atrophy. EMBO Mol Med. (2017) 9:531-44. doi: 10.15252/emmm.
201607231

Hindi SM, Sato S, Xiong G, Bohnert KR, Gibb AA, Gallot YS, et al. TAK1
regulates skeletal muscle mass and mitochondrial function. JCI Insight. (2018)
3:98441. doi: 10.1172/jci.insight.98441

Mihaly SR, Ninomiya-Tsuji J, Morioka S. TAK1 control of cell death. Cell
Death Differ. (2014) 21:1667-76. doi: 10.1038/cdd.2014.123

Wang C, Deng L, Hong M, Akkaraju GR, Inoue ], Chen ZJ. TAKI is a
ubiquitin-dependent kinase of MKK and IKK. Nature. (2001) 412:346-51.
doi: 10.1038/35085597

Fife E, Kostka J, Kroc L, Guligowska A, Piglowska M, Soltysik B,
et al. Relationship of muscle function to circulating myostatin, follistatin
and GDF11 in older women and men. BMC Geriatr. (2018) 18:200.
doi: 10.1186/512877-018-0888-y

Schneyer AL, Sidis Y, Gulati A, Sun JL, Keutmann H, Krasney PA. Differential
antagonism of activin, myostatin and growth and differentiation factor 11
by wild-type and mutant follistatin. Endocrinology. (2008) 149:4589-95.
doi: 10.1210/en.2008-0259

Lee YS, Lee SJ. Regulation of GDEF-11 and myostatin activity by
GASP-1 and GASP-2. Proc Natl Acad Sci USA. (2013) 110:E3713-22.
doi: 10.1073/pnas.1309907110

Gamer LW, Cox KA, Small C, Rosen V. Gdfl1 is a negative regulator of
chondrogenesis and myogenesis in the developing chick limb. Dev Biol. (2001)
229:407-20. doi: 10.1006/dbio.2000.9981

Smart NG, Apelqvist AA, Gu X, Harmon EB, Topper JN, MacDonald R], et al.
Conditional expression of Smad7 in pancreatic beta cells disrupts TGF-beta
signaling and induces reversible diabetes mellitus. PLoS Biol. (2006) 4:e39.
doi: 10.1371/journal.pbio.0040039

Walker RG, Czepnik M, Goebel EJ, McCoy JC, Vujic A, Cho M, et al.
Structural basis for potency differences between GDF8 and GDF11. BMC Biol.
(2017) 15:19. doi: 10.1186/512915-017-0350-1

Egerman MA, Cadena SM, Gilbert JA, Meyer A, Nelson HN, Swalley SE,
et al. GDF11 increases with age and inhibits skeletal muscle regeneration. Cell
Metab. (2015) 22:164-74. doi: 10.1016/j.cmet.2015.05.010

Glass DJ. Elevated GDF11 is a risk factor for age-related frailty and disease in
humans. Cell Metab. (2016) 24:7-8. doi: 10.1016/j.cmet.2016.06.017

Zhao L, Zhang S, Cui J, Huang W, Wang ], Su F, et al. TERT assists GDF11
to rejuvenate senescent VEGFR2(+4)/CD133(+) cells in elderly patients with
myocardial infarction. Lab Invest. (2019). doi: 10.1038/s41374-019-0290-1.
[Epub ahead of print].

Egerman MA, Glass DJ. The role of GDF11 in aging and skeletal muscle,
cardiac and bone homeostasis. Crit Rev Biochem Mol Biol. (2019) 54:174-83.
doi: 10.1080/10409238.2019.1610722

Fan X, Gaur U, Sun L, Yang D, Yang M. The growth differentiation factor 11
(GDF11) and myostatin (MSTN) in tissue specific aging. Mech Ageing Dev.
(2017) 164:108-12. doi: 10.1016/j.mad.2017.04.009

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Gokoffski KK, Wu HH, Beites CL, Kim J, Kim EJ, Matzuk MM, et al.
Activin and GDF11 collaborate in feedback control of neuroepithelial
stem cell proliferation and fate. Development. (2011) 138:4131-42.
doi: 10.1242/dev.065870

Zhang Y, Wei Y, Liu D, Liu E, Li X, Pan L, et al. Role of growth differentiation
factor 11 in development, physiology and disease. Oncotarget. (2017) 8:81604—
16. doi: 10.18632/oncotarget.20258

Gad JM, Tam PP. Axis development: the mouse becomes a dachshund. Curr
Biol. (1999) 9:R783-6. doi: 10.1016/S0960-9822(00)80013-5

Padyana AK, Vaidialingam B, Hayes DB, Gupta P, Franti M, Farrow NA.
Crystal structure of human GDF11. Acta Crystallogr F Struct Biol Commun.
(2016) 72:160-4. doi: 10.1107/52053230X16001588

Jones JE, Cadena SM, Gong C, Wang X, Chen Z, Wang SX,
et al. Supraphysiologic administration of GDF11 induces cachexia
in part by upregulating GDF15. Cell Rep. (2018) 22:1522-30.
doi: 10.1016/j.celrep.2018.01.044

Zimmers TA, Jiang Y, Wang M, Liang TW, Rupert JE, Au ED, et al. Exogenous
GDF11 induces cardiac and skeletal muscle dysfunction and wasting. Basic Res
Cardiol. (2017) 112:48. doi: 10.1007/s00395-017-0642-1

Hinken AC, Powers JM, Luo G, Holt JA, Billin AN, Russell AJ. Lack of
evidence for GDF11 as a rejuvenator of aged skeletal muscle satellite cells.
Aging Cell. (2016) 15:582—-4. doi: 10.1111/acel.12475

McPherron AC, Lee SJ. Double muscling in cattle due to mutations
in the myostatin gene. Proc Natl Acad Sci USA. (1997) 94:12457-61.
doi: 10.1073/pnas.94.23.12457

Walker RG, McCoy JC, Czepnik M, Mills M]J, Hagg A, Walton KL, et al.
Molecular characterization of latent GDF8 reveals mechanisms of activation.
Proc Natl Acad Sci USA. (2018) 115:E866-75. doi: 10.1073/pnas.1714622115
Goebel EJ, Corpina RA, Hinck CS, Czepnik M, Castonguay R, Grenha R, et al.
Structural characterization of an activin class ternary receptor complex reveals
a third paradigm for receptor specificity. Proc Natl Acad Sci USA. (2019)
116:15505-13. doi: 10.1073/pnas.1906253116

Cash JN, Angerman EB, Kattamuri C, Nolan K, Zhao H, Sidis Y, et al.
Structure of myostatin.follistatin-like 3: N-terminal domains of follistatin-
type molecules exhibit alternate modes of binding. J Biol Chem. (2012)
287:1043-53. doi: 10.1074/jbc.M111.270801

Cash JN, Rejon CA, McPherron AC, Bernard DJ, Thompson TB. The structure
of myostatin:follistatin 288: insights into receptor utilization and heparin
binding. EMBO J. (2009) 28:2662-76. doi: 10.1038/emboj.2009.205

Yokoe T, Ohmachi T, Inoue H, Mimori K, Tanaka E, Kusunoki M, et al.
Clinical significance of growth differentiation factor 11 in colorectal cancer.
Int ] Oncol. (2007) 31:1097-101. doi: 10.3892/ij0.31.5.1097

Qin X, Kuang H, Chen L, Wei S, Yu D, Liang F. Coexpression of
growth differentiation factor 11 and reactive oxygen species in metastatic
oral cancer and its role in inducing the epithelial to mesenchymal
transition. Oral Surg Oral Med Oral Pathol Oral Radiol. (2017) 123:697-706.
doi: 10.1016/j.0000.2017.03.010

Farooq M, Sulochana KN, Pan X, To J, Sheng D, Gong Z, et al
Histone deacetylase 3 (hdac3) is specifically required for liver development
in zebrafish. Dev Biol. (2008) 317:336-53. doi: 10.1016/j.ydbio.2008.
02.034

Lazzarini-Lechuga R, Alcantar-Ramirez O, Jaime-Cruz R, Gomez-
Quiroz L. Efecto teratogénico de nanoparticulas de oro de 20nm
durante la  septacion cardiaca. Mundo (2014)  7:69-77.
doi: 10.22201/ceiich.24485691e.2014.13.48710

Zhang YH, Pan LH, Pang Y, Yang JX, Lv MJ, Liu E et al. GDF11/BMP11 as
a novel tumor marker for liver cancer. Exp Ther Med. (2018) 15:3495-500.
doi: 10.3892/etm.2018.5861

Su LK, Kinzler KW, Vogelstein B, Preisinger AC, Moser AR, Luongo C, et al.
Multiple intestinal neoplasia caused by a mutation in the murine homolog of
the APC gene. Science. (1992) 256:668-70. doi: 10.1126/science.1350108

Sun X, Essalmani R, Seidah NG, Prat A. The proprotein convertase PC5/6 is
protective against intestinal tumorigenesis: in vivo mouse model. Mol Cancer.
(2009) 8:73. doi: 10.1186/1476-4598-8-73

Wallner C, Drysch M, Becerikli M, Jaurich H, Wagner JM, Dittfeld
S, et al. Interaction with the GDF8/11 pathway reveals treatment
options for adenocarcinoma of the breast. Breast. (2018) 37:134-41.
doi: 10.1016/j.breast.2017.11.010

Nano.

Frontiers in Oncology | www.frontiersin.org

October 2019 | Volume 9 | Article 1039


https://doi.org/10.1016/j.devcel.2017.10.027
https://doi.org/10.1101/cshperspect.a022061
https://doi.org/10.7717/peerj.5524
https://doi.org/10.1016/j.celrep.2014.05.001
https://doi.org/10.1038/mt.2016.160
https://doi.org/10.1016/j.cardiores.2006.11.022
https://doi.org/10.15252/emmm.201607231
https://doi.org/10.1172/jci.insight.98441
https://doi.org/10.1038/cdd.2014.123
https://doi.org/10.1038/35085597
https://doi.org/10.1186/s12877-018-0888-y
https://doi.org/10.1210/en.2008-0259
https://doi.org/10.1073/pnas.1309907110
https://doi.org/10.1006/dbio.2000.9981
https://doi.org/10.1371/journal.pbio.0040039
https://doi.org/10.1186/s12915-017-0350-1
https://doi.org/10.1016/j.cmet.2015.05.010
https://doi.org/10.1016/j.cmet.2016.06.017
https://doi.org/10.1038/s41374-019-0290-1
https://doi.org/10.1080/10409238.2019.1610722
https://doi.org/10.1016/j.mad.2017.04.009
https://doi.org/10.1242/dev.065870
https://doi.org/10.18632/oncotarget.20258
https://doi.org/10.1016/S0960-9822(00)80013-5
https://doi.org/10.1107/S2053230X16001588
https://doi.org/10.1016/j.celrep.2018.01.044
https://doi.org/10.1007/s00395-017-0642-1
https://doi.org/10.1111/acel.12475
https://doi.org/10.1073/pnas.94.23.12457
https://doi.org/10.1073/pnas.1714622115
https://doi.org/10.1073/pnas.1906253116
https://doi.org/10.1074/jbc.M111.270801
https://doi.org/10.1038/emboj.2009.205
https://doi.org/10.3892/ijo.31.5.1097
https://doi.org/10.1016/j.oooo.2017.03.010
https://doi.org/10.1016/j.ydbio.2008.02.034
https://doi.org/10.22201/ceiich.24485691e.2014.13.48710
https://doi.org/10.3892/etm.2018.5861
https://doi.org/10.1126/science.1350108
https://doi.org/10.1186/1476-4598-8-73
https://doi.org/10.1016/j.breast.2017.11.010
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Simoni-Nieves et al.

GDF11 Regulation in Cancer and Metabolism

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Jemal A, Ward EM, Johnson CJ, Cronin KA, Ma ], Ryerson B, et al. Annual
report to the nation on the status of cancer, 1975-2014, featuring survival. J
Natl Cancer Inst. (2017) 109:djx030. doi: 10.1093/jnci/djx030

Liu Y, Shao L, Chen K, Wang Z, Wang J, Jing W, et al. GDFI1 restrains
tumor growth by promoting apoptosis in pancreatic cancer. Onco Targets
Ther. (2018) 11:8371-9. doi: 10.2147/OTT.S181792

Hogendorf P, Durczynski A, Skulimowski A, Kumor A, Poznanska G,
Strzelczyk J. Growth differentiation factor (GDF-15) concentration combined
with Cal25 levels in serum is superior to commonly used cancer biomarkers
in differentiation of pancreatic mass. Cancer Biomark. (2018) 21:505-11.
doi: 10.3233/CBM-170203

Dichmann DS, Yassin H, Serup P. Analysis of pancreatic endocrine
development in GDF11-deficient mice. Dev Dyn. (2006) 235:3016-25.
doi: 10.1002/dvdy.20953

Harmon EB, Apelqvist AA, Smart NG, Gu X, Osborne DH, Kim SK. GDF11
modulates NGN3+ islet progenitor cell number and promotes beta-cell
differentiation in pancreas development. Development. (2004) 131:6163-74.
doi: 10.1242/dev.01535

Barresi V, Reggiani-Bonetti L, Di Gregorio C, De Leon MP, Barresi G.
Lymphatic vessel density and its prognostic value in stage I colorectal
carcinoma. J Clin Pathol. (2011) 64:6-12. doi: 10.1136/jcp.2010.
083550

Ungaro F, Colombo P, Massimino L, Ugolini GS, Correale C, Rasponi M,
et al. Lymphatic endothelium contributes to colorectal cancer growth via
the soluble matrisome component GDF11. Int ] Cancer. (2019) 145:1913-20.
doi: 10.1002/ijc.32286

Liu X, Zhang Q, Fan C, Tian ], Liu X, Li G. GDF11 upregulation independently
predicts shorter overall-survival of uveal melanoma. PLoS ONE. (2019)
14:€0214073. doi: 10.1371/journal.pone.0214073

Gao ], Aksoy BA, Dogrusoz U, Dresdner G, Gross B, Sumer SO, et al.
Integrative analysis of complex cancer genomics and clinical profiles using
the cBioPortal. Sci Signal. (2013) 6:pl1. doi: 10.1126/scisignal. 2004088
Anon-Hidalgo J, Catalan V, Rodriguez A, Ramirez B, Idoate-Bayon A, Silva C,
et al. Circulating concentrations of GDF11 are positively associated with TSH
levels in humans. J Clin Med. (2019) 8:E878. doi: 10.3390/jcm8060878
Zamani N, Brown CW. Emerging roles for the transforming growth factor-
{beta} superfamily in regulating adiposity and energy expenditure. Endocr
Rev. (2011) 32:387-403. doi: 10.1210/er.2010-0018

Hsu JY, Crawley S, Chen M, Ayupova DA, Lindhout DA, Higbee J, et al. Non-
homeostatic body weight regulation through a brainstem-restricted receptor
for GDF15. Nature. (2017) 550:255-9. doi: 10.1038/nature24042

76.

77.

78.

79.

80.

81.

82.

Luo H, Guo Y, Liu Y, Wang Y, Zheng R, Ban Y, et al. Growth
differentiation factor 11 inhibits adipogenic differentiation by activating TGF-
beta/Smad signalling pathway. Cell Prolif. (2019) 52:e12631. doi: 10.1111/cpr.
12631

Jing YY, Li D, Wu E Gong LL, Li R. GDFI1 does not improve the
palmitate induced insulin resistance in C2C12. Eur Rev Med Pharmacol Sci.
(2017) 21:1795-802.

Dominguez-Perez M, Simoni-Nieves A, Rosales P, Nuno-Lambarri N, Rosas-
Lemus M, Souza V, et al. Cholesterol burden in the liver induces mitochondrial
dynamic changes and resistance to apoptosis. J Cell Physiol. (2019) 234:7213-
23. doi: 10.1002/jcp.27474

Calvisi DE, Wang C, Ho C, Ladu S, Lee SA, Mattu S, et al. Increased
lipogenesis, induced by AKT-mTORCI-RPS6 signaling, promotes
development of human hepatocellular carcinoma. Gastroenterology. (2011)
140:1071-83. doi: 10.1053/j.gastro.2010.12.006

Porporato PE, Filigheddu N, Pedro JMB, Kroemer G, Galluzzi L.
Mitochondrial metabolism and cancer. Cell Res. (2018) 28:265-80.
doi: 10.1038/cr.2017.155

Hernandez-Rizo S, Gerardo-Ramirez M, Fucho R, Perez-Aguilar B,
Gomez-Quiroz LE, Fernandez-Checa JC, et al. Growth differentiation
factor 11 (GDF11) restricts cell proliferation in hepatic tumor cells
through glycolysis and lipid metabolism. Ann Hepatol. (2018) 17:683.
doi: 10.5604/01.3001.0012.0962

Garrido-Moreno V, Diaz-Vegas A, Lopez-Crisosto C, Troncoso ME
Navarro-Marquez M, Garcia L, et al. GDF-11 prevents cardiomyocyte
hypertrophy by maintaining the sarcoplasmic reticulum-mitochondria
communication. Pharmacol Res. (2019) 146:104273. doi: 10.1016/j.phrs.2019.
104273

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Simoni-Nieves, Gerardo-Ramirez, Pedraza-Vizquez, Chdvez-
Rodriguez, Bucio, Souza, Miranda-Labra, Gomez-Quiroz and Gutiérrez-Ruiz. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Oncology | www.frontiersin.org

12

October 2019 | Volume 9 | Article 1039


https://doi.org/10.1093/jnci/djx030
https://doi.org/10.2147/OTT.S181792
https://doi.org/10.3233/CBM-170203
https://doi.org/10.1002/dvdy.20953
https://doi.org/10.1242/dev.01535
https://doi.org/10.1136/jcp.2010.083550
https://doi.org/10.1002/ijc.32286
https://doi.org/10.1371/journal.pone.0214073
https://doi.org/10.1126/scisignal.2004088
https://doi.org/10.3390/jcm8060878
https://doi.org/10.1210/er.2010-0018
https://doi.org/10.1038/nature24042
https://doi.org/10.1111/cpr.12631
https://doi.org/10.1002/jcp.27474
https://doi.org/10.1053/j.gastro.2010.12.006
https://doi.org/10.1038/cr.2017.155
https://doi.org/10.5604/01.3001.0012.0962
https://doi.org/10.1016/j.phrs.2019.104273
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	GDF11 Implications in Cancer Biology and Metabolism. Facts and Controversies
	Introduction
	GDF11 an Atypical TGF-β Family Member
	The Signal Transduction
	Development and Aged-Related Function
	GDF11 vs. GDF8 and the Race For the Discovery of the Rejuvenation Properties
	GDF11 Effects in Cancer Biology
	Liver Cancer
	Breast Cancer
	Pancreatic Cancer
	Colorectal Cancer
	Other Types of Cancer
	GDF11 and PCSK Mutations
	Effects of GDF11 as Metabolism Regulator
	Concluding Remarks and Future Prospective
	Author Contributions
	Funding
	References


