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The extracellular matrix (ECM) plays an important role in the progression of cancer.
Collagen is the most abundant component in ECM, and is involved in the biological
formation of cancer. Although type XI collagen is a minor fibrillar collagen, collagen XI alpha
1 chain (COL11A1) expression has been found to be upregulated in a variety of human
cancers including colorectal, esophagus, glioma, gastric, head and neck, lung, ovarian,
pancreatic, salivary gland, and renal cancers. High levels of COL11A1 usually predict poor
prognosis, owing to its association with angiogenesis, invasion, and drug resistance in
cancer. However, little is known about the specific mechanism through which COL11A1
regulates tumor progression. Here, we have organized and summarized recent
developments regarding the interactions between COL11A1 and intracellular signaling
pathways and selected therapeutic agents targeting COL11A1, as these indicate its
potential as a target for treatment of cancers, especially epithelial ovarian cancer.

Keywords: collagen type XI alpha 1, cancer progression, chemoresistance, cancer associated fibroblast activation,
epithelial ovarian cancer
INTRODUCTION

Cancer has become the third leading cause of death worldwide, with approximately 1,918,030 new
cancer cases and 609,360 cancer deaths projected to occur in the United States in 2022 (1). Although
clinical classification, staging, and treatment guidelines for various cancers are constantly being
updated, improvements in the long-term prognosis of cancer patients remain difficult and therefore
it is of extreme significance to explore effective cancer treatment strategies. Previously, researchers
focused on the biological mechanisms in tumor cells, while ignoring the relationship between cancer
cells and the surrounding tissues. Recent studies have focused to a greater extent on the tumor
microenvironment, proving that it is crucial in the progression of cancer.
Abbreviations: COL11A1, collagen type XI alpha 1; CAF, cancer associated fibroblast activation; EOC, epithelial ovarian
cancer; ECM, extracellular matrix; EMT, epithelial–mesenchymal transition; TGF-b3, transforming growth factor beta 3; NF-
kB/IGFBP2, nuclear factor kappa-light-chain-enhancer of activated B/insulin-like growth factor binding protein-2; PFS,
progression-free survival; OS, overall survival; DDR2, discoid domain receptor 2; MFAP5, microfibril-associated protein 5;
OSM, Oncostatin M; STAT, signal transducer and activator of transcription; NSCLC, non-small cell lung cancer; PDK1,
phosphoinositide-dependent kinase 1; lncRNA, long non-coding RNA; PPI, protein-protein interaction; SNHG12, small
nucleolar RNA host gene 12; c/EBPb, CCAAT-enhancer-binding protein-beta; PI3K, phosphoinositide 3-kinase; IAP2,
inhibitor apoptosis protein; PKB, protein kinase B; TbRI, transforming growth factor beta receptor 1; HCC,
hepatocellular carcinoma.
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The extracellular matrix (ECM) is a scaffold of fibrillar
proteins, accessory proteins, and molecules, and provides
structural and biochemical support for cells. The ECM consists
of a basement membrane (located at the basal aspect of epithelial
or endothelial cells in normal tissues) and the interstitial (stromal)
ECM. In most tissues, the basement membrane consists largely of
collagen IV, together with laminin, fibronectin, and several types
of proteoglycans (2). The main role of the basement membrane is
to provide a physical barrier between the epithelial cells and the
connective tissue (stroma) of the organ, whilst still allowing
the diffusion of gases and transport of signaling molecules. The
interstitial ECM, mainly produced by mesenchymal cells, consists
primarily of collagens I and III, fibronectin, and proteoglycans. It
regulates cell adhesion, cell migration, angiogenesis, and tissue
repair (3). In cancer, rupture of the basement membrane permits
epithelial cells to undergo epithelial–mesenchymal transition
(EMT), migrate into the surrounding stroma, and invade
through the interstitial ECM. Epithelial cells that have
undergone EMT can cause activation of stromal cells to yield
pro-tumorigenic stromal cells, which can in turn remodel the
ECM to create a tumor-permissive environment (4). The ECM is
indispensable for cell proliferation, differentiation, and
maintenance of tissue homeostasis (5), and its influence on
cancer cell plasticity is modulated by a variety of cell types that
reside within the tumor stroma. Under the influence of systemic
regulators as well as cancer cells, these stromal cells produce not
only tumor ECM, which qualitatively and quantitatively differs
from a normal ECM, but also an array of cytokines and other
secreted and membrane-bound factors that influence cancer cell
plasticity. Cancer cells, cancer-associated fibroblasts (CAFs),
immune cells, adipocytes, and other stromal cells act on the
ECM and as a result promote angiogenesis, decrease cell
adhesion, induce loss of tissue polarity, and increase EMT. This
increases the invasion and distant metastasis of tumor cells and
their resistance to chemotherapy drugs; these are generally the
leading causes of cancer mortality (6–9).
MECHANISMS UNDERLYING COL11A1
INVOLVEMENT IN CANCER
PROGRESSION

Collagen type XI alpha 1 (COL11A1) belongs to the collagen
family, a major component of the interstitial ECM. Collagen XI is
a right-handed triple helix complex consisting of three different
a-chains, namely alpha 1, alpha 2, and alpha 3. Although type XI
collagen is a minor fibrillar collagen, it is essential for normal
tissue integrity and function. The lack of type XI collagen leads to
abnormal thickening of the tissue in cartilage (10, 11); animals
have been reported to develop chondrodysplasia where the
cartilage was devoid of fibrils in two separate mouse models in
which collagen XI expression was abrogated (12). These data
demonstrate the significant role of collagen XI in nucleation of
assembly of short, small-diameter protofibrils. The collagen alpha
chain consists of 662–3152 amino acids. COL11A1 and COL11A2
encode the alpha 1 chain and alpha 2 chain, respectively;
COL2A1 encodes the alpha 3 chain (10). COL11A1 therefore
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requires two other alpha chains (COL11A2, COL2A1) to form
collagen fibers. COL11A1 expression is absent in benign
pathological conditions involving desmoplasia such as
hyperplasia, fibrosis, cirrhosis, pancreatitis and inflammatory
bowel disease or premalignant lesions (10–13). In contrast,
COL11A1 has been found to be upregulated in a variety of
cancers including breast, colorectal, esophagus, glioma, gastric,
head and neck, lung, ovarian, pancreatic, salivary gland, and
renal cancers, and it can be used as a tumor marker to predict the
prognosis of cancer (Table 1) (14–46). In these cancers, the
expression of COL11A1 positively correlates with tumor
progression and lymph node metastasis.
MECHANISMS UNDERLYING COL11A1
INVOLVEMENT IN CAF ACTIVATION

COL11A1 expression has been detected in tumor cells as well as in
tumor-associated stromal cells. It has been shown that CAFs, which
express and secrete COL11A1 into the ECM, promote the
proliferation, angiogenesis, invasion, and drug resistance of cancer
cells (10, 17, 28, 47–51). COL11A1 overexpression has only been
observed in desmoplastic areas of the tumors, which are composed
primarily of CAFs in cancers (28, 29, 48–50). However, such
overexpression has not been demonstrated in fibroblasts in
inflammatory diseases, making COL11A1 a unique marker for
CAFs (10, 48). The malignant transformation of colorectal cancer
is associated with the differential expression of COL11A1 in the
stroma (49). Navab et al. (52) established CAF primary cultures,
matching normal fibroblasts from 15 non–small-cell lung cancer
samples, and identified COL11A1 as the gene with the most highly
elevated expression in CAFs. Other studies have also recorded
COL11A1 overexpression in CAFs of pancreatic cancer (52) and
suggested that it is a CAF-specific marker (48, 53). However, several
studies have found that cancer cells secrete the COL11A1 they
produce into the ECM, to regulate their own biological behavior as
well as that of the surrounding cancer cells (34, 54–57). Recently, we
(36) investigated the role of COL11A1 in inducing CAF activation
and its interaction with cancer cells. The results showed that human
ovarian fibroblasts acquire CAF markers and functions, such as
enhanced cell migration and contraction abilities and ECM
deposition, and express COL11A1 when cocultured with high
COL11A1-expressing epithelial ovarian cancer (EOC) cell lines or
conditioned medium of coculture. In contrast, coculturing human
ovarian fibroblasts with low COL11A1-expressing EOC cells or
COL11A1 knockdown in EOC cells abrogated the expression levels
of COL11A1 and CAF markers in human ovarian fibroblasts. We
also demonstrated that COL11A1 regulated transforming growth
factor beta 3 (TGF-b3) levels in EOC cells, thereby promoting CAF
activation by activating the nuclear factor kappa-light-chain-
enhancer of activated B/insulin-like growth factor binding
protein-2 (NF-kB/IGFBP2) axis, which was attenuated by
COL11A1 knockdown or pharmacological inhibition of TGF-b3.
Notably, elevated p-SP1 expression generated by COL11A1-
mediated ERK activation induced p65 translocation into the
nucleus, thereby enhancing its binding to the IGFBP2 promoter.
TGF-b3 induction by COL11A1 reinforced tumor–fibroblast
June 2022 | Volume 12 | Article 925165
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crosstalk via heightened IL-6 production to stimulate the
proliferation and invasion of tumor cells. Furthermore, in vivo
findings from mouse xenografts indicated the essential role of
COL11A1 in tumor progression and CAF activation, and that
anti-TGF-b3 therapy could inhibit tumor growth and reverse
CAF activation. These in vitro results were confirmed by clinical
findings that high TGF-b3 mRNA levels are associated with extra-
pelvic spread, disease progression, and poor progression-free
survival (PFS) and overall survival (OS) of ovarian cancer patients.

As mentioned previously, COL11A1 encodes one alpha chain
out of three alpha chains of type XI collagen; thus, two other
alpha chains (COL11A2, COL2A1) are required to form collagen
fibers. Interestingly, our results showed that COL2A1 did not
activate the CAF phenotype, suggesting that CAF activation may
be specific to COL11A1 (36).
REGULATION OF COL11A1 IN
HUMAN CANCER

Multiple studies have proven that COL11A1 participates in cancer
progression through various signaling pathways (Table 1).
COL11A1, as a component of collagen, is mainly present in the
extracellular matrix. The mechanism through which it transmits
signals through the outside-in pathway is still unclear. Rada et al.
(33) demonstrated that integrin a1b1 and discoid domain
receptor 2 (DDR2) acted as the receptors for the binding of
COL11A1 on cell membranes, activating intracellular signaling
pathways, and thus causing cancer progression.
Frontiers in Oncology | www.frontiersin.org 3
TGF-b1 has been found to regulate COL11A1 in colorectal,
pancreatic, and renal cancers, thereby promoting cancer
proliferation and invasion (17, 40, 42). We demonstrated that
TGF-b1 directly acts on the NF-YA binding site of the promoter
of COL11A1 in ovarian cancer cells, activating COL11A1 and
thereby inducing migration and invasion (29). Our results were
confirmed by Cheon et al. (30), who demonstrated that the
knockdown of COL11A1 reduced the migration and invasion of
ovarian cancer cells, which was directly regulated by TGF-b1
signaling. Hida et al. (58) also revealed that NF-YA regulates the
promoter region of COL11A1 in rat chondrosarcoma (RCS) as
well as mouse pre-chondrocyte ATDC5 cells.

In addition to TGF-b1, several factors have been shown to
regulate COL11A1 expression. Fibroblast growth factor-14 (FGF-
14) is downregulated in lung adenocarcinoma patient samples
(27), and its overexpression in the lung adenocarcinoma cell line
A549 results in downregulation of COL11A1 expression. In
addition, the glycoprotein microfibril-associated protein 5
(MFAP5) has been found to enhance COL11A1 expression in
ovarian fibroblasts (35). Oncostatin M (OSM), an inflammatory
cytokine, has also been shown to bind to collagen type XI after
being deposited by neutrophils in MDA-MB-231 breast cancer
cell-derived matrices in vitro (16). Although this interaction is not
known to regulate COL11A1 function, binding, or signaling, OSM
has been noted to be immobilized to type XI collagen induced
signal transducer and activator of transcription (STAT) signaling
in the breast cancer cell line T47D.

Other transcription factors known to regulate COL11A1
expression in the context of cancer include SP1, B-myb, and c/
TABLE 1 | The mechanisms of COL11A1 regulation in different cancers.

Cancer Regulator Effect Reference

Breast miR-139-5p Increases cell proliferation and inhibits apoptosis (14)
MicroRNA let-7b Increases cell proliferation, migration, invasion, and metastasis (15)
Oncostatin M Increases inflammation and metastasis (16)

Colorectal TGF-b1 Increases cell invasion (17)
miR-29 Increases cell invasion (18)

Esophageal EMT signal Increases cell proliferation, migration, invasion (19)
Gastric Proliferation genes Increases cell proliferation, migration, invasion (20)
Glioma ERK Increases cell migration, invasion (21)

Histone H3 Increases cell migration, invasion (22)
Head and neck Increases cell growth and invasion (23)
Lung Smad signal Increases cell proliferation, migration, invasion, and chemoresistance (24)

PI3K/Akt/ERK Increases cell proliferation, migration and inhibit apoptosis (25)
B-Myb Increases cell proliferation, migration, invasion (26)
FGF14 Increases cell proliferation, and migration (27)

Ovary TGF-b signal Increases cell proliferation, migration, invasion, and metastasis (28–30)
Akt/c/EBPb Increases chemoresistance (31)
NF-kB-Twist1 Increases chemoresistance and inhibit apoptosis (32)
Akt/NF-kB/IAP Increases chemoresistance (33)
Akt/AMPK-fatty acid oxidation Increases chemoresistance (34)
MFAP5 Increases chemoresistance (35)
TGF-b3/NF-kB Increases cell proliferation, migration and invasion (36)
miR-335 Increases cell proliferation, migration, invasion, and chemoresistance (37)

Pancreas Mist Increases cell proliferation, migration, invasion, and chemoresistance (38)
GLI1 Poor survival (39)
TGF-b signal Increases cell proliferation, migration, invasion (40)
Akt/CREB Increases chemoresistance and inhibit apoptosis (41)

Renal TGF-b signal Increases cell proliferation and migration (42)
miR-200c-5p Increases cell invasion and inhibit apoptosis (43)
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EBPb. Watanabe et al. (59) showed that Sp1 regulates COL11A1
expression in rodent RCS cells. Jin et al. (26) revealed that B-myb is
upregulated in 0 (NSCLC) and B-myb overexpression in H1299
cells leads to COL11A1 overexpression. Matsuo et al. (60) showed
that the CCAAT-binding factor CBF/NF-Y, and not c/EBP,
positively regulates the transcription of COL11A1 in A204 (a
human rhadomyosarcoma cell line) by directly binding to the
promoter region of COL11A1. Interestingly, our report (31)
demonstrated that anticancer drugs, such as cisplatin and
paclitaxel, preferentially induce COL11A1 expression in the
cisplatin-resistant ovarian cancer cell line A2780CP70, but not in
its cisplatin-sensitive counterpart, the A2780 cell line. Furthermore,
knockdown of the transcription factor c/EBPb attenuated the
increase in COL11A1 expression in A2780CP70 cells treated with
cisplatin or paclitaxel and phosphoinositide-dependent kinase 1
(PDK1)/Akt signaling activation upregulated c/EBPb/COL11A1
expression in these cells. These findings suggest that COL11A1
transcription is regulated differentially depending on the cell type.

Some microRNA and long non-coding RNA (lncRNA) are
involved in the regulation of COL11A1. miR-139-5p expression is
low in breast cancer cells and COL11A1 is predicted to be a target
gene ofmiR-139-5p. Overexpression ofmiR-139-5p or silencing of
COL11A1 could inhibit the proliferation of breast cancer cells and
promote apoptosis. Simultaneous overexpression of miR-139-5p
andCOL11A1 could reverse this effect, indicating thatCOL11A1 is a
downstream target of miR-139-5p (14). Another study has found
that microRNA let-7b is a tumor suppressor, and the binding of
CDX2 to let-7b can promote the transcription of let-7b and inhibit
the expression of COL11A1, thereby reducing the proliferation,
invasion, andmigrationofbreast cancer cells (15). Studiesonanude
mouse subcutaneous tumor model have also shown that the
overexpression of CDX2 and let-7b or the knockdown of
COL11A1 could effectively reduce the volume and weight of the
tumor (15).Yanget al. (61)demonstrated that the overexpressionof
microRNA-145 (miR-145) downregulates COL11A1 expression
and that of other chondrocyte markers in the mouse
mesenchymal stem cell line C3H10T1/2, while suppression of this
microRNA enhances COL11A1 expression.

There is also evidence that miR-29 downregulates COL11A1
expression during zebrafish development (62). Although no
study has directly shown that miR-29 downregulates COL11A1
in mammalian cells, there are at least two studies that predict the
role of miR-29 in the downregulation of COL11A1 in a
mammalian cell context (63, 64). In addition, protein-protein
interaction (PPI) studies have shown that miR-29 affects the
progression of colon cancer by targeting COL11A1 (18).

We (37) identifiedmiR-335 as the candidate miRNAs that may
regulate COL11A1 expression through an online database search.
Further mechanistic experiments revealed that epithelial ovarian
cancer (EOC) cell treatment with miR-335 results in phenotypes
that mimic those induced by abrogated COL11A1 expression and
suppresses cell proliferation and invasion, in addition to
increasing the sensitivity of EOC cells to cisplatin. Conversely,
treatment with miR-335 inhibitors prompts cell growth/
invasiveness and chemoresistance of EOC cells. miR-335
inhibited COL11A1 transcription, thus reducing the invasiveness
Frontiers in Oncology | www.frontiersin.org 4
and chemoresistance of EOC cells via the Ets-1/MMP3 and Akt/c/
EBPb/PDK1 axes, respectively. Furthermore, miR-335 did not
directly regulate PDK1 but increased PDK1 ubiquitination and
degradation through COL11A1 inhibition. In vivo findings have
shown a significant decrease in the miR-335 expression level in
EOC samples compared to that in non-cancerous specimens.
Furthermore, patients with low miR335 levels were susceptible
to advanced-stage cancer, poor response to chemotherapy, and
early relapse. These findings highlighted the importance of miR-
335 in downregulating COL11A1-mediated ovarian tumor
progression, chemoresistance, and poor survival and suggested
the potential application of miR-335 as a therapeutic target (37).
Kang et al. (65) demonstrated that COL11A1 promotes
esophageal squamous cell carcinoma proliferation and
metastasis and is inversely regulated by miR-335-5p.

The lncRNA small nucleolar RNA host gene 12 (SNHG12) is
overexpressed in a variety of cancers. Xu et al. (43) found that in
the renal cancer cells lines A498 and 786O, the apoptosis of cells
increased, and the cell survival rate and cell invasion ability
decreased when SNHG12 was knocked out. A luciferase reporter
assay indicated that SNHG12 binds to and downregulates miR-
200c-5p, thereby increasing COL11A1 expression (43).
MECHANISMS OF COL11A1
PARTICIPATING IN CHEMORESISTANCE

COL11A1 is one of the top genes in the gene signature that
predicts an outcome to standard chemotherapy in ovarian and
other cancers. Our report indicates that ovarian cancer patients
who did not respond to standard platinum-based chemotherapies
express elevated levels of COL11A1 (31), where COL11A1 was
among the top overexpressed genes. Furthermore, high levels of
COL11A1 protein secretion have been linked with resistance to
platinum-based therapies in ovarian cancer (66). Recently, high
levels of circulating COL11A1 have been identified in patients
with non-small cell lung cancer (67) and breast cancer (68),
which has been correlated with increased aggressiveness of the
disease. It is interesting to note that the expression of COL11A1 is
elevated post chemotherapy in several cancer types and can
mediate resistance to cisplatin chemotherapy (Table 1). In lung
cancer specimens it has been observed that COL11A1 expression
is increased in recurrent tumors (24). In lung cancer cell lines,
elevated COL11A1 expression also mediates resistance of cancer
cells to cisplatin. Similarly, in ovarian cancer specimens, the
expression of COL11A1 is the highest in recurrent tumors
compared to primary and metastatic tumors, suggesting that
COL11A1 promotes tumor recurrence post chemotherapy (28–
30). These studies have been successful in reporting that in
human ovarian cancer cell lines and xenograft mouse models
COL11A1 is not only associated with poor response to cisplatin,
but also confers cisplatin resistance though multiple mechanisms.

We found out that c/EBPb (CCAAT-enhancer-binding protein-
beta) has been identified as a transcription factor upregulating
COL11A1 expression post chemotherapy (31). COL11A1 promotes
the phosphorylation of SP1, which in turn promotes the
June 2022 | Volume 12 | Article 925165
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transcriptional activation of IKKb, leading to the increased
expression of Twist1 induced by NF-kB, thus causing drug
resistance in ovarian cancer cells (32). Another study showed that
COL11A1 activates Src- phosphoinositide 3-kinase (PI3K)/Akt-NF-
kB signaling to induce the expression of three inhibitor apoptosis
proteins (IAPs), including XIAP, BIRC2, and BIRC3. Genetic and
pharmacological inhibition of XIAP, BIRC2, and BIRC3 is sufficient
to restore cisplatin-induced apoptosis in ovarian cancer cells in the
presence of COL11A1 in ovarian cancer cells and xenograft mouse
models, respectively (33). Nallanthighal et al. (34) identified a novel
role of COL11A1 in modulating tumor cell metabolism. COL11A1
signaling in ovarian cancer cell lines makes them more addicted to
fatty acid metabolism to drive cisplatin resistance (34). This ability
of COL11A1 to alter the metabolic adaptation of cancer cells
benefits the cells to survive the harsh environments generated
by chemotherapy.

Overexpression and/or activation of the PI3K/Akt survival
pathway have been shown to be associated with carcinogenesis in
several tissue types (69–73). One of the main downstream
effectors of PI3K is the potent oncogenic serine/threonine
kinase Akt, also known as protein kinase B (PKB) (74, 75). Akt
is activated by phosphorylation of Thr308 by the PDK1 (76, 77)
and phosphorylation of Ser473 by the mammalian target of
rapamycin complex 2 (mTORC2) (78). Activated Akt
functions to regulate several important molecular pathways,
including those associated with cell survival, proliferation, and
apoptosis. Our report (31) showed that the level of
phosphorylated Akt was elevated in chemoresistant ovarian
cancer cells and that treatment with an Akt inhibitor
(LY294002) enhanced sensitivity to anticancer drugs. These
findings are consistent with previous studies showing that Akt
is a determinant of cisplatin resistance in chemoresistant ovarian
cancer cells (79–85). Another report from us (31) has revealed
that COL11A1 could increase phosphorylated Akt in
chemoresistant ovarian cancer cells by stabilizing PDK1
protein. Further evidence of these observations is provided by
the reduced PDK1 protein expression observed in COL11A1-
knockdown cells, the marked increase in PDK1 protein in the
presence of the 26S proteasome inhibitor MG132, and the
proteasomal degradation of PDK1 observed in the presence of
COL11A1 inhibition. We also observed that phosphorylated Akt
levels in chemoresistant ovarian cancer cells were increased by
COL11A1 via increased binding activity between PDK1 and
COL11A1. Collectively, our results demonstrate that the
overexpression of COL11A1 leads to chemoresistance, possibly
by binding to PDK1-Akt, and subsequently preventing PDK1
degradation. This binding may prevent cisplatin- and paclitaxel-
induced PDK1 ubiquitination and degradation in these cells. The
results of this study suggest that COL11A1 may be an important
determinant of chemoresistance that acts by sequestering PDK1
and preventing its ubiquitination and proteasomal degradation.

Wang et al. (41) demonstrated that COL11A1 phosphorylated
AktSer473, promoting proliferation of cancer cells and inhibiting
their apoptosis. In pancreatic cancer cells, the COL11A1/Akt axis
disrupts the balance between BAX and BCL-2, and inhibits the
release of cytochrome C, thereby destroying mitochondrial
Frontiers in Oncology | www.frontiersin.org 5
function and promoting apoptosis escape in turn leading to
drug resistance in these cancer cells.
TARGETING COL11A1

As COL11A1 tends to accumulate in tumor tissues and promote
malignant progression of human cancer, with lower expression
levels in normal tissues, targeting COL11A1 has become an
attractive strategy for the treatment of various cancers.
Although there is no current therapy specifically designed to
target COL11A1 in cancer, there are certain drugs that target
COL11A1 signal, some of which have been or are currently being
tested in clinical trials (44).

Inhibition of TGF-b, a growth factor known to induce
COL11A1 expression, has been explored as an anti-cancer
therapy in the clinic. Targeting the TGF-b1 signaling pathway
can inhibit metastasis and drug resistance in a variety of human
cancer models. LY2157299, a small molecule inhibitor of
transforming growth factor beta receptor 1 (TbRI), has entered its
phase II clinical trial [86]. LY2157299 inhibits the proliferation and
invasion of ovarian cancer cells and inhibits tumor growth in nude
mouse xenograft models. In addition, LY2157299 has blocked TGF-
b1-induced fibroblast activation and inhibited the expression of
COL11A1 in tumor stroma (87). This suggests that LY2157299may
preferably target tumor stroma rather than cancer cells when
exerting its anticancer effects. The TbRI kinase inhibitor
galunisertib has been evaluated in two phase II clinical trials for
hepatocellular carcinoma (HCC), and treatment with galunisertib
showed improvement in overall survival in both trials (88, 89). Our
present study showed that COL11A1 upregulates IGFBP2
transcription by augmenting p65 DNA-binding activity in ovarian
cancer cells to constitutively activate the TGF-b3 signaling pathway,
thereby promoting CAF activation. These findings signify the
intriguing possibility that anti-TGF-b1 therapeutics could be used
to target ovarian cancer cells and anti-TGF-b3 therapies could be
used to inhibit CAFs in COL11A1-positive tumors (36).

Solanum incanum extract (also known as SR-T100) has been
shown to downregulate c/EBPb and COL11A1 expression,
thereby sensitizing melanoma and ovarian cancer cells to
cisplatin (90, 91). In addition to targeting COL11A1
transcription, it might also be possible to target COL11A1 post-
translation. HSP47 has been shown to be a molecular chaperone
required for procollagen folding in the ER (92). Ito et al. (93)
screened small-molecule compounds that inhibit Hsp47’s
interaction and chaperone activity with collagen and found that
a compound AK778 and its cleavage product Col003 disrupted
HSP47/collagen binding and also inhibited collagen secretion.

Akt signaling pathway is closely related to cancer progression,
metastasis, and drug resistance (94). COL11A1 is involved in the
activation of Akt, which in turn promotes the transcription of
COL11A1 (95, 96). Therefore, inhibitors of Akt may be
candidates for targeting COL11A1. Our report showed that
SC66, an Akt inhibitor, was found to inhibit the proliferation
of various human ovarian cancer cells in vitro, and the sensitivity
of ovarian cancer cells to SC66 was negatively correlated with the
June 2022 | Volume 12 | Article 925165
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content of COL11A1 in cells. SC66 can also increase the
sensitivity of ovarian cancer cells to cisplatin and paclitaxel.
After SC66 treatment, the invasive ability of ovarian cancer cells
was found to have decreased significantly. SC66 has been shown
to inhibit the binding of NF-YA and c/ERBb to COL11A1
promoter, thereby reducing the chemotherapy resistance
induced by Twist1 and Mcl-1, and inhibiting the expression of
MMP3 and the invasion ability of cancer cells. However, MK-
2206 did not regulate the promoter activity changes of COL11A1
(95). After testing three compounds synthesized from
AstraZeneca (Cambridge, UK), it was found that only
AZD5653 could inhibit the mRNA content and promoter
activity of COL11A1, while AZD8835 and AZD8186 inhibited
the phosphorylation of Akt, but had no effect on COL11A1.
These results indicated that AZD5663 and not the other two
inhibitors inhibit COL11A1 transcription by blocking PDK1
activity (96). In conclusion, the selection of appropriate Akt
inhibitors is essential for the inhibition of COL11A1.

Targeting inhibitor of apoptosis (IAPs) proteins, which have
been shown to be upregulated by COL11A1 (33), might be
another way to target the COL11A1 signaling. Two phase I
clinical trials have demonstrated that IAP inhibitors ASTX660
and APG-1387 were well tolerated by patients (97). Another IAP
inhibitor LCL161 (a Smac mimetic) was also well tolerated in a
phase II clinical trial for myelofibrosis, a form of leukemia (98).
Another clinical trial using birinapant, an XIAP/cIAP1 antagonist,
Frontiers in Oncology | www.frontiersin.org 6
to treat high-grade serous ovarian cancer showed that birinapant
was well tolerated and downregulated tumor cIAP1 (99).

CONCLUSIONS

In this review,we provide a comprehensive overviewof the biological
functions of COL11A1 in cancer and discuss how COL11A1
mediates the crosstalk between cancer cells and the tumor
microenvironment (TME) to regulate the phenotypes of cancer cell
and CAF. Despite our increased understanding of COL11A1
functions in CAF, it remains unclear whether COL11A1 secreted
by cancer cells and CAFs has structural and functional similarities.
Further evidence is needed to show how COL11A1 regulates the
biophysical properties of tumor ECMand how it affects the invasion,
migration, and the proliferation of tumor and immune cells.
COL11A1 overexpression has been shown to upregulate
chemoresistance, and the roles of COL11A1 in cancer stemness,
tumor dormancy, inflammation, and recurrence remain unclear.

ThePI3K/Akt signalingpathwayhasbeen investigatedasa critical
regulator of cancer cell survival, and a number of Akt pathway
inhibitors with different efficacies and specificities have been
identified. We speculate that Akt inhibitors may exert their effect
onAkt signaling through differentmechanisms and the evaluation of
PI3K/Akt/mTOR pathway inhibitors is required to confirm the
patterns of sensitivity observed in preclinical studies before they
can be applied to clinical settings. In our opinion, COL11A1 andAkt
FIGURE 1 | The roles of COL11A1 and Akt as predictive markers in the prognosis of cancer and as drug design targets in EOC. Red font indicates inhibition of
COL11A1 expression.
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play roles aspredictivemarkers in theprognosis of cancer andasdrug
design targets in epithelial ovarian cancer (Figure 1).
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Pravia C, Menéndez-Rodrıǵuez P, et al. Validation of COL11A1/procollagen
11A1 Expression in TGF-b1-Activated Immortalised Human Mesenchymal
Cells and in Stromal Cells of Human Colon Adenocarcinoma. BMC Cancer
(2014) 14:867. doi: 10.1186/1471-2407-14-867

18. Wang J, Yu H, Ye L, Jin L, Yu M, Lv Y. Integrated Regulatory Mechanisms of
miRNAs and Targeted Genes Involved in Colorectal Cancer. Int J Clin Exp
Pathol (2015) 8:517–29.

19. Zhang B, Zhang C, Yang X, Chen Y, Zhang H, Liu J, et al. Cytoplasmic
Collagen Xiai as a Prognostic Biomarker in Esophageal Squamous Cell
Carcinoma. Cancer Biol Ther (2018) 19:364–72. doi: 10.1080/
15384047.2018.1423915

20. Li A, Li J, Lin J, Zhuo W, Si J. COL11A1 is Overexpressed in Gastric Cancer
Tissues and Regulates Proliferation, Migration and Invasion of HGC-27
Gastric Cancer Cells In Vitro. Oncol Rep (2017) 37:333–40. doi: 10.3892/
or.2016.5276

21. An JH, Lee SY, Jeon JY, Cho KG, Kim SU, Lee MA. Identification of Gliotropic
Factors That Induce Human Stem Cell Migration to Malignant Tumor. J
Proteome Res (2009) 8:2873–81. doi: 10.1021/pr900020q

22. Chernov AV, Baranovskaya S, Golubkov VS, Wakeman DR, Snyder EY,
Williams R, et al. Microarray-Based Transcriptional and Epigenetic Profiling
of Matrix Metalloproteinases, Collagens, and Related Genes in Cancer. J Biol
Chem (2010) 285:19647–59. doi: 10.1074/jbc.M109.088153

23. Sok JC, Lee JA, Dasari S, Joyce S, Contrucci SC, Egloff AM, et al. Collagen
Type XI a1 Facilitates Head and Neck Squamous Cell Cancer Growth and
Invasion. Br J Cancer (2013) 109:3049–56. doi: 10.1038/bjc.2013.624

24. Shen L, Yang M, Lin Q, Zhang Z, Zhu B, Miao C. COL11A1 is Overexpressed
in Recurrent non-Small Cell Lung Cancer and Promotes Cell Proliferation,
Migration, Invasion and Drug Resistance. Oncol Rep (2016) 36:877–85.
doi: 10.3892/or.2016.4869

25. Tu H, Li J, Lin L, Wang L. COL11A1 was Involved in Cell Proliferation,
Apoptosis and Migration in non-Small Cell Lung Cancer Cells. J Invest Surg
(2021) 34:664–9. doi: 10.1080/08941939.2019.1672839

26. Jin Y, Zhu H, Cai W, Fan X, Wang Y, Niu Y, et al. B-Myb is Up-Regulated and
Promotes Cell Growth and Motility in Non-Small Cell Lung Cancer. Int J Mol
Sci (2017) 18:860. doi: 10.3390/ijms18060860

27. Turkowski K, Herzberg F, Günther S, Brunn D, Weigert A, Meister M, et al.
Fibroblast Growth Factor-14 Acts as Tumor Suppressor in Lung
Adenocarcinomas. Cells (2020) 9:1755. doi: 10.3390/cells9081755

28. Jia D, Liu Z, Deng N, Tan TZ, Huang RY-J, Taylor-Harding B, et al. A
COL11A1-Correlated Pan-Cancer Gene Signature of Activated Fibroblasts for
the Prioritization of Therapeutic Targets. Cancer Lett (2016) 382:203–14.
doi: 10.1016/j.canlet.2016.09.001

29. Wu Y-H, Chang T-H, Huang Y-F, Huang H-D, Chou C-Y. COL11A1
Promotes Tumor Progression and Predicts Poor Clinical Outcome in
Ovarian Cancer. Oncogene (2014) 33:3432–40. doi: 10.1038/onc.2013.307

30. Cheon D-J, Tong Y, Sim M-S, Dering J, Berel D, Cui X, et al. A Collagen-
Remodeling Gene Signature Regulated by TGF-b Signaling Is AssociatedWith
Metastasis and Poor Survival in Serous Ovarian Cancer. Clin Cancer Res
(2014) 20:711–23. doi: 10.1158/1078-0432.CCR-13-1256

31. Wu Y-H, Chang T-H, Huang Y-F, Chen C-C, Chou C-Y. COL11A1 Confers
Chemoresistance on Ovarian Cancer Cells Through the Activation of Akt/C/
Ebpb Pathway and PDK1 Stabilization. Oncotarget (2015) 6:23748–63.
doi: 10.18632/oncotarget.4250

32. Wu Y-H, Huang Y-F, Chang T-H, Chou C-Y. Activation of TWIST1 by
COL11A1 Promotes Chemoresistance and Inhibits Apoptosis in Ovarian
June 2022 | Volume 12 | Article 925165

https://doi.org/10.3322/caac.21708
https://doi.org/10.1007/s10555-008-9173-4
https://doi.org/10.1186/s13046-019-1110-6
https://doi.org/10.1016/j.tibtech.2015.01.004
https://doi.org/10.1016/j.stem.2011.10.004
https://doi.org/10.1038/nrc2544
https://doi.org/10.1016/j.semcancer.2019.09.004
https://doi.org/10.1016/j.semcancer.2019.09.004
https://doi.org/10.1038/oncsis.2017.54
https://doi.org/10.7150/thno.26546
https://doi.org/10.1007/s13277-015-3295-4
https://doi.org/10.1074/jbc.275.14.10370
https://doi.org/10.1016/j.matbio.2020.09.001
https://doi.org/10.1101/cshperspect.a004978
https://doi.org/10.3934/mbe.2020073
https://doi.org/10.1186/s12935-019-1066-9
https://doi.org/10.1016/j.cyto.2014.11.007
https://doi.org/10.1186/1471-2407-14-867
https://doi.org/10.1080/15384047.2018.1423915
https://doi.org/10.1080/15384047.2018.1423915
https://doi.org/10.3892/or.2016.5276
https://doi.org/10.3892/or.2016.5276
https://doi.org/10.1021/pr900020q
https://doi.org/10.1074/jbc.M109.088153
https://doi.org/10.1038/bjc.2013.624
https://doi.org/10.3892/or.2016.4869
https://doi.org/10.1080/08941939.2019.1672839
https://doi.org/10.3390/ijms18060860
https://doi.org/10.3390/cells9081755
https://doi.org/10.1016/j.canlet.2016.09.001
https://doi.org/10.1038/onc.2013.307
https://doi.org/10.1158/1078-0432.CCR-13-1256
https://doi.org/10.18632/oncotarget.4250
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Wu and Chou COL11A1 as Novel Therapeutic Target
Cancer Cells by Modulating NF-kb-Mediated Ikkb Expression. Int J Cancer
(2017) 141:2305–17. doi: 10.1002/ijc.30932

33. Rada M, Nallanthighal S, Cha J, Ryan K, Sage J, Eldred C, et al. Inhibitor of
Apoptosis Proteins (IAPs) Mediate Collagen Type XI Alpha 1-Driven
Cisplatin Resistance in Ovarian Cancer. Oncogene (2018) 37:4809–20.
doi: 10.1038/s41388-018-0297-x

34. Nallanthighal S, Rada M, Heiserman JP, Cha J, Sage J, Zhou B, et al. Inhibition
of Collagen XI Alpha 1-Induced Fatty Acid Oxidation Triggers Apoptotic Cell
Death in Cisplatin-Resistant Ovarian Cancer. Cell Death Dis (2020) 11:258.
doi: 10.1038/s41419-020-2442-z

35. Yeung T-L, Leung CS, Yip K-P, Sheng J, Vien L, Bover LC, et al. Anticancer
Immunotherapy by MFAP5 Blockade Inhibits Fibrosis and Enhances
Chemosensitivity in Ovarian and Pancreatic Cancer. Clin Cancer Res (2019)
25:6417–28. doi: 10.1158/1078-0432.CCR-19-0187

36. Wu Y-H, Huang Y-F, Chang T-H, Chen C-C, Wu P-Y, Huang S-C, et al.
COL11A1 Activates Cancer-Associated Fibroblasts by Modulating TGF-b3
Through the NF-kb/IGFBP2 Axis in Ovarian Cancer Cells. Oncogene (2021)
40:4503–19. doi: 10.1038/s41388-021-01865-8

37. Wu Y-H, Huang Y-F, Chang T-H, Wu P-Y, Hsieh T-Y, Hsiao S-Y, et al. MiR-
335 Restrains the Aggressive Phenotypes of Ovarian Cancer Cells by
Inhibiting COL11A1. Cancers (Basel) (2021) 13:6257. doi: 10.3390/
cancers13246257

38. Li Y, Liu Z, Sun Y, Ding H, Ren D, Li Y, et al. COL11A1 Acted as a
Downstream of Mist1 to Promote the EMT in Pancreatic Cancer (2020).
Available at: https://assets.researchsquare.com/files/rs-108113/v1/7ea6f9b7-
0a0f-456d-b7d1-e766a5d50cb8.pdf?c=1631861178.

39. Feldmann G, Habbe N, Dhara S, Bisht S, Alvarez H, Fendrich V, et al.
Hedgehog Inhibition Prolongs Survival in a Genetically Engineered Mouse
Model of Pancreatic Cancer. Gut (2008) 57:1420–30. doi: 10.1136/
gut.2007.148189

40. Gaspar NJ, Li L, Kapoun AM, Medicherla S, Reddy M, Li G, et al. Inhibition of
Transforming Growth Factor Beta Signaling Reduces Pancreatic
Adenocarcinoma Growth and Invasiveness. Mol Pharmacol (2007) 72:152–
61. doi: 10.1124/mol.106.029025

41. Wang H, Ren R, Yang Z, Cai J, Du S, Shen X. The COL11A1/Akt/CREB
Signaling Axis Enables Mitochondrial-Mediated Apoptotic Evasion to
Promote Chemoresistance in Pancreatic Cancer Cells Through Modulating
BAX/BCL-2 Function. J Cancer (2021) 12:1406–20. doi: 10.7150/jca.47032

42. Bogusławska J, Rodzik K, Popławski P, Kędzierska H, Rybicka B, Sokół E, et al.
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