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Following injury the kidney undergoes a repair process, which results in

replacement of the injured tissue with little evidence of damage. However,

repetitive injuries or inability of the kidney to stop the repair process result in

abnormal deposition of extracellular matrix (ECM) components leading to

fibrosis and organ dysfunction. The synthesis/degradation of ECM

components is finely regulated by several factors, including discoidin domain

receptors (DDRs). These are receptor tyrosine kinases that are activated by

collagens. Upon activation, DDRs control several cell functions that, when

exacerbated, contribute to kidney injury and fibrosis. DDRs are undetectable

in healthy kidney, but become rapidly upregulated in several kidney fibrotic

conditions, thus making them attractive anti-fibrotic targets. DDRs contribute

to kidney injury and fibrosis by promoting apoptosis of injured kidney cells,

stimulating the production of pro-inflammatory cytokines, and regulating the

production of ECM components. They achieve these effects by activating

canonical intracellular molecules or by directly interacting with nuclear

chromatin and promoting the transcription of pro-fibrotic genes. The goal

of this review is to highlight canonical and non-canonical mechanisms whereby

DDRs contribute to kidney injury/fibrosis. This review will summarize key

findings obtained using cells and mice lacking DDRs and it will discuss the

discovery and development of targeted DDR small molecule- and antisense-

based inhibitors. Understanding the molecular mechanisms whereby DDRs

control kidney injury and fibrosis might enable us to not only develop more

selective and potent inhibitors, but to also determine when DDR inhibition

needs to be achieved to prevent and/or halt the development of kidney fibrosis.
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Discoidin domain receptor family
members

Discoidin domain receptors (DDRs) belong to the family of

transmembrane receptor tyrosine kinases (RTKs). This family

includes two distinct members, DDR1 andDDR2 that specifically

recognize collagens as their ligand. Both DDRs bind fibrillar

collagens (e.g., collagens I-III); however for non-fibrillar

collagens, DDR1 binds to basement membrane collagen IV

while DDR2 binds collagen X (Shrivastava et al., 1997; Vogel

et al., 1997; Hou et al., 2001; Leitinger et al., 2004; Leitinger and

Kwan, 2006). Another characteristic of DDRs is that, unlike

typical RTKs which are monomers in the absence of ligands,

DDRs form stable ligand-independent noncovalent dimers that

exist on the cell surface before ligand binding (Noordeen et al.,

2006; Leitinger, 2014).

DDRs have three major domains: 1) an ectodomain that

contains the N-terminal DS domain and a second globular

domain, DS-like domain, that is unique to DDRs; 2) a single

transmembrane domain that consist of an extracellular

juxtamembrane region containing phosphorylatable tyrosine

residues and a transmembrane helix mediating collagen

independent receptor dimerization; and 3) an intracellular

domain that is comprised of a large intracellular

juxtamembrane region and a kinase domain followed by a

short C-terminal tail (Carafoli and Hohenester, 2013; Iwai

et al., 2014). Upon binding of collagen to the DS domain,

DDRs undergo autophosphorylation of multiple tyrosine

residues in the activation loop, which is likely to cause the

kinase domain to switch from the inactive to the active state.

DDR2 has only 1 isoform, while DDR1 exists in five different

isoforms (DDR1a–e) which are generated through alternative

splicing (Alves et al., 2001). DDR1a–c encode functional receptor

tyrosine kinases with DDR1b and DDR1c carrying an additional

37 amino acids within the intracellular juxtamembrane region,

while DDR1d and DDR1e lack kinase activity. DDR1a and

DDR1b are the major isoforms expressed in various tissues

during development and in adulthood (Borza and Pozzi,

2014). DDRs regulate a number of fundamental biological

processes including cell adhesion, migration, proliferation, and

extracellular remodeling (Borza and Pozzi, 2014; Coelho et al.,

2019; Auguste et al., 2020; Lafitte et al., 2020; Borza et al., 2022b).

As mentioned above, the only difference between DDR1a and

DDR1b is an extra 37 amino acids in the DDR1b intracellular

juxtamembrane region preceding the kinase domain.

Interestingly, these 37 extra amino acids contain an NPxY

motif which we recently showed is critical for the binding of

the scaffolding protein talin, localization of DDR1b to focal

adhesions and promotion DDR1b-mediated cell migration

(Borza et al., 2022b). With the exception of our and other few

studies, the molecular mechanisms whereby DDRs exert their

function are not fully understood. Proteomic analysis has been

instrumental in generating a molecular signature of DDR

signaling mechanisms in human health and disease and to

advance our understanding of DDR biology (Lemeer et al.,

2012; Iwai et al., 2013; Iwai et al., 2014). In addition, the

generation of global as well as tissue selective DDR-null mice

has enabled us to better understand the contribution of these

RTKs to organ development and tissue function in both

physiological and pathological setting. This review focuses on

the contribution of DDR1 and DDR2 to kidney injury and

disease.

Discoidin domain receptor
expression in disease

Abnormal DDR expression has been documented in

pathological conditions including cancer, inflammatory

and fibrotic diseases (Gao et al., 2021). In the context of

kidney injury and disease, immunohistochemical analysis of

DDR1 levels and localization showed that this receptor is

upregulated in: 1) proximal tubule cells of subjects with

transplant acute kidney injury (Chiusa et al., 2019); 2)

cellular crescents as well as parietal epithelial cells and

podocytes in glomerulonephritis (Kerroch et al., 2012;

Moll et al., 2018); 3) parietal epithelial cells and distal

tubule cells in Alport syndrome (Richter et al., 2019);

and 4) tubule cells in diabetic nephropathy (Moll et al.,

2019).

Consistent with the findings in subjects with kidney disease,

DDR1 is upregulated in multiple animal models of kidney injury.

In nephrotoxic serum-induced glomerulonephritis (NTS-SN),

DDR1 is upregulated in podocytes, based on immunostaining

(Kerroch et al., 2012) as well as in cellular crescents, parietal

epithelial cells and tubular structures based on in situ

hybridization (Moll et al., 2018). In hypertension-induced

nephropathy, immunostaining revealed DDR1 upregulation in

renal vessels and in glomeruli (Flamant et al., 2006), while in the

unilateral ureteral obstruction (UUO) model, increased

DDR1 expression is detected in the interstitium (Guerrot

et al., 2011). In hereditary angiopathy with nephropathy,

aneurysms, and muscle cramps syndrome DDR1 was shown

to be upregulated in parietal epithelial cells by immunostaining

(Chen et al., 2016), while in the remnant kidney model DDR1 is

upregulated in glomeruli (Lee et al., 2004). Finally, western blot

analysis revealed DDR1 upregulation in the mouse model of

Alport syndrome (Richter et al., 2019). Most of the studies for

DDR1 localization used a polyclonal antibody to DDR1 directed

towards the C-terminus of DDR1. The specificity/cross-reactivity

of this antibody has been recently questioned (Moll et al., 2019).

Based on our experience, this antibody is highly cross-reactive in

mouse tissue, with strong signals also in kidneys of injured

DDR1-null mice. Thus, confirmation of DDR1 localization in

injured mouse kidneys should be validated by the use of

additional selective/validated anti-DDR1 antibodies.
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Recently, using a model of severe ischemia/reperfusion-

induced acute kidney injury (AKI) that progresses to chronic

kidney disease (CKD) and tubulointerstitial fibrosis, we showed

by Western blot analysis that DDR1 is upregulated and activated

both in the acute and chronic phases of kidney injury (Borza

et al., 2022a). A major hurdle to the analysis of DDR expression

and localization in mouse models of kidney injury, is the lack of

specific or validated anti-mouse DDR1 antibody. The availability

of DDR1tm1a mice through EUCOMM (Coleman et al., 2015)

that carry a LacZ gene between exons 5 and 6 of the DDR1 gene

and have the LacZ gene regulated by the endogenous

DDR1 promoter, can be used to localize DDR1 expression.

We showed that DDR1tm1a have low and/or undetectable

levels of β-galactosidase staining at baseline; however after

severe AKI that progresses to CDK, a positive staining can be

detected primarily in proximal tubules (the major tubules injured

in AKI) at both acute and chronic phases of injury (Borza et al.,

2022a). Ideally crossing these mice with genetic models of kidney

diseases, or exposing these mice to various models of kidney

injury can easily allow the analysis and visualization of renal

DDR1 expression and localization at baseline and following

injury.

The availability of mice lacking DDR1 has been instrumental

in studying the role of this receptor in the initiation and

progression of kidney disease. As summarized in Table 1,

DDR1-null mice are protected from the development and/or

progression of kidney disease following injury, clearly suggesting

that upregulation of DDR1 observed in animal models of kidney

injury and subjects with kidney disease contributes to kidney

injury.

In contrast to DDR1, whether and where DDR2 expression is

upregulated in subjects with kidney disease has not been

investigated. In some animal models of kidney injury like

Alport syndrome (Sannomiya et al., 2021) and UUO (Li et al.,

2019b), upregulation of DDR2 expression has been shown by

Western blot and RT-PCR, respectively. However, no changes in

DDR2 expression are observed in the remnant kidney model (Lee

et al., 2004). However, whether increased expression contributes

to disease seems to be disease model specific. To this end, mice

lacking DDR2 show reduced renal interstitial fibrosis in the UUO

model compared to injured wild-type mice (Li et al., 2019b)

(Table 1). On the other hand, in vivo downregulation of DDR2 in

Alport mice using DDR2-specific antisense oligonucleotide

therapy did not improve proteinuria, nor it ameliorated renal

injury, inflammation and fibrosis (Sannomiya et al., 2021)

(Table 2). Thus, unlike DDR1 (Gross et al., 2010),

DDR2 might not be critically involved in the pathogenesis of

Alport syndrome.

Factors contributing to the regulation
of discoidin domain receptor
expression

Although it is well-established that the levels of DDRs are

low/undetectable in healthy organs, changes in the expression of

these two receptors are observed following injury or in disease.

However, the mechanisms controlling DDR expression are not

fully understood. Studies performed on cancer cells suggest that

microRNAs negatively regulate DDR1 expression. To this end,

lower levels of miR-199-3p correlate with increased

DDR1 expression in ovarian cancer cells and in human

ovarian cancer tissue (Deng et al., 2017) while decreased levels

of miR-199-5p correlate with increased DDR1 expression in

breast cancer cells (Mata et al., 2016). Moreover, in an animal

model of cerebral ischemia injury the levels of miR-199a-5p are

inversely correlated to DDR1 levels (Li et al., 2019a).

Interestingly, in subjects with diabetic nephropathy there is a

negative correlation between miR-199-3p levels and proteinuria,

and renal tubular epithelial cells exposed to high glucose show a

TABLE 1 Effect of DDR genetic deletion in mouse models of kidney disease.

Genetically deleted
gene

Animal model Outcome Reference

DDR1 AngII-induced hypertensive
nephropathy

Decreased periglomerular and interstitial fibrosis, decreased proteinuria, decreased
macrophage number

Flamant et al.
(2006)

DDR1 UUO Reduced cytokine expression, reduced macrophage activation, reduced inflammation,
reduced fibrosis

Guerrot et al.
(2011)

DDR1 NTS-induced glomerulonephritis Decreased proteinuria and uremia, reduced glomerular crescents, reduced fibrin
deposits, reduced macrophage infiltration, reduced interstitial fibrosis

Kerroch et al.
(2012)

DDR1 Col4a3−/− mice (Alport
syndrome)

Increased survival, preserved renal function, decreased inflammation, decreased
fibrosis

Gross et al. (2010)

DDR1 Partial renal ablation Decreased proteinuria, reduced fibrosis Borza et al. (2017)

DDR1 I/R with delayed nephrectomy Decreased macrophage infiltration, reduced inflammation, reduced fibrosis Borza et al.
(2022a)

DDR2 UUO Decreased fibrosis Li et al. (2019b)

AngII, angiotensin II; UUO, unilateral ureteral obstruction NTS, nephrotoxic serum; I/R, ischemia/reperfusion.
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time-dependent decrease inmiR-199-3p expression (Zhang et al.,

2020). These findings, together with the evidence that increased

expression of DDR1 is observed in the kidneys of subjects with

diabetic nephropathy (Moll et al., 2019), seem to support a role

for micro-RNAs in the control of DDR1 expression. In addition

to micro-RNAs, cytokines have been shown to regulate the

expression of DDR1. To this end, TGF-β upregulates

DDR1 expression in hepatocarcinoma cells via SMAD-4

activation (Ezzoukhry et al., 2016). Interestingly, we showed

that DDR1 promotes TGF-β production in renal proximal

tubule cells via activation of signal transducer and activator of

transcription 3 (Borza et al., 2022a), thus potentially creating a

vicious cycle leading to upregulation of two major pro-fibrotic

(TGF-β and DDR1) and pro-inflammatory (DDR1) molecules.

DDR1 expression can be negatively or positively regulated by

various transcription factors in a cell type specific manner. The

Zinc finger E-box-binding homeobox 1, for example,

downregulates DDR1 expression in breast carcinoma cells

(Koh et al., 2015) and in the neurons of spinal dorsal horn

after treatment with the chemotherapeutic drug oxaliplatin

(Chen et al., 2021). In contrast, the transcription factors YAP/

TAZ associate with DDR1 promoter and upregulates its

expression in vascular smooth muscle cells in response to

substrate stiffness (Ngai et al., 2022).

Mechanisms that control DDR2 expression are less

understood. Consistent with selective DDR2 mesenchymal

expression, DDR2 is upregulated by the epithelial-to-

mesenchymal inducing transcription factor TWIST1 in breast

cancer cells (Grither et al., 2018; Lin et al., 2021). In cardiac

fibroblasts, DDR2 expression is upregulated at both RNA and

protein levels by the blood pressure controlling peptide hormone

angiotensin II via activation of the transcription factor NF-κB
(George et al., 2016). Interestingly, in the same cell type,

DDR2 positively regulates the expression of the angiotensin

receptor II expression and production of the pro-fibrotic

molecule collagen I, thus creating a vicious cycle (Titus et al.,

2021). In smooth muscles cells, the expression of DDR2 seems to

be regulated by angiotensin II, TGF-β as well as by mechanical

stretch (Jufri et al., 2015). To this end, smoothmuscle cells exposed

to cyclic mechanical stretch show increased DDR2 RNA and

protein expression (Jufri et al., 2015). The finding that

treatment of cells with p38MAPK small interfering RNA

(siRNA), or the transcription factor c-myc siRNA prevents

stretch-induced DDR2 upregulation suggests that intracellular

kinases as well transcription factors can control

DDR2 expression in the setting of mechanical forces (Jufri

et al., 2015). As angiotensin II induces hypertension and

elevated blood pressure that occurs with hypertension exposes

cells to excessive mechanical load, together with the finding that

angiotensin II controls DDR expression, the Angiotensin-II/DDR

axis could represent a potential deleterious pathway activated in

several diseases, including hypertension-mediated kidney disease.

Regulation of discoidin domain
receptor kinase activity

As mentioned above, DDRs are unusual RTKs in that they

form ligand-independent stable dimers that are noncovalently

linked (Noordeen et al., 2006; Mihai et al., 2009) and undergo

auto-phosphorylation upon binding to collagen. However, how

collagen induces DDR phosphorylation or how the kinase

activity of the receptors is regulated is not fully understood.

DDR2, but not DDR1, requires the tyrosine kinase Src activity to

be fully phosphorylated (Ikeda et al., 2002; Yang et al., 2005;

Sammon et al., 2020). For DDR1, it has been proposed that upon

collagen binding the receptor is activated in two distinct phases

(Corcoran et al., 2019). In the first phase, which occurs rapidly

within minutes, DDR1 redistributes into morphologically

distinct clusters which contain unphosphorylated receptor. In

the second phase, which is slower, DDR1 forms densely packed

clusters which allow DDR1 phosphorylation between

neighboring dimers (Juskaite et al., 2017). Whether, upon

collagen treatment, a similar two-phase aggregation occurs for

DDR2 phosphorylation is not known. An explanation for this

low kinase activity of DDR1 has been suggested by Hanson et al.

TABLE 2 Targeting DDRs in mouse models of kidney disease.

Treatment Animal model Outcome Reference

DDR1-specific antisense
oligodeoxynucleotides

NTS-induced glomerulonephritis Reduced podocyte injury, reduced inflammation, reduced fibrosis Kerroch et al.
(2012)

DDR1-specific antisense
oligodeoxynucleotides

UUO NTS-induced glomerulonephritis Preserved renal function, preserved renal structure Kerroch et al.
(2016)

DDR1 Small molecule inhibitor
Roche-Chugai

NTS- induced glomerulonephritis NEP25-
induced glomerulonephritis

Improved renal function, improved histology, decreased expression
of inflammatory genes, decreased expression of fibrotic genes

Moll et al. (2018)

DDR1 Small molecule
inhibitor 2.45

Col4a3−/− mice (Alport syndrome) Preserved renal function, reduces renal fibrosis Richter et al.
(2019)

DDR2-specific antisense
oligodeoxynucleotides

Col4a3−/− mice (Alport syndrome) No beneficial effects on proteinuria, renal injury, inflammation or
fibrosis

Sannomiya et al.
(2021)

UUO, unilateral ureteral obstruction; NTS, nephrotoxic serum.
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(2019) who used computational and biochemical studies to show

that the DDR1 kinase domain is unusually stable in an inactive

conformation. In addition, Sammon et al. (2020) showed that the

intracellular juxtamembrane (JM) region JM4, proximal to the

kinase domain, is critical for the autoinhibition of DDR1 kinase

activity. They proposed that activation of the DDR1 kinase

requires first phosphorylation of two tyrosine residues within

the JM4, Tyr-569 and Tyr-586, followed by autophosphorylation

of the tyrosines in the activation loop (Figure 1). However,

phosphomimic mutation of Tyr-569 and Tyr-586 (capital T)

in the full length DDR1—which should alleviate kinase

autoinhibition thus resulting in an activated

receptor—surprisingly results in a receptor that is no longer

phosphorylated in response to collagen (Sammon et al., 2020). A

possible explanation for this unexpected result, as suggested by

the authors, is that the two tyrosine residues may play additional

roles by interacting with DDR1 binding partners.

Another mechanism that controls DDR1 activation is

glycosylation. N-glycosylation of the Asparagine 211 within

the DS-like domain of DDR1 is important in negatively

regulating DDR1 activation (Figure 1), as mutating this key

amino acid results in collagen-independent constitutive

phosphorylation of the receptor and prolonged

DDR1 activation/phosphorylation following collagen treatment

(Fu et al., 2014). Thus, glycosylation might be helpful in keeping

the receptor in an inactive non-functional state. Overall,

collagen-induced DDR activation is complex and requires

collagen-induced aggregation and release from autoinhibition

for DDR1 and participation of other kinases (e.g., Src) for DDR2.

Cellular mechanism of discoidin
domain receptor action

The mechanism whereby DDRs contributes to disease,

particularly kidney disease, is not fully understood. Kidney

disease is a multicellular process involving both resident and

infiltrating cells that either directly or by interacting with each

other can affect disease initiation and progression. Several studies

indicate that DDR1 mediates in the initiation and development

of inflammatory kidney disorders. However, whether DDR1 is

expressed by immune cells thus directly regulating their function,

or it stimulates an immune response by resident cells is still

unclear. In vitro studies suggest that stimulated mononuclear

cells of peripheral blood and T-cells express DDR1 which is

required for cell migration in three-dimensional collagen

matrices (Kamohara et al., 2001; Hachehouche et al., 2010;

Chetoui et al., 2011). Mechanistically, in T-cells

FIGURE 1
Key amino acids in DDR1 that regulate DDR1 activation. Schematic representation of DDR1 showing both extracellular and intracellular
domains. N glycosylation of Asn-211 in the extracellular DS-like domain is key in keeping the receptor in an inactive, non-functional state. Mutation of
this key amino acid results in collagen-independent constitutive phosphorylation of the receptor and prolonged DDR1 activation/phosphorylation
following collagen treatment. Tyr-569 and Tyr-586 within the intracellular juxtamembrane domain are key in regulating DDR1 activation. Full
activation of the DDR1 kinase in response to collagen requires first phosphorylation of Tyr-569 and Tyr-586, followed by autophosphorylation of key
tyrosines in the kinase domain. DS, discoidin; EJXM, extracellular juxtamembrane; TM, transmembrane; IJXM, intracellular juxtamembrane.
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DDR1 promotes migration via the activation of RhoA/ROCK/

MAPK/ERK signaling pathway (El Azreq et al., 2016; Kadiri

et al., 2017). Similar to DDR1, DDR2 seems to be expressed on

circulating human neutrophils and it regulates their migration in

three-dimensional collagen matrices promoting chemotaxis

through its ability to increase MMP-8 secretion (Afonso et al.,

2013). DDR2 is also upregulated in collagen-mediated

maturation of mouse bone marrow-derived dendritic cells

(Lee et al., 2007) as well as in human monocyte-derived

dendritic cells (Poudel et al., 2012). In dendritic cells,

DDR2 regulates dendritic cell-mediated activation and

proliferation of T-cells. DDR2 depletion significantly reduces

dendritic cell-mediated production of inflammatory cytokine IL-

2 and IFN-γ and T-cell proliferation (Lee et al., 2007; Poudel

et al., 2012).

With the exception of these studies, very few groups have

studied the expression and role of DDRs in immune cells

particularly focused on kidney disease. Analysis of

DDR1 expression by immunostaining, revealed increased

expression of this collagen receptor on infiltrating

macrophages in kidneys of mice subjected to UUO (Guerrot

et al., 2011). Expression of DDR1 on macrophages seems to

promote MCP1-induced cell migration, suggesting that

DDR1 contributes to kidney damage by directly promoting

inflammatory responses (Guerrot et al., 2011). In contrast to

this finding, DDR1 is not found expressed in inflammatory cells

in injured kidneys but it seems to promote immune cell

infiltration via cytokine secretion by injured kidney cells

(Flamant et al., 2006; Gross et al., 2010; Kerroch et al., 2012;

Kerroch et al., 2016; Moll et al., 2019; Borza et al., 2022a). Figure 2

summarizes some of the functions exerted by DDR1 and

DDR2 on immune cells.

As mentioned above staining performed on kidneys of

subjects with human kidney disease as well as the use of

DDR1tma1 mice, clearly show upregulation of DDR1 in

injured resident cells, such as glomerular and/or tubular cells.

These data suggest that DDR1 in resident cells might contribute

to disease progression. DDR1 deleterious effects can be due to its

ability to induce immune responses as well to stimulate pro-

fibrotic responses in injured resident cells. We showed that

DDR1 on renal proximal tubular epithelial cells promotes the

production of the pro-inflammatory cytokineMCP-1 in response

to collagen. Mechanistically, activation of DDR1 results in

phosphorylation of its downstream target Breakpoint Cluster

FIGURE 2
Role of DDRs in regulating immune cell responses. Collagen-mediated activation of DDR1 in T-cells promotes cell migration via activation of
the RhoA/ROCK/ERK signaling. In neutrophils, cell migration is mediated by DDR2-induced secretion of MMP8 which promotes the generation of
collagen-derived chemotactic peptide gradients. DDR2 expressed on dendritic cells promotes secretion of cytokines (e.g., IL-2 or IFN-γ) thus
stimulating T-cell differentiation and/or proliferation. The direct role of DDR1 inmacrophage is less clear. DDR1 seems to control cell migration
by promoting secretion of MCP-1. However, this cytokine can also be produced by injured kidney cells thus indirectly promoting macrophage
migration/infiltration. See text for details.
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Region Protein (BCR) which results in β-catenin activation and

in turn MCP-1 production (Borza et al., 2022a) (Figure 3). The

observation that proximal tubule epithelial cells lacking

DDR1 expression fail to phosphorylate BCR and promote

MCP1 production in response to collagen, clearly indicates

that DDR1/BCR is a key pathway involved in the promotion

of immune responses by renal epithelial cells (Borza et al., 2022a).

In addition to MCP1, DDR1 activation in pancreatic cancer cells

initiates PKCθ/SYK/NF-κB signaling cascade which increases

CXCL5 production and results in the recruitment of tumor

associated neutrophils and formation of neutrophils

extracellular traps (Deng et al., 2021). In adipose stem/

progenitor cells, DDR1 promotes the secretion of IL6 (Sun

et al., 2018). Interestingly, CXCL5 has been shown to drive

neutrophil recruitment and kidney damage in a mouse model

of TH17-mediated glomerulonephritis (Disteldorf et al., 2015),

and IL6 is a cytokine shown to accelerate renal fibrosis after AKI

via activation of β-catenin (Guo et al., 2022).

While the contribution of DDR1 in promoting the

secretion of pro-inflammatory cytokines by kidney resident

cells is well described, the role of DDR2 in promoting

inflammatory responses by these cells is not clear.

However, studies conducted in other organs or cell systems

suggest that DDR2 can indeed stimulate the production of

pro-inflammatory cytokines. To this end, human embryonic

kidney cells overexpressing DDR2 increased secretion of IL-12

production via NF-κB and JNK pathway in response to

collagen (Poudel et al., 2013). Moreover, in the synovial

tissue of rheumatoid arthritis patients, DDR2 mRNA

expression was significantly associated with the levels of

pro-inflammatory IL-15, and collagen-induced activation of

DDR2 in human fibroblast like synoviocytes results in

increased IL-15 production thus promoting inflammation

(Mu et al., 2020). Interestingly, angiotensin II—which is

upregulated in many mouse models of kidney disease—can

induce expression of DDR2 (George et al., 2016) and can

promote secretion of IL-15 in primary renal parenchymal cells

(Li et al., 2022). In the kidney, IL-15 promotes CD8+ tissue-

resident-memory T-cell formation and activation, thereby

promoting podocyte injury and glomerulosclerosis (Li

et al., 2022). Thus both DDR1 and DDR2 can contribute to

inflammation and kidney damage by promoting the secretion

of pro-inflammatory cytokines by resident cells.

In addition to promoting the production of pro-

inflammatory cytokines, DDRs can also contribute to disease

progression by stimulating the production of extracellular matrix

components. However, the pro-fibrotic actions of DDRs seems to

be cell, tissue and organ specific. For example, mammary glands

from DDR1-null mice contain substantially more collagen in the

adipose tissue (Vogel et al., 2001) and DDR1-null mammary

tumors contain significantly more fibrillar collagen than tumors

expressing DDR1 (Takai et al., 2018). Moreover, deletion of

DDR2 promotes carbon tetrachloride-induced hepatic fibrosis

(Olaso et al., 2011). Although it is not clear how deletion of these

receptors promotes collagen accumulation in breast and liver, a

possible explanation is that loss of DDR1 could lead to

upregulation of DDR2, or vice versa, as well as increased

expression/activation of other pro-fibrotic matrix receptors

such integrins. In contrast to these findings suggesting an

anti-fibrotic action by DDRs, deletion of DDR1 or

FIGURE 3
Potential DDR1-mediated pro-inflammatory and pro-fibrotic responses in resident kidney cells. Upregulation of DDR1 in injured proximal
tubule cells can contribute to inflammation by promoting MCP-1 production via a BCR/β-catenin pathway. It addition, it can contribute to fibrosis by
translocating to the nucleus and promoting collagen transcription (non canonical signaling) or TGF-β secretion via STAT3 activation. In injured
podocytes, DDR1 can interact with CD36 thus leading to free fatty acid (FFA) uptake, cell damage and in turn fibrosis. See text for details.
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DDR2 protects the mice from bleomycin induced-lung injury or

fibrosis (Avivi-Green et al., 2006; Zhao et al., 2016). In the context

of kidney injury, collagen-induced activation of DDR1 initiates

signaling pathways that promote fibrosis by directly increasing

collagen production in resident cells as well as production of pro-

fibrotic cytokines like TGF-β (Guerrot et al., 2011; Borza and

Pozzi, 2014; Borza et al., 2017; Chiusa et al., 2019; Borza et al.,

2022a) (Figure 3). We showed that in human renal proximal

tubule cells, collagen-activated DDR1 translocates to the nucleus

via interaction with nonmuscle myosin IIA and β-actin (Chiusa

et al., 2019). In the nucleus, DDR1 binds to chromatin to

promotes collagen IV transcription, a key collagen

upregulated in kidney fibrosis (Chiusa et al., 2019).

Interestingly, in mesenchymal cells overexpressing DDR1,

activated DDR1 interacts with nonmuscle myosin IIA thus

regulating fiber alignment and compaction, a key process that

influences tissue fibrosis (Coelho et al., 2017). More recently, we

showed that DDR1 activation in mouse proximal tubule

epithelial cells promotes STAT3 phosphorylation and TGF-β
production, a process that is inhibited by treatment of cells with a

selective DDR1 ATP-competitive small molecule inhibitor

(Borza et al., 2022a). By expressing various DDR1 mutants in

mesangial cells lacking DDR1, we showed that DDR1-mediated

collagen production requires a functional kinase domain, as

mutations of DDR1 in the collagen binding site or in the

kinase domain significantly reduce DDR1-mediated collagen

production (Borza et al., 2017). Thus, in the lung and kidneys

DDRs, particularly DDR1, seem to play a pro-fibrotic action,

clearly suggesting that their function is highly tissue and organ

dependent.

Discoidin domain receptors and
metabolism

It is well recognized that changes in lipid metabolism can lead

to both inflammation and fibrosis. Excessive lipid accumulation

or defective fatty acid oxidation is associated with increased

lipotoxicity, which directly contributes to the development of

fibrosis (Hwang and Chung, 2021). Because extracellular matrix

mechanical cues regulate lipid metabolism (Romani et al., 2019)

and mechanical stretch promotes DDR expression (Jufri et al.,

2015), investigators have started to analyze the contribution of

DDR-extracellular matrix interaction in lipid metabolism and

disease. Mice lacking DDR1 together with the low-density

lipoprotein receptor Ldlr (DDR1/Ldlr-null mice) show

increased energy expenditure and brown fat activity, and

overall reduced adipose tissue fibrosis compared to Ldlr-null

mice (Lino et al., 2020). In the context of kidney injury, podocytes

isolated from Alport mice show DDR1 activation in response to

collagen that correlates with increased fatty acid uptake and

triglyceride content (Kim et al., 2021). Mechanistically, activated

DDR1 interacts with CD36 thus promoting lipid influx,

lipotoxicity and cell damage (Figure 3). Treatment of Alport

mice with the cholesterol lowering agent ezetimibe significantly

decreased fibrosis in the Alport mice and protected podocytes

from injury (Kim et al., 2021). Although this study seems to link

DDR1 with lipid accumulation and cell damage, whether the in

vivo effects are directly linked to DDR1 is not clear. Analysis of

lipid accumulation in Alport mice treated with a selective

DDR1 inhibitor, or crossed with DDR1-null mice would help

in determining whether the reduced kidney injury due to lack of

DDR1 activity indeed correlates to changes in lipid uptake by

podocytes.

Although not directly investigated in kidney disease,

increasing evidence implicates DDR2 in lipid physiology. Mice

lacking DDR2 have reduced body mass index and adipose

amount compared to wild type mice (Kawai et al., 2014).

Moreover, selective deletion of DDR2 in adipose tissue

enhances lipolysis via activation of the Adcy5-cAMP-PKA

pathway (Yang et al., 2022). Thus, both DDR1 and DDR2 are

positive regulators of fatty metabolism and they could contribute

to disease by favoring fatty accumulation and increasing

extracellular matrix deposition, thus creating a vicious cycle

promoting fibrosis.

Discoidin domain receptors and cell
survival

Following AKI, the injured epithelia de-differentiate and

proliferate resulting in repair (Ishibe and Cantley, 2008).

When epithelial injury occurs repetitively or persists over

time, tubular apoptosis may occur leading to severe renal

injury. Increased DDR1 expression is observed in proximal

tubules of mice subjected to AKI (Borza et al., 2022a) and

subjects with transplant AKI (Chiusa et al., 2019). Because

receptor tyrosine kinases regulate cell survival, it is reasonable

to conceive that, in addition to regulating pro-inflammatory and

pro-fibrotic signaling, DDR1 might be also involved in the

regulation of proximal tubule cell survival. Although a direct

role of DDRs in renal cell survival/apoptosis has not been

evaluated, a dual pro- and anti-apoptotic role of DDRs has

been shown in cancer progression (Mehta et al., 2021).

DDR1 exerts a pro-survival, anti-apoptotic action in prostatic

cancer, hepatocellular carcinoma and non-small-cell lung

carcinoma (Shimada et al., 2008; Park et al., 2015; Villalba

et al., 2019; Azizi et al., 2020). Mechanistically, DDR1 seems

to promote cell survival by activating the Ras/Raf/MAPK

pathway resulting in increased expression of the anti-

apoptotic protein p53 (Ongusaha et al., 2003). In contrast to

this finding, DDR1 is a pro-apoptotic receptor in breast cancer.

In three-dimensional collagen matrices, DDR1 promotes

apoptosis of breast carcinoma cells through induction of the

pro-apoptotic Bcl-2-interacting killer protein (Maquoi et al.,

2012; Saby et al., 2019). In addition, DDR1 promotes
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apoptosis of colon cancer cells which can be inhibited by the low

density lipoprotein receptor related protein-1. When cultured in

three-dimensional collagen matrices, lipoprotein receptor related

protein-1 promotes DDR1 endocytosis thus decreasing cell

apoptosis (Le et al., 2020).

In contrast to DDR1, DDR2 seems to have primarily pro-

survival and anti-apoptotic function. In ovarian cancer,

activation of DDR2 seems to enhance ovarian cancer cell

survival by activating the Src-AKT pathway (Titus et al.,

2021). Moreover, in cardiac fibroblasts, DDR2 confers

resistance against oxidative stress by enhancing the expression

of the antiapoptotic molecule cIAP2 via ERK1/2 MAPK-

activated serum response factor (SRF) transcription factor

pathway (Titus et al., 2020). Finally, fibroblasts lacking

DDR2 expression are more prone to apoptosis, in vitro and in

vivo due to inability to activate the PDK1 (3-phosphoinositide

dependent protein kinase-1)/Akt survival pathway (Jia et al.,

2018). Collectively, DDRs can exert both pro- and anti-apoptotic

action and this seems to be dependent on the cell and disease

type. Opposite DDR-mediated effects on cell survival and

apoptosis could be due to different mechanisms, including: 1)

selective cellular expression of DDR1 (mainly epithelial) vs.

DDR2 (mainly mesenchymal); 2) selective ligand (e.g., fibrillar

vs. non-fibrillar collagen)-mediated activation of the receptors

that could lead to the initiation of cell specific intracellular

signaling; and 3) DDR kinase dependent vs. independent

activation of intracellular signaling.

Pharmacological approaches for
targeting discoidin domain receptors

Targeting DDRs in order to block their pro-inflammatory,

pro-fibrotic or pro-tumorigenic effects is an attractive

therapeutic option. There are several strategies that can be

used to target DDRs including blocking their expression with

antisense oligodeoxynucleotides (Kerroch et al., 2012; Kerroch

et al., 2016), targeting the extracellular domain in order to

prevent engagement with collagen (Grither and Longmore,

2018; Sun et al., 2021), or blocking their kinase activity

(Kothiwale et al., 2015; Ambrogio et al., 2016; Aguilera et al.,

2017; Hur et al., 2017; Jin et al., 2018).

In the context of kidney injury, downregulation of

DDR1 expression with antisense oligodeoxynucleotides (AON)

in the mouse model of NTS-GN preserves renal function and

structure (Kerroch et al., 2012). Moreover, AON-induced

downregulation of DDR1, immediately after the initiation of

the disease protects mice from the progression of

glomerulonephritis. In the UUO model, downregulation of

DDR1 expression with AON 2 days after injury reduced

inflammation and preserved renal structure (Kerroch et al.,

2016). In contrast to this finding, downregulation of

DDR2 expression with AON in a mouse model of Alport

syndrome did not decrease proteinuria, inflammation or

fibrosis (Sannomiya et al., 2021), despite lowering the levels of

MCP-1 and collagen I. It is not clear whether lack of overall

beneficial effects are due to incomplete depletion of DDR2 or

whether DDR2 does not play a role in the kidney injury in this

animal model. In addition, due to the lack of validated mouse

DDR2 antibody, it is not clear which cells in the kidneys express

this collagen receptor. Crossing the Alport mice with DDR2-null

mice would help in answering some of these outstanding

questions. Although AON seems to be a promising approach

in dampening DDR1-mediated deleterious effects in mouse

models of kidney diseases, whether downregulating

DDR1 expression is a feasible treatment option for patients

with kidney disease remains to be determined. Table 2

summarizes the effects of AON-mediated DDR1 targeting in

mouse models of kidney disease.

Targeting the extracellular domain of DDRs was shown to

be beneficial in animal models of cancer. A recent study that

looked at the role of DDR1 in triple-negative breast cancer

showed that DDR1 inhibits the infiltration of anti-tumor

immune cells by promoting collagen fibers alignment (Sun

et al., 2021). This protective function only requires the

extracellular domain, but not the kinase domain of DDR1.

Antibodies directed against the DDR1 extracellular domain

inhibited DDR1-mediated collagen fibers alignment and

tumor growth (Sun et al., 2021). Similar to DDR1, blocking

DDR2 interaction with collagen using the small molecule

inhibitor WRG-28 resulted in profound inhibition of

metastatic breast tumor cell colonization in the lungs

(Grither and Longmore, 2018). Because some of the DDR2-

mediated effects on tumor invasion, migration and metastasis

are independent of its kinase activity (Barcus et al., 2021),

targeting DDR2-collagen interaction represents a promising

options to halt tumor growth and invasion. Whether

preventing DDR/collagen interaction can be applied also in

the context of kidney disease is unclear. We and others have

shown that in the kidney, DDR1 pro-inflammatory or pro-

fibrotic effects require a functional kinase activity of the

receptor. Thus, inhibition of DDR1 kinase activity seems to

be an alternative attractive option.

Since blocking DDRs kinase activity emerged as an attractive

therapeutic option in cancer, inflammatory, and fibrotic diseases

(Bansod et al., 2021; Denny and Flanagan, 2021; Elkamhawy

et al., 2021; Dong et al., 2022), significant effort has been made to

identify potent and selective DDR1 inhibitors. DDR kinase

inhibitors are largely ATP-competitive inhibitors that can be

classified as type I or type II inhibitors. Type I inhibitors bind the

kinase in the active conformation with the highly conserved

DFG-motif of the activation loop in DFG-Asp-in conformation.

Type II inhibitors bind to the kinase in the inactive

conformation with DFG motif facing away from the active

site (DFG-Asp-out) (Kothiwale et al., 2015). However, the

DFG-Asp-out conformation is unusually stable in DDR1 and
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facilitates promiscuous inhibitor binding (Hanson et al., 2019).

Surprisingly, DDR1 has been shown to bind type I inhibitors,

like dasatinib, in an inactive conformation (Hanson et al., 2019).

Several potent DDRs inhibitors have been described which

showed efficacy in blocking DDR-mediated biological effects in

cell culture systems or in vivo animal models. Most of the DDR

kinase inhibitors so far developed have been studied primarily in the

context of cancer. For instance, the DDR1 inhibitor 3-(2-(pyrazolo

[1,5-a] pyrimidin-6-yl) ethynyl) benzamide (7rh) significantly

reduced tumor growth in gastric cancer xenografts (Hur et al.,

2017), tumor burden in KRAS-driven lung adenocarcinoma

(Ambrogio et al., 2016) and reduced primary tumor burden and

improved chemoresponse in pancreatic ductal adenocarcinoma

(Aguilera et al., 2017). Thus, DDR kinase inhibitors have been

generated in the last decade and clearly show efficient inhibition of

DDR1-mediated biological effects in animal models of cancer.

Whether these type of inhibitors can be used in kidney disease,

would require a careful analysis of their selectivity, toxicity and

pharmacokinetic properties.

We reported the discovery of a dual potent and selective

DDR1/2 inhibitor, VU6015929, which blocks collagen-induced

DDR1 activation and collagen IV production in mesangial cells

while displaying low cytotoxicity and acceptable in vitro DMPK

profile (Jeffries et al., 2020). Another dual DDR1/2 inhibitor,

XBLJ-13, significantly and dose-dependently inhibits lung

inflammation and fibrosis in the bleomycin-induced

pulmonary fibrosis animal model (Dong et al., 2022). Two

studies targeting the kinase activity of DDR1 in animal

models of kidney disease have been reported. The first study

(Moll et al., 2018) used an inhibitor developed by Roche-Chugai

in two models of glomerulonephritis: 1) nephrotoxic-serum

-induced glomerulonephritis and 2) NEP-25-

glomerulonephritis, a mouse model in which human CD25 is

expressed in podocyte and can be targeted with LMB2

(immunotoxin binding to human CD25 thus resulting in

podocyte injury and development of GN (Matsusaka et al.,

2005). For the NTS-GN injury model the inhibitor was used

at a low dose (1x coverage of IC50, 75 mg/kg) and high dose (10X

coverage of IC50, 200 mg/kg), in a prophylactic regime. In the

NEP-25-GN the inhibitor was administered at low dose

(50 mg/kg) starting 7 days after the LMB2 treatment.

Interestingly, in the NTS-GN model the DDR1 inhibitor at

high, but not at low dose preserved renal function and

reduced tubulo-interstitial inflammation and fibrosis. The

effect of the DDR1 inhibitor in the NEP-25 models was

modest most likely due to its low dose and therapeutic

regime. These results seem to suggest that complete

DDR1 inhibition is required to achieve the desired protective

biological effect. Due to the low dose used, whether

DDR1 inhibitors can be used as prophylactic or therapeutic

drugs in kidney disease, needs to be better evaluated.

The second study used a DNA-encoded library-derived

DDR1 inhibitor in a mouse model of Alport syndrome. The

DDR1 inhibitor used, 2.45, has good selectivity, metabolic

stability, pharmacokinetic and physicochemical properties

(Richter et al., 2019). When administered intraperitoneally,

daily, at 90 mg/kg for 4 weeks, starting at 4 weeks of age, the

DDR1 inhibitor preserved renal function and reduced tissue

damage. As the experiment was stopped at week 8 is not clear

whether this DDR1 inhibitor, would increase survival of Alport

mice as observed in the Alport mice crossed with the DDR1-null

mouse (Gross et al., 2010). Moreover, is not clear at what time

point DDR1 is overexpressed in the Alport mice and whether

administering the inhibitor when the receptor starts to be

expressed would provide better therapeutic benefits. Overall,

these two studies showing some beneficial effects of blocking

DDR1 in the context of kidney disease, establish DDR1 as a

promising therapeutic target. However, further studies in the

optimization of DDR1 inhibitors, target engagement and

evaluation of potential off target effects is required.

Conclusion

DDRs are involved in the initiation and progressions of several

diseases, including cancer and fibrotic diseases. In the context of

kidney disease, cytokines and peptide hormones such as TGF-β and
angiotensin-II that are either upregulated in or contribute to kidney

disease might exert their deleterious effects by promoting the

expression of DDRs (Ezzoukhry et al., 2016; George et al.,

2016). In turn, DDRs could contribute to disease progression by

activating apoptotic, inflammatory and fibrotic signaling in a cell

type dependent manner. Unlike other tyrosine kinases receptors,

DDRs are highly expressed only and/or primarily in injured cells,

thus making them an ideal and selective therapeutic target. Several

strategies aimed to targetDDRs in acute and chronicmousemodels

of kidney disease have been developed and tested with promising

results. Inhibition of DDRs in mice seems to be well-tolerated with

no overall and/or reported side effects; however, more studies are

needed to better define the prophylactic versus therapeutic effects of

DDR inhibition in kidney disease.

Although DDR expression is upregulated in subjects with

acute and chronic kidney disease (Chiusa et al., 2019),

identification of patient populations that would benefit from a

DDR targeted therapy would definitely facilitate bench-to-

bedside transition. Interestingly, the extracellular domain of

DDR1 can be cleaved by membrane bound matrix

metalloproteinases (Fu et al., 2013) and analysis of serum

levels of cleaved DDR1 in subjects affected by liver fibrosis or

cirrhosis showed that levels of cleaved DDR1 represented a

powerful diagnostic tool and an accurate biomarker that

associates with the severity of liver fibrosis (Zhang et al.,

2021). Thus, analysis of cleaved DDR1 in the urine and/or

plasma of subjects affected by kidney disease may enable the

identification of fast progressors who could benefit from anti-

DDR selective therapy.

Frontiers in Pharmacology frontiersin.org10

Borza et al. 10.3389/fphar.2022.1001122

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1001122


Author contributions

CB, literature search, draft, review and editing, funding

acquisition. GB, literature search, draft, review and editing.

AP, conceptualization, supervision, original draft, review and

editing, funding acquisition.

Funding

This work was supported in part by National Institutes of

Health grants P30-DK114809 (AP), R01-DK119212 (AP, CB); by

Department of Veterans Affairs Merit Reviews 1I01BX002025

(AP). AP is the recipient of a Department of Veterans Affairs

Senior Research Career Scientist Award.

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.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

References

Afonso, P. V., McCann, C. P., Kapnick, S. M., and Parent, C. A. (2013). Discoidin
domain receptor 2 regulates neutrophil chemotaxis in 3D collagen matrices. Blood
121, 1644–1650. doi:10.1182/blood-2012-08-451575

Aguilera, K. Y., Huang, H., Du, W., Hagopian, M. M., Wang, Z., Hinz, S., et al.
(2017). Inhibition of discoidin domain receptor 1 reduces collagen-mediated
tumorigenicity in pancreatic ductal adenocarcinoma. Mol. Cancer Ther. 16,
2473–2485. doi:10.1158/1535-7163.MCT-16-0834

Alves, F., Saupe, S., Ledwon, M., Schaub, F., Hiddemann, W., and Vogel, W. F.
(2001). Identification of two novel, kinase-deficient variants of discoidin domain
receptor 1: Differential expression in human colon cancer cell lines. Faseb J. 15,
1321–1323. doi:10.1096/fj.00-0626fje

Ambrogio, C., Gomez-Lopez, G., Falcone, M., Vidal, A., Nadal, E., Crosetto, N.,
et al. (2016). Combined inhibition of DDR1 and Notch signaling is a therapeutic
strategy for KRAS-driven lung adenocarcinoma. Nat. Med. 22, 270–277. doi:10.
1038/nm.4041

Auguste, P., Leitinger, B., Liard, C., Rocher, V., Azema, L., Saltel, F., et al. (2020).
Meeting report - first discoidin domain receptors meeting. J. Cell Sci. 133, jcs243824.
doi:10.1242/jcs.243824

Avivi-Green, C., Singal, M., and Vogel, W. F. (2006). Discoidin domain receptor
1-deficient mice are resistant to bleomycin-induced lung fibrosis. Am. J. Respir. Crit.
Care Med. 174, 420–427. doi:10.1164/rccm.200603-333OC

Azizi, R., Fallahian, F., Aghaei, M., and Salemi, Z. (2020). Down-regulation of
DDR1 induces apoptosis and inhibits EMT through phosphorylation of pyk2/
MKK7 in DU-145 and lncap-FGC prostate cancer cell lines. Anticancer. Agents
Med. Chem. 20, 1009–1016. doi:10.2174/1871520620666200410075558

Bansod, S., Saifi, M. A., and Godugu, C. (2021). Inhibition of discoidin domain
receptors by imatinib prevented pancreatic fibrosis demonstrated in experimental
chronic pancreatitis model. Sci. Rep. 11, 12894. doi:10.1038/s41598-021-92461-z

Barcus, C. E., Hwang, P. Y., Morikis, V., Brenot, A., Pence, P., Clarke, M., et al.
(2021). Tyrosine kinase-independent actions of DDR2 in tumor cells and cancer-
associated fibroblasts influence tumor invasion, migration and metastasis. J. Cell Sci.
134, jcs258431. doi:10.1242/jcs.258431

Borza, C. M., Bolas, G., Bock, F., Zhang, X., Akabogu, F. C., Zhang, M. Z., et al.
(2022a). DDR1 contributes to kidney inflammation and fibrosis by promoting the
phosphorylation of BCR and STAT3. JCI Insight 7, e150887. doi:10.1172/jci.insight.
150887

Borza, C. M., Bolas, G., Zhang, X., Browning Monroe, M. B., Zhang, M. Z.,
Meiler, J., et al. (2022b). The collagen receptor discoidin domain receptor 1b
enhances integrin β1-mediated cell migration by interacting with talin and
promoting Rac1 activation. Front. Cell Dev. Biol. 10, 836797. doi:10.3389/
fcell.2022.836797

Borza, C. M., and Pozzi, A. (2014). Discoidin domain receptors in disease.Matrix
Biol. 34, 185–192. doi:10.1016/j.matbio.2013.12.002

Borza, C. M., Su, Y., Tran, T. L., Yu, L., Steyns, N., Temple, K. J., et al. (2017).
Discoidin domain receptor 1 kinase activity is required for regulating collagen IV
synthesis. Matrix Biol. 57-58, 258–271. doi:10.1016/j.matbio.2016.11.009

Carafoli, F., and Hohenester, E. (2013). Collagen recognition and transmembrane
signalling by discoidin domain receptors. Biochim. Biophys. Acta 1834, 2187–2194.
doi:10.1016/j.bbapap.2012.10.014

Chen, Y. Y., Jiang, K. S., Bai, X. H., Liu, M., Lin, S. Y., Xu, T., et al. (2021).
ZEB1 induces Ddr1 promoter hypermethylation and contributes to the chronic
pain in spinal cord in rats following oxaliplatin treatment. Neurochem. Res. 46,
2181–2191. doi:10.1007/s11064-021-03355-5

Chen, Z., Migeon, T., Verpont, M. C., Zaidan, M., Sado, Y., Kerjaschki, D., et al.
(2016). HANAC syndrome Col4a1 mutation causes neonate glomerular
hyperpermeability and adult glomerulocystic kidney disease. J. Am. Soc.
Nephrol. 27, 1042–1054. doi:10.1681/ASN.2014121217

Chetoui, N., El Azreq, M. A., Boisvert, M., Bergeron, M. E., and Aoudjit, F. (2011).
Discoidin domain receptor 1 expression in activated T cells is regulated by the ERK
MAP kinase signaling pathway. J. Cell. Biochem. 112, 3666–3674. doi:10.1002/jcb.
23300

Chiusa, M., Hu, W., Liao, H. J., Su, Y., Borza, C. M., de Caestecker, M. P., et al.
(2019). The extracellular matrix receptor discoidin domain receptor 1 regulates
collagen transcription by translocating to the nucleus. J. Am. Soc. Nephrol. 30,
1605–1624. doi:10.1681/ASN.2018111160

Coelho, N. M., Arora, P. D., van Putten, S., Boo, S., Petrovic, P., Lin, A. X., et al.
(2017). Discoidin domain receptor 1 mediates myosin-dependent collagen
contraction. Cell Rep. 18, 1774–1790. doi:10.1016/j.celrep.2017.01.061

Coelho, N. M., Wang, A., and McCulloch, C. A. (2019). Discoidin domain
receptor 1 interactions with myosin motors contribute to collagen remodeling and
tissue fibrosis. Biochim. Biophys. Acta. Mol. Cell Res. 1866, 118510. doi:10.1016/j.
bbamcr.2019.07.005

Coleman, J. L., Brennan, K., Ngo, T., Balaji, P., Graham, R. M., and Smith, N. J.
(2015). Rapid knockout and reporter mouse line generation and breeding colony
establishment using EUCOMM conditional-ready embryonic stem cells: A case
study. Front. Endocrinol. 6, 105. doi:10.3389/fendo.2015.00105

Corcoran, D. S., Juskaite, V., Xu, Y., Gorlitz, F., Alexandrov, Y., Dunsby, C., et al.
(2019). DDR1 autophosphorylation is a result of aggregation into dense clusters. Sci.
Rep. 9, 17104. doi:10.1038/s41598-019-53176-4

Deng, J., Kang, Y., Cheng, C. C., Li, X., Dai, B., Katz, M. H., et al. (2021). DDR1-
induced neutrophil extracellular traps drive pancreatic cancer metastasis. JCI
Insight 6, 146133. doi:10.1172/jci.insight.146133

Deng, Y., Zhao, F., Hui, L., Li, X., Zhang, D., Lin, W., et al. (2017). Suppressing
miR-199a-3p by promoter methylation contributes to tumor aggressiveness and
cisplatin resistance of ovarian cancer through promoting DDR1 expression.
J. Ovarian Res. 10, 50. doi:10.1186/s13048-017-0333-4

Denny, W. A., and Flanagan, J. U. (2021). Inhibitors of discoidin domain receptor
(DDR) kinases for cancer and inflammation. Biomolecules 11, 1671. doi:10.3390/
biom11111671

Disteldorf, E. M., Krebs, C. F., Paust, H. J., Turner, J. E., Nouailles, G., Tittel, A.,
et al. (2015). CXCL5 drives neutrophil recruitment in TH17-mediated GN. J. Am.
Soc. Nephrol. 26, 55–66. doi:10.1681/ASN.2013101061

Frontiers in Pharmacology frontiersin.org11

Borza et al. 10.3389/fphar.2022.1001122

https://doi.org/10.1182/blood-2012-08-451575
https://doi.org/10.1158/1535-7163.MCT-16-0834
https://doi.org/10.1096/fj.00-0626fje
https://doi.org/10.1038/nm.4041
https://doi.org/10.1038/nm.4041
https://doi.org/10.1242/jcs.243824
https://doi.org/10.1164/rccm.200603-333OC
https://doi.org/10.2174/1871520620666200410075558
https://doi.org/10.1038/s41598-021-92461-z
https://doi.org/10.1242/jcs.258431
https://doi.org/10.1172/jci.insight.150887
https://doi.org/10.1172/jci.insight.150887
https://doi.org/10.3389/fcell.2022.836797
https://doi.org/10.3389/fcell.2022.836797
https://doi.org/10.1016/j.matbio.2013.12.002
https://doi.org/10.1016/j.matbio.2016.11.009
https://doi.org/10.1016/j.bbapap.2012.10.014
https://doi.org/10.1007/s11064-021-03355-5
https://doi.org/10.1681/ASN.2014121217
https://doi.org/10.1002/jcb.23300
https://doi.org/10.1002/jcb.23300
https://doi.org/10.1681/ASN.2018111160
https://doi.org/10.1016/j.celrep.2017.01.061
https://doi.org/10.1016/j.bbamcr.2019.07.005
https://doi.org/10.1016/j.bbamcr.2019.07.005
https://doi.org/10.3389/fendo.2015.00105
https://doi.org/10.1038/s41598-019-53176-4
https://doi.org/10.1172/jci.insight.146133
https://doi.org/10.1186/s13048-017-0333-4
https://doi.org/10.3390/biom11111671
https://doi.org/10.3390/biom11111671
https://doi.org/10.1681/ASN.2013101061
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1001122


Dong, Y., Tang, B. X., Wang, Q., Zhou, L. W., Li, C., Zhang, X., et al. (2022).
Discovery of a novel DDRs kinase inhibitor XBLJ-13 for the treatment of idiopathic
pulmonary fibrosis. Acta Pharmacol. Sin. 43, 1769–1779. doi:10.1038/s41401-021-
00808-z

El Azreq, M. A., Kadiri, M., Boisvert, M., Page, N., Tessier, P. A., and Aoudjit, F.
(2016). Discoidin domain receptor 1 promotes Th17 cell migration by activating the
RhoA/ROCK/MAPK/ERK signaling pathway. Oncotarget 7, 44975–44990. doi:10.
18632/oncotarget.10455

Elkamhawy, A., Lu, Q., Nada, H., Woo, J., Quan, G., and Lee, K. (2021). The
journey of DDR1 and DDR2 kinase inhibitors as rising stars in the fight against
cancer. Int. J. Mol. Sci. 22, 6535. doi:10.3390/ijms22126535

Ezzoukhry, Z., Henriet, E., Piquet, L., Boye, K., Bioulac-Sage, P., Balabaud, C.,
et al. (2016). TGF-beta1 promotes linear invadosome formation in hepatocellular
carcinoma cells, through DDR1 up-regulation and collagen I cross-linking. Eur.
J. Cell Biol. 95, 503. doi:10.1016/j.ejcb.2016.09.003

Flamant, M., Placier, S., Rodenas, A., Curat, C. A., Vogel, W. F., Chatziantoniou,
C., et al. (2006). Discoidin domain receptor 1 null mice are protected against
hypertension-induced renal disease. J. Am. Soc. Nephrol. 17, 3374–3381. doi:10.
1681/ASN.2006060677

Fu, H. L., Sohail, A., Valiathan, R. R., Wasinski, B. D., Kumarasiri, M.,
Mahasenan, K. V., et al. (2013). Shedding of discoidin domain receptor 1 by
membrane-type matrix metalloproteinases. J. Biol. Chem. 288, 12114–12129. doi:10.
1074/jbc.M112.409599

Fu, H. L., Valiathan, R. R., Payne, L., Kumarasiri, M., Mahasenan, K. V.,
Mobashery, S., et al. (2014). Glycosylation at Asn211 regulates the activation
state of the discoidin domain receptor 1 (DDR1). J. Biol. Chem. 289,
9275–9287. doi:10.1074/jbc.M113.541102

Gao, Y., Zhou, J., and Li, J. (2021). Discoidin domain receptors orchestrate cancer
progression: A focus on cancer therapies. Cancer Sci. 112, 962–969. doi:10.1111/cas.
14789

George, M., Vijayakumar, A., Dhanesh, S. B., James, J., and Shivakumar, K.
(2016). Molecular basis and functional significance of Angiotensin II-induced
increase in Discoidin Domain Receptor 2 gene expression in cardiac fibroblasts.
J. Mol. Cell. Cardiol. 90, 59–69. doi:10.1016/j.yjmcc.2015.12.004

Grither, W. R., Divine, L. M., Meller, E. H., Wilke, D. J., Desai, R. A., Loza, A. J.,
et al. (2018). TWIST1 induces expression of discoidin domain receptor 2 to
promote ovarian cancer metastasis. Oncogene 37, 1714–1729. doi:10.1038/
s41388-017-0043-9

Grither, W. R., and Longmore, G. D. (2018). Inhibition of tumor-
microenvironment interaction and tumor invasion by small-molecule allosteric
inhibitor of DDR2 extracellular domain. Proc. Natl. Acad. Sci. U. S. A. 115, E7786-
E7794–E7794. doi:10.1073/pnas.1805020115

Gross, O., Girgert, R., Beirowski, B., Kretzler, M., Kang, H. G., Kruegel, J., et al.
(2010). Loss of collagen-receptor DDR1 delays renal fibrosis in hereditary type IV
collagen disease. Matrix Biol. 29, 346–356. doi:10.1016/j.matbio.2010.03.002

Guerrot, D., Kerroch, M., Placier, S., Vandermeersch, S., Trivin, C., Mael-Ainin,
M., et al. (2011). Discoidin domain receptor 1 is a major mediator of inflammation
and fibrosis in obstructive nephropathy. Am. J. Pathol. 179, 83–91. doi:10.1016/j.
ajpath.2011.03.023

Guo, X., Zhu, Y., Sun, Y., and Li, X. (2022). IL-6 accelerates renal fibrosis after
acute kidney injury via DNMT1-dependent FOXO3a methylation and activation of
Wnt/β-catenin pathway. Int. Immunopharmacol. 109, 108746. doi:10.1016/j.
intimp.2022.108746

Hachehouche, L. N., Chetoui, N., and Aoudjit, F. (2010). Implication of discoidin
domain receptor 1 in T cell migration in three-dimensional collagen.Mol. Immunol.
47, 1866–1869. doi:10.1016/j.molimm.2010.02.023

Hanson, S. M., Georghiou, G., Thakur, M. K., Miller, W. T., Rest, J. S., Chodera,
J. D., et al. (2019). What makes a kinase promiscuous for inhibitors? Cell Chem. Biol.
26, 390–399. doi:10.1016/j.chembiol.2018.11.005

Hou, G., Vogel, W., and Bendeck, M. P. (2001). The discoidin domain receptor
tyrosine kinase DDR1 in arterial wound repair. J. Clin. Invest. 107, 727–735. doi:10.
1172/JCI10720

Hur, H., Ham, I. H., Lee, D., Jin, H., Aguilera, K. Y., Oh, H. J., et al. (2017).
Discoidin domain receptor 1 activity drives an aggressive phenotype in gastric
carcinoma. BMC Cancer 17, 87. doi:10.1186/s12885-017-3051-9

Hwang, S., and Chung, K. W. (2021). Targeting fatty acid metabolism for fibrotic
disorders. Arch. Pharm. Res. 44, 839–856. doi:10.1007/s12272-021-01352-4

Ikeda, K., Wang, L. H., Torres, R., Zhao, H., Olaso, E., Eng, F. J., et al. (2002).
Discoidin domain receptor 2 interacts with Src and Shc following its activation by
type I collagen. J. Biol. Chem. 277, 19206–19212. doi:10.1074/jbc.M201078200

Ishibe, S., and Cantley, L. G. (2008). Epithelial-mesenchymal-epithelial cycling in
kidney repair. Curr. Opin. Nephrol. Hypertens. 17, 379–385. doi:10.1097/MNH.
0b013e3283046507

Iwai, L. K., Luczynski, M. T., and Huang, P. H. (2014). Discoidin domain
receptors: A proteomic portrait. Cell. Mol. Life Sci. 71, 3269–3279. doi:10.1007/
s00018-014-1616-1

Iwai, L. K., Payne, L. S., Luczynski, M. T., Chang, F., Xu, H., Clinton, R. W., et al.
(2013). Phosphoproteomics of collagen receptor networks reveals SHP-2
phosphorylation downstream of wild-type DDR2 and its lung cancer mutants.
Biochem. J. 454, 501–513. doi:10.1042/BJ20121750

Jeffries, D. E., Borza, C. M., Blobaum, A. L., Pozzi, A., and Lindsley, C. W. (2020).
Discovery of VU6015929: A selective discoidin domain receptor 1/2 (DDR1/2)
inhibitor to explore the role of DDR1 in antifibrotic therapy. ACS Med. Chem. Lett.
11, 29–33. doi:10.1021/acsmedchemlett.9b00382

Jia, S., Agarwal, M., Yang, J., Horowitz, J. C., White, E. S., and Kim, K. K. (2018).
Discoidin domain receptor 2 signaling regulates fibroblast apoptosis through
PDK1/akt. Am. J. Respir. Cell Mol. Biol. 59, 295–305. doi:10.1165/rcmb.2017-
0419OC

Jin, H., Ham, I. H., Oh, H. J., Bae, C. A., Lee, D., Kim, Y. B., et al. (2018). Inhibition
of discoidin domain receptor 1 prevents stroma-induced peritoneal metastasis in
gastric carcinoma. Mol. Cancer Res. 16, 1590–1600. doi:10.1158/1541-7786.MCR-
17-0710

Jufri, N. F., Mohamedali, A., Avolio, A., and Baker, M. S. (2015). Mechanical
stretch: Physiological and pathological implications for human vascular endothelial
cells. Vasc. Cell 7, 8. doi:10.1186/s13221-015-0033-z

Juskaite, V., Corcoran, D. S., and Leitinger, B. (2017). Collagen induces activation
of DDR1 through lateral dimer association and phosphorylation between dimers.
eLife 6, e25716. doi:10.7554/eLife.25716

Kadiri, M., El Azreq, M. A., Berrazouane, S., Boisvert, M., and Aoudjit, F. (2017).
Human Th17 migration in three-dimensional collagen involves p38 MAPK. J. Cell.
Biochem. 118, 2819–2827. doi:10.1002/jcb.25932

Kamohara, H., Yamashiro, S., Galligan, C., and Yoshimura, T. (2001). Discoidin
domain receptor 1 isoform-a (DDR1alpha) promotes migration of leukocytes in
three-dimensional collagen lattices. Faseb J. 15, 2724–2726. doi:10.1096/fj.01-
0359fje

Kawai, I., Matsumura, H., Fujii, W., Naito, K., Kusakabe, K., Kiso, Y., et al. (2014).
Discoidin domain receptor 2 (DDR2) regulates body size and fat metabolism in
mice. Transgenic Res. 23, 165–175. doi:10.1007/s11248-013-9751-2

Kerroch, M., Alfieri, C., Dorison, A., Boffa, J. J., Chatziantoniou, C., and Dussaule,
J. C. (2016). Protective effects of genetic inhibition of Discoidin Domain Receptor
1 in experimental renal disease. Sci. Rep. 6, 21262. doi:10.1038/srep21262

Kerroch, M., Guerrot, D., Vandermeersch, S., Placier, S., Mesnard, L., Jouanneau,
C., et al. (2012). Genetic inhibition of discoidin domain receptor 1 protects mice
against crescentic glomerulonephritis. Faseb J. 26, 4079–4091. doi:10.1096/fj.11-
194902

Kim, J. J., David, J. M., Wilbon, S. S., Santos, J. V., Patel, D. M., Ahmad, A., et al.
(2021). Discoidin domain receptor 1 activation links extracellular matrix to
podocyte lipotoxicity in Alport syndrome. EBioMedicine 63, 103162. doi:10.
1016/j.ebiom.2020.103162

Koh, M., Woo, Y., Valiathan, R. R., Jung, H. Y., Park, S. Y., Kim, Y. N., et al.
(2015). Discoidin domain receptor 1 is a novel transcriptional target of ZEB1 in
breast epithelial cells undergoing H-Ras-induced epithelial to mesenchymal
transition. Int. J. Cancer 136, E508–E520. doi:10.1002/ijc.29154

Kothiwale, S., Borza, C. M., Lowe, E. W., Jr., Pozzi, A., and Meiler, J. (2015).
Discoidin domain receptor 1 (DDR1) kinase as target for structure-based drug
discovery. Drug Discov. Today 20, 255–261. doi:10.1016/j.drudis.2014.09.025

Lafitte, M., Sirvent, A., and Roche, S. (2020). Collagen kinase receptors as
potential therapeutic targets in metastatic colon cancer. Front. Oncol. 10, 125.
doi:10.3389/fonc.2020.00125

Le, C. C., Bennasroune, A., Collin, G., Hachet, C., Lehrter, V., Rioult, D., et al.
(2020). LRP-1 promotes colon cancer cell proliferation in 3D collagen matrices by
mediating DDR1 endocytosis. Front. Cell Dev. Biol. 8, 412. doi:10.3389/fcell.2020.
00412

Lee, J. E., Kang, C. S., Guan, X. Y., Kim, B. T., Kim, S. H., Lee, Y. M., et al. (2007).
Discoidin domain receptor 2 is involved in the activation of bone marrow-derived
dendritic cells caused by type I collagen. Biochem. Biophys. Res. Commun. 352,
244–250. doi:10.1016/j.bbrc.2006.11.010

Lee, R., Eidman, K. E., Kren, S. M., Hostetter, T. H., and Segal, Y. (2004).
Localization of discoidin domain receptors in rat kidney.Nephron. Exp. Nephrol. 97,
e62–70. doi:10.1159/000078407

Frontiers in Pharmacology frontiersin.org12

Borza et al. 10.3389/fphar.2022.1001122

https://doi.org/10.1038/s41401-021-00808-z
https://doi.org/10.1038/s41401-021-00808-z
https://doi.org/10.18632/oncotarget.10455
https://doi.org/10.18632/oncotarget.10455
https://doi.org/10.3390/ijms22126535
https://doi.org/10.1016/j.ejcb.2016.09.003
https://doi.org/10.1681/ASN.2006060677
https://doi.org/10.1681/ASN.2006060677
https://doi.org/10.1074/jbc.M112.409599
https://doi.org/10.1074/jbc.M112.409599
https://doi.org/10.1074/jbc.M113.541102
https://doi.org/10.1111/cas.14789
https://doi.org/10.1111/cas.14789
https://doi.org/10.1016/j.yjmcc.2015.12.004
https://doi.org/10.1038/s41388-017-0043-9
https://doi.org/10.1038/s41388-017-0043-9
https://doi.org/10.1073/pnas.1805020115
https://doi.org/10.1016/j.matbio.2010.03.002
https://doi.org/10.1016/j.ajpath.2011.03.023
https://doi.org/10.1016/j.ajpath.2011.03.023
https://doi.org/10.1016/j.intimp.2022.108746
https://doi.org/10.1016/j.intimp.2022.108746
https://doi.org/10.1016/j.molimm.2010.02.023
https://doi.org/10.1016/j.chembiol.2018.11.005
https://doi.org/10.1172/JCI10720
https://doi.org/10.1172/JCI10720
https://doi.org/10.1186/s12885-017-3051-9
https://doi.org/10.1007/s12272-021-01352-4
https://doi.org/10.1074/jbc.M201078200
https://doi.org/10.1097/MNH.0b013e3283046507
https://doi.org/10.1097/MNH.0b013e3283046507
https://doi.org/10.1007/s00018-014-1616-1
https://doi.org/10.1007/s00018-014-1616-1
https://doi.org/10.1042/BJ20121750
https://doi.org/10.1021/acsmedchemlett.9b00382
https://doi.org/10.1165/rcmb.2017-0419OC
https://doi.org/10.1165/rcmb.2017-0419OC
https://doi.org/10.1158/1541-7786.MCR-17-0710
https://doi.org/10.1158/1541-7786.MCR-17-0710
https://doi.org/10.1186/s13221-015-0033-z
https://doi.org/10.7554/eLife.25716
https://doi.org/10.1002/jcb.25932
https://doi.org/10.1096/fj.01-0359fje
https://doi.org/10.1096/fj.01-0359fje
https://doi.org/10.1007/s11248-013-9751-2
https://doi.org/10.1038/srep21262
https://doi.org/10.1096/fj.11-194902
https://doi.org/10.1096/fj.11-194902
https://doi.org/10.1016/j.ebiom.2020.103162
https://doi.org/10.1016/j.ebiom.2020.103162
https://doi.org/10.1002/ijc.29154
https://doi.org/10.1016/j.drudis.2014.09.025
https://doi.org/10.3389/fonc.2020.00125
https://doi.org/10.3389/fcell.2020.00412
https://doi.org/10.3389/fcell.2020.00412
https://doi.org/10.1016/j.bbrc.2006.11.010
https://doi.org/10.1159/000078407
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1001122


Leitinger, B. (2014). Discoidin domain receptor functions in physiological and
pathological conditions. Int. Rev. Cell Mol. Biol. 310, 39–87. doi:10.1016/B978-0-12-
800180-6.00002-5

Leitinger, B., and Kwan, A. P. (2006). The discoidin domain receptor DDR2 is a
receptor for type X collagen. Matrix Biol. 25, 355–364. doi:10.1016/j.matbio.2006.
05.006

Leitinger, B., Steplewski, A., and Fertala, A. (2004). The D2 period of collagen II
contains a specific binding site for the human discoidin domain receptor, DDR2.
DDR2. J. Mol. Biol. 344, 993–1003. doi:10.1016/j.jmb.2004.09.089

Lemeer, S., Bluwstein, A., Wu, Z., Leberfinger, J., Muller, K., Kramer, K., et al.
(2012). Phosphotyrosine mediated protein interactions of the discoidin domain
receptor 1. J. Proteomics 75, 3465–3477. doi:10.1016/j.jprot.2011.10.007

Li, L., Tang, W., Zhang, Y., Jia, M., Wang, L., Li, Q., et al. (2022). Targeting tissue-
resident memory CD8(+) T cells in the kidney is a potential therapeutic strategy to
ameliorate podocyte injury and glomerulosclerosis. Mol. Ther. 30, 2746–2759.
doi:10.1016/j.ymthe.2022.04.024

Li, M., Luan, L., Liu, Q., Liu, Y., Lan, X., Li, Z., et al. (2019a). MiRNA-199a-5p
protects against cerebral ischemic injury by down-regulating DDR1 in rats. World
Neurosurg. 131, e486–e494. doi:10.1016/j.wneu.2019.07.203

Li, X., Bu, X., Yan, F., Wang, F., Wei, D., Yuan, J., et al. (2019b). Deletion of
discoidin domain receptor 2 attenuates renal interstitial fibrosis in a murine
unilateral ureteral obstruction model. Ren. Fail. 41, 481–488. doi:10.1080/
0886022X.2019.1621759

Lin, C. C., Yang, W. H., Lin, Y. T., Tang, X., Chen, P. H., Ding, C. C., et al. (2021).
DDR2 upregulation confers ferroptosis susceptibility of recurrent breast tumors
through the Hippo pathway. Oncogene 40, 2018–2034. doi:10.1038/s41388-021-
01676-x

Lino, M., Ngai, D., Liu, A., Mohabeer, A., Harper, C., Caruso, L. L., et al. (2020).
Discoidin domain receptor 1-deletion ameliorates fibrosis and promotes adipose
tissue beiging, Brown fat activity, and increased metabolic rate in a mouse model of
cardiometabolic disease. Mol. Metab. 39, 101006. doi:10.1016/j.molmet.2020.
101006

Maquoi, E., Assent, D., Detilleux, J., Pequeux, C., Foidart, J. M., and Noel, A.
(2012). MT1-MMP protects breast carcinoma cells against type I collagen-induced
apoptosis. Oncogene 31, 480–493. doi:10.1038/onc.2011.249

Mata, R., Palladino, C., Nicolosi, M. L., Lo Presti, A. R., Malaguarnera, R., Ragusa,
M., et al. (2016). IGF-I induces upregulation of DDR1 collagen receptor in breast
cancer cells by suppressing MIR-199a-5p through the PI3K/AKT pathway.
Oncotarget 7, 7683–7700. doi:10.18632/oncotarget.6524

Matsusaka, T., Xin, J., Niwa, S., Kobayashi, K., Akatsuka, A., Hashizume, H., et al.
(2005). Genetic engineering of glomerular sclerosis in the mouse via control of onset
and severity of podocyte-specific injury. J. Am. Soc. Nephrol. 16, 1013–1023. doi:10.
1681/ASN.2004080720

Mehta, V., Chander, H., and Munshi, A. (2021). Complex roles of discoidin
domain receptor tyrosine kinases in cancer. Clin. Transl. Oncol. 23, 1497–1510.
doi:10.1007/s12094-021-02552-6

Mihai, C., Chotani, M., Elton, T. S., and Agarwal, G. (2009). Mapping of
DDR1 distribution and oligomerization on the cell surface by FRET
microscopy. J. Mol. Biol. 385, 432–445. doi:10.1016/j.jmb.2008.10.067

Moll, S., Desmouliere, A., Moeller, M. J., Pache, J. C., Badi, L., Arcadu, F., et al.
(2019). DDR1 role in fibrosis and its pharmacological targeting. Biochim. Biophys.
Acta. Mol. Cell Res. 1866, 118474. doi:10.1016/j.bbamcr.2019.04.004

Moll, S., Yasui, Y., Abed, A., Murata, T., Shimada, H., Maeda, A., et al. (2018).
Selective pharmacological inhibition of DDR1 prevents experimentally-induced
glomerulonephritis in prevention and therapeutic regime. J. Transl. Med. 16, 148.
doi:10.1186/s12967-018-1524-5

Mu, N., Gu, J. T., Huang, T. L., Liu, N. N., Chen, H., Bu, X., et al. (2020). Blockade
of discoidin domain receptor 2 as a strategy for reducing inflammation and joint
destruction in rheumatoid arthritis via altered interleukin-15 and dkk-1 signaling in
fibroblast-like synoviocytes. Arthritis Rheumatol. 72, 943–956. doi:10.1002/art.
41205

Ngai, D., Mohabeer, A. L., Mao, A., Lino, M., and Bendeck, M. P. (2022). Stiffness-
responsive feedback autoregulation of DDR1 expression is mediated by a DDR1-
YAP/TAZ axis. Matrix Biol. 110, 129–140. doi:10.1016/j.matbio.2022.05.004

Noordeen, N. A., Carafoli, F., Hohenester, E., Horton, M. A., and Leitinger, B.
(2006). A transmembrane leucine zipper is required for activation of the dimeric
receptor tyrosine kinase DDR1. J. Biol. Chem. 281, 22744–22751. doi:10.1074/jbc.
M603233200

Olaso, E., Arteta, B., Benedicto, A., Crende, O., and Friedman, S. L. (2011). Loss of
discoidin domain receptor 2 promotes hepatic fibrosis after chronic carbon
tetrachloride through altered paracrine interactions between hepatic stellate cells
and liver-associated macrophages. Am. J. Pathol. 179, 2894–2904. doi:10.1016/j.
ajpath.2011.09.002

Ongusaha, P. P., Kim, J. I., Fang, L., Wong, T. W., Yancopoulos, G. D., Aaronson,
S. A., et al. (2003). p53 induction and activation of DDR1 kinase counteract p53-
mediated apoptosis and influence p53 regulation through a positive feedback loop.
EMBO J. 22, 1289–1301. doi:10.1093/emboj/cdg129

Park, J. W., Lee, Y. S., Kim, J. S., Lee, S. K., Kim, B. H., Lee, J. A., et al. (2015).
Downregulation of discoidin domain receptor 2 decreases tumor growth of
hepatocellular carcinoma. J. Cancer Res. Clin. Oncol. 141, 1973–1983. doi:10.
1007/s00432-015-1967-5

Poudel, B., Ki, H. H., Lee, Y. M., and Kim, D. K. (2013). Induction of IL-12
production by the activation of discoidin domain receptor 2 via NF-κB and JNK
pathway. Biochem. Biophys. Res. Commun. 434, 584–588. doi:10.1016/j.bbrc.2013.
03.118

Poudel, B., Yoon, D. S., Lee, J. H., Lee, Y. M., and Kim, D. K. (2012). Collagen I
enhances functional activities of human monocyte-derived dendritic cells via
discoidin domain receptor 2. Cell. Immunol. 278, 95–102. doi:10.1016/j.cellimm.
2012.07.004

Richter, H., Satz, A. L., Bedoucha, M., Buettelmann, B., Petersen, A. C., Harmeier,
A., et al. (2019). DNA-encoded library-derived DDR1 inhibitor prevents fibrosis
and renal function loss in a genetic mouse model of alport syndrome. ACS Chem.
Biol. 14, 37–49. doi:10.1021/acschembio.8b00866

Romani, P., Brian, I., Santinon, G., Pocaterra, A., Audano, M., Pedretti, S., et al.
(2019). Extracellular matrix mechanical cues regulate lipid metabolism through
Lipin-1 and SREBP. Nat. Cell Biol. 21, 338–347. doi:10.1038/s41556-018-0270-5

Saby, C., Collin, G., Sinane, M., Buache, E., Van Gulick, L., Saltel, F., et al. (2019).
DDR1 and MT1-MMP expression levels are determinant for triggering BIK-
mediated apoptosis by 3D type I collagen matrix in invasive basal-like breast
carcinoma cells. Front. Pharmacol. 10, 462. doi:10.3389/fphar.2019.00462

Sammon, D., Hohenester, E., and Leitinger, B. (2020). Two-step release of kinase
autoinhibition in discoidin domain receptor 1. Proc. Natl. Acad. Sci. U. S. A. 117,
22051–22060. doi:10.1073/pnas.2007271117

Sannomiya, Y., Kaseda, S., Kamura, M., Yamamoto, H., Yamada, H., Inamoto,M.,
et al. (2021). The role of discoidin domain receptor 2 in the renal dysfunction of
alport syndrome mouse model. Ren. Fail. 43, 510–519. doi:10.1080/0886022X.2021.
1896548

Shimada, K., Nakamura, M., Ishida, E., Higuchi, T., Yamamoto, H., Tsujikawa, K.,
et al. (2008). Prostate cancer antigen-1 contributes to cell survival and invasion
though discoidin receptor 1 in human prostate cancer. Cancer Sci. 99, 39–45. doi:10.
1111/j.1349-7006.2007.00655.x

Shrivastava, A., Radziejewski, C., Campbell, E., Kovac, L., McGlynn, M., Ryan, T.
E., et al. (1997). An orphan receptor tyrosine kinase family whose members serve as
nonintegrin collagen receptors. Mol. Cell 1, 25–34. doi:10.1016/s1097-2765(00)
80004-0

Sun, X., Gupta, K., Wu, B., Zhang, D., Yuan, B., Zhang, X., et al. (2018). Tumor-
extrinsic discoidin domain receptor 1 promotes mammary tumor growth by
regulating adipose stromal interleukin 6 production in mice. J. Biol. Chem. 293,
2841–2849. doi:10.1074/jbc.RA117.000672

Sun, X., Wu, B., Chiang, H. C., Deng, H., Zhang, X., Xiong, W., et al. (2021).
Tumour DDR1 promotes collagen fibre alignment to instigate immune exclusion.
Nature 599, 673–678. doi:10.1038/s41586-021-04057-2

Takai, K., Drain, A. P., Lawson, D. A., Littlepage, L. E., Karpuj, M., Kessenbrock,
K., et al. (2018). Discoidin domain receptor 1 (DDR1) ablation promotes tissue
fibrosis and hypoxia to induce aggressive basal-like breast cancers. Genes Dev. 32,
244–257. doi:10.1101/gad.301366.117

Titus, A. S., Harikrishnan, V., and Kailasam, S. (2020). Coordinated regulation of
cell survival and cell cycle pathways by DDR2-dependent SRF transcription factor
in cardiac fibroblasts. Am. J. Physiology-Heart Circulatory Physiology 318,
H1538–H1558. doi:10.1152/ajpheart.00740.2019

Titus, A. S., Venugopal, H., Ushakumary, M. G., Wang, M., Cowling, R. T.,
Lakatta, E. G., et al. (2021). Discoidin domain receptor 2 regulates AT1R expression
in angiotensin II-stimulated cardiac fibroblasts via fibronectin-dependent integrin-
β1 signaling. Int. J. Mol. Sci. 22, 9343. doi:10.3390/ijms22179343

Villalba, M., Redin, E., Exposito, F., Pajares, M. J., Sainz, C., Hervas, D., et al.
(2019). Identification of a novel synthetic lethal vulnerability in non-small cell lung

Frontiers in Pharmacology frontiersin.org13

Borza et al. 10.3389/fphar.2022.1001122

https://doi.org/10.1016/B978-0-12-800180-6.00002-5
https://doi.org/10.1016/B978-0-12-800180-6.00002-5
https://doi.org/10.1016/j.matbio.2006.05.006
https://doi.org/10.1016/j.matbio.2006.05.006
https://doi.org/10.1016/j.jmb.2004.09.089
https://doi.org/10.1016/j.jprot.2011.10.007
https://doi.org/10.1016/j.ymthe.2022.04.024
https://doi.org/10.1016/j.wneu.2019.07.203
https://doi.org/10.1080/0886022X.2019.1621759
https://doi.org/10.1080/0886022X.2019.1621759
https://doi.org/10.1038/s41388-021-01676-x
https://doi.org/10.1038/s41388-021-01676-x
https://doi.org/10.1016/j.molmet.2020.101006
https://doi.org/10.1016/j.molmet.2020.101006
https://doi.org/10.1038/onc.2011.249
https://doi.org/10.18632/oncotarget.6524
https://doi.org/10.1681/ASN.2004080720
https://doi.org/10.1681/ASN.2004080720
https://doi.org/10.1007/s12094-021-02552-6
https://doi.org/10.1016/j.jmb.2008.10.067
https://doi.org/10.1016/j.bbamcr.2019.04.004
https://doi.org/10.1186/s12967-018-1524-5
https://doi.org/10.1002/art.41205
https://doi.org/10.1002/art.41205
https://doi.org/10.1016/j.matbio.2022.05.004
https://doi.org/10.1074/jbc.M603233200
https://doi.org/10.1074/jbc.M603233200
https://doi.org/10.1016/j.ajpath.2011.09.002
https://doi.org/10.1016/j.ajpath.2011.09.002
https://doi.org/10.1093/emboj/cdg129
https://doi.org/10.1007/s00432-015-1967-5
https://doi.org/10.1007/s00432-015-1967-5
https://doi.org/10.1016/j.bbrc.2013.03.118
https://doi.org/10.1016/j.bbrc.2013.03.118
https://doi.org/10.1016/j.cellimm.2012.07.004
https://doi.org/10.1016/j.cellimm.2012.07.004
https://doi.org/10.1021/acschembio.8b00866
https://doi.org/10.1038/s41556-018-0270-5
https://doi.org/10.3389/fphar.2019.00462
https://doi.org/10.1073/pnas.2007271117
https://doi.org/10.1080/0886022X.2021.1896548
https://doi.org/10.1080/0886022X.2021.1896548
https://doi.org/10.1111/j.1349-7006.2007.00655.x
https://doi.org/10.1111/j.1349-7006.2007.00655.x
https://doi.org/10.1016/s1097-2765(00)80004-0
https://doi.org/10.1016/s1097-2765(00)80004-0
https://doi.org/10.1074/jbc.RA117.000672
https://doi.org/10.1038/s41586-021-04057-2
https://doi.org/10.1101/gad.301366.117
https://doi.org/10.1152/ajpheart.00740.2019
https://doi.org/10.3390/ijms22179343
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1001122


cancer by co-targeting TMPRSS4 and DDR1. Sci. Rep. 9, 15400. doi:10.1038/
s41598-019-51066-3

Vogel, W. F., Aszodi, A., Alves, F., and Pawson, T. (2001). Discoidin domain
receptor 1 tyrosine kinase has an essential role in mammary gland
development. Mol. Cell. Biol. 21, 2906–2917. doi:10.1128/MCB.21.8.2906-
2917.2001

Vogel, W., Gish, G. D., Alves, F., and Pawson, T. (1997). The discoidin domain
receptor tyrosine kinases are activated by collagen.Mol. Cell 1, 13–23. doi:10.1016/
s1097-2765(00)80003-9

Yang, K., Kim, J. H., Kim, H. J., Park, I. S., Kim, I. Y., and Yang, B. S. (2005).
Tyrosine 740 phosphorylation of discoidin domain receptor 2 by Src stimulates
intramolecular autophosphorylation and Shc signaling complex formation.
J. Biol. Chem. 280, 39058–39066. doi:10.1074/jbc.M506921200

Yang, X., Li, J., Zhao, L., Chen, Y., Cui, Z., Xu, T., et al. (2022). Targeting
adipocytic discoidin domain receptor 2 impedes fat gain while increasing bone
mass. Cell Death Differ. 29, 737–749. doi:10.1038/s41418-021-00887-9

Zhang, R., Qin, L., and Shi, J. (2020). MicroRNA‑199a‑3p suppresses high
glucose‑induced apoptosis and inflammation by regulating the IKKβ/NF‑κB
signaling pathway in renal tubular epithelial cells. Int. J. Mol. Med. 46,
2161–2171. doi:10.3892/ijmm.2020.4751

Zhang, Y., Zhang, Y., Liang, H., Zhuo, Z., Fan, P., Chen, Y., et al. (2021). Serum
N-terminal DDR1: A novel diagnostic marker of liver fibrosis severity. J. Clin.
Transl. Hepatol. 9, 702–710. doi:10.14218/JCTH.2021.00024

Zhao,H., Bian,H., Bu, X., Zhang, S., Zhang, P., Yu, J., et al. (2016). Targeting of discoidin
domain receptor 2 (DDR2) prevents myofibroblast activation and neovessel formation
during pulmonary fibrosis. Mol. Ther. 24, 1734–1744. doi:10.1038/mt.2016.109

Frontiers in Pharmacology frontiersin.org14

Borza et al. 10.3389/fphar.2022.1001122

https://doi.org/10.1038/s41598-019-51066-3
https://doi.org/10.1038/s41598-019-51066-3
https://doi.org/10.1128/MCB.21.8.2906-2917.2001
https://doi.org/10.1128/MCB.21.8.2906-2917.2001
https://doi.org/10.1016/s1097-2765(00)80003-9
https://doi.org/10.1016/s1097-2765(00)80003-9
https://doi.org/10.1074/jbc.M506921200
https://doi.org/10.1038/s41418-021-00887-9
https://doi.org/10.3892/ijmm.2020.4751
https://doi.org/10.14218/JCTH.2021.00024
https://doi.org/10.1038/mt.2016.109
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1001122

	Genetic and pharmacological tools to study the role of discoidin domain receptors in kidney disease
	Discoidin domain receptor family members
	Discoidin domain receptor expression in disease
	Factors contributing to the regulation of discoidin domain receptor expression
	Regulation of discoidin domain receptor kinase activity
	Cellular mechanism of discoidin domain receptor action
	Discoidin domain receptors and metabolism
	Discoidin domain receptors and cell survival
	Pharmacological approaches for targeting discoidin domain receptors
	Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


