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Clinical studies in a range of cancers have detected elevated levels of the Wnt antagonist Dickkopf-1 (DKK1) in the serum or tumors of patients, and this was frequently associated with a poor prognosis. Our analysis of DKK1 gene profile using data from TCGA also proves the high expression of DKK1 in 14 types of cancers. Numerous preclinical studies have demonstrated the cancer-promoting effects of DKK1 in both in vitro cell models and in vivo animal models. Furthermore, DKK1 showed the ability to modulate immune cell activities as well as the immunosuppressive cancer microenvironment. Expression level of DKK1 is positively correlated with infiltrating levels of myeloid-derived suppressor cells (MDSCs) in 20 types of cancers, while negatively associated with CD8+ T cells in 4 of these 20 cancer types. Emerging experimental evidence indicates that DKK1 has been involved in T cell differentiation and induction of cancer evasion of immune surveillance by accumulating MDSCs. Consequently, DKK1 has become a promising target for cancer immunotherapy, and the mechanisms of DKK1 affecting cancers and immune cells have received great attention. This review introduces the rapidly growing body of literature revealing the cancer-promoting and immune regulatory activities of DKK1. In addition, this review also predicts that by understanding the interaction between different domains of DKK1 through computational modeling and functional studies, the underlying functional mechanism of DKK1 could be further elucidated, thus facilitating the development of anti-DKK1 drugs with more promising efficacy in cancer immunotherapy.
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Introduction


Characterization of Dickkopf-1 (DKK1)

DKK1 is an inhibitor of Wnt signaling pathway. Dysregulation of DKK1 has recently emerged as a potential biomarker of cancer progression and prognosis for several types of malignancies (1). Further research of DKK1 in oncology has garnered a lot of attention. The Dickkopf family (DKKs) are glycoproteins of 255-350 amino acids. The DKKs consist of four members in vertebrates (DKK1, 2, 3, 4), each containing two conserved cysteine-rich (Cys) domains involved in protein-protein interactions, which make the family unique. Apart from these, the family has no sequence similarity (2–4). Among the DKK family members, DKK1 is the best understood. DKK1 is a 266-amino acid protein with an approximate molecular mass of 26-kDa, and it possesses six secondary structures, which are two alpha helices and four β-sheets. It has the colipase-like fold in C-terminal Cys domain, which likely allows it to serve as an interactive surface (2, 5). DKK1 expression appears to be preferential in some adult tissues including bone, placenta, prostate, spleen, and colon (2, 6, 7). DKK1 has been shown to play an important role as a Wnt signaling pathway antagonist in several studies. For example, Dkk1 acts as an inducer in embryonic head formation and limb morphogenesis (8). Inhibition of Wnt signaling by Dkk1 promotes heart muscle formation in the anterior lateral mesoderm while repressing erythropoiesis (9). Moreover, since overexpression of DKK1 in osteoblasts causes osteopenia, it is also regarded as a negative regulator of normal bone homeostasis (10).



DKK1 Inhibition in Wnt Signaling Pathways

DKK1 was originally identified in Xenopus as an inhibitor of β-catenin-dependent Wnt signaling and later its human homologue was also proved to have the same function (2, 3). The mechanism of DKK1 blocking the Wnt signaling pathway is demonstrated by multiple groups. To initiate the β-catenin-dependent Wnt signaling, Wnt needs to bind to Frizzled (FZD) Wnt receptors and low-density lipoprotein receptor-related proteins 5 and 6 (LRP5/6). DKK1, for antagonizing canonical Wnt/β-catenin signaling, does not directly interact with Wnt or FZD but forms complexes with LRP6 on the cell surface (11, 12). With the role of high affinity antagonistic ligand for LRP6, DKK1 inhibits the interaction of Wnt, FZD and LRP6, finally resulting in β-catenin degradation and inactivation of β-catenin/T-cell specific factor (TCF) transcription complex as well as consequent downregulation of a set of downstream genes regulated by T cell factors (13, 14). Remarkably, the DKK1 gene is proven to be one of these downstream genes targeted by TCF, which indicates that DKK1 might have a self-regulatory function when suppressing TCF gene expression through Wnt signaling antagonist, thus forming a novel Wnt signaling inhibition negative feedback loop (15). According to the binding structure of DKK1 and LRP6, DKK1 could induce LRP6 to achieve a compressed conformation so that to preclude LRP6 from binding to the other ligands (16). Due to the inhibitory function of DKK1 in β-catenin-dependent Wnt signaling, which was a frequently overactivated pathway in cancer, DKK1 was originally characterized as a tumor suppressor (17, 18). It was revealed that DKK1 expression was decreased in gastrointestinal tumors and the gene was frequently silenced (19). Additional studies indicated DKK1 could suppress tumor growth and proliferation by inducing apoptosis of cancer cells (20, 21). However, since Wnt signaling has been recognized as one of the most significant oncogenic pathways correlated with immune evasion, this controversy is now being gradually overturned (22, 23). More importantly, there is growing evidence that DKK1 plays an essential role in cancer progression. For example, a recent study has demonstrated that DKK1expression helps cancer cells possess stem cell-like properties by preventing activation of β-catenin, thereby avoiding elimination from natural killer (NK) cells (24).

Despite findings supporting the regulation function of DKK1 in β-catenin-dependent Wnt signaling, DKK1 exhibited more complex intervention as it has also been linked to the activation of β-catenin-independent Wnt signaling. In osteosarcoma, the planar cell polarity-like (PCP) Wnt signaling pathway, which consisted of Ras homolog family member A (RhoA), mitogen-activated protein kinase kinase-4 (MKK4) and Jun N-terminal Kinase (JNK), was activated when DKK1 inhibited Wnt signaling, resulting in transcriptional activation of cancer stem cell marker aldehyde-dehydrogenase-1 (ALDH1) and promotion of tumor progression (25). The mechanism of DKK1 activation of β-catenin-independent Wnt signaling remains unclear, although the common opinion is that DKK1 is capable of inducing signal transmission from the β-catenin-dependent pathway to β-catenin-independent pathways. The effect of DKK1 on cell function is therefore hypothesized to include the modulation of both β-catenin-dependent and independent Wnt pathways, thus further enhancing the difficulty of regulating the Wnt signaling mechanism.

The identification of the novel DKK1 receptor cytoskeleton-associated protein 4 (CKAP4) provides a new perspective other than Wnt signaling pathway. Further characterization indicates that CKAP4 interacted with phosphatidylinositol 3-kinase (PI3K) and DKK1, leads to the activation of Akt signaling and increases the proliferation of the cancer cells (26, 27). These data suggest a scenario in which DKK1 can signal through a Wnt receptor-independent pathway to promote tumor growth. More evidence is needed to support this hypothesis.




Over-Expression of DKK1 in Cancers


Clinically Elevated Levels of DKK1 in the Serum and Tissue Samples of Cancer Patients

In recent clinical studies, dysregulation of the DKK1 was highlighted in various cancers including angiogenesis, metastasis, and other advanced invasion, and this was usually associated with poor prognosis (1). From the meta-analysis evaluating the relationship of DKK1 overexpression and prognosis of patients with gastric cancer, DKK1 was defined to be a prognostic marker with its association to vascular and lymphatic invasion, distant metastasis and low overall survival (28). According to other findings, DKK1 overexpression was also observed in breast cancer, ovarian serous carcinoma, lung and esophageal carcinoma (29–31). More importantly, elevation of both serum DKK1 levels detected by enzyme-linked immunosorbent assay (ELISA) and DKK1 protein levels assessed by immunohistochemistry has been found in different kinds of cancers including breast cancer, pancreatic ductal adenocarcinoma, esophageal squamous cell carcinoma, and non–small cell lung cancer, and this was in accordance with the cancer metastases or poor prognosis (31–33). The other studies also indicated the role of DKK1 as a novel serologic and prognostic biomarker due to its increased serum concentrations in various cancers, including gynecological cancer (34), prostate cancer (35), hepatocellular carcinoma (36), bladder cancer (37), lung cancer (38), multiple myeloma (39), and osteosarcoma (40).These data implied that DKK1 could be a novel diagnostic and prognostic biomarker and a promising therapeutic target for many cancers.



Gene Expression Profiles From the Cancer Genome Atlas (TCGA)

To acquire the latest DKK1 gene expression profiles in a more comprehensive manner, we conducted statistical analysis with samples from TCGA data portal. The level-3 RNA-sequencing expression data (Fragments Per Kilobase Million (FPKM)) was retrieved by ‘TCGAbiolinks’ R packages (41). In this study, a total of 9677 tumor samples and 916 normal samples were downloaded. Subsequently, FKPM was transformed to Transcripts Per Kilobase Million (TPM) values using the formula TPMi = FPKMi/sum (FPKMj) x 106. The FKPM value was normalized by (log2+0.1). We specifically selected the mean values of normalized DKK1 TPM mRNA to do the Student’s t-test to verify the differential expression pattern in various tumor types (Table 1 and Figure 1). The results demonstrated that DKK1 mRNA was overexpressed in a wide range of tumors (14 out of 27 types analyzed), such as esophageal, colon, stomach, and uterine corpus endometrial carcinoma, providing diverse research directions about the roles of DKK1 in tumors. Consistent with other bioinformatic analysis, a significant overexpression of DKK1 was revealed in head and neck squamous cell carcinoma (HNSC), pancreatic adenocarcinoma (PAAD), and lung squamous cell carcinoma (LUSC), with DKK1 overexpression being associated with shorter disease-free survival (DFS) (42). These results implied that DKK1 could be an advantageous serologic biomarker indicative of tumorigenesis and poor prognosis.


Table 1 | Differentially expressed analysis of DKK1 between Tumor and Normal samples in Pan-cancer Texts in red indicate carcinomas with significant higher DKK1 expression level compared to normal sample (P<0.05).






Figure 1 | Differential expression of DKK1 in different disease states. The horizontal bars from bottom to top within the box represent the 25th percentiles, median, and 75th percentiles of the normalized DKK1 TPM mRNA. The upper and lower ends of vertical line correspond to the maximum and minimum of the normalized DKK1 TPM mRNA.





Correlation Between Expression of DKK1 and β-catenin in Cancer Tissues

Along with the high DKK1 level, the β-catenin accumulation was found to be elevated in tumor tissues by immunohistochemistry (IHC) staining and this was linked to poor clinical outcome, which could be observed in chondrosarcoma, triple-negative breast cancer, hepatocellular carcinoma, and human hilar cholangiocarcinoma (43–46). We calculated the correlation between DKK1 and CTNNB1 (the gene that encodes β-catenin) by analyzing the mRNA levels in 10593 samples from the TCGA dataset. A positive correlation (correlation value: 0.13; P < 0.0001; Pearson’s correlation coefficient) was found between the two genes. The coexistence of DKK1 and β-catenin could be elucidated by a negative feedback mechanism. Since DKK1 has been identified as a target gene of activated β-catenin-dependent signaling, the abnormal activation of Wnt/β-catenin induced by mutation of other signaling components may promote β-catenin accumulation and thus provoke the elevation of DKK1 expression (15). The self-regulatory function of secreted DKK1 blocking its own transcription also supported this statement (47). However, a significant negative correlation was observable between β-catenin and DKK1 by IHC staining in epidermal neoplasms (48). This inconsistent result can be attributed to the variance in studies’ characteristics such as sample size, cancer staging, and location of tumor lesions, while it also suggests that the mechanism of DKK1 affecting cancer cells can be varied depending on cancers. Despite the positive correlation between DKK1 and CTNNB1 mRNA levels and protein levels, positive tissue microarray data of the two proteins did not match completely from hepatocellular carcinomas patients, suggesting that DKK1 expression could be mediated by other molecules, for instance, progesterone and transforming growth factor-β1 (TGFβ1) (45, 49, 50). Collectively, DKK1 is a potential predictor for the prognosis of a wide range of human cancers, along with a positive correlation with β-catenin expression.




The Role of DKK1 in Modulating Cancer Cells


Cancer-Promoting Effects of DKK1 in Cancer Models

Beyond the potential to be a diagnostic indicator, DKK1 has been viewed as a promising target for anti-cancer therapy due to its cancer-promoting activity existing in preclinical cancer models (Table 2). In these in vitro models, DKK1 could contribute to tumor progression by promoting migration, invasion, proliferation, preventing apoptosis and enhancing cancer stem cell-like properties. In addition, DKK1 had tumor-promoting activity in in vivo animal models through its effects on tumor growth, metastasis, and angiogenesis.


Table 2 | The effects of DKK1 in cancer model and immune response.



Emerging evidence has improved our understanding of how DKK1 could promote tumor growth and metastasis through the modulation of signaling pathways in cancer cells. For example, a recent study has demonstrated that DKK1 promoted metastasis in an in vivo model attributed to its function of inhibition of β-catenin-dependent Wnt signaling (24). Latency competent cancer (LCC) cells showed stem cell-like characteristics and expressed Sry-box transcription factor 2 (SOX2) and Sry-box transcription factor 9 (SOX9) transcription factors, which were critical for their survival in host organs under immune surveillance and for metastatic outgrowth under permitted conditions. In the observation of LCC cells isolated latency from early-stage human lung and breast carcinoma cell lines, these cells were found to enter quiescence by self-imposing a slow-cycling state to avoid immune surveillance. Impeding DKK1 expression would re-sensitize these LCC cells to β-catenin-dependent Wnt signaling and upregulate the expression of activating ligands for NK cells, leading to NK cell-mediated clearance of the LCC cells and reduced metastasis. The result implied that the reactivation of β-catenin-dependent Wnt signaling, in a way that suppressed DKK1, could contribute to the elimination of LCC cells and thereby prevent tumor metastasis. Corresponding to the impact on stem cell-like LCC cells, DKK1 could favor the formation of an undifferentiated phenotype via inhibiting β-catenin-dependent Wnt signaling. For example, DKK1 antibody restored β-catenin-dependent Wnt signaling and promoted phenotype differentiation in osteosarcoma, leading to less distant metastases (64). Cancer stem cells have been linked to cancer metastases and drug resistance due to their early existence during tumorigenesis and reversible states from active to quiescence (72). The function of DKK1 on cancer cells with stem/progenitor cell features suggests that DKK1 may be involved in cancer stem cells-related phenotype development and cancer cell dissemination. Some concerns have arisen since re-activation of phenotype cells may also induce proliferation of the cells themselves and, in principle, increase tumor growth. How to enhance tumor immune surveillance without promoting tumor growth is an important issue to be addressed.

Another recent study demonstrated the ability of DKK1 to facilitate invasive cell behaviors by increasing mesenchymal characteristics in receptive cells. DKK1 was proven to be involved in disturbing cell cohesion and altering cell polarity, resulting in unsuccessful cell-cell adhesion and coordinated progression. This cell interaction control was independent of β-catenin transcriptional output and Wnt/PCP signaling (73). Additionally, the Janus-faced molecules feature of DKK1 in organotrophic metastasis was deciphered in another study (62). In breast cancer, tumor-secreted DKK1 suppressed lung metastasis by downregulating PTGS2-induced macrophage and neutrophil recruitment by antagonizing non-canonical SOX2 and SOX9 signaling. In the lungs, DKK1 also reduced the latent transforming growth factor-beta binding protein-1 (LTBP1)-mediated transforming growth factor-beta (TGF-β) secretion of cancer cells by inhibiting Wnt/Ca2+-calmodulin-dependent protein kinase II) (CaMKII)-Nuclear factor-κb (NF-κB) signaling. In contrast, DKK1 promoted breast-to-bone metastasis by regulating canonical Wnt signaling of osteoblasts. Given that the TGF-β signaling pathway was also of great importance for osteolytic metastasis (74), it was intriguing to observe that suppression of LTBP1 and TGF-β under DKK1 overexpression did not interfere with bone metastasis. This obvious inconsistency could be interpreted by the rich reservoir of TGF-β in bone matrix and thus the reduced TGF-β of DKK1-expressing tumor cells may be easily compensated. These results suggest that the combinatory targeting strategy of non-canonical Wnt signaling that included JNK and TGF instead of canonical Wnt signaling may be more beneficial for metastatic diseases therapy. In view of this, the therapeutics approach against DKK1 should be examined regarding the dichotomous function of DKK1 in cancer metastasis organotropism.




The Role of DKK1 in Modulating the Immune Cells


Correlation Between DKK1 Expression and Tumor-Infiltrating Lymphocytes

Previous analyses implied tumor-infiltrating lymphocytes could be independent predictors of sentinel lymph node status and survival in cancer patients (75). To have a clear understanding of the relation between DKK1 and immune infiltrates across a spectrum of cancer types, we employed the TIMER2.0 as a comprehensive resource for systematic analysis (http://timer.comp-genomics.org/) (76). TIMER applies a previously published statistical approach called deconvolution that uses gene expression profiles to produce an inference in the number of tumor-infiltrating immune cells. TCGA provides the TIMER database 10,897 samples across 40 cancer types, which are applied for the approximation of immune infiltrates. We inquired on the mRNA expression of DKK1 in different types of cancers and its correlation with the abundance of immune infiltrates. From the results, the expression level of DKK1 was significantly positively correlated with infiltrating levels of MDSCs in 20 types of cancers, suggesting DKK1 is involved in MDSCs modulation in a variety of cancers (Figure 2). More importantly, there was a negative correlation between levels of DKK1 and CD8+ T cells in the corresponding carcinomas, including HNSC, TGCT, CESC, and LUSC. MDSCs were defined as the heterogeneous population of immature myeloid cells recruited by tumors, which could induce CD8+ T cell tolerance in tumor-bearing hosts despite seemingly adequate infiltration by CD8+ T cells and interferon-responsive tumor cells (77). Results of the analysis indicated DKK1 may induce MDSC accumulation and T cell dispersal during tumor progression.




Figure 2 | DKK1 expression level has significant negative correlation with infiltrating levels of CD8+ T cells and positive correlation with MDSC cells in various cancers. According to the results, the expression level of DKK1 was positively correlated with infiltrating levels of MDSCs in 20 types of cancers, and negatively correlated with levels of CD8+ T cells in 6 types of cancers. Cancers that fit these two relations include HNSC, TGCT, CESC, and LUSC. HNSC, Head-Neck Squamous Cell Carcinoma; THYM, Thymoma; TGCT, Testicular Germ Cell Tumors; CESC, Cervical Squamous Cell Carcinoma and Endocervical Adenocarcinoma; LUSC, Lung Squamous Cell Carcinoma; COAD, Colon Adenocarcinoma; THCA, Thyroid carcinoma; MESO, Mesothelioma; LIHC, Liver Hepatocellular Carcinoma; BRCA, Breast Invasive Carcinoma; SKCM, Skin Cutaneous Melanoma; PAAD, Pancreatic Adenocarcinoma; ESCA, Esophageal Carcinoma; LUAD, Lung Adenocarcinoma; ACC, Adrenocortical Carcinoma; UCS, Uterine Carcinosarcoma; KIRP, Kidney Renal Papillary Cell Carcinoma; PRAD, Prostate Adenocarcinoma; PCPG, Pheochromocytoma and Paraganglioma; SARC, Sarcoma.





Immunoregulatory Effects of DKK1

Activation of the Wnt signaling pathway directly regulated the function of immune cells including dendritic cells, macrophages, myeloid-derived suppressor cells and T lymphocytes (78). The confirmed Wnt signaling inhibitor DKK1 was consequently assumed to intervene in immune cell activities. Recently, DKK1 was proposed as an indicator of inflammatory responses for its elevated levels in patients with infections or hematological disorders (79, 80). In the allergen challenge model, DKK1 enhance type 2 inflammation response and T helper 2 (Th2) cell polarization via serum glucocorticoid kinase (SGK)-1 and p38 mitogen-activated protein kinases (MAPK) in CD4+ T cells, while reducing T helper 1 (Th1) cytokine production (66). For instance, DKK1 suppressed interferon-γ (IFn-γ) from CD4+ T cells while elevating the secretion of Th2 cytokine including interleukin (IL)-4, IL-5, IL-10, and IL-13. The same preferential shift of Th1 to Th2 cells has also been found in the carcinogenesis process (81). Interestingly, inflammation driven by tumour-specific Th1 call is currently believed to prevent cancers but Th2 subset seems to have an opposite function (82). Th1-mediated interferon-γ (IFn-γ) is proved to be necessary for facilitating macrophages to kill cancer cells and up-regulating MHC molecules on cancer cells leading to enhance T cell recognition (83, 84). On the other hand, the Th2-type cytokine pattern is more preferential in the malignant tumor and participated in cancer progression and immune evasion (85–87). In addition, Chae’s work also revealed that platelets are the source of circulating DKK1 (66). Preclinical and clinical studies shows that platelets have a crucial role in tumorigenesis, metastasis, and cancer evasion of immune surveillance (88, 89). Based on these studies, platelet-derived DKK1 may be a pro-tumorigenic factor due to its various crosstalk with immune cells. Besides involving in modulation of T helper cell development, DKK1 was also proven to be a key player in tumor microenvironment through MDSCs manipulation. D’Amico et al. found that DKK1 was highly expressed in circulation and bone environments in syngeneic murine tumor models such as melanoma and Lewis lung carcinoma models, and the dominant source of DKK1 could be specific to bone-resident osteoblasts (90, 91). In this study, antibody-mediated neutralization of DKK1 resulted in a marked reduction of MDSCs expansion and tumor progression. The mechanism could be illustrated by the inhibition of β-catenin by DKK1 leading to accumulation of MDSCs and increasing their ability to suppress T cell activation and proliferation. Supporting this potential mechanism, Capietto et al. previously showed that DKK1-drived downregulation in β-catenin drives MDSC accumulation in the bone marrow, spleen, and at primary tumor sites, and controls their immune suppressive effects (91).

A recent study reveals that overexpression of DKK1 could modulate anti-tumor immune populations within the tumor microenvironment by decreasing CD45+ leukocyte infiltration and reducing NK and CD8+ T cells (67). On the other hand, a novel anti-tumor DNA vaccine designed by Guo’s team stressed the significance of the role of CD8+ cells in the effect of DKK1 on tumor immunosuppression (68). The vaccine targeting PD-L1 and DKK1 showed efficacy in the mice model of multiple myeloma, which required the function of CD8+CD11c+ dendritic cells and CD8+ T cells. To summarize, DKK1 had immunoregulatory effects, including promoting Th2 cells response, reducing the functionality of T cells through MDSC modulation and suppressing the proliferation of CD8+ T cells and NK cells, thus contributing to inflammatory response and cancer immune evasion. Although there has been a more detailed and clear description of the participation of DKK1 in immune response due to recent research, an investigation of how DKK1 manipulates different immune responses to exert anti-tumor effects is necessary. Active Wnt signaling pathway plays an essential role in T cell and B cell development, for example, mice with deficient for the Wnt-responsive transcription factors TCF1 and Lymphoid enhancer-binding factor 1 (LEF1) showed defects in T cell and B cell development (92) (93). Nonetheless, how the Wnt antagonist DKK1 could intervene in these cell processes is still poorly understood. More direct evidence is required to elucidate the mechanism of how DKK1 modulates immune cells for immunosuppression.



Potential Role of DKK1 in Regulating Therapeutic Response of Immune Checkpoint Inhibitors

Some nonclinical studies for developing anti-DKK1 drugs have provided clues to reveal the pivotal role of DKK1 in regulating therapeutic response of immune checkpoint inhibitors. For example, the activity of the anti-DKK1 antibody DKN-01 was dependent on a functional immune system in the murine cancer model. Furthermore, DKN-01 induced reduction in MDSCs and upregulation in CD45+ cells in the tumor microenvironment (69). This evidence suggested DKK1 would participate in anti-tumor immunomodulation. Local immunosuppressive factors within the tumor microenvironment, including MDSCs, were regarded as one of the mechanisms of primary resistance of PD-1/PD-L1 therapy. MDSCs were defined as the heterogeneous population of immature myeloid cells recruited by tumors, which were able to impair response to a PD-1/PD-L1 blockade despite seemingly adequate infiltration by CD8+ T cells and interferon-responsive tumor cells (77). Possibly, the DKK1 antibody could act on MDSCs to exploit the supportive tumor microenvironment by preventing MDSC accumulation and compromising their inhibitory effect on immune cells. In addition, some innovative inhibitory strategies against DKK1 have been reported. Park et al. generated a cyclic oligopeptide that could inhibit Wnt signaling pathway and reduce tumor burden in vivo (94). A fusion DNA vaccine composed of DKK1 and human HSP70 developed by Liu et al. and a DKK1 DNA vaccine produced by Qian et al. also consistently demonstrated therapeutic efficacies on murine multiple myeloma (70, 71). In the latter study, injection of the DKK1 vaccine not only repressed tumor growth, but also enhanced CD4+ and CD8+ T cell response toward cancer cells. Further understanding of DKK1 in immunotherapy requires more experimental evidence, which may prompt the use of DKK1 antibody in combination with other existing immunotherapeutic drugs to achieve better efficacy.




Development of Anti-DKK1 Therapy


Anti-DKK1 Antibody in Clinical Trials

DKK1’s suppressive effect on the immune system made it a promising target for immunotherapy. Recently, the anti-DKK1 neutralizing antibody DKN-01, which is developed by Leap Therapeutics, are being evaluated in phase I or phase II trials of advanced gastroesophageal junction and gastric cancer (GEJ/GC) and gynecologic cancers, in the form of both monotherapy and combination therapy with paclitaxel or pembrolizumab. In the phase II trials of advanced gynecologic malignancies (relapsed or refractory epithelial endometrial cancer, epithelial ovarian cancer, or carcinosarcoma: NCT03395080), the overall response rate (ORR) of DKN-01 monotherapy was 7% while that of combination with paclitaxel was 4% (95). Of note, gynecologic cancer patients with Wnt signaling mutations were beneficial from DKN-1 treatment (96). The other ongoing clinical study of GEJ/GC demonstrated improved survival and objective response outcomes especially in patients whose tumors expressed high levels of DKK1 (DKK1-high) (97). DKN-01 plus Keytruda (pembrolizumab) combination therapy was used to treat sixty-three patients in all different arms and dose. Around 84% patients had never undergone PD-1/PD-L1 therapy before, and ten were PD-1/PD-L1 treatment refractory. All patients in the study had been heavily pretreated, with one to five lines of therapy already administered. The highly encouraging results stated that DKN-01 plus Keytruda therapy resulted in a median progression-free survival (PFS) over 22 weeks and a median overall survival (OS) nearly 32 weeks, with a 50% ORR and 80% disease control rate (DCR) in patients with DKK1-high GEJ/GC who had not received prior anti-PD-1/PD-L1 therapy. Among the six GEJ/GC patients who were refractory to PD-1/PD-L1 therapy, three patients with high serum levels of DKK1 had the best response of stable disease, whereas the three patients with low serum levels of DKK1 had progressive disease (97). The results revealed that DKK1 inhibition therapy significantly improved the responsiveness of patients with high serum levels of DKK1 and suggested the strategy to achieve better efficacy using DKK1 inhibitor along with PD1/PDL-1 immune checkpoint treatment in patients who have DKK1-high tumors. Another DKK1 antibody BHQ880, developed by Novartis Pharmaceuticals, had completed phase 1B trials in multiple myeloma. Despite some observed clinical benefits, 96.4% patients (n=28) reported adverse events (AE) with one-third of these reported events suspected to be related to either the antibody or zoledronic acid. The suspected study drug related AEs include hypertension (n=2), increased serum creatinine (n=1) and thrombocytopenia (n=1). Further clinical studies are needed to evaluate these monoclonal antibodies’ efficacy and safety in the treatment of individual cancer. More significantly, given its unsatisfactory performance relative to combination therapy, how to enhance the therapeutic efficacy of DKK1 antibody monotherapy was an important topic, in which understanding the functional mechanism as well as the 3D structure of DKK1 could provide potential directions.



Function of DKK1 Domains and Prediction of the 3D Structure of DKK1

DKK1 consisted of five domains, including signal sequence, Linker 1 (L1), the amino-terminal cysteine-rich domain (termed N), Linker 2 (L2), and the carboxyl terminal cysteine-rich domain (termed C) (2) (Figure 3). So far, several studies focused on the functional mechanism of the feature cysteine-rich N domain and C domain have been conducted. Crystal structure demonstrated that C domain and N domain bind to the four β-propeller and EGF-like domain repeats of LRP6 ectodomain, respectively (98). Because these domain repeats were capable of binding to several Wnt variants, a single DKK1 molecule may bind to all portions of the LRP6 ectodomain and thereby inhibit different Wnt pathways. The C domain was regarded as the critical binding site for Wnt signaling inhibition and the antibody DKN-01 could specifically recognize the C domain of DKK1 (100). More strikingly, a study on Wnt signaling in Xenopus embryos assessed distinct functional activities of these two functional domains. The C domain was shown to be necessary and sufficient for Wnt inhibition, while the N domain regulated this interaction by masking the ability of the C domain to synergize with LRP6 (101). On the other hand, the function of the N domain was more perplexing. It was defined as a signal domain that was responsible for the potent effects of DKK1 on heart-induction when synergizing with Wnt antagonists (102). CKAP4 was originally known as a protein that mainly localized to the endoplasmic reticulum and is now also defined as a novel DKK1 receptor. In the case of DKK1/CKAP4 signaling pathway, the N domain was found to be required for DKK1 binding to CKAP4 and thereby activated AKT by forming a complex between the leucine zipper domain of CKAP4 and the Src homology 3 domain of PI3K, resulting in cellular proliferation (26). This finding suggested that the N domain along with canonical Wnt inhibitor may play a crucial role in the numerous developmental and disease processes that involve DKK1. From this result, DKK1 may self-regulate its inhibitory effect on the Wnt signaling pathway. One possibility was that the N domain interacted with the C domain, thereby inhibiting its ability to synergize with LRP6. Furthermore, the post-translational modification of DKK1 protein may provide some useful hints. Ten disulfide bonds were detected in DKK1 molecule with five in the N domain and five in the C domain (102). Interesting, the disulfide topographic arrangement in the same domain is similar, while the overall pattern of all five disulfide bonds in these two domains is apparently different, suggesting that the two domains may have a different role in DKK1 function. There are nine reported glycosylation sites including the O-linked glycosylation at Ser61, Thr155, Ser163, Thr164, Ser169, Thr172, Thr173, Thr181, and N-linked glycosylation Asn256, which may interferes with the secretion of protein (103–105). Moreover, the L 1 and L2 domains may also be involved in controlling the protein conformation.




Figure 3 | Schematic diagram of the primary structures of full length DKK1. SS, signal sequence; N-domain and C-domain, two conserved cysteine-rich domains; L1, N1, L2, C1, named domain construct.



For the purpose of further depicting the functional mechanism of DKK1, it is essential to explore the roles of different domains. However, no three-dimensional protein structure of full length DKK1 was reported at present. According to the existing reports mentioned, we hypothesized that DKK1 could form distinct conformations with different intermolecular interactions between C domain and N domain, resulting in differences in the intramolecular interactions with LRP6 and CKAP4, respectively. To have a better understanding of DKK1 structure, we predicted the 3D structure of full length DKK1 by homology modeling and calculate the inter-molecular interactions between domains within DKK1. ORION was employed for predicting protein 3D structure and this method relies on the descriptors called Protein Blocks (PB) to encode a structural alphabet defined by 16 local structural patterns that accurately describe local protein structures (58, 106). Interactions between two residues were defined when the atoms distance was < 4 Å, and strong interactions between two residues were defined when the atoms distance was < 3 Å. According to the modeling results, DKK1 mainly formed two different 3D structures (Figure 4 and Table 3). One was a circular conformation with no interactive residues between C domain and N domain but considerable interactive residues between N domain and L2 (five pairs of strongly interactive residues), which could hinder the interaction between N domain and C domain. The other was a closed conformation with most interactions forming between N domain and C domain (11 pairs of strongly interactive residues). The interactive residues between N domain and L2 was less than that in the circular conformation (three pairs of strongly interactive residues). Since N domain was reported to diminish the binding of C domain to LRP6 (100), the closed conformation would be more desirable for impeding DKK1 from Wnt signal antagonizing. Moreover, these results suggested that the L2 domain of DKK1 may affect the 3D structure by competing with C domain for binding to N domain. Thus, intervening in the interaction between L2 and N domain may be a promising approach to facilitate the formation of the closed structure. Further functional studies are required to validate the results of the prediction and help to give a more insightful understanding of how the two domains of DKK1 interact structurally and thus provide insight into the development of more effective inhibitors. In addition, further exploration of the different configurations of these two regions and the interaction sites enable the intervention by specifically targeting inhibitors to achieve the ideal configuration of DKK1. This could provide a strong basis for developing advance DKK1 inhibitors with high anti-tumor efficacy.




Figure 4 | Two modeling structures of DKK1. (A) a circular conformation; (B) a closed conformation. Green. Signal peptide (1–31); Link1 domain (32–91); Blue, N domain (92–142); yellow, Link2 domain (143-178); Red, C domain (179-266). Interactions between two residues were defined when the atoms distance was < 4 Å, and strong interactions between two residues were defined when the atoms distance was < 3 Å.




Table 3 | The inter-molecular interactions among domains within DKK1.





Conclusions and Perspectives

Overall, DKK1 is an ideal anti-cancer therapeutic target for immunotherapy. Despite its role as clinical biomarker of cancer progression and prognosis, it also participated in multiple tumor deterioration in preclinical cancer models. The elevated serum level of DKK1 was observed in patients of various cancers with poor prognosis. According to gene profile analysis, mRNA level of DKK1 was overexpressed in a range of tumor types (14 out of 27). In addition to mRNA level, DKK1 protein level was found to be increased in both serum and in tissue samples in some specific cancers. There was a positive correlation between the mRNA level of CTNNB1 and DKK1 according to our calculation, supported by the similar evidence from protein expressions in several types of cancers, suggesting that the elevation of DKK1 may be attributed to overactivation of Wnt signaling. More studies are warranted to unravel the mechanism of DKK1 protein secretion and its existence in cancer. Preclinically, DKK1 was proven to promote proliferation, metastasis, and invasion in cancer cell lines and DKK1 inhibition showed efficacy on tumor regression in animal models. Furthermore, DKK1 demonstrated immunoregulatory impacts including encouraging Th1/Th2 shifts, promote an immunosuppressive tumor microenvironment that benefited MDSCs expansion and T cell suppression, reducing the functionality of T cells by MDSC modulation, and suppressing the proliferation of CD8+ T cells and NK cells, thus contributing to inflammatory response and cancer immune evasion. Although the functional mechanism of DKK1 has not yet been fully elucidated, its role in signaling pathways in cancers and immune cells has become increasingly apparent. The engaging pathways include the canonical β-catenin-dependent Wnt signaling, β-catenin-independent Wnt signaling and the novel one involving CKAP4. Extra work is required to understand coordination of DKK1 in these pathways. A schematic model of different roles of DKK1 in immunomodulatory and tumorigenesis is illustrated (Figure 5). The latest findings from clinical trials of anti-DKK1 antibody DKN-01 also demonstrated that DKK1 is a potential candidate for treating advanced GEJ/GC and gynecologic cancers. The therapeutic strategy of developing a combination of DKK1 and immune checkpoint inhibitor based on precision medicine is promising for tumor patients with high DKK1 expression. As mentioned, DKK1 was highly expressed in a great variety of cancers and also involved in cancer progression. For instance, DKK1 was involved in bone metastases of small cell lung cancer cell model (58). It is reasonable to speculate that DKK1 could be a therapeutic approach for a wide range of malignancies. Based on these results and the increasing evidence of DKK1 tumor promoting activity, further clinical development is warranted. Another intriguing point in the clinical results is that in the combination treatment with DKN-1 and pembrolizumab, patients with a high DKK1 level in tumor demonstrated relatively higher efficacy than those with a low level. The same effect was observed in patients who were resistant to PD-1 treatment. Moreover, DKN-01 monotherapy had much less efficacy than that of combination therapy with anti-PD-1 antibody (51). With the aim to improve the performance of DKK1 monotherapy, it is imperative to elucidate the structural mechanism of DKK1 inhibition of the Wnt pathway. As mentioned, the N domain of DKK1 may be eligible to regulate the ability of its own C domain binding to LRP6. Our computational analysis results were consistent with this and pointed out the possibility of two distinct conformations of DKK1 structure with different interaction of N and C domain. Based on these points, we can study how different configurations of N-terminal domains of DKK1 affect the Wnt signaling pathway through interaction with the C-terminal domains thereby discovering the new targeting domain on DKK1 for further drug development.




Figure 5 | A schematic model for different roles of DKK1 in immunomodulatory and tumorigenesis. DKK1 promotes an immunosuppressive tumor microenvironment that benefited MDSCs expansion by regulating β-catenin-independent Wnt signaling, and suppressing the proliferation of CD45+ T cells, thus contributing to cancer immune evasion. DKK1 helps cancer cells possess stem cell-like properties by preventing Wnt activation regardless of β-catenin dependence. A novel pathway shows DKK may interact with CKAP4 receptor, which lead to the activation of Akt signaling and increases the proliferation of the cancer cells. In the allergen challenge model, Platelet-derived DKK1 enhances Th2 response and elevates the secretion of IL-4, IL-5, IL-10, and IL-13, while suppresses Th1 response by reducing IFn-γ expression.
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