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Abstract

:

Simple Summary


The inhibition of angiogenesis, relying on the use of drugs targeting the VEGF signaling pathway, has become one of the main strategies for cancer treatment. However, the intrinsic and acquired resistance to this type of therapy limit its efficacy. Thus, the identification of novel therapeutic targets is urgently needed. The resistance to anti-angiogenic treatment often occurs through the activation of alternative VEGF independent signaling pathways and recruitment of bone marrow-derived pro-angiogenic cells in the tumor microenvironment. HOX genes are key regulators of embryonic development, also involved in angiogenesis and in cancer progression. HOXB9 upregulation occurs in many types of cancer and it has been identified as a critical transcription factor involved in tumour resistance to anti-angiogenic drugs. Indeed, HOXB9 modulates the expression of alternative pro-angiogenic secreted factors in the tumour microenvironment leading tumor escape from the anti-angiogenic treatments. Hence, HOXB9 could serves as a novel therapeutic target to overcome the resistance to anti-angiogenic therapies.




Abstract


Angiogenesis is one of the hallmarks of cancer, and the inhibition of pro-angiogenic factors and or their receptors has become a primary strategy for cancer therapy. However, despite promising results in preclinical studies, the majority of patients either do not respond to these treatments or, after an initial period of response, they develop resistance to anti-angiogenic agents. Thus, the identification of a novel therapeutic target is urgently needed. Multiple mechanisms of resistance to anti-angiogenic therapy have been identified, including the upregulation of alternative angiogenic pathways and the recruitment of pro-angiogenic myeloid cells in the tumor microenvironment. Homeobox containing (HOX) genes are master regulators of embryonic development playing a pivotal role during both embryonic vasculogenesis and pathological angiogenesis in adults. The importance of HOX genes during cancer progression has been reported in many studies. In this review we will give a brief description of the HOX genes and their involvement in angiogenesis and cancer, with particular emphasis on HOXB9 as a possible novel target for anti-angiogenic therapy. HOXB9 upregulation has been reported in many types of cancers and it has been identified as a critical transcription factor involved in resistance to anti-angiogenic drugs.
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1. Introduction


Angiogenesis is a highly regulated physiological process, consisting in new blood vessels formation from preexisting ones, which exerts a crucial role during embryonic development and wound healing process in adults. Angiogenesis mis-regulation can contribute to the development of various disorders, including cancers [1], and it is often triggered by low tissue oxygen concentrations. Low oxygen levels induce the expression of several different growth factors and pro-angiogenic factors, including vascular endothelial growth factor (VEGF), angiopoietins (ANGs), fibroblast growth factors (FGFs), transforming growth factors (TGFs), and placental growth factor (PlGF), which play essential roles in cancer development.



The identification of VEGF as master regulator of the angiogenic process [2] has led to the development of several new therapeutic agents targeting the VEGF-signaling pathway, including monoclonal antibodies, recombinant proteins, and small tyrosine kinase inhibitors (TKI) [3] (Table 1). Bevacizumab and Ramucirumab are among the monoclonal antibodies targeting the VEGF-VEGFR2 signaling pathways that have been approved for the treatment of solid cancer [4]. Bevacizumab has been approved in 2004 by the US Food and Drug Administration (FDA) for the treatment of metastatic colorectal cancer [5], while Ramucirumab has been approved for the treatment of gastric adenocarcinoma, metastatic non-small cell lung carcinoma and colorectal cancers. [6,7]. Aflibercept is among the recombinant proteins targeting the VEGF signaling pathway; Aflibercept is a soluble recombinant VEGFR fusion protein that inhibits multiple VEGF family members (i.e., VEGFA, VEGFB, and PIGF) which has been approved for the treatment of metastatic colorectal cancer [8].



Despite the promising results from preclinical experiment, blocking the VEGF signaling pathway appears to be ineffective in certain type of cancers or in certain groups of patients [9]. After an initial period of clinical benefit, patients develop resistance to anti-angiogenic therapeutic drugs, associated with a rapid boost of angiogenesis and tumor growth. The resistance to anti-angiogenic treatment often occurs through the activation of alternative VEGF-independent signaling pathways such as recruitment of bone marrow-derived pro-angiogenic cells in the tumor microenvironment and/or tumor cells reprogramming into a more aggressive phenotype [10].



Homeobox genes play a central role in regulating neovascularization during both embryonic vasculogenesis and pathological angiogenesis in adults. Recent studies have identified Homeobox B9 (HOXB9) as a crucial transcription factor involved in tumor resistance to anti-angiogenic drugs. HOXB9 is upregulated in many type of cancers [11,12,13] and has been proposed as a factor modulating the expression of alternative proinflammatory and pro-angiogenic secreted factors in the tumor microenvironment [14]. Therefore, targeting HOXB9 could represent a good therapeutic approach to overcome the resistance to anti-angiogenic therapies.




2. HOX Family Transcription Factors


HOX genes encode for a highly evolutionarily conserved family of homeodomain-containing transcription factors known to be key regulators of embryonic development. The homeobox genes, originally discovered in Drosophila melanogaster [15,16], are present in organisms ranging from primitive chordate to humans. During vertebrate evolution, the ancestral HOX gene cluster has been repeatedly duplicated to generate groups of paralogue genes sharing high similarities in sequence, expression pattern, and function. In mammals, the HOX family gene contains 39 genes organized into four clusters, called HOXA, HOXB, HOXC, and HOXD, which are located in four different chromosomes (7p15, 17p21, 12q13, and 2q3 respectively). The 39 genes have been divided into 13 paralog groups on the basis of sequence similarity and chromosomal position within each linkage group. Each cluster contains 9 to 11 members [17] (Figure 1).



Each mammal HOX gene contains two exons and a single intron. HOX genes encode for transcription factors containing a homeodomain of approximately 180 bp located in their second exon. The homeodomain encodes for a highly conserved DNA-binding domain containing a helix-turn-helix motif of 60 amino acids responsible for recognition and binding of their target gene promoters [18,19]. HOX proteins bind DNA cooperatively with members of the three-amino-acid loop extension (TALE) protein family as cofactors to drive the transcription of downstream targets [20].



The genes of each HOX clusters are arranged along the chromosome in a sequence reflecting their order of expression during embryogenesis. From the gastrula stage onward, the activation of these genes occurs sequentially according to their position within each clusters, in the sense that HOX genes located at the 3’ ends (paralog group 1) are expressed earlier and more anteriorly than those located at the 5’ ends (paralog group 13) [21]. This property is referred to as spatial and temporal collinearity. Although the expression pattern progressively changes between adjacent paralog groups, members of the same paralog groups often exhibit similar expression and protein functions. Genetic studies have shown that some of these HOX genes work together, highlighting the existence of a functional redundancy among HOX paralogous genes. Hence, a defect in one gene can be compensated by the activity of another one [22,23].



Although HOX genes are master regulators of embryo development, they are also required for proper functioning of adult tissues, controlling cellular identity and regulating numerous processes including proliferation, apoptosis, differentiation, motility, and angiogenesis [24,25,26,27]. A detailed discussion about the role of HOX genes in proliferation, motility, apoptosis, and differentiation is outside the scope of this review. The role and involvement of HOX genes in angiogenesis will be briefly discussed below, before moving on to a more detailed discussion about the role of HOXB9 in cancer development and angiogenesis and its possible role as a target for anti-angiogenic therapy.



2.1. HOX Family in Angiogenesis


HOX proteins can have stimulatory or inhibitory effects on angiogenesis. The strongest evidence of the involvement of HOX genes in regulating endothelial cells (ECs) phenotype comes from studies conducted on the paralog group HOX3. In particular, HOXA3, HOXB3, and HOXD3 have been reported to be positive regulators of angiogenesis. HOXD3 is highly expressed in active proliferating ECs forming tubes but not in quiescent ECs, and its expression is induced by bFGF [28]. HOXD3 overexpression is associated with the invasive phase of angiogenesis [28]. HOXD3 enhances the expression of integrin α5 and β3 subunits and upregulates the expression of serine protease urokinase-type plasminogen activator (uPA). The aforementioned factors, integrin α5, β3 subunits and uPA, are poorly expressed in quiescent endothelium; however, their expression increases in response to angiogenic stimuli and is essential for ECs adhesion, migration, and invasion [29]. Inhibition of HOXD3 expression significantly blocks the ability of bFGF to induce the expression of both α5 and β3 integrin subunits and uPA, and this is sufficient to inhibit angiogenesis. HOXD3 overexpression, on the other hand, leads to an increased expression of these two proteins, along with morphological ECs changes [28].



HOXA3 expression correlates with an increased ECs migration. The effect exerted on migration by HOXA3 is given by the upregulation of genes involved in cell–cell interactions or cell–extracellular matrix interaction (e.g., matrix metalloproteinase 14). Knockout mice models have also shown that disruption of HOXA3 gene results in cardiovascular defects. During embryonic development, the loss of this gene affects the intrinsic ability of the neural crest cells to induce proper differentiation of the third pharyngeal pouch. The neural crest cells within the third pharyngeal arch, precursor of the carotid artery, initially migrate properly but arteries become sinusoidal and degenerate at the time of differentiation, and have a decreased rate of proliferation [30].



The mechanism by which the expression of HOXB3 influences angiogenesis is different compared to HOXD3 and it has been associated with capillary morphogenesis in endothelial sprouts. Blocking HOXB3 expression markedly reduces the expression of the angiogenic ligand ephrin A1 and impairs capillary morphogenesis of dermal microvascular ECs, whereas constitutive expression of HOXB3 results in an increase in capillary vascular density and angiogenesis [31]. Taken together, these observations suggest a complementary function of the HOX genes paralogous, resulting in HOXD3 promoting the invasion and/or migration of ECs, in response to angiogenic signals, and HOXB3 promoting the subsequent capillary morphogenesis of the newly formed vascular sprouts.



HOXA9 is also involved in angiogenesis regulation, its overexpression promotes ECs migration and tube formation in vitro through an upregulation of the Ephrin receptor B4 (EPHB4) [32]. HOXA9 acts as a master regulator of endothelial committed genes and is able to upregulate the endothelial nitric oxide synthase (eNOS) and the VEGFR2. Consistently, HOXA9-deficient mice display a decreased number of EC precursor cells and show an impaired response to angiogenic stimuli [33].



Overexpression of HOXB5 leads to the induction of the VEGF receptor flk-1 and increases the number of platelet-endothelial cell adhesion markers in ECs. HOXB5 mRNA co-localizes with flk1 and activates cell-intrinsic events regulating the differentiation of angioblasts and mature ECs from their mesoderm-derived precursors [34].



The HOXB7 gene has been found to be constitutively expressed in primary melanoma tumors and their metastases, as well as in 25 melanoma cell lines. It has been reported to increase melanoma cells proliferation via upregulation of bFGF expression [35]. HOXB7 overexpression has also been associated with enhanced expression of several angiogenic growth factors including VEGF, Ang-2, and interleukin (IL)-8 in the breast cancer cell line SkBr3, indicating that HOXB7 is a critical factor for upstream pro-angiogenic genes. Consistently, tumors explanted from SkBr3-HOXB7 xenografts mice revealed greater levels of vascularization compared to their control counterparts [36].



Overexpression of HOXC10 has been reported to be able to enhance the ability of glioma cells to induce tube formation, migration, and proliferation of ECs, whereas silencing HOXC10 exerts the opposite effect. HOXC10 transcriptionally upregulates VEGFA expression directly binding its promoter [37].



Not all members of the HOX family have an angiogenesis-promoting role. HOXA5, paralog of HOXB5, is considered an anti-angiogenic gene and it is expressed in normal quiescent endothelium, but not in activated vasculature. HOXA5 expression is able to block angiogenesis in vivo and cell migration in vitro via downregulation of many pro-angiogenic genes, such as VEGFR2, ephrin A1, hypoxia-inducible factor (HIF)-1α and cyclooxygenase (COX) 2 and upregulation of the anti-angiogenic factor thrombospondin 2 [38]. Moreover, HOXA5 stabilizes adherens junctions, through β-catenin retention, and enhances Akt activity via phosphatase and tensin homolog (PTEN) downregulation resulting in the maintenance of a stable quiescent vascular phenotype [39].



HOXD10 is an anti-angiogenic gene as well; it is highly expressed in normal quiescent vascular endothelium, it impairs ECs migration and blocks angiogenesis induced by bFGF and VEGFA [40]. Studies conducted in both breast and endometrial cancer have shown a progressive reduction in HOXD10 expression as malignancy increases. In line with this observation, restoration of HOXD10 expression in breast cancer cells reduces migration and restores cell polarity with induction of acinar structure formation. This reverted phenotype is associated with downregulation of α3 integrin expression [41]. HOXD10 also attenuates tumor angiogenesis via downregulation of angiogenic factors including VEGFA [42].





3. HOXB9 in Cancer


HOXB9 is a transcription factor member of the well conserved HOXB cluster genes. HOXB9 is involved in the formation of the thoracic skeletal elements and contributes to forelimb development [43,44]. In adults, it is involved in mammary gland development during pregnancy [45] and in blood cell differentiation [46].



In addition to its crucial roles in development, HOXB9 plays an important role in numerous human solid cancers and its aberrant expression significantly contributes to tumor formation [47,48] (Table 2). High levels of HOXB9 are associated with poor prognosis in lung adenocarcinoma patients [12], low overall survival of colon cancer patients [49], high tumor grade and lower overall survival of breast cancer patients [50], advanced clinical stage of glioma patients [51], tumor progression, vascular and lymphatic invasion in gastric cancer patients [52], and vascular invasion and poor overall survival of hepatocellular carcinoma patients [13]. However, it has also been reported that downregulation of HOXB9 is associated with poor survival of gastric carcinoma patients, highlighting conflicting hypotheses about HOXB9’s role in cancer [53].



3.1. HOXB9 Regulation in Cancer


Numerous recent studies have underlined the central role of HOXB9 in promoting cancer progression, metastasis, and resistance to anti-angiogenic treatments.



A variety of mechanisms have been proposed to be responsible for the mis-regulation of HOXB9 during cancer progression. HOXB9 is a downstream target of WNT/transcription factor 4 (TCF4). The Wnt signaling pathway controls self-renewal of numerous tissues and plays a critical role in oncogenesis throughout the regulation of genes involved in cell proliferation, survival, and metastasis [69]. The activation of the WNT/TCF4-HOXB9 signaling pathway enhances the ability of human lung adenocarcinomas to develop brain and bone metastases. Accordingly, short hairpin RNA (shRNA)-mediated knockdown of HOXB9 in lung cancer cells reduces their invasive phenotype [63]. HOXB9 expression is also induced by N-acetyl-galactosaminyl-transferases 14 (GalNAc-T14). GalNAc-T14 increases the stability of β-catenin and the stability of the downstream Wnt pathway target genes, including HOXB9. A meta-analysis conducted on clinical genomic data revealed that the expression of GalNAc-T14 or HOXB9 strongly correlated with reduced recurrence-free survival and increased hazard risk in patients with lung adenocarcinoma, indicating a possible clinical relevance and their involvement in metastasis [64].



HOX genes are critical developmental regulators and growing evidence have identified sex steroids as regulators of their expression in mature tissues [70]. In this regard, several studies have reported that HOXB9 promoter contains multiple estrogen-response elements, demonstrating that HOXB9 gene is transcriptionally regulated by estrogen [71]. Other studies identified E2F transcription factors, a family of transcription factors involved in the cell cycle regulation, as direct regulator of HOXB9 expression. In particular, E2F1 was reported to bind the binding site of the HOXB9 promoter. The induction of HOXB9 expression by E2F1 was observed in several breast cancer cell lines and a significant correlation between E2F1 and HOXB9 was revealed in clinical breast cancer samples indicating their potential role in breast cancer progression [56].



Recent studies have suggested that post-translational modifications, such as acetylation, might have a possible role on HOXB9 regulation. The acetylated form of HOXB9 decreases the ability of lung cancer cells to migrate and to promote tumor growth in mice. Furthermore, HOXB9 acetylation at K27 predicts a better prognosis for patients with lung adenocarcinoma [58]. The importance of the acetylated and non-acethylated state of HOXB9 has also been described in colon and pancreatic cancer [67,72]. Colon cancer patients having low levels of the acetylated HOXB9 form have a more favorable outcome compared to patients with high levels of the non-acetylated HOXB9 form [72]. The non-acetylated HOXB9 form promotes the transcription of downstream JMJD6 and EZH2 target genes, whereas the acetylated HOXB9 form is translocated into the cytoplasm, and thereby cannot longer function as transcription factor [72].





4. The Role of HOXB9 in Tumor Anti-Angiogenic Treatments Escape


The inhibition of angiogenesis by blocking pro-angiogenic factors and/or the activity of their receptors has become a primary strategy for cancer therapy, although the improvements provided by these therapies remain limited [9]. Indeed, after an initial period of clinical benefit [73], almost inevitably, tumors adapt and continue to grow, resulting in more aggressive tumors with an acquired resistance to anti-angiogenic treatment such as VEGF/VEGFR inhibition [74]. The acquisition of resistance to anti-angiogenic treatment occurs via activation and/or upregulation of alternative angiogenic pathways promoting tumor angiogenesis in a VEGF-independent manner and via the recruitment of pro-angiogenic myeloid cells in the tumor microenvironment [10,75]. A correlation between HOXB9 expression and the upregulation of a pro-angiogenic signaling cascade has indeed been observed, supporting the hypothesis that HOXB9 could be involved in the resistance to anti-angiogenic treatments (Figure 2).



4.1. HOXB9 in Mediating the Expression of Alternative Pro-Angiogenic Factors


Although the VEGFs protein family are key regulators of angiogenesis, the existence of alternative growth factors—including ANGs, FGFs, TGFs, PlGF, granulocyte colony-stimulating factor (G-CSF), stromal cell-derived factor-1 (SDF-1), and hepatocyte growth factor (HGF)—responsible for endothelial activation, vessel formation, and stabilization has become evident in several preclinical and clinical studies. Thus, targeting a single angiogenic growth factor has limited therapeutic effect. In this regard, many evidences from preclinical models and clinical trials have shown that inhibition of a specific growth factor can induce the expression of alternative proinflammatory and pro-angiogenic secreted factors in the tumor microenvironment. For instance, bevacizumab resistance metastatic colorectal cancer shows an upregulation of HIF-1α [76]. Indeed, increased hypoxia leads to an upregulation of other pro-angiogenic factors, thereby bypassing the VEGF-dependent angiogenesis [75].



Although not an oncogene, HOXB9 expression has been reported to promote neovascularization and distal metastasis, suggesting that the aberrant overexpression of HOXB9 contributes to cancer progression and invasiveness. HOXB9 has an effect on angiogenesis in many different types of cancer cells, including colon [57], ovarian, renal [27], breast [50,77], hepatocellular [13], and prostate [68]. It has been reported that HOXB9-mediated angiogenesis correlates with increased concentrations of several growth factors, including VEGF, bFGF, Angiopoietin-like protein 2 (Angptl2), TGF-β, interleukin (IL)-1 and IL-8—which are involved in proliferation and differentiation of ECs—regulation of vascular permeability, and cell–matrix interactions [78].



The FGF family of growth factors comprises a series of important and potent mediator of tumor angiogenesis. The mammalian FGF family comprises 22 members, 18 of which are secreted proteins that interact with 4 FGF tyrosine kinase receptors (FGFRs) and 4 intracellular non-signaling proteins that serve as cofactors for voltage gated sodium channels [79]. The FGF signaling has a fundamental role in developmental pathways, including embryogenesis and organogenesis, and in the adult, where it is important for tissue maintenance and tissue repair and regeneration [79,80]. FGF binding to its receptor FGFR tyrosine kinase leads to the activation of the RAS-MAPK, PI3K-AKT, PLCγ, and STAT intracellular signaling pathways [81]. The FGF signaling has a crucial role in tumor angiogenesis in stimulating new vessel formation and vessel maturation by driving ECs proliferation, promoting extracellular matrix degradation, and altering cell–cell adhesion receptors [82]. The FGF system can mediate resistance to anti-VEGFR therapeutic agents, and this was revealed by a preclinical genetically engineered mouse model of pancreatic islet carcinoma, the Rip1-Tag2 mice. Prolonged treatment of Rip1-Tag2 mice with a monoclonal antibody, the DC101, which specifically blocks VEGFR2 signaling, induces an initial transitory response, characterized by tumor stasis and reduction in tumor vascularity, followed by tumor regrowth with restoration of high blood vessel density. Analysis of the revascularized VEGFR2-blocked tumors revealed an increased expression of other pro-angiogenic factors, including FGFs and Ephrins, that re-stimulates tumor angiogenesis in a VEGF independent manner. When these mice were treated with the VEGFR inhibitor in combination with an FGF-trap, an attenuation of the revascularization and deceleration of tumor growth was observed, demonstrating a role of the FGF signaling in regulating angiogenesis [83]. A similar increased expression of bFGF along with other angiogenic factors, including PlGF and HGF, has been observed before disease progression in metastatic colorectal cancer patients treated with a combination of FOLFIRI and bevacizumab [84]. An analogous observation has come from a clinical study conducted on glioblastoma patients treated with a pan-VEGF receptor tyrosine kinase inhibitor, cediranib. In this study, an initial response of vascular normalization was observed, followed by a progression phase that was correlated with a significant increase in bFGF levels in the blood of relapsing patients, indicating an adaptive mechanism involving FGF signaling in anti-VEGF treatments [85].



Expression levels of inflammatory factors have also been linked to resistance to anti-VEGF therapy. For instance, increased IL-8 expression levels have been reported in patients with pancreatic and colorectal cancer resistant to VEGF-therapy and it has been linked to the recruitment of immunosuppressive myeloid cells [86]. IL-8 is a pro-inflammatory factor belonging to CXC chemokine family; IL-8, mainly produced by tumor cells, upon binding to its cell-surface receptors, CXCR1 (IL-8RA) and CXCXR2 (IL-8RB), can promote angiogenesis, survival of cancer stem cells, and recruitment of myeloid-derived suppressor cells [87]. IL-8 is a circulating factor regulated by the activation of TAK1 pathway and it is the most significant predictive biomarker of resistance to nal-IRI in patients with gemcitabine-refractory pancreatic cancer [88]. Increased levels of IL-8 expression have been reported in a head and neck squamous cell carcinoma tumor model resistant to anti-VEGF therapy [89], and in a clinical study conducted in patients with renal cell carcinoma treated with sunitinib [90]. Plasma levels of IL-8 are associated with poor outcomes in newly diagnosed glioblastoma patients treated with a pan-VEGF cediranib [91]. Moreover, IL-8 plasma levels could serve as a biomarker for resistance to sunitinib in patients with renal cell carcinoma [90].



IL-1α and IL-1β are proinflammatory cytokines that initiate and sustain the angiogenic process [92]. Recent studies conducted in murine pancreatic cancer models have identified the upregulation of both IL-1α and IL-1β as main players in sustaining resistance to anti-angiogenic therapy [86]. Both IL-1α and IL-1β bind to the type 1 IL-1 receptor (IL-1R1) leading to the recruitment of its co-receptor IL-1 receptor accessory protein (IL-1RAP) that is necessary for the activation of their downstream pathways, such as NF-κB, JNK and MAPK signaling cascade [93]. The autocrine secretion of IL-1Ra, a physiological inhibitor of IL-1R1, has been proven to be responsible for the constitutive activation of the NF-κB pathway [94,95,96]. Indeed, Anakinra, an FDA-approved recombinant IL-1Ra, when given alone or in combination with gemcitabine, reduces tumor growth through inhibition of IL-1α-induced NF-κB activation [97]. IL-1β induces the production of several angiogenic factors, such as HIF-1α, VEGF, and C-X-C motif chemokine (CXC) ligand 2 (CXCL2), which promotes rapid tumor cells growth and neovascularization in in vivo mouse models [98]. IL-1α and IL-1β were reported to be upregulated in an anti-VEGF resistant pancreatic cancer cells compared to the anti-VEGF sensitive cells [86]. Consistently, the neutralization of IL-1 signaling, in combination with the inhibition of other proinflammatory signaling pathways, such as CXCR1/2 and TGF-β, abrogates resistance to anti-VEGF therapy resulting in a significant reduction in tumor burden and a significant increase in overall survival in a in vivo murine model of pancreatic cancer resistance to anti-VEGF therapy [99].



TGF-β family members are multifunctional cytokines acting on different type of cells, including ECs and inducing angiogenesis in vivo [100]. TGF-β exerts its function through binding to type II and type I serine/threonine kinase transmembrane receptors complex. The ligand binding results in recruitment and phosphorylation of receptor regulated Smad2/3 proteins that associate with the common mediator, Smad4. After activation and translocation into the nucleus, they work as transcription factors regulating the expression of specific target genes [101]. In the last decade, it has been demonstrated that the inhibition of TGF-β signaling is an effective strategy for the treatment of pancreatic cancer patients in combination with classic chemotherapeutic agents or immune checkpoint inhibitors [102,103,104,105,106,107,108,109]. In particular, activin receptor-like kinase 1 (ALK-1) is a type I receptor with restricted expression in vascular ECs mediating the critical role of TGF-β in angiogenesis. The TGF-β/ALK1 signaling induces Smad1/5 activation that has been shown to stimulate Ecs migration, proliferation, and tube formation [110]. The importance of TGF-β signaling in angiogenesis and vascular remodeling has been underlined by numerous in vivo studies that have shown how loss of TGF-β signaling components leads to embryonic lethality because of cardiovascular defects [111]. ALK1 knockout mice died at mid-gestation because of severe vascular abnormalities and angiogenesis defects [112]. Higher levels of TGF-β have been found in many tumor tissues compared to the adjacent normal tissues and its expression correlates with patient survival [113,114]. Many studies reported deregulation of the TGF-β pathways at different levels. High levels of TGF-β expression have been found in glioma models resistant to anti-VEGF therapy and in several other preclinical models, suggesting that it might play an important role in the acquired resistance to anti-angiogenic therapy [115,116]. Intriguingly, an upregulation of TGF-β has been reported in murine models resistant to the anti-VEGF antibody bevacizumab [86] and the inhibition of the TGF-β signaling abolished the resistance to anti-VEGF therapy leading to reduction in tumor burden and significant prolonged survival compared to mice treated with bevacizumab alone [99].



Angptl2 belongs to the angiopoietin-like family and is a tumor-promoting secreted glycoprotein [117]. Angptl2 exerts its function in tissue repair and vasculogenesis; however, excess Angptl2 signaling causes chronic inflammation and subsequent pathological tissue remodeling, leading to the development of different diseases, including cancers [118,119]. The autocrine signaling of Angptl2 and its receptor LILRB2 plays a key role in sustaining epithelial to mesenchymal transition (EMT) and the early metastatic events in pancreatic pre neoplastic lesions [120]. In transgenic mice models, overexpression of Angptl2 induces a significant increase in the number of blood vessels compared to Angptl1 expressing mice, suggesting that Angptl2 promotes angiogenesis in vivo [121]. Similarly, knocking down both Angptl1 and Angptl2 produces severe vascular defects partially due to increased apoptosis of ECs at the sprouting stage, indicating their central role in vascular development [122]. Recent studies have reported an upregulation of Angptl2 in a murine pancreatic cancer model resistant to anti-VEGF therapy, suggesting that it could play an important role in the resistance to anti-VEGF therapy [86].



Angiogenic factors induced by HOXB9 activation in breast cancer cells leads to microenvironment enrichment with angiogenic factors responsible for the formation of large highly vascularized tumors that metastasize to the lung in mouse xenograft model. Moreover, HOXB9 overexpressing breast cancer cells display a significant induction of new blood vessel formation in vivo, whereas HOXB9 downregulation leads to the suppression of new tube formation [11]. These findings have also been reported in prostate cancer, where HOXB9 downregulation inhibits the angiogenic process via reduction in HUVEC tube formation and HIF-1α and VEGF reduces expression [68], and in colorectal cancer where HOXB9 overexpressing xenograft mice showed an increase in tumor burden and micro vessel density [57]. The presence of multiple HOXB9 binding sites at promoters of these pro-angiogenic factors [54] suggests that these genes are likely to be targets of HOXB9 activation.



A recent study has identified microRNA-192 as a key regulator of tumor angiogenesis in both highly angiogenic ovarian and renal cancer models. Disrupting the crosstalk between tumor and ECs by targeting two key transcription factors, EGR1 and HOXB9, leads to a global downregulation of genes involved in angiogenesis pathways. Consistently, nanoliposome-mediated delivery of microRNA-192 significantly inhibits tumor angiogenesis resulting in a much more profound anti-tumor effect compared to that observed with murine anti-VEGF antibody treatment, suggesting the central role of EGR1 and HOXB9 downstream target in tumor angiogenesis [27].



HOXB9, throughout regulation of pro-inflammatory and pro-angiogenic secreted factors expression, including Angptl2, CXCL1, IL-8, and TGF-β play a crucial role in sustaining resistance to angiogenic targeting therapy. Indeed, a recent study conducted in a resistant anti-angiogenic preclinical model has revealed that HOXB9 is a key transcription factor in sustaining tumor resistance to anti-VEGF treatments. The study reported that HOXB9-positive tumors were resistant to anti-VEGF therapy, whereas mice bearing HOXB9-negative tumors were cured by treatment with this drug. Accordingly, silencing HOXB9 in the anti-VEGF-resistant xenograft model significantly decreased the expression of the alternative secreted pro-angiogenic factors inducing sensitivity to the anti-angiogenic therapy and resulting in prolonged survival in vivo [14].



All together, these studies suggest an important role of others pro-angiogenic factors in the resistance to anti-angiogenic therapy and highlight HOXB9 as a crucial transcription factor in sustaining tumor resistance to anti-VEGF treatment [11,54].




4.2. HOXB9 Role in Tumor Invasivenes and Metastasis


There is increasing evidence supporting the idea that therapeutic inhibition of angiogenesis correlates with an increased local invasiveness and distant metastasis despite overall inhibition of tumor growth [123,124]. It has been reported that increased metastasis and enhanced invasiveness in response to anti-angiogenic therapy is variable, i.e., it is dependent on the tumor model, treatment type, dosing, and scheduling. Notably, it has been shown that high doses and short term anti-angiogenic treatments have the most deleterious effects, enhancing metastasis to distant organs and resulting in reduced survival [123,124].



Anti-angiogenic treatment can promote a more permissive metastatic potential, both in tumor and normal organ vessels. Angiogenesis targeting drugs lead to a disruption of the vasculature integrity via reduction in vascular basement membrane and pericyte coverage, increased leakiness and decreased adherens junction protein expression [125,126]. These vascular changes results in an increased intravasation and facilitates the passage of tumor cells into the circulatory system, thus facilitating extravasation and metastatic colonization of distant organs [126].



In addition, anti-angiogenic treatment could increase tumor metastasis through intra-tumoral hypoxia, resulting in increased tumor cell motility. Several studies have shown a parallel increase in HIF-1α expression during anti-VEGF therapies [124,127,128] associate with an increase in EMT changes which could account for an increased metastasis rate.



The EMT process is a well-characterized mechanism essential in development and wound healing, and occurs in cancer metastasis [129]. During EMT, phenotypic changes essential for migration and invasion occur by the loss of apicobasal polarity, degradation of cell–cell junctions, cytoskeletal rearrangement, upregulation of mesenchymal markers, and loss of epithelial markers. Changes characterizing the EMT process comprise loss of epithelial proteins such as EPCAM, loss of adherens junction proteins such as E-cadherin, and concomitant activation of gene expression of mesenchymal proteins like vimentin, alpha-smooth muscle actin, and members of the Snail and Slug family [130,131]. These phenotypic changes have been observed after anti-angiogenic treatment, that cause tumors to acquire more angiogenic and invasive capacities, therefore promoting metastasis [86,132].



Overexpression of different HOX genes in a variety of tumor types is correlated with aggressive cellular behavior and the promotion of EMT. In addition to promoting the secretion of pro-angiogenic factors in tumor microenvironment, HOXB9 expression has been reported to promote cancer progression, EMT, and metastasis in different tumors. HOXB9 overexpression in breast cancer cell lines is associated with a transition from an epithelial phenotype into a more mesenchymal phenotype by reduction in E-cadherin expression levels and increasing of mesenchymal markers expression, including vimentin, snail, twist, and N-cadherin. These changes re-program breast cancer cells toward a more motile and invasive cells leading to metastatic nodules in lung in vivo [11]. Deregulation of HOXB9 expression facilitates migration and invasion of prostate cancer cells, whereas HOXB9 knockdown reverses the EMT process, inducing the expression of epithelial markers and the decrease in mesenchymal markers [68]. Enhanced migration and invasion caused by HOXB9 expression have been described also in colon cancer [49], endometrial cancer [59], and gliomas [51].



Recent studies have associated the EMT changes caused by HOXB9 expression with an upregulation of the TGF-β pathway. An overexpression of HOXB9 can activate the TGF-β pathway, leading to both an aggressive cellular phenotype and a switch towards an EMT phenotype [11].



The TGF-β signaling pathway plays an important role in driving cancer metastasis, essentially via induction of the EMT process [133]. In human cancers, cells with EMT characteristics have been detected particularly at the invasion front of the tumor, an area that is rich in stromal TGF-β and other cytokines that may cooperate in the induction of EMT. TGF-β promotes EMT by a combination of both Smad-dependent and Smad-independent mechanisms, requiring crosstalk between PI3K/AKT and Smad signaling proteins. Upon activation of the TGF-β and induction of the two zinc-finger transcription factors, Snail and Slug, a significant repression of E-cadherin is observed [134,135].



In this regard, it has been shown that HOXB9 could stimulate the migration and invasion of oral squamous carcinomas cells through activation of the TGF-β1/Smad2/Slug signaling pathway. Consistently, HOXB9 knockdown significantly reduces the expression of TGF-β1 and Smad2 phosphorylation, with concomitant suppression of Slug and Snail expression, resulting in a significant decrease in oral squamous cells motility [65]. HOXB9 overexpression significantly increases TGF-β1 expression and its downstream protein phospho-Smad2 also in glioma cells enhancing cells proliferation, migration, and invasion and accelerating the tumor growth in nude mice models. Conversely, HOXB9 knockdown inhibits the invasive behavior of glioma cells and downregulates the TGF-β1 signaling pathway [51]. These data have been supported by studies conducted in hepatocellular carcinomas, where elevated levels of HOXB9 were detected in both hepatocellular carcinomas tissue and hepatocellular cancer cell lines, and this was correlated with enhanced aggressive behavior of tumor cells and increased activation of the TGF-β1 pathway [61,62]. Therefore, HOXB9 might represent an important regulator of the TGF-β signaling. Analysis carried out in murine models resistant to anti-VEGF therapy have shown a positive correlation between HOXB9 expression and EMT phenotype. Silencing HOXB9 in the anti-VEGF-resistant xenograft mice significantly reverts their mesenchymal phenotype with a concomitant acquisition of sensitivity to anti-angiogenic therapy, resulting in prolonged survival [14].



All together, these data suggest that HOXB9 has an important function in regulating the more aggressive cancer cells phenotype acting at multiple levels to promote EMT and metastasis.




4.3. HOXB9 in Modulating Stromal Cell in Tumor Microenvirment


The recruitment of various immune cell into the tumor microenvironment can be caused by increased hypoxia and upregulation of tumor secreted soluble factors such as PIGF, FGFs, ANG2 VEGF as well as cytokines such as G-CSF, C-C motif ligand 2 (CCL2), and SDF1. Cells recruited in the tumor microenvironment by these factors are bone marrow-derived cells (BMDCs) including myeloid-derived suppressor cells (MDSCs), monocytes and macrophages such as tumor-associated macrophages (TAMs) and cancer associated fibroblast (CAFs), which in turn can release additional angiogenic mediators sustaining tumor angiogenesis and an immunosuppressive tumor environment phenotype [136,137,138,139].



In particular, MDSC, also known as Gr1+ CD11b+ myeloid cells, consist of a heterogeneous population of myeloid cells with tumor promoting capacities [137,140]. In both, preclinical and clinical studies, an excessive recruitment of these myeloid cells, due to an increase production of G-CSF by the tumor, has been reported [141,142,143,144]. Notably, the infiltration of these myeloid population of cells is higher in anti-VEGF treatment refractory tumors and this infiltration contributes to tumor escape to anti-angiogenic treatments [145]. Furthermore, monocytes and macrophages can be recruited in the tumor microenvironment by different cytokines and chemokine released by tumors, including VEGF, CCL2, and macrophage colony stimulating factor (MCSF) [139]. Once recruited and infiltrated into the tumor, these macrophages, known as TAMs, can release multiple pro-angiogenic growth factors including TGF-β, VEGF, EGF, and chemokines, such as CCL2 and CXCL8, which contribute to the acquisition of resistance to anti-angiogenic therapy [146,147]. Adaptive resistance to anti-angiogenic therapy may also be mediated by an increased infiltration and activation of CAFs recruited by growth factors including TGF-β, PDGF, and FGF [148]. CAFs, in turn, produce several others growth factors that promote tumor growth, invasion, angiogenesis and immunosuppression [149,150].



Interestingly, HOX genes have also been implicated in directly regulating the phenotype of immune cells, thus suggesting a wider role for HOX genes in regulating the inflammatory environment [151]. HOXB9 expression has been associated with increased production of a number of angiogenic factors, such as VEGF, bFGF, Angptl2, TGF-β, IL-1, and IL-8, that could sustain the recruitment of CD11b+ myeloid cells in the tumor microenvironment [86]. A significantly greater infiltration of CD11b+ cells has been reported in a preclinical mouse model resistant to anti-VEGF treatment in HOXB9-higher tumor compared to their sensitive controls, suggesting that the proinflammatory factors overexpressed in this anti-angiogenic resistance tumor could sustain angiogenesis by inducing the recruitment of bone marrow–derived pro-angiogenic myeloid cells [14,86]. Inhibition of the proinflammatory signaling pathways or the HOXB9 downregulation in the anti-angiogenic resistant mouse model reverts CD11b+ cells tumor infiltration resulting in a more sensitive model to anti-angiogenic therapy and prolonging survival in vivo [14].





5. Conclusions


Angiogenesis is one of the hallmarks of cancer and the concept of targeting tumor angiogenesis represents a good cancer therapy strategy. Indeed, several new therapeutic drugs targeting the VEGF signaling pathway have been developed. Despite the promising expectations from preclinical studies, benefits derived from these therapies are limited. Treatment with anti-angiogenic agents may give rise to more resistant and aggressive tumors. To date, multiple mechanisms have been proposed for the resistance to anti-angiogenic therapies, but it mainly occurs thought the secretion of pro-angiogenic factors promoting tumor angiogenesis in a VEGF-independent manner and by the recruitment of myeloid cells, which in turn sustain inflammation. In this scenario, it would be important to select targeted therapies that block inflammatory pathways and stromal cell recruitment elicited during the anti-angiogenic treatment and also the identification of novel therapeutic targets in order to maximize clinical benefits.



In cancer HOX genes deregulation, arising through a variety of mechanisms, affects pathways that promote cell survival, proliferation and motility leading to the formation of more invasive tumor cells. HOX genes deregulation also induces upregulation of secreted angiogenic factors resulting in recruitment of myeloid cells. In this regard, recent findings emphasize the central role of the transcription factor HOXB9 in cancer development. Although not a transforming oncogene, HOXB9 has been shown to promote cancer progression and metastasis in different tumors via induction of cell motility and angiogenesis. HOXB9 could be a crucial transcription factor in sustaining tumor resistance to anti-VEGF treatment via modulation of the expression of alternative proinflammatory and pro-angiogenic secreted factors and via the recruitment of a subset of inflammatory immunosuppressive cells. Therefore, targeting the expression of HOXB9 could be a promising approach to modulate the tumor resistance to anti-angiogenic treatments. In addition, expression level of HOXB9 could be used as potential biomarker for selecting patients more likely to benefit from anti-angiogenic therapies.
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Figure 1. Arrangement of the mammalian HOX clusters. Thirty-nine HOX genes are divided into four separate clusters (HOXA, HOXB, HOXC, and HOXD) located on four distinct chromosomes. During embryonic development, HOX genes are activated in a 3’ to 5’ manner within each cluster, which is relevant for the temporal and spatial gene activation concomitant with the development of the antero-posterior axis. HOX genes with the same number are referred to as paralogs. 
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Figure 2. The involvement of HOXB9 in tumor resistance to anti-angiogenic drugs. HOXB9-mediated angiogenesis correlates with increased expression of alternative proinflammatory and pro-angiogenic secreted factors in the tumor microenvironment, including vascular endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF), Angiopoietin-like protein 2 (Angptl2), transforming growth factor beta (TGF-β), interleukin (IL)-1, and interleukin (IL)-8, which initiate an extensive angiogenic program enabling tumor vascularization. HOXB9 overexpression is associated with a transition from an epithelial phenotype into a more mesenchymal phenotype (EMT) by reduction in E-cadherin expression levels and increasing of mesenchymal markers expression, including vimentin, N-cadherin, and the transcription factors Snail, Slug, and Twist, leading to the ability of tumor cells to migrate out of the confine of the ducts and invade into the blood vessel, and migrate to distant site to initiate metastatic tumor growth. 
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Table 1. FDA approved anti-angiogenic agents.
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	Drug Name
	Molecular Target
	Disease





	Bevacizumab
	VEGFA
	Recurrent glioblastoma, metastatic colorectal cancer, metastatic non-squamous non-small cell lung, metastatic cervical cancer, metastatic renal cell carcinoma, recurrent epithelial ovarian cancer, fallopian tube cancer



	Ramucirumab
	VEGFR2
	Advanced gastroesophageal junction adenocarcinoma and gastric adenocarcinoma, metastatic colorectal cancer, metastatic non-small cell lung cancer



	Aflibercept
	VEGFA, VEGFB, PIGF
	Metastatic colorectal cancer



	Sorafenib
	VEGFRs, PDGFRs
	Metastatic thyroid carcinoma, advanced renal cell carcinoma, advanced hepatocellular carcinoma



	Sunitinib
	VEGFRs, PDGFRs
	Pancreatic neuroendocrine tumors, metastatic gastrointestinal stromal tumors, advanced renal cell carcinoma



	Pazopanib
	VEGFRs, PDGFRs, FGFRs
	Advanced soft tissue carcinoma, advanced renal cell carcinoma



	Axitinib
	VEGFRs, PDGFRs,
	Advanced renal cell carcinoma



	Regorafenib
	VEGFRs, PDGFRs, FGFRs
	Advanced gastrointestinal stromal tumors, metastatic colorectal cancer, refractory hepatocellular carcinoma



	Vandetanib
	VEGFRs
	Metastatic medullary thyroid cancer



	Cabozantinib
	VEGFRs, Tie2
	Metastatic medullary thyroid cancer, refractory advanced renal carcinoma, refractory hepatocellular carcinoma



	Lenvatinib
	VEGFRs, PDGFRs, FGFRs
	Recurrent and metastatic thyroid cancer, advanced hepatocellular carcinoma, advanced renal cell carcinoma, advanced endometrial carcinoma



	Thalidomide
	VEGFs, bFGF
	Multiple myeloma



	Lenalidomide
	VEGFs, bFGF
	Multiple myeloma, myelodysplastic syndromes, mantle cell lymphoma, follicular lymphoma, marginal zone lymphoma



	Everolimus
	mTOR
	Advanced renal cell carcinoma, pancreatic neuroendocrine tumors, advanced breast cancer, subependymal giant cell astrocytoma







Current list of FDA-approved anti-angiogenic drugs for human cancer. Abbreviations: VEGFA, vascular endothelial growth factor A; VEGFB, vascular endothelial growth factor B; VEGFR2, vascular endothelial growth factor receptor 2; VEGFRs, vascular endothelial growth factor receptors; PIGF, placental growth factor; PDGFRs, platelet-derived growth factor receptors; FGFRs, fibroblast growth factor receptors; bFGF, basic fibroblast growth factors; mTOR, mammalian target of rapamycin, Tie2, tyrosine-protein kinase receptor.
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Table 2. Overview of HOXB9 expression in cancer development and progression.
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	Tumor Type
	Molecular Mechanism
	Biological Effect
	Clinical Observation
	Reference





	Breast cancer
	It is the target gene of E2F1 transcription factor. Increased expression of VEGFA, bFGF, IL-8, and Angptl2.Enhanced EMT.
	Produces highly vascularized tumors which developed lung metastases.

It is involved in the DNA damage response and radiation resistance.
	Overexpression is correlated with high tumor grade and poor survival.
	[11,50,54,55,56]



	Colorectal cancer
	Increased expression of VEGFA, bFGF TGF-β and IL-8. Enhanced EMT.
	Increases cell migration and invasion. The acetylated form decreases cancer progression.
	Overexpression is correlated with distal metastasis and resistance to bavacizumab.
	[14,49,57,58]



	Endometrial cancer
	Promoted E2F3 expression by direct targeting to its promoter.
	Enhances cell migration and cancer progression.
	High HOXB9 expression is associated with high histological grade and lymph node metastasis.
	[59]



	Gastric cancer
	Suppress the phosphorylation of Akt and NF-κB activity. Induced MET.
	Inhibits proliferation and migration of gastric cancer.
	Decreased expression and overexpression is correlated with lymph node metastasis and poor survival.
	[52,60]



	Glioma
	Activate the TGF-β1/Smad2 signaling.
	Enhances cell proliferation, migration and sphere formation and increased tumorigenicity.
	Overexpression is correlated with lymph node metastasis and poor survival.
	[51]



	Hepatocellular carcinoma
	Enhanced EMT through the TGF-β1/Smad2 signaling. Regulated pro-angiogenic factors.
	Promotes cell proliferation, migration, and invasion.
	Overexpression is correlated with vascular invasion and poor prognosis.
	[13,61,62]



	Lung cancer
	It is target gene of the WNT/TCF4 pathway.

GalNAc-T14 induces expression of HOXB9 through Wnt signaling.

PCFA-mediated HOXB9 acetylation.
	Promotes cell invasion and mediates chemotactic invasion and colony outgrowth.

The acetylated form decreases its capacity in promoting cell migration and tumor growth.
	Overexpression is correlated with high tumor grade and poor prognosis.
	[12,58,63,64]



	Oral squamous carcinoma
	Promoted EMT by TGF-β1/Smad2/Slug signaling.
	Enhanced cell migration and invasion.
	High HOXB9 levels are associated with high histological grade and shorter overall survival.
	[65,66]



	Ovarian and renal cancer
	It is target gene of the miR-192.
	Enhanced tumor angiogenesis.
	
	[27]



	Pancreatic cancer
	Increased expression of VEGFA, bFGF, IL-8 and Angptl2.

Enhanced EMT.
	Promoted cell proliferation, migration, invasion, and sustained resistance to anti-VEGF inhibition. The acetylated form decreases tumor progression.
	Overexpression is associated with shorter overall survival.
	[14,67]



	Prostate cancer
	Enhanced EMT Regulated pro-angiogenic factors expression.
	Promoted cell proliferation, migration, invasion, and angiogenesis ability.
	Overexpression is correlated with vascular invasion and poor prognosis.
	[68]







Summary of studies evaluating the role of HOXB9 in solid tumor progression.
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