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Abstract

Cancer progression requires a significant reprogramming of cellular signaling to support the 

essential tumor-specific processes that include hyperproliferation, invasion (for solid tumors) and 

survival of metastatic colonies. NEDD9 (also known as CasL and HEF1) encodes a multi-domain 

scaffolding protein that assembles signaling complexes regulating multiple cellular processes 

relevant to cancer. These include responsiveness to signals emanating from the T and B cell 

receptors, integrins, chemokine receptors, and receptor tyrosine kinases, as well as cytoplasmic 

oncogenes such as BCR-ABL and FAK- and SRC-family kinases. Downstream, NEDD9 

regulation of partners including CRKL, WAVE, PI3K/AKT, ERK, E-cadherin, Aurora-A 

(AURKA), HDAC6, and others allow NEDD9 to influence functions as pleiotropic as migration, 

invasion, survival, ciliary resorption, and mitosis. In this review, we summarize a growing body of 

preclinical and clinical data that indicate that while NEDD9 is itself non-oncogenic, changes in 

expression of NEDD9 (most commonly elevation of expression) are common features of tumors, 

and directly impact tumor aggressiveness, metastasis, and response to at least some targeted agents 

inhibiting NEDD9-interacting proteins. These data strongly support the relevance of further 

development of NEDD9 as a biomarker for therapeutic resistance. Finally, we briefly discuss 

emerging evidence supporting involvement of NEDD9 in additional pathological conditions, 

including stroke and polycystic kidney disease.
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1. Introduction

NEDD9 (neural precursor cell expressed, developmentally down-regulated 9) is a non-

catalytic scaffolding protein [1–3]. Based on the current understanding of NEDD9 function, 

it assembles complexes involving oncogenic kinases, including focal adhesion kinase 

(FAK), ABL, SRC, Aurora-A (AURKA), and others, and thereby regulates the magnitude 

and duration of cell signaling cascades that controls multiple processes that are crucial for 

tumorigenesis and metastases. These include apoptosis and cell cycle, migration, adhesion, 

invasion and chemotaxis [4–7]. Because of its pleiotropic function, in many human cancers, 

altered expression of NEDD9 has emerged as predictive of poor outcome, metastatic 

potential, and resistance to chemotherapy, while altered NEDD9 function has more recently 

been linked to additional non-malignant pathological conditions, such as stroke and 

polycystic kidney disease. Neither overexpression nor gene loss of NEDD9 induces 

tumorigenesis in the absence of other driver lesions. However, as described below, there is 

now strong evidence that NEDD9 is an important physiological modifier of multiple stages 

of cancer initiation and progression for many types of malignancies. In this article, we 

summarize the current preclinical and clinical data describing the action of NEDD9 in 

cancer, placing this work in the context of specific mechanisms by which altered expression 

of NEDD9 supports the disease process.

2. Regulation and action of NEDD9

A detailed discussion of NEDD9 gene and protein structure and function are beyond the 

scope of this article, but this topic has recently been reviewed in detail [4–7]. In very brief 

summary, the NEDD9 promoter contains a retinoic acid response element (RARE) [8, 9] 

that is specifically bound by a retinoid X receptor (RXR)/retinoic acid receptor (RAR) 

heterodimer [10], as well as xenobiotic responsive elements [11] and binding sites for 

transcription factors FoxC1 [12], Ngn2 [13], HIF-1α [14], TCF [15], SAFB1 [16], NF-Kβ, 

STAT5A, ER-α, GATA and others (web-links http://www.sabiosciences.com/

chipqpcrsearch.php?app=TFBS and http://www.ncbi.nlm.nih.gov/gene/4739 provide useful 

resources) (Fig. 1A). Additionally, NEDD9 is regulated by miR-145, which binds the 

NEDD9 3′-untranslated region [17–19]. A non-coding RNA, named B2, extending from 10 

kb upstream of Nedd9 exon 1 to exon 4 has been described, but the functional role for this 

ncRNA is not yet clear [20]. It is possible that a SNP located in an intronic region of 

NEDD9 contributes to predisposition to late onset Alzheimer’s disease [21–25], although 

this is not yet proven [24], as is discussed more fully in [26].

The NEDD9 protein arises from 7 coding exons (Fig 1A). Defined protein motifs in NEDD9 

include an N-terminal SH3 domain, an unstructured “substrate domain” (SD), a serine-rich 

region (SRR) that folds into a four-helix bundle, and a C-terminal domain which also folds 

into a four-helix bundle, and encompasses a focal adhesion targeting (FAT) function and a 
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SRC-binding motif (Fig. 1B) [2, 4, 27, 28]. Interactions of cellular signaling proteins with 

these domains allow NEDD9 to execute biological functions at discrete cellular locations. 

Beyond the regulation at the level of transcription, NEDD9 expression is controlled at the 

post-transcriptional and post-translational level. Important sources of regulation include 

phosphorylation, which influences scaffolding activity and localization, and proteasomal 

degradation. For example, in interphase cells, the majority of NEDD9 localizes to focal 

adhesions [29]. However, some of the protein is also cytoplasmic, and small pools localize 

to the centrosome [30] and the basal body of cilia [31]. At mitotic entry NEDD9 moves 

along mitotic spindle, eventually localizing at the midbody at cytokinesis [30]. In most 

actively growing adherent cells, NEDD9 migrates as a doublet of 115 and 105 kDa, 

associated with distinct degrees of phosphorylation [32]. The conversion of p115 into p105 

is activated by cell detachment through cytoskeletal regulation of phosphatase PP2A in 

interphase cells [33]. Serine/threonine hyper-phosphorylated p115 NEDD9 is also more 

common in G2/M phase cells [32], suggesting these modifications are associated with 

increased localization to centrosome and mitotic spindle. P115 is the primary target for 

proteasomal degradation of NEDD9 [33]. Proteasomal degradation of NEDD9 is triggered 

by a number of stimuli, including induction of transforming growth factor receptor beta 

(TGFβ) signaling [34]. An effector of the TGFβ receptor, SMAD3, may interact directly 

with APC subunit APC10 and thus recruit the APC complex. CDH1 subunit of the APC 

complex recognizes NEDD9 and regulates ubiquitination and subsequent degradation of 

NEDD9 [35]. NEDD9 is also degraded by the proteasome at the end of mitosis, following 

completion of activities with Aurora-A kinase and other factors that support mitotic 

progression [30, 36, 37].

As a scaffold, NEDD9 assembles protein complexes with diverse partners to activate 

multiple cellular functions, summarized in Fig. 2, 3 and 4. Hence, the overexpression of 

NEDD9 in cancer has the potential to simultaneously induce migration, in part by promoting 

focal adhesion turnover; induce invadopodia formation; stimulate proliferation-associated 

signaling; and contribute to genomic instability. These activities are reflected in a growing 

number of studies that recognize elevation of NEDD9 as a factor contributing to aggressive 

tumor behavior. Interestingly, in some cancer contexts, it is reduction or loss of NEDD9 

rather than elevation that is associated with tumor growth. This may reflect underlying 

differences in the biology of distinct tumor types (for instance, solid versus liquid tumors), 

but alternatively or in addition may reflect dominant negative activity associated with loss of 

NEDD9, based on the disruption of signaling complexes for which it is an essential scaffold.

3. Altered NEDD9 expression in cancer

3.1 Leukemia and Lymphoma

In NEDD9-deficient mice, the marginal zone B-cell (MZB) population of spleen is almost 

absent, and the number of lymphocytes in bone marrow and thymus of NEDD9 knockout 

mice is also decreased [38]. Detailed study of the MZB phenotype indicated that it was due 

to failure of B-cells to adhere and/or migrate to MZ, which was in part attributable to a 

decreased response of Nedd9−/− B-cells to chemokines [38]. In non-transformed 

hematopoietic cells, NEDD9 is involved in T-cell and B-cell receptor signaling, integrin 
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signaling, migration and chemotaxis (Fig. 2) [39–43]. Activation of chemokine receptors 

causes NEDD9 phosphorylation by ABL and ABL2 kinases [41]. Ligation of beta-integrin 

signaling causes NEDD9 tyrosine phosphorylation by FAK [44] and by the FAK related 

kinase RAFTK [40], and subsequently phosphorylation by SRC kinases [45]. Ligation of 

either β1 integrin or the B-cell receptor promotes interaction of phosphorylated NEDD9 with 

an SH2-domain containing adaptor protein CRKL (cellular regulator of kinase like), 

commonly deregulated in human malignancies and associated with tumor progression [40, 

42, 46]. NEDD9 has a cluster of thirteen Tyr-x-x-Pro motifs which when phosphorylated 

serve as binding sites for CRKL and other SH2-domain containing proteins [47]. 

Stimulation of the T-cell receptor similarly induces phosphorylation of NEDD9 and its 

association with CRKL [43] and a guanine nucleotide exchange factor (GEF) C3G that 

activates the GTPase RAP1, mediating adhesion and migration of lymphocytes [41, 42].

Soon after the initial description of the protein, altered NEDD9 activity was associated with 

the pathogenesis of BCR/ABL-dependent tumors, such as the Philadelphia chromosome 

positive (Ph+) acute lymphoblastic leukemia (ALL) and chronic myelogenous leukemia 

(CML) [48, 49]. De Jong et al. showed that NEDD9 is hyperphosphorylated in 

P190BCR/ABL transgenic mice with pre-B cell ALL [49]. As discussed below, 

hyperphosphorylation is associated with increased protein-protein interaction capacity for 

NEDD9. In P190BCR/ABL transgenic mice, hyperphosphorylated NEDD9 was recovered 

from complexes with BCR/ABL and CRKL [49–51]. CRKL, a major in vivo binding partner 

and substrate of the deregulated BCR/ABL kinase, functions as a molecular link with other 

signaling proteins, such as BRAF [47], C3G [42], RAP1 [47], STAT5A [52], SYK, WASP 

[53], Pragmin [50], stress kinases SAPK and JNK [47], and others (Fig. 2). Although the 

exact role of NEDD9 in signal transduction of BCR/ABL positive tumors has not been fully 

explored, studies of BCR/ABL signaling network by an integrated proteomic approach (free 

quantitative protein complex and phosphorylation profiling by mass spectrometry) suggest 

that NEDD9 serves as a hub for an assembly of protein complexes between CRKL and its 

downstream effectors [50]. The clustering of multiple SH2-domain docking sites on NEDD9 

allows the protein to function as intracellular assembly point for SH2-domain containing 

proteins, like CRKL, and their downstream signaling partners [47]. Additionally, direct 

interaction with NEDD9 has been shown for at least some proteins in the BCR/ABL 

downstream network. In B-cells, NEDD9 together with CRKL binds C3G, a guanine 

nucleotide exchange factor involved in RAS pathway [42]. ABL-mediated tyrosine 

phosphorylation of NEDD9 and binding of C3G leads to activation of Rap1 and migration/

chemotaxis of lymphoid cells [41]. The NEDD9/CRKL complex promotes actin 

polymerization and migration and chemotaxis through activation of WASP/ARP2/3 

signaling (reviewed in [4, 54]).

The functional role of NEDD9 in the development of hematologic malignancies has been 

explored in several mouse models. Seo et al. analyzed the consequence of deleting NEDD9 

in a transgenic model for BCR-ABL leukemogenesis, and surprisingly found that the disease 

was more aggressive in mice lacking NEDD9. The authors proposed this was due to a role 

of NEDD9 in limiting extramedullary hyperplasia [55]. Additionally, in the same transgenic 

mouse model of CML, granulocytes of NEDD9 null mice (BCR-ABL;Nedd9−/−) showed 
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decreased adhesion properties, compared to the granulocytes of BCR/-ABL;Nedd9+/+ 

controls [55].

Working with the same Nedd9 knockout mice, Izumchenko at al. showed that, at the age of 

1 year, 9 out of 11 Nedd9−/− mice and 8 out of 11 Nedd9+/− mice developed reactive 

lymphoid hyperplasia affecting solid tissues, in contrast to only 2 out of 11 of Nedd9+/+ 

animals. Further, Nedd9 knockout resulted in a minor decrease in the concentration of B 

cells, but increased macrophages in the peripheral blood and spleen of Nedd9−/− in 

comparison to Nedd9+/+ mice. These findings suggest that a long term deficiency of 

NEDD9-dependent signaling is sufficient to trigger pro-inflammatory and/or spontaneous 

pre-neoplastic changes in lymphoid and myeloid cells [56].

Besides Ph+ leukemias, NEDD9 expression and phosphorylation is elevated in Ph- 

hematologic malignancies, such as HTLV-associated adult T-cell leukemia/lymphoma [57]. 

HTLV (human T-cell leukemia/lymphoma virus) can transform T-cells via production of an 

oncogenic TAX protein. TAX promotes the transcription of viral proteins in the nucleus, and 

regulates many human genes by changing the activity of signaling pathways including 

CREB/ATF, NF-κB, AP-1 and SRF [58]. Iwata et al. showed that NEDD9 co-precipitates 

and co-localizes with TAX, and that TAX may induce expression and tyrosine 

phosphorylation of NEDD9. Exogenous NEDD9 inhibited TAX-mediated transactivation of 

NF-kB pathway, while dominant-negative NEDD9 mutants inhibited TAX mediated 

increase in motility [57]. NEDD9 overexpression in adult T-cell leukemia/lymphoma is of 

special interest, because NEDD9 could contribute into infiltrative properties of leukemic 

cells in this disease, which is characterized by extensive infiltration of multiple organs and 

tissues by T-cells. The authors of this study hypothesized that NEDD9 could be “a double-

edged sword”, because suppression of NF-kB-mediated transcription could act against 

leukemogenesis, whereas enhancement of cell motility could contribute to the invasive 

nature of leukemic cells. It is possible that NEDD9-mediated suppression of NF-kB 

transactivation by TAX must be overcome during leukemogenesis. The time needed for this 

process to occur might account for a characteristic long period of latency from initial viral 

infection until the development of leukemia [57].

3.2 Breast cancer

A number of studies suggest elevation of NEDD9 expression contributes to the 

development, progression, and metastasis of breast cancer. NEDD9 is abundantly expressed 

in many breast cancer cell lines [32]. Overexpression of NEDD9 promotes migration and 

invasion of breast tumor cells [56, 59, 60] through mechanisms that include activating 

proteins of the focal adhesion complex (FAK and SRC) [56], mediating effects of TGFβ 

[61–63], increasing the expression and activity of matrix metalloproteases (MMPs) [59, 64], 

regulating trafficking and enzymatic recovery of MMPs and integrins [65, 66] increasing 

synthesis of tumor-associated glycocalyx [67], and down-regulating E-cadherin [60, 68] 

(Fig. 3). Negative regulation of E-cadherin is a fundamental event in epithelial-

mesenchymal transition (EMT) prior to formation of metastases. NEDD9 activates EMT in 

part by increasing the expression of EMT-inducing transcription factors SNAIL and SLUG, 

which bind and repress the E-cadherin promoter [60]. Additionally, NEDD9 signals through 
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SRC to promote E-cadherin removal from the cell membrane and lysosomal degradation 

[68]. In parallel, NEDD9 in complex with the DOCK3 guanine exchange factor (GEF) 

activates the RAC GTPase. This activates a WAVE/SCAR complex to trigger ARP2/3-

dependent actin branching, lamellipodia formation, and activation of matrix 

metalloproteases (MMPs) [69].

Multiple in vivo models confirmed a functional role for NEDD9 in breast cancer invasion 

and metastasis. Izumchenko et al. investigated the effect of a Nedd9−/− genotype on 

mammary cancer initiation in the MMTV-polyoma virus middle T (PyVmT) antigen mouse 

model [56]. MMTV-expressed PyVmT antigen induces mammary cancers due to its binding 

and activation of the proteins SHC, SRC, and PI3K, which are central effectors of HER2 

signaling [70]. Lack of NEDD9 increased the latency until tumor appearance, and slowed 

the growth rate of mammary tumors. This activity was likely tumor intrinsic, because the 

Nedd9 genotype did not influence immune cell infiltration or cause gross changes in the 

stroma or angiogenesis. Slow-growing MMTV-PyVmT;Nedd9−/− tumors that arose had 

decreased expression or activity of a number of proteins directly bound or indirectly 

regulated by NEDD9, including AKT, SRC, FAK, and ERK1/2 [56]. However, cell lines 

selected from these MMTV-PyVmT;Nedd9−/− tumor cells were more aggressive than 

MMTV-PyVmT;Nedd9+/+ cells, based on orthotopic xenograft and tail vein injections, and 

had elevated activity of AKT and ERK1/2, most likely due to the development of 

compensatory mutations or epigenetic changes [71]. Additionally, based on studies 

indicating NEDD9 is necessary for EMT [69], it is possible that the increased metastatic 

potential of MMTV-PyVmT;Nedd9−/− tumors in some mouse models may reflect the fact 

that tumor cells injected directly into the tail vein do not need to migrate through a rigid 

extracellular matrix surrounding breast primary tumor, where NEDD9 overexpression would 

be beneficial. In these settings, a switch from elongated cells (a mesenchymal-type mode of 

invasion) to amoeboid cells (a cell deforming mode of invasion) may actually promote lung 

colonization [69, 72].

In a subsequent study, using a different mouse model, Little et al. found that Nedd9−/− mice 

were remarkably resistant to MMTV-neu (HER2) induction of mammary tumors [73]. 

MMTV-HER2/neu;Nedd9−/− mice had a dramatic reduction in tumor incidence (18 versus 

80%), and a significantly increased latency until tumor appearance. In this mouse model, 

there was a significant reduction of lung colonization following tail vein injection of MMTV-

HER2/neu;Nedd9−/− tumor cells comparing to MMTV-HER2/neu;Nedd9+/+ cells [73]. The 

MMTV-neu;Nedd9−/− genotype reduced the number and colony-forming potential of 

mammary luminal epithelial progenitor cells, while not affecting basal epithelial 

progenitors. MMTV-neu;Nedd9−/− mammospheres had striking defects in morphology and 

cell polarity that were associated with depressed expression of FAK, and with increased 

sensitivity to small molecule inhibitors of FAK and SRC [73].

The reduced metastatic potential of breast tumors lacking NEDD9 was confirmed and 

extended in a study by McLoughlin et al. [64]. Reduction of NEDD9 expression by 

inducible short-hairpin RNAs (shRNA) in breast cancer xenograft models led to a drastic 

decrease in a number of circulating tumor cells, resulting in a decrease in the overall number 

and size of pulmonary metastases. This was mediated in part by inactivation of MMP14, and 
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confirmed the tumor-intrinsic effect of loss of NEDD9 [64]. Consistent with this study, 

Loskutov et al. found that NEDD9 inhibition by an antisense therapy decreased primary 

tumor growth and metastasis in xenograft models of breast cancer, and showed that NEDD9 

is required for MMP14 enzymatic recovery through the late endosomes (Fig. 3). Recovery 

of MMP14 enabled disengagement of tissue inhibitor of MMPs 2 (TIMP2) and tumor 

invasion [66]. Depletion of NEDD9 decreased targeting of the MMP14/TIMP2 complex to 

late endosomes and increases trafficking of MMP14/TIMP2 from early/sorting endosomes 

back to the surface in a small GTPase ADP ribosylation factor-6 (Arf6)-dependent manner. 

Re-expression of NEDD9 or a decrease in Arf6 activity restored MMP14 activity and the 

invasive properties of tumor cells [66]. Subsequent studies showed that NEDD9 function is 

required not only for the trafficking of MMP14, but also for the trafficking of ligand-bound 

integrins, likely through the inactivation of tyrosine phosphorylated caveolin-1 (CAV1) 

(Fig. 3). In the absence of NEDD9, the trafficking of ligand-bound integrins from early to 

late endosomes was impaired, resulting in a significant decrease in degradation of ligand/

integrin complexes and an increase in CAV1-mediated recycling of ligand-bound integrins 

from early endosomes back to the plasma membrane without ligand disengagement, thus 

leading to low adhesion and migration of breast cancer cells [65].

NEDD9 also strongly influences TGFβ signaling in breast cancer [61–63]. NEDD9 

potentiates the TGFβ signaling pathway by interacting with inhibitory SMADs (SMAD6 and 

SMAD7), abrogating their recruitment to TGFβ receptor, thereby enhancing signal 

transduction (Fig. 2) [63]. TGFβ increases breast tumor-initiating cell numbers in claudin-

low breast cancer cell lines by orchestrating a specific gene signature enriched in stem cell 

processes. NEDD9 is necessary to mediate these TGFβ-specific effects through a positive 

feedback loop that integrates TGFβ/SMAD and Rho-actin-SRF-dependent signals (Fig. 3) 

[61].

Of considerable relevance to breast cancer biology, Bradshaw et al. found that estrogens 

regulate NEDD9 phosphorylation and scaffolding activity [74]. As noted above, 105 kDa 

NEDD9 is both tyrosine and serine phosphorylated and undergoes further modifications to 

produce a 115-kDa hyper-phosphorylated protein that is serine, threonine, and tyrosine 

phosphorylated [32, 34, 75], with integrin-mediated adhesion inducing accumulation of the 

115-kDa form [33, 75, 76]. Bradshaw at colleagues showed that 105-kDa NEDD9 phospho-

form was predominant in ER-positive versus ER-negative breast cancer cell lines. Levels of 

the 105-kDa NEDD9 phospho-form were significantly increased after 3 days of estrogen 

exposure due to a slower rate of protein decay. Exogenous expression of NEDD9 failed to 

induce cell spreading in the presence of estrogen, and this was reversed by tamoxifen 

treatment. The authors concluded that stabilization of 105-kDa NEDD9 may be inhibitory to 

NEDD9-dependent cell spreading, providing a link to a clinical phenotype of ER-positive 

breast cancers associated with better prognosis. Additional phosphorylation events that 

generate hyper-phosphorylated 115-kDa NEDD9 may be required for NEDD9-dependent 

cell spreading in ER-positive breast cancers [74].

Studies of NEDD9 expression in primary tumor samples showed frequent NEDD9 

overexpression in breast tumors, and association of NEDD9 expression with more 

aggressive tumor phenotypes [60, 64, 77]. Kong et al. analyzed 20 breast primary tumor 
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samples and demonstrated a statistically significant increase in NEDD9 mRNA expression 

in tumors, compared with their adjacent normal mammary tissues [60]. This group also 

evaluated NEDD9 protein expression in paraffin-embedded mammary tissue sections from 

84 breast cancer patients in parallel with the surrounding normal breast epithelia. While 

normal mammary epithelial cells displayed no or weak NEDD9 staining, breast carcinoma 

cells were positive for NEDD9 staining in the cytoplasm and/or in nucleus. Additionally, 

NEDD9 expression was associated with adverse prognostic markers, including estrogen 

receptor (ER) negativity, a triple negative or HER2-positive(+) subtype, and high tumor 

grade: 31.82% of the triple negative tumors and 24.00% of Her2+ tumors had high levels of 

NEDD9 expression, whereas only 11.62% of the ER+ tumors showed high expression of 

NEDD9 protein [60]. NEDD9 staining in tumor tissue microarrays of 200 breast cancer 

cases positively correlated with disease progression. The lowest intensity was found in 

normal tissue, followed by a 10-fold increase in DCIS and a 30-fold increase in invasive 

ductal carcinoma [64]. Intriguingly, only a 10-fold increase in expression over normal tissue 

was observed in lymph node metastases, suggesting that high level of NEDD9 is selected 

during the invasion from the primary site, but that NEDD9 is either less important during 

growth at distant metastatic sites, or actively counter-selected, perhaps to support 

mesenchymal to epithelial transition (MET) by tumor cells, to establish a colony [60, 64].

Intriguingly, several studies of NEDD9 raise the possibility that under some conditions, loss 

of NEDD9 rather than its overexpression can induce features associated with tumor 

promotion in mammary tissue. For example, siRNA depletion of NEDD9 identified this 

gene as an inhibitor of migration in untransformed MCF10A breast epithelial cells [78]. As 

previously discussed, Nedd9 knockout was associated with increased number of lung 

metastases following tail vein injection of the tumor cells in some mouse models [71]. 

Down-regulation of the Nedd9 mRNA was a part of a transcriptional signature associated 

with enhanced metastasis to the lung in one TGFβ-associated mammary cancer model [79]. 

Significant overexpression of NEDD9 in the low invasive potential breast cancer cell line 

MCF-7 promotes migration and invasion [59], but also induces apoptosis and mitotic defects 

that trigger cell cycle arrest checkpoints [29, 36, 76, 80]. These data are compatible with the 

idea that cells must acquire prior genetic lesions that counteract NEDD9-dependent cell 

cycle arrest before NEDD9 is effective as a metastasis-promoting protein [48].

3.3 Lung Cancer

Somatic mutations of the LKB1 tumor suppressor gene, or loss of the region of chromosome 

19p containing LKB1, are present in about one third of lung adenocarcinomas [81]. The 

tumor suppressor and anti-metastatic effect of normal LKB1 expression is exerted, in part, 

through down-regulation of NEDD9 expression [81–84]. Upregulation of NEDD9 was 

identified as a part of the genomic signature of LKB1 loss [83, 84]. LKB1 negatively 

regulates NEDD9 transcription by promoting cytosolic translocation of the NEDD9 

transcriptional co-activator CRTC1 from the nucleus. Ectopic expression of either NEDD9 

or CRTC1 partially reversed the inhibitory function of LKB1 on metastasis of lung cancer 

cells [82]. In mouse models, RNAi-mediated silencing of Nedd9 inhibited tumor progression 

of Lkb1-deficient lung tumors, whereas ectopic NEDD9 expression accelerated tumor 

growth.
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In clinical specimens, elevated expression of NEDD9 was strongly associated with 

malignant progression, propensity to form metastases, and with decreased survival [82, 85, 

86]. In a cohort of 175 human non-small cell lung carcinomas (NSCLC) high NEDD9 

expression was strongly correlated with lymph node metastasis and advanced clinical stage, 

as well as with history of smoking and high tumor grade. No significant correlations were 

observed between NEDD9 expression and other clinical features, including NSCLC 

subtypes and tumor size [82]. In another study, the expression of NEDD9 was analyzed by 

immunohistochemistry (IHC) in 60 formalin-fixed and paraffin-embedded lung 

adenocarcinoma tissues. The immunostaining scores revealed a statistically significant 

upregulation of NEDD9 in metastatic comparing to non-metastatic lung adenocarcinomas 

(p<0.001) [85].

NEDD9 is thought to act as a trigger of the epithelial-mesenchymal transition (EMT) [69]. 

Loss of E-cadherin/beta-catenin and up-regulation of N-cadherin are hallmarks of the EMT, 

and are known to be influenced by NEDD9 [11, 68]. Miao at al. used IHC to evaluate 

expression of NEDD9 and its correlation with expression of E-cadherin, β-catenin and N-

cadherin in 105 cases of non-small cell lung carcinoma and the corresponding normal lung 

tissues. NEDD9 was overexpressed in 56.2% of the NSCLC samples compared to normal 

lung tissue, and correlated with reduced membrane expression of E-cadherin and beta-

catenin that was highly statistically significant. Additionally, overexpression of NEDD9 

correlated positively with lymph node metastases. Notably, the mean overall survival of 

NSCLC patients overexpressing NEDD9 (39.10 +/− 6.49 months) was markedly shorter 

than patients with normal NEDD9 expression (56.67 +/− 7.44 months; Log-Rank, P = 

0.001). In multivariate analysis, overexpression of NEDD9 (P = 0.013) and TNM stage (P = 

0.001) were significant independent prognostic factors for reduced overall survival in 

NSCLC [86, 87].

3.4 Melanoma

A relationship between NEDD9 overexpression and metastatic potential is well documented 

in melanoma. Using an inducible mouse model of melanoma, Kim et al. characterized 

metastatic variants with an acquired focal chromosomal amplification that corresponds to a 

much larger amplification in human metastatic melanomas [88]. Within the amplified 

region, Nedd9 was the only gene that was consistently overexpressed (with or without 

amplification) in mouse metastatic melanoma models driven by either H-RAS or C-MET 

oncogene. NEDD9 knockdown reduced frequency of metastases in mouse xenografts, as 

well as reduced proliferation and inhibited invasion in melanoma cell lines. NEDD9 

overexpression by itself failed to increase melanoma metastatic potential, but in conjunction 

with RAS overexpression resulted in enhanced invasion in Boyden Chamber by 3.4-fold, 

and significantly increased the number of metastases in mouse xenograft models [88]. In 

concordance with these results, Rozenberg et al. used an in vivo mouse model of metastasis 

to show that metastatic melanoma cell lines have high NEDD9 expression, but that NEDD9 

lentiviral transfection and overexpression did not confer metastatic potential on non-

metastatic cells [89]. These data are compatible with the observations in mammary cancer 

models, discussed above, indicating that NEDD9 overexpression is only pro-tumorigenic in 

the context of other lesions that remove checkpoints or reduce apoptosis.
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In humans, gain of chromosome 6p, containing NEDD9 gene, is a frequent event in 

metastatic, but not primary melanomas [90]. Tumor microarray analysis demonstrated that 

NEDD9 expression is significantly higher in human metastatic melanoma samples 

comparing to primary melanomas, and level of NEDD9 expression in >50% of primary 

melanomas was higher than in benign nevi, indicating a selection for cells with NEDD9 

overexpression in the process of tumorigenesis [88]. In addition to gain of the chromosome 

6p, loss of function of LKB1 tumor suppressor leads to upregulation of NEDD9. Germline 

mutations of LKB1 are implicated in Peutz-Jeghers syndrome, which includes aberrant 

mucocutaneous pigmentation. Somatic LKB1 mutations occur in 10% of cutaneous 

melanoma, explaining overexpression of NEDD9 in these tumors [91].

3.5 Other malignances

NEDD9 overexpression is documented to occur and in some cases linked to the process of 

tumorigenesis of many different malignances, including colon [14, 15, 92, 93], liver, [12], 

pancreatic [94], ovarian [95, 96], prostate [18, 97], and kidney cancer [19], gastrointestinal 

stromal tumors [98], glioblastoma [17, 99, 100], and neuroblastoma [9, 10, 101].

High expression of NEDD9 predicts adverse outcomes of colorectal cancer patients. 

Analysis of NEDD9 expression by IHC in 92 patients with colorectal cancer showed high 

expression of NEDD9 in 68/92 colorectal cancer samples, compared with 12/92 normal 

tissues (P<0.01). High level of NEDD9 expression significantly correlated with advanced 

stage, tumor grade, lymph node metastases, and distant metastases. Patients with a higher 

NEDD9 expression had a significantly shorter overall survival (P<0.01). NEDD9 expression 

was an independent predictive factor of overall survival in multivariate analysis [92]. Kim et 

al. [14] found that NEDD9 mediates hypoxia-induced migration of colorectal carcinoma 

cells. NEDD9 is highly expressed in cultured colorectal carcinoma cells exposed to hypoxia, 

and in the hypoxic areas of human colorectal cancer specimens. Hypoxia-inducible 

factor-1α (HIF-1α) mediates the effects of hypoxia on induction of NEDD9 expression via 

binding to a hypoxia-responsive element of the NEDD9 promoter (Fig. 1A). Importantly, the 

induction of NEDD9 expression further enhances HIF-1α transcriptional activity by 

modulating the interaction between HIF-1α and its transcriptional cofactor p300. Decreased 

level of NEDD9 reduced the expression of hypoxia-inducible genes, including those that 

regulate cell motility, and led to dramatically reduced cell migration [14]. Xia et al. showed 

that in colorectal cancer cells, inflammatory mediator prostaglandin E(2) induces 

overexpression of NEDD9 and subsequent cell proliferation, cell cycle progression, and 

tumor growth, which are mediated by an activating interaction of NEDD9 with the mitotic 

kinase Aurora A (Fig. 4) [93]. Additionally, Li et al. identified NEDD9 as a novel WNT 

signaling target in colorectal cancer. Misregulation of the canonical WNT/β-catenin pathway 

and aberrant activation of WNT signaling target genes are common in colorectal cancer, and 

contribute to cancer progression. NEDD9 expression was upregulated by WNT-3a, β-

catenin, and Dvl2 in a dose-dependent manner, and was suppressed following beta-catenin 

down-regulation by shRNA (Fig. 1A) [15].

In hepatocellular carcinoma (HCC) cells, NEDD9 expression is regulated by forkhead box 

C1 (FOXC1), a member of the Fox family of transcription factors (Fig. 1A). FOXC1 
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promotion of HCC metastasis through the induction of EMT and cell migration may depend 

on up-regulation of NEDD9 expression [12].

NEDD9 protein and mRNA levels are elevated in pancreatic carcinomas compared to 

adjacent noncancerous tissues [94]. High NEDD9 expression significantly correlates with 

clinical stage, lymph node metastasis status, and histologic grade. Pancreatic cancer patients 

with a higher NEDD9 expression had a significantly shorter survival time than those patients 

with lower NEDD9 expression, and multivariate analysis revealed that NEDD9 is an 

independent factor of poor prognosis [94].

In murine models of spontaneously arising ovarian cancer (MISIR-TAg), MISIR-

Tag;Nedd9−/− mice exhibited delayed tumor development, decreased tumor burden, and 

reduced number of lung metastases comparing to MISIR-Tag;Nedd9+/+ mice. Additionally, 

the number of tumor infiltrating macrophages and NK-cells were decreased in MISIIR-

Tag;Nedd9−/− mice [96]. Wang et al. analyzed NEDD9 expression in 129 archived 

epithelial ovarian cancer specimens by IHC, and in 28 freshly frozen specimens by Western 

blotting [95]. NEDD9 was overexpressed in ovarian cancer compared with noninvasive 

epithelial ovarian tumors and normal ovarian specimens. Overexpression of NEDD9 

significantly correlated with advanced-stage, high tumor grade, and suboptimal primary 

cytoreductive surgery. Multivariate analysis indicated that NEDD9 overexpression (P = 

0.033), advanced stage (P < 0.001), and high-grade carcinoma (P = 0.01) were independent 

predictors of poor survival [95].

NEDD9 promotes migration, invasion and EMT of the PC-3 cell line, derived from a 

prostate cancer bone metastasis [18]. Both NEDD9 and its canonical effectors associated 

with EMT are strongly induced by TGFβ in prostate cancer cells. Prostate cancer cell lines 

with stable overexpression of NEDD9 have a mesenchymal phenotype and significantly 

enhanced cell invasion, while knockdown of endogenous NEDD9 expression diminishes 

TGFβ-triggered tumor invasion. The level of NEDD9 expression in primary prostate tumors, 

measured by IHC, positively correlates with Gleason score, serum PSA level, and presence 

of bone metastases [97]. Studies in prostate cancer, renal cell carcinoma (RCC) and 

glioblastoma have identified NEDD9 as a target of the micro-RNA miR-145, an important 

repressor of pluripotency of embryonic stem cells and a tumor suppressor in different 

cancers, and showed decreased level of miR-145 and reciprocal increase of NEDD9 

expression in tumor samples compared to normal tissue (Fig. 1A) [17–19].

NEDD9 overexpression is implicated in the pathogenesis of central and peripheral nervous 

system malignant tumors. NEDD9 is a necessary and specific downstream effector of FAK 

that promotes highly invasive behavior of glioblastoma cells [100]. In neuroblastoma cells 

NEDD9 depletion by siRNAs significantly decreased cellular migration in a 3D migration 

assay, regardless of whether these cells have undergone a Rac1-dependent conversion to a 

mesenchymal morphology [101]. Studies in the human neuroblastoma cell line SH-SY5Y 

identified a putative retinoic acid response element in the 5′ region of the NEDD9 promoter 

(Fig. 1A). Regulation of NEDD9 may be an important means whereby all-trans retinoic acid 

promotes cell spreading and neurite outgrowth in SH-SY5Y human neuroblastoma cells [9, 

10].
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4. NEDD9 in other human pathological conditions

Although at a more nascent stage than studies of NEDD9 in cancer, a number of studies 

have implicated function of this protein as important in several other disease states. The 

mechanistic insights yielded in the study of these diseases may ultimately contribute to the 

understanding of NEDD9 function in cancer. In brief summary, the upregulation of NEDD9 

by loss of VHL and by hypoxia detected in colon cancer and kidney tissue has implications 

for other conditions associated with hypoxia, including notable stroke. Nedd9 is upregulated 

in the neurons of the cerebral cortex and hippocampus after transient global ischemia in rats. 

Induced Nedd9 is tyrosine phosphorylated, bound to FAK in dendrite and soma of neurons, 

and promotes neurite outgrowth, contributing to recovery of neurologic function after 

cerebral ischemia [102]. A recent study found that NEDD9 expression is elevated in human 

autosomal dominant polycystic kidney disease (ADPKD) and in mouse ADPKD models. 

Although genetic ablation of Nedd9 does not independently influence cystogenesis, 

constitutive absence of Nedd9 strongly promotes cyst formation in a mouse model of 

ADPKD. ADPKD arises from defective signaling by mutated forms of the ciliary proteins 

PKD1 and PKD2, resulting in defective intracellular calcium homeostasis, and other 

signaling defects [103]. The biological activities of NEDD9 in ADPKD reflect of its 

activation of the Aurora-A kinase, which induces resorption of cilia, limiting this defective 

signaling (Fig. 4) [104]. In addition, several recent studies implicate NEDD9 and Aurora-A 

with regulation by and regulation of calcium/calmodulin signaling, not only in ciliary 

signaling, but also in control of mitosis, which may inform the oncogenic activity of 

NEDD9 and Aurora-A [105–107].

In addition, NEDD9 participates in diverse processes related to function of the immune 

system, such as T-cell receptor signaling, autoimmunity, chemotaxis, lymphocyte adhesion, 

and response to viral infections. Studies of NEDD9 in the immune system provide a useful 

complement to consideration of NEDD9 function in adherent cell types; these are discussed 

in greater depth in a review by Seo and colleagues [108]. In brief summary, NEDD9 was 

independently discovered as a protein highly phosphorylated following ligation of the β1 

integrin receptor in T cells {Minegishi, 1996 #22}. Tyrosine phosphorylated NEDD9 

interacts with Crk and C3G to mediate signal transduction from β1 integrin receptor 

{Ohashi, 1998 #192}, resulting in T cell activation and IL-2 production by human peripheral 

T cells [109]. The HTLV-1 Tax protein interacts with and induces NEDD9, connecting the 

protein to viral leukemogenesis {Iwata, 2005 #103}. Similar signaling functions have been 

identified in B cells and other lymphoid lineages {Astier, 1997 #28;Manie, 1997 #24}

{Hunter, 1997 #25}. NEDD9 plays an important role in lymphocyte movement, chemotaxis, 

and cell adhesion, influencing functions of both T and B lymphocytes, with NEDD9 

required for lymphocyte trafficking and marginal zone B cell maintenance [38]. 

Phosphorylation of NEDD9 by ABL kinases and activation of Rap1 are important for these 

processes {Gu, 2012 #134}, as well as the integrin/Crk signaling pathways mentioned 

above. Finally, as an intracellular protein, NEDD9 is not a suitable target for cancer 

immunotherapy; however, given its role in modulating immune system maturation, and 

antigen response or tolerance, NEDD9 expression may have a function in predicting 

immune response.
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5. NEDD9 and cancer therapy

Because of its roles in cancer, several studies have considered the potential value of NEDD9 

as a therapeutic target, or therapeutic guide. Because of lack of a kinase domain, or any 

defined catalytic domain, and because it is entirely intracellular, NEDD9 is a difficult 

molecule to target. In pre-clinical models, NEDD9 has typically been inhibited by specific 

siRNAs or shRNAs; however, delivery of small interfering RNAs in humans is currently 

problematic (as reviewed in [110]). However, because NEDD9 serves as a scaffolding 

molecule for other signaling proteins that play significant roles in cancer development, the 

effects of NEDD9 overexpression in supporting metastasis could in theory be mitigated by 

inhibition of its upstream regulators or downstream targets. Inhibition of FAK and SRC has 

been suggested [73], as well as targeting MMPs [64] or removing chondroitin sulfate E by 

chondroitinase ABC [67]. Conversely, NEDD9 expression levels could influence response 

to drugs targeting its partners. In one study, deletion of Nedd9 in MMTV-neu mammary 

tumors increased their sensitivity to inhibitors of FAK and SRC [73]. NEDD9 binding 

stabilizes Aurora A, and protects it from ubiquitination and proteasome-dependent 

degradation (Fig. 4) [37]. NEDD9 depletion sensitizes breast tumor cell lines to the Aurora 

A inhibitor alisertib, decreasing its IC50 from 200 nmol/L to 20 nmol/L. In a breast cancer 

mouse xenograft model, combined treatment with siRNA to Nedd9 and alisertib was more 

effective than either treatment alone in reducing tumor burden and the number of lung 

metastases [37]. As NEDD9 depletion is synergistic with Aurora A inhibition in in vitro and 

in vivo experiments, NEDD9 overexpression, common in solid tumors, could confer 

resistance to small molecule inhibitors of Aurora A.

Beyond direct partners, NEDD9 is an intermediary in signaling cascades for integrins, 

multiple receptor tyrosine kinases (RTKs) and other transmembrane receptors. NEDD9 

overexpression is implicated in resistance of gastrointestinal stromal tumors (GISTs) to 

imatinib, an inhibitor of the RTK KIT [98]. In imatinib-resistant GIST cell lines, DNA 

microarray analysis showed that resistant cells did not acquire new mutations in KIT, 

PDGFRA, PKC or JAK2, but expression of NEDD9 in these cells was more than 500 times 

higher than in parental cells. Silencing of NEDD9 with siRNA in resistant cells restored 

sensitivity to imatinib [98]. Together, these studies emphasize the value of analyzing 

NEDD9 expression in consideration of therapeutic strategy.

6. Conclusion

In summary, study of NEDD9 over nearly 2 decades has now elucidated a pleiotropic 

activity for this protein, that is likely important for maintaining the homeostasis of normal 

cells and tissues. As is evident from the preclinical data summarized above, there is strong 

support for the idea that the level of NEDD9 expression influences the ability of tumors to 

acquire malignant characteristics. The recent emergence of preclinical data linking NEDD9 

expression to additional pathological conditions, including stroke, ADPKD, and potentially 

some neurodegenerative diseases open new areas for exploration. In the future, it will be of 

considerable interest to extend these analyses into the clinical arena. Although direct 

therapeutic targeting of NEDD9 remains on the more distant horizon, at the present time 

ample evidence suggests that measurement of NEDD9 expression levels in tumors will be a 
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valuable addition to genomic biomarkers, to predict resistance versus susceptibility to drugs 

targeting its partner proteins. While there is already evidence that this is of value for specific 

cancer therapies (to inhibitors of SRC, FAK, or AURKA), a broader relevance to inhibition 

of proteins more distantly connected to NEDD9, or to standard cytotoxic therapies, are 

topics of considerable interest for further investigation.
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Highlights

• The NEDD9 scaffold protein assembles protein complexes that drive 

tumorigenesis

• NEDD9 signaling supports invasion, survival, ciliary resorption, and mitosis

• NEDD9 expression influences tumor metastasis and therapeutic response

• NEDD9 is a promising biomarker for therapeutic resistance
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Figure 1. NEDD9 gene and protein
A. Schematic representation of NEDD9 gene (transcript variant NM_006403, 7 exons) and 

mRNA. Relative sizes of promoter, exons and introns are not to scale. Inside the red arrow 

are factors inducing transcription of NEDD9, with upstream regulatory factors indicated to 

right. The RNA B2 homology region begins 10 bp upstream of exon 1, and ends at the 

intron between exons 4 and 5 of NEDD9. The intronic region between exons 6 and 7 

contains a C>G SNP (rs760678), discussed in text. A miR-145 binding region is located at 

3′UTR of the NEDD9 mRNA. The encoded protein is 834 aa in humans, arising from 7 

coding exons (pale blue boxes): numbers of amino acids encoded by each exon are indicated 

within boxes, with functionally defined domains encoded by exons indicated below. B. 

Domain structure and upstream regulators of NEDD9 protein. SH3 - N-terminal SH3 

domain, SD - substrate domain, SRR - serine rich region, FAT - focal adhesion targeting 

domain. The T-cell and B-cell receptors (TCR and BCR), integrins and chemokine receptors 

[108] provide upstream activation signals. In T cells and B cells, this process requires 
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NEDD9 interaction with NSP family scaffold proteins via the NEDD9 C-terminal domain 

[111, 112]. NEDD9 coordinates signaling between integrins and RTKs such as EGFR 

through interactions with NSP proteins [111, 112] and the adaptor proteins SHC and GRB2 

(reviewed in [27, 113]). Subsequent activation of FAK, SRC and ABL-family kinase 

(ABL1, ABL2) causes extensive phosphorylation of NEDD9 substrate domain that creates 

multiple binding sites for downstream effectors; among these sites, Y189, Y317, and Y279 

have been functionally validated [41]. FAK phosphorylation of the DYDY (amino acids 

628–631) motif in the NEDD9 C-terminus creates a binding site for SRC kinase, and is 

important for NEDD9 function in migration and dother signaling functions [114]

{Tachibana, 1997 #193}{Iwata, 2005 #103}{Kondo, 2012 #79}. Y189 phosphorylation is 

implicated in focal adhesion; this is a proposed phosphorylation site for FAK and SRC 

kinases [114]. Phosphorylation of S296 by Aurora-A kinase is implicated in NEDD9 

proteasomal degradation [115], cell spreading [116] and cell cycle control [30]. NEDD9 

potentiates TGFβ signaling by recruiting the inhibitory SMAD6 and SMAD7 proteins, and 

preventing their interaction with TGFβ [63]. TGFβ induces NEDD9 mRNA [97]; 

conversely, the TGFβ receptor effector SMAD3 mediates NEDD9 degradation via the APC 

complex [34, 35]. ABL – Abelson murine leukemia viral oncogene homolog; AURKA – 

Aurora kinase A; RAFTK – protein tyrosine kinase 2 beta (PYK2, PTK2B); FAK – focal 

adhesion kinase; SRC – (short for sarcoma), proto-oncogene non-receptor tyrosine kinase 

Src; SHC1 – SH2-domain containing transforming protein; GRB2 – growth factor receptor-

bound protein 2; SMAD – homolog of C. Elegans protein SMA (from gene sma for small 

body size) and Drosophila protein MAD (mothers against decapentaplegic); APC/C – 

anaphase-promoting complex/cyclosome.
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Figure 2. Signaling by NEDD9 relevant to the pathogenesis of BCR-ABL positive malignancies
NEDD9 co-localizes and interacts with BCR-ABL and its adaptor protein CRKL [49, 51], 

likely serving as a hub [50] for an assembly of protein complexes between CRKL and its 

downstream effectors: SYK [53], C3G [42], BRAF, SAPK, JNK [47], and STAT5 [52]. 

SRC family kinase Syk induces the PI3K/AKT/MTOR pathway enhancing cell survival 

[117]; activation of the RAS/RAF/MEK/ERK pathway drives cell proliferation; 

transcription factors STAT5 and JNK activate transcription of a large number of target genes 

[47]. Signaling through B-cell receptor, chemokine receptor and/or integrins lead to NEDD9 

activation by the FAK/SRC/PXN complex; active NEDD9, in turn, helps to support 

continuous activation of FAK and SRC [56]. Phosphorylated NEDD9 binds CRKL and 

promotes migration and chemotaxis through activation of WASP/ARP2/3 signaling 

(reviewed in [4, 54]). ABL-mediated tyrosine phosphorylation of NEDD9 and binding of 

C3G leads to activation of Rap1 and migration/chemotaxis of lymphoid cells [41]. ARP2/3 - 

protein complex regulating actin cytoskeleton; WASP - Wiskott-Aldrich syndrome family 

protein; CRKL - adaptor protein encoded by V-crk avian sarcoma virus CT10 oncogene 

homolog; PXN – paxillin; FAK – focal adhesion kinase; SRC – (short for sarcoma), proto-

oncogene non-receptor tyrosine kinase Src; RAF – family of serine/threonine protein kinases 

controlling cell proliferation; activation of RAF kinases requires interaction with RAS-

GTPases; SYK - spleen tyrosine kinase; JNK – c-Jun N-terminal kinase; SAPK – stress-

activated protein kinase; STAT – signal transducers and activators of transcription.
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Figure 3. NEDD9 signaling mechanisms analyzed in breast cancer models
NEDD9 is activated by FAK and SRC kinases, and also helps support continuous activation 

of these kinases [56]. NEDD9 mediates TGFβ effects through a positive feedback loop [61]. 

Transcription factors SRF (serum response factor) and SMAD induce NEDD9 expression; 

NEDD9 scaffolding connects TGFβ/SMAD and Rho-actin-SRF signals to coordinate the 

expression of genes involved in tumorigenesis [61]. NEDD9 binding to the DOCK3 GEF 

activates RAC, which signals through WAVE/SCAR to initiate ARP2/3-dependent actin 

branching, lamellipodia formation, and MMP activation [69]. NEDD9 and SRC negatively 

regulate expression of E-cadherin through upregulation of the SLUG and SNAIL 

transcription factors [60], and also by regulating SRC-dependent removal of E-cadherin 

from adherens junctions [68]. NEDD9 promotes trafficking of ligand-bound integrins from 

early to late endosomes and degradation of ligand/integrin complexes by inactivating 

caveolin (CAV1), which mediates recycling of ligand-bound integrins from early endosomes 

back to the plasma membrane [65]. NEDD9 regulates turnover of MMP14 and its enzymatic 

recovery through the late endosomes by suppressing Arf6 dependent trafficking of MMP14/

TIMP2 complexes from early/sorting endosomes back to the surface. MMP14 cleaves pro-

MMP2 to produce active MMP2, degrading type IV collagen of basal membrane and 

promoting invasion [66]. FAK – focal adhesion kinase; SRC – (short for sarcoma), proto-

oncogene non-receptor tyrosine kinase Src; SRF - Serum response factor; SMAD – homolog 

of C. Elegans protein SMA (from gene sma for small body size) and Drosophila protein 

MAD (mothers against decapentaplegic); DOCK3 – Dedicator of cytokinesis 3; SLUG, 

SNAIL – members of SNAIL family zinc finger transcription factors; ARP2/3 – protein 

complex regulating actin cytoskeleton; WAVE member of the Wiskott-Aldrich syndrome 

family protein, activates ARP2/3 complex; MMP - matrix metalloproteinase TIMP2 – 

metallopeptidase inhibitor 2; ARF6 – ADP-ribosylation factor 6; CAV1 – caveolin 1.
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Figure 4. Interaction of NEDD9 with Aurora-A (AURKA) mediates resorption of cilia and 
mitosis
In G1 or G0 cells, transient NEDD9 induction in response to serum, Ca2+-bound calmodulin 

(CaM), or serum-derived growth factors allow NEDD9-dependent activation of AURKA 

kinase [31, 106, 107]. This induces resorption of the primary cilium, based in part on 

AURKA phosphorylation and activation of HDAC6, which deacetylates tubulin in the 

ciliary axoneme [31]. In mitosis, NEDD9 colocalizes with and binds Aurora-A and CaM at 

the centrosomes: these interactions support Aurora-A activation. Later in mitosis, NEDD9 

and CaM move with Aurora-A to the spindle, and NEDD9 protects AURKA from 

degradation [37]. AURKA – Aurora kinase A, HDAC6 - histone deacetylase 6.
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