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Abstract

Purpose: To determine mechanisms by which SCCRO5 (aka DCUN1D5) promotes oncogenesis.

Experimental Design: SCCRO5 mRNA and protein expression were assessed in 203 randomly

selected primary cancer tissue samples, matched histologically normal tissues, and cell lines by

use of real-time PCR and Western blot analysis. SCCRO5 overexpression was correlated with

survival. The effect of SCCRO5 knockdown on viability was assessed in selected cancer cell lines.

Structure-function studies were performed to determine the SCCRO5 residues required for binding

to the neddylation components, for neddylation-promoting activity, and for transformation.

Results: In oral and lung squamous cell carcinomas, SCCRO5 mRNA levels corresponded with

protein levels and overexpression correlated with decreased disease-specific survival. Knockdown

of SCCRO5 by RNAi resulted in a selective decrease in the viability of cancer cells with high

endogenous levels, suggesting the presence of oncogene addiction. SCCRO5 promoted cullin

neddylation while maintaining conserved reaction processivity paradigms involved in ubiquitin

and ubiquitin-like protein conjugation, establishing it as a component of the neddylation E3.

Neddylation activities in vitro required the potentiating of neddylation (PONY) domain but not the

nuclear localization sequence (NLS) domain. In contrast, both the NLS domain and the PONY

domain were required for transformation of NIH-3T3 cells.

Conclusions: Our data suggest that SCCRO5 has oncogenic potential and that it imparts its

oncogenicity as a component of the neddylation E3. Neddylation activity and nuclear localization

of SCCRO5 are important for its in vivo function.
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Introduction

Several important anticancer therapies have been discovered by leveraging the knowledge

that changes in protein homeostasis drive human cancer pathogenesis. In this regard, the

ubiquitin/proteasome system is of significance, as there is a high prevalence of aberrations

among the components of this pathway (1, 2). In particular, the activity of cullin-RING type

ubiquitination E3 ligases is commonly dysregulated in human cancers (3). Dysregulation

often results from aberrations in the substrate recognition adaptors (ie, FBX7, SPOP, Skp2,

VHL), and rarely from abnormalities in core components (eg, Cul4A amplification in breast

cancer) (4-7). It has long been established that posttranslational modification of cullins by

neddylation is a key regulator of cullin-RING ligase (CRL) activity (neddylation promotes

assembly of the CRL complex and enhances recruitment of ubiquitin-charged E2, to

facilitate ubiquitin conjugation) (8-13). As is the case with ubiquitination, neddylation

results from the sequential enzymatic activity of a dedicated E1 (APPBP1-Uba3), E2

(Ubc12 [aka Ube2M] and Ube2F), and E3 (14). The link between abnormal CRL activity

and dysregulation of the proteins involved in neddylation in human cancers has only

recently been appreciated (15). These observations have led to the development of a small

molecule inhibitor of neddylation E1, MLN4924, which has shown promise in preclinical

and early human trials (3).

SCCRO (aka DCUN1D1), a key component of the E3 for neddylation, is activated by

amplification in a wide range of human cancers (16, 17). The role that SCCRO plays in

cancer pathogenesis has been studied in both in vivo and in vitro experimental systems,

establishing its function as an oncogene (16, 18). In addition, overexpression of SCCRO in

human tumor samples has been independently associated with poor survival outcomes (16).

Of interest, SCCRO is a member of a protein family that contains four other highly

conserved paralogues in higher organisms. All family members have a conserved C-terminal

potentiating of neddylation (PONY) domain with a variable N-terminal region. SCCRO

paralogues are subdivided into three subfamilies on the basis of the N-terminal sequence:

SCCRO and SCCRO2 (aka DCUN1D2) contain a ubiquitin-associated (UBA) domain,

SCCRO3 (aka DCUN1D3) contains a myristoylation sequence, and SCCRO4 (aka

DCUN1D4) and SCCRO5 (aka DCUN1D5) contain a nuclear localization sequence (NLS).

We have previously shown that SCCRO is oncogenic and that its oncogenic function

requires its neddylation activity (16, 17). SCCRO3 has also been shown to play a role in

oncogenesis (19). Recent work indicates that SCCRO5 has oncogenic activity (20).

However, the precise mechanisms by which the NLS-containing SCCRO paralogues

promote oncogenesis remain unknown.

Like SCCRO (at 3q26), its paralogues are located in chromosomal loci that are recurrently

amplified in human cancers (SCCRO2 at 13q34, SCCRO4 at 4q12, and SCCRO5 at 11q22)

(21-23). Of these, 11q22 amplification is the second most frequent, occurring in a wide
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range of human cancers, with the highest prevalence in squamous cell carcinomas (SCCs) of

the cervix, esophagus, head and neck, and lung (24-27). Moreover, there is an independent

association between 11q22 amplification and worse clinical outcome, suggesting that this

locus harbors genes that play a role in cancer pathogenesis (15, 28, 29). Although several

candidate genes have been identified, including MMPs, Birc2 (cIAP1), Birc3 (cIAP2), and

Yap, none has been clearly established as a target that drives selection for 11q22

amplification (29-31). Fine-mapping of 11q22.2-q22.3 in cervical, oral, and lung cancers has

shown that SCCRO5 (MGC2714) is located within the minimal common region of

amplification (27, 30, 32). SCCRO5 is upregulated in laryngeal SCC and putatively plays a

role in its pathogenesis (20). Given the established role of SCCRO in oncogenesis, we

questioned whether SCCRO5 drives selection for 11q22 amplification in human cancers and

sought to elucidate the mechanisms involved.

Here, we report the validation of SCCRO5 as a target that drives selection for 11q22

amplification in human cancers. We found that SCCRO5 mRNA expression is associated

with a corresponding increase in protein levels and is correlated with decreased disease-

specific survival in oral and lung SCCs. Specific knockdown of SCCRO5 in cancer cell lines

with high endogenous levels of SCCRO5 expression resulted in a significantly higher

decrease in viability, compared with that in cells with low expression levels, suggesting the

presence of an oncogene addiction phenotype. The oncogenic potential of SCCRO5 is

underscored by its ability to transform fibroblasts (NIH-3T3 cells) in vitro. Furthermore, we

show that, like SCCRO, SCCRO5 functions as a component of the E3, promoting cullin

neddylation while maintaining reaction processivity paradigms. Although only the PONY

domain was required for SCCRO5’s neddylation function in vitro, its oncogenic activity in

vivo requires both the PONY domain and the NLS domain, suggesting that subcellular

localization plays a role in its function. The precise mechanism involved in SCCRO5’s in

vivo neddylation activity remains to be defined.

Materials and Methods

Bioinformatic analyses

The ClustalW program (Conway Institute UCD, Dublin, Ireland) was used for multiple

sequence alignments. Data from The Cancer Genome Atlas (TCGA) projects were accessed

and analyzed using the cBio Cancer Genomics Portal (http://www.cbioportal.org).

Human tissues, cell lines, and antibodies

A total of 203 randomly selected primary cancer tissue and adjacent matched histologically

normal tissue samples were obtained from patients undergoing surgical treatment at

Memorial Sloan-Kettering Cancer Center between January 1, 2004, and October 1, 2007.

All patients undergoing surgical resection of primary cancers were offered an opportunity to

participate in the study. Only previously untreated patients with adequate tissue stored in our

tissue bank were included in the study. Informed consent was obtained from all patients, in

accordance with the guidelines established by the institutional review board, and use of

patient samples was approved by the institutional Human Biospecimen Utilization

Committee. Histopathologic confirmation of all specimens was established by an
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experienced pathologist. Tissues were frozen in liquid nitrogen immediately after resection

and stored at −80°C until use. Demographic and tumor data for the oral SCC, lung SCC,

thyroid cancer, and lung neuroendocrine carcinoma patients are described in Supplementary

Tables S1-S4.

The origins, cytogenetic characteristics, maintenance, and growth of the cell lines used in

this study were as previously described (16, 33). The following antibodies were used in this

study: anti-SCCRO (developed and validated as previously described [16]), anti-SCCRO5

(developed and validated in our laboratory [data not shown]), anti-Cul1 (Invitrogen, Grand

Island, NY), anti-Cul2 (Abcam, Cambridge, MA), anti-Cul3 (BD Biosciences, San Jose,

CA), anti-ROC1 (Abcam), anti-Ubc12 (Rockland, Gilbertsville, PA), anti-CAND1 (BD

Biosciences, San Jose, CA), anti-α-tubulin and anti-GAPDH (Millipore, Billerica, MA), and

anti-actin and secondary antibodies conjugated to horseradish peroxidase (Santa Cruz

Biotechnology, Santa Cruz, CA).

RNA isolation, cDNA synthesis, and quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from cell lines and tissue by use of Trizol reagent (Life

Technologies, Grand Island, NY), repurified using RNeasy Mini spin columns (Qiagen,

Valencia, CA), and treated with DNase I to eliminate residual genomic DNA. One

microgram of total RNA was reverse-transcribed using MultiScribe Reverse Transcriptase

(Applied Biosystems, Foster City, CA). Primers were designed for SCCRO5 and GAPDH

(Supplementary Table S5), by use of the Primer3 program (Howard Hughes Medical

Institute, Chevy Chase, MD), to generate PCR products 75–300 bp in length and were

obtained from a commercial source (Operon Technologies, Alameda, CA). To confirm

specificity for SCCRO5, the SCCRO5 primer set was tested on plasmids for all SCCRO

paralogues. qRT-PCR for SCCRO5 was performed, at least in duplicate, in two separate

experiments, on the 203 tumor and paired normal samples and on appropriate controls by

use of a Sequence Detector System 7900HT device (Applied Biosystems, Foster City, CA),

as previously described (16). To ensure the presence of a single PCR product, melting curve

analysis was performed after each experiment. A standard curve was generated using serial

dilutions of cDNA from MDA686 and MDA1186 cell lines. The comparative threshold

cycle method was used to calculate the SCCRO5 expression ratio in each sample relative to

the value observed in the control standard curve, with GAPDH used as a control for

normalization among samples (34). GAPDH was determined to be the most stable

housekeeping gene in the tissues studied, on the basis of geNorm analysis (M < 0.298) (35,

36). Overexpression was defined as at least 2-fold higher levels of mRNA expression in the

tumor sample relative to the matched normal sample and the mean of all normal tissue

samples for each cancer type.

Mutation profiling

Primers were designed, using Primer3, to cover putative exon regions of SCCRO5 (National

Center for Biotechnology Information Human Genome Build 36.1), yielding products ≤500

bp in length (Supplementary Table S6) (37). Tumor DNA was extracted using the DNeasy

kit (Qiagen, Valencia, CA) and was subjected to whole-genome amplification, as previously

described (38). High-throughput bidirectional dideoxynucleotide sequencing of PCR-
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amplified gene products was performed using the Sanger sequencing platform, as previously

described (39). PolyPhred and PolyScan software were used to generate an initial automated

report of sequence variations (39). For each respective exon, tumor sequences were

compared against reference sequences listed in the National Center for Biotechnology

Information (RefSeq) database. After visual inspection of the individual forward and reverse

chromograms, for confirmation of nonsynonymous sequence variations and insertions or

deletions (including duplications), a manual review list of potential nucleotide changes was

produced. Synonymous variants and those with corresponding entries in the Single

Nucleotide Polymorphism Database (http://www.ncbi.nlm.nih.gov/projects/SNP/) were

excluded from analysis.

cDNA cloning, mutagenesis, and short hairpin RNA (shRNA) knockdown

Human SCCRO5 cDNA was obtained from Clontech Laboratories (Clontech, Mountain

View, CA). Mutations were generated in SCCRO5 by standard PCR mutagenesis, as

previously described (17). Primers were designed using Primer3 (Supplementary Table S7).

SCCRO5 and its mutated forms were cloned into pEGFP-N2 (Clontech, Mountain View,

CA), pBABE (BD Biosciences, San Jose, CA), and pGEX-4T-3 (GE Healthcare Life

Sciences, Piscataway, NJ) vectors. Plasmid and protein purifications were performed as

previously described (16, 17). shRNA against human SCCRO5 (obtained from the Genome

Sequencing Center at Memorial Sloan-Kettering Cancer Center) or lacZ shRNA (negative

control) was transfected—along with packaging plasmids pLP1, pLP2, and pVSVG—into

HEK293 cells by use of Lipofectamine 2000, in accordance with the manufacturer’s

protocol (Invitrogen, Grand Island, NY). Lentiviral particles were harvested 48 h and 72 h

after transfection and were filtered, pelleted, and resuspended in media for retroviral

delivery in the presence of polybrene (Millipore, Billerica, MA). Twenty-four hours after

infection, cells were cultured in media containing puromycin, to select for infected cells.

Molecular and biochemical assays

Glutathione S-transferase (GST) pull-down assays, in vitro neddylation assays, in vitro

thioester reactions, transfections, and immunoblotting were performed as previously

described (16, 17).

Proliferation and colony formation assays

MTS proliferation assays and colony formation assays were performed as previously

described (16, 17). For the soft agar assay, colonies were counted using ImageJ software

(National Institutes of Health, Bethesda, MD), to analyze images captured from four 6-well

plate wells per construct, from two independent experiments.

Statistical analysis

Descriptive statistics were used to summarize study day. Continuous variables were

compared across groups using Student’s t-test or Mann-Whitney U-test. Categorical

comparisons were performed using the Fisher’s exact test. Survival curves were generated

using the Kaplan-Meier method and compared using the log-rank test. Time to recurrence

was defined as the time between completion of primary treatment of cancer and the
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development of recurrent cancer at any site (local, regional, or distant). Survival outcomes

were censored for patients who died of causes other then cancer, were lost to follow-up or

survived to the end of the study. Statistical significance was defined as a two tailed p-value

less than or equal to 0.05. All statistical analyses were performed using state-of-the-art

statistical packages (SPSS, Chicago, IL; or SAS, Durham, NC).

Results

SCCRO5 binds to neddylation components

In silico analysis showed that SCCRO has four paralogues in higher organisms, all with a

highly conserved C-terminal PONY domain with variable N-terminal domains

(Supplementary Fig. S1A). The established role of the PONY domain in neddylation raised

the possibility that, like SCCRO, SCCRO’s paralogues participate in neddylation E3

activity. To determine the role that SCCRO5 plays in neddylation, we assessed the binding

of SCCRO5 to neddylation components. GST pull-down assays using HeLa cell extracts,

followed by Western blot analysis for neddylation components, showed that, like SCCRO,

SCCRO5 binds to CAND1, Ubc12, Cul1, Cul2, Cul3, and ROC1 (Table 1 and Fig. 1A).

Previous biochemical and structural studies have established that SCCRO binds to its

neddylation components through its PONY domain, which contains four residues that are

critical for binding interactions (Supplementary Fig. S1B) (17, 40, 41). To map the binding

domains, we created a series of SCCRO5 deletions and point mutants as GST fusions,

including those involving the N-terminal NLS and C-terminal PONY domains, and used

them in pull-down assays on HeLa lysates. Deletion of the PONY domain

(SCCRO5_Δ189-237) or mutation in critical residues (SCCRO5_D195N, SCCRO5_A219R,

SCCRO5_D225N, SCCRO5_E226A, SCCRO5_A219R/D225N, and SCCRO5_D195N/

A219R/D225N) resulted in loss of binding to CAND1 and Cul1-ROC1 (Table 1). Binding to

Ubc12 was lost only with larger deletion of the C-terminal region of SCCRO5

(SCCRO5_Δ189-237), which is consistent with the location of the binding site of Ubc12 in

SCCRO (17). Previous studies have shown that the UBA domain in SCCRO is not required

for binding to neddylation components (17, 40, 41). SCCRO5 contains an NLS in its N-

terminus. We found that the NLS is functional, as transiently expressed GFP-SCCRO5 was

exclusively present in the nucleus, whereas NLS-deletion mutant GFP-SCCRO5

(SCCRO5_Δ1-10 and SCCRO5_Δ1-46) had a pan-cellular distribution on fluorescence

microscopy (data not shown). As with the UBA domain of SCCRO, deletion of the NLS or

the entire N-terminus in SCCRO5 (SCCRO5_Δ1-10 and SCCRO5_Δ1-46, respectively) had

no effect on binding to Cullin-ROC1, Ubc12, or CAND1 (Table 1). These results show that

binding with the neddylation components and residues involved in the interactions are

conserved between SCCRO and SCCRO5.

SCCRO5 preferentially binds to Ubc12~Nedd8 thioester

The mechanisms that maintain the processivity of the reactions that result in the conjugation

of ubiquitin and ubiquitin-like proteins are highly conserved. Central to maintenance of

processivity is a differential affinity between E1 and E3 for free and conjugated E2,

respectively. Differences in affinity ensures that an E2 must dissociate from its cognate E1

after it accepts transfer of ubiquitin or ubiquitin-like proteins and before it can bind to the
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E3. SCCRO has greater affinity for E2~Nedd8 thioester than for free E2, which is consistent

with its role as a component of the E3 for neddylation (17). To determine whether SCCRO5

also conforms to the established processivity paradigm for E3s, we performed GST pull-

down assays on products from a Ubc12 thioester reaction, followed by Western blot analysis

for Ubc12. Even in the presence of molar-excess free Ubc12, SCCRO5 preferentially bound

to Ubc12~Nedd8 thioester (Fig. 1B [compare lanes 1 and 3]). Moreover, the results of GST

pull-down assays showed that, as with SCCRO, critical residues involved in binding of

SCCRO5 to Cul1-ROC1 (lanes 3 and 4) and the N-terminal region (lane 5) were not

involved in to Ubc12~Nedd8 (Fig. 1C). These findings confirm that, in its interactions with

Ubc12, SCCRO5 maintains reaction processivity paradigms.

SCCRO5 promotes cullin neddylation

Structural and biochemical studies have shown that SCCRO promotes cullin neddylation by

promoting complex assembly, nuclear translocation of neddylation E3 components,

enhanced E2 recruitment, and structural orientation to optimize the efficiency of the transfer

of Nedd8 from Ubc12 to cullin (42, 43). To determine whether SCCRO5 also promotes

cullin neddylation, we performed in vitro neddylation reactions containing Nedd8,

recombinant APPBP1/Uba3 (E1), Ubc12 (E2), ATP, and whole-cell lysate from HeLa cells

(as a source of Cullin-ROC substrates), with and without SCCRO5. Western blotting of

reaction products for cullins showed a dose-dependent increase in neddylation of Cul1,

Cul2, and Cul3 with the addition of SCCRO5 (Fig. 2A). A time-course in vitro neddylation

reaction showed that SCCRO5 enhanced the rate of cullin neddylation (Fig. 2B). To

determine the domains required for the observed effects on neddylation, we supplemented in

vitro reactions with SCCRO5 or selected SCCRO5 mutants. PONY domain mutants

(SCCRO5_D225N and SCCRO5_E226A) failed to augment Cul3 neddylation beyond basal

levels, whereas N-terminus deletion mutants (SCCRO5_Δ1-46) enhanced Cul3 neddylation

to levels similar to those observed in reactions supplemented with wild-type SCCRO5 (Fig.

2C). Combined, these findings suggest that, as with SCCRO (17), the effect of SCCRO5 on

cullin neddylation in vitro requires its interaction with neddylation E3 components through

its PONY domain but not its NLS domain.

SCCRO5 promotes cell proliferation and anchorage-independent cell growth

With SCCRO5’s function in cullin neddylation established, we next asked whether this

activity is required for transformation. To determine this, we transfected NIH-3T3 cells with

pBABE-SCCRO5, selected pBABE-SCCRO5 mutants or empty vector, and developed two

stably expressing clones for each construct by use of puromycin selection. Equal expression

of SCCRO5 and SCCRO5 mutants in selected clones was confirmed by qRT-PCR and

Western blot analysis (Supplementary Fig. S2A and S2B). The results of MTS assays

showed that the proliferation rate was significantly higher in SCCRO5-expressing clones

than in SCCRO5_D195N/A219R/D225N, SCCRO5_Δ1-10, or empty vector transfected

NIH-3T3 cells (Fig. 3A). NIH-3T3 clones were then subjected to soft agar colony formation

assay to assess transforming ability, which showed that SCCRO5-transfected clones had

significantly higher anchorage-independent growth, compared with SCCRO5_D195N/

A219R/D225N, SCCRO5_Δ1-10, or empty vector transfected cells (Fig. 3B). Combined,
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these findings suggest that SCCRO5’s oncogenic activity requires its neddylation-promoting

activity, as well as its compartmentalization to the nucleus.

SCCRO5 overexpression is associated with an oncogene addiction phenotype

Consistent with the concept of oncogene addiction, we previously reported that cancer cell

lines with amplification and high levels of SCCRO expression are more susceptible to

apoptosis with RNAi knockdown of SCCRO, compared with cell lines with normal copy

numbers and low levels of SCCRO expression (16, 44). To validate the role that SCCRO5

plays in cancer pathogenesis, we sought to determine whether an oncogene addiction to

SCCRO5 was present in cancer cell lines. Results of qRT-PCR and Western blot analysis

showed a wide range of SCCRO5 expression in a panel of head and neck cancer cell lines,

with the highest levels of expression in SCC15 and MDA1483 and the lowest level in

MDA1386 (Fig. 3C). Representative cell lines with low (MDA1386) and high (MDA1483)

endogenous SCCRO5 expression were transfected with two independent anti-SCCRO5

shRNA constructs and with anti-lacZ shRNA as a control. Western blot analysis, after

transfection with anti-SCCRO5 shRNA constructs, showed efficient knockdown of

SCCRO5 levels, compared with those in the anti-lacZ shRNA transfected cells (Fig. 3D).

SCCRO levels were not affected by transfection with any of the shRNA constructs, which

confirmed specificity. Results of MTS assays showed a more significant decrease in the

viability of MDA1483 cells, compared with MDA1386 cells, after SCCRO5 knockdown

(Fig. 3E and 3F). These results indicate the presence of an oncogene addiction phenotype

and validate the position that SCCRO5 plays a role in cancer pathogenesis.

SCCRO5 overexpression is associated with an aggressive clinical course

To establish the clinical significance of SCCRO5 overexpression, we sought to identify

mutations and to determine the prevalence of SCCRO5 overexpression, as well as the

association of mutations and overexpression with outcome in a panel of randomly selected

human tumors. Sequenome-based mutational screening of all cases did not identify any

mutations in SCCRO5 (data not shown). To investigate the presence and frequency of

overexpression, SCCRO5 mRNA levels were determined by qRT-PCR in cancer tissue and

matched histologically normal tissue for each case. The highest prevalence of SCCRO5

mRNA overexpression was observed in cancer types known to harbor 11q22 amplification,

including gliomas (4 of 10 [40%]), lung SCCs (14 of 30 [47%]), and oral cavity SCCs (16 of

40 [40%]). SCCRO5 mRNA overexpression was less common in cancer types with a lower

prevalence of 11q22 amplification, including lung adenocarcinomas (2 of 27 [7%]), lung

neuroendocrine carcinomas (6 of 54 [11%]), ovarian carcinomas (1 of 40 [3%]), and thyroid

carcinomas (5 of 56 [9%]) (Fig. 4A) (26, 27, 30). Moreover, in the cohort of lung SCCs and

oral cavity SCCs, SCCRO5 mRNA levels correlated with SCCRO5 protein levels (Fig. 4B).

To validate the prevalence of SCCRO5 dysregulation, we analyzed interim results from

TCGA projects, which showed that the highest prevalence of SCCRO5 dysregulation

(amplification and/or overexpression) was in head and neck SCCs (11.6%), followed by

ovarian serous cystadenocarcinomas (3%; copy number change only; expression data not

available), cervical carcinomas (8.7%; copy number change only; expression data not

available), and bladder urothelial carcinomas (7%), with a significant correlation between
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copy number and mRNA expression in head and neck SCCs (Supplementary Fig. S3). The

difference in the prevalence of dysregulation between our tumor cohort and that in the

TCGA likely represents differences in the sensitivity of the analytic techniques used to

assess SCCRO5 mRNA levels (cDNA array vs. qRT-PCR) and in the type of control tissue

used for analysis (matched normal tissue vs. blood).

To determine clinical relevance, we performed a post hoc analysis to determine the

association between SCCRO5 overexpression and disease-free survival. We limited survival

comparisons to patients undergoing treatment for head and neck or lung SCC as these data

sets had : (1) reasonable power (more then 10 cases with SCCRO5 over expression) (2) had

sufficient events (only 2 recurrences were observed in the thyroid cancer cohorts;

Supplementary Table 3); (3) had uniform histology (thyroid cohort included papillary,

follicular and Hürthle cell carcinomas and lung neuroendocrine carcinomas included large

cell carcinomas, small cell carcinomas, and carcinoid tumors; Supplementary Table 4). All

patients in the study cohort underwent uniform treatment that included primary surgery with

or without adjuvant treatment (on the basis of the extent of disease), in accordance with

established institutional protocols. Clinicopathologic parameters, including age, sex, tumor

node metastasis stage, and tobacco use, were not significantly different according to

SCCRO5 expression status for either cancer cohort (Supplementary Tables S1 and S2). We

found that SCCRO5 overexpression (SCCRO5+), which is defined in the Methods section,

compared with normal expression of SCCRO5 (SCCRO5−), negatively correlated with

disease-free survival for both head and neck SCCs and lung SCCs (Fig. 4C and 4D; P =

0.05). Interestingly, time to survival analysis for lung neuroendocrine carcinomas also

shows worse outcome in tumors with SCCRO5 over expression (Supplementary Figure 4; P

= 0.05). However, the differences in outcome in the lung neuroendocrine carcinoma need to

be considered with caution given the limited sample size and variable behavior of

histological subtypes of neuroendocrine carcinomas. Moreover, limitation of sample size

and number of events in the study cohorts do not support multivariate analyses. Nonetheless,

the correlation of overexpression with an aggressive clinical course supports SCCRO5’s

clinical relevance.

Discussion

SCCRO and its paralogues are commonly dysregulated in human cancers, with aberrations

of one or more paralogues present in 50% of head and neck cancers, in 70% of lung SCCs,

in 55% of ovarian serous cystadenocarcinomas, in 34% of cervical and endometrial

carcinomas, in 26% of lung adenocarcinomas, and in 15% of glioblastomas, on the basis of

analysis of interim data from respective TCGA projects. Of the SCCRO paralogues, SCCRO

and SCCRO5 are the most commonly dysregulated and have a tendency toward mutual

exclusivity, which suggests that they act independently in oncogenesis. It is well established

that overexpression of SCCRO promotes its function as an oncogene (16, 18). By showing

that overexpression of SCCRO5 has transforming activity and by associating it with an

aggressive clinical course in human cancers, our data support the position that SCCRO5

may function as an oncogene as well (20). Its role in cancer pathogenesis is further validated

by our findings, which indicate the presence of an oncogene addiction phenotype in cancer

cell lines that have high endogenous levels of SCCRO5 expression.
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Structure-function analyses show that, as with SCCRO, SCCRO5’s conserved PONY

domain is required for binding to neddylation components, as well as for its neddylation and

transforming activities (16, 17, 41, 42). Of interest, SCCRO5’s N-terminal NLS was not

required for neddylation-promoting activity in vitro, which is similar to the case for the

UBA domain in SCCRO (41). Given that SCCRO’s subcellular localization is important to

its neddylation activity, the direct or indirect association of the N-terminal motifs with

subcellular localization of the SCCRO paralogues suggests that they may regulate

neddylation activity in vivo (43-45). Consistent with this finding, SCCRO’s UBA is

involved in monoubiquitination by Nedd4-1, which promotes nuclear export, thereby

inhibiting its neddylation activity (43, 45) (unpublished data). Similarly, the myristoylation

sequence localizes SCCRO3 to the membrane, which affects its neddylation promoting

activity (46) (unpublished data). Our finding showing that the NLS is required for

SCCRO5’s transforming activity suggests that, as with the UBA, the NLS may modulate

neddylation activity in vivo. However, these findings raise a question about SCCRO5’s role

in neddylation. Our previous work showed that SCCRO promotes nuclear translocation of

Cullin-ROC1, which is required for neddylation in vivo. Given that SCCRO5 is present

almost exclusively in the nucleus, it is unclear how cytoplasmic Cullin-ROC1 complexes are

delivered to the nucleus to allow for interaction with SCCRO5. Several possibilities exist,

including cooperative activity between other SCCRO paralogues and NLS-containing

variants, presence of alternative mechanisms for nuclear translocation of Cullin-ROC1

complexes, and selective activity on cullins situated in the nucleus.

The functional effects of neddylation are mediated by downstream targets that CRLs

activate. The recent publication by Monda and colleagues showing that SCCRO and its

paralogues have overlapping affinity to E2s (Ube2M and Ube2F) and cullins (42) suggests

that they may have redundant effects on CRL activity in vivo. This idea is supported by the

differential requirements of SCCRO for viability in yeast, whose genome does not contain

other SCCRO paralogues, and in higher organisms, where paralogues can compensate for

SCCRO loss (40, 43) (unpublished data). Since SCCRO5 promotes neddylation of all cullins

(with the possible exception of Cul4A), it putatively can regulate the ubiquitination of a

myriad of proteins, resulting in diverse cellular effects (42). Guo and colleagues suggest that

SCCRO5 may be involved in regulating ubiquitination of the proteins involved in DNA-

damage repair (20). Consistent with this suggestion, SCCRO5 was found to be part of a

panel of seven genes whose expression score predicts radiation response in patients with

cervical cancer (47). Further work is required to define the CRLs and protein targets that are

dependent on SCCRO5 in the DNA-damage response, cellular activities, and oncogenesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational relevance

The importance of the ubiquitin-proteasome pathway in cancer pathogenesis is

established by the therapeutic efficacy of agents that target pathway activity in treating

human cancers. Neddylation, a major regulator of ubiquitin-proteasome pathway activity,

is itself subject to regulation by SCCRO. SCCRO is commonly activated by

amplification in many different types of cancer and its overexpression is independently

associated with poor clinical outcome. Here we show that SCCRO5, a paralogue of

SCCRO, plays a role in cancer pathogenesis. SCCRO5 is commonly overexpressed in

human cancers and its overexpression is associated with worse outcome in oral and lung

squamous cell carcinomas. Establishing its role in cancer pathogenesis, we show

oncogene addiction associated with SCCRO5 overexpression in cancer cell lines.

Moreover, we show that SCCRO5’s oncogenic activity requires it function as an E3 in

neddylation, as well as, its subcellular localization. Combined our findings suggest that

like SCCRO, SCCRO5 is a putative therapeutic target in oral and lung SCC, as well as,

other types of cancer.
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FIGURE 1.
SCCRO5 interacts with components of the neddylation pathway. A, Western blot analysis of

the products of GST-SCCRO, GST-SCCRO5, and selected GST-SCCRO5 mutants after

pull-down assays from HeLa lysates probed with the indicated antibodies, which shows that,

like SCCRO, SCCRO5 binds to CAND1, Cul1, Cul2, Cul3, and ROC1. Mutations in the

PONY domain (SCCRO5_D225N and SCCRO5_E226A), but not the N-terminal NLS

(SCCRO5_Δ1-46), result in loss of binding. The dividing line between lane 1 and lane 2

indicates the position of omitted lanes from the same gel. B, Western blot analysis of Ubc12

after GST and GST-SCCRO5 pull-down assays on products from a thioester reaction (lane

1), which shows preferential binding to Ubc12~Nedd8, even in the presence of excess free

Ubc12. C, Western blot analysis of Ubc12 after pull-down assays on products of thioester

reaction, which shows that GST-SCCRO5 and PONY and NLS mutants bind equally to

Ubc12~Nedd8.
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FIGURE 2.
SCCRO5 augments cullin neddylation. A, Western blot analysis of the indicated cullins on

products of an in vitro neddylation reaction using HeLa lysates as a source for Cullin-ROC1

complexes supplemented with a gradient of SCCRO5, which shows a dose-dependent

increase in neddylation of Cul1, Cul2, and Cul3 with the addition of recombinant SCCRO5.

B, Western blot analysis of Cul1 on products of an in vitro neddylation reaction with (lanes

5-8) or without (lanes 1-4) the addition of SCCRO5, which shows enhanced efficiency of

Cul1 neddylation by SCCRO5. C, Western blot analysis of Cul3 on products of an in vitro

neddylation reaction with concentration gradients of SCCRO5, SCCRO5_Δ1-46,

SCCRO5_D225N, or SCCRO5_E226A (quantities in pmol), which shows a dose-dependent

increase in neddylation of Cul3 with SCCRO5 and SCCRO5_Δ1-46 but not with

SCCRO5_D225N or SCCRO5_E226A.
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FIGURE 3.
Transgenic expression of SCCRO5 promotes proliferation and anchorage-independent

growth. A, Graph showing results from an MTS assay on NIH-3T3 cells stably expressing

SCCRO5 and indicated mutants, which shows increased proliferation in plasmids expressing

SCCRO5 but not NLS (SCCRO5_Δ1-10) or PONY (SCCRO5_D195N/A219N/D225N)

domain mutants. B, Results from a soft agar assay, which shows increased colony formation

in NIH-3T3 cells stably transfected with SCCRO5, compared with that in cells transfected

with empty vector and SCCRO5 NLS and PONY domain mutants (bars represent the mean

± SD number of colonies per well of 6-well plates; P < 0.001). C, Western blot analysis,

which shows SCCRO5 protein levels and corresponding mRNA levels, on the basis of real-

time PCR, in head and neck cancer cell lines. D, Western blot analysis of SCCRO5, with

GAPDH as a loading control, on lysates from MDA1386 (low endogenous SCCRO5) and

MDA1483 (high endogenous SCCRO5), before and after transfection of two independent

shRNA constructs against SCCRO5 or lacZ control, which shows efficient and specific

knockdown of SCCRO5. E and F, Graphs from MTS assays showing a more pronounced

decrease in the viability of MDA1483 cells, compared with MDA1386 cells, with

knockdown of SCCRO5.
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FIGURE 4.
SCCRO5 overexpression is common in human tumors and correlates with outcomes. A, Box

plot showing fold increase in SCCRO5 mRNA expression, analyzed by qRT-PCR, in 10

gliomas, 30 lung squamous cell carcinomas (SCCs), 27 lung adenocarcinomas (ACs), 54

lung neuroendocrine (NEC) tumors, 40 oral SCCs, 40 ovarian carcinomas, and 56 thyroid

carcinomas, compared with matched normal tissues (boxes represent the lower through the

upper quartile; the median is shown as a horizontal line; whiskers represent minimum and

maximum levels). The percentage of cases with overexpression is given below each plot. B,

Western blot analysis showing SCCRO5 protein expression in representative head and neck

and lung SCCs (T) and matched normal (N) samples. The corresponding fold change in

mRNA levels, determined by real-time PCR, is noted below. C, Kaplan-Meier survival

curves from post-hoc analysis showing recurrence-free survival based on SCCRO5 mRNA

expression status in primary oral SCCs. D, Kaplan-Meier survival curves showing

recurrence-free survival from post-hoc analysis based on SCCRO5 mRNA expression status

in primary lung SCCs.

Bommeljé et al. Page 18

Clin Cancer Res. Author manuscript; available in PMC 2014 October 09.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Bommeljé et al. Page 19

TABLE 1

SCCRO5 interacts with components of the neddylation pathway.

SCCRO5 Mutants Cul1-ROC1 CAND1 Ubc12

WT + + +

Δ1-10 + + +

Δ1-46 + + +

Δ189-237 − − −

A219R − − +

D195N − − +

D225N − − +

E226A − − −

A219R/ D225N − − +

D195N/ A219R/ D225N − − +

Table showing a summary of results from pull-down assays using GST-SCCRO5 and selected mutants to recombinant Cul1-ROC1, Ubc12, and
CAND1, which confirmed that binding to Cul1-ROC1 and CAND1 requires an intact PONY domain but not the NLS domain. In contrast, binding
to Ubc12 was only lost with deletion of the C-terminus (SCCRO5_Δ189-237).
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