
A CREB3-regulated ER-Golgi trafficking signature promotes 
metastatic progression in breast cancer

Breege V Howley1,2, Laura A Link1,2,3, Simon Grelet1,2, Maya El-Sabban1, and Philip H 
Howe1,2

1Department of Biochemistry and Molecular Biology, Medical University of South Carolina, 
Charleston, South Carolina, USA

2Hollings Cancer Center, Medical University of South Carolina, Charleston, South Carolina, USA

3Department of Biomedical Sciences, Kent State University, Kent, Ohio, USA

Abstract

In order to better understand the process of breast cancer metastasis, we have generated a 

mammary epithelial progression series of increasingly aggressive cell lines that metastasize to 

lung. Here, we demonstrate that up-regulation of an Endoplasmic Reticulum (ER) to Golgi 

trafficking gene signature in metastatic cells enhances transport kinetics, which promotes 

malignant progression. We observe increased ER-Golgi trafficking, an altered secretome and 

sensitivity to the retrograde transport inhibitor brefeldin A (BFA) in cells that metastasize to lung. 

CREB3 was identified as a transcriptional regulator of up-regulated ER-Golgi trafficking genes 

ARF4, COPB1 and USO1, and silencing of these genes attenuated the metastatic phenotype in 
vitro and lung colonization in vivo. Furthermore, high trafficking gene expression significantly 

correlated with increased risk of distant metastasis and reduced relapse-free and overall survival in 

breast cancer patients, suggesting that modulation of ER-Golgi trafficking plays an important role 

in metastatic progression.
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Introduction

As the majority of cancer-associated deaths are caused by metastasis, there is significant 

interest in identifying the mechanisms through which cancer cells acquire the ability to 
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metastasize, in the hope that such mechanisms may be targeted therapeutically. Our 

laboratory has previously demonstrated that the RNA binding protein hnRNP E1, a tumor 

suppressor, is an important regulator of the epithelial to mesenchymal transition (EMT)1–4. 

This transition is a normal cellular process involved in wound healing and embryonic 

development, and thought to be aberrantly activated in the early stages of metastasis. The 

transition to a mesenchymal phenotype is associated with a loss of apical/basolateral polarity 

and the acquisition of migratory, invasive and stem cell-like properties5. Silencing of hnRNP 

E1 in non-tumorigenic mammary epithelial cells induces this transition resulting in a 

mesenchymal, invasive phenotype1. The in vivo selection of these tumorigenic hnRNP E1 

silenced (E1KD) cells provides a unique system to interrogate gene signatures in mammary 

epithelial cells associated with cancer initiation, tumorigenesis and metastatic progression.

Here, we describe the co-regulation of several ER-Golgi trafficking genes in our mammary 

epithelial cell series that alter traffic kinetics and in turn metastatic progression. The ER and 

Golgi are essential for processing and trafficking of a large portion of the proteome. ER-

processed proteins are transported to the Golgi through COPII vesicles regulated by RAB 

GTPases6. N-glycan modification and O-linked glycosylation of proteins occur within the 

linked cisternae that comprise the Golgi ribbon, before transport to the Trans-Golgi Network 

(TGN) for sorting6,7. Retrograde transport of ER-resident proteins from the Golgi to the ER 

occurs through the regulation of ADP-ribosylation factors (ARFs), and their guanine 

nucleotide exchange factors (GEFs) which control COPI vesicle budding6,8. Golgi mediated 

regulation of multiple processes including mitosis, apoptosis and migration is described9–12. 

Recent studies have also demonstrated a role for ER-Golgi trafficking genes in promoting 

cancer progression through alteration of the secretome13,14.

ER stress sensing and the downstream induction of the unfolded protein response (UPR) 

have been well characterized in the literature15. Stress, such as the accumulation of unfolded 

or misfolded proteins, activates the three branches of this response mediated by ER-resident 

protein kinase R-like kinase (PERK), activating transcription factor-6 (ATF6) and inositol-

requiring enzyme 1α (IRE1α)16. The UPR acts to alleviate stress and restore ER function 

by blocking translation and promoting degradation of misfolded proteins through 

downstream effectors such as PERK-activated eIF2α and IRE1α-induced splicing of the X-

box Binding Protein (XBP1)17. Acute or prolonged ER stress, in which ER homeostasis 

cannot be restored, induces apoptosis through effectors including CCAAT/enhancer-binding 

protein homologous protein (CHOP)18. Activation of a Golgi stress response has been 

reported in several studies12,19–22; this response is hypothesized to restore Golgi function 

following stressors such as increased protein load and viral infection23. However, the 

interdependence between anterograde and retrograde ER-Golgi trafficking confounds 

analyses of stress responses originating from the Golgi. Consequently, the stimuli and 

downstream effectors that regulate Golgi homeostasis are poorly understood.

The cAMP responsive element binding protein 3 (CREB3) subfamily of basic leucine zipper 

transcription factors (TFs) consists of CREB3, CREB3L1, CREB3L2, CREB3L3 and 

CREB3L4. These ER-localized TFs function in numerous processes including secretion, 

UPR, osteogenesis and chondrogenesis24–28. Activation of CREB3 TFs occurs through 

regulated intramembrane proteolysis (RIP), similar to ATF6 and sterol-regulatory element-

Howley et al. Page 2

Oncogene. Author manuscript; available in PMC 2018 June 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



binding protein (SREBP) activation, where C-terminal transmembrane domains are cleaved 

by site 1 protease (S1P) and site 2 protease (S2P) localized in the Golgi24,29,30. We 

hypothesize the CREB3 activation in our model up-regulates ER-Golgi trafficking gene 

expression in metastatic cells driving malignant progression. Here, we demonstrate CREB3 

regulation of ER-Golgi trafficking genes in cells derived from our mouse metastatic 

progression model. Increased ER-Golgi trafficking and secretion in these cell lines 

associated with an invasive phenotype, which was attenuated by silencing of ARF4, COPB1 

and USO1.

Results

Isolation of tumorigenic and metastatic cell lines through the in vivo selection of 
mammary epithelial cells

We have developed a mouse model of metastasis utilizing the non-transformed normal 

murine mammary gland (NMuMG) cell line. NMuMG cells exhibit an non-invasive, 

epithelial phenotype and transition to an invasive mesenchymal phenotype upon silencing of 

the RNA binding protein hnRNP E1, which regulates the epithelial-to-mesenchymal 

transition1. In the absence of hnRNP E1 expression, NMuMG cells become both 

tumorigenic and metastatic, with metastases identified in the lungs of mammary fat pad 

injected NOD/SCID mice. In vivo passaging of hnRNP E1 knockdown (E1KD) cells via 

mammary fat pad xenograft led to the isolation of L1P and L2P cells that metastasize from 

the mammary fat pad to lung. In addition, the M1P and M2P cell lines were isolated from 

primary mammary tumors (Supplementary Fig S1A).

When cultured ex vivo the passaged cell lines retain hnRNP E1 knockdown and a 

mesenchymal phenotype, as assessed by reduced E-cadherin cell surface expression and 

actin cytokeleton organization compared to NMuMG cells (Supplementary Fig S1B and G). 

In addition, in vivo passaged cells and E1KD cells express the pSilencer shRNA used to 

silence hnRNP E1, as determined by semi-quantitative PCR (Supplementary Fig S1C). We 

observed significantly enhanced migration of L2P cells, compared to E1KD and M1P cells 

(Fig 1A). In addition, increased invasiveness of L1P and L2P cells was observed compared 

to E1KD and M1P cells, as determined by increased sphere area and decreased circularity 

index (Fig 1B). Flow cytometric analysis of CD29/CD24 levels demonstrated an increase in 

CD29 levels and a decrease in CD24 levels in the L series of cells, indicative of a cancer 

stem cell phenotype (Supplementary Fig S1E). In agreement with these findings, an increase 

in mammosphere formation, a marker of cancer cell stemness, was observed in the 

metastatic L1P and L2P cells but not in the tumor-isolated M1P cell line (Supplementary Fig 

S1F). Next, to determine whether our passaged cells retain tumor forming (M series) or 

metastases forming (L series) ability following culture ex vivo, xenografts were performed. 

E1KD cells along with the M series (M1P and M2P) and L2P cells were injected into the 

mammary fat pad of NOD/SCID mice. A progressive increase in tumor size was observed 

following passaging of the M series, compared to E1KD and L2P cells (Fig 1C and D). 

Similarly, an increase in lung metastases was observed following tail vein injection of L1P 

and L2P cells compared to E1KD cells (Fig 1E and F).
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Identification of a metastasis-associated ER-Golgi trafficking gene signature

As the accumulation of genetic and epigenetic alterations in cancer cells is thought to drive 

cancer progression, we were interested in utilizing Affymetrix array as an unbiased approach 

to characterize differential gene expression in our model. We anticipated the identification of 

a cohort of genes associated with tumor initiation and growth, as determined by comparison 

of the non-tumorigenic NMuMG with tumor-forming E1KD and M1P cell lines. In addition, 

we expected to observe gene expression changes linked to metastatic potential, whereby a 

change in metastasis-associated genes would be observed in L1P and L2P cells, compared to 

E1KD cells.

A 1.5 fold change in gene expression and P<0.05 was used to filter array data (Fig 2A and 

Supplementary Fig S2). To identify expression changes associated with tumorigenic versus 

metastatic cell traits, a 3-way comparison of M1P/E1KD, L1P/E1KD and L2P/E1KD gene 

sets was utilized, using Venny 2.1 software31 (Fig 2B and Supplementary Fig S2A and C). 

Gene set enrichment analysis was then performed using DAVID 6.8 software32,33, to 

identify processes enriched in L1P and L2P cells. Interestingly, Golgi-related pathways, such 

as ER to Golgi vesicle mediated transport and Golgi organization, were significantly 

enriched in L1P and L2P up-regulated gene sets (Fig 2C).

From the list of enriched ER-Golgi trafficking genes in the metastatic L series, we focused 

on validating the up-regulation of ARF4, COPB1 and USO1 (Fig 2D and E). ARF4 and 

COPB1 act in retrograde ER-Golgi trafficking; the GTPase ARF4, regulates COPI vesicle 

formation required for retrograde transport and COPB1 is a component of these COPI 

vesicles34–37. The anterograde trafficking gene USO1/p115 acts as a tethering factor for 

COPII vesicles38,39. A significant up-regulation of these trafficking genes at the transcript 

level was observed in L1P and L2P cells (Fig 2D) and increased expression at the protein 

level was also observed (Fig 2E). To validate our findings in a human progression series, we 

utilized the MDA-MB-231 (MDA-231) series of cell lines isolated from lung (LM24175) 

and bone (BOM1833) metastases40. An increase in ARF4, COPB1 and USO1 transcript (Fig 

2F) and protein (Fig 2G) expression was observed in MDA-231 cells isolated from lung or 

bone metastases compared to the parental cell line and the less aggressive MCF-7 cell line. 

Expression of hnRNP E1 protein did not correlate with ARF4, COPB1 and USO1 

expression in these cell lines, suggesting that up-regulation of this trafficking signature is 

associated with the development of distant metastases and not hnRNP E1 silencing alone.

We hypothesized that up-regulation of trafficking genes in our model may alter ER-Golgi 

trafficking kinetics and secretion. To test this, we initially assessed trafficking kinetics using 

the RUSH reporters ST-SBP-GFP and ManII-SBP-GFP41 which traffic from the ER to the 

Golgi upon biotin addition (Fig 3A). Increased ER-Golgi trafficking kinetics of ST-SBP-

GFP and ManII-SBP-GFP reporters were observed in L1P and L2P cells compared to E1KD 

cells, as determined by the decrease in ER retention of reporters 15 min following biotin 

addition (Fig 3B). As a control in this experiment, ER-Golgi trafficking in L2P cells was 

blocked using the ARF-GEF inhibitor brefeldin A, which resulted in attenuation of ER-

Golgi trafficking kinetics. Secretion of transiently transfected Gaussia luciferase and alkaline 

phosphatase was also assessed in our model. Consistent with RUSH reporter data, increased 

secretion of Gaussia luciferase and alkaline phosphatase was observed in L1P and L2P cells 

Howley et al. Page 4

Oncogene. Author manuscript; available in PMC 2018 June 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



compared to E1KD cells, and Gaussia luciferase secretion was attenuated by brefeldin A 

treatment (Fig 3C). Analysis of secreted cytokines and growth factors from E1KD and L2P 

cells revealed an increase in secretion of multiple pro-metastatic factors including serpin E1 

and LIX/CXCL5 (Fig 3D and Supplementary Fig S3A). Secretion of these up-regulated 

factors was sensitive to brefeldin A, suggesting that increased ER-Golgi transport kinetics in 

the L series contributes to increased levels of these pro-metastatic secreted factors (Fig 3D).

Increased sensitivity of metastatic cells to the retrograde ER-Golgi inhibitor Brefeldin A

Due to the increased trafficking kinetics of metastatic cell lines, we next tested whether these 

cells exhibited altered sensitivity to long-term ER-Golgi trafficking inhibition by brefeldin 

A. Golgi fragmentation, as assessed by GM130 immunofluorescence, was observed in all 

cell lines following BFA treatment (Supplementary Fig S3B). Interestingly, L1P and L2P 

cells demonstrated increased sensitivity to BFA treatment as determined by MTT assay and 

colony formation assay (Fig 3E and F). In addition, apoptosis induction was detected only in 

L1P and L2P cells following BFA as assessed by cell morphology, and caspase 3 and PARP 

cleavage (Fig 3G and Supplementary Fig S3C). Sensitization to brefeldin A in our model 

was partially due to an up-regulation of retrograde ER-Golgi trafficking genes, as 

knockdown of ARF4 and to a lesser extent COPB1 resulted in increased resistance to BFA 

cytotoxicity (Supplementary Fig S6E). These findings are in agreement with previous 

studies, demonstrating ARF4-dependent BFA sensitivity19. A similar sensitivity to ER-Golgi 

blockade was observed in MDA-231 cells isolated from lung or bone metastases compared 

to the less aggressive MCF-7 cell line and parental MDA-231 cells (Supplementary Fig S3D 

and E).

To determine if this effect was a general sensitization to apoptosis inducers or ER stress, we 

assessed UPR-regulated transcript expression and response to the chemotherapeutics 

cisplatin and etoposide and the ER stress inducers, thapsigargin and tunicamycin. 

Interestingly, the metastatic L series demonstrated similar sensitivity to cisplatin, etoposide, 

thapsigargin and tunicamycin as NMuMG, E1KD and M1P cells (Supplementary Fig S4A 

and B). In addition, no significant difference in BiP and Chop expression was observed 

between E1KD, L1P and L2P cells, whereas, an increase in these transcripts was observed in 

M1P cells (Supplementary Fig S4C). Analyses of Chop and PERK expression by 

immunoblot revealed a decrease in Chop protein induction, in response to thapsigargin and 

tunicamycin, in M1P, L1P and L2P cells compared to NMuMG and E1KD, whereas, levels 

of phosphorylated PERK and ER-stress induced XBP1 splicing were similar across cell lines 

in the series (Supplementary Fig S4D and F).

CREB3-mediated regulation of ER-Golgi trafficking genes

To assess the upstream regulators of ER-Golgi trafficking genes in our progression model, 

we performed meta-analysis of breast cancer patient array data which revealed co-regulation 

of candidate genes (Supplementary Fig S5A and B). We looked for common transcription 

factor motifs present in the promoters of our genes of interest, which might explain the co-

regulation of these genes. This analysis revealed CREB3 and CREB3-like motifs, which are 

conserved across higher eukaryotes, present in the promoters of up-regulated genes, 

including ARF4, COPB1 and USO1 (Supplementary Fig S5C). Consistent with a role of 
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CREB3 and CREB3-like TFs in regulating these genes, expression of CREB3 in breast 

cancer correlated with ARF4, COPB1 and USO1 but not GGA2, a TGN-Endosome 

trafficking adaptor protein which does not contain a conserved CREB3 site (Fig 4A).

To assess the role of CREB3 and CREB3-like TF regulation of these genes in our 

progression model, the promoter sequences of ARF4, COPB1 and USO1 containing CREB3 

sites were cloned upstream of a luciferase reporter. Mutation of the CREB3 sites present in 

these promoter constructs resulted in significantly reduced luciferase activity in both L1P 

and L2P cells (Fig 4B). The effect of silencing CREB3, CREB3L1 and CREB3L2, which 

are expressed in our cell lines, was next tested in L2P cells. Luciferase activity of ARF4 and 

COPB1 reporters was significantly reduced upon CREB3 and CREB3L2 silencing in L2P 

cells. Consistent with this data, a significant reduction of ARF4, COPB1 and USO1 

transcript levels was also observed upon CREB3L2 silencing, with CREB3 silencing 

significantly reducing ARF4 transcript levels (Fig 4C and D).

Levels of active CREB3 and CREBL2 in our progression series were subsequently 

characterized. If these TFs are regulators of ER-Golgi trafficking genes in our model, we 

would expect to see higher TF activity in L1P and L2P cells. To test this hypothesis, levels 

of the full-length and N-terminal active form of CREB3 and CREB3L2 were assessed by 

immunoblot in cells treated with the proteasome inhibitor MG132 to prevent degradation 

(Supplementary Fig S5D). Higher expression of the full-length and N-terminal active forms 

of CREB3 was observed in L1P and L2P compared to E1KD and M1P cells (Fig 4E). An 

increase in full-length CREB3L2 was not observed in L1P and L2P cells; however, a slight 

increase in the N-terminal form was detected, compared to E1KD cells (Supplementary Fig 

S5D).

Next, localization of a transiently transfected N-terminal Flag-tagged CREB3 was 

determined by immunofluorescence in E1KD, M1P, L1P and L2P cells. Whole cell and 

nuclear signal intensities of Flag-CREB3 were measured using ImageJ software and nuclear/

cell ratios were calculated using the formula (mean intensity nucleus/ mean intensity cell). A 

significant increase in CREB3 nuclear localization was observed in L1P and L2P cells 

compared to both E1KD and M1P cells (Fig 4F and Supplementary Fig S5G). Consistent 

with these findings, increased nuclear localization of endogenous CREB3L2 was observed 

in L1P and L2P compared to E1KD and M1P cells, nuclear localization was also induced 

following BFA treatment (Supplementary Fig S5E and F).

Up-regulation of ER-Golgi trafficking genes enhances trafficking kinetics and promotes 
cell adhesion, migration and invasion

In order to determine the functional significance of ER-Golgi trafficking up-regulation in the 

metastatic L series, ARF4, COPB1, and USO1 were silenced by shRNA in L2P cells 

(Supplementary Fig S6A). In addition, we included the TGN-Endosome trafficking adaptor 

protein GGA2 as a control42. Stable knockdown (KD) of ARF4, COPB1 and USO1 did not 

notably alter Golgi morphology as assessed by GM130 immunofluorescence 

(Supplementary Fig S7B), but did result in reduced ER-Golgi transport kinetics as assessed 

by the RUSH reporter ST-SBP-GFP (Supplementary Fig S6B). Moreover, a reduction in 

several pro-metastatic secreted cytokines was observed upon ARF4, COPB1 and USO1 

Howley et al. Page 6

Oncogene. Author manuscript; available in PMC 2018 June 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



silencing (Supplementary Fig S6D). Next, we assessed factors associated with metastatic 

progression including proliferation rate, adhesion, migration and invasion. We observed no 

difference in proliferation rate between scrambled control and KD cells (Supplementary Fig 

S6F); however, we did observe significantly reduced adhesion onto fibronectin upon COPB1 

KD. A trend towards ARF4 and USO1 silencing affecting adhesion was also observed; 

whereas, silencing GGA2 did not alter adhesion in L2P cells (Fig 5A). Significantly reduced 

migration in ARF4 KD cells was observed as assessed by wound healing assay (Fig 5B). In 

addition, decreased 2D invasion of COPB1 and USO KD cells, as well as decreased 3D 

spheroid area and increased circularity index in ARF4, COPB1 and USO1 KD cells were 

observed (Fig 5C, Supplementary Fig S6C). These data indicate that reduced expression of 

the ER-Golgi trafficking genes, ARF4, COPB1 and USO1, but not the TGN-endosome gene 

GGA2, attenuates the metastatic phenotype of L2P cells. Consistent with these findings, 

overexpression of V5-tagged COPB1 and USO1 in M1P cells resulted in increased ER-

Golgi trafficking (Supplementary Fig S6E and F) and an increase in cell adhesion, migration 

and invasion, with no change in proliferation rate (Fig 5D–H, Supplementary Fig S6H). 

Inhibition of ARF4, COPB1 and USO1 also attenuated the invasive phenotype of LM2-4175 

cells, derived from lung metastasis of MDA-231 cells (Supplementary Fig S6I–K). These 

data indicate that enhanced ER-Golgi trafficking may be an important mediator of metastatic 

disease.

As we observe reduced trafficking gene expression upon CREB3 and CREB3L2 silencing, 

we wanted to test whether CREB3 modulation impacted metastatic progression in our 

model. Cell migration and invasion rates in L2P cells silenced for CREB3 or CREB3L2 

were compared to scrambled control. A significant reduction in cell migration and invasion 

was observed when these transcription factors were silenced (Fig 5I and J), consistent with 

previous data reporting CREB3 regulation of cell adhesion, migration and invasion43.

Next, we assessed the effect of ARF4, COPB1 and USO1 KD in L2P cells in vivo. 

Mammary fat pad injection of scrambled control, ARF4, COPB1 and USO1 KD L2P cells in 

NOD/SCID mice resulted in no significant difference in tumor formation (Fig 6A–C); 

however, reduced incidence in lung metastasis was noted (Fig 6D). Lung colonization was 

further investigated by tail vein injection of control and KD L2P cells. A trend towards 

reduced lung metastasis incidence and volume upon silencing of ARF4 and COPB1 was 

observed, whereas, a slight reduction in tumor/lung ratio was observed upon USO1 silencing 

(Fig 6E–G). In accordance with these findings, Ki67 positivity, an indicator of proliferation, 

was significantly reduced in COPB1 and USO1 KD metastases compared to scrambled 

control (Fig 6H).

Up-regulation of ER-Golgi trafficking genes associated with increased risk of distant 
metastasis and reduced survival in breast cancer

Initially, the significance of ER-Golgi trafficking gene up-regulation in human breast cancer 

was assessed by meta-analysis of normal and breast cancer microarray data from the NCBI 

Gene Expression Omnibus (GEO). Comparison of ARF4, COPB1 and USO1 expression 

levels in normal and breast cancer tissue revealed a statistically significant increase in ARF4 

and COPB1 transcript in cancer tissue (Fig 7A). Further analyses of breast cancer patient 
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data from GEO revealed a significant association between high expression of COPB1 and 

increased risk of metastasis to lung or bone; whereas, a trend between high USO1 

expression and increased risk of metastatic event were observed (Fig 7B). Of interest, a 

significant association between COPB1, ARF4 and USO1 expression and either relapse-free 

survival or overall survival was also observed when breast cancer patient data was analyzed 

using KM plotter (Fig 7C and D). The association between high ARF4 expression and 

survival in this dataset was stronger in ER negative tumors that typically have a less 

favorable prognosis than ER positive tumors (Supplementary Fig S8). Overall, these data 

indicate a pro-metastatic role of the ER-Golgi trafficking pathway in breast cancer, 

consistent with the findings of our study.

Discussion

We have developed a progression series of increasingly metastatic cell lines generated from 

the normal murine mammary epithelial cell line, NMuMG, to distinguish between early 

changes in cancer initiation and metastasis-promoting alterations. Enriched pathways 

associated with cancer initiation in our series (deregulated genes compared to NMuMG 

cells) included epithelial cell differentiation, changes to cell metabolism, blood vessel 

morphogenesis and inflammatory response, which have been linked to tumorigenesis 

previously44. Due to the impact of metastatic disease on cancer patient mortality, we focused 

on pathways enriched in the metastatic L1P and L2P cells. In this dataset, enriched pathways 

including migration, adhesion and steroid/cholesterol metabolism have been described 

previously as metastasis-promoting45–47. The role of the enriched ER-Golgi trafficking 

pathway in metastatic progression was further characterized due to the increased trafficking 

kinetics and secretion observed in L1P and L2P cells.

We hypothesize that the demand for increased secretory capacity in metastatic cells leads to 

a Golgi stress response and an up-regulation of ER-Golgi genes through mediators including 

CREB3. Indeed, increased Golgi capacity has been described in cells with higher secretion 

demands, such as acinar cells of mammary glands during lactation48. Moreover, a recent 

study demonstrates an extended Golgi morphology in metastatic cells, consistent with our 

hypothesis13. Data obtained from knockdown of trafficking genes in L2P cells and their 

overexpression in M1P cells indicates that modulation of ER-Golgi trafficking does not alter 

cell proliferation but does effect cell adhesion, migration and invasion which contribute to 

metastatic progression (Fig 5A–C, Supplementary Fig S6F).. These data are consistent with 

our in vivo findings, where gene silencing in L2P cells did not significantly alter tumor 

growth but did reduce lung metastasis incidence and metastases growth (Fig 6). We propose 

that the pro-metastatic role of increased Golgi trafficking is due to a combination of an 

altered secretome, where factor such as serpin E1 and LIX are up-regulated promoting 

metastatic progression, and changes in receptor cycling which alter cell signaling, adhesion 

and migration.

Analysis of potential transcriptional regulators of ER-Golgi trafficking genes led to the 

identification of CREB3 and CREB3-like transcription factors. The regulation of ARF4, 

COPB1 and USO1 by CREB3 and CREB3-like TFs in our model is consistent with previous 

studies in Drosophila, where the CREB3L1/L2 orthologue, CREBA, regulates multiple 
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genes in the secretory pathway, including COPB125. Moreover, CREB3 regulation of ARF4 

in human cancer cells has been described19. In addition to CREB3 regulation of ER-Golgi 

genes, a Golgi apparatus stress response element (GASE) has been described in the 

promoter of several Golgi-associated genes up-regulated by the Golgi stressor, Monensin20. 

The transcription factors TFE3 and MLX are reported to bind to the GASE motif sequence, 

ACGTGGC, which shows similarity to the CREB3 motif21,49. How these Golgi stress 

sensing TFs are activated is largely unknown. CREB3 and CREB3-like TFs localize to the 

ER through transmembrane domains and upon activation, these factors are transported to the 

Golgi where they are processed by S1P and S2P prior to translocation to the nucleus24. The 

stimuli and escort proteins required for CREB3 translocation and processing have yet to be 

identified. ER stress induction is reported to induce these TFs, however, these findings are 

inconclusive with several studies showing no or low level activation upon ER stress 

induction by tunicamycin and thapsigargin compared to brefeldin A26,50–52.

Several stimuli of Golgi stress response have been proposed including differentiation of 

secretory cells, changes in lipid content at Golgi vesicles and viral infection. Cholesterol 

levels have been shown to regulate a subset of SNARE proteins required for proper Golgi 

transport with cholesterol depletion leading to impaired trafficking, reduced levels of cell 

surface α5β1 Integrin and attenuation of migration53. In our series, we observed a 

significant reduction in cholesterol biosynthesis gene expression in L1P and L2P cells. 

Moreover, secreted levels of the serine protease PCSK9 which regulates low-density 

lipoprotein receptor (LDLR) and in turn cholesterol54 were up-regulated in L2P cells and 

were sensitive to BFA treatment (Fig 3D). These data suggest that cholesterol levels are 

altered in the metastatic L1P and L2P cells which may contribute to the induction of ER-

Golgi trafficking genes via CREB3. Further research is warranted to characterize stimuli 

mediating the Golgi stress response in our model.

Gene set enrichment analyses did demonstrate an enrichment of “ER unfolded protein 

response” genes in L1P and L2P cells, namely Ero1l, Cdk5rap3, Dnajc3, Edem2, Uggt2, 

Cyclin D1, and Nfe2l2. However, our data indicates that metastatic L1P and L2P cells are 

uniquely sensitive to Golgi stress as opposed to ER stress, as sensitization to the ER stress 

inducers, thapsigargin and tunicamycin was not observed (Supplementary Fig S4B). 

Previous research has linked EMT induction to enhanced secretory capacity associated with 

increased PERK activation and sensitivity to thapsigargin and tunicamycin in human 

mammary epithelial cells55. In our model, PERK expression was higher in mesenchymal 

E1KD cells compared to epithelial NMuMG cells; however, this increase in PERK did not 

correlate with thapsigargin and tunicamycin sensitivity (Supplementary Fig S4B and D). In 

M1P, L1P and L2P cells derived from E1KD cells, increased thapsigargin and tunicamycin 

sensitivity or enhanced PERK activation was not observed. In addition, ER-stress induced 

XBP1 splicing was similar across all cell lines in the series (Supplementary Fig S4F). We 

also characterized UPR induction following brefeldin A treatment, as blockade of retrograde 

trafficking can result in ER stress and the induction of UPR, which may contribute to 

apoptosis induction56. Upon BFA treatment at a concentration that induces cell death (400 

ng/ml), pro-apoptotic CHOP was not detected and minimal PERK activation was observed 6 

h following treatment, with a slight increase in activation in L1P and L2P cells observed at 

24 h (Supplementary Fig S4E). Increased induction of pro-survival XBP1s was observed in 
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L1P and L2P cells following 6 h BFA treatment, compared to E1KD cells, indicating a 

potential role for IRE1α in adaptation to stress in BFA-treated cells (Supplementary Fig 

S4F). These findings highlight the need for further characterization of the interaction 

between ER and Golgi stress responses, in particular, the stimuli required to induce such 

responses and the degree of cross-talk that occurs between pathways.

The significance of trafficking gene deregulation was assessed in human breast cancer, 

through array meta-analysis, which revealed the association of high trafficking gene 

expression with reduced relapse-free and overall survival and increased risk of distant 

metastasis of breast cancer, with a stronger association observed between ARF4 expression 

and survival in ER negative tumors (Fig 7B–D, Supplementary Fig S8). These data point 

toward the potential use of Golgi trafficking genes as prognostic markers in cancer. To date, 

several Golgi-associated genes have been studied as prognostic markers in cancer, including 

Golgi phosphoprotein-3 (GOLPH3), Golgi protein 73 (GP73) and progestin and adipoQ 

receptor 3 (PAQR3)57–60. Further studies focused on elucidating the mechanisms regulating 

Golgi secretion capacity are warranted and may lead to therapeutic targeting of discrete 

components of this pathway in metastatic disease.

Materials and Methods

Cell lines and treatments

All cell lines were cultured in DMEM high glucose supplemented with 5% FBS/5% Calf 

Serum and 1% antibiotic/antimycotic solution (penicillin G, streptomycin, amphotericin B) 

at 37 °C, 5% CO2. NMuMG and MCF-7 cells were obtained from the American Type 

Culture Collection (ATCC). Lenti-X 293T cells were obtained from Clontech. LM2-4175 

and BOM-1833 cells were kindly provided by Dr. Massague (Memorial Sloan-Kettering 

Cancer Center). Generation of hnRNP E1 silenced NMuMG (E1KD) cells and the isolation 

of M1P, M2P, L1P and L2P cell lines have been described previously61. Brefeldin A was 

purchased from Cell Signaling Technology. Cisplatin, etoposide, MG132, tunicamycin and 

D-biotin were purchased from Sigma-Aldrich. Exo1 was purchased from Abcam and 

thapsigargin was gifted by Dr. Alan Diehl (Medical University of South Carolina).

Animal studies

All animal procedures were approved by the Animal Care and Use Committees of the 

Medical University of South Carolina. Nonobese diabetic, severe combined 

immunodeficient (NOD/SCID) mice (NOD.CB17-PrkdcSCID/J) were supplied by Envigo. 

No randomization was used to select animals for each group and studies were not blinded. 

Mammary fat pad injection of 5 × 104 cells in 100µl PBS into the right inguinal mammary 

fat pad of NOD/SCID females was performed in order to in vivo passage E1KD cells and for 

mammary fat pad xenograft of E1KD, M1P, M2P and L2P KD cells. Tumor volumes (mm3) 

were measured biweekly using digital calipers and tumors were weighted at experimental 

endpoints. For lung colonization experiments, a cell suspension of 105 cells in 100 µl PBS 

was injected into the tail vein of NOD/SCID females. Formalin fixed, paraffin embedded 

lung sections were cut at 5 µm and stained with hematoxylin and eosin (H&E) for 

histopathological evaluation or ki67 immunohistochemical analysis by the Biorepository and 
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Tissue Analysis Resource at MUSC. Micrographs of stained sections were taken using a 

Leica DMIL LED microscope with Amscope camera and acquisition software. Lung and 

metastases area was determined using ImageJ software in order to calculate tumor/lung 

ratios (%).

Migration assay

Migration was assessed using CytoSelect™ 24-Well Wound Healing inserts (Cell Biolabs) 

that were placed in wells upon cell seeding. Cells were fixed and stained at 0 and 17 h 

following removal of inserts from confluent monolayers. Wound area at 0h and 17 h was 

determined using ImageJ software in order to calculate % wound recovery using the 

formula: (1-(area 17h/area 0h))*100.

2D and 3D invasion assays

Invasion across a basement membrane was performed using BD BioCoat™ Matrigel™ 

Invasion Chambers (BD Biosciences) as per manufacturer’s instructions. After 22 h, invasive 

cells located on the underside of chambers were stained with crystal violet and imaged. 

Crystal violet stain was then extracted from chambers using 33 % acetic acid and extracted 

dye was quantified by measuring absorbance at 570nm using a Wallac Victor3 plate reader. 

3D Invasion was assessed using a modified Trevigen spheroid invasion assay. Briefly, a 

volume of 50 µl single cell suspension in serum-free media was prepared at a density of 

3000 cells per well of a round-bottomed, low attachment 96-well plate. Once seeded, plates 

were centrifuged at 200 g for 3 min, followed by incubation at 37°C/5% CO2 for 48 h. Plates 

were placed on ice for 15 min to cool prior to addition of 50 µl Trevigen spheroid invasion 

matrix per well. Plates were then centrifuged at 300 g for 3 min and incubated for 1 h at 

37°C to allow matrix to solidify prior to addition of 100 µl chemoattractant (DMEM 

supplemented with 10% FBS and 20 ng/ml EGF). Invasive protrusions from spheroids were 

imaged 5–7 days following matrix addition for the NMuMG progression series and 3 days 

for the MDA-231 series. Area and perimeter of spheroids were calculated using imageJ 

software, a circularity index was generated using the formula: 4π*(area/perimeter2).

Flow Cytometry

Single-cell suspensions of E1KD, L1P and L2P cells were incubated in PBS/1% BSA 

containing PE-conjugated CD24 (M1/69) and FITC-conjugated CD29 (HMβ1-1) antibody 

(Biolegend) for 30 min on ice, as per manufacturer’s instructions. Cells were then washed 

three times in PBS/1% BSA and resuspended in 500 µl PBS. Samples were analyzed using 

the CyAn ADP Cellular Analyzer and Summit software (Beckman Coulter).

Microarray processing and Pathway analysis

Conversion of total RNA into labelled material, mouse genome 430 2.0 GeneChip 

hybridization, and post hybridization washing, staining, and scanning were performed in 

accordance with Affymetrix protocols by the MUSC Proteogenomics Core Facility. 

Hybridization data were processed with Affymetrix Expression Console software to obtain 

normalized hybridization data (RMA algorithm) and detection scores (MAS5 algorithm). 

This data was imported into dChip software for hierarchical clustering and comparative 
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analysis where a combination of fold change and Student’s t-test (unpaired) was utilized to 

identify genes changing significantly for pairwise relationships. Pathway analysis was 

performed using the Database for Annotation, Visualization and Integrated Discovery 

(DAVID) and Molecular Signature Database (MSigDB) platforms. Enriched biological 

processes from Gene ontology (GO) were identified in gene sets using a P-value cutoff of 

0.05. Raw data files were deposited in the NCBI Gene Expression Omnibus (GEO) 

repository as series GSE94637.

ER-Golgi trafficking reporters

The RUSH reporter plasmids ST-SBP-GFP and ManII-SBP-GFP obtained from Addgene 

were transiently transfected into cells using Lipofectamine LTX as per manufacturer’s 

instructions. Transfected cells were cultured for 48 h prior to addition of 40 µM D-Biotin to 

induce ST-SBP-GFP and ManII-SBP-GFP transport to the Golgi. Trafficking of reporters to 

the Golgi was monitored 0 min, 15min and 60 min at which time samples were fixed in 4% 

paraformaldehyde and prepared for immunofluorescence microscopy. In BFA treated 

samples, brefeldin A (500 ng/ml) was added 30 minutes prior to biotin addition.

Gaussia Luciferase assay

pCMV-GLuc 2 control plasmid obtained from NEB was transiently transfected into cells 

seeded in 24-well plates using Lipofectamine LTX as per manufacturer’s instructions. 

Transfected cells were cultured for 24 h prior to PBS wash and addition of 1 ml fresh media. 

Media (25 µl) was collected at 0, 2, 4, 6 and 8 h following media change to monitor 

secretion of Gaussia luciferase. Levels of secreted Luciferase in media were determined by 

addition of Coelentrazine (Sigma-Aldrich) to samples and subsequent luminescence 

detection using a Wallac Victor3 plate reader (Perkin Elmer). In BFA treated samples, 

brefeldin A (500 ng/ml) was added immediately following media change.

Alkaline Phosphatase assay

A placental alkaline phosphatase PLX304 lentiviral vector obtained from the DNASU 

Plasmid Repository was transduced into cells seeded in 24-well plates. A media change was 

performed 4 h after transduction and conditional media was collected after 24 h. Levels of 

secreted and intracellular alkaline phosphatase were determined using the Great EscAPe 

SEAP Chemiluminescence Kit (Clontech) and Wallac Victor3 plate reader. Secreted alkaline 

phosphatase levels were normalized to intracellular levels of the phosphatase.

Cytokine array

Conditioned media from E1KD and L2P cells, harvested 24 h following media change, were 

assayed using the R&D systems Proteome Profiler Mouse XL Cytokine Array according to 

manufacturer’s instructions. In BFA treated samples, brefeldin A (200 ng/ml) was added 

immediately following media change. Chemiluminescence was detected by CCD camera 

(Biorad Chemidoc MP). Signal intensities from three exposures were determined by 

densitometry using ImageJ software, values were corrected by median normalization and 

values for duplicate spots were averaged. A two fold cut-off in cytokine levels was used in 

pair-wise comparisons.
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MTT assay

Cell lines were seeded at 103 cells per well of a 96 well plate and cultured overnight prior to 

any drug treatments. MTT assay was performed by addition of 20 µl of a 5 mg/ml MTT 

solution and incubation for 3 h at 37°C. To stop the reaction, 100 µl MTT stop mix (40% 

dimethyl formamide, 20% SDS) was added and plates were incubated for 1 h at RT with 

shaking. The reduction of yellow MTT to purple formazan by viable cells was detected by 

reading absorbance at 590 nm using a Wallac Victor3 plate reader.

Colony formation assay

Cell lines were seeded at 500 cells per well of a 6 well plate and cultured until visible 

colonies were detected. Colonies were fixed with 70% Ethanol and stained with crystal 

violet stain.

Immunoblotting

Cells were lysed in RIPA buffer and protein concentrations were determined prior to 

Laemmli sample buffer addition and heat denaturation at 95°C for 5 min. Samples were 

resolved on SDS–PAGE gels and transferred to PVDF membrane. Blots were probed with 

antibodies specific to COPB1 (ab24359) and USO1 (ab102470) from Abcam, E-cadherin 

(3195), DYKDDDDK Tag (14793), Chop (2895), cleaved caspase-3 (9664) and PARP 

(9542) from Cell Signaling Technology, LZIP/CREB3 (sc515434), GAPDH (sc32233) and 

Hsp90 (sc13119) from Santa Cruz Biotechnology, hnRNP E1 (M01; Abnova), ARF4 

(11673-1-AP; Proteintech), PERK (100-401-962; Rockland), BBF2H7/CREB3L2 

(MABE1018: Millipore) and V5 (R96025: ThermoFisher). Chemiluminescence was 

detected by CCD camera (BioRad ChemiDoc system).

Lentiviral transductions

Lentiviral stocks were prepared by transfecting Lenti-X 293T cells with pLKO.1 or pLX304 

vector, psPAX2 and pMD2.G and collection of viral supernatant 24 h and 48 h following 

transfection. Stable knockdown pools were generated by lentiviral transduction of pLKO.1 

Neo vectors (Addgene) containing the following shRNA sequences: human/mouse ARF4 

(GTAGATAGCAATGATCGTGAA), mouse COPB1 (CCCTAAATCAAGAATGAGTTT), 

mouse USO1 (GCAGTTCATATAGCTGGGATT), mouse GGA2 

(GCGGAGATTCTTCAAGCAAAT), human COPB1 (GCATTCCTGTTCTGTCCGATT), 

human USO1 (GCAGCTTTGTACTATCCTAAT), mouse CREB3 

(CAGGAGATGTCTAGGCTGAT) (CAGCCCTTCTTTGGTCATCTT), mouse CREB3L1 

(ATCCGTCCTCCTCCGATAAA), mouse CREB3L2 (CAGACGCTTATTCCTAAGATT 

and GTCTTGTTCAACTGAGAACTT) and a scrambled control sequence 

(CCTAAGGTTAAGTCGCCCTCG). Stable overexpression pools of V5-tagged COPB1 

(HsCD00434332), USO1 (HsCD00434283) and GGA2 (HsCD00440576) were generated 

through lentiviral transduction of cells with pLX304 vectors obtained from DNASU. Empty 

vector pLX304 was obtained from Addgene. Stable pools were selected in media containing 

2 mg/ml G418 (pLKO.1 Neo) or 10 µg/ml blasticidin (pLX304).
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Semi-quantitative PCR

Total RNA isolation and semi-quantitative PCR was performed as described previously61. 

Primer sequences are described in Supplementary data (Supplementary Table S1).

CREB3 and CREB3L2 localization studies

For CREB3 localization studies, an N-Flag CREB3 plasmid obtained from Sino Biological 

was transiently transfected into cells using Lipofectamine 3000 as per manufacturer’s 

instructions. Transfected cells were cultured for 48 h prior to harvesting. In both CREB3 and 

CREB3L2 localization studies, to prevent TF degradation 10 µM MG132 was added to 

samples 4 h prior to harvesting samples by fixation in 4% paraformaldehyde. In BFA treated 

samples, brefeldin A (500 ng/ml) was added 60 minutes prior to harvesting.

Immunohistochemistry

Ki67 staining of mouse lung tissue was performed by the Biorepository and Tissue Analysis 

core at MUSC. Formalin-fixed, paraffin-embedded sections were deparaffinized in xylene, 

rehydrated in alcohol, and processed as follows: Sections were incubated with target 

retrieval solution (Dako) in a steamer for 45 min followed by 3% hydrogen peroxide 

solution for 10 min and protein block (Dako) for 20 min at room temperature. Sections were 

incubated overnight in a humid chamber at 4°C with antibodies against Ki-67 (12202; Cell 

Signaling) followed by biotinylated secondary antibody (Vector laboratories) for 30 min and 

ABC reagent for 30 min. Immunocomplexes of horseradish peroxidase were visualized by 

DAB reaction (Dako), and sections were counterstained with hematoxylin before mounting. 

Micrographs of stained sections were taken using a Leica DMIL LED microscope with 

Amscope camera and acquisition software. Ki67 positive nuclei were counted using ImageJ 

software and % positivity was assessed using the following equation: ((positive nuclei per 

field/all nuclei per field) ×100).

Immunofluorescence

Cells seeded onto cover slips in 6-well plates were fixed in 4% paraformaldehyde solution 

for 10 min with gentle rocking. Fixed cells were washed three times in PBS, incubated in 

blocking buffer (PBS/2% BSA/0.2% Triton X-100) for 20 min and incubated with primary 

antibody diluted in blocking buffer at 4°C overnight. The following primary antibodies were 

used: E-cadherin (3195: Cell Signaling), V5 (R96025; ThermoFisher), SBP tag (SB19-C4; 

Santa Cruz), GM130 (ab31561; Abcam), DYKDDDDK Tag (14793: Cell Signaling), 

BBF2H7/CREB3L2 (MABE1018: Millipore). Following primary antibody incubation, cells 

were washed three times in PBS and incubated with Alexa Fluor 488- or 568-conjugated 

secondary antibody (Life Technologies) diluted in blocking buffer for 1 h, followed by three 

PBS washes and mounting of slides using DAPI Fluoromount G (Southern Biotech). For 

Phallodin immunofluorescence, rhodamine phallodin was diluted in blocking buffer and 

incubated at 4°C overnight, cells were then washed three times in PBS and mounted. Images 

were taken using an Olympus FV10i LIV laser scanning confocal microscope.
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Adhesion assay

Adhesion onto fibronectin was assessed in serum starved cells seeded at 5 × 104 cells onto 

fibronectin (10 µg/ml; Sigma Aldrich) coated 24-well plates for 30 min. As a control, Arg-

Gly-Asp-Ser (RGDS) tetrapeptide (MP Biomedical) was used at a concentration of 40 µM to 

inhibit adhesion. Following the 30 min incubation, media was aspirated and wells were 

washed in PBS, attached cells were fixed with 70% ethanol and stained with crystal violet 

stain. Images of attached cells were taken using a Leica DMIL LED microscope and at least 

15 images at 10× magnification were used to calculate number of attached cells per field in 

each experiment.

Mammosphere assay

Cells cultured in mammosphere media (DMEM:F12, 20 ng/ml EGF, 20 ng/ml FGF) were 

seeded at a density of 5000 cells/ml in 96-well or 6-well low attachment plates. 

Mammosphere formation (spheres ≥ 50 µm) was assessed 7 days after seeding.

Array meta-analysis

Breast cancer array data was obtained from GEO. Expression of ARF4, COPB1 and USO1 

between 47 normal and 61 breast cancer samples, as well as correlation analyses of CREB3, 

ARF4, COPB1, USO1 and GGA2 levels in 61 breast cancer samples, was performed using 

GEO series GSE37751 and SPSS software. Correlation analyses of ARF4, COPB1 and 

USO1 levels by SPSS was also performed using 1904 breast cancer samples from the 

METABRIC database62. Kaplan-Meier analysis of distant metastases risk in breast cancer 

was performed using GEO series GSE2603. Expression of ARF4, COPB1 and USO1 in this 

dataset was divided into high and low levels based on median expression across all arrays, 

Kaplan-Meier plots were generated using SPSS. Relapse-free survival (n=3955) and overall 

survival (n=1402) breast cancer data was divided into high and low levels based on median 

expression, and Kaplan-Meier plots were generated using KM-plotter63.

Luciferase assay

ARF4, COPB1 and USO1 promoter sequences were cloned into BglII and HindIII sites of 

the pGL3-basic vector (Promega) and site directed mutagenesis was performed using the 

QuickChange Lightning site directed mutagenesis kit (Agilent Technologies) with primers 

listed in Supplementary data (Supplementary Table 1). Cells seeded at 104 cells in 96-well 

plates were transfected with 100 ng luciferase constructs and 25 ng Renilla plasmid, 

luciferase activity was measured 24 h following transfection using a dual luciferase assay 

(Promega).

Statistical analyses

All data are presented as the mean ± SEM. Representative experiments were repeated at 

least twice. Statistical analyses were performed by two-tailed Student’s t-test of pair-wise 

comparisons, two-way ANOVA with Bonferroni's post-hoc test for group comparisons, 

Spearman rank correlation coefficient for correlations and Log Rank (Mantel cox) test for 

Kaplan–Meier analyses. P-values <0.05 were considered statistically significant.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Characterization of in vivo selected mammary epithelial cells
(a) Representative images and quantitation of wound healing assay assessing migration of 

E1KD, M1P, L1P and L2P cells (n ≥ 4, paired t-test *P<0.05, scale bar: 200 µm). (b) 
Representative images and quantitation of 3D invasion assay assessing invasion of E1KD, 

M1P, L1P and L2P cells (n ≥ 3, unpaired t-test *P<0.05, scale bar: 200 µm). (c) Image of 

mammary fat pad tumors excised from NOD/SCID mice injected with E1KD, M1P or M2P 

cells (left panel). Graph of E1KD, M1P and M2P tumor weight (n ≥ 3, unpaired t-test 

*P<0.05, scale bar: 1 cm). (d) Graph of E1KD, M1P and L2P tumor volume (n ≥ 3, ***P < 

0.001, **** P < 0.0001; two-way ANOVA with Bonferroni's post-hoc test, scale bar: 1 cm). 

(e) Representative images of H&E stained lung tissue sections from NOD/SCID mice tail 
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vein injected with E1KD, L1P and L2P cells (n ≥ 7 mice per group). Scale bar: 200 µm (top 

panel) and 50 µm (bottom panel). (f) Lung metastases number in mice tail vein injected with 

E1KD, L1P and L2P cells (unpaired t-test, * P<0.05).
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Figure 2. Identification of a metastasis-associated gene signature through the in vivo selection of 
mammary epithelial cells
(a) Heat-map of differentially regulated genes in triplicate samples generated using dChip 

software; data was filtered using a P-value of 0.05 and a 1.5 fold cut off. (b) Venn diagram 

showing overlap between M1P/E1KD, L1P/E1KD and L2P/E1KD data sets. (c) Graph of 

enriched GO processes in up-regulated genes unique to L1P and L2P cells, filtered using a 

P-value of 0.01. (d) Heat-map of ARF4, COPB1 and USO1 trafficking genes up-regulated in 

L1P and L2P cells compared to E1KD cells. (e) Immunoblot analysis of ARF4, COPB1 and 

USO1 levels in the NMuMG progression series. Hsp90 was used as a loading control. (f) 
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Transcript levels of ARF4, COPB1, USO1 and GAPDH in MCF-7, MDA-231, LM2-4175 

and BOM-1833 cells. (g) Protein levels of ARF4, COPB1, USO1 and hnRNP E1 in MCF-7, 

MDA-231, LM2-4175 and BOM-1833 cells. Hsp90 was used as a loading control.
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Figure 3. Up-regulation of ER-Golgi trafficking and sensitization to brefeldin A in L1P and L2P 
cells
(a) Schematic of RUSH trafficking reporter system (left panel). Immunofluorescence images 

show localization of ST-SBP-GFP reporter at the ER or Golgi 15 min following biotin 

treatment in L1P cells. GM130 was used as a Golgi marker in this experiment, scale bar: 

10µm. (b) Graphs of ST-SBP-GFP and ManII-SBP-GFP reporter localization 15 min 

following biotin treatment (n ≥ 15 cells per sample). (c) Secreted levels of Gaussia luciferase 

(n=6) and alkaline phosphatase (n=5) in E1KD, M1P, L1P and L2P cells and L2P cells 

treated with brefeldin A (*P < 0.05, ** P < 0.01; paired t-test). (d) Cytokine array data of 

secreted factors released from E1KD and L2P cells, in addition to control and BFA-treated 

(200 ng/ml) L2P cells. Densitometry was performed on three exposures per array using 

ImageJ software. A two fold cut-off was used to filter data. (e) MTT assay assessing cell 

viability in 72h BFA-treated NMuMG, E1KD, L1P and L2P cells (n = 3, **P < 0.01, **** P 
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< 0.0001; two-way ANOVA with Bonferroni's post-hoc test). (f) Colony formation assay 

assessing clonogenic growth in BFA-treated cells. (g) Immunoblot analysis of PARP and 

caspase 3 cleavage, indicative of apoptosis, in BFA-treated cells (*denotes cleaved PARP). 

Hsp90 was used as a loading control.
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Figure 4. CREB3-mediated regulation of ER-Golgi trafficking genes
(a) Correlation between CREB3 gene expression and expression of ARF4, COPB1, USO1 

and GGA2. Spearman's rho and significance determined using SPSS software (n = 61). (b) 
CREB3 sites (in red) were mutated in ARF4, COPB1 and USO1 luciferase reporters by site 

directed mutagenesis and luciferase activity was tested in L1P and L2P cells (n ≥ 3, 

*P<0.05; paired t-test). (c) CREB3, CREB3L1 and CREB3L2 were silenced by shRNA in 

L2P cells. Levels of transcription factor knockdown were assessed by semi-quantitative 

PCR. (d) Luciferase activity (left panel) and transcript levels of ARF4, COPB1 and USO1 

(right panel) was tested in scrambled control, CREB3 KD, CREB3L1 KD and CREB3L2 
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KD L2P cells (n ≥ 3, *P<0.05, **P < 0.01; paired t-test). Transcript levels were assessed by 

semi-quantitative PCR using βActin as a normalizer. (e) CREB3 protein expression in 

MG132-treated E1KD, M1P, L1P and L2P cells; GAPDH was used as a loading control. (f) 
Flag-CREB3 localization in E1KD, M1P, L1P and L2P cells transiently transfected with an 

N-terminal Flag-tagged CREB3 construct, as assessed by immunofluorescence using an 

anti-Flag antibody. Mean whole cell and nuclear signal intensities were assessed by ImageJ 

and nuclear/cell ratios were calculated using the formula: mean intensity nucleus/ mean 

intensity cell (n ≥ 27 cells per sample, ***P < 0.001; unpaired t-test, scale bar: 20 µm).
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Figure 5. ER-Golgi trafficking genes promote cell adhesion, migration and invasion
(a) Adhesion onto fibronectin-coated plates in L2P KD cells, an RGDS peptide control was 

included to inhibit cell surface integrin binding to fibronectin coated wells (n ≥ 3, *P < 0.05, 

** P < 0.01; unpaired t-test). (b) Quantitation of wound healing assay assessing migration in 

L2P KD cells (n ≥ 3, *P < 0.05; unpaired t-test). (c) Representative images of 2D and 3D 

invasion assays demonstrating invasive capability of ARF4, COPB1, USO1 and GGA2 KD 

cells compared to control L2P cells (left panel), Quantitation of 2D and 3D invasion assays 

(n ≥ 3, *P < 0.05, *** P < 0.001; unpaired t-test, scale bar: 200 µm). (d) Representative 

images of V5 tagged COPB1, USO1 and GGA2 expression and localization in M1P cells as 
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assessed by immunofluorescence analysis; scale bar: 10µm. (e) Adhesion onto fibronectin-

coated plates (n = 11 fields) in M1P overexpressing cells (*P < 0.05, *** P < 0.001; 

unpaired t-test) (f) Quantitation of wound healing assay assessing migration (n = 3) in M1P 

overexpressing cells (*P < 0.05, *** P < 0.001; unpaired t-test). (g) Representative images 

of 2D and 3D invasion assays demonstrating invasive capability of M1P overexpressing 

cells. (h) Quantitation of 2D and 3D invasion assays (n = 3, *P < 0.05, **P < 0.01, *** P < 

0.001; unpaired t-test, scale bar: 200 µm). (i) Quantitation of wound healing assay assessing 

migration (n = 3) in L2P CREB3 and CREB3L2 KD cells (*P < 0.05, ** P < 0.01; unpaired 

t-test). (j) Representative images of 2D and 3D invasion assays demonstrating invasive 

capability of L2P CREB3 and CREB3L2 KD cells compared to scrambled control L2P cells 

(left panel). Quantitation of 2D and 3D invasion assays (n ≥ 3, *P < 0.05, **P < 0.01; 

unpaired t-test, scale bar: 200 µm).
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Figure 6. ER-Golgi trafficking genes promote metastatic progression
(a) Tumor volume of mammary fat pad injected L2P cells stably expressing scrambled 

control, ARF4, COPB1 and USO1 shRNA (n = 5 animals for control, ARF4 KD and 

COPB1 KD groups, n = 4 animals for USO1 KD group). (b) Image of excised tumors and 

(c) quantitation of tumor weight from mice that were mammary fat pad injected with L2P 

cells stably expressing scrambled control, ARF4, COPB1 and USO1 shRNA (data not 

significant; unpaired t-test, scale bar: 1 cm). (d) Incidence of lung metastasis in mice 

following mammary fat pad injection of control, ARF4, COPB1 and USO1 KD L2P cells. 

(e) Representative images of H&E and Ki67 stained lung tissue sections following tail vein 

injection of control, ARF4, COPB1 and USO1 KD L2P cells. Scale bar: 100 µm (H&E) and 

50 µm (Ki67). (f) Incidence of lung metastasis, (g) Tumor/lung ratio and (h) Ki67 positivity 

in lungs of mice tail vein injected with control, ARF4, COPB1 and USO1 KD L2P cells (n = 
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9 animals for control and USO1 KD groups, n = 8 animals for ARF4 KD and COPB1 KD 

groups, **P < 0.01; unpaired t-test).
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Figure 7. ER-Golgi trafficking genes associated with metastatic risk and survival in human 
breast cancer
(a) Meta-analysis of ARF4, COPB1 and USO1 mRNA expression levels in 47 normal and 

61 breast tumor tissue (GEO series GSE37751, P<0.05 considered significant; unpaired t-

test). (b) Kaplan-Meier analysis of metastasis-free survival in 82 breast cancer patients. High 

and low transcript expression determined based on median expression value across all 

arrays. (GEO series GSE2603, P<0.05 considered significant, log rank test). (c) Kaplan-

Meier analysis of relapse-free survival (n = 3955) and (d) overall survival (n = 1402) in 
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breast cancer patients stratified by median trafficking gene expression values (KM-plotter, 

P<0.05 considered significant, log rank test).
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