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Summary

Non-small cell lung cancer (NSCLC) is the deadliest form of cancer worldwide, due in part to its 

proclivity to metastasize. Identifying novel drivers of invasion and metastasis holds therapeutic 

potential for the disease. We conducted a gain-of-function invasion screen, which identified two 

separate hits, IMPAD1 and KDELR2, as robust, independent drivers of lung cancer invasion and 

metastasis. Given that IMPAD1 and KDELR2 are known to be localized to the ER-Golgi pathway, 

we studied their common mechanism of driving in vitro invasion and in vivo metastasis and 

demonstrated that they enhance Golgi-mediated function and secretion. Therapeutically inhibiting 

matrix metalloproteases (MMPs) suppressed both IMPAD1- and KDELR2-mediated invasion. The 

hits from this unbiased screen and the mechanistic validation highlight Golgi function as one of 

the key cellular features altered during invasion and metastasis.
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Introduction

Non-small cell lung cancer (NSCLC) is the leading cause of cancer-associated death in the 

United States accounting for approximately 25% of all cancer-related mortality (1). The 

predominant reason for this poor survival is the propensity of lung cancer cells to 

metastasize resulting in a 5-year survival of 4.5% (1).

To identify novel drivers of metastasis in NSCLC, we previously performed an in vivo gain-

of-function screen using genetically engineered KRASLA1/+;p53R172HΔG/+ (KP) mice, and 

cell lines derived from their primary tumors and metastases with differential metastatic 

potential (2, 3). Cell lines expressing individual open-reading frames (ORFs) were 

previously pooled for a stringent, competitive in vivo positive selection resulting in 

enrichment of genes with a growth advantage. Furthermore, to identify drivers of invasion, 

here we have performed an in vitro screen utilizing the same candidate gene library from the 

in vivo screen. The invasive potential of the candidate genes was assessed by a high-

throughput transwell invasion assay. We identified both known (MYC and SNAI2) and novel 

drivers of NSCLC invasion, including IMPAD1 and KDELR2.

Inositol Monophosphatase Domain Containing 1 (IMPAD1) is a Golgi-resident phosphatase 

that drives the sulfation of glycosaminoglycans (GAGs), which are then secreted from the 

Golgi and form the cartilaginous extracellular matrix (ECM) (4, 5). In humans, loss-of-

function of the enzyme is associated with diseases involving bone deformities, and 

chondrodysplasia (6). In the context of cancer, IMPAD1 undergoes mRNA upregulation and 

is co-amplified with oncogenes like MYC (7, 8). However, nothing is known about the 

functional impact of IMPAD1 upregulation and its role in Golgi-secretion or cancer.

KDEL endoplasmic reticulum protein retention receptor 2 (KDELR2) is a transmembrane-

domain protein belonging to the KDEL receptor (KDELR) family (9-11). KDELR2 

localizes to the ER Golgi intermediary complex (ERGIC) and binds to ER-resident 

chaperone proteins with a KDEL ligand in the cis-Golgi and traffics them back to the ER via 

retrograde transport. In melanoma cells, KDELR activity promoted invadopodia formation 

and ECM degradation (12, 13). However, the function of KDELR2, specifically, in driving 

secretion from the Golgi into the ECM, and promoting lung cancer invasion and metastasis 

remains unstudied.

Here, we identified previously unknown functions of both, IMPAD1 and KDELR2 in 

enhancing Golgi-mediated secretion of matrix metalloproteases (MMPs) to drive cellular 

invasion and metastasis. Inhibiting MMPs by using Ilomastat successfully suppressed 

IMPAD1- or KDELR2-mediated lung cancer cell invasion.

Results

Novel screen identifies IMPAD1 and KDELR2 as drivers of lung cancer invasion and 
disease progression.

We have previously established model systems to study NSCLC metastasis in mice that 

recapitulate the disease phenotype of patients (14, 15). We used the 
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KRASLA1/+;p53R172HΔG/+ (KP) mice to derive a panel of lung adenocarcinoma cell lines 

that were distinguished based on their invasive and metastatic abilities (16, 17). The KP cell 

line, 393P, is representative of the non-invasive and non-metastatic characteristics, whereas 

the 344SQ cell line is representative of the highly invasive and metastatic phenotype.

We published a gain-of-function (GOF) in vivo screen that identified drivers of metastasis in 

NSCLC. The 217 candidate genes for the screen were selected based on their increased 

expression in three independent datasets. First, in metastases compared to primary tumors in 

KP mice. Second, in syngeneic tumors formed by implantation of metastatic 344SQ cells 

compared to non-metastatic 393P cells; and third, in the human TCGA lung adenocarcinoma 

dataset with a 1.5-fold amplification in copy number (2, 3). The in vivo screen yielded only 

the top metastasis drivers after a competitive selection pressure. Therefore, to identify 

additional drivers of invasion, independent of this in vivo selective pressure, we performed 

an in vitro invasion screen in parallel by utilizing the same candidate genes (Fig. 1a). These 

cell lines were randomly grouped and were individually seeded in quadruplicates in 96-well 

invasion chambers. Cells that invaded were stained with calcein AM and the fluorescence 

quantified to determine their fold change invasion compared to mCherry within the 

respective groups. To minimize variation, we analyzed the results in two different ways. 

First, we identified hits with a fold-change invasion higher than 3X standard deviation (SD) 

of mCherry, across all the groups. To do this, we calculated fold-change invasion for each 

gene compared to mCherry from the respective cohorts. We then calculated the SD of fold-

change values across genes from all groups. Finally, we identified the hits that had a fold-

change invasion significantly higher than 3X SD of mCherry across all groups (Details in 

supplemental methods). The normalized invasion changes showed the drivers of lung cancer 

invasion (p-value<0.05) (Fig. 1b). Through this, we identified known oncogenes, such as 

SNAI2, CCNE1, and MYC, and many potential novel drivers, including IMPAD1 and 

KDELR2. IMPAD1 exhibited the highest invasive ability with a 32-fold increase in invasion, 

second to the positive control, SNAI2 (37-fold). Importantly, several of the hits were also 

identified as drivers of metastasis from the in vivo screen (TMEM106B and MBIP), 

demonstrating functional overlap between the two screening methodologies (3, 18).

Additionally, we determined the top hits from each cohort by comparing the fold-change 

invasion of the individual genes, that were higher than 3X SD of the respective mCherry 

control within the same group. This avoided statistical variation across mCherry samples 

from different cohorts and ascertained the top hits within the respective groups (Fig. S1, 

details in supplemental methods). These hits were functionally validated by 2D migration 

and invasion, and 3D invasion assays, where cells were plated in a collagen/Matrigel matrix, 

and organoids with invasive structures were quantified (Fig. S2A-E). IMPAD1 and KDELR2 

were the only two hits that significantly increased invasion compared to mCherry across the 

three validation platforms (Fig. S2F).

Next, to determine the clinical relevance of IMPAD1 and KDELR2 expression in NSCLC 

patients, we mined the TCGA lung adenocarcinoma dataset containing 517 samples 

(provisional). 18% and 19% of the patients showed alterations in IMPAD1 and KDELR2, 

respectively (Fig. 1c) (https://www.cbioportal.org). 4% of patients showed an amplification 

in both IMPAD1 and KDELR2. Patients with IMPAD1 alterations had significantly worse 
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disease-free survival compared to the patients with no alterations, with a median of 26.12 

months for high expression and 41.23 months for low expression (log rank P = 0.0391) (Fig. 

1d). Patients with alterations in KDELR2 with a median survival of 25.22 months also did 

significantly worse when compared to 41 months for patients with no alterations (log rank P 

= 9.048e-3) (Fig. 1e). We also found this negative correlation in other lung adenocarcinoma 

datasets (Fig. S3A, C) (19), as well as in the Human Protein Atlas dataset that uses protein 

expression instead of mRNA expression (Fig. S3B, D) (20, 21). Increased IMPAD1 and 

KDELR2 co-expression worsened disease-free survival (median for cases with alterations 

25.33 months) similarly to only IMPAD1 or KDELR2 amplification, indicating that a single 

gene alteration is sufficient to impact survival (Fig. S3E). Hence, we proceeded to study 

IMPAD1 and KDELR2 as distinct drivers of NSCLC invasion and metastasis.

IMPAD1 or KDELR2 expression is sufficient to drive invasion and metastasis.

Using the KP murine cell line panel, we demonstrated that both IMPAD1 and KDELR2 are 

upregulated in the metastatic cells compared to the non-metastatic cells (Fig. S3F-I). To 

validate IMPAD1 as a driver of invasion and metastasis, it was overexpressed in murine 

393P, 344SQ, and human HCC827 NSCLC cell lines either constitutively or in a 

doxycycline-inducible manner (Fig. 2a, Fig. S4A, G-J). Increased IMPAD1 expression made 

the cells more invasive in transwell assays, as well as enhanced their cellular motility in 

scratch assays (Fig. 2b-c, Fig. S4B-C, E, H-I, K). Additionally, using a collagen/Matrigel 

matrix, which recapitulates the ECM of the tumor, and quantifying the invasive spheroids 

formed, we demonstrated that IMPAD1 promotes invasion in 3D as well (Fig. 2d, Fig. S4F, 

L). Next, to study IMPAD1 as a driver of metastasis in vivo, 344SQ-GFP and -IMPAD1 

constitutively overexpressing cells were subcutaneously implanted into WT 129/Sv 

syngeneic mice. The IMPAD1 cohort showed no difference in tumor volume compared to 

the control group (Fig. 2e-f). This effect was analogous to the phenotype observed in vitro 
where IMPAD1 expression had no significant consequence on cellular proliferation (Fig. 

S4N-O). However, IMPAD1 overexpression resulted in a significant increase in metastasis, 

determined by quantifying the macroscopic lung metastatic nodules and by the H&E-stained 

images (Fig. 2g-h). We confirmed that the primary tumors maintained IMPAD1 mRNA and 

protein overexpression (Fig. 2i-j Fig. S4P). Furthermore, we validated the phenotype with 

the 393P lung cancer cell line, which is innately non-metastatic (Fig. S4Q-V). We have 

previously demonstrated that alterations in EMT can drive tumor invasion and metastasis in 

the KP models (14-17). Therefore, we investigated whether IMPAD1 could alter the EMT 

status of the characteristically epithelial 393P cells by assessing for expression levels of 

EMT markers such as Zeb1, Vimentin, and E-cadherin (Fig. S4W-X). No significant change 

was observed upon IMPAD1 upregulation conferring that IMPAD1 could not alter the EMT 

status in cells.

Like IMPAD1, we determined KDELR2 as a driver of invasion and metastasis upon 

doxycycline-dependent induction in 393P, 344SQ, and HCC827 cells (Fig 3a, Fig. S5B, G). 

Our data demonstrated that the cellular invasiveness and motility was dependent upon 

KDELR2 expression (Fig. 3b-d, Fig. S5A, C-F, H-I). To study the effect of KDELR2 in vivo 
we implanted 344SQ-GFP or -KDELR2 cells into mice with doxycycline induction. 

KDELR2 significantly increased lung cancer metastases in mice without altering primary 

Bajaj et al. Page 4

Oncogene. Author manuscript; available in PMC 2021 February 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



tumor growth (Fig. 3e-h). This was once again recapitulative of the in vitro data where 

KDELR2 showed no significant effect on cellular proliferation (Fig. S5J-L). The metastatic 

phenotype was validated by gross lung images and the H&E-stained sections (Fig. 3H). We 

confirmed overexpression of KDELR2 in the primary tumors by RT-qPCR and IHC (Fig. 3i-

j). We also determined no change in EMT status upon KDELR2 induction (Fig. S5M-N).

Our in vitro and in vivo studies with IMPAD1- and KDELR2-overexpression indicate that 

upregulation of either genes is sufficient to independently drive lung cancer invasion and 

metastasis by an EMT-independent mechanism and without altering cellular proliferation.

IMPAD1 or KDELR2 expression is necessary for invasive and metastatic ability of lung 
cancer cells.

Given that IMPAD1 and KDELR2 are sufficient to drive invasion and metastasis, we next 

ascertained if they are also necessary for the same. Hence, we independently inhibited the 

genes by using three different shRNAs, in the metastatic 344SQ and 344P murine cells and 

confirmed their knockdown by RT-qPCR and western blotting (Fig. 4a, g. Fig. S6C, J). 

IMPAD1 or KDELR2 repression caused a significant decrease in the invasive abilities in 2D 

and 3D environments (Fig. 4b, h. Fig. S6A-B, D-F, I, K-L). Thus, we conclude that both 

IMPAD1 and KDELR2 are essential for tumor cell invasion. We also determined that 

IMPAD1 or KDELR2 repression does not alter the EMT status of the knockdown cells 

compared to the scramble controls (Fig. S6G-H, M-N).

To study the effect of IMPAD1 knockdown on metastasis, we implanted the 344SQ scramble 

control and knockdown cells into the flanks of the syngeneic WT 129/Sv mice and observed 

the tumor growth over 6 weeks. Similar to the proliferation assays in vitro (Fig. S7G), there 

was no difference in tumor volume between the scramble and the IMPAD1 suppression 

cohorts (Fig. 4c-d). Despite this, IMPAD1 knockdown significantly reduced the metastatic 

ability of the 344SQ cells, as confirmed by quantifying the macro-metastatic lung nodules 

and by the H&E-stained images (Fig. 4e-f). We validated the knockdown in the syngeneic 

tumors by mRNA and protein expression levels (Fig. S7A-B). Despite a significant 

repression of IMPAD1 expression that correlated with decreased invasiveness in vitro, there 

was no change in the metastases for the SH2-IMPAD1 and SH3-IMPAD1 tumor groups 

compared to control (Fig. S7C-E). Our data indicated that the tumors from these two cohorts 

did not retain IMPAD1 suppression over time in vivo, explaining the absence of a change in 

the metastatic phenotype (Fig. S7F). Thus, the knockdown data strongly suggests that 

IMPAD1 expression is required for NSCLC metastasis.

To investigate the requirement of KDELR2 in lung cancer metastasis, we similarly 

implanted the 344SQ scramble control and KDELR2 knockdown cells (shA, shB, and shC) 

into mice. Although the proliferation assays showed a significant reduction in cellular 

growth upon KDELR2 repression in vitro (Fig. S7N), there was no significant change in 

tumor volume (Fig. 4i-j Fig. S7J). This difference in proliferation could be due to cellular 

growth in vitro not recapitulating factors required for tumor growth in vivo. Additionally, we 

observed a decrease in metastasis upon KDELR2 knockdown (Fig. 4k-l Fig. S7K-L). We 

validated the knockdown in the primary tumors by RT-qPCR and IHC, which supported that 

cancer metastasis is dependent on KDELR2 expression (Fig. S7H-I, L-M).
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IMPAD1 and KDELR2 independently regulate Golgi-mediated secretion of proteases such 
as MMPs to drive lung cancer invasion.

Although IMPAD1 and KDELR2 are amplified in lung adenocarcinoma, and literature 

suggests that they function in the Golgi and ER respectively, their role in Golgi-mediated 

secretion of proteins, as well as in lung cancer invasion and metastasis is still unknown (7, 

8).

Hence to study this phenotype, we first confirmed the localization of IMPAD1 at the Golgi 

membrane in our murine and human models by fractionation, and co-IF assays with a Golgi 

marker, GM130 (Fig. 5a, Fig. S8A-D) (4, 22-24). Furthermore, Brefeldin A (BFA) 

treatment, which disrupts Golgi stacking (25), also abrogated IMPAD1 signal indicating that 

IMPAD1 localization to the Golgi is dependent on appropriate organelle formation. Next, in 

addition to showing that KDELR2 is a membrane-bound protein (Fig. S8E), we also 

validated its localization to the ER by using the ER marker, Calnexin (Fig. 5bi, Fig. S8Fi), 

and to the Golgi by using GM130 (Fig. 5bii, Fig. S8Fii) (26). Previous literature indicates 

that KDELR2 overexpression auto-activates the protein that then localizes to the ER (10-11), 

which is confirmed by our co-IF data upon KDELR2 induction. Furthermore, like IMPAD1, 

BFA-mediated disruption of KDELR2 signal validated that proper Golgi and ER assembly is 

necessary for accurate KDELR2 localization (Fig. 5bi, ii, Fig. S8Fi, ii). Here we 

demonstrated that IMPAD1 is Golgi-resident, whereas KDELR2 is at the ERGIC and 

transports between the Golgi and ER, and their localization is dependent upon appropriate 

Golgi formation. Therefore, we posited that IMPAD1 and KDELR2 are a part of the ER-

Golgi pathway that drive the invasive phenotype by altering Golgi function and the secretory 

processes.

To test this hypothesis, we performed a secretome-mediated invasion assay by seeding non-

invasive 393P parental cells in conditioned media (CM) collected from the GFP-, IMPAD1- 

or KDELR2-inducible cells with or without BFA treatment (Fig. S9A). Conditioned media 

from IMPAD1- or KDELR2- overexpressing cells significantly increased the invasiveness of 

the 393P cells, which was reversed upon BFA treatment. This indicated that IMPAD1 and 

KDELR2 independently enhance Golgi-regulated secretion to drive invasion. (Fig. 6a, d, 

Fig. S9B, G). To identify components of the secretome that assist IMPAD1- or KDELR2-

mediated invasion, we investigated some of the known proteases secreted by the Golgi, such 

as matrix metalloproteases (MMPs) (27, 28). We performed a similar invasion assay but 

treated the conditioned media with a pan-MMP inhibitor, Ilomastat (Fig. S9C). Once again, 

conditioned media from IMPAD1-overexpressing cells and KDELR2-overexpressing cells 

was sufficient to promote invasion of the non-invasive 393P cells. This phenotype was 

suppressed upon Ilomastat treatment (Fig. 6b, e, Fig. S9D, H). To recapitulate this in 3D, we 

plated the IMPAD1- or KDELR2-overexpressing cells in the Matrigel/collagen matrix and 

treated them with DMSO or Ilomastat. Cells over expressing IMPAD1 or KDELR2 lost their 

invasive ability by days 3 (data not shown) and 5 (Fig. 6c, f, Fig. S9E-F, I-J) upon MMP 

inhibition. Furthermore, quantification of mRNA by RT-qPCR demonstrated that MMPs 1a, 

2, and 9 were transcriptionally upregulated upon increased IMPAD1 and KDELR2 levels but 

showed no change upon gene repression (Fig. S9K-N). Western blots performed for MMPs1, 

2, and 9 on conditioned media revealed that induction of either IMPAD1 or KDELR2 
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increased MMP secretion, which was abrogated upon knockdown of the two genes. 

IMPAD1 and KDELR2 expression was confirmed in the whole cell lysates. (Fig. 6g, Fig. 

S9O). Additionally, previous literature (12, 13) has shown KDELR2 as a regulator of Src 

signaling. Hence, we also analyzed the Src signaling pathway in the KDELR2- and 

IMPAD1-inducible cells. Increased Src phosphorylation was observed until 2 hours post 

KDELR2 induction, after which the pathway was inhibited, possibly by compensatory 

cellular mechanisms (Fig. S10A-B). However, the phenotypic changes observed in 

IMPAD1-overexpressing cells could not be attributed to changes in the Src pathway (Fig. 

S10C). Thus, we have established that two different hits from our invasion screen, IMPAD1 

and KDELR2, similarly modulate the Golgi-mediated secretion of proteases such as MMPs 

into the ECM, to promote lung cancer migration and invasion.

Discussion

Metastasis still accounts for 90% of all cancer-related mortality and cancer cell invasion is 

an essential functional requirement for the disease (29, 30). Therefore, understanding 

regulators of these processes is important to therapeutically prevent lung cancer metastasis 

(31). In parallel to the previously published in vivo screen, we performed a gain-of-function 

in vitro invasion screen, where we identified several known and novel drivers of invasion (2, 

3). Moreover, we further explored the two hits that promoted invasion in all the secondary 

validation assays, IMPAD1 and KDELR2, which were also demonstrated as drivers of 

metastasis in vivo. This was an intriguing revelation as neither of these genes were hits in 

the in vivo screen. This could be explained as the in vivo metastasis screen used a 

competitive positive selection to identify hits based on a growth advantage, but our data 

indicate that neither IMPAD1 nor KDELR2 can alter cellular proliferation or tumor growth, 

but robustly promote invasion and metastasis.

The TCGA dataset showed that IMPAD1 (18%) and KDELR2 (19%) overlap with and are 

altered to almost the same extent as putative drivers of lung adenocarcinoma, KRAS (23%) 

and TP53 (23%). Therefore, we used the syngeneic Kras and Tp53 mutant cell lines to study 

IMPAD1 and KDELR2 as drivers of NSCLC invasion and metastasis. Using the human non-

invasive HCC827 cell line with an activating EGFR mutation, we demonstrated that the 

phenotypic effects of the two genes are independent of the species, mutational status, or 

baseline metastatic potential. Our study is the first to elucidate the individual roles of 

IMPAD1 and KDELR2 in driving tumorigenesis and metastasis.

IMPAD1 is a Golgi-resident protein (4, 5) and KDELR2 localizes to the ERGIC (9-11). 

Although KDELR2 has transient effects on the Src pathway in our models, given the 

function of the ER-Golgi pathway in regulating cellular secretion (28, 32), we establsihed 

that both IMPAD1 and KDELR2 drive invasion through enhanced Golgi-mediated secretion 

of proteases such as MMPs. (Fig. 7). In addition to MMPs, the Golgi also regulates the 

secretion of other proteins such as collagens, elastins, etc (28, 33, 34). Thus, there may be 

additional unexplored components in the secretome that can modulate ECM degradation and 

invasion upon IMPAD1 or KDELR2 overexpression. This is especially apparent in our 3D 

Matrigel/collagen invasion assays where we obtained only a partial suppression of IMPAD1-

mediated invasive structures upon MMP inhibition (Fig. 6C). We also acknowledge that 
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increased expression of IMPAD1 and KDELR2 may alter other aspects of the Golgi 

apparatus such as Golgi morphogenesis that can promote invasion (35, 36). However, this 

hypothesis needs further inquiry extending beyond the scope of this paper.

Due to the stringent cut-offs applied, additional hits such as CBL-B, ADIPOR1, ATP1A2, 

and JRK were not explored. Casitas B-lineage lymphoma-b (CBL-B), an E3 ubiquitin ligase, 

drives degradation of TAM tyrosine kinase receptors, leading to repressed natural killer cells 

and increased metastasis (37). However, it has also been established as a metastasis repressor 

in gastric and breast cancers alluding to its unexplained opposing roles in cancer (38). 

Adiponectin Receptor 1 (ADIPOR1) activates the AMPK pathway and acts as a tumor and 

metastasis suppressor through AMPK signaling (39, 40). However, ADIPOR1 was a hit in 

our oncogene invasion screen indicating a hitherto unidentified dual functionality of both 

ADIPOR1 and AMPK as oncogenes and tumor suppressors. ATPase Na+/K+ Transporting 

Subunit Alpha 2 (ATP1A2) is part of the Na+/K+ -ATPases (NKP) family which are altered 

in and play a role in invasion of endocrine resistant breast cancer cells (41, 42). Jrk Helix-

Turn-Helix (JRK) protein promotes hyper-activation of β-catenin, thereby driving cellular 

proliferation and tumorigenesis (43). Thus, our screen identified multiple genes which are 

potential metastasis drivers. Detailed mechanistic studies on these genes, which is beyond 

the scope of this paper, can help enhance our understanding of the complexities of metastasis 

and establish them as novel targets.

In this study, we identified two unique genes, IMPAD1 and KDELR2 which independently 

function in the ER-Golgi pathway altering Golgi-mediated secretion of MMPs to drive a 

pro-invasive and metastatic phenotype. Golgi secretory functions that alter the tumor ECM 

and promote cancer invasion and metastasis have been grossly under-studied as a potential 

target for the disease. Hence, our work has helped identify two new regulators of Golgi 

secretion that can be used to develop therapeutic strategies for lung cancer.

Materials and Methods

additional experimental details in supplemental methods. N=3 unless specified as it is the 

minimum requirement for performing a Student’s T-test. Data are represented as mean ± 

SEM. Significance by Student’s T-test. Variance is not equal so we use parametric t-test. P-

value<0.05 - *; <0.002 - **

Candidate gene selection.

Genes upregulated in the metastases as compared to the primary tumors in the KRASLA1/+; 

p53R172HΔG/+ (KP) mice were overlapped with the genes upregulated in the tumors from the 

344SQ metastatic cell line as compared to the tumors from the 393P non-metastatic cell line. 

These coinciding genes were then triangulated with human copy number amplifications 

established by TCGA. The 217 identified candidates were individually overexpressed in the 

393P non-invasive cells as described before (2, 3).

Tissue culture and transfections.

For all tissue culture assays, cells were plated in 10% FBS + RPMI-1640 (complete media) 

in 5% CO2 at 37°C. Inducible cells were doxycycline-induced (2uM) for 24 hours before 
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experiments unless specified. All transfections were done by using Lipofectamine 2000 

(Life Technologies, Grand Island, NY). Cell lines were generated and authenticated in our 

lab and mycoplasma tested (14). HCC827 cells were procured from ATCC.

In vitro screen and data analysis.

15,000 cells/well were plated (n=4) in serum-free media in upper chamber of 96-well 

invasion plates (Corning BioCoatTM, #354167) and complete media was added to the basal 

chamber. Plates were incubated, washed, stained with Calcein AM, and the fluorescence 

read on a Victor II plate reader. Fluorescence reading output was statistically analyzed by 

two different methods as detailed in supplemental methods.

Validation of screen hits.

Top hits identified by method 2 that overlapped with those from method 1 were then 

functionally validated by 2D migration and invasion, and 3D invasion assays.

2D Migration and invasion assay.

Transwell migration (8uM inserts, Corning Star) and invasion (BD-Biosciences #354480) 

assays performed by using standard protocol (3, 44). 50,000 cells/well were plated in 

Boyden chamber with serum-free media.

3D invasion assay.

1,500 cells/well were seeded in a 1.5 mg/ml collagen/Matrigel matrix (BD-Biosciences 

#354230 and #354236) in 8-well chambered glass slides (Nunc, Naperville, IL) and 

incubated for 6-8 days as described in (4). Complete media with 2% matrigel was 

replenished every 2 days.

Plasmids and reagents.

Human IMPAD1 cDNA was gateway cloned into pLD6EF vector for constitutive 

overexpression and then sub-cloned into pTRIPZ vector for inducible expression (17). 

Mouse KDELR2 cDNA (ORIGENE #MR202320) was cloned into pTRIPZ vector. Mouse 

Impad1 and Kdelr2 shRNA constructs were from GE-Dharmacon and scramble control 

vectors from Thermo-Scientific. Primer and shRNA details in supplemental methods.

RT-qPCR and western blot.

Total RNA was isolated and RT-qPCR was performed with specific primers (supplemental 

methods) and SYBR® Green PCR Master Mix (Life technologies). L32 was used as the 

control. Western blot was performed with antibodies mentioned in supplemental methods.

Wound healing assay.

Induced cells were cultured to confluency in a 6-well plate. A scratch on the cell monolayer 

was made by a 200uL tip (45). Cells were washed, incubated with 1uM Mitomycin C for 4 

hours, washed again, imaged at 0 hours, incubated with complete media for 24 hours, and 

imaged again at 24 hours. Percentage wound healing was calculated by comparing area 
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migrated between 0 and 24 hours by experimental cells compared to control. N=3 images/

well and 2 wells/sample.

In vivo metastasis experiments.

All experiments were reviewed and approved by the Institutional Animal Care and Use 

Committee at The University of Texas M.D. Anderson Cancer Center. Cells were implanted 

subcutaneously into the flank of syngeneic 129/sv male and female mice and tumor growth 

was monitored twice a week for 6-8 weeks. Once the tumors reached a volume of 1500 

mm3, mice were euthanized with CO2 and metastatic nodules on the lung surface were 

manually quantified. Lung and tumor tissues were fixed in 10% Formalin and then 

proceeded for sectioning and H&E staining. Power analysis for sample size determination 

using 80% power and 5% two-sided type 1 error.

Immunohistochemistry

Formalin-fixed, paraffin-embedded sections were used for antigen retrieval. Sections were 

then incubated O/N at 4 °C with primary antibody and then with secondary antibody for 1 

hour at RT. Immunohistochemistry was carried out using Streptavidin (Life technologies 

#SNN1004), Envision+ System (Dako), and HRP-DAB (Dako) colorimetric detection. 

Antibody details in supplemental methods.

Cell fractionation

Cell fractionation was performed using a kit as per the manufacturer’s protocol (Cell 

signaling technologies). Fractions were analyzed by western blotting.

Co-immunofluorescence for IMPAD1 and GM130.

Cells with or without 1uM Brefeldin-A treatment (4 hours at 37 °C) were grown on 8-well 

glass slides and fixed in 4% paraformaldehyde with 50uM CaCl2/PBS for 20 mins at 37 °C, 

and permeabilized in 0.1% Triton X-100/PBS for 10 mins at RT. Cells were then blocked 

with 5% goat serum/PBS for 1 hour at RT and then incubated with primary antibody for 

human IMPAD1 O/N at 4 °C. Cells were sequentially incubated with fluorophore-

conjugated secondary antibodies. First, anti-mouse and then for GM130. Each of the 

secondary antibodies were incubated for 1 hour at RT and then counterstained with DAPI by 

mounting with VECTASHIELD Hard-Set Mounting Medium (Vector Laboratories, 

Burlingame, CA). Cells were imaged by confocal microscopy.

Co-immunofluorescence for KDELR2 and Calnexin, or GM130.

Cells were fixed in 4% paraformaldehyde in +Mg +Ca PBS (Corning #21-030-CV) for 10 

mins at RT, and permeabilized with 0.1% Triton X-100/PBS for 5 mins at RT. Cells were 

then blocked with 2% goat serum+2% BSA/PBS for 1.5 hours at RT and incubated with 

primary antibody for FLAG for 1 hour at RT. Cells were sequentially incubated with 

fluorophore-conjugated secondary antibodies. First, anti-mouse and then for Calnexin or 

GM130. Each of the secondary antibodies were incubated for 1.5 hours at RT and then 

counterstained and imaged as mentioned above. Brefeldin-A treatment as mentioned above.
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Secretome-mediated invasion assay for Golgi secretion.

Doxycycline-induced cells were plated in 60mm plates after 24-hour induction. Conditioned 

media (CM) was collected from confluent cells after 24 hours, where cells were treated with 

DMSO or 1uM BFA for the last 6 hours. 50,000 cells/well 393P WT parental cells were 

suspended in this conditioned media and plated in invasion Boyden chambers. RPMI with 

20% FBS was added to the basal wells. Cells were incubated, stained, and quantified as 

mentioned in invasion assay. Western Blots were performed using CM.

Secretome-mediated invasion assay for MMP secretion.

Experiment done as mentioned above except cells were not treated with BFA. Instead, 1uM 

Ilomastat was added to the conditioned media in the Boyden chambers containing the 393P 

WT cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Novel screen identifies IMPAD1 and KDELR2 as drivers of lung cancer invasion and 
disease progression.
a. Schematic representation of workflow for the in vitro screen. DNA barcoded candidate 

genes were overexpressed in non-invasive & non-metastatic 393P murine tumor cell line 

using lentiviral infection. Individual ORF-barcoded cell lines were randomly grouped and 

individually seeded in quadruplicates in 96-well Boyden chambers. Invaded cells were 

quantified and plotted as shown in representative histogram. b. Waterfall plot demonstrates 

37 hits that showed a significant increase in fold change invasion across all cohorts when 

compared to mCherry. SNAI2 (in black) used as a positive control and mCherry as a 

negative control, which is denoted as a dotted line (fold change of 1). IMPAD1 and 

KDELR2, the hits that also showed a significant change in invasion upon further validation 

(See also Supplemental Fig. S2) with 3 different migration/invasion assays, are represented 

as red bars. c. IMPAD1 and KDELR2 amplification and mutation frequency in lung 
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adenocarcinoma (LuAd) in relation to putative LuAd drivers, Kras and Tp53, as reported by 

TCGA. d-e. Kaplan–Meier survival analysis shows significantly poor outcome in disease-

free survival of LuAd patients with increased expression of (d) IMPAD1, and (e) KDELR2. 

See also Supplemental Fig. S3.
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Figure 2. IMPAD1 expression is sufficient to drive lung cancer invasion and metastasis.
a. RT-qPCR and western blot analysis for human IMPAD1 expression in 344SQ cells with 

stable overexpression compared to GFP control. b-c. 344SQ cells overexpressing IMPAD1 

show a significant increase in (b) migration and (c) invasion compared to GFP controls 

(scale bar: 100uM). d. IMPAD1 overexpressing cells form significantly more invasive 

structures compared to GFP in 3D matrix comprising of 1.5 mg/ml Collagen in Matrigel by 

day 6 (scale bar: 100uM). e-f. Primary tumor growth for 344SQ GFP (n=11) and IMPAD1 

(n=8) overexpressing cells implanted subcutaneously into syngeneic mice (e) over time, and 

(f) at time of euthanasia. g. IMPAD1 overexpressing cells form significantly more lung 

metastatic nodules compared to GFP control. h. Representative lungs and their respective 

H&E stained sections showing increased metastases in lungs from mice implanted with 

IMPAD1 overexpressing cells compared to control (scale bar 5mM). i-j. Analysis to confirm 

overexpression of IMPAD1 in SQ tumors by (i) RT-qPCR for RNA, and (j) 
immunohistochemistry for protein (scale bar: 20uM). See also Supplemental Fig. S4. Data 

are represented as mean ± SEM. Significance by Student’s T-test. P-value<0.05 - *; <0.002 - 

**
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Figure 3. KDELR2 expression is sufficient to drive lung cancer invasion and metastasis.
a. RT-qPCR and western blot analysis for mouse KDELR2 expression in 344SQ cells with 

doxycycline-inducible overexpression compared to GFP control after 24-hour induction. b-c. 
344SQ cells overexpressing Flag-tagged KDELR2 show a significant increase in (b) 

migration and (c) invasion compared to GFP after 24-hour induction (scale bar: 100uM). d. 
KDELR2 overexpressing cells pre-induced for 24 hours before seeding form significantly 

more invasive structures compared to GFP in 3D matrix comprising of 1.5 mg/ml Collagen 

in Matrigel by day 6 (scale bar: 100uM). e-f. Primary tumor growth for 344SQ GFP and 

KDELR2 inducible cells implanted subcutaneously in syngeneic mice (e) over time, and (f) 
at time of euthanasia. N=12. g. KDELR2 overexpressing cells form significantly more lung 

metastatic nodules compared to GFP control. h. Representative lungs and their respective 

H&E stained sections showing increased metastases in lungs from mice implanted with 
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KDELR2 overexpressing cells compared to GFP control (scale bar: 5mM). i-j. Analysis to 

confirm overexpression of Flag-tagged KDELR2 in SQ tumors by (i) RT-qPCR for RNA, 

and (j) Flag IHC for protein (scale bar: 50uM). See also Supplemental Fig. S5. Data are 

represented as mean ± SEM. Significance by Student’s T-test. P-value<0.05 - *; <0.002 - **
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Figure 4. IMPAD1 or KDELR2 expression is necessary for invasive and metastatic ability of lung 
cancer cells.
a. RT-qPCR and western blot analysis for mouse IMPAD1 expression in 344SQ cells with 

stable knockdown by shRNA compared to scramble control. b. IMPAD1 knockdown cells 

form significantly less invasive structures compared to scramble in 3D matrix comprising of 

1.5 mg/ml Collagen in Matrigel by day 6 (scale bar: 100uM). See also Supplemental Fig. S6. 

c-d. Primary tumor growth for 344SQ scramble and SH1 IMPAD1 knockdown cells 

implanted subcutaneously into syngeneic mice (c) over time, and (d) at time of euthanasia. 

N=10. e. IMPAD1 knockdown cells form significantly less lung metastatic nodules 

compared to scramble control. f. Representative lungs and their respective H&E stained 
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sections showing decreased metastases in lungs from mice implanted with SH1 IMPAD1 

cells compared to control (scale bar 5mM). g. qPCR and western blot analysis for mouse 

KDELR2 expression in 344SQ cells with stable knockdown by shRNA compared to 

scramble control. h. KDELR2 knockdown cells form significantly less invasive structures 

compared to scramble in 3D matrix comprising of 1.5 mg/ml Collagen in Matrigel by day 6 

(scale bar: 100uM). i-j. Primary tumor growth for 344SQ scramble and ShA KDELR2 

knockdown cells implanted subcutaneously into syngeneic mice (i) over time, and (j) at time 

of euthanasia. N=8. k. KDELR2 knockdown cells form significantly less lung metastatic 

nodules compared to scramble control. l. Representative lungs and their respective H&E 

stained sections showing decreased metastases in lungs from mice implanted with ShA 

KDELR2 cells compared to GFP control (scale bar: 5mM). See also Supplemental Fig. S7. 

Data are represented as mean ± SEM. Significance by Student’s T-test. P-value<0.05 - *; 

<0.002 - **
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Figure 5. IMPAD1 and KDELR2 localize to the ER-Golgi pathway.
a. Co-immunofluorescence for human IMPAD1 (red) and Golgi marker, GM130 (green) in 

393P cells with IMPAD1 overexpression. Nucleus was stained with Dapi. Cells were treated 

with DMSO (upper) or Brefeldin-A (BFA) at 1uM for 4 hours (lower). IMPAD1 localization 

to the Golgi is disrupted upon BFA treatment, which abrogates Golgi stacking. b-i. Co-

immunofluorescence for FLAG-KDELR2 (red) and Calnexin (green) in 393P cells with 

mouse KDELR2 overexpression or empty vector control. Cells were treated with DMSO 

(upper) or Brefeldin-A (1uM 4 hours) (lower). b-ii. Co-immunofluorescence for FLAG-

KDELR2 (red) and GM130 (green) in 393P cells with KDELR2 overexpression or empty 

Bajaj et al. Page 21

Oncogene. Author manuscript; available in PMC 2021 February 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



vector control. Cells were treated with DMSO (upper) or Brefeldin-A (1uM 4 hours) 

(lower). Nucleus was stained with DAPI. Scale bar for all images:10uM. See also 

Supplemental Fig. S8.
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Figure 6. IMPAD1 and KDELR2 independently induce Golgi-mediated secretion of proteases 
such as MMPs to drive lung cancer cell invasion.
a-b. Conditioned media from inducible IMPAD1 overexpressing cells significantly increase 

invasiveness of non-invasive 393P WT cells. This phenotype is reversed, when using 

conditioned media from inducible IMPAD1 overexpressing cells after treatment with (a) 

BFA, a Golgi secretion inhibitor (1uM 6 hours) or when conditioned media from IMPAD1 

overexpressing cells was supplemented with (b) Ilomastat, an MMP inhibitor (1uM). c. 
Invasive structures formed by cells with inducible overexpression of IMPAD1 or GFP 

control, in matrix comprising of 1.5mg/ml collagen in Matrigel, upon inhibition of MMPs 

with Ilomastat (1uM) (day 5). d-e. Conditioned media from dox-inducible KDELR2 

overexpressing cells is sufficient to promote invasiveness of non-invasive 393P WT cells. 

This phenotype is rescued, when using conditioned media from inducible KDELR2 

overexpressing cells after treatment with (d) BFA (1uM 6 hours), or when conditioned 

media from KDELR2 overexpressing cells was supplemented with (e) Ilomastat (1uM). f. 
Invasive structures formed by cells with inducible overexpression of KDELR2 or GFP 

control, in matrix comprising of 1.5mg/ml collagen in Matrigel, upon inhibition of MMPs 
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with Ilomastat (1uM) (day 5). Scale bar for all images:100uM. g. Western blot analysis of 

conditioned media (CM) collected from human IMPAD1 and mouse KDELR2 

overexpressing and knockdown cells shows IMPAD1- and KDELR2-regulated secretion of 

MMPs 1, 2, and 9. Whole cell lysate (WCL) collected from the same cells confirms 

IMPAD1 and KDELR2 overexpression and knockdown. See also Supplemental Fig. S9. 

Data are represented as mean ± SEM. Significance by Student’s T-test. P-value<0.05 - *; 

<0.002 - **
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Figure 7. Working model for IMPAD1 and KDELR2 as part of the Golgi secretory cascade that 
regulate secretion of MMPs to drive NSCLC invasion and metastasis.
Cargo (secretory) proteins such as matrix metalloproteases (MMPs) in the ER bind to the 

chaperone proteins a with KDEL ligand. This leaves KDELR2 inactive during anterograde 

transport. Once in the Golgi, MMPs dissociate from the chaperone protein and are secreted 

into the ECM, whereas chaperone proteins bind to KDELR2 thus activating it during 

retrograde transport. IMPAD1 is localized to the Golgi and is involved in secretion of 

proteases like MMPs. Normal function of IMPAD1 and KDELR2 as part of the ER-Golgi 

secretion pathway in non-malignant lung cell lead to regular Golgi-mediated secretion. 

Increased IMPAD1 and KDELR2 expression in aggressive, metastatic lung cancer cells lead 

to hyperactive Golgi-mediated secretion of MMPs, thereby enhancing ECM degradation and 

promoting metastatic NSCLC.
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