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Abstract

Lung squamous carcinoma (LUSC) is a highly metastatic disease with a poor prognosis. Using an
integrated screening approach, we found that miR-671-5p reduces LUSC metastasis by inhibiting
a circular RNA (circRNA), CDR1as. Although the putative function of circRNA is through
miRNA sponging, we found that miR-671-5p more potently silenced an axis of CDR1as and its
antisense transcript, cerebellar degeneration related protein 1 (CDR1). Silencing of CDR1as or
CDRL1 significantly inhibited LUSC metastases and CDR1 was sufficient to promote migration
and metastases. CDR1, which directly interacted with adaptor protein 1 (AP1) complex subunits
and COPI proteins, no longer promoted migration upon blockade of Golgi trafficking. Therapeutic
inhibition of the CDR1as/CDR1 axis with miR-671-5p mimics reduced metastasis in vivo. This
report demonstrates a novel role for CDR1 in promoting metastasis and Golgi trafficking. These
findings reveal a miRNA/circRNA axis that regulates LUSC metastases through a previously
unstudied protein, CDR1.
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INTRODUCTION:

Lung cancer is the leading cause of cancer-related deaths worldwide and is an intrinsically
highly metastatic disease. Even patients who undergo surgery at early stages have a high risk
of recurrence (1). Despite LUSC being amongst the most lethal cancers, the mechanistic
underpinnings of LUSC metastasis are poorly understood.

Although discovery of molecular aberrations in lung adenocarcinomas has led to
development of effective targeted therapies (2), corresponding “drivers” in lung squamous
carcinomas (LUSC) have not materialized. Extensive molecular profiling through The
Cancer Genome Atlas (TCGA) has revealed LUSC tumors have non-recurrent somatic
mutations and are largely driven by copy number alterations and distinct transcriptional
programs (3,4). Transcriptional profiling can stratify LUSC tumors into biologically distinct
subtypes with different survival outcomes, indicating that regulation of gene expression in
LUSC has clinically relevant implications (5,6).

Metastasis accounts for approximately 90% of cancer-related deaths (7), yet there is a
surprising paucity of scientific evidence addressing the mechanisms that drive LUSC
metastasis. The ability of cancer to spread is reliant on both cancer cell intrinsic and
extrinsic factors. Gene expression programs within cancer cells facilitate egress from the
tumor through blood or lymphatic vessels, extravasation, and colonization of distant organs
(8). MicroRNAs (miRs) regulate an increasing number of metastasis-relevant pathways
through inhibition of target genes (9). However, the function of each miR is highly
dependent on cancer type and even subtype (10,11).

Recently it was discovered that circular RNAs (circRNAS) can regulate miR function.
CircRNAs are a covalently closed RNA which form through an alternative splicing
mechanism that links the end of a 3’ exon with an upstream 5’ exon (termed a backsplice
junction) and represent a new class of long-non-coding RNAs (12). Some circRNAs act as
miR sponges and contain multiple miR seed sequences (13,14), but circRNAs may also act
as protein scaffolds (15) or sequester RNA binding proteins (RBPs) (16). Though expression
of circRNAs is dysregulated in cancer, the repertoire of circRNA functions beyond miR-
sponging is still unclear. CircRNAs are structurally stable and released into the circulation
within extracellular vesicles making them appealing biomarkers (17). Thus, characterizing
the mechanism of action for circRNAs will facilitate biomarker development and identify
possible therapeutic targets. Currently, therapeutic targeting of circRNAs is unexplored.

In the current study, we evaluated whether miRs can regulate LUSC progression and
discovered that miR-671-5p suppresses metastasis through the circRNA, CDR1as. By
integrating miR and mRNA sequencing data from TCGA and profiling of metastatic LUSC
models generated from /n vivo passaging, we identified miR-671-5p as a key regulator of
LUSC metastasis. Screening for miR targets revealed that miR-671-5p functions through
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CDR1as. While the proposed function of CDR1as is through sponging of miR-7 (13,14), we
instead describe a mechanism based on its antisense transcript, cerebellar degeneration
related protein 1 (CDR1). CDR1 was highly linked to metastatic gene expression signatures
and was necessary and sufficient to promote LUSC metastasis. CDR1 is a cryptic protein
with an unusual sequence (composed predominantly of hexapeptide repeats) and no known
function (18,19). We found that CDR1 directly interacts with vesicular coat protein
complexes and that inhibiting vesicular trafficking blocked CDR1-dependent migration.
Using a targeted lipid nanoparticle to deliver miR-671-5p to target the CDR1as/CDR1 axis
we inhibited metastatic spread /n vivo. These findings identify a previously unknown
regulatory axis in LUSC progression and expand the functional repertoire of circRNAs in
metastasis.

MATERIALS AND METHODS:

Cell lines and maintenance.

SK-MES-1 and H520 cells were obtained from the ATCC. HEK293T cells were kindly
provided by Antonio Amelio (University of North Carolina at Chapel Hill) and HCC2814
were obtained from University of Texas Southwestern Medical Center. SK-MES-1 cells
were grown in MEM supplemented with 10% Fetal Bovine Serum (FBS), 1% Penicillin
Streptomycin, 1% Non-Essential Amino Acids, and 1 mM Sodium Pyruvate. H520 and
HCC2814 cells were grown in RPMI with 10% Fetal Bovine Serum (FBS) and 1%
Penicillin Streptomycin. HEK293T cells were grown in DMEM with 10% FBS and 1%
Penicillin Streptomycin. UNCNS3T cells and culture methods for them have been described
in detail (20). All cell lines were tested to confirm the absence of mycoplasma and grown at
37°C in 5% CO2/95% air. Experiments were performed with cells at 60-80% confluence.
Cells were used fewer than 10 passages from thaw for in vivo experiments and fewer than 20
passages from thaw for in vitro experiments.

Generation of metastatic sub-clones.

Cells were harvested from metastatic lesions by mechanical dissection in serum free media
containing 0.125% collagenase 111 and 0.1% hyaluronidase under sterile conditions. Minced
tissues were filtered through a sterile 40 um filter. After centrifugation, cells were incubated
with 0.25% trypsin for 20 min at 37°C, agitating every 5-7 min. Cells were then grown in
complete medium. Cells were expanded and FACS was performed using FITC-conjugated
anti-human HLA-A,B,C antibody (32294x, Pharmingen) to remove any contaminating
mouse cells.

Transfection of miR-671-5p mimics, siRs and pDNA.

For in vitro experiments, miR-671-5p or miR control mimics were purchased from Life
Technologies and siRNAs were purchased from Sigma. Transfections of siRs and miR-671
mimics were performed using RNAIMAX (Invitrogen) at a final concentration of 20 nM.
For transfection of DNA, lipofectamine 2000 (Invitrogen) was used.
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Animals, in vivo models and tissue processing.

Female athymic nude mice were purchased from the UNC Animal Studies Core. All animals
used were between 6-10 weeks of age at the time of injection. For all animal experiments,
cells were trypsinized, washed and resuspended in Hanks balanced salt solution (HBSS;
Gibco) prior to injection. H520 or SK-MES-1 cells or related sub-clones were injected by an
intra-pulmonary technique [1 x 108 cells in 50 pL 1:1 mixture of HBSS and BD Matrigel
(BD Biosciences)]. For the intra-pulmonary injections, mice were anesthetized with
ketamine (80 mg/kg) + xylazine (8 mg/kg) + acepromazine (1 mg/kg) and placed in the right
lateral recumbency. Following sterile skin preparation, an incision parallel to the rib cage
between ribs 10 and 11 was made to visualize the lung through the intact thoracic pleura. A
1 mL tuberculin syringe with a 30-g needle was used to inject the cell suspension directly
into the lung parenchyma at the left lateral dorsal axillary line. After injection, the skin
incision was closed using surgery clips and the mice were turned on the left lateral
recumbency and observed until fully recovered. In all experiments 6-15 mice per group
were used and mice were randomized before injection of cancer cells. For survival analyses,
mice were monitored until they became moribund, then sacrificed. For cross-sectional
analysis, once mice in any group became moribund, they were all sacrificed, necropsied, and
tumors were harvested. At the time of sacrifice, tumor weights, number and location of
lymphatic and distant metastases were recorded. Tissues used for immunohistochemistry
analysis were fixed in 10% neutral buffered formalin, and embedded in paraffin. Tissues
were stained with either Hematoxylin and Eosin, or Masson’s trichrome stain for
histological evaluation. Tissues for RNA and protein extraction were snap frozen and stored
at —80°C. RNA from tissues was isolated with TRIzol (Invitrogen) according to
manufacturer’s instructions. Before RT-qPCR analysis, TRIzol isolated RNA was treated
with DNase using DNA-free DNA removal kit (Invitrogen) according to manufacturer’s
instructions. Luciferase-labeled tumor progression was monitored weekly using an IVIS
Lumina optical imaging system and Nano-Glo Luciferase Assay substrate (Promega). Nano-
Glo substrate was diluted in PBS and 250 pg/kg was administered 10 min before imaging.

Study Approval.

Animals were cared for according to the guidelines set forth by the American Association
for Accreditation of Laboratory Animal Care and the U.S. Public Health Service policy on
Human Care and Use of Laboratory Animals. All mouse studies were approved and
supervised by the University of North Carolina at Chapel Hill Institutional Animal Care and
Use Committee. Tissue microarray (TMA) samples for lung squamous cell carcinoma and
lung adenocarcinoma cancers were obtained and prepared following Institutional Review
Board approval for UNC Chapel Hill.

Data and materials availability: The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the PRIDE19 partner repository with the
dataset identifier PXD012286.

Supplementary Methods.—More detailed methods are available in the Supplementary
Data and Methods. Sequences of shRs and RT-qPCR primers are listed in the Supplementary
Data (Supplementary Table 1).
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Generation of highly metastatic LUSC models.

miR-671-5p

To develop metastatic models of LUSC, we chose SK-MES-1 and H520 human cell lines
because they were recently found to be from aggressive mMRNA subtypes associated with
poor LUSC survival (5,6,21) and used an /n vivo selection approach. We considered the
highly prognostic value of lymph node (LN) metastases in lung cancer (1), including occult
LN micro-metastases (22,23) and obtained sub-clones derived from LN metastases. While
orthotopically injected parental SK-MES-1 cells metastasized to LNs in only 24% of mice,
sub-clone SK-MES-LN1 (LN1) cells produced 100% LN metastases and very high rates of
metastases to clinically relevant sites (e.g. adrenal glands and chest wall) (Supplementary
Fig. 1A and B). While mice injected with SK-MES-1 lived >120 days, LN1-injected mice
had substantially reduced survival (median 41 days, p<0.0001) (Supplementary Fig. 1C).
Similarly, H520 and H520-LN3 (LN3), which was generated from 3 /in vivo passages, had
LN metastasis rates of 20% and 100%, respectively (Supplementary Fig. 1D and E). /n vivo
passaging of H520 significantly reduced survival of orthotopically injected mice from >60
days to 39.5 days mean survival (p<0.0001) (Supplementary Fig. 1F). Consistent with the
human disease and the importance of LN metastasis (22,23), in both models, spontaneous
development of LN metastasis significantly correlated with distant metastases (Spearman’s
2-sided t-test p<0.0001) (Supplementary Fig. 1G). Indeed, recent evidence supports that
metastatic cells within LNs can efficiently seed distant sites (24—26). There were no
observed differences in proliferation between parental cell lines and respective sub-clones
(Supplementary Fig. 1H). While distant metastases were most commonly found on the chest
wall and in the adrenal glands, we also observed distant metastases in the optic nerve, base
of tongue, and pancreas (Supplementary Fig. 2A-E). Histological evaluation of LN1
orthotopic tumors revealed undifferentiated features, while LN3 showed central necrosis that
is classically associated with LUSC. In both models orthotopic tumors had considerable
intra-tumoral collagen, and LN metastases showed extra-capsular extension (Supplementary
Fig. 3). Metastasis is associated with epithelial to mesenchymal transition (EMT) (27), to
assess the role of EMT in the behavior of metastatic sub-clones, we profiled markers of
EMT by gPCR. Relative to parental cell lines, both LN1 and LN3 had increased expression
of SNAI2 and ZEB2, key transcriptional regulators of EMT (Supplementary Fig. 4). Taken
together, the LN1 and LN3 models are highly metastatic and display typical features of
human LUSC.

inhibits LUSC metastasis.

miRs can have remarkable roles in regulating a repertoire of metastatic programs in many
cancers (28). To screen miRs with potential roles in LUSC metastases, we analyzed miR
expression data from 348 LUSC patients in TCGA. Using median cut-offs for each miR, 30
miRs were significantly associated with overall survival when individually considered
(0p<0.05) (Supplementary Table 2); therefore, this analysis was exclusively used as a
screening tool to prioritize miR genes for experimental validation. Among these 30 genes,
high expression was associated with poor survival (hazard ratio (HR)>1) in only 5 miRs,
while for the remaining 25 miRs low expression was associated with poor survival (HR<1)
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(Fig. 1A and B). Altogether, these data suggest that suppression of miRs may generally lead
to poorer outcomes in LUSC.

Next, we compared miR expression profiles between parental SK-MES-1 and the LN1 sub-
clone using Nanostring data. Similar to our TCGA findings (Fig. 1A and B), a majority of
miRs were down-regulated in the metastatic clones (Fig. 1C and Supplementary Table 3).
Integrating miRs associated with survival and decreased in metastatic sub-clones, we
selected 12 candidate miRs for validation (more details in Supplementary Methods). All
miR candidates were decreased based on gPCR in both metastatic LN1 and LN3 sub-clones
relative to their respective parental lines (Fig. 1D). Of these candidates, miR-671-5p was the
most consistently reduced (<20% of parental expression) in both LN1 and LN3. In each
model, stable over-expression of miR-671 at physiologic levels (4- to 7-fold increases over
control miR) significantly increased survival and decreased metastatic burden (Fig. 1E-J),
implicating miR-671 as a novel metastasis suppressor in LUSC. As seen when comparing
metastatic and parental cell lines, no appreciable effect on proliferation was observed in
miR-671 over-expressing cells (Supplementary Fig. 5). Survival analysis based on the
expression of the miR-671 gene and miR-671-5p and —3p isoforms in TCGA revealed that
miR-671-5p (HR=0.56, 95% CI 0.39 to 0.80, p=0.002), but not -3p (HR=0.92, 95% CI 0.64
to 1.33, p=0.7), was strongly associated with LUSC survival (Fig. 1K—M). The expression of
miR-671-5p and —3p was significantly correlated (Spearman’s 2-sided t-test p<0.0001,
R=0.19), but the expression of miR-671-5p was far more dynamic and significantly higher
than —3p (Supplementary Figure 6A and B).

miR-671-5p silences the CDR1as/CDR1 axis.

To systematically identify biologically relevant miR-671-5p target genes in LUSC, we
leveraged a previously described approach to integrate a linear regressions model of TCGA
data and /n sifico predictions (11,29). The miR target prediction algorithm TargetScan (30)
was used to predict miR-671-5p regulated genes (Supplementary Fig. 7A). Then, to enrich
for genes relevant for LUSC biology, candidate genes had to meet 4 conditions based on
TCGA analysis (n = 348): 1) inverse correlation with miR-671-5p (R < -0.25, FDR
<0.00001), 2) survival relevance (p < 0.05 and HR > 1.5), 3) influence of miR-671-5p on
target MRNA expression (> 25%), and 4) joint survival of target MRNA and miR-671 with
more stringent criteria than for genes alone (p < 0.01 and HR > 2). Based on these 4 criteria,
13 mRNAs were considered clinically relevant candidate miR-671-5p targets in LUSC
(Supplementary Table 4). To validate these putative target genes, qPCR was performed on
LN1 and LN3 cells stably expressing miR-671 or miR-671-5p inhibitors. Two previously
validated targets (FOXM1 (31) and CDR1as (32)) were included as positive controls. Of the
genes tested, two genes (MSR1 and CD93) were lowly expressed in LN1 and LN3 cell lines
and therefore excluded. Surprisingly, CDR1as and IL-16 were the only target genes to show
the predicted directionality in all 4 validation experiments (Supplementary Fig. 7B-E).
Effects of miR-671 manipulation on CDR1as were notably stronger than on IL-16 in most
experiments. Ranking miR-671-5p target genes based on miR binding-site strength revealed
that CDR1as, a circular antisense transcript of the CDR1 gene (32), had a Context++ score
of —3.7, several fold lower than the next lowest score of —0.53 for ANTXR2 (Supplementary
Fig. 7F). Moreover, the predicted miR-671-5p binding site in CDR1as was complementary
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at 21/23 bases, resembling an siRNA (Fig. 2A and B). We confirmed that miR-671-5p
potently decreased CDR1as expression in both of our metastatic sub-clones (Fig. 2C). These
data show that miR-671-5p strongly targets the non-coding RNA CDR1as. CDR1as was not
detected in our initial screen because our target prediction was limited to linear, protein-
coding mRNAs.

CDR1as (also known as ciRS-7), is a direct target of miR-671-5p as confirmed by luciferase
assay (32) and Argonaut cross-linking and immunoprecipitation (AGO-CLIP) in mouse and
human (33). CDR1as contains >70 repeats of the miR-7 seed sequence and is known to act
as a miR-7 sponge (13,14,32). Unlike miR-671-5p, which acts through the endonuclease
Ago2 (32), miR-7 binds more weakly through a canonical 7-8 nucleotide seed sequence
(Supplementary Fig. 8A). Therefore, CDR1as can sequester miR-7 and associated RNA-
induced silencing complexes (RISCs) leading to disinhibition of miR-7 targets (13,14). To
determine whether miR-671-5p silencing of CDR1as can increase free miR-7 and lead to
decreased miR-7 targets, we measured the levels of 9 validated miR-7 targets with a focus
on those relevant to cancer biology (Supplementary Fig. 8B and C). Interestingly, we found
no significant changes in miR-7 targets in LN1 or LN3 cells overexpressing miR-671. Of the
9 genes tested, none showed more than a 30% decrease in cells overexpressing miR-671.
These findings suggest miR-671-5p’s role in LUSC metastasis may occur through CDR1as,
although in a miR-7-independent manner. CDR1as has also been shown to increase the
expression of the CDR1 mRNA, with which it shares a gene locus (32). CDR1 was
discovered as a target of autoantibodies in paraneoplastic cerebellar degeneration (18,19).
Although CDR1 is highly expressed in the brain and up-regulated in some cancer types, its
biologic function is unknown. To confirm that miR-671-5p also reduced CDR1 expression
in LUSC cells, we measured CDR1 by strand-specific reverse transcription followed by
gPCR in cells transfected with miR-671-5p mimics. miR-671-5p strongly decreased CDR1
expression in both LN1 and LN3 sub-clones (Fig. 2D).

We next assessed the biological relevance of the CDR1as/CDR1 axis in lung cancer and
metastases. Expression of CDR1as was measured using /77 situ hybridization (ISH) on a
clinically-annotated tissue microarray containing duplicate biopsies of LUSC, LUAD and
patient matched-normal lung samples (Fig. 2E-G). Notably, we found that CDR1as was 10-
fold higher in LUSC tumors than matched-normal lungs (p=0.0002) and 2-fold higher
compared to LUAD tumors (p<0.0001) (Fig. 2E). High CDR1as expression was associated
with worse survival in non-small cell lung cancer (NSCLC) (HR=1.39, 95% CI 1.01 to 1.94,
p=0.048) (Fig. 2G), suggesting a role in driving metastases. Immunchistochemistry (IHC)
for CDR1 also showed a significant increase in both LUAD and LUSC tumors compared to
normal lung (Fig. 2H and I). CDRL staining was present in the nucleus, cytoplasm, and
perinuclear space and its localization varied between patients and cells within an individual
tumor (Supplementary Fig 9). High CDR1 expression was associated with worse survival in
NSCLC (HR=1.43, 95% CI 1.02 to 2.01, p=0.0429). Similarly, in TCGA, high expression of
CDR1 in LUSC patients was associated with significantly worse survival (HR=1.57, 95% ClI
1.10 to 2.24, p=0.019) (Fig. 2J). To address the importance of the miR-671-5p/CDR1as/
CDR1 axis in LUSC, we performed a dual survival analysis of miR-671-5p and CDR1 and
found that Low miR-671-5p/High CDR1 expression in tumors was associated with worse
survival than High miR-671-5p/Low CDR1 expression (HR=2.094, 95% CI 1.311 to 3.344,
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p=0.002) (Fig. 2K). Using TCGA to cluster LUSC tumors based on High CDR1/Low
miR-671-5p and Low CDR1/High miR-671-5p expression, we identified 2,123
differentially expressed genes (Supplementary Fig. 10A, Supplementary Table 5). Gene set
enrichment analysis (GSEA) in the High CDR1/Low miR-671-5p cohort revealed dramatic
enrichment for signatures of EMT and signaling of TGF (a potent inducer of EMT) (Fig.
2L and M). These GSEA findings were powerfully matched by a gene ontology (GO)
analysis of the genes upregulated in this cohort (Supplementary Fig. 10A, top portion),
which showed that the most statistically significant GO term (p=1.10E-49) was ‘cell
adhesion’ (Supplementary Fig. 10B and Supplementary Table 6); indeed EMT and cell-cell
adhesion are intimately related (27). GSEA also identified a strong enrichment for genes
upregulated when there is loss of the cell adhesion molecule E-Cadherin (CDH1)
(Supplementary Fig. 10C). Consistent with these findings, CDR1 expression across >1,000
cancer cell lines strongly correlated (Spearman’s 2-sided t-test p<0.0001) with several EMT
genes (Supplementary Fig. 10D, Supplementary Table 7). Taken together, these findings
imply that CDR1 expression is closely tied to poor survival and the expression of metastatic
gene signatures in LUSC, including EMT.

The CDR1as/CDR1 axis is necessary and sufficient for LUSC metastasis.

Therapeutic

To determine whether inhibiting the CDR1as/CDR1 axis is necessary for the suppressive
effect of miR-671-5p on LUSC metastasis, LN1 cells were stably transduced with shRNAs
(shRs) against CDR1 or CDR1as. Inhibition of CDR1/CDR1as with several independent
shRs (Supplementary Fig. 11A-C) significantly increased survival of orthotopically injected
mice from 53 days (control shR) to between 78 and 136 days (CDR1 and CDR1as shRs,
respectively) (Fig. 3A). In addition, inhibition of CDR1 or CDR1as markedly reduced LN
metastases (Fig. 3B) in all 4 groups, and tumor burden as measured by luciferase expression
(Fig. 3C and D). CDR1as shR2 showed the strongest inhibition of LUSC progression and
metastasis, reducing LN mets by >75% (p=0.004) and tumor burden by 30-fold (p=0.0002)
relative to control (Fig. 3B and C). To test whether CDR1 is sufficient to promote LUSC
progression and metastasis, SK-MES-1 and LN1 cells were stably transduced with the
CDR1 ORF. CDR1 overexpression in SK-MES-1 cells was sufficient to increase distant
metastases to the level of the aggressive LN1 model (p<0.05), but had no significant effect
on primary tumor size (Fig. 3E-G). CDH1 was decreased in tumors over-expressing CDR1,
supporting a role for CDR1 in EMT (Supplementary Fig. 12). Taken together, the CDR1as/
CDRL1 axis was necessary and CDR1 alone was sufficient to drive LUSC metastasis.
Importantly, overexpression of CDR1 was able to partially rescue the metastatic phenotype
of CDR1as knockdown, showing that the biological function of CDR1as is at least in part
dependent on its regulation of CDR1 (Fig. 3H and I).

delivery of miR-671-5p inhibits metastasis.

In order to target the CDR1as/CDR1 axis therapeutically, we formulated lipid protamine
hyaluronic acid nanoparticles (LPH-NPs) containing miR-671-5p mimics (Fig. 4A). A
characteristic core structure was seen by transmission electron microscopy (TEM) (Fig. 4B)
and LPH-NPs had a hydrodynamic diameter ~100 nm in size, as measured by dynamic light
scattering (DLS), with a charge of +40 mV. LPH-NPs were decorated with the SigmalR
ligand amino-ethyl-anisamide (AE-AA) to facilitate uptake into tumor cells (34). Both LN3
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and LN1 expressed SigmalR on the cell surface as determined by biotinylation and isolation
of cell surface proteins (Supplementary Fig. 13A). Also, SIGMARL expression in LUSC
tumors was just over half that of EGFR (1820+1200 and 3630£7070, respectively), which is
often amplified in LUSC (4), and more than 10 times higher than hormone receptors, ESR1
(90£140), PGR (30%40), and AR (20+40) (Supplementary Fig. 13B). Incorporation of AE-
AA increased uptake of LPH-NPs carrying fluorescently tagged dsRNA (Fig. 4C). Given the
higher expression of SigmalR on the surface of LN3 cells (Supplementary Fig. 13), this
model was chosen for further therapeutic experiments. LPH-NPs carrying fluorescently
labeled dsRNA were used to measure the biodistribution of dSRNA in tumor bearing mice.
Forty-eight hours after a single IV injection, dsSRNA accumulated in H520-LN3 lung
primary and metastatic tumors (Fig. 4D and E). Time-kinetic experiments revealed that
miR-671-5p LPH-NPs decreased CDR1as expression by 60% relative to control LPH-NPs
at 24h, and CDR1 positive cells by 70% at 48h (Supplementary Fig. 14A-C). Treatment
with miR-671-5p NPs 3x per week for three weeks significantly decreased the number of
LN metastases in H520-LN3 mice (Fig. 4F and G) without evident toxicity or weight loss
(Supplementary Fig. 15). In tumors collected 24h after the final NP injection, the number of
CDRL1 positive cells was significantly decreased in LN metastases of mice treated with
miR-671-5p NPs compared to controls (Fig. 4H and I). Interestingly, LN metastases had
significantly higher numbers of CDRL1 positive cells than primary lung tumors (Fig. 41),
consistent with CDR1 having a role in LUSC metastases.

CDR1 promotes migration and interacts with ER-Golgi network.

To characterize the cellular effects of CDR1 overexpression, we assessed proliferation and
migration in our LUSC cell lines. While modest effects on proliferation and colony
formation were observed (Supplementary Fig. 16 A-C), overexpression of CDRL1 in parental
SK-MES-1 cells was sufficient to significantly drive chemotactic migration to the level of
the LN1 sub-clone (Fig. 5A). Similarly, SK-MES-1-CDR1 cells moved with greater velocity
(p<0.01) and traveled a greater distance (p<0.05) compared to SK-MES-1-GFP in a random
migration assay on type 1 collagen (Fig. 5B). These experimental outcomes are aligned with
the GO analysis of the genes upregulated in High CDR1/Low miR-671-5p, which shows
that one of the most significant biological process of these patients is “positive regulation of
cell migration” (Supplementary Fig. 10B), intended as an increased frequency, rate or extent
of migratory capabilities. To understand the mechanism by which CDR1 promotes
metastasis, we identified protein interacting partners of CDR1 using epitope-mediated
immunoprecipitation followed by mass spectrometry (IP-MS). A total of 34 proteins were
associated with CDR1 in both 293T and LNL1 cells stably expressing CDR1-Flag (Fig. 5C
and D), and 19/34 proteins were localized to the Golgi apparatus and/or endoplasmic
reticulum (Fig. 5C). It is noteworthy that EMT-driven Golgi compaction has recently been
linked to promotion of lung adenocarcinoma metastasis (35). Several CDR1-interacting
partners were validated by IP-WB (Fig. 5E). CDR1 interacted with coatomer protein |
(COPI) complex subunits, COPA and COPE, which mediate transport between the ER and
Golgi (36), as well as several members of the AP-1 complex (AP1G1, AP1G2, and AP1S1).
The AP-1 complex serves as an adaptor for clathrin, traffics between the frans-Golgi
network and endosomes, and is important for basolateral polarized sorting (36).
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CDR1 promotes migration through Golgi trafficking.

To explore the interaction between CDR1 and vesicular proteins, we performed
immunocytochemistry for CDR1. CDR1 staining was observed in the nucleoplasm, ER and
Golgi structures (Fig. 6A) consistent with IP-MS results (Fig. 5C). Co-immunostaining for
COPA and AP1G1 showed that CDR1 partially co-localized with COPA and AP1G1 in
perinuclear structures consistent with Golgi (Fig. 6A, Supplementary Fig. 17A and
Supplementary Table 8). CDR1 also partially colocalized with COPA and AP1G1 in
HCC-2814 cells, which express intermediate endogenous levels of CDR1 (Supplementary
Fig. 17B and Supplementary Table 8). Proximity ligation assays confirmed that CDR1
interacts with COPA and AP1G1 in LN1 and LN3 cells at endogenous levels (Fig. 6B).
Consistent with CDRL1 regulation of Golgi-mediated processes, air-liquid interface (ALI)
cultures of the human bronchial epithelial cell line (HBEC) UNCN3T overexpressing CDR1
displayed a striking increase in mucin production (Supplementary Fig. 18). Furthermore, use
of brefeldin A (BFA) to inhibit Arf1-GTPase, which is required for AP-1 and COPI
membrane anchorage (37), abolished CDR1-dependent migration and haptotaxis (Fig. 6C
and D). Similarly, in epistasis experiments, silencing of COPA but not AP1G1 blocked
CDR1-dependent migration (Fig. 6E), suggesting that COPA is functionally downstream of
CDR1-mediated migration.

Considering that Golgi-complex reorientation is essential during cell migration (38), we
tested whether CDR1 expression altered Golgi orientation during a scratch assay. Consistent
with a pro-migratory phenotype, SK-MES-1-CDR1 cells invaded the scratch in significantly
greater numbers than SK-MES-1-EV cells (Fig 7A and B). The orientation of the Golgi in
cells at the scratch edge was scored as either on the side of the nucleus facing toward the
scratch (toward) or on the side of the nucleus facing away from the scratch (away). Based on
this analysis, a significantly higher proportion of CDR1 cells had Golgi oriented toward the
scratch than EV cells (Fig. 7C), indicating that CDR1 increases Golgi orientation toward the
direction of migration.

ER to Golgi trafficking is required for the secretion of pro-metastatic factors. To determine
whether CDR1 overexpression has a functional effect on ER to Golgi trafficking, we utilized
the retention with selective hooks (RUSH) assay (39) to quantitatively measure the rate of
ER to Golgi trafficking. SK-MES-1-empty vector (EV) or -CDR1 cells were transfected
with streptavidin binding protein (SBP) fused to a secreted soluble GFP (ssSBP-GFP) and
streptavidin fused to the invariant chain of the MHC (li) (Str-1i), which acts as an ER hook.
ssSBP-GFP was retained in the ER until the addition of biotin, which released ssSBP-GFP
to traffic into the Golgi. Fluorescent images were captured every min starting 5 min after
biotin addition for 45 min. GFP accumulation in the Golgi, labeled with mApple-
Sialyltransferase (mApple-SiT), was quantified (Fig. 7D and E, Supplementary Video 1 and
2). Both SK-MES-1-EV and -CDR1 showed an accumulation of GFP in the Golgi over the
imaging period (Fig. 7F). We observed a small population of fast trafficking cells (>3 fold
from baseline at 50 min after biotin addition) (Fig. 7G). There was a significantly higher
proportion of “fast” trafficking cells in CDR1 (4/11 cells) compared to EV cells (0/11 cells)
(p<0.05) (Fig. 7H). These data demonstrate that CDR1 can promote ER to Golgi trafficking.
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Together, these findings represent the first functional characterization of CDR1 and identify
it as a key driver of LUSC metastatic biology, which is dependent on Golgi trafficking.

DISCUSSION:

Therapeutic strategies to inhibit metastatic spread in aggressive cancers, such as LUSC, are
urgently needed. To identify key regulators of LUSC metastasis, we screened miRs
associated with patient survival and metastatic phenotypes and identified miR-671-5p as an
anti-metastatic miR. Expression of miR-671-5p was strongly associated with patient
survival and genetic overexpression or therapeutic delivery of miR-671-5p was capable of
inhibiting metastasis. The circRNA, CDR1as, was strongly inhibited by miR-671-5p as was
its antisense transcript CDR1. This CDR1as/CDR1 axis was associated with worse survival
in LUSC patients and inhibition of CDR1as or CDR1 decreased tumor burden and
metastases. Overexpression of CDR1 was sufficient to promote metastatic spread and rescue
loss of CDR1as.

These findings are consistent with miR profiling studies that found miR-671-5p among
miRs associated with increased survival in stage | NSCLC (40). In agreement with previous
studies, we found that miR-671-5p targeted the circular RNA CDR1as (32,33). However,
CDR1as was not detected by a bioinformatic screen for miR-671-5p targets. This highlights
a weakness of standard miR target prediction approaches, which can overlook miR-
noncoding RNA interactions.

We found that CDR1 promotes metastasis through Golgi orientation and trafficking.
Intrinsic functions of Golgi trafficking are critical for metastasis (41) and cell migration
(38). We report that CDR1 overexpression can increase cancer cell motility, chemotaxis, and
haptotaxis and epistasis experiments revealed that this gain-of-function is dependent on
Golgi trafficking. Golgi trafficking can also promote metastasis through extrinsic
mechanisms by secretion of pro-invasive and pro-angiogenic factors (42). These secreted
factors require processing and trafficking in the ER-Golgi. Using non-transformed human
bronchial cells, we found that CDR1 expression increased mucin secretion. CDR1
overexpression in LUSC cells facilitated Golgi orientation towards the direction of migration
and increased the rate of ER to Golgi trafficking, suggesting CDR1 may also have effects on
the secretome and extracellular state. In addition to the Golgi, CDR1 also localized to the
nucleus by immunostaining and interacted with several nuclear proteins in our IP-MS
analysis. Further investigation of the role of CDR1 in the nucleus is warranted.

Understanding of the cross-talk between circRNA and miRs is rapidly expanding. Though
circRNAs were discovered decades ago, they were initially dismissed as splicing errors (43).
The renaissance of circRNAs began with the discovery that circRNAs are abundant and
functional in mammals (13,14). These early reports indicated that circRNAs could function
as miR-sponges, and suggested that this mechanism could influence cancer biology. In
particular, CDR1as acts as a sponge for the tumor suppressor miR-7 (13,14). CDR1as is
highly expressed in the brain and fully-body knock-out models of CDR1as resulted in a
brain specific decrease in miR-7, increase in miR-7 targets, and mild neuropsychological
deficits, suggesting that sponging of miR-7 by CDR1as stabilizes rather than inhibits miR-7
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(33). In neurons, excess miR-7 can also enhance the silencing of CDR1as by miR-671-5p
(44). Importantly, no adverse effects of CDR1as deletion were found outside the CNS,
making CDR1as a highly appealing therapeutic target for cancer.

There are >70 miR-7 seed matches decorating CDR1as, which is an unusually high amount.
For most circRNAs there are no more miR binding sites than expected by chance (45). Other
known functions for circRNAs include acting as a decoy for RBPs and serving as protein
scaffolds. However, little is known about mechanisms for circRNAS in cancer beyond miR-
sponging (17). CDR1as is also an unusual circRNA in that it is a natural antisense transcript
(NAT) (32). NATSs can increase or decrease expression of their complimentary mRNA. In
some cases, this is through complimentary base-pairing (46). Given that the entire CDR1
MRNA is complementary to CDR1as, CDR1as likely stabilizes CDR1 directly through base
pairing. Consistent with our findings in LUSC, the function of CDR1as in melanoma is also
miR-7 independent (47). Interestingly, in melanoma, CDR1 was not found to be expressed
and CDR1as instead functions through an RBP-mediated mechanism to inhibit metastasis
(47). Thus, CDR1as functions in a context-dependent manner to enact different, even
divergent, cancer phenotypes.

The repeated miR-7 seed sequence on CDR1as is highly conserved. Interestingly, this seed
sequence corresponds to the hexapeptide repeat that is present in CDR1. Therefore, it is
unclear whether protein sequence, miR seed, or both drive evolutionary conservation. We
found miR-671-5p’s role in suppressing metastasis occurred through a CDR1as/CDR1 axis
and that CDR1 alone was sufficient to promote metastasis. CDRL1 is highly expressed in the
brain and acts as an onconeural antigen in paraneoplastic disorders (18,19). The predicted
structure of CDRL1 is an a-helix with a 30 aa segment of B-sheet conformation at its C-
terminus. Repeated sequences and a-helices are characteristic of a wide range of proteins,
including structural proteins, RNA pola, and fungal surface proteins (18,19). Therefore, it is
difficult to discern the function of CDR1 by sequence alone. Based on direct protein-protein
interaction and immunostaining, we determined that CDR1 localized to multiple cellular
compartments and was associated with COPI and AP1 vesicles. Furthermore, epistasis
experiments revealed that inhibition of the COPI subunit COPA blocked CDR1-dependent
migration. Given the importance of secretion and retrograde transport in neurotransmission
and the high expression of CDRL1 in the brain, these findings have important implications in
neurobiology.

In conclusion, we have found that miR-671-5p inhibits LUSC metastases by targeting the
poorly understood CDR1as/CDR1 axis. Although previously only known to be associated
with paraneoplastic cerebellar degeneration (18,19), we found that CDR1 promotes
metastases via increased cell migration through Golgi trafficking. To our knowledge, this is
one of few reports to show a circRNA driving metastasis /77 vivo and the first for CDR1as. In
addition, we describe the first therapeutic targeting of a circRNA. These findings reveal a
complex regulatory network used to promote LUSC metastases and may have important
implications in the understanding of the progression of other cancer types. Further, these
findings reveal a broader functional repertoire for circRNAs which can be targeted through
RNAi-based strategies.
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Significance:

This study shows that circular RNA CDR1as promotes lung squamous migration,
metastasis, and Golgi trafficking through its complimentary transcript, cerebellar-
degeneration related protein 1 (CDR1).
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Figure 1. miR-671-5p inhibits LUSC metastasis.
A, Hazard ratios for survival based on mean miR expression by abundance in TCGA. B,

Screening of miRs significantly (p<0.05) associated, when individually considered, with
increased survival (HR<1) or decreased survival (HR>1). C, Heatmap of Nanostring miR
profiling of parental SK-MES-1 and LN1 sub-clone. D, Validation of miR expression in
metastatic sub-clones compared with parental lines by qPCR. Asterisk indicates lead
candidate. E, Survival plots for LN1 model when control miR or miR-671 is stably over-
expressed. LN1 control n=15, miR-671 n=16. F, Representative LN metastasis (dotted
circles with asterisk), and G, enumeration of LN metastases 23d after orthotopic injection
with control miR or miR-671 overexpressing LN1. H, Survival of mice after injection of
LN3 cells overexpressing control miR or miR-671, control n=14, miR-671 n=15. I,
Representative images and J, enumeration of LN disease 31 d after injection with control or
miR-671 LN3. K thru M, Overall survival in LUSC TCGA patients based on above/below
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mean expression of miR-671 gene and the two miR-671 isoforms, 5p and 3p. Survival based
on the 5p and 3p isoforms. * p<0.05, ** p<0.01 by one-tailed Student’s t-test.

Cancer Res. Author manuscript; available in PMC 2021 May 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Harrison et al.

Page 19

*%k * *k -
=0.000.
A miR-671 - C dé’ *kkk D e E P 2
5’MGGAAGCCCUGGAGGIEIGCHGGAG\3‘ B 1.0 £ 1.0
3 CGACCUUCGGGACCUCU CGACCUUCUGGACS o S 0
A ) -]
° o) [
CDR1as uw 0.5 S 0.5 [
0 - ]
g T z
o a =
B S ool O ool ML W o
backsplice g S; g <'$ :_.O- 5 g s
§x s sx §o
OE QE OE OFE
miR-671-5p LN1 LN3 LN1 LN3
binding site
High CDR1as Low CDR1as G
F ¥ X 2 ¢ 3 - High CDR1as
< 100 =- Low CDR1as
2
2
3
7]
£ 50
3
o
& =0.048
CDR1as R L
(circRNA) 01 2 3 4 5
Years Survival
H Normal Lung LUAD LUSC
T ; | p=0.0020
5=0.0020
100 . &
2 g9 ogc
3 g
x 60
X 40
8
N 20
0
& O L
' )
\;o‘& NAING
== High CDR1
E e =Low/CDR1 Low CDR1 High CDR1
z L _Hallimark EMT M High miR-671-5p Low miR-671-5p
2 50 1
] <
o ~
e "
g leoots L g
01 2 3 4 5 High CDR1-Low miR-671-5p xl‘;
Years Survival ES:0.78 G £
<0. £ET
— High CDR1-Low miR-671-5p FOR<0.001 GO E
==Low CDR1-High miR-671-5 I
K 9 P Hallmark_TGF_
b 100 BETA_SIGNALLING
2
g :
L ”
z 5 38
T TN g8
a _|p=0.002 High CDR1-Low miR-671-5p $E
01 2 3 4 5 ES:0.60
Years Survival FDR=0.004

Figure 2. miR-671-5p silences the CDR1as/CDR1 axis.

A, miR-671-5p binding site on CDR1as target gene. B, Orientation of miR-671-5p binding
on the circular CDR1as and regions of complementarity between CDR1as and CDR1
mRNA. C and D, Transfection with 20 nM miR-671 mimics inhibited CDR1as and CDR1
RNA levels measured by gPCR at 48h after transfection, using divergent and stranded
primers respectively. Expression was normalized to 18S, GAPDH, and TBP housekeeping
genes (n=3). E, Quantification of CDR1as normalized to positive control PPIB in normal
lung tissue (n=18), LUAD (n=266), and LUSC (n=191) tumors. Significance determined by
ANOVA corrected for multiple testing using the FDR. F, Representative ISH for CDR1as
(red) and positive control PPIB (green) in LUSC tissue microarrays. G, Survival of NSCLC
patients based on High (n=144) or Low (n=77) CDR1as by ISH. H, Representative IHC for
CDR1 in NSCLC tissue microarrays. I, Quantification of %CDR1+ cells per TMA core,
normal lung tissue (n=50), LUAD (n=281), and LUSC (n=202) tumors. Significance
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determined by ANOVA corrected for multiple testing using the FDR. J, Survival of LUSC
patients based on High or Low CDR1 mRNA expression in TCGA based on the median
expression of CDR1. K, Joint (median-based) survival analysis of CDR1 and miR-671-5p.
L and M, Gene set enrichment plots and heatmaps of 122 genes belonging to the hallmark
EMT leading edge (top) and of 11 EMT selected markers (bottom), showing their
upregulation in High CDR1/Low miR-671-5p LUSC tumors. * p<0.05, ** p<0.01, ****
p<0.0001 by two-tailed Student’s t-test.
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Figure 3. The CDR1as/CDR1 axis is necessary and CDR1 is sufficient for LUSC metastasis.
A, Kaplan Meyer survival curves of mice orthotopically injected with shR transduced SK-

MES-LNT1 cells. Scr shR n=10, CDR1 shR1 n=10, CDR1 shR2 n=6, CDR1as shR1 n=9,
CDR1as shR2 n=9. * p<0.05, *** p<0.001 by log-rank test. B, LN metastases at time of
death in mice orthotopically injected with shR transduced SK-MES-LNL1 cells. C,
Quantification of thoracic luciferase signal and D, representative luciferase images 3 weeks
after orthotopic injection of shR transduced cells. * p<0.05, ** p<0.01, *** p<0.001 by
ANOVA corrected for multiple testing using the FDR. E, Representative images of thoracic
disease, F, quantification of distant metastases, and G, weight of tumor bearing left lung in
mice orthotopically injected with SK-MES-1-GFP, SK-MES-1 CDR1, LN1-GFP, or LN1-
CDR1 (n=15 per group). * p<0.05 by Student’s t-test. H, Representative luciferase images
and 1, quantification of thoracic luciferase signal 3 weeks after orthotopic injection of shR
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and EV or CDR1 transduced SK-MES-LN1 cells. Scr-shR-EV n=9, CDR1as shR-EV n=10,
CDR1as shR-CDR1 n=10. * p<0.05 by one-tailed Student’s t-test.
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Figure 4. Therapeutic delivery of miR-671-5p inhibits metastasis.
A, Graphic representation of lipid protamine hyaluronic acid (LPH) NPs, hyaluronic acid

(HA), Aminoethyl anisamide (AE-AA). B, Transmission electron micrograph of LPH NPs.
C, In vitro uptake of Cy5.5 labeled RNAs encapsulated in LPH NPs with or without SIG-1R
ligand AE-AA in LN3 measured by flow cytometry, shown are the mean and SEM for three
independent samples. ** p<0.01 by Student’s t-test. D and E, Mice orthotopically injected
with H520-LN3 cells were administered Cy5.5 labeled RNA formulated in LPH NPs 1V, 24h
later organs were harvested for ex vivo quantification of fluorescence. D, Representative
images and E, quantification of fluorescence normalized to tissue weight (n=2-3). Non-
injected tumor bearing mice were used as control. F, Number of LN metastases after 8 IV
injections of control miR or miR-671-5p NPs in H520-LN3 model. Control (n=11),
miR-671-5p (n=10). * p<0.05 by one-tailed Student’s t-test. G, representative LN
metastases and tumor bearing left lungs treated with control or miR-671-5p NPs. Asterisk
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indicates primary lung tumor. H, Representative IHC staining for CDR1 24h after final 1V
administration of control miR or miR-671-5p NPs; scale bar is 100 pm. I, quantification of
CDRL1 positive cells by IHC per high powered field 24h after final injection of miR control
or miR-671-5p NPs. 25-30 fields per group, **** p<0.0001 by ANOVA corrected for
multiple testing using the FDR.
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Figure 5. CDR1 promotes migration and interacts with ER-Golgi network.
A, Representative images and quantification of trans-well migration of parental SK-MES-1

and LN1 cells stably overexpressing CDR1 or GFP control. Cell counts per high powered
field were normalized to SK-MES-1 GFP control, shown are the mean and SEM of three
independent experiments performed in duplicate. * p<0.05 by Student’s t-test. B, Velocity
and distance of SK-MES-1 GFP (n=135) or CDR1 (n=145) cells analyzed by live cell
tracking, pooled data from three independent experiments. * p<0.05 by one-tailed Student’s
t-test. C, Network of CDR1 interacting partners determined by IP-MS. D, Volcano plots
showing proteins enriched in CDR1-Flag immunoprecipitation (IP) compared to HCRED-
Flag control in LN1 and 293T. E, Western blot validation of IP. Vinculin (VINC) was used
as a loading control.
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Figure 6. CDRL1 driven migration is dependent on vesicular trafficking.
A, Localization of COPA or AP1G1 (red) and CDR1 (Green) in SK-MES-1 CDRL1 or H520-

CDRL1. Shown is a single slice of a z-stack, arrows indicate perinuclear Golgi structures,
scale bar is 5 um. B, Proximity ligation assays showing close proximity of CDR1 with
COPA or AP1G1 at endogenous levels in SK-MES-LN1 and H520-LN3 cells, scale bar is 10
pum. C and D, quantification of C, trans-well migration or D, haptotaxis of SK-MES-1 GFP
or CDR1 with vehicle DMSO or 1 pg/mL Brefeldin A (BFA), shown are the mean and SEM
of three experiments performed in duplicate. E, quantification of trans-well migration of SK-
MES-1 CDR1 48 hours post transfection with negative control (NC), COPA, or AP1GL1 siRs,
shown are the mean and SEM of three experiments performed in duplicate. Black asterisks
indicate significance from GFP NC siR, red asterisks indicate significance from CDR1 NC
SiR. * p<0.05, ** p<0.01 by ANOVA corrected for multiple testing using the FDR.
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Figure 7. CDR1 increases Golgi reorientation and trafficking Kinetics.
A, Representative images of SK-MES-1 EV and CDR1 cells 12 hours after scratch was

formed, red is Golgi marker GM130. Dotted line indicates scratch border, scale bar is 50 pm.
B, Quantification of cells invading the scratch at 12h (n=6 fields per group), *** p<0.001 by
two-tailed Student’s t-test. C, Quantification of Golgi orientation towards or away from the
scratch in cells at the scratch edge, 64—67 cells per group, significance determined by two-
tailed Chi-square test, * p<0.05. D, Representative time course of ssSBP-GFP trafficking
from the ER to the Golgi beginning 5 min after biotin addition in SK-MES-1 EV and CDR1
cells. Images are colored by GFP fluorescence intensity, Golgi mask (dotted line)
determined by mApple-SiT labeling. Scale bar is 5 um. E, Representative images of ssSBP-
GFP (Green) and Golgi marker mApple-siT (Fuchsia) 45 min after biotin addition in SK-
MES-1 EV and CDR1 cells. Scale bar is 5 pm. F, Mean GFP intensity in the Golgi
normalized to baseline value from 5-50 min after biotin addition in SK-MES-1 EV and
CDRL1 cells. Golgi position was determined by mApple-SiT marker. Shown are the mean
and SEM of two independent experiments, 11 cells per group. G, Mean GFP intensity in the
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Golgi normalized to baseline value at 50 min post biotin addition in SK-MES-1 EV and
CDRL1 cells. Solid line is the mean, dotted lines represent quartiles, 11 cells per group. H,
Proportion of cells with Fast (>3 Fold Baseline) or Slow (<3 Fold Baseline) trafficking at 50
min after biotin addition. Significance determined by two-tailed Chi-square test * p<0.05, 11
cells per group.
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