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Loss of nidogen-1 causes lung
basement membrane defects
and increased metastasis
Tian Xia1†, Kamilla W. Zornhagen1, Ilkka Miinalainen2,
Lilach Abramovitz3, Chris D. Madsen4, Monica Nicolau1,
Alejandro E. Mayorca-Guiliani 1, Neta Erez3 and Janine T. Erler1*

1Biotech Research and Innovation Centre (BRIC), University of Copenhagen (UCPH),
Copenhagen, Denmark, 2Electron Microscopy Core Facility, University of Oulu, Oulu, Finland,
3Department of Pathology, Gray Faculty of Medical & Health Sciences, Tel Aviv University, Tel
Aviv, Israel, 4Division of Translational Cancer Research, Lund University, Lund, Sweden
Metastasis is the most common cause of cancer patient deaths. It is a complex
process strongly in�uenced by the extracellular matrix (ECM). A mass
spectrometry analysis comparing ECM proteins from healthy mouse lungs
versus metastatic lungs has previously been performed, and the basement
membrane (BM) component nidogen-1 has been identi�ed to be one of the
most downregulated ECM proteins in metastatic lungs. Here, we investigated the
role of stromal cell-derived nidogen-1 in metastasis. We found that nidogen-1 is
expressed by �broblasts but not cancer cells, and nidogen-1 is downregulated in
breast tumors compared to healthy mammary gland. Using the HCmel12
melanoma model, we found that loss of stromal nidogen-1 causes increased
lung metastasis. Using electron microscopy, we found that nidogen-1 knockout
mice have defects in the lung alveoli, such as fragmented endothelium, poorly
de�ned BM, and enlarged interstitium. This suggests that loss of nidogen-1 may
cause BM defects, which compromise its barrier function, thereby increasing the
ability of cancer cells to extravasate and colonize the lungs. Our �ndings provide
novel insight into cancer-stromal interplay and the role of nidogen-1 at the
metastatic niche.
KEYWORDS

nidogen-1, basement membrane, lung, cancer, metastasis
umors
, include

s
such as
ECM)
1 Introduction

Metastasis is the most common cause of death for patients with solid malignant t
(1). The major steps of metastasis, also known as the invasion-metastasis cascade
local invasion, intravasation, extravasation, and metastatic colonization (2, 3). These step
require cancer cells being able to breach mechanical barriers between tissues,
basement membranes (BMs), which is a specialized form of extracellular matrix (
containing laminins, collagens, perlecans and nidogens (1, 4).
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It has been shown that metastatic potential of cancer
correlates with their ability to degrade BM components (5), and
that invasive tumors are surrounded by fragmented and disru
BMs while their benign counterparts are surrounded by intact B
(6). This suggests that BMs are crucial structural ECM bar
inhibiting cancer metastasis.

In our previous studies, we performed a mass spectrom
analysis comparing ECM proteins in decellularized tissues
healthy lungs versus metastatic lungs from mice bearing ortho
breast cancer tumors, and identi� ed nidogen-1 as one of the mo
downregulated ECM components in metastatic lungs (7). In
addition, in that study, we also observed discontinuous nidog
coverage of the BMs at the invasive tumor front. This led u
hypothesize that loss of nidogen-1 in the stromal compartment
promote cancer cell invasion and metastasis (7).

Here, we investigate the role of stromal nidogen-1 in ca
metastasis using nidogen-1 knockout mice. Our� ndings uncover a
novel role of stromal nidogen-1 in the regulation of cance
progression and identify lung BM defects upon loss of nidog
that enable formation of metastases. Our studies therefore un
novel functions of nidogen-1 in regulating cancer progression
highlight the roles of stromal cell-derived nidogen-1.
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2 Materials and methods

2.1 Cell culture

4T1 and B16 cells were cultured in DMEM (Gibco) with 1
FBS. HCmel12 cells were cultured in DMEM with 20% F
Cancer-associated� broblasts (CAFs) was cultured in DMEM wi
10% FBS and 1% Insulin-Transferrin-Selenium (100X, Gibco)
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2.2 CRISPR knockout cell line generation

The generation of nidogen-1 CRISPR knockout cell lines
performed according to published protocols (8). sgRNA for
CRISPR was designed using the DESKGEN cloud platform9).
Two sgRNA oligos 5’- CACCGCTGCCATCTGAATAATGAA -3’
and 5’- AAACTTCATTATTCAGATGGCAGC -3’ targeting
nidogen-1 were cloned into the vector SpCas9-2A-Puro V2
After transfection, single cell isolation was performed. Knock
clones were con� rmed by Sanger sequencing of the genomic D
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2.3 Animal studies

All animal experiments were approved and conduc
according to the regulations of The Animal Experiment
Inspectorate, Danish Veterinary and Food Administration, w
license numbers 2012-15-2934–00222 and 2017-15-0201-01265,
well as regulations from the Department of Experimental Medic
University of Copenhagen. We obtained the nidogen-1 knoc
mouse as a generous gift from Prof. Thomas Krieg at the Unive
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Hospital of Cologne (10). The aSMA::RPF transgenic mouse w
published previously (11). The PyMT-Col1a::YFP transgenic mic
were generated and maintained by the Erez Lab (Raz Y. and C
N. et al., under revision). Other wildtype mice were ordered f
Taconic Biosciences.

For the tumor-fat pad junction staining experiments, 1,000,
4T1 H2B GFP cells were injected into the mammary fat pad o
week old BALB/c mice. Primary tumors together with mammary
pads were resected 10 days after injection. ForaSMA+ stromal cell
and 4T1 FACS sorting experiments, 1,000,000 4T1 H2B GFP
were injected into the mammary fat pad of 16-week oldaSMA::RPF
transgenic mice. Primary tumors together with mammary fat p
were resected 8 days after injection. For melanoma ortho
models, 200,000 HCmel12 cells were injected subcutaneous
10-18-week old mice. Humane endpoint was de� ned when primary
tumor reached 10mm diameter. For melanoma experime
metastasis models, 200,000 HCmel12 cells were injected in
lateral tail veins of 9-11-week old mice. Mice were euthaniz
weeks after injection.
nd
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2.4 Isolation of cells from fresh tissues by
Fluorescence Activated Cell Sorting

The isolation of normal mammary gland� broblasts (NMFs)
and cancer-associated� broblasts (CAFs) from the PyMT mode
and healthy lung� broblasts and metastatic lung� broblasts from the
BALB/c model were performed as previously described (12). This
reference (12) published in the Journal of Visualized Experime
(JoVE) is a detailed step-by-step protocol methodology paper
videos and graphs).

Cell exclusion was performed using the CD326 (EpCA
antibody (clone G8.8, eBioscience) and the CD45 antibody (c
30-F11, eBioscience). PDGFRa antibody used was clone APA
(eBioscience). The isolation of GFP+ and RFP+ cells from
aSMA::RPF model was performed using the gentleMA
Dissociator following Miltenyi Biotec’s instructions. We have als
included detailed control data for tumor cells contr
(Supplementary Figure 6), dsRed channel control (Supplementary
Figure 7), and GFP channel control (Supplementary Figure 8). In
addition, detailed view of the FACS experiment inFigure 1Cis also
included (Supplementary Figure 9).
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2.5 RNA isolation and qPCR

RNA from sorted cells was isolated using the RNeasy Micro
(Qiagen), followed by cDNA synthesis using the iScript cD
Synthesis Kit (Bio-Rad). qPCR was performed using
LightCycler 480 SYBR system (Roche). Nidogen-1 oligos we’-
GTATCCCCCTCCCTGGAACT-3’ and 5’-TCGCTCATGGCG
ATGATACC-3’. Col1a oligos were 5’-TGTGTTCCCTACTCAGC
CGTCT-3’ and 5’-CTCGCTTCCGTACTCGAACG-3’. aSMA
oligos were 5’-AGCCAGTCGCTGTCAGGAA-3’ and 5’-CGAAG
CCGGCCTTACAGA-3’.
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FIGURE 1

Nidogen-1 is expressed by �broblasts but not by cancer cells. (A) Immuno�uorescent images of a fat pad bearing a primary tumor. (B) Left:
RNAscope image showing nidogen-1 mRNA (pink dots); right: immuno�uorescent image of a fat pad bearing a primary tumor. (C) Fluorescence
Assisted Cell Sorting (FACS) sorting panels. Q1 represents aSMA::RFP, and P6 represents 4T1 H2B-GFP. (D) qPCR quanti�cation of nidogen-1 levels.
(E) Left: western blot (WB) of nidogen-1; right: quanti�cation of the western blot signal in the conditioned medium of three biological repeats (CAF
normalized to be 100). Lane1: CAF, 2: CAF KO, 3: EO771, 4: EO771 KO, 5: 4T1, 6: HCmel12, 7: B16, from conditioned medium. Lane8: CAF, 9: CAF
KO, 10: EO771, 11: EO771 KO, 12: 4T1, 13: HCmel12, 14: B16, from cell lysates. Full western blot �lms and more information is in Supplementary
Figure 2A, B, (C) Note: EO771 cell line was not used in this manuscript. For transparency, we did not cut this WB membrane and therefore EO771 line
was kept here. “KO” refers to nidogen-1 knockout using CRISPR technology. Tu, tumor region; FP, fat pad region. N numbers in this �gure: for
Figures 1A, B, 6 mice were examined (n=6). Representative picture shown; for Figure 1C, for both the in vivo and in vitro experiments, three mice
were used for each group (n=3 per group); for Figure 1D, three independent biological repeats were performed (n=3).
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