
The American Journal of Pathology, Vol. 190, No. 2, February 2020
ajp.amjpathol.org
MATRIX PATHOBIOLOGY
Collagen VI Deficiency Results in Structural

Abnormalities in the Mouse Lung
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Collagen VI (COL6) is known for its role in a spectrum of congenital muscular dystrophies, which are
often accompanied by respiratory dysfunction. However, little is known regarding the function of COL6
in the lung. We confirmed the presence of COL6 throughout the basement membrane region of mouse
lung tissue. Lung structure and organization were studied in a previously described Col6a1�/� mouse,
which does not produce detectable COL6 in the lung. The Col6a1�/� mouse displayed histopathologic
alveolar and airway abnormalities. The airspaces of Col6a1�/� lungs appeared simplified, with larger
(29%; P < 0.01) and fewer (31%; P < 0.001) alveoli. These airspace abnormalities included reduced
isolectin B4þ alveolar capillaries and surfactant protein Cepositive alveolar epithelial type-II cells.
Alterations in lung function consistent with these histopathologic changes were evident. Col6a1�/�

mice also displayed multiple airway changes, including increased branching (59%; P < 0.001),
increased mucosal thickness (34%; P < 0.001), and increased epithelial cell density (13%; P < 0.001).
Comprehensive transcriptome analysis revealed that the loss of COL6 is associated with reductions in
integrin-paxillinephosphatidylinositol 3-kinase signaling in vivo. In vitro, COL6 promoted steady-state
phosphorylated paxillin levels and reduced cell density (16% to 28%; P < 0.05) at confluence. Inhi-
bition of phosphatidylinositol 3-kinase, or its downstream effectors, resulted in increased cell density
to a level similar to that seen on matrices lacking COL6. (Am J Pathol 2020, 190: 426e441; https://
doi.org/10.1016/j.ajpath.2019.10.014)
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The extracellular matrix (ECM) is composed of the noncel-
lular components of a tissue and provides multiple critical
structural and signaling properties. Major components of the
ECM include collagens, proteoglycans, glycoproteins,
elastin, and fibronectin. Highly diverse organization of the
ECM contributes a broad range of properties, including tissue
stiffness and elasticity, to facilitate proper tissue and organ
function.1e3 In addition to structural properties, ECM can
provide numerous signaling cues for events, including
migration, proliferation, and differentiation, to direct devel-
opment, healing, and homeostatic conditions.4,5 This can be
accomplished via direct interaction of cells with the matrix or
by sequestration and release or presentation of growth factors
by the matrix. Disruption of any of the functions of the ECM
can be devastating to the tissue and is known to be involved in
a multitude of diseases.6
stigative Pathology. Published by Elsevier Inc
The ECM is known to be critical in the development, or-
ganization, and maintenance of lung structure. During
development and homeostasis, organization and presence of
particular ECM components direct both cellular function and
further remodeling and maturation of the matrix by the sur-
rounding cells. This can be due to cell signaling initiated by
interaction with matrix components or mechanotransduction,
a process by which cells respond to the mechanical forces
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Collagen VI and Lung Structure
imparted by the matrix.7e9 Alterations in the structure and
expression of collagens and elastin, critical components of
the lung ECM, are associated with alveolar simplification and
emphysema in the lung parenchyma.10e12 It has been shown
that airway branching can also be promoted or arrested by
alteration of the surrounding matrix.13,14 Changes in the
matrix during development, injury repair, or homeostasis
have the potential to significantly alter lung structure, and
often accompany chronic lung disease.15,16

Within the matrix are specialized structures and regions.
One of these structures is the basement membrane, which is
found beneath the epithelium, endothelium, and other cellular
structures, including muscle and adipose.17 The basement
membrane is canonically composed ofmultiple collagens, the
best-known being collagen IV, as well as fibronectin, laminin,
and entactin, but can include many additional matrix proteins
and proteoglycans.17,18 The highly epithelial nature of the
lung, and extent of vascularization, leads to an abundance of
basement membrane throughout much of the overall lung
structure. The basement membrane plays a crucial role in the
structural organization and regulation of pulmonary epithelial
cell function.19,20 There is substantial dysregulation, and in
some cases, a pathologic role of the lung basement membrane
in several diseases, including chronic obstructive pulmonary
disease, idiopathic pulmonary fibrosis, and bronchopulmo-
nary dysplasia (BPD). Structural defects are known pathol-
ogies in each of these disorders.10,21,22

One component of the basement membrane that is not
well understood is collagen VI (COL6). COL6 is a beaded
filament-forming collagen that can be found in the basement
membrane region of epithelial tissues (eg, intestine, testis,
and skin), muscle, and extensively throughout the lung.23,24

Previous work has implied that the major function of COL6
is to connect the cells it surrounds with the matrix.25,26

COL6 can promote cell autonomous functions, including
adhesion, migration, proliferation, survival, and differenti-
ation in muscle, fibroblasts, and adipose tissue.26 Mutations
in COL6 are known to cause a spectrum of muscular dys-
trophies (the collagen VI muscular dystrophies).27e30

Reduction or complete absence of COL6 in individuals
with these muscular dystrophies is thought to cause
impaired attachment of muscle cells to the surrounding
matrix, resulting in apoptosis of the muscle cells.31 Respi-
ratory insufficiency is a common characteristic of the
collagen VI muscular dystrophies, often attributed to
muscular weakness and contractures of the chest wall.32

Studies examining a primary role for COL6 in the lung are
limited. COL6 is found throughout the human lung, predom-
inantly in basement membrane regions; pulmonary epithelial
cell spreading and wound-healing responses are enhanced on
substrates containing COL6 in vitro.24 COL6 is the most
abundant collagen in the mouse lung.16 On the basis of these
observations, we tested the hypothesis that COL6 plays an
important role in lung structure and function.We report herein
that mice lacking COL6 have multiple molecular, cellular,
pathologic, and physiological abnormalities in the lung.
The American Journal of Pathology - ajp.amjpathol.org
Materials and Methods

Mouse Breeding and Genotyping

Col6a1þ/� male and female mice were bred to produce
Col6a1�/� offspring.33 Homozygous Col6a1�/� males and
females were bred to produce Col6a1�/� litters. Concur-
rently, and within the same housing facility, wild-type (WT)
males and females were bred to produce wild-type controls.
For genotyping, at 4 weeks of age, the tip of the tail was
removed with a razor blade and placed into an Eppendorf
tube for each animal. For each sample, 300 mL of DirectPCR
Lysis buffer (102-T; Viagen Biotech, Los Angeles, CA) was
added, and tubes were incubated at 55�C overnight. The lysis
mixture was then incubated at 85�C for 45 minutes, vortexed
for 3 seconds, and incubated at room temperature for 15
minutes. For PCR, 2 mL of DNA lysis mixture was added to
a master mix containing 10 mL GoTaq Green (M712;
Promega, Madison, WI), 7 mL UltraPure distilled water
(10977-015; Invitrogen, Grand Island, NY), and 1 mL of
primer (WT Col6a1 forward, 50-GCTGTGTTTAGCTGC-
CTGA-30; WT Col6a1 reverse, 30-CAGGTTGTCAAT-
GAAGCGCT-50; Col6a1�/� forward, 50-CTGCTGGTGA-
GAATGGATGGTGT-30; and Col6a1�/� reverse, 30-
TGTGCCCAGTCATAGCCGAATAG-50). The tube was
vortexed to mix, and the PCR was conducted using a BioRad
T100 Thermal Cycler (BioRad, Hercules, CA), as follows: i)
94�C for 5 minutes, ii) 94�C for 1 minute, iii) 60.5�C for 1
minute, iv) 72�C for 2.5 minutes, v) repeat steps 2 through 4
40�, vi) 72�C for 10 minutes, and vii) 12�C indefinitely. For
gel electrophoresis, 1 g of agarose (16500-100; Invitrogen,
Carlsbad, CA) was mixed with 100 mL Triseacetate-EDTA
buffer (BP13324; Fisher, Hampton, NH) in a 500-mL
Erlenmeyer flask. This mixture was heated by microwave
for 90 seconds, mixed by swirling, and heated for an addi-
tional 30 seconds. Once heated, 6 mL of SYBR Safe DNA
gel stain (S33102; Thermo, Waltham, MA) was added to the
agarose solution. This mixture was poured into a BioRad
wide mini-sub cell GT electrophoresis cell gel caster
(1704468; BioRad), bubbles were removed using a pipette
tip, and the gel was covered to protect from light for 20
minutes. Once cool, the comb was removed from the gel, and
the gel was placed in the electrophoresis cell. Electrophoresis
was performed for 45 minutes at 100 V in 1� Bolt transfer
buffer (BT0006; Thermo). The gel was removed from the
electrophoresis cell and imaged using a BioRad Gel Doc
system (1708195EDU; BioRad) running Quantity One soft-
ware version 4.6.7 (BioRad), build 012. Wild-type Col6a1 is
visualized as a 1000-bp band, whereas the knockout allele is
a 594-bp band.
Histology

Mice were euthanized at 6 weeks of age by carbon dioxide
narcosis and cervical dislocation. The thoracic cavity was
opened, and the descending aorta was cut before perfusion of
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the lung vasculature with 1 mL cold phosphate-buffered sa-
line (PBS) via the right ventricle. A suture was tied around
the right main stem bronchus to prevent agarose inflation.
The right lung lobes were removed, snap frozen in liquid
nitrogen, and stored in �80�C for RNA and protein extrac-
tion. The left lung was inflated to 24 mmHg with 0.125%
Low-Melt point agarose (16520-100; Invitrogen, Carlsbad,
CA) at 60�C. The trachea was then clamped with a hemostat,
removed from the thoracic cavity, and placed on ice for 10
minutes. Interpulmonary pressure was measured using a
VWR Traceable Manometer (33500-082; VWR, Radnor,
PA). Lungs were then fixed in 10% neutral-buffered formalin
(5725; Thermo) at room temperature for 48 hours, washed in
PBS for 20 minutes, and dehydrated in 30%, 50%, and finally
70% ethanol for 20 minutes each at room temperature. Lungs
remained in 70% ethanol at 4�C before processing. The left
lung was dissected and cut transversely in two locations,
yielding three pieces of lung tissue. These three pieces were
paraffin embedded and divided into sections along the
transverse plane (5 mm thick).

Immunofluorescence Staining

Formalin-fixed, paraffin-embedded lung tissue sections
were rehydrated in xylene (2�), 1:1 xylene/100% ethanol
(89125-188; Koptec, King of Prussia, PA), 100% ethanol
(2�), 95% ethanol (89125-180; Koptec), 70% ethanol,
50% ethanol, and tap water for 3 minutes each. Antigen
retrieval was performed for 20 minutes in sodium citrate
buffer made with 10 nmol/L sodium citrate (SX0445-1;
EMD Millipore, Darmstadt, Germany) and 0.05% Tween
20 (23336-2500; Thermo) at pH 6.0 in an Oster model
5711 steamer (Jarden, Rye, NY) at 95�C, and submerged
for 10 minutes in cool, running tap water. Slides were
then washed in Tris-buffered saline (TBS) made with 6.05
g Tris (IB70144; IBI Scientific, Peosta, IA) and 8.76 g
sodium chloride (42429-5000; Fisher), with 0.025%
Triton X-100 (BP151-100; Fisher) and blocked in 10%
normal goat serum (ab7481; Abcam, Cambridge, MA)
with 1% bovine serum albumin (81-068-5; EMD Milli-
pore) in TBS for 2 hours at room temperature. Primary
antibodies for collagen VI (ab6588; Abcam), surfactant
protein C (ab211326; Abcam), or normal rabbit IgG (sc-
2027; Santa Cruz Biotechnology, Dallas, TX) were
diluted to 6 mg/mL in TBS with 1% bovine serum albumin
and applied to slides, which were kept at 4�C overnight.
Slides were rinsed with TBS containing 0.025% Triton
X-100, and fluorescein isothiocyanateeconjugated fluo-
rescent secondary antibody (a11034; Thermo) was diluted
to 4 mg/mL and applied to slides for 1 hour at room
temperature. Finally, slides were washed with TBS with
0.025% Triton X-100 and drained, and coverslips were
mounted with Prolong Gold antifade mounting medium
with DAPI (P36935; Thermo Fisher). Images were taken
at �40 magnification using a Leica DFC365FX Camera
mounted to a Leica DM5500B microscope and controlled
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by Leica Advanced Fluorescence version 3.1.0 imaging
software (Leica, Wetzlar, Germany).

Western Blot Analysis

Frozen right superior lobes were placed in 300 mL of radi-
oimmunoprecipitation assay buffer containing protease/
phosphatase inhibitor, and homogenized using a Tissue
Tearor homogenizer (985370; Biospec, Bartlesville, OK) for
1 minute. Protein was collected from cellular lysates after
centrifugation at 10,000 � g for 10 minutes. For Western
blot analysis, isolated proteins (10 to 20 mg) were boiled for
10 minutes, resolved on SDS-PAGE, and transferred onto
polyvinylidene difluoride membranes (1620175; BioRad).
Membranes were blocked by incubation with 5% (w/v)
nonfat dry milk (170-6404; BioRad) in Tris-buffered saline
with Tween-20 (10 mmol/L Tris, pH 8.0, 150 mmol/L
NaCl, and 0.05% Tween-20) for 1 hour at room tempera-
ture. Membranes were incubated overnight with appropriate
primary antibodies for collagen VI (ab6588; Abcam) or
actin (I-19; sc-47778; Santa Cruz Biotechnology) diluted
1:1500. Finally, membranes were incubated for 1 hour with
goat anti-rabbit IgGehorseradish peroxidase antibody (sc-
2004; Santa Cruz Biotechnology) diluted 1:2000 and
developed using a Supersignal West Femto ECL kit (34095;
Thermo Scientific). The intensity of each band in the
Western blot analysis was quantified by using ImageJ
software version 1.49 (NIH, Bethesda, MD; http://imagej.
nih.gov/ij).

Lung Morphometry

Lm Data
Assessment of free space in the lung parenchyma was
determined by measurement of mean linear intercept (Lm).
Lm was measured by dividing the total length of a line
drawn across the lung section by the number of times the
line was intersected by tissue, as described.34 Briefly, for
each mouse, six lung sections were imaged at �20 magni-
fication. A grid with three parallel lines spaced at 60 mm was
overlaid onto the image. Mean linear intercept was defined
by the average intercept distance between alveolar walls.
Ten nonoverlapping fields for each section were examined.

RAC Data
Alveolarization was quantified by performing radial
alveolar counts (RACs), as described.34,35 Terminal
bronchioles were identified as bronchioles lined by
columnar epithelium in one part of the wall. A line was
drawn from the center of the terminal bronchiole
perpendicular to the distal acinus (pleural surface). The
number of alveoli bisected by the line was counted for
each terminal bronchiole. At least three sections from
various depths within the lung lobe, and a minimum of
30 respiratory bronchioles, were identified and used for
RACs for each animal.
ajp.amjpathol.org - The American Journal of Pathology
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Pulmonary Function Testing

Respiratory function testing was performed in 6-weekeold
Col6a1�/� animals (N Z 5 per group) and compared with
similarly aged wild-type controls. Animals were anesthetized
with i.p. ketamine/xylazine (100 mg/kg and 100 mg/kg,
respectively) and were placed on a computer-controlled small
animal ventilator (SCIREQ Inc., Montreal, ON, Canada)
after tracheostomy with a blunt tip metal cannula. Ventilation
was performed with a tidal volume of 10 mL/kg, 150 breaths/
minute, PEEP of 3 cm H2O, and FIO2 of 21%. Once on the
ventilator, pancuronium bromide (2 mg/kg) was given for
neuromuscular blockade to ensure passive ventilation. Ani-
mals were placed on an external heating pad with temperature
and heart rate monitored through the entire protocol. Baseline
data and step-wise pressure-volume curves were obtained
after at least 5 minutes of ventilation without evidence of
spontaneous respiratory effort. Respiratory function data
were obtained using the forced oscillation technique36 and
analyzed using the constant phase model.37

RNA Extraction

To isolate total RNA, frozen tissue from right lung lobes was
homogenized in 1 mL of TRIzol reagent (15596026; Invi-
trogen, Carlsbad, CA) with a Tissue Tearor homogenizer on
ice, for 3 minutes. For each sample, 200 mL of chloroform
was added, and the sample was vortexed for 15 seconds.
Samples were then centrifuged at 12,000 � g for 15 minutes
at 4�C. The top, aqueous layer was collected, and RNA was
precipitated by adding 500 mL isopropanol. Samples were
incubated at room temperature for 15 minutes, and then
centrifuged at 12,000 � g for 10 minutes. The supernatant
was removed, and the RNA pellet was washed with 500 mL of
75% ethanol. Samples were mixed by vortexing for 10 sec-
onds, and centrifuged at 10,000� g for 5 minutes at 4�C. The
supernatant was removed, and the wash step was repeated
once more. The ethanol supernatant was removed after the
second wash, and samples were allowed to air dry for 10
minutes. The RNA was then dissolved in 100 mL of RNAse/
DNAse-free water. Isolated RNA was repurified and
rendered DNA free by an on-column DNase I treatment,
according to the Agilent MiniPrep protocol (Agilent Tech-
nologies, Santa Clara, CA). RNA quantity was measured
using UV absorbance, and quality was assessed using an
Agilent 2100 Bioanalyzer (Agilent Technologies). Only
samples with an RNA concentration >100 ng/mL and an
RNA integrity number >8 were used for RNA sequencing.

RNA Sequencing

In attempt to reduce the effects of biological variation, total
RNA from two animals of the same genotype was pooled to
generate each cDNA library. Each animal contributed to a
single pool, with six total Col6a1�/� mice and six WT
C57BL/6 mice contributing to three samples for each group.
The American Journal of Pathology - ajp.amjpathol.org
Next, cDNA libraries (n Z 3 for Col6a1�/�; n Z 3 for wild
type) were generated, and high-throughput sequencing was
completed by the University of Rochester (Rochester, NY)
Genomics Research Center using an Illumina HiSeq2500v4
high-throughput DNA sequencer. Approximately 35 million
reads were generated for each sample. Sequences were
aligned to the mouse reference genome GRCm38.p5 using
STAR version 2.5.2b38 implemented in R software version
3.4.1 (R Foundation for Statistical Computing, Vienna,
Austria). Count estimation was performed using subread
version 1.5.0p3,39 as implemented in R. Differential
expression of genes was assessed using DESeq2 release
3.840 with default parameters and lfcshrink to perform log2
transformation of the data (bioconductor.org, last accessed
February 8, 2018). These data are available for access via
the Gene Expression Omnibus repository (https://www.
ncbi.nlm.nih.gov/geo; accession number GSE135667).

Cell-Type Enrichment Analysis

Genes identified as differentially expressed were divided
into two lists: significantly up-regulated and significantly
down-regulated in the Col6a1�/� mouse. These lists were
uploaded individually into the ToppFun Functional
Enrichment tool (https://toppgene.cchmc.org/enrichment.
jsp, last accessed January 17, 2019) and examined for
enrichment using the Molecular Atlas of Lung
Development Program Cincinnati Children’s Hospital
Medical Center Co-Expression Atlas to identify cell types
with gene expression patterns that are significantly enriched
in the input lists. Using the two input lists, cellular gene
expression patterns that were increased or decreased in
Col6a1�/� mice were identified.

Airway Number Quantification

The dissection of the right lung lobe along the transverse
plane, as described, produced three pieces of lung tissue,
allowing for sectioning at three distinct depths. Images of
whole transverse sections of lung lobes were taken at �4
magnification, at each of the three depths. The number of
airways was counted in each image and averaged across all
locations. This was repeated three times for each of nine WT
and nine Col6a1�/� mouse lungs.

Airway Epithelial Thickness Measurement

Cross-sectional images of airways were obtained with a
20� objective from hematoxylin and eosinestained WT
and Col6a1�/� lung tissue sections. The thickness of the
epithelial cell layer was measured from the basal cell surface
to the apical cell surface at four evenly spaced locations
around the airway using ImageJ software. The average of
these four measurements was taken. At least 10 airways
were measured across each of six WT and seven Col6a1�/�

mouse lungs.
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Airway Epithelial Cell Density Measurement

Cross-sectional images of airways were obtained with a
20� objective from hematoxylin and eosinestained WT
and Col6a1�/� lung tissue sections. The circumference or
length of the cross-sectional segment of the airway was
measured at the basal side of the epithelium using ImageJ
software. The number of epithelial cells residing along the
cross section of the airway was quantified by counting the
number of nuclei using the ImageJ Cell Counter plugin.

Measurement of Airway Epithelial Cell Nuclear Distance
from Basement Membrane

Cross-sectional images of airways were obtained with a 10�
and 20� objective from hematoxylin and eosinestained WT
and Col6a1�/� lung tissue sections. The average distance be-
tween the epithelial cell nuclei and the airway basement
membrane was measured using ImageJ software and the Dis-
tance Between Lines plugin (http://imagej.1557.x6.nabble.
com/Distance-Between-Lines-a-plugin-for-ImageJ-td3701802.
html, last accessed September 1, 2019).

Cell Culture

16HBE cells, a large-T antigen transformed human bron-
chial epithelial cell line, were cultured under standard con-
ditions at 37�C in a humidified incubator containing 5%
CO2.

41 Cells were grown in Dulbecco’s modified Eagle’s
medium (11965092; Gibco, Gaithersburg, MD) supple-
mented with 10% fetal bovine serum (10082147; Gibco),
1% penicillin/streptomycin (15140122; Gibco), 1% nones-
sential amino acids (11140050; Gibco), sodium pyruvate
(11360070; Gibco), and HEPES buffer (15630080; Gibco).
Medium was replaced every 48 hours.

Primary pediatric human lung epithelial (PHLE) cells were
isolated from distal lung tissue digests of donor-quality normal
lung tissue from 1-dayeold, 2-montheold, and 9-montheold
donors, which were obtained by the human tissue core of the
Molecular Atlas of Lung Development Program at the Uni-
versity of Rochester.42,43 Lung tissue was digested with a
protease cocktail containing collagenase A (101033578001;
Sigma-Aldrich, St. Louis, MO), dispase (354235; Corning,
Corning, NY), elastase (LS002290; Worthington-Biochem,
Lakewood, NJ), and DNAase (DN25; Sigma-Aldrich).
Dissociated cells were washed twice in Dulbecco’s PBS con-
taining 1% penicillin-streptomycin (15140122; Gibco), 50 mg/
mL gentamicin, and 0.25 mg/mL amphotericin B and centri-
fuged with 800 � g for 10 minutes.42 These cells were then
expanded in small airway basal medium containing bovine
pituitary extract, hydrocortisone, human recombinant
epidermal growth factor (0.5 ng/mL), epinephrine, insulin,
triiodothyronine, transferrin, gentamicin, amphotericin B, reti-
noic acid, and bovine serum albumin (SAGM Bullet kit;
CC-3118; Lonza, Basel, Switzerland) and supplemented with
1% fetal bovine serum.When 60% confluent, the cultures were
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gently trypsinized at room temperature with 2 mL of 0.0125%
trypsin EDTA (25200056; Gibco) to remove fibroblasts. After
depletion of fibroblasts, 95% of cells in these cultures stain for
pan-cytokeratin. By real-time quantitative RT-PCR, PHLE
cells express markers of airway epithelium. These expression
data suggest that PHLE cells most closely resemble distal
airway epithelium.43 All experiments were conducted using
PHLE cells between passages 1 and 3.

Extracellular Matrix Coatings

Tissue culture plates were coated with either COL6 from
human placenta (009-001-108; Rockland, Limerick, PA), rat
tail collagen I (COL1; 354236; BD Biosciences, San Jose,
CA), or growth factoredepleted Matrigel (356231; Corn-
ing). Matrices were diluted in phenol redefree Dulbecco’s
modified Eagle’s medium (31053028; Gibco) to a final
concentration of 0.44 nmol/L. In vitro assays were per-
formed in 48-well plates (containing 50 mL of diluted matrix
per well). After application of matrix solutions, plates were
covered and kept at 37�C overnight and uncovered in the
hood to dry for 1 hour before use.

Steady-State Cell Density

16HBE and PHLE cells were seeded at 5 � 105 cells per
well in a 12-well plate coated with COL6, COL1, or
Matrigel. Cells were fully confluent by 48 hours, at which
point cells were stained for counting. PHLE cells were fixed
in 10% neutral-buffered formalin (5725; Thermo) for 10
minutes and stained with 300 nmol/L DAPI (D1306;
Thermo) for 5 minutes. Cells were then washed with PBS,
and mounted using Prolong Gold antifade mountant
(P36934; Thermo). 16HBE cells were washed with PBS and
stained with 1 mL of Cellmask Green stain (C37608;
Thermo), diluted 1:1000 in PBS for 10 minutes. Cells were
then washed with PBS and mounted using Prolong Gold
antifade mountant. Cell density (cells per field) was quan-
tified using the ImageJ Cell Counter plugin.

Pathway Analysis

Genes identified as differentially expressed were used for
pathway analysis. Ingenuity Pathway Analysis software
version 2.3 (Qiagen, Hilden, Germany) was applied in an
effort to identify significantly overrepresented canonical
pathways, defined by the Fisher exact test at P < 0.05. Fold
change between wild-type and Col6a1�/� samples was
included in the analysis to identify pathways predicted to be
up-regulated or down-regulated in the Col6a1�/� model.

Cell-Signaling Inhibition

Inhibitor experiments were performed in serum-containing
medium. 16HBE or PHLE cells were seeded in
matrix-coated 48-well plates at 200,000 cells per well. At 24
ajp.amjpathol.org - The American Journal of Pathology
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hours, cells were treated with small-molecule inhibitors
against signaling proteins, Cdc42 [ZCL 278; 55 mmol/L in
dimethyl sulfoxide (DMSO)], extracellular signal-regulated
kinase (FR 180204; 3 mmol/L in DMSO), focal adhesion
kinase (FAK; PF 573228; 40 nmol/L in DMSO), phospha-
tidylinositol 3-kinase (PI3K; LY294002; 10 mmol/L in
DMSO), Rac (EHT 1864; 600 nmol/L in DMSO), and
RhoA (CCG 1423; 3 mmol/L in DMSO). All inhibitors were
obtained from Tocris Bioscience (Bristol, UK). Controls
were treated with 3 mL DMSO per well. Cell density was
measured, as described, 24 hours after treatment (48 hours
after seeding).
Statistical Analysis

Statistical analysis of RNA-sequencing data is described
above. All other tests of significance were performed using a
two-tailed, unpaired t-test implemented in Microsoft Excel
2010 (Microsoft, Redmond, WA).
Figure 1 Location and abundance of COL6 in the mouse lung. A:
Representative images of airway, alveolar, and blood vessel regions from
wild-type (WT) and Col6a1�/� mice. Insets: IgG controls. B: Representative
Results

Collagen VI Localizes to Basement Membrane Regions
of the Mouse Lung

To begin characterizing the effects of the Col6a1�/� dele-
tion in the mouse lung, the location and abundance of COL6
in the lungs of mice carrying WT and Col6a1�/� alleles
were examined. Immunofluorescence staining revealed that
COL6 was widespread throughout the WT mouse lung,
beneath the basal region of airway epithelium, in the sub-
endothelial region in major vessels, and across the alveolar
region (Figure 1A). No staining for COL6 was detected in
the Col6a1�/� lung. Western blot analysis of protein lysates
from WT, heterozygous, and homozygous mouse lungs
confirmed the absence of COL6 in the Col6a1�/� lungs, but
equivalent levels in the WT and heterozygous mice
(Figure 1, B and C).
Western blot analysis of protein lysates from WT, Col6a1þ/�, and Col6a1�/�

lungs. C: Quantification of band intensity from COL6 Western blot analysis
relative to intensity of b-actin, expressed as the proportion to WT lungs.
n Z 6 per group (B); n Z 3 per group (C). ***P < 0.001 versus WT. Scale
bars Z 25 mm (A).
Altered Lung Physiology in Col6a1�/� Mice

Respiratory physiology was assessed to determine if the
extent of alveolar structural changes in Col6a1�/� lungs
was sufficient to alter lung function. Several abnormalities
were identified in pulmonary function in Col6a1�/� mice.
Pressure-volume curves display increased lung volume for
all tested pressures in Col6a1�/� mice, relative to WT
controls, confirmed by a 25.8% increase in quasi-static and
respiratory system compliance (P < 0.01) (Figure 2, AeC).
In Col6a1�/� mice, respiratory system resistance was
reduced by 18.3% (P < 0.01), compared with WT
(Figure 2D). Tissue damping, or energy dissipation in the
alveoli, was reduced by 18.4% in Col6a1�/� lungs
(P < 0.05) (Figure 2E). Tissue elastance, or the amount of
the work required to fill and expand the lungs (stiffness),
The American Journal of Pathology - ajp.amjpathol.org
shows a trend toward significant difference in Col6a1�/�

mice, with a 19.2% reduction (P Z 0.06) (Figure 2F).
Loss of Collagen VI Results in Alveolar Simplification

Histologic assessment of fixed, inflated lung sections from
WT and Col6a1�/� mice revealed evidence for alveolar
simplification (Figure 3A). To quantify the amount of free
space in the lung parenchyma and the number of alveoli, Lm

and (RAC were calculated for Col6a1�/� and WT lungs. A
29.9% increase (P < 0.001) was found in Lm (Figure 3B),
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Figure 2 COL6 loss results in aberrant respiratory function. A: Pressure-volume curves for wild-type (WT) and Col6a1�/� mice. BeF: Quasi-static
compliance (B), respiratory system compliance (C), respiratory system resistance (D), tissue damping (E), and tissue elastance (F) measures for WT and
Col6a1�/� mice. n Z 5 (AeF). *P < 0.05, **P < 0.01, and ***P < 0.001 versus WT.
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and a 31.3% reduction (P < 0.01) was found in RAC
(Figure 3C) in Col6a1�/� relative to WT lungs.
Reduced Alveolar Vasculature and ATII Cells in
Col6a1�/� Lungs

To comprehensively define gene expression patterns, high-
throughput sequencing (RNA sequencing) of RNA samples
derived from lungs of WT and Col6a1�/� mice was per-
formed. A total of 742 genes were found to be significantly
differentially expressed in the lung tissue of Col6a1�/� mice
after correction for multiple testing (false discovery rate
< 0.05): 467 were down-regulated, and 275 were up-
regulated (Figure 4A). Pathway analysis predicted that the
most highly dysregulated pathways would be reduced in
activity (Table 1). Ontological analysis of the 467 down-
regulated genes identified several cell types that appeared
to be reduced in Col6a1�/� lungs, including endothelial
cells and alveolar epithelial type-II (ATII) cells
(Supplemental Table S1). A total of 74 of the 467 down-
regulated genes were identified as endothelial cell markers
(Figure 4B), and 30 genes were identified as ATII markers
(Figure 4C).

Immunohistologic assessments were performed to vali-
date these gene expression estimates for reduction in
endothelial and alveolar epithelial cells. To assess alveolar
vasculature, WT and Col6a1�/� lungs were stained with
fluorescent-labeled isolectin B4 (lectin), which specifically
binds to galactose found on the surface of endothelial cells.
Lectin staining confirmed the reduction in alveolar vascu-
lature, with total fluorescence intensity per field reduced by
29.4% (P < 0.05) in Col6a1�/� lung tissue (Figure 5, A and
C). It was also tested whether this loss in alveolar
432
vasculature was simply proportional to the reduction in
alveolar tissue. Lectin fluorescence intensity normalized to
total cell number was also reduced in Col6a1�/� lung tissue
by 20.9% (P < 0.05) (Figure 5E).
To assess ATII, WT and Col6a1�/� lungs were stained

with antibodies against surfactant protein C. Surfactant
protein C staining revealed a 35.6% reduction (P < 0.01) in
ATII cell number per field in Col6a1�/� lungs relative to
WT (Figure 5, B and D). It was tested whether this loss in
ATII cells was simply proportional to the reduction in
alveolar tissue and, therefore, total cell number. The per-
centage of surfactant protein Cepositive ATII cells was also
reduced in Col6a1�/� lung sections by 31.1% (P < 0.001)
when normalized to total cell number (Figure 5F).
Loss of COL6 Leads to Altered Airway Morphology

The presence of COL6 within and around the airway
basement membrane region prompted further examination
of the airway structure in Col6a1�/� mice. Qualitative
assessment of hematoxylin and eosin staining from whole
lung sections identifies an apparent increase in the number
of airways in the Col6a1�/� lung (Figure 6A). The average
airway number per transverse section reveals a 58.7% in-
crease in Col6a1�/� mouse lungs (P < 0.001) (Figure 6B).
Because a direct role of COL6 has been demonstrated in

regulating structure and function of airway epithelial cells,
the mucosal layer of airways in Col6a1�/� mice was
examined.23,44 The airway epithelium in Col6a1�/� lungs
showed apparent thickening, with irregular positioning of
the cells relative to the basement membrane (Figure 6C).
Quantitative analysis showed that airway mucosal thickness
was increased by 34.2% (P < 0.001) in Col6a1�/� lungs
ajp.amjpathol.org - The American Journal of Pathology
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Figure 3 Alveolar structure in Col6�/� mice. A: Representative images
of the alveolar region from three wild-type (WT) and three Col6a1�/� mice.
B and C: Quantification of alveolar mean linear intercept (Lm; B) and radial
alveolar count (RAC; C) in WT and Col6a1�/� lungs. n Z 6 WT lungs (B and
C); nZ 7 Col6a1�/� lungs (B and C). **P < 0.01, ***P < 0.001 versus WT.
Scale bar Z 100 mm (A).
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relative to WT (Figure 6D). The epithelial cell density of the
airways, defined as the number of nuclei per 100 mm linear
distance along the proximal-distal axis in the airway, was
measured. Airway epithelial cell density was increased by
13.4% (P < 0.001) in Col6a1�/� mice (Figure 6E). In
addition, the average distance between airway epithelial cell
nuclei and the airway basement membrane was increased by
83.7% (P < 0.01) in Col6a1�/� mice (Figure 6F).
COL6 Regulates Lung Epithelial Cell Size

Although the lung epithelial cells adhered and proliferated at
the same rate on COL6 as other matrices, they appeared to
reach confluence and show monolayer maturation (as evi-
denced by barrier function) more rapidly. This may be due
to the effects of COL6 on airway epithelial cell size, similar
to what was observed in the Col6a1�/� mouse. The effects
of COL6 on airway epithelial cell size and density were
directly tested using confluent monolayers of the human
airway epithelial cell line 16HBE and the recently described
primary cultures of human pediatric lung epithelial cells
(PHLE). PHLE and 16HBE cells were plated at high density
The American Journal of Pathology - ajp.amjpathol.org
to ensure that they were confluent within 48 hours on un-
coated plastic, Matrigel (a prototypical basement membrane
that lacks COL6), COL6, or COL1. Cells were allowed to
reach confluence, as determined by visualization and gen-
eration of transepithelial resistance (>300 U/cm2), fixed,
and stained in situ. Membrane staining of 16HBE cells re-
veals an increase in cell size and reduction of cell density on
COL6 relative to Matrigel or COL1 (Figure 7A). Cell
number per field using 16HBE cells was reduced by 21.6%
on COL6 relative to Matrigel (P < 0.05), 15.6% relative to
COL1 (P < 0.05), and 28.0% compared with uncoated
tissue culture plastic (P < 0.05) (Figure 7B). This was
consistent with observations using primary PHLE cells.
These cells reach confluence and form a resistant monolayer
more rapidly on COL6 than on other matrices. Once at
confluence, there are fewer cells per field, indicating
reduced cell density on COL6 relative to confluent cells on
other matrices (Supplemental Figure S1).

Integrin-mediated signaling through PI3K and Cdc42 is
critical for COL6-mediated effects on lung epithelial cells.24

Analysis of the RNA-sequencing data from Col6a1�/�

lungs identified 112 significantly enriched canonical path-
ways, many of which involved integrin-mediated signaling,
including PI3K, Rho family GTPases, and paxillin
(Supplemental Table S2 and Figure 7C). It was tested
whether COL6 affects integrin signaling in confluent
monolayers of lung epithelial cells by assaying levels of
phosphorylated paxillin. 16HBE cells were grown to
confluence on untreated plastic, Matrigel, COL6, or COL1,
as described above. The levels of phosphorylated paxillin
were significantly higher on COL6 than on other matrices
tested (Figure 7, D and E).

The causal role of downstream signaling from paxillin in
determining airway epithelial cell density differences on
COL6 was studied using specific inhibitors for PI3K,
Cdc42, RhoA, and Rac1.24 Inhibition of PI3K or Cdc42
resulted in significant increases (P < 0.05) in cell density
(18.5% or 27.8%, respectively) on COL6 (Figure 7F). In-
hibition of downstream paxillin effectors Rac1 or RhoA had
no effect. Inhibition of paxillin signalingeindependent
extracellular signal-regulated kinase and FAK did not
significantly impact average cell size on COL6. Cell density
on COL1 was significantly increased (P < 0.05) by 11.4%
with inhibition of FAK and 17.5% with inhibition of Rac1,
but not PI3K, Cdc42, extracellular signal-regulated kinase,
or RhoA. Inhibition of PI3K, Cdc42, Rac1, RhoA, extra-
cellular signal-regulated kinase, or FAK did not have a
significant effect on average cell size for cells on Matrigel.
These data support the integrin-paxillin-PI3K signaling
specificity of the responses to COL6.
Discussion

Alterations in the organization and expression of many
matrix components are known pathologic characteristics of
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Figure 4 Markers of vasculature and alveolar epithelial type II (ATII) cells are reduced in Col6a1�/� mouse lungs. A: Heat map displaying relative
expression of all significantly differentially expressed genes between wild-type (WT) and Col6a1�/� lung tissue. B and C: Heat maps show relative expression of
genes associated with endothelial (B) and ATII (C) cells. Top 20 genes with largest fold change in Col6a1�/� mouse lungs are highlighted. KO, knockout.

Table 1 Top 10 Most Dysregulated IPA Pathways in Col6a1�/�

Lung Tissue by Z-Score

IPA pathway Z-score �Log P value

GP6 signaling pathway 7.66 �4.24
Integrin signaling 3.43 �3.5
NF-kB activation by viruses 4.94 �3.46
NF-kB signaling 3.39 �3.21
Tec kinase signaling 1.47 �3.16
Paxillin signaling 4.44 �3
Nitric oxide signaling in the
cardiovascular system

2.14 �3

HGF signaling 4.35 �2.89
IL-8 signaling 1.78 �2.89
Leukocyte extravasation signaling 2.71 �2.84

GP6, glycoprotein VI; HGF, hepatocyte growth factor; IPA, Ingenuity
Pathway Analysis; Tec, tyrosine protein kinase Tec.
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diseases affecting lung structure and function, including
chronic obstructive pulmonary disease, idiopathic pulmo-
nary fibrosis, cancer, and BPD.10,45e47 COL6 is a basement
membrane protein that can be found throughout many of the
main structural components of lung tissue.23,24 Proteomic
studies have identified COL6 as one of the most abundantly
present proteins in the extracellular matrix of the mouse
lung.16 There is a spectrum of muscular dystrophies known
to be caused by mutations in COL6. Individuals with
collagen VI muscular dystrophies often have impaired pul-
monary function, and there is some evidence of changes in
pulmonary structure in certain individuals.48,49 Limited
studies have shown that COL6 may impact lung function
and epithelial homeostasis.16,23 The effects of COL6 in the
structure and organization of the mouse lung were further
studied. The staining confirmed that COL6 is present
throughout the alveoli, and beneath the airway epithelium
and vascular endothelium, in the region of the basement
membrane in WT mice (Figure 1). The localization of
COL6, as well as its increasing expression throughout lung
development, suggests that it may play a structural role in
the lung, and that it may also influence activity of the
epithelium. The Col6a1�/� mouse has no detectable COL6
in the lung and provides a suitable model for the study of the
role of COL6 in lung structure.

The absence of COL6 results in multiple structural ab-
normalities in the mature mouse lung. There is significant
434
simplification of the alveoli relative to wild-type lungs,
identified by increased Lm and reduced RAC (Figure 2).
Reduced RAC and increased Lm are potential indications of
immaturity of the lung tissue at an age where the lung
should have fully mature alveoli.50,51 The magnitude of the
observed changes is consistent with previously reported
values from lung diseases, like BPD and chronic obstructive
pulmonary disease, and animal models of disease.52,53

Altered pressure-volume curves and increased compliance
in Col6a1�/� mice (Figure 3) support the finding of
ajp.amjpathol.org - The American Journal of Pathology

http://ajp.amjpathol.org


Figure 5 Alveolar vasculature and epithelial type II (ATII) cells are reduced in Col6a1�/� Lungs. A: Representative images of alveolar vasculature
visualized by isolectin B4 staining (red) in wild-type (WT) and Col6a1�/� lung tissue. B and C: Quantification of vasculature by total lectin staining intensity
(B) and lectin staining intensity normalized for cell number in WT and Col6a1�/� lungs (C). D: Representative images of ATII cells visualized by surfactant
protein C (SFTPC) staining (green) in WT and Col6a1�/� lungs. E and F: Quantification of total SFTPC-positive cells per field (E) and the percentage of SFTPC-
positive cells in WT and Col6a1�/� lungs (F). n Z 6 WT lungs (C and F); n Z 7 Col6a1�/� lungs (C and F). *P < 0.05, **P < 0.01, and ***P < 0.001 versus
WT. Scale bar Z 100 mm (A and B).

Collagen VI and Lung Structure
simplified parenchymal structure and obstructive lung dis-
ease, hallmark pathologic and functional findings in chronic
and developmental lung diseases, including BPD.54 These
structural abnormalities could result from a developmental
defect or from a destructive process that occurs after a
normal developmental process. We believe that this is more
likely to be a result of a developmental abnormality than a
destructive process. Destructive processes, like those
observed in emphysema and chronic obstructive pulmonary
disease, often are accompanied by increased inflammation
and shortened lifespan in mouse models. However,
The American Journal of Pathology - ajp.amjpathol.org
Col6a1�/� mice do not show signs of increased inflamma-
tion, and appear to have a normal lifespan relative to wild-
type mice, indicating that the condition in these mice may
not be progressive and degenerative, but may be more likely
a result of developmental defects.55,56 It is possible that
COL6 plays a role in chronic lung disease due to prema-
turity, as longitudinal cohort studies have shown early evi-
dence of obstructive lung disease persisting into adolescence
and young adulthood.57,58

Genes with reduced expression in Col6a1�/� lungs are
significantly enriched with markers of endothelial cells, B
435

http://ajp.amjpathol.org


Figure 6 Airway structure and morphology is altered in the absence of COL6. A: Representative images of whole transverse sections of the left lung from
wild-type (WT) and Col6a1�/� mouse lungs. B: Quantification of average airway number per section in WT and Col6a1�/� mice. C: Representative images of
airways from two different WT and Col6a1�/� mouse lungs. DeF: Quantification of airway epithelial cell density (nuclei/100 mm; D), airway mucosal thickness
(E), and average distance between airway epithelial cell nuclei and basement membrane (F) in WT and Col6a1�/� mice. n Z 9 WT and Col6a1�/� mice (B);
n Z 6 WT mice (DeF); n Z 7 Col6a1�/� mice (DeF). **P < 0.01, ***P < 0.001 versus WT. Scale bars: 1 mm (A); 100 mm (C).
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cells, and ATII cells (Figure 4). The vasculature and ATII
cells were studied because of their well-known roles in
lung development and structural organization. Lectin
staining identifies a reduction in the intensity of vascular
endothelial staining in Col6a1�/� lungs. However,
because there was a reduction in the amount of tissue, the
intensity was then normalized to nuclear number,
revealing a reduction in staining intensity per nuclei. This
is indicative of a reduction in vasculature that may not be
completely explained by the simplification of the paren-
chyma (Figure 5, AeC). In addition, there was a reduction
in the percentage of surfactant protein Cepositive ATII
cells (Figure 5, DeF). Reduced vasculature and ATII cells
are characteristics of developmental abnormalities associ-
ated with BPD and animal models of BPD.59,60 ATII cells
are known to produce critical mitogens during lung
development, including vascular endothelial growth factor
(VEGF).61 It has also been shown that VEGF is necessary
for the development of proper alveolar structure.61e63

Expression of one member of the VEGF family of li-
gands, VEGFc, is significantly reduced in Col6a1�/�
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mouse lungs by t-test (fold change Z 0.86; P < 0.05)
(data not shown). It has been shown that this ligand is
expressed in ATII cells and is involved in the expansion of
the vascular and lymphatic systems.64,65 The reduction in
ATII cells, therefore, provides a potential mechanism for
the reduction of vasculature and alveolar simplification
observed in the Col6a1�/� lung.
Previous reports of COL6 in association with the devel-

oping airway, and its abundance in the airway basement
membrane, prompted the examination of the airway
epithelium in Col6a1�/� mice.24,44 Developmentally, COL6
is found surrounding the branching airways, along with
collagen I, collagen III, and several other noncollagen ma-
trix components. It is postulated that these collagens are
responsible for the stabilization of the airways and that their
absence at the terminal surface of the airway may promote
growth at that location.44,66 Consistent with this work, the
increase in airway number identified in Col6a1�/� mice
implies that the presence of COL6 may be critical to proper
branching morphogenesis (Figure 6, A and B). Character-
ization of a murine model of annexin A2 loss of function,
ajp.amjpathol.org - The American Journal of Pathology
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Figure 7 COL6 regulates lung epithelial cell monolayer density. A: Representative images of plasma membrane staining of fully confluent monolayers of
16HBE cells on COL6, Matrigel, and COL1 matrix coatings. B: Quantification of cell density (cells/field) from A. C: Z-scores representing predicted activity of
elected canonical pathways significantly associated with differentially expressed genes in Col6a1�/� mouse lungs. D and E: Western blot analysis (D) and
quantification of phosphorylated paxillin (pPax) relative to total paxillin (E). F: Quantification of the percentage change in cell density (cells/field) in cells
treated with inhibitors of phosphatidylinositol 3-kinase (PI3K), Cdc42, RhoA, focal adhesion kinase (FAK), Rac1, and extracellular signal-regulated kinase (ERK)
at steady state relative to untreated cells on COL6, COL1, and Matrigel. Data are expressed as means� SD (B). nZ 6 (B and F); nZ 3 (E). *P< 0.05, **P< 0.01
versus Matrigel. Scale bar Z 25 mm (A). MAPK, mitogen-activated protein kinase; PAK, p21 activated kinase; RhoGDI, rho GDP dissociation inhibitor.
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which is unable to transport and secrete functional COL6,
although not preventing its production, shows altered lung
physiology, increased epithelial apoptosis, and irregular
airway morphology.23 Although this model may affect the
deposition of additional proteins, it provides some indica-
tion that COL6 may be important to lung structure and
function.

In addition to effects on global airway structure, the
airway epithelium is significantly thickened, and the
epithelial cell density (cells/distance) is significantly
higher in Col6a1�/� airways (Figure 6, CeE). It is
possible that the observed alteration in cell density is due
to changes in the composition of cell types (with different
sizes and characteristics) in the airway. For example, in the
alveolus, an ATII cell is significantly smaller than an ATI
cell. An increase in the proportion of ATII cells would
significantly increase the cell density of the alveolar
epithelium. However, in vitro studies on airway epithelial
The American Journal of Pathology - ajp.amjpathol.org
cells argue that increased cell density in the absence of
COL6 may be due to alterations in spreading and signaling
from the matrix. COL6 promotes airway epithelial cell
spreading and wound healing in vitro, but does not impact
adhesion or proliferation.24 It was confirmed that the
absence of COL6 causes higher density of airway epithe-
lial cells using two models of airway epithelium (Figure 7,
A and B). Cell density has known effects on the ability of
the pulmonary epithelial cells to migrate during multiple
processes, including development and injury repair.
Additional work has shown that increased airway epithe-
lial cell density can inhibit or impair the collective
migration of the epithelial monolayer.67,68 Epithelial cell
function, including migration, spreading, and proliferation,
is critical to processes, including alveolar septation,
microvascular development, and airway branching
morphogenesis. Disruption of the ability of the epithelium
to perform these functions can be severely detrimental to
437
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the structural development and organization of the
lung.9,69 The loss of COL6 results in a state that resembles
an immature lung. It is possible that alterations in COL6
may contribute to the development or severity of chronic
lung diseases, like BPD, by delaying lung development. It
is also possible that loss or dysfunction of COL6 may
increase susceptibility to mechanical injury, by increasing
lung compliance and allowing for chronic overinflation of
the lung tissue.

Pathway analysis of genes with significant differential
expression in Col6a1�/� lung tissue identifies multiple
pathways associated with this dysregulated gene signature,
including integrin signaling, PI3K signaling in B lym-
phocytes, actin cytoskeleton signaling, and paxillin
signaling (Figure 7C). COL6 enhances pulmonary
epithelial spreading and wound healing via PI3K and
Cdc42 downstream of integrin signaling, but likely inde-
pendent of FAK.24 We examined whether similar path-
ways may be promoting the low cell density at steady state
on COL6, and found that inhibition of PI3K and Cdc42
causes a significant and specific increase in cell density on
COL6, nearly to the density observed in cells on Matrigel.
Interestingly, inhibition of FAK and Rac1 results in
increased steady-state cell density on COL1, indicating a
potentially different mechanism of cell spreading and
monolayer maintenance in cells on COL1 relative to
COL6. Furthermore, none of the tested inhibitors affected
the cell density on Matrigel. This may be due to Matrigel
being a mixture of multiple ECM components known to
work through multiple additional receptors and redundant
mechanisms, and the fact that inhibition of a single
molecule may not be enough to alter cell density.70,71 The
PI3K/Cdc42 signaling pathway may be responsible for the
reduced steady-state cell density on COL6 (Figure 7F). In
addition, the activation status of paxillin in confluent
16HBE monolayers on coatings of COL6, Matrigel,
COL1, or tissue culture plastic was examined. A signifi-
cant increase in paxillin activation was observed in cells
on COL6 (Figure 7, D and E). Paxillin is found in focal
adhesions and has been identified as an activator of several
molecules downstream of integrin, including PI3K.72,73

Therefore, paxillin may be playing a role in the PI3K/
Cdc42 signaling mechanism downstream of COL6 in the
pulmonary epithelium.

The loss of Col6a1 may result in aberrant accumulation
of other collagen VI protein chains or compensatory al-
terations in expression of these genes. Increased levels of
collagen VI protein chains could result in the formation of
other COL6 protein complexes, leading to potential gain-
of-function activities, or stress the cell to the point of
apoptosis. This mechanism could be contributing to the
increased rate of apoptosis observed in the airway
epithelium of the annexin A2 knockout mouse described
by Dassah et al.23 RNA-sequencing data from the lung
tissue of WT and Col6a1�/� mice revealed a significant
reduction in Col6a1 and Col6a2 mRNA expression, but
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no significant differences were observed in the expression
of Col6a3, Col6a4, Col6a5, or Col6a6. In addition, the
use of a polyclonal antibody against COL6 displayed
some cross-reactivity with other COL6 protein chains or
structures. However, no signal was detected when stain-
ing of lung tissue from Col6a1�/� mice with this anti-
COL6 antibody. Despite these results, additional studies
of compensatory mechanisms or gain of function result-
ing from the loss of Col6a1 would benefit the interpre-
tation of the observed alterations in lung tissue in this
model.
There are limitations within these studies. First, the lung

phenotypes were examined at 6 weeks of age, a time where
the lungs should be fully mature. Although the structural
abnormalities are likely to be developmental, the full
ontogeny of the structural changes in Col6a1�/� lungs has
not been defined. In addition, further study of aged mice
would provide information on whether there is a progres-
sive component to these alterations of lung structure. These
analyses may also identify when the alterations in vascu-
lature and ATII cells appear, and what roles they may play.
Another potential limitation is that these mice also display
a mild form of myopathy, which impacts the diaphragm. It
is possible that altered respiratory musculature may influ-
ence lung development and pulmonary function, contrib-
uting to some of the alterations we observe. However, the
cellular and molecular changes observed in the Col6a1�/�

mouse lung, as well as studies of the effects of COL6 on
pulmonary epithelial cell function, suggest that the effects
of COL6 loss on lung structure and function likely involve
the lung tissue itself. However, further investigation of the
pulmonary musculature is necessary to determine whether
there are more subtle alterations that may be involved in
the observed phenotypes. Finally, our studies identify
paxillin as a possible mediator of response to COL6.
However, there are no small-molecule inhibitors of pax-
illin. Therefore, inhibitors of multiple signaling proteins
known to be downstream of paxillin were used. Additional
studies examining the direct effects of paxillin in response
to COL6, and its effects on pulmonary epithelial cell
function, are necessary.
In summary, the loss of COL6 results in significant

alteration to lung structure in mice. Reduced expression of
COL6 may lead to developmental abnormalities or failure
to maintain homeostasis and may contribute to chronic
lung disease. Additional studies on the role of COL6
throughout developmental processes and its potential
involvement in disease would be beneficial to the field of
lung biology.
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