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Abstract

Genome-wide association studies have shown that a gene variant in the Family with sequence similarity 13, member A (FAM13A)
is strongly associated with reduced lung function and the appearance of respiratory symptoms in patients with chronic obstruc-
tive pulmonary disease (COPD). A key player in smoking-induced tissue injury and airway remodeling is the transforming growth
factor-p1 (TGF-B1). To determine the role of FAM13A in TGF-B1 signaling, FAM13A~'~ airway epithelial cells were generated using
CRISPR-Cas9, whereas overexpression of FAM13A was achieved using lipid nanoparticles. Wild-type (WT) and FAM13A~"~ cells
were treated with TGF-B1, followed by gene and/or protein expression analyses. FAM13A™'~ cells augmented TGF-B1-induced
increase in collagen type 1 (COL1A1), matrix metalloproteinase 2 (MMP2), expression compared with WT cells. This effect was
mediated by an increase in B-catenin (CTNNB1) expression in FAMI3A~'~ cells compared with WT cells after TGF-B1 treatment.
FAMI13A overexpression was partially protective from TGF-B1-induced COL1A1 expression. Finally, we showed that airway epithe-
lial-specific FAM13A protein expression is significantly increased in patients with severe COPD compared with control non-
smokers, and negatively correlated with lung function. In contrast, f-catenin (CTNNB1), which has previously been linked to be
regulated by FAM13A, is decreased in the airway epithelium of smokers with COPD compared with non-COPD subjects.
Together, our data showed that FAM13A may be protective from TGF-B1-induced fibrotic response in the airway epithelium via
sequestering CTNNB1 from its regulation on downstream targets. Therapeutic increase in FAM13A expression in the airway epi-

thelium of smokers at risk for COPD, and those with mild COPD, may reduce the extent of airway tissue remodeling.

airway epithelium; COPD; FAMI13A; lipid nanoparticles; TGF-1

INTRODUCTION

Previous reports have shown that chronic obstructive pul-
monary disease (COPD) is associated with a decline in lung
function with symptoms of chronic cough, sputum produc-
tion, and breathlessness on exertion in ~20% of adults over
40yr of age (1-3). Recently, genome-wide association studies
(GWAS) and large-scale meta-analyses have shown that sev-
eral genes are reproducibly associated with lung function in
patients with COPD (4-9). One of these is the Family with
sequence similarity 13, member A (FAM13A), which has been
strongly related to reduce lung function and with increased
risk of COPD (10-12). In response to repetitive cigarette
smoke, it has been shown in COPD that the airway epithe-
lium releases transforming growth factor-p1 (TGF-p1), and is
thought to be associated with airway fibrosis and luminal
narrowing (13-16). Remodeled airways in COPD demonstrate
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changes in markers of epithelial-mesenchymal transition
(EMT), including increased collagen type 1 (COL1A1), matrix
metalloproteinase 2 (MMP2), and vimentin (VIM), and
decreased E-cadherin (CDH1), which may be exacerbated by
cigarette smoke-induced oxidative stress, leading to overac-
tivity of TGF-p1 (17, 18).

The mechanisms connecting the role of FAM13A and air-
way tissue remodeling are not well understood. Jiang et al.
(19) have shown that FAM13A interacts with protein phos-
phatase 2A and glycogen synthase kinase 3 for the ubiquiti-
nation and degradation of B-catenin (CTNNB1). TGF-p1-
induced matrix synthesis in the airway epithelium has been
shown to reduce the levels of E-cadherin (CDHL1), thereby lib-
erating CTNNBI from its complex into the cytoplasm (20).
Free and unbound CTNNBI, which has not been subjected to
proteasomal degradation, can translocate into the nucleus
and serve as transcriptional coactivators to its DNA-binding
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Table 1. Demographics of subjects with COPD: immuno-
histological cohort study

Nonsmoking COPD, GOLD COPD, GOLD
Characteristics Controls Stage 2 Stages 3and 4
Sex (male/female) 2/3 6/3 3/5
Smoking status, non/
current/ex/NA 5/0/0/0 0/4/3/2 0/1/7/0
Age, yr 59.6+19.8 63.7+9.0 61.0+£6.1
%FEV1/FVC 83.0+4.4 57.1+5.6 334+1.9

Values are means * SD or n. COPD, chronic obstructive pulmo-
nary disease; FEV1, forced expiratory volume in one second; FVC,
forced vital capacity; GOLD, global initiative for chronic obstruc-
tive lung disease; NA, not available.

partner, TCF/LEF (T cell factor/lymphoid enhancer factor), to
initiate the transcription of CTNNBI-regulated genes (21-24).
However, the mechanistic role of FAM13A in modulating the
expression of CTNNBI in TGF-Bl-induced EMT responses is
not well characterized.

In this study, we used CRISPR-Cas9 gene editing technol-
ogy in airway epithelial cells to determine the effects of
FAM13A on TGF-Bl-mediated response, and characterize
FAM13A protein expression in human lung tissues from indi-
viduals with and without COPD. First, we showed that loss of
FAM13A increased TGF-pl-induced rise in COL1A1, MMP2,
and CTNNBI expression in human airway epithelial cells.
Disruption of CTNNBI using gene silencing technology and
pharmacological inhibitors consistently decreased TGF-p1-
induced rise in COL1A1 gene expression. Overexpression of
FAMI13A using lipid nanoparticles decreased TGF-p1-induced
rise in COL1A1 protein expression. Finally, we demonstrated
that FAMI13A expression is upregulated, whereas CTNNB1
expression is downregulated in the airway epithelium of
patients with COPD compared with subjects without COPD.
Collectively, these data indicate that FAM13A may have a
protective role against epithelial remodeling that leads to
progressive narrowing of the airways in COPD.

MATERIALS AND METHODS

Human Lung Tissues for Imnmunohistochemistry

Formalin-fixed paraffin-embedded (FFPE) human lung tis-
sue samples were obtained from five nonsmoking controls,
nine smokers with COPD; with global initiative for chronic ob-
structive lung disease (GOLD) stage 2 (moderate) disease, and
eight smokers with GOLD 3 or 4 (severe or very severe). All of
these samples were collected following written informed con-
sent from patients undergoing thoracic surgery who donated
lung tissues to the University of British Columbia (UBC)
James Hogg lung tissue registry located at St. Paul’s Hospital
approved by the Providence Health Care Research Ethics
Board (PHCREB) HO0-50110. All experiments on human sam-
ples were conducted in accordance with existing guidelines
under the PHCREB protocol approved by the University of
British Columbia (B17-0027). The previously reported patient
demographics are summarized in Table 1 (50).

Immunohistochemistry

FFPE sections of human lung tissues were stained with
antibodies against FAM13A (Sigma HPA038109) using the
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Bond Polymer Refine Red Detection kit on the Leica Bond
Autostainer according to the manufacturer’s protocol. Slides
were cover-slipped and scanned using the Aperio imaging
system (Leica Biosystems; Concord, Ontario).

Human Airway Epithelial Gene Expression Cohort 1

To provide gene expression evidence of airway epithelial
transition in smokers with or without COPD, human small
airway epithelial (10th-12th generation bronchi) gene expres-
sion data were collected from 16 Gene Expression Omnibus
(GEO) microarray studies (GSE19667, GSE5058, GSE11784,
GSE11906, GSE8545, GSE10006, GSE20257, GSE11952, GSE63127,
GSE13933, GSE4498, GSE18385, GSE17905, GSE13931, GSE19407,
and GSE7832). All of these studies were pooled into one
cohort as these studies were generated using the same
microarray platform (U133A Plus 2.0 array) and reported by
the same laboratory. Raw data (.CEL files) downloaded
from the GEO were tested for batch effect and outliers using
principal component analysis. Since no obvious batch
effect was present, the combined data were normalized
using the Robust Multi-array Average (RMA) method. After
confirmation and removal of three outliers, this cohort con-
tains 68 nonsmokers, 101 smokers, and 42 smokers with
COPD. A summary of the patient demographics is presented
in Table 2.

Human Airway Epithelial Gene Expression Cohort 2

To determine the gene expression directionality of CTNNBI
in COPD, we used gene expression data of airway epithelia
obtained from individuals with and without COPD at the
British Columbia Cancer Agency (BCCA; GSE37147). In
brief, RNA was obtained from small airways of smokers
(with or without COPD) through a research bronchoscopy.
These samples were then processed and hybridized to
Affymetrix Human Gene 1.0 ST Arrays. A total of 269 arrays
from 267 subjects were hybridized. Data from the 269
microarrays were used for RMA normalization. Data from
238 subjects were used in the downstream analysis to deter-
mine the relationship of gene expression with COPD-related
phenotypes. Raw gene expression from GSE37147 (.CEL
files) were downloaded from GEO, and then normalized
using the Robust Multichip Average (RMA) algorithm. The
association between CTNNBI gene expression with FEV1%
predicted, FEV1/FVC, COPD, or smoking status was tested
in linear regressions adjusted for age, sex, and smoking sta-
tus. The analyses were done in R (3.6.0). The patient

Table 2. Demographics of nonsmokers, smokers, and
smokers with COPD for airway epithelial gene expres-
sion analyses (cohort 1)

Pooled Cohort Nonsmokers Smokers Smokers with COPD
n 68 101 42
Male 42 (61.8%) 68 (67.3%) 31(73.8%)
Female 26 (38.2%) 33 (32.7%) 11(26.2%)
Age, yr 39.0 (15.2) 43.0 (8.0) 51.5 (12.5)
Pack years 0.0 (0.0) 24.0 (22.0) 30.5 (26.5)

Values are either number (percentage) or median (interquartile
range) where appropriate. COPD, chronic obstructive pulmonary
disease.
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Table 3. Demographics of subjects with or without COPD for airway epithelial gene expression analyses (cohort 2)

GEO No. GSE37147 Current Smokers with COPD Current Smokers without COPD Ex-Smokers with COPD Ex-Smokers without COPD
Total 30 69 57 82

Sex (female) 14 (46.7%) 35 (50.7%) 21(36.8%) 33 (40.2%)

Sex (male) 16 (53.3%) 34 (49.3%) 36 (63.2%) 49 (59.8%)

Age, yr 63.2+6.7 62.2+6.0 66.1+5.6 65.8+5.0
%FEV1/FVC 56.9+11.7 746+55 60.3+7.5 75.3+5.7

Values are means * SD or n (%). COPD, chronic obstructive pulmonary disease; FEV1, forced expiratory volume in one second; FVC,

forced vital capacity; GEO, Gene Expression Omnibus.

demographics were previously reported (25) and presented
in Table 3.

Cell Culture and Transfections

The human airway epithelial cell line, 1HAEo, was
obtained from Dr. Dieter Gruenert (UCSF) (26) and cultured
in DMEM (Invitrogen) with 10% fetal bovine serum (FBS;
ThermoFisher 12483020) and 1% penicillin-streptomycin
(ThermoFisher 15140122). For all procedures, the media and
applicable supplements were replaced every 2 days.

For gene knockout with CRISPR-Cas9, 5-AGCAGGA-
TGAAGTTCGACAT-3’' (IDT), which corresponded to a
unique guide RNA targeting, an early canonical gene exon of
human FAMI13A, was cloned into BbsI-digested pX458
(Addgene 48138) to yield pX458-hFAMI13A-4.2. Following
sequence confirmation, this clone was propagated in DH50.
E. coli (27). Guide sequences were chosen based on high-
quality scores, and minimal off-target sites and mismatches
according to crispr.mit.edu. DNA plasmids were transfected
into 1HAEo cells using lipofectamine 3000 (Invitrogen) for
24 h according to the manufacturer’s protocol. Cells positive
for Cas9-GFP expression were single cell-sorted by flow
cytometry into 96-well plates and maintained in complete
media until colonies were formed. The expanded clones
were secondarily screened for FAM13A knockdown using
Western blots, and candidate null clones were confirmed by
PCR sequencing of the targeted genomic loci covering the
PAM motif. For experiments, wild-type (WT) and FAMI3A~/~
cells were cultured in reduced serum (1% FBS) and treated
with 10 ng/mL TGF-p1 for 7 days (28, 29).

For gene silencing with RNAi using lipofectamine 3000
(L3000015; Thermo Fisher Scientific), cells were cultured in
1% FBS and pretreated with 25 nM silencer-select scrambled
or CTNNBI1 siRNA (ThermoFisher 4390843 or s19753) for
2 days, followed by another round of siRNA treatment in the
presence or absence of 10 ng/mL TGF-B1 (BioLegend 580704)
for 5days.

For the intervention study, 1HAEo cells were cultured in
1% FBS and pretreated with 100 ng/mL PKF118-310 (inhibits
TCF4/CTNNB1 complex) (K4394; Sigma) for 2 days, followed
by PKF118-310 in the presence or absence of 10 ng/mL TGF-
B1 (BioLegend 580704) for 5 days.

Real-Time PCR

PCR methods and analysis have been previously described
(30). In brief, human TagMan probes (Life Technologies) were
used to measure expression of FAMI3A (Hs00208453_ml),
COLIA1 (Hs00164004_m1), MMP2 (Hs01548727_ml), and
CDHI1 (Hs01023894_m1) and CTNNBI (Hs99999168_m1) with
normalization to GAPDH (Hs02758991_gl). Gene expression
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was expressed as ACt (relative quantitation) and AACt (fold
changes) with normalization to control values.

Western Blot

Western blot methods and analysis have been previously
described (30, 31). In brief, 25 ug of whole cell lysate extracted
using cell lysis buffer (Cell Signaling 9803) or nuclear/cyto-
plasmic lysate extracted using the NE-PER Nuclear and
Cytoplasmic Extraction Reagents (ThermoFisher 78833) was
resolved by 10% SDS-PAGE, and transferred to nitrocellulose
(Biorad 1704159) using the Trans-Blot Turbo Transfer System
(Biorad 17001917). Membranes were incubated with primary
antibodies against FAM13A (Sigma HPA038109), COL1A1
(Abcam Ab34710), total CTNNBI (Cell Signaling 9562S), active
CTNNBI (Cell Signaling 8814S), MMP2 (Cell Signaling 40994),
CDH1 (Abcam ab40772), B-actin (Sigma A1978), and histone
deacetylase 2 (HDAC2) (Cell Signaling 5113S), followed by
incubation with IRDye anti-rabbit and/or anti-mouse IgG sec-
ondary antibodies (Li-Cor 926-68071 and 926-32210) and
visualized using Odyssey CLx (LI-COR Biosciences).

Immunofluorescence Staining and Confocal Microscopy

To visualize COL1A1 and CTNNBI protein expression,
cells were fixed with formalin, permeabilized by Triton X,
and incubated with primary antibodies against COL1A1
(Cell Signaling 39952) and total CTNNB1 (Cell Signaling
9562S) overnight at 4°C, and stained with Alexa Fluor- 488
goat anti-mouse IgG and 594 goat anti-rabbit IgG (Life
Technologies) for 2h at room temperature. To visualize
the effect of TGF-B1 on filamentous actin (F-actin) organi-
zation, WT and FAMI3A '~ cells were fixed and stained
with fluorescein-phalloidin (ThermoFisher F432) as per
the manufacturer’s instruction. Slides were counter-
stained with DAPI for cell nuclei (Sigma 10236276001),
cover-slipped and visualized using confocal microscopy at
%20 magnification. Fluorescence intensity from the entire
image was normalized to nuclei count using ImageJ.

Preparation of Lipid Nanoparticles

Lipid nanoparticles (LNPs) composed of ionizable lipid/
phosphatidylcholine/cholesterol/PEG-lipid (50/10/38.5/1.5
mol %) were prepared using rapid-mixing techniques (32—
34). Lipid components dissolved in ethanol (10 mM total
lipid) were combined with 25 mM sodium acetate pH 4 and
dialyzed into the same buffer to remove solvent. The
resulting preformed vesicles were concentrated and stored
until use in transfections. Using a benchtop-mixing proce-
dure described elsewhere (35), we combined mRNA with
LNP at a ratio of 29 ug RNA per pmol lipid immediately
before dilution into cell media.
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Lipofectamine and LNP-Mediated Delivery of GFP and
FAM13A mRNA

First, LNP-mRNA uptake efficiency was evaluated by incor-
poration of the nonexchangeable lipid dye 1,1-dioctadecyl-
3,3,3,3-tetramethylindodicarbocyanine (DiD) at 0.2mol%.
Second, to validate the transfection efficiency of the developed
LNP system, CleanCap eGFP mRNA (L-7201; Trilink Biotech)
was encapsulated and used for transfection of 1IHAEo cells at a
final concentration of 3ug mRNA/mL for 24 h. Lipofectamine
3000 was used as a positive control for the transfection of eGFP
mRNA. To overexpress FAM13A, the coding sequence of the
human FAMI13A mRNA, transcript variant 2 (NM_001015045.2)
was obtained from Trilink BioTechnologies (L-7007) and
encapsulated into LNPs as described. Cells were treated with
TGF-B1 for 3days, followed by a refreshment of TGF-B1 +
LNPs entrapping FAMI13A mRNA at 1 or 3ug mRNA/mL for
4 days. To model a more acute induction of total and active
CTNNBI in both cytoplasmic and nuclear fractions, cells were
treated with TGF-B1 for 1day, followed by a refreshment of
TGF-B1 + LNPs entrapping FAMI3A mRNA at 3 ug mRNA/mL
for 3days. RNA and protein were extracted for real-time PCR
and Western blot analyses, respectively.

Flow Cytometry Analysis

To assess the percentages of GFP + cells, IHAEOo cells were
analyzed by flow cytometry (Gallios, Beckman Coulter).
Briefly, cells were lifted with trypsin (Invitrogen 25200056)
for 2min at 37°C followed by neutralization with 10% FBS-
DMEM, fixed with 10% formalin for 10 min, and resuspended
in 2% FBS-PBS. Kaluza for Gallios acquisition software
(Beckman Coulter) was used to analyze the percentage of
GFP + and DiD + cells in the samples.

Cell Imaging

To observe single-cell dynamics in real time, cells were
seeded at low density in 10% FBS-DMEM and allowed to
attach for 5h. Fresh complete media was replaced before live
cell imaging every min for 3 h. To observe changes in cellular
morphology relative to density over time, WT and FAMI3A~/~
1HAEO cells were seeded at low density in 10% FBS-DMEM
with fresh complete media containing TGF-p1 replaced every
2days.

Statistical Methods

In vitro and ex vivo study data were tested for normality
before the selection of a parametric (normal distribution) or
Mann-Whitney (non-normal distribution) ¢ test, Kruskal-
Wallis multiple comparisons test, one-way ANOVA with
Bonferroni’s multiple comparisons test, and linear regression
test, where appropriate. All data were analyzed using GraphPad
Prism 8 (GraphPad Software Inc.) and were expressed as means
+ SE. Statistical significance was considered at P < 0.05.

RESULTS

Expression of FAM13A Is Increased and CTNNB1 Is
Decreased in the Airway Epithelium of Patients with COPD

To determine the relationship between FAMI13A and
CTNNBI expression in airway epithelium, FAM13A expression
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in lung tissue samples from nonsmoking controls and sub-
jects with COPD was evaluated by immunohistochemistry.
The demographics of this cohort is shown in Table 1.
Representative images of airway epithelial-specific FAM13A
protein expression in nonsmoking controls and patients with
COPD with GOLD 2 and GOLD 4 are shown in Fig. 1, A-C.
FAMI13A expression was significantly increased in the airway
epithelia of patients with moderate to severe COPD (as
defined by GOLD stages 3 and 4) when compared with those
from nonsmoking controls (Fig. 1D). After stratification of
patients with COPD by smoking status, epithelial-specific
FAMI13A expression was highest in current smokers when
compared with nonsmoking controls and moderately ele-
vated in ex-smokers (Fig. 1E). Interestingly, we observed a sig-
nificant negative correlation between the epithelial-specific
FAM13A expression and forced expiratory volume in one sec-
ond (FEV1) to vital capacity (FVC) percent predicted (%) (Fig.
1F), indicating that FAMI13A expression is increased with
decreasing lung function. To determine the expression of sev-
eral key regulatory genes associated with the TGF-p1 signaling
pathway in human airway epithelial cells, gene expression
data set were assessed in healthy nonsmokers (n = 68 sub-
jects), smokers without COPD (n = 101), and smoKkers with
COPD (n = 42; Table 2). TGFB1 and COL1A1 gene expressions
were upregulated, whereas CDHI and CTNNBI1 were downre-
gulated in the airway epithelium of smokers with COPD com-
pared with healthy nonsmokers (Fig. 1G). FAM13A expression
was positively associated with CTNNBI and negatively associ-
ated with COL1A1 expression (P = 3.79E-06; P = 1.43E-09,
respectively) (Fig. 1, H-I).

In a replication cohort (Table 3), current smokers exhib-
ited decreased CTNNBI expression compared with ex-smok-
ers, irrespective of COPD status (P = 0.002132; Supplemental
Fig. S1A; see https://doi.org/10.6084/m9.figshare.14036300).
After adjustment for age, sex, and smoking status, subjects
with COPD had decreased CTNNBI expression compared
with subjects without COPD (P = 0.0000867) (Supplemental
Fig. S1B). After adjustment for age, sex, and smoking status,
prebronchodilator FEV1 and FEV1/FVC were positively asso-
ciated with expression of CTNNBI (P = 0.00087; P = 0.00039,
respectively, Supplemental Fig. S1, C and D). Consistent with
the cohort in Table 2, FAMI13A expression was positively
associated with CTNNBI and negatively associated with
COL1A1 expression (P = 0.0091; P = 0.000014, respectively,
Supplemental Fig. S1, E and F). Collectively, these data pro-
vide clinical confirmation on the positive association of
FAMI3A with CTNNBI, and the negative association of
FAMI13A with COLI1A1, in the airway epithelium of subjects
with or without COPD.

FAM13A '~ Cells Exhibit Increased COL1A1 and MMP2
Expression in Response to TGF-31

To determine the biological role of FAM13A in response to
TGF-p1 stimulation, we used CRISPR-Cas9 gene editing (27) to
negate FAMI3A expression (FAM13A~'7) in 1HAEo cells.
Sequencing of the targeted FAMI13A genomic loci revealed
indel frameshift mutations resulting in premature transla-
tional termination, with loss of FAM13A protein expression
confirmed by a Western blot analysis (Fig. 2, A-C). Represen-
tative immunofluorescence images and quantitation showed
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Figure 1. FAM13A protein expression is upregulated in the airway epithelium of patients with COPD. Representative images of paraffin-embedded
human lung tissues from nonsmoking control (A), COPD GOLD 2 (B), and COPD GOLD 4 (C) stained for FAM13A protein expression. D: airway-specific
FAM13A expression was quantified and normalized to length of basement membrane in micrometer. E: airway-specific FAM13A expression was stratified
by smoking status in patients with COPD (current vs. ex-smokers). F: correlation between total epithelial-specific FAM13A expression (data log-trans-
formed) with FEV1/FVC (%). Values were expressed as means + SE. The Kruskal-Wallis test with Dunnett’s multiple comparisons test was used in D and
E. (Note: one non-COPD subject has no reported FEV1/FVC ratio in F). In F, red dots = nonsmoking controls, blue dots = COPD GOLD2, and orange
dots = COPD GOLD 3, 4. G: boxplots of TGFB1, CTNNB1, COL1A1, and CDH1 gene expression in the small airway epithelium of (n=68) healthy non-
smokers, (n=101) smokers without COPD, and (n=42) smokers with COPD (box indicates the median and the interquartile range). Gene expression cor-
relation analyses between CTNNBT and FAMI13A (H), and COL1AT and FAMI13A (/). The P value was obtained using a linear regression model with gene
expression as the response variable and adjusted for age, sex, and smoking status. CDH1, E-cadherin; COL1A1, collagen type 1; COPD, chronic obstruc-
tive pulmonary disease; CTNNB1, B-catenin; FAM13A, Family with sequence similarity 13, member A; FEV1, forced expiratory volume in one second; FVC,
forced vital capacity; GOLD, global initiative for chronic obstructive lung disease.

an increase in COL1Al protein expression in TGF-Bl-treated mediated increase in COL1A1 gene expression compared with
FAMI3A~/~ cells when compared with the WT counterpart WT cells (Fig. 3C). Similarly, FAMI3A~/~ cells exhibited
(Fig. 3, A and B). Real-time PCR analyses consistently showed increased MMP2 gene expression when compared with WT
that FAM13A~/~ cells mounted a greater induction in TGF-p1-  cells, and this increase was further elevated in response to
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A
wWT

Figure 2. Generation of FAMI3A™~ 1HAEo cells using
CRISPR-Cas9. A: sequencing of the FAM13A genomic loci of
WT 1HAEo cells and a FAMI3A~'~ clone generated using
CRISPR-Cas9 targeting. Targeted guide RNA sequence

FAM13A-/-

CTTGTCTCTCCCATGTCGAACTTCATCCTGCTCCTTGGACTGGCGGCGGC
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TGF-B1 treatment (Fig. 4A). The increases in MMP2 tran-
scripts correlated well to increases in MMP2 protein expres-
sion as detected by Western blot analyses (Fig. 4, B and C).
Taken together, these data showed that the loss of FAM13A
expression in human airway epithelial cells enhances the
transcriptional regulation of COL1A1 and MMP2 expression af-
ter TGF-p1 activation.

Active CTNNB1 Expression Is Elevated in FAM13A '~
Cells and Further Induced by TGF-31

Previously, it was reported that a loss of FAM13A increases
the stability and expression of CTNNB1, which protects mice
from chronic smoke-induced emphysema (19). Since CTNNB1
is also a transcriptional coregulator that is involved in EMT
(36), we determined whether FAM13A regulation of EMT
genes such as COL1A1 and MMP2 occurs via modulation of
CTNNBI1. Expression of total CTNNB1 was upregulated in
FAMI3A~'~ cells compared with WT, whereas stimulation
with TGF-B1 further elevated the levels of CTNNBI in
FAMI3A~'~ cells (Fig. 5, A and B). In addition, active CTNNB1
levels were also upregulated in FAMI3A~/~ cells when com-
pared with WT cells after TGF-p1 treatment (Fig. 5, C and D).
When visualized by immunofluorescence imaging, total
CTNNBI expression localized in the cytoplasmic and plasma
membrane compartments was increased in FAMI3A~/~ cells
when compared with WT, which was further elevated upon
treatment with TGF-p1 (Fig. SE). Western blot quantification
of cytoplasmic and nuclear fractions revealed a consistent
increase in total and active CTNNB1 protein in FAMI13A~/~
cells treated with TGF-f1, but not in WT cells (Fig. 5, F-I).
These data showed that a loss of FAM13A increases total and
active CTNNBI1 expression after TGF-f1 treatment.

Inhibition of CTNNB1 Reduces TGF-31-Induced Increase
in COL1A1 and MMP2 Expression

To demonstrate the potential contribution of CTNNBI1 in
mediating TGF-Bl-induced increase in COL1A1 and MMP2
expression, cells were pretreated with CTNNB1 siRNA or
with PKF118-310, a small molecule antagonist of the TCF4/

L382

CTNNBI1 signaling complex (37), followed by 5days of TGF-
B1 treatment. CTNNBI1 gene and protein expression were sig-
nificantly reduced in CTNNBI siRNA-treated groups com-
pared with scrambled siRNA-treated groups in WT cells
(Supplemental Fig. S2,A-C; see https://doi.org/10.6084/m9.
figshare.13058954). Treatment of WT cells with CTNNBI1
siRNA reduced TGF-Bl-induced increase in COL1Al and
MMP2 gene and protein expression (Fig. 6, A-D). Similarly,
pharmacological inhibition of TCF4/CTNNB1 complex using
PKF118-310 reduced TGF-Bl-induced increase in COL1Al
gene and protein expression (Fig. 6, E and F). PKF118-310
reduced TGF-Bl-induced increase in MMP2 protein but not
gene expression (Fig. 6, G and H). Next, to determine
whether silencing CTNNB1 with siRNA impacts COL1A1 in
FAMI3A~'~ cells, we first confirmed that CTNNBI siRNA
treatment reduced CTNNBI1 protein expression to below con-
trol levels in the presence or absence of TGF-f1, and reca-
pitulated the induction of CTNNBI1 protein by TGF-p1, but
did not modify COL1A1 expression (Supplemental Fig. S2, D-
G). Collectively, these data showed that CTNNBI is partially
required in TGF-Bl-induced increase in the expression of
COL1A1 and MMP2.

FAM13A Overexpression Reduces TGF-31-Induced
Increase in COL1A1 and MMP2 Expression

Given that reduced FAMI13A expression led to upregula-
tion of COL1A1 and MMP2 expression via TGF-B1, we deter-
mined whether the overexpression of FAM13A reverses this
phenomenon. Initially, we used lipofectamine to transfect
cells with FAM13A mRNA, and showed that FAMI3A overex-
pression attenuated TGF-B1-induced increase in COLIAI but
not MMP2 gene expression (Supplemental Fig. S3,A-C; see
https://doi.org/10.6084/m9.figshare.13058960). Due to its in-
herent toxicity and its ability for immune activation, lipo-
fectamine has little clinical utility. Therefore, we next
evaluated the therapeutic potential of FAMI3A overexpres-
sion using clinically validated LNP technology (38, 39). We
encapsulated mRNA in LNP for cellular overexpression.
Using flow cytometry to assess GFP + cells as an indicator of
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Figure 3. Loss of FAM13A promotes increased COL1AT protein expression in response to TGF-f1 stimulation. A: representative confocal images of
COL1A1 protein expression, with DAPI counterstaining for nuclei, in WT and FAMI3A™~ cells with and without TGF-B1 treatment (1wk). Scale
bar=100 pm. B: assessment of COL1A1 protein intensity normalized to number of nuclei. C: gene expression of COLTAT normalized to GAPDH in WT and
FAMI3A~"~ cells at baseline were expressed as fold change normalized to WT controls. Values were expressed as means + SE (n=4 independent
experiments). One-way analysis of variance with Bonferroni’s multiple comparisons test was used in B and C. COL1A1, collagen type 1; FAM13A, Family

with sequence similarity 13, member A; WT, wild-type.

transection efficiency, we found that lipofectamine and
LNP-based transfection resulted in comparable levels of effi-
ciency (79.8% and 84.8% GFP +, respectively) when com-
pared with untreated or GFP mRNA only controls
(Supplemental Fig. S4, A-E; see https://doi.org/10.6084/m9.
figshare.13058963). In addition, LNP uptake into cells was
100% as indicated by DiD-colabeling (Supplemental Fig.
S4F).

As expected, FAMI13A gene and protein expression was
increased in cells treated with LNP-encapsulated FAMI13A
mRNA (Supplemental Fig. S5,A and B; see https://doi.org/
10.6084/m9.figshare.14385302). LNP-mediated transfection
of cells with FAM13A mRNA led to reduced TGF-B1-induced
increase in COL1A1 and MMP2 gene and protein expression
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(Fig. 7, A-D). TGF-B1 treatment significantly reduced both
CDH1 gene and protein expression, this reduction was not
further modified for cells transfected with FAM13A mRNA
(Fig. 7, E and F). Total CTNNBI protein expression was sig-
nificantly reduced in cells treated with FAMI3A mRNA
when compared with untreated controls (Fig. 7G). The com-
bination of FAM13A mRNA and TGF-p1 treatment led to sig-
nificant reduction of active CTNNBI1 protein expression
when compared with untreated controls (Fig. 7H). Finally,
we analyzed total and active CTNNBI1 in cytoplasmic and nu-
clear fractions of 1HAEo cells treated with combinations of
FAMI13A and TGF-f1 for 3days. FAM13A mRNA consistently
prevented TGF-Bl-induced increases in total and active cyto-
plasmic CTNNBI1 (Fig. 7, I and J), as well as total nuclear
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Figure 4. Loss of FAM13A promotes increased MMP2 expression in response to TGF-f1 stimulation. A: assessment of fold change in expression of
MMP2 normalized to GAPDH in WT and FAM13A~"~ cells in the absence or presence of TGF-B1treatment (1wk). B: representative Western blot. C: quan-
tification of MMP2 protein expression normalized to B-actin in WT and FAM13A~"~ cells in the absence or presence of TGF-B1 treatment. Values were
expressed as means * SE (n=4 independent experiments). One-way analysis of variance with Bonferroni’s multiple comparisons test was used in A and
C. FAM13A, Family with sequence similarity 13, member A; MMP2, matrix metalloproteinase 2; WT, wild-type.

CTNNBI (Fig. 7K), but not active nuclear CTNNBI1 (Fig. 7L).
In summary, FAMI3A overexpression attenuated TGF-pl1-
induced increase in the expression of COL1A1 and MMP2,
concomitant with reduced expression of total and active
CTNNBL.

FAM13A Influences Cell Morphology and Skeletal
Organization of F-actin

We compared the morphology of WT and FAMI3A~/~
cells transitioning from low-to-high density culture
(Supplemental Fig. S6,A-D; see https://doi.org/10.6084/
m9.figshare.13058966). Although both cells retained an
overall epithelial-like morphology, FAMI3A~/~ cells exhibited
greater spreading compared with WT cells. Treatment with
TGF-p1 induced both WT and FAM13A~/~ cells to adopt elon-
gated shapes at low density, whereas at high density, cells
appeared to be less densely packed with enhanced spreading
compared with nontreated cells. Higher-resolution temporal
imaging of non-TGF-Bl-treated cells revealed lamellipodial
protrusive activity that was enhanced in FAMI3A ™/~ cells
when compared with WT (Supplemental Video S1; see https://
doi.org/10.6084/m9.figshare.14036318). Cytoskeletal remodel-
ing is associated with EMT (40), thus cells were stained with
phalloidin to visualize filamentous actin (F-actin). At higher
cell densities, cortical F-actin indicative of cell-cell contact
was evident in both WT and FAMI3A~/~ cells (Fig. 8A).
FAMI3A~/'~ cells treated with TGF-B1 resulted in reorganized
F-actin that appeared less cortical and more like stress fibers
(Fig. 8A). This phenomenon was also observed in TGF-B1-
treated WT cells, albeit at attenuated levels. After normaliza-
tion to nuclei counts, the overall F-actin staining intensity
was increased in FAMI3A~/~ but not in WT cells after TGF-p1
stimulation (Fig. 8B). Cell packing density, assessed as num-
ber of nuclei per unit area at full cellular confluency, was
intrinsically lower in FAMI3A~/~ compared with WT cells at
baseline, and this effect was consistently decreased in both
WT and FAMI3A ™/~ cells after TGF-B1 treatment (Fig. 8C).
Taken together, FAM13A is involved in cytoskeletal organiza-
tion of F-actin, and TGF-Bl-induced changes in COL1A1 and
MMP2 expression and cell packing density.
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DISCUSSION

In this study, we provide new data based on functional
knockout of FAMI13A expression in a human lung epithelial
cell model designed to assess the role of FAM13A in response
to TGF-B1 stimulation, which highlights a negative causal
relationship between FAMI13A and CTNNBI1 expression in
airway epithelial cells. Specifically, we showed that a com-
plete loss of FAM13A expression in lung epithelial cells
enhances TGF-B1’s ability to increase the expression of
COL1A1 and MMP2 by upregulating CTNNB1 expression,
whereas overexpression of FAMI3A attenuated the expres-
sion of COL1A1, MMP2, and CTNNBI. In analyses of airway
epithelial cells from human subjects, we found that FAM13A
protein expression was upregulated, whereas CTNNBI gene
expression was downregulated in smokers with COPD than
in healthy nonsmokers. Collectively, these data suggest that
FAM13A is a modifier of TGF-B1-mediated signaling and its
upregulation in smokers at risk for COPD may protect the
lungs against epithelial remodeling that leads to progressive
narrowing of the airways in COPD.

Mass spectrometry studies of FAMI3A-interacting pro-
teins have implicated pathways enriched in “CTNNB1 phos-
phorylation cascade” and “CTNNBI1 degradation by the
destruction complex” (19). The proposed canonical mecha-
nism by which TGF-B1 regulates extracellular matrix-related
gene expression is through phosphorylation of Smad2/3, and
their subsequent translocation to the nucleus to regulate
transcription (41). In connecting the role of CTNNBI in TGF-
B1 signaling, Zhou et al. (42) showed a direct interaction
between Smad3 and CTNNBI in the regulation of a-smooth
muscle actin («aSMA) after TGF-p1 stimulation. It was also
reported that siRNA-mediated silencing of CTNNBI1 reduces
TGF-B1l-induced matrix production in airway smooth muscle
cells (36). Growth factors such as TGF-1 play a critical role
in the pathogenesis of airway remodeling in COPD (43) and
asthma (44). TGF-B1 is a multifunctional cytokine that is
stored in the extracellular matrix compartment in its inac-
tive form (45). Latent TGF-pB1 can be activated via oxidation
(46) or enzymatically cleaved to release the active form of
TGF-p1 for the activation of structural and inflammatory
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Figure 5. Loss of FAM13A promotes increased total and active CTNNB1 expression in response to TGF-f1 stimulation. A: representative Western blot
and B: quantification of total CTNNB1 protein expression normalized to B-actin in WT and FAMI13A~"~ cells with and without TGF-B1 treatment. C: repre-
sentative Western blot and D: quantification of active CTNNB?1 protein expression normalized to B-actin in WT and FAM13A /= cells with and without
TGF-B1 treatment. E: representative confocal images of total CTNNB1 protein expression, with DAPI counterstaining for nuclei, in WT and FAM13A~'~
cells with and without TGF-f1 treatment. Scale bar=25 um. Western blot quantification of total CTNNB1 (F) and active CTNNB1 cytoplasmic protein
expression normalized to B-actin in WT and FAM13A~"~ cells with and without TGF-B1treatment (G). Western blot quantification of total CTNNB1 (H) and
active CTNNB1 nuclear protein expression normalized to HDAC2 in WT and FAM13A = cells with and without TGF-B1 treatment (/). Values were
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cells (47), thereby resulting in the production and secretion
of extracellular matrix and tissue remodeling.

In search of novel therapeutic targets to reduce airway tis-
sue remodeling, we turned to validating genes identified
from COPD genome-wide association studies that are
strongly associated with lung function with known biology.
This is because the likelihood of success of such therapeutics
in phase II clinical trials is 50%-100% greater compared with
therapeutic targets that are disconnected from genetics (48—
50). To determine the role of FAM13A and CTNNB1 in TGF-
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Bl-induced EMT, we used CRISPR-Cas9 gene editing tech-
nology to generate 1HAEo cells deficient in both alleles of
FAM13A. Corvol et al. (40) showed that FAM13A knockdown
with siRNA augmented TGF-B1-induced «SMA and vimentin
gene expression, and F-actin fiber formation in A549 cells.
We extend these findings by showing that FAMI3A/~
1HAEO cells exhibited increased expression of COL1A1, MMP2,
CTNNBI, and F-actin, molecules known to be involved in air-
way remodeling. It was reported that F-actin localizes at the
margins of airway epithelial cells from nonsmokers, whereas
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F-actin in cells from smokers and patients with COPD was dis-
tributed throughout the cytoplasm (18). In addition, TGF-p1
treatment of A549 cells also promoted the accumulation of
cytoplasmic F-actin (51). Finally, to connect the regulatory role
of CTNNBI1, we showed that CTNNBI siRNA treatment par-
tially disrupted TGF-pl-induced increase in COLIA1 and
MMP2 expression. Treatment with PKF118-310, an inhibitor of
the interaction between T-cell factor 4 (Tcf4) and CTNNB1
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complex, consistently reduced COL1A1 and MMP2 expression.
Collectively, these data provide a more comprehensive under-
standing in the potential role of FAM13A in the regulation of
CTNNBI1 and in TGF-B1 signaling (52, 53), supporting an im-
portant implication in the context of airway tissue remodeling
in patients at risk of developing severe COPD.
Single-nucleotide polymorphisms in FAMI3A have previ-
ously shown a strong association with reduced lung function
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and with increased risk of COPD; however, to date, its func-
tional role in the pathogenesis of COPD has been unclear.
Previously, Jiang et al. (19) reported an inverse relationship
between FAM13A and CTNNBI protein expression in human

p=0.0007
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bronchial epithelial (16HBE) cell line, in mice studies and, in
whole lung tissues from subjects with and without COPD.
Our human tissue staining data specifically revealed an
increase in FAM13A protein in the airway epithelium of
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Figure 8. TGF-B1-induced remodeling of F-actin is enhanced in FAM13A /= cells. A: representative confocal images and B: quantification of fold change in
F-actin intensity/nuclei normalized to WT control were shown in WT and FAMI13A~'~ control cells in the presence or absence of TGF-B1 treatment. Scale
bar=25 um. C: quantification on the number of nuclei per unit area was shown in WT and FAM13A /= control cells at full confluency in the presence or ab-
sence of TGF-f1 treatment. Values were expressed as means + SE (n =3 independent experiments). A parametric t test was performed in B. One-way analy-
sis of variance with Bonferroni’s multiple comparisons test was used in C. FAM13A, Family with sequence similarity 13, member A; WT, wild-type.

patients with COPD compared with nonsmokers. Although it
is tempting to speculate that FAM13A may play a role in
enhancing airway tissue remodeling, our in vitro data indi-
cates the contrary response, where FAMI3A deficiency
increased collagen expression via an increase in CTNNB1
upon stimulation with TGF-p1. This suggests that the
increase in FAM13A expression observed in COPD airway ep-
ithelium may help to control excess TGF-pl-induced COL1A1
and MMP2 expression. The exact biological mechanism for

the increase in FAMI13A protein in COPD airway epithelium
is unclear, but a previous study using an airway epithelial
cell line showed that hypoxia increases FAM13A expression
(54). Cigarette smoking is associated with increased risk of
hypoxemia in patients with COPD (55, 56), which may par-
tially explain the increase in FAM13A expression. Using lipid
nanoparticle technology to encapsulate and deliver human
FAMI13A gene in 1THAEOo cells, we showed that overexpression
of FAMI13A partially protects against TGF-Bl-induced increase

Figure 7. LNP-mediated overexpression of FAMI3A decreases TGF-B1-induced increase in COL1A1 and MMP2 expression in 1HAEo cells. Wild-type
1THAEoO cells treated with empty LNP or LNP-FAM13A mRNA in the absence or presence of TGF-B1treatment, and assessed for COLTAT gene expression
relative to GAPDH (A), COL1A1 protein expression relative to B-actin (B), MMPZ2 gene expression relative to GAPDH (C), MMP2 protein expression relative
to B-actin (D), CDH1 gene expression relative to GAPDH (E), CDH1 protein expression relative to B-actin (F), and total CTNNB1 (G), and active CTNNB1 pro-
tein expression relative to B-actin (H). Western blots shown are representative. THAEo cells treated with empty LNP or LNP-FAMI3A mRNA in the ab-
sence or presence of TGF-f1 treatment (3 days), were also assessed for cytoplasmic total and active CTNNB1 relative to B-actin (/ and J), and nuclear
total and active CTNNB! relative to B-actin (K and L). Values were expressed as means + SE (n=3 or 4 independent experiments). One-way analysis of
variance with Bonferroni’'s multiple comparisons test was used in all panels. CDH1, E-cadherin; COL1A1, collagen type 1; CTNNB1, B-catenin; 1HAEo,
human airway epithelial cell line; LNP, lipid nanoparticle; MMP2, matrix metalloproteinase 2.
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in COLIA1 and MMP2 expression. Lipofectamine-mediated
delivery of plasmids have commonly been used for cellular
overexpression of genes of interests in cell culture models;
however, net positive charges of lipofectamine-type agents
have little clinical use owing to their increased toxicity (57),
and the requirement to enter dividing cells for gene transcrip-
tion. Lipid nanoparticles contain ionizable cationic lipids that
bind to negatively charged RNA or DNA and form a protective
coat that is net neutral at physiological pH. LNPs containing
mRNA can directly release into the cytoplasm for immediate
protein translation without integrating genetic information in
our genome. Although DNA transfections are generally more
stable than RNA transfections, RNA transfections present
more diverse therapeutic options, as exemplified by adoption
of the current RNA-based vaccines against COVID-19 (58, 59).
Collectively, these data suggest that FAM13A overexpression
maybe a potential strategy for therapeutic intervention in
reducing airway tissue remodeling of smokers at risk for devel-
opment of COPD.

In the present report, we use an in vitro model to demon-
strate that a deficiency in FAM13A in response to TGF-p1 acti-
vates genes involved in airway tissue remodeling. Limitations
not addressed by this model include an ideal confirmation for
the role of FAM13A in airway epithelial remodeling in vivo that
should be investigated using tissue-specific FAM13A KO gener-
ated in mice, and subjected to chronic cigarette smoke expo-
sure. Furthermore, the contribution of other factors such as
oxidative stress, local inflammatory response, and microbial
interactions may synergistically enhance the TGF-f1 signaling
response in the airway tissues of patients with COPD. The exact
mechanism by which FAM13A is upregulated in the airway ep-
ithelium of patients with COPD is unknown and awaits resolu-
tion. However, we speculate that upregulation of FAM13A in
the airway epithelium of healthy smokers without COPD may
reduce CTNNBI expression for a more protective response in
controlling excess tissue remodeling. Undoubtedly, CTNNB1
(B-catenin) signaling contributes to lung repair/regeneration in
response to various injuries (60, 61); therefore, more extensive
studies accounting for multiple competing mechanisms at
play are required to determine the value of overexpressing
FAM13A in tissue-specific and disease-specific treatment.

In summary, this report shows that airway epithelial cells
deficient in FAMI3A loses its ability to sequester CTNNBI,
and FAM13A is inversely related to the regulation of TGF-p1-
mediated response in this in vitro model. Overexpression of
FAMI13A via LNP-mediated mRNA delivery partially reverses
this effect in vitro. Moreover, the upregulation of FAM13A
protein in the airway epithelium of patients at risk of COPD
and those with mild COPD may offer increased protection
against further TGF-Bl-mediated tissue remodeling. This
work provides important mechanistic insights in the role of
FAMI13A serving as a potential therapeutic target and limiting
fibrotic response in the airway epithelium of smokers at risk
of severe COPD by downregulating CTNNBI that may inter-
sect with TGF-B1-mediated tissue remodeling responses.
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