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Abstract

DNA hypomethylation represents the most prevalent epigenetic alteration in

human cancer, yet its cellular origins remain incompletely understood. In lung
adenocarcinoma (LUAD), DNA hypomethylation is associated with upregulation of
distinct gene groups, including: cancer-germline (CG) genes normally restricted

to testicular germ cells, and stratified epithelium (SE) genes typically expressed in
multilayered epithelia. Among the latter, FAM83A has emerged as a pro-tumoral gene
implicated in cancer progression and therapy resistance. Here, we asked whether
FAMS83A activation in LUAD represents an epigenetic abnormality or if it reflects
redirection of malignant cells towards an existing epithelial program. By analyzing
single-cell RNA sequencing data from normal lung we found that, while FAM83A

is undetectable in whole lung tissue homogenates, it is expressed in subsets of
airway epithelial cells corresponding to basal/suprabasal and goblet cell populations.
In contrast, CG gene MAGEAT is silent in all lung cell types. Consistently, RT-gPCR
detected FAMS83A, but not MAGEAT, in primary and immortalized human lung basal
cells. Bisulfite sequencing showed that the promoter of FAM83A, but not MAGEA],

is unmethylated in these cells. Analyses of transcriptomic datasets from LUAD cell
lines and tissues demonstrated that FAMS83A expression is correlated with markers

of suprabasal and goblet lineages in malignant cells. They further revealed co-
expression of FAM83A with NAPSA, a marker of alveolar AT2 cells, from which LUAD
originates. Together, these findings indicate that, whereas MAGEAT activation in LUAD
results from an aberrant process of DNA demethylation, FAM83A upregulation in
LUAD reflects redirection of alveolar cells towards an airway differentiation program.

1 Introduction

In many organisms, including humans, methylation of CpG dinucleotides in the DNA
represents an epigenetic mechanism of long-term transcriptional gene repression [1].
During development, distinct patterns of DNA methylation are acquired by the differ-
ent cell lineages, contributing to the establishment of cell-type-specific gene expression
programs [2, 3]. Although some DNA methylation marks show age-related variations,
most of them are faithfully preserved throughout adult life [4, 5]. In tumor cells however,
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profound alterations of DNA methylation patterns are observed, including gains (hyper-
methylation) and losses (hypomethylation) in different parts of the genome [6]. DNA
hypermethylation in tumors was shown to lead to the irreversible silencing of tumor
suppressor genes, whereas DNA hypomethylation was associated with the aberrant
activation of genes with tumor promoting properties [7, 8]. The latter include primarily
a group of genes, including MAGEA1I, which were collectively referred to as “Cancer-
Germline” (CQ), because their expression in healthy individuals is limited to testicular
germ cells [9].

In a recent study investigating methylomic and transcriptomic datasets of lung adeno-
carcinoma (LUAD), DNA hypomethylation in cancer was found to correlate with tran-
scriptional activation of not only CG genes, but also of another cluster of tissue-specific
genes showing restricted expression in tissues that comprise a stratified squamous epi-
thelium (skin, esophagus and vagina) [10]. Among this so-called “Stratified-Epithelium”
(SE) gene cluster, FAM83A showed the highest frequency of upregulated expression
in LUAD samples, and its expression correlated with reduced survival of the cancer
patients [10]. Over the last 10 years, FAM83A has attracted growing interest as a tumor-
promoting gene [11]. Studies in various cancer cell types have demonstrated that overex-
pression of FAMS83A induces increased proliferation, acquisition of stem cell-like traits,
and loss of cell polarity [12—-14], by modulating oncogenic signaling cascades, such as
the PI3K/AKT, MAPK, and Wnt/f-catenin pathways [15-17].

The origin of DNA hypomethylation in tumor cell genomes remains poorly under-
stood. It may arise through dysregulation of the DNA methylation machinery in cancer
cells, for instance as a consequence of altered expression or mutations affecting DNA
methyltransferases (DNMT1, DNMT3A/B) [18-23]. Alternatively, it may be inherent
to the high plasticity of cancer cells, which alter their differentiation trajectory, reshap-
ing DNA methylation patterns to adapt gene expression programs [24, 25]. It has also
been suggested that DNA hypomethylation may reflect the expansion of a pre-existing
unmethylated state that was present in a discrete population of normal cells from which
the tumor originated [26]. For LUAD, lineage tracing in genetically modified mouse
models have identified lung alveolar type 2 (AT2) cells as the cell of origin [27, 28], and
previous results showed that CG genes (e.g. MAGEAI) and SE genes (e.g. FAMS83A) are
repressed and methylated in these cells [10].

The advent of single-cell RNA-Seq has revealed that numerous tissue-specific tran-
scripts are detectable only at single-cell resolution, as bulk tissue profiling averages
expression across diverse cell types and thereby masks signals from rare cell populations
[29]. We therefore decided to re-assess the expression and promoter DNA methylation
of SE gene FAMS83A and CG gene MAGEAI in normal lung cells by exploring single-
cell transcriptomic data, and by performing bisulfite sequencing on airway cell cultures.
We found that FAM83A, but not MAGEA, is expressed and unmethylated in a discrete
subset of lung cells that are distinct of AT2 cells. We therefore further investigated co-
expression of FAM83A with specific markers of these lung cell types in LUAD.

2 Material and methods

2.1 Cell culture

The human bronchial epithelial cell line HBEC3-KT (CRL-4051, ATCC, Manassas,
VA, USA) was cultured in Airway Epithelial Cell Basal Medium (PCS-300-030, ATCC,
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Manassas, VA, USA) supplemented with the Bronchial Epithelial Cell Growth Kit
(PCS-300-040, ATCC, Manassas, VA, USA). The immortalized foreskin fibroblast cell
line HFF2-hTERT (kindly provided by Dr Decottignies, de Duve Institute, UCLou-
vain) was maintained in Dulbecco’s Modified Eagle Medium (DMEM, Gibco, Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS,
Sigma-Aldrich, St-Louis, MO, USA) and 1% penicillin—streptomycin (Life Technologies,
Carlsbad, CA, USA). For passaging and harvesting, HBEC3KT and HFF2-hTERT cells
were detached using 0.05% trypsin—-EDTA (Gibco, Thermo Fisher Scientific, Waltham,
MA, USA). The derivation and ex vivo 2D culture of HBEC cells were described previ-
ously [30].

2.2 5-azadC and siRNA treatments

For 5-aza-2’-deoxycytidine (5-azadC) treatments, HFF2-hTERT cells were grown to
60—70% confluency and treated with a single dose of 2 uM 5-azadC (dissolved in 1:1 ace-
tic acid:water). Cells were maintained in culture for 3 days before RNA extraction and
RT-qPCR analyses.

For siRNA treatments, HBEC3-KT cells were seeded at 400,000 cells per well in
6-well plates and reverse-transfected with siRNAs targeting FAM83A (siFAMS83A) or
control siRNAs targeting luciferase (siLuc) at a final concentration of 100 nM, using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). Cells were harvested 3 days post-
transfection for RNA and protein analysis. siRNA sequences were designed based on
previous studies [13, 31].

2.3 RNA extraction, reverse transcription, and quantitative PCR (qPCR)

Total RNA of cell lines and frozen HBEC samples was extracted using TriPure Isolation
Reagent (Sigma-Aldrich, St-Louis, MO, USA) according to the manufacturer’s instruc-
tions. RNA from normal tissue samples (lung and testis) was purchased from Ambion
(Thermo Fisher Scientific, Waltham, MA, USA). Reverse transcription was performed
using the MML-V reverse transcriptase kit (Thermo Fisher Scientific, Waltham, MA,
USA) using random hexamers (Invitrogen, Carlsbad, CA, USA), Ribolock RNAse inhibi-
tor (20 U, Invitrogen, Carlsbad, CA, USA), and 2 pg of total RNA per reaction, in a
final volume of 20 puL. qPCR analyses were carried out using the KAPA SYBR FAST kit
(Sigma-Aldrich, St-Louis, MO, USA) with 1/40 of the reverse transcription product used
per reaction, in a final volume of 10 uL. All reactions were performed according to the
manufacturer’s instructions. Primer sequences are provided in supplementary Table S1.

2.4 Western blot

At day 3 post-transfection, HBEC3-KT cells were harvested for protein extraction. Cells
were lysed in RIPA buffer (150 mM NaCl, 1% TritonX-100, 0.5% sodium deoxycholate,
0.1% SDS and 50 mM Tris pH 8) supplemented with cOmplete Mini protease inhibi-
tor cocktail (Roche, Basel, Switzerland) and PhosSTOP phosphatase inhibitor cocktail
(Roche, Basel, Switzerland). Protein lysates (20 pg) were separated on 8% SDS-PAGE gels
and transferred onto PVDF membranes (Millipore, Burlington, MA, USA) at 240 mA
for 2 h. Membranes were blocked in 5% milk in TBS-Tween 0.1% for 1 h at room tem-
perature (RT), then incubated for 1 h at RT with anti-FAM83A antibody (1:600, 20618-
AP, Proteintech, Rosemont, IL, USA, diluted in blocking solution). After three washes in
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TBS-Tween 0.1%, membranes were incubated for 1 h at RT with a goat anti-rabbit HRP-
conjugated secondary antibody (1:10,000, ADI-SAB-300 J, Enzo Life Sciences, Farming-
dale, NY, USA, diluted in TBS-Tween 0.1%). Signal was detected using SuperSignal West
Pico PLUS Chemiluminescent substrate (Thermo Fisher Scientific, Waltham, MA, USA)
and visualized with the Amersham ImageQuant 800 system (Cytiva, Marlborough, MA,
USA). For Vinculin detection, membranes were stripped with 0.4 M NaOH (4 x washes),
re-blocked for 1 h in 5% milk in TBS-Tween 0.1% and incubated with anti-vinculin anti-
body (1:100,000, 05-386, Millipore, Burlington, MA, USA) for 1 h at RT. A goat anti-
mouse HRP-conjugated secondary antibody (1:10,000, ab205719, Abcam, Cambridge,
UK, diluted in TBS-Tween 0.1%) was used for detection as above.

2.5 Sodium bisulfite sequencing

Sodium bisulfite genomic sequencing of the FAM83A and MAGEAI promoter regions
was performed as previously described [32]. Primers used for nested PCR amplification
of bisulfite-treated DNA are listed in supplementary Table S2.

2.6 DNA methylation public dataset

Whole genome bisulfite-seq (WGBS) data from normal keratinocytes, spermatozoa,
the IMRO0 fibroblast cell line, human embryonic stem cells (hESCs), and hESC-derived
ectoderm, mesoderm, and endoderm cells were visualized using the NIH Roadmap epig-
enomics track viewer [33]. For quantification of CpG methylation levels in FAM83A
5’-region, WGBS data of keratinocytes and primary AT2 cell were obtained and pro-
cessed as previously described [10]. To assess DNA methylation differences in LUAD,
methylation data from the Cancer Genome Atlas (TCGA) were analyzed using the Wan-
derer web tool (http://maplab.imppc.org/wanderer/) [34]. CpG B-values located within
the FAMS83A regulatory region (chr8:124193000-124196000, GRCh37/hgl9) were
extracted and visualized. Differential methylation between normal lung and LUAD sam-
ples was evaluated using a t-test with adjusted p-values. Pearson correlations analyses
were performed to assess the relationship between FAMS83A expression and CpG meth-
ylation levels.

2.7 RNA-Seq public dataset

Bulk RNA-Seq. Expression graphs for the gene of interest in normal tissues (GTEx data)
were retrieved from the Human Protein Atlas (proteinatlas.org) [35]. Correlation anal-
yses were performed using the GEPIA2 web server (http://gepia2.cancer-pku.cn) on
RNA-seq data from LUAD tumor samples (TCGA) [36], applying Spearman correlation
coefficients. Correlation analyses were also performed using the DepMap portal (https
://depmap.org/explorer) on RNA-seq data from LUAD cell lines [37], using Spearman
correlation coefficient.

ScRNA-Seq. Data from Guo et al. [41] were visualized using the ShinyCell Human Lung
CellRef v1.1 (https://app.lungmap.net/app/shinycell-human-lung-cellref) [38]. UMAP
visualization was generated for FAM83A. For epithelial cell type analysis, heatmaps were
generated. Using the CellxGene platform, the percentage of epithelial cells expressing
the genes of interest was calculated based on the number of total cells and the number
of cells with expressing values above In(CPTT + 1) > 1. Data from Salcher et al. [39] were
downloaded via CellxGene (https://datasets.cellxgene.cziscience.com/c1870f1f-ca36-4d
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96-b03b-7dc0e96d83ee.h5ad) and analyzed in R (version 4.3.1) [39]. Only lung adeno-
carcinoma and cells annotated as malignant were retained for downstream analyses.
Malignant cells were grouped by tumor sample (N =108 LUAD tissues). Tumors con-
taining fewer than 30 malignant cells were excluded. After filtering, 81 LUAD tissues
were retained. Cells were considered positive for the expression of a gene when its log
normalized transcription value was > 0.

2.8 Statistical analysis

Before analysis, qQPCR data were tested for normality using the Shapiro—wilk test. When
all groups followed a normal distribution, parametric paired t-tests were used. Data were
analyzed with GraphPad Prism Version 10.5.0 for Windows (GraphPad Software). P-val-
ues < 0.05 were considered statistically significant.

3 Results

3.1 SE genes, including FAM83A, but not CG genes are expressed in a subgroup of lung
cells

Previous RT-qPCR and RNA-Seq analyses did not detect expression of SE and CG genes
in normal lung tissue samples [10]. This is further illustrated in Fig. 1A, presenting an
analysis of bulk RNA-Seq data from the Human Protein Atlas [35], where CG genes
(MAGEA1, MAGEC2, and CT83) show exclusive expression in testis, and SE genes
(FAMB83A, DSG3, and SERPINBS) in tissues comprising a stratified epithelium (esopha-
gus, vagina, cervix, and skin). Notably, the analysis detected no mRNA of CG and SE
genes in lung tissues. This was in striking contrast with mRNAs of NAPSA, a lung-spe-
cific gene used as control (Fig. 1A). To assess the expression of CG and SE genes with
more precision, we analyzed lung transcriptomic data at single-cell resolution, hypoth-
esizing that the genes may be expressed within a discrete cell population. Examining
scRNA-Seq data of the LungMap with the ShinyCell web tool [38, 40, 41], we found that
FAMS3A and other SE genes, but not CG genes, exhibited mRNA expression in a small
subpopulation of epithelial cells (Fig. 1B and supplementary Fig. S1). The fraction of
epithelial lung cells scoring positive for the expression of FAM83A and other SE genes
was evaluated by analyzing LungMap scRNA-Seq data through the CellxGene platform
[42]. This fraction was found to represent 1% for FAMS83A, and between 0.01% and 7.5%
for other SE genes (Fig. 1C). As expected, the fraction of epithelial cells positive for the
expression of CG genes was 0%, whereas that for control lung marker genes NAPSA and
SFTPC was 47% and 55%, respectively.

3.2 FAMB83A and other SE genes are predominantly expressed in airway cell subtypes

We sought to further determine the specific subtypes of epithelial lung cells expressing
FAMS83A and other SE genes. Cell number statistics derived from LungMap scRNA-
Seq data indicated that basal/suprabasal lung cells, which reside in airway epithelia,
represented the predominant site of FAM83A and other SE gene expression (Fig. 2A).
FAMS83A mRNA was also detected in goblet cells, a cell type representing a further
stage of differentiation in the airway epithelium [43]. Basal/suprabasal cells have been
reported to be more abundant in upper airways and bronchi than in the distal lung [44].
Consistently, analysis of scRNA-Seq data generated from multiple tissues and avail-
able through the Human Protein Atlas revealed a higher level of FAM83A mRNA in the
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Fig. 1 mRNA of FAM83A and other SE genes, but not of CG genes, is detected in a small subpopulation of lung epi-
thelial cells. A Bulk RNA-Seq data from the Human Protein Atlas showing expression levels (NnTPM) of three cancer-
germline (CG) genes (MAGEAT, MAGEC2, CT83), three stratified epithelium (SE) genes (FAM83A, DSG3, SERPINBS), and
the lung marker NAPSA across 35 normal tissues (y-axis). B UMAP representation of scRNA-Seq data from healthy
lung tissue, with cells colored according to FAM83A expression (Z-scores). Epithelial cell clusters are labeled (see
Figure S1 for other cell clusters). C Lung scRNA-Seq data were analyzed to evaluate the fraction of lung epithelial
cells expressing the indicated genes

bronchus than in the lung (supplementary Fig. S2). Collectively, these findings provided
strong evidence that, contrary to MAGEAI (and other CG genes), FAM83A (like other
SE genes) is constitutively expressed in a subpopulation of airway cells whose scarcity in

whole lung homogenates precludes detection of FAM83A mRNA in bulk tissue analyses.

3.3 Experimental confirmation of FAM83A expression in HBEC cells

We next aimed to experimentally confirm the expression of FAMS83A in airway basal
cells. To this end, expression analyses were conducted in ex vivo cultured primary
human bronchial epithelial cells (HBEC), which were obtained following digestion and
2D culture expansion of dissected proximal lung airway tissues, as previously described
[30]. HBECs that are expanded in these conditions almost exclusively consist of basal
cells [45]. Notably, FAM83A mRNA expression was detected by RT-qPCR in six out of
six independent HBEC cultures, while it remained undetected in bulk lung tissue pri-
marily composed of lung parenchyma (Fig. 2B). Contrastingly, MAGEAI mRNA, which
could be detected in testis, was completely absent in HBEC cultures. Similar results were
obtained with HBEC3-KT (Fig. 2B), a cell line of immortalized primary human bronchial
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Fig. 2 FAM83A, but not MAGEAT, is expressed in airway basal epithelial cells. A Heatmap showing relative expres-
sion levels (Z-scores) of FAM83A and five other SE genes across lung epithelial cell subtypes, based on LungMap
scRNA-Seq data. B Diagram illustrating the procedure for culturing primary HBECs, and results of RT-qPCR analyses
for FAM83A and MAGEAT in testis, lung, ex vivo HBEC cultures, and the HBEC3-KT cell line. Results are the mean of
three technical replicates (datapoints). C HBEC3-KT cells were transfected with control (siCTRL) or anti-FAM83A (si-
FAMB83A) siRNAs, and FAM83A mRNA and protein levels were evaluated by RT-gPCR and Western blot, respectively.
Vinculin served as loading control in the Western blot

epithelial cells exhibiting basal-like characteristics [46]. We further verified FAM83A
expression at the protein level in HBEC3-KT cells by performing Western blot analy-
sis. The anti-FAMS83A antibody revealed a band migrating slightly above the predicted
molecular weight of the protein (47 kDa). This band was specifically reduced in cells
where FAM83A mRNA was silenced using a siRNA (Fig. 2C), confirming its identity as
FAMS83A. Together, these results confirmed that FAMS83A is expressed in airway basal

cells at both the mRNA and protein levels, which is not the case for MAGEAI.

3.4 Promoter demethylation underlies FAM83A activation in HBEC cells

Our previous study in LUAD suggested that FAMS83A expression is regulated by the
DNA methylation status of its promoter [10]. In order to further validate this observa-
tion, we first used whole genome bisulfite sequencing (WGBS) data from the Roadmap
Epigenomics project [33], and analyzed the methylation status of CpGs contained within
a 10 kb region surrounding the transcription start site (TSS) of FAM83A in various
normal cell types. We observed that CpGs located between positions -1 kb and + 3 kb
relative to the FAM83A TSS exhibit reduced methylation in skin keratinocytes, which
express the gene, and instead maintain high methylation levels in various other cell
types where FAM83A is repressed (Fig. 3A). Furthermore, by exploring methylation
array data of The Cancer Genome Atlas (TCGA) with the Wanderer interactive viewer
[34], we were able to show that CpG sites located between positions — 1104 and +481
relative to the FAM83A TSS exhibit significant hypomethylation in LUAD, and that their
unmethylated status is correlated with transcriptional upregulation of the gene (Fig. 3B).
Together, these observations demonstrate that FAM83A promoter DNA methylation
is closely associated with its transcriptional activity. Because FAM83A is expressed in
HBECs, we sought to find out if CpGs within its 5" region are constitutively unmeth-
ylated in these cells. To this end, we performed bisulfite sequencing focusing on the
FAMS83A DNA sequence comprising CpGs located between -97 and +269 (Fig. 3C).
Interestingly, the results showed that CpGs within this region of FAM83A are mainly
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Fig. 3 DNA methylation of the FAM83A promoter across cell types and its impact on expression. A WGBS data
from the Roadmap Epigenomics project, showing the methylation level of CpGs surrounding the FAM83A TSS in
hESC, hESC induced to differentiate into the three germinal layers, spermatozoa, IMR90 fibroblasts, and keratino-
cytes. Each vertical line represents the methylation level of one CpG. B The Wanderer web-based tool was used to
compare methylation levels (B-value) of indicated CpGs (position relative to the FAM83A TSS) in normal lung and
LUAD tissues (t-tests; ***: p<0.001, **: p < 0.01;). Correlations between FAM83A expression and the CpG methylation
level are indicated (Pearson coefficient). C Clonal bisulfite-sequencing of the FAM83A and MAGEAT promoter in ex
vivo HBECs, HBEC3-KT and HFF2 cells. Vertical bars indicate the location of CpGs, and the broken arrow indicates
the TSS. Open and filled squares represent unmethylated and methylated CpG sites, respectively. Each row cor-
responds to a single clone. D RT-gPCR analysis for FAM83A and MAGEAT in HFF2 cells that were untreated () or
treated with 5-azadeoxycytidine (+) (t-tests; **: p<0.01, *: p<0.05)

unmethylated in ex vivo HBECs and HBEC3-KT cells, and instead highly methylated
in cultured human lung fibroblasts (HFF2) where the gene is silent. Of note, many of
the CpGs in this same region of FAM83A were methylated in AT?2 cells (supplementary
Fig. S3), according to WGBS data [47]. In striking contrast, CpGs within the MAGEA1
promoter were mostly methylated in ex vivo HBECs and HBEC3KT, as well as in HFF2
(Fig. 3C). Finally, in order to provide an experimental demonstration that FAM83A
expression depends on DNA demethylation, we exposed HFF2 cells to 5-azadeoxycyti-
dine (5-azadC), a DNA methylation inhibitor, and evaluated the expression of FAM83A
after 3 days by RT-qPCR. Treatment with 5-azadC resulted in marked induction of
FAMS83A (Fig. 3D), which was not only comparable to, but even slightly greater than,
that observed for MAGEAI, a well-established DNA methylation-sensitive gene [48].
Collectively, these results indicate that FAM83A expression is regulated by DNA meth-
ylation, and that its expression in HBECs is associated with the unmethylated status of

its promoter in these cells.

3.5 FAMB83A-overexpressing LUAD cells express basal/suprabasal and goblet cell markers
Our results indicate that FAM83A belongs to a gene expression program that character-
izes airway basal/suprabasal cells and cells transiting towards goblet cell differentiation.

Page 8 of 15
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Fig.4 FAMS83A expression in LUAD coexists with AT2 marker NAPSA, and correlates with that of airway cell markers.
A Indicated markers of lung airway cell subtypes were tested for their expression correlation scores (Spearman
coefficient) with FAM83A in LUAD cell lines (CCLE), using the Depmap Portal. B Scatter plot showing co-expression
of FAM83A and AT2-cell marker NAPSA in LUAD cell lines of the CCLE. € scRNA-Seq data of LUAD tissues were ana-
lyzed, and tumor samples were divided into FAM83AM" (> 30% malignant cells expressing FAMS83A) and FAMB3AY
(< 10% malignant cells expressing FAM83A) (t-tests; ***: p<0.001). Boxplots represent the proportion of cells ex-
pressing at least one of the indicated markers in the different samples. D Malignant cells belonging to FAM83AM"
LUAD samples were classified into different subtypes (alveolar, hybrid, airway, other) according to the expression
of specific markers (see text), and the proportion of cells expressing FAM83A was measured in each cell subtype
(Chi-square test; ***: p<0.001)

This observation suggested that FAM83A expression in LUAD might reflect a shift of
alveolar AT2 cells (the cell of origin) towards an airway differentiation program dur-
ing tumor progression. To evaluate this hypothesis, we assessed whether expression
of FAM83A in LUAD correlates with that of markers defining the basal-to-goblet cell
differentiation axis. Previously established lung epithelial subtype marker genes (7P63,
KRT16, SCGBIAI, FOX]1, SPDEF) were selected [49-51], and their cell type-specific
expression was verified in lung scRNA-Seq data (Fig. 4A, supplementary Fig. S4). Inter-
estingly, one of these markers (KRT16) belonged to the SE cluster of genes we identified
previously [10]. We then interrogated transcriptomic data of the Cancer Cell Line Ency-
clopedia (CCLE) with the Depmap web interface [37, 52], in order to determine pair-
wise correlation coefficients between the expression of FAM83A and each differentiation
marker in LUAD cell lines (Fig. 4A). Consistent with our hypothesis, FAM83A expres-
sion in LUAD cell lines displayed positive association with markers of basal, supra-
basal and goblet cells (TP63, KRT16, and SPDEF, respectively). We then examined the
mRNA expression of NAPSA, a marker of AT2 cells often used to diagnose LUAD [53,
54]. A majority (74%) of LUAD cell lines (N =280) scored positive for NAPSA expression
(log2(TPM +1) 20.5), and among these 78% also scored positive for FAMS83A expression
(Fig. 4B). These results support the idea that LUAD tumors often comprise AT2 cells
in which FAM83A became activated, a process associated with the acquisition of basal,
suprabasal, and goblet cell features. To further address this possibility, we examined
scRNA-Seq data of LUAD tissue samples [55], focusing on the malignant cell population.
Our aim was to determine if the association of FAM83A expression with AT2 and basal/
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suprabasal/goblet markers also pertains in vivo. We first separated LUAD samples into
FAMB83A"®" tumors (= 30% malignant cells expressing FAM83A, N =35) and FAM83A"Y
tumors (<10% malignant cells expressing FAM83A, N=18), and evaluated the propor-
tion of malignant cells within these two groups of tumors that express at least one of the
airway basal/suprabasal/globlet markers (TP63, KRT16, and SPDEF). The results showed
that the FAM83AMe" LUAD samples contained a higher proportion of malignant cells
expressing these airway markers (Fig. 4C). To investigate cellular-level correlations, we
divided malignant cells from FAM83A"E" tumors into four groups: those expressing only
the AT2 marker NAPSA (“alveolar” cells), those expressing both NAPSA and at least one
of the three airway markers (“hybrid” cells), those expressing at least one of the three
airway markers but not NAPSA (“airway” cells), and those lacking all markers (“other”
cells; Fig. 4D). The results indicate that although FAM83A is expressed in a substantial
proportion (56%) of alveolar malignant cells, its expression is more prevalent in hybrid
(65%) and airway (70%) malignant cells (Fig. 4D). This pattern therefore supports the
association between FAMS83A expression and the shift of alveolar cells toward airway
differentiation.

Finally, we also compared the expression of FAM83A with that of MAGEA1I in LUAD
cell lines and tissues, and found no correlation (supplementary Fig. S5), thereby indicat-
ing that up-regulation of these two genes in LUAD does not rely on a common mecha-

nism of de-repression.

4 Discussion
FAMS3A, a gene mainly active in tissues comprising a stratified epithelium (esophagus,
skin, vagina), has been reported to be overexpressed in a variety of malignancies and to
correlate with poor clinical outcomes [11]. Although its cellular function still needs to be
fully elucidated, a number of studies show that the FAM83A protein exerts pro-tumoral
functions by modulating molecular pathways involved in cell proliferation and differ-
entiation [56]. Recent work from our laboratory demonstrated that in LUAD, FAM83A
overexpression is linked to DNA hypomethylation of its promoter, implicating epigen-
etic mechanisms in its upregulation in tumor cells [10]. Loss of DNA methylation is well
known to contribute to aberrant gene activation in tumors, with the germline-specific
gene MAGEAI representing a prototypical example of a gene abnormally activated by
this epigenetic alteration [57]. However, the mechanisms underlying DNA hypomethyl-
ation in tumors remain largely unresolved. In this study, we show that while MAGEAI
activation in LUAD arises from an aberrant process of DNA demethylation, FAM83A
demethylation and upregulation appears to reflect epigenetic reprogramming of the cell
of origin toward an alternative lung epithelial differentiation trajectory.

By examining scRNA-Seq data of normal lung, we found that FAMS83A is expressed in
a defined subset of airway epithelial cells corresponding to basal/suprabasal and goblet
populations. Whether FAMS83A protein expression recapitulates this cell-type specificity
could not be demonstrated, as immunofluorescence is currently precluded by the lack
of suitable anti-FAM83A antibodies. The absence of secretory cells within the cluster of
FAMS83A-defined cells is intriguing, as secretory cells are classically considered an inter-
mediate state between basal/suprabasal and goblet differentiation [58]. A recent study,
however, has demonstrated the existence of hybrid airway cells expressing markers of
both basal and goblet cells, in particular in condition of lung injury and regeneration
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[59]. While the FAM83A expression pattern we describe may be consistent with specific
epithelial cell states or transitions, our data are limited to steady-state conditions and do
not allow us to infer a role in differentiation, injury response, or regeneration. Accord-
ingly, any link between FAMS83A expression and these processes remains speculative and
will require dedicated functional studies. Importantly, the present study was designed to
investigate the epigenetic mechanisms underlying FAM83A activation in LUAD rather
than the mechanistic contribution of this gene to airway epithelial differentiation, which
remains to be clarified in future work.

Current evidence suggests that LUAD primarily arises from alveolar AT2 cells [27, 28,
60]. Surprisingly, our study revealed that a number of LUAD samples comprise FAM83A-
expressing malignant cells that display characteristics of airway lineages. Importantly,
we identified tumor cell populations that concomitantly express a canonical AT2 marker
(NAPSA) together with FAMS83A and airway lineage (basal/suprabasal/goblet) markers,
indicating the presence of hybrid epithelial states within the tumor. These findings align
with previous reports describing a high plasticity of malignant cells in LUAD, and the
appearance of “AT2-like” cells undergoing transdifferentiation toward airway regenera-
tive epithelial states [60—62]. Together, our data suggest that FAM83A demethylation
and activation in LUAD is an integral component of the reprogramming of AT2 cells
toward airway epithelial identities. Moreover, the association of high FAM83A expres-
sion with reduced survival of LUAD patients implies that this reprogramming may
impact tumor aggressiveness. It remains unclear whether the redirection of AT2 cells
toward alveolar states occurs during tumorigenesis or instead pre-exists within a subset
of normal lung epithelial cells. The latter possibility appears unlikely, as cells co-express-
ing NAPSA, FAM83A, and basal, suprabasal, or goblet markers were scarcely detected
(0.0015% of epithelial cells) in scRNA-Seq data from normal lung tissue.

FAMBS83A overexpression has been reported in several tumor types beyond LUAD,
notably in breast (BRCA) and pancreatic (PAAD) cancers, where elevated expression of
the gene also correlates with poorer patient survival [63, 64]. Interestingly, visualization
of single-cell RNA sequencing data on the Human Protein Atlas (HPA) platform reveals
that FAMS83A is expressed in discrete subsets of epithelial cells within healthy breast and
pancreatic tissues (supplementary Fig. S6) [65]. This observation raises the possibility
that upregulation of FAM83A in BRCA and PAAD might also reflect reprogramming of
tumor cells toward regenerative epithelial states in the corresponding tissues.

Careful examination of scRNA-Seq of normal lung revealed no expression of
MAGEAI and other CG genes in any cell type. Furthermore, we showed that the expres-
sion of MAGEAI and other CG genes in tumors does not correlate with that of FAM83A
and other SE genes. It is therefore very likely that hypomethylation of MAGEAI and
FAMS83A in LUAD are driven by distinct processes. Thus, whereas MAGEAI de-repres-
sion in lung tumor cells represents an aberrant event resulting from a global process of
DNA methylation loss [19, 57, 66, 67], FAM83A promoter demethylation seem to occur
as part of an intrinsic program of airway basal-to-goblet differentiation. More broadly,
we conclude that activation of CG genes in tumor cells results from epigenetic dysregula-
tion leading to the aberrant de-repression of spermatogenic genes, while activation of SE
genes entails epigenetic reprogramming redirecting tumor cells toward an existing airway
epithelial differentiation trajectory.
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Our observations identify DNA methylation as a key mechanism controlling the cell
type-specific expression of FAM83A, and in particular in determining whether the gene
is active or repressed in specific subtypes of lung epithelial cells. This is a significant
finding, as only a few genes rely mainly on DNA methylation to enforce cell type-spe-
cific expression [68]. It will be important to investigate how FAM83A methylation pat-
terns evolve during airway lineage specification. Given that several transcription factors
potentially involved in this regulatory process have been identified [69], future studies
should assess whether these factors contribute to changes in the FAM83A promoter
methylation and thereby modulate its expression across airway and alveolar cell types.
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