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The process of oncogene-induced senescence (OIS) and the conversion between OIS and
malignant transformation during carcinogenesis is poorly understood. Here, we show
that following overactivation of oncogene Ras in lung epithelial cells, high-level trans-
forming growth factor 1 (TGF-p1)-activated SMAD3, but not SMAD2 or SMADA4,
plays a determinant role in inducing cellular senescence independent of the p53/p16/p15
senescence pathways. Importantly, SMAD?3 binds a potential tumor suppressor ATOHS
to form a transcriptional complex that directly represses a series of cell cycle-promoting
genes and consequently causes senescence in lung epithelial cells. Interestingly, the
prosenescent SMAD3 converts to being oncogenic and essentially facilitates oncogenic
Ras-driven malignant transformation. Furthermore, depleting Atoh8 rapidly acceler-
ates oncogenic Ras-driven lung tumorigenesis, and lung cancers driven by mutant Ras
and Atoh8 loss, but not by mutant Ras only, are sensitive to treatment of a specific
SMAD3 inhibitor. Moreover, hypermethylation of the ATOH8 gene can be found in
approximately 12% of clinical lung cancer cases. Together, our findings demonstrate not
only epithelial cellular senescence directed by a potential tumor suppressor—controlled
transcriptional program but also an important interplay between the prosenescent and
transforming effects of TGF-p/SMAD3, potentially laying a foundation for developing

early detection and anticancer strategies.
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Oncogene overactivation due to genetic mutation is a common driving force for malignant
transformation of a normal cell to be a cancer cell, such as Kirsten rat sarcoma (KRas)
mutation (1, 2). Ectopic expression of mutant Ras in cultured normal cells, however,
induces a permanent and irreversible growth arrest known as oncogene-induced senescence
(OIS) (3, 4). OIS is broadly recognized as an intrinsic defense against malignant trans-
formation and is characterized by senescence-associated secretory phenotype (SASP) and
permanent growth arrest, for which the p38/p16 and p53/p21 proteins have been iden-
tified as crucial promoters (5, 6). Nevertheless, overexpression of these promoters alone
or together can markedly slow cell growth but is usually insufficient to cause the senescent
phenotype. SASP, which consists of various cytokines, growth factors, and proteolytic
enzymes, can play both tumor-suppressive and tumor-promoting roles (7). Whether and
how the double-edge SASP participates in the conversion from OIS to malignant trans-
formation remains largely uncovered.

As a critical SASP component, transforming growth factor-p1 (TGF-p1) alone is suf-
ficient to induce senescence in various cell types (8, 9). The cytostatic effects during
TGF-B-induced cellular senescence are largely mediated by cell cycle regulators, such as
induction of p15, p21, and p27 or suppression of c-myc and hTERT (8, 10-12). Moreover,
TGEF-p signaling is involved in Ultra Violet (UV) exposure- and oxidative stress—induced
cellular senescence (13, 14). Interestingly, TGF-p family ligands also play a notable role
in the SASP-induced paracrine senescence of neighboring normal cells (9, 15). Tumor-
associated macrophages secrete TGF-1 as a critical inducer of cellular senescence to limit
Myc-driven lymphomagenesis (16). By contrast, TGE-f is also well known for its function
as a tumor promoter via inducing epithelial-mesenchymal transition (EMT), augmenting
tumor metastasis, and predisposing an immune-suppressive tumor microenvironment
(17). Yet, how TGF-p manipulates its prosenescent tumor-suppressive functions and
switches to oncogenic roles during tumor development needs further investigation.

The TGF-f signaling relies on the SMAD protein family containing eight members
(18). Following TGF-p stimulation, their serine kinase receptors are phosphorylated to
activate SMAD2 and SMAD3, which usually form homo- or heterotrimer with SMAD4
to regulate downstream target gene expression. Transcription of selected target genes, and
the biological consequence of the TGF-f signaling, is strongly determined by contextual
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Significance

How normal cells escape
oncogene-induced senescence
(OIS) and become malignant
tumor cells remains largely
unclear. Herein, we report that
p53/p16/p15-independent
senescence, which is mediated
by TGF-p1-induced SMAD3-
ATOH8-directed anti-cell cycle
transcriptional program, is a
barrier to oncogenic Ras-driven
tumorigenesis in lung epithelial
cells. ATOHS loss switches the
prosenescent effect of TGF-p1/
SMAD3 to be oncogenic,
facilitates transformation of lung
epithelial cells to become lung
cancer cells, and accelerates
Ras-driven lung tumorigenesis in
a manner requiring SMAD3. The
potential tumor suppressor
ATOHS is inactivated by aberrant
hypermethylation in lung cancer.
Altogether, our study displays an
important interplay between the
prosenescent and transforming
effects of TGF-B/SMAD3
underlying mutant Ras-driven
senescence and oncogenesis.
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Fig.1. The TGF-1/SMAD3 pathway importantly contributes to RIS. (A) Representative morphology images and Methyl Thiazolyl Tetrazolium (MTT) assay of BEAS-

2B cells that stably overexpressed HRas"'? or control vectors. (B) Representative images and quantification of SA-p-gal-positive cells or cell colonies. (C and D)
Representative cellular morphology, cell proliferation, and analysis of SA-B-gal-positive cells are shown. (F) Heat map shows the top dysregulated genes in the
TGF-p signaling induced by HRas"™. (F) Enzyme-linked Immunosorbent Assay (ELISA) analysis of TGF-p1 concentration in culture medium of indicated cells. (G)
The effect of overexpressing HRas"'? on TGF-p1 transcriptional activity. (H) Western blot (WB) detection of indicated proteins. (/-K) Representative morphology
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factors such as receptor type, the form of SMAD complex, and
transcriptional cofactors (18, 19). For example, our previous study
showed that SMAD3 and SMAD?2 not only co-occupy a series of
common target genes but also have distinct profiles of target genes,
leading to completely opposite effects on tumor progression (20).
Of note, SMAD4 essentially promotes TGF-p—treated premalig-
nant or malignant pancreatic cells to undergo EMT-linked apop-
tosis, and SMAD4 loss accelerates mutant Ras—driven
tumorigenesis, which importantly explains the fact that SMAD4
inactivation occurs in nearly half of pancreatic ductal adenocarci-
nomas (PDAs) (21). While the roles of SMAD proteins in both
the pro- and antitumorigenic effects of TGF-p are soundly
described (22, 23), how the SMAD proteins are destined to medi-
ate prosenescent or transforming effects of TGF-p at the early stage
of tumor initiation remains unclear.

In this current study, we found that in lung epithelial cells, a
potential tumor suppressor ATOHS8 binds SMAD3 to directly
repress a series of cell cycle—promoting genes, causing cell cycle
arrest and essentially contributing to oncogenic Ras- or TGF-
Bl-induced cellular senescence independent of the p53/p16/p15
pathways. ATOHS loss switches the prosenescent tumor-suppres-
sive SMAD3 to be oncogenic and converts oncogenic Ras-induced
senescence (RIS) into malignant transformation, providing new
insights in the process of oncogenic Ras- or TGF-B—mediated
cellular senescence and malignant transformation in epithelial
cells.

Results

SMAD3 Is Required for Oncogenic Ras- or TGF--Induced Cellular
Senescence. To investigate the process of OIS and tumorigenesis,
we transduced activated HRas (HRas''?) into an immortalized
bronchial cell line BEAS-2B, whose p53 and pl6/Rb pathways
are impaired by the SV40 large T antigen, and primarily cultured
normal lung epithelial (NLE) cells derived from cancer-adjacent
normal lung tissue without p53/p16/Rb loss or Ras mutation
to establish oncogenic RIS cell models, which are featured by
enlarged and bubble-shaped cell morphology, arrested cell cycle,
and strong staining of senescence-associated f-galactosidase
(SA-p-gal) (Fig. 1 A and B and SI Appendix, Fig. S1 A and B).
Impressively, not only was the expression of cellular senescence
hallmarks p53 and p16, or of a crucial cytostatic effector pl15,
not altered but also activities of the p53 and p16/Rb pathways
remained unchanged in the two RIS models (S/ Appendix, Fig.
S1C). Moreover, silencing p53, pl6, or pl5 failed to resist
RIS (Fig. 1 Cand D and SI Appendix, Fig. S1D). By contrast,
TGF-f1 expression, SMAD2 and SMAD3 phosphorylation
levels, and TGF-B1 reporter activity were significantly increased
in RIS cells (Fig. 1 E~H). Interestingly, silencing SMAD3, but
not SMAD2 or SMAD4, prevented the RIS phenotypes (Fig. 1
I-K and SI Appendix, Fig. S1 E-L). Of note, silencing SMAD3,
but not SMAD2 or SMAD4, markedly abolished expression of
a canonical transcriptional target, namely, PAI-1 of the TGF-
signaling, whereas oncogenic Ras still significantly increased
SMAD3 phosphorylation and PAI-1 expression in senescent
BEAS-2B cells presilenced for SMAD2 or SMAD4 but not in

those cells presilenced for SMAD3 (87 Appendix, Fig. S1 Eand F).
Consistently, silencing SMAD3 markedly abrogated oncogenic
Ras-induced expression of numerous SASP molecules (7, 24-27)
(Fig. 1L). Furthermore, continuous stimulation for 5 d with high
concentration (20 or 50 ng/mL) of recombinant TGF-f1 proteins,
which are much higher than the physiological concentration of
TGEF-P1, caused significantly slow growth and induced strong
SA-B-gal activity in BEAS-2B cells; notably, low-dose recombinant
TGF-B1 (2.5, 5, or 10 ng/mL) failed to induce senescent
phenotype in lung epithelial cells, for which we speculate that
high-level TGF-p1 might compensate for the effects of many other
cytokines. Similarly, silencing SMAD3, rather than SMAD2 or
SMADA4, almost completely abrogated TGF-p1-induced growth
arrest and senescent phenotypes (Fig. 1 M and N and SI Appendix,
Fig. S2 A and B). Intriguingly, unlike the tumor-suppressive effects
of TGF-p through EMT as reported (21), morphological EMT
changes of RIS cells were not apparent, and it appears that EMT
change is not indispensable for the abovementioned epithelial
cellular senescence (8] Appendix, Figs. S1 Eand Fand S2 Cand D).
These data demonstrate that SMAD3, but not SMAD2 or
SMAD4, is required for oncogenic Ras- or TGF-p-induced

cellular senescence.

ATOHS8 Specifically Binds SMAD3 to Form a Transcriptional
Complex. We then investigated why SMAD3, but not SMAD2,
is required for TGF-p—mediated cellular senescence. Following
mass spectrometry analysis, ATOHS8 emerged as a strong, specific
SMAD3-interactive transcription factor (Fig. 2A4). Indeed,
SMAD3, but not SMAD2 or SMAD4, could directly bind
ATOHS with high affinity, especially in the nucleus of RIS cells
(Fig. 2 B—E and SI Appendix, Fig. S3 A—C). The proline-rich region
(PRR) domain of the ATOHS protein was essential for its binding
capacity to the linker domain of SMAD?3 (S Appendix, Fig. S3
D-F). Of note, overexpressing ATOHS8 did not interfere the
interaction of SMAD3 with SMAD2 or with SMAD4 (Fig. 2F).
Interestingly, based on ChIP-seq data of SMAD3 and ATOHS
using optimized parameter for peak calling with P value of 0.0065,
SMAD3 and ATOHS co-occupied 1,104 target genes, and the
proportions of their distribution within genomic regions were
highly identical (Fig. 2 G-1). Moreover, several de novo motifs
were identified in both ATOHS8- and SMAD3-occupied peaks
(Fig. 2/). Electrophoretic Mobility Shift Assay (EMSA) verified
that ATOHS8 could bind chemically synthesized oligonucleotide
probes containing a consensus SMAD3-binding motif sequence
or the de novo ATOHS8- and SMAD3-occupied motif sequence,
and silencing SMAD3 markedly diminished the binding of
ATOHS to the oligonucleotide probes (Fig. 2K). Consistently,
overexpression of only SMAD3-interactive ATOHS8 markedly
activated the TGF-p signaling pathway (S7 Appendix, Fig. S3G).
These data suggest that ATOHS interacts with SMAD3 to form a
unique transcriptional complex and thus significantly contributes
to the activation of SMAD3-directed TGF-p signaling pathway.

ATOHB8-SMAD3 Transcriptional Complex Induces an Anti-Cell
Cycle Signature. Among 1,920 genes repressed and 827 genes
induced by ATOHS8 overexpression, 122 down-regulated and

<
<

images and MTT assay of indicated cells and representative images and quantification of SA-p-gal-positive cells or cell colonies. Scr-vec denotes scramble-vector.
(L) Expression of SASP genes detected by qRT-PCR. (M) MTT assay of indicated BEAS-2B cells treated with 0, 20, or 50 ng/mL TGF-p1 for 5 d. (N) Representative
images and quantification of SA-p-gal-positive cells following TGF-p1 treatment for 5 d. The SA-p-gal staining, colony formation, and ELISAs were performed at
day 5 after stable cell line establishment during (B, D, F, /, and K) or after continuous TGF-p1 treatment for 5 d (M and N). Error bars represent mean + SD derived
from at least three or four independent experiments. Two-tailed Student's t tests were used for statistical analyses in B, D, F, G, J, K, and N. Two-way ANOVA was
used for statistical analyses in A, C, /, and M. **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, not significant.
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Fig.2. SMAD3 binds ATOHS to form a unique transcriptional complex. (A) Immunoprecipitated fractions using anti-FLAG affinity purification from lysates of 293FT cells
transfected with FLAG-SMAD2 or FLAG-SMAD3 were subjected to mass spectrometry analysis. (B) Coimmunoprecipitation analysis of the interaction between indicated
proteins. (C) Surface Plasmon (SPR) analysis measured the affinity and kinetics of the ATOH8-SMAD3 interaction. (D and E) Representative images of coimmunostaining
of SMAD3 (green) and ATOHS (red) and Proximity Ligation Assay (PLA) puncta formed by SMAD3-ATOHS interaction. (F) Coimmunoprecipitation assay in 293FT cells
when cotransfecting SMAD3 with or without ATOH8. (G) Heat map showed the read density for SMAD3- or ATOH8-bound peaks from the ChIP-seq analysis in A549 cells
overexpressing FLAG-ATOHS. (H and /) The genomic annotation and the number of overlapped genes of SMAD3- or ATOH8-bound peaks. (/) De novo motif enrichment
analysis of SMAD3- or ATOH8-bound peaks. (K) Binding between ATOH8 and chemically synthesized oligonucleotide probes as indicated was determined by EMSA.

42 up-regulated genes were identified as ATOH8 and SMAD3  regulated target genes were related to cell cycle progression,
co-occupied transcripts (Fig. 3 A and B and S/ Appendix, ~ and ATOHS expression indeed negatively correlated with their
Fig. S44). The most enriched annotations for the 122 down- expression (Fig. 3 C—F and SI Appendix, Fig. S4B). Among
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Fig. 3. SMAD3 interacts with ATOH8 to induce an anti-cell cycle program. (A) Volcano heat map showed differential expression genes between vector control
and ATOH8-overexpressing A549 cells. (B) The number of overlapped genes between ATOH8-SMAD3-occupied and ATOH8-down-regulated genes. (C and D)
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of the 122 overlapped target genes. (E and F) Gene Set Enrichment Analysis
(GSEA) of the correlation between ATOH8 and 122 down-regulated target genes and 23 cell cycle-promoting genes using the TCGA lung cancer database. (G-/)
ChIP-gPCR and dual-luciferase reporter assays validated the binding of full-length ATOH8 (FL), ATOH8-/APRR or SMAD3 to CCNE2 and CDKT genes. (/ and K)
The effect of ATOH8 overexpression together with SMAD3 silencing on CCNE2 and CDK1 expression. (L) Correlation analysis of ATOH8 and CCNE2 or CDK1
expression in the TCGA lung cancer database. (M and N) Flow cytometric analysis of cell cycle distribution phases of indicated cells was performed after being
released from the synchronized G2/M phase for 2 h (M) or synchronized G1/S phase for 6 h (N). Error bars represent mean + SD derived from three independent
experiments. Two-tailed Student’s ¢ test was used for statistical analysis in G, H, /, and J. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, not significant.
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Fig.4. Silencing ATOH8 converts RIS to malignant transformation. (A) Representative morphology images and MTT assay of indicated cells. (B and C) Representative
images and quantification of SA--gal-positive cells or cell colonies. (D and E) Excised tumors and growth curves of indicated tumor xenografts (n=7 mice per
group). (F) Representative images of TTF1, CK7, and CK5 immunostaining of indicated tumor xenografts. (G and H) The effect of silencing SMAD3 on growth of
indicated cells. (/ and J) Excised tumors and growth curves of indicated xenografts (n=5 mice per group). (K) Representative images of CCNE2, CDK1, and Ki67
immunostaining and H&E of indicated tumor xenografts. SA-p-gal staining and soft agar assays were performed at day 5 after stable cell line establishment
(B, C, and H). Error bars represent mean + SD derived from three or four independent experiments. Two-tailed Student's ¢ test was used for statistical analysis
in B, G, and H. Two-way ANOVA was used for statistical analysis in A, £, G, and J. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

them, the ATOH8-SMAD3 co-occupied promoter/enhancer
sequences of CCNE2 and CDKI1, which are crucial for the
G1/S and G2/M checkpoints, could be immunoprecipitated
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only by SMAD3-interactive ATOHS8 (Fig. 3G). In addition,
SMAD3 could strongly bind to these sequences in the presence
of SMAD3-interactive ATOHS8 (Fig. 3H), and SMAD3 and
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ATOHS co-overexpression significantly repressed the luciferase ~ overexpression suppressed CCNE2 and CDKI1 expression in
expression of reporters containing sequences of CCNE2 or  a manner requiring SMAD3 (Fig. 3 / and K). The Cancer
CDKI1 gene promoter/enhancer (Fig. 3/). As expected, ATOHS8 Genome Atlas (TCGA) lung cancer datasets also showed a
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Fig. 5. Conditional deletion of Atoh8 accelerates Ras-driven lung tumorigenesis. (4) Representative images of micro-CT scanning and H&E of Atoh8™Kras--¢122,

and Atoh8™™Kras"“6'?° mice at 12 wk after Ad-Cre treatment. (B) Kaplan-Meier analysis of tumor-free survival of indicated mice (n = 5 each group) according to the
micro-CT imaging and H&E staining. (C-£) Quantification of tumor burden score, average tumor number, and average tumor size at 24 wk after Ad-Cre treatment.
(F) Representative images of Immunohistochemistry (IHC) staining for Ki67, ATOH8, CCNE2, and CDK1 in lung tissue at 20 wk after Ad-Cre treatment. (G) Representative
images of micro-CT scanning and H&E and IHC staining of phosphorylated SMAD3, PAI-1, and Atoh8 at 16 wk after i.p. injection with control solvent or SMAD3 inhibitor
SIS3 (5 mg/kg). (H) Tumor-free survival of indicated mice (n = 5 each group). (/-K) Quantification of tumor burden score, average tumor number, and average tumor
size in indicated mice at 28 wk. Tumor Burden Score? (TBS) = (maximum tumor diameter)?+ (number of tumors)?. Two-tailed Student's ¢ test was used for statistical
analysisin C, D, E, 1, J, and K. **P < 0.01, ***P < 0.001, ns, not significant.
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Fig.6. SMAD3 s essential for the tumor-suppressive function of ATOHS. (A-C) The effects of SMAD3 silencing on cell growth at day 5 after stable cell establishment.
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significant negative correlation between expression of ATOH8  and Rb genes but with low-level p53 expression probably due
and CCNE2 and CDKI1 (Fig. 3L). Moreover, overexpressing to methylation of TP53 gene and high-level MDM4 (28, 29)
ATOHS in lung cancer cells A549 (harboring wild-type TP53 and PC9 (harboring gain-of-function mutant p53 (30), both of
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which bear extremely low levels of endogenous ATOHS because
of high DNA methylation of the ATOHS8 gene, significantly
decreased the percentages of G1/S cells and increased G2/M
cell percentages, leading to cell proliferation inhibition, without
altering the p53 and p16/Rb pathways (Fig. 3M and SI Appendix,
Fig. S4 C—F). When released from the synchronized G1 phase,
depleting ATOHS8 in BEAS-2B cells accelerated G1/S and
G2/M progression and promoted cell proliferation (Fig. 3V and
SI Appendix, Fig. S4 G and H). In consistence, cell cycle genes
promoting G1/S and G2/M transition were highly enriched in
lung cancer tissues with low ATOHS levels (87 Appendix, Fig.
S41). These results suggest that the ATOH8-SMAD3 complex
can function as a transcriptional repressor to induce a cell cycle
arrest signature.

Silencing ATOH8 Converts RIS into Malignant Transformation
Requiring SMAD3. Lung epithelial cells presilenced for ATOHS8
did not exhibit senescence phenotypes following oncogenic Ras
overexpression, in which presilencing ATOHS affected neither
the canonical Ras signaling nor the p53, p15, or p16/Rb pathways
(Fig. 4 A and B and SI Appendix, Fig. S5 A and B). Consistently,
silencing ATOHS potently abrogated oncogenic Ras-induced
expression of numerous SASP molecules (SI Appendix, Fig.
S5C). On the contrary, ATOHS loss and activated Ras conferred
BEAS-2B cells abilities to grow as cancerous cells (Fig. 4C and
SI Appendix, Fig. S5D). Importantly, BEAS-2B cells silenced
for ATOH8 and overexpressing oncogenic Ras formed
subcutaneous tumor xenografts featured by adenocarcinoma
histology in nude mice with 100% tumorigenic frequency,
whereas vector control, senescent, or ATOHS8-silenced BEAS-
2B cells displayed no tumorigenicity without tumor growth
curves (Fig. 4 D—F and SI Appendix, Fig. S5E). Moreover,
silencing SMAD3 significantly compromised proliferative
and tumorigenic abilities of the transformed BEAS-2B cells
as induced by ATOHS8 silencing and oncogenic Ras and,
interestingly, reinduced expression of many SASP molecules
(Fig. 4 G'and H and SI Appendix, Fig. S5 Fand G). Also notably,
silencing ATOHS hardly reversed the effects of mutant Ras on
changing expression of Snail and E-cadherin, whereas further
knocking down SMAD3 reversed their expression (SI Appendix,
Fig. S5 B and F). Impressively, when SMAD3 was silenced,
transformed BEAS-2B cells only formed one subcutancous
tumor xenograft with quite small tumor size when injected into
five nude mice, and expression of Ki67, CCNE2, and CDKI1
was dramatically decreased in this resultant tumor xenograft
(Fig. 4 I-K). Although silencing SMAD3 abrogated RIS (Fig. 1
I-K), it failed to transform lung epithelial cells overexpressing
oncogenic Ras. These data strongly demonstrate that silencing
ATOHS converts RIS into malignant transformation, relying
on the oncogenic role of SMAD3.

Atoh8 Knockout Accelerates Ras-Driven Lung Tumorigenesis
Requiring SMAD3. We further employed Atoh8", Kras™*"
612D and AtthH/H;KrasLSL'GlzD mice to evaluate the effect of
depleting Atoh8 on Ras-driven tumorigenesis. As shown in
Fig. 54, at about week 12 after Cre recombinase adenovirus
treatment via nasal inhalation to induce Ras activation and/
or homogeneous Atoh8 deletion in the lung tissue, neither
the Atoh8"® nor Kras™*“'*® mice developed detectable lung
tumors, whereas AtthH/H;KraSLSL'GlzD mice formed lung
adenocarcinoma (LAD). The median time for LAD formation
in Kras™"“"*P mice was 20 wk, as compared with the time
period of only 14 wk in Aroh8"Kras" ¥ 6120 mice, which bear
increased tumor burden, tumor number, and tumor size (Fig. 5

PNAS 2023 Vol.120 No.3 e2208927120

B—E). Moreover, when collected at 20 wk, LAD tissue obtained
from Atoh8"™Kras"""“'*P mice displayed a high proportion
of Ki67-positive cancerous cells and high levels of CDK1 and
CCNE2, which were markedly decreased in LAD tissue derived
from Kras™"“"* mice and were almost absent in normal lun

tissue of Atoh8™™ mice (Fig. 5F). Importantly, Atoh8":Kras"
“12D mice, but not Kras™"“"*P mice, intraperitoneally injected
with a specific SMAD3 inhibitor SIS3, which indeed decreased
SMAD3 phosphorylation and PAI-1 expression, needed more
than 20 wk to form LAD with alleviated tumor burden, tumor
number, and tumor size (Fig. 5 G-K). It is noteworthy that
a mild downregulation of ATOHS8 levels in the Kras-only
tumor tissues was detected (Fig. 5G), which might facilitate
Kras-driven tumorigenesis. These data strongly suggest that
conditional deletion of Atoh8 in the lung tissue potently
accelerates oncogenic Ras-driven lung tumorigenesis in a fashion
requiring SMAD3 and that targeting SMAD3 specifically exerts
therapeutic effects against lung cancer bearing both mutant Ras

and ATOHS loss.

ATOH8-SMAD3 Complex Achieves Potent Tumor-Suppressive
Effects. Notably, overexpression of full-length ATOHS8 but not
ATOHS deleted for the bHLH (ATOHS8-AbHLH) domain,
which is essential for DNA binding, potently inhibited, whereas
silencing ATOHS accelerated cell growth, and tumor formation,
without affecting the RassMEK/ERK signaling (S7 Appendix, Fig.
S6 A-K). Of note, silencing SMAD3 markedly attenuated the
TGEF-p signaling activity and promoted cell and tumor growth of
ATOHS-overexpressing lung cancer cells; overexpressing ATOHS-
APRR, which is unable to bind SMAD?3, failed to suppress cell
and tumor growth (Fig. 6 A—H and SI Appendix, Fig. S7 A-D).
In these resultant tumor xenografts, the inhibitory effects of
ATOHS overexpression on the percentages of Ki67-positive cells
and expression levels of CCNE2 and CDK1 could be reversed by
silencing SMAD?3 (Fig. 67 and SI Appendix, Fig. S7E), suggesting
that SMAD?3 is indeed essential for the tumor-suppressive effects
of ATOHS.

ATOH8 Gene Is Hypermethylated and Clinically Significant
in Human Non-Small Cell Lung Cancer (NSCLC). ATOHS8 was
significantly down-regulated in NSCLC tissue and low-level
ATOHS correlated with shorter median overall survival (OS),
especially in stage I patients (Fig. 7 A and B and S/ Appendix,
Fig. S8 A and B). ATOHS8 protein levels were also down-
regulated in eight cases of NSCLC tissue, and ATOHS8 was
weakly immunostained in 143 Lung Adenocarcinoma (LUAD)
and almost undetectable in 45 Lung Squamous Cell Carcinoma
(LUSC) tissue specimens (Fig. 7C and SI Appendix, Fig. S8 C
and D). A total of 101 LUAD patients bearing low ATOHS
proteins exhibited 98-mo median OS, whereas 42 ATOHS8-high
LUAD patients survived for over 140-mo median OS (Fig. 7D).
Moreover, the proportion of high-level phosphorylated SMAD3
was higher in NSCLC tissues bearing low ATOHS8 expression
as compared with those with relatively high ATOHS8 expression
(Fig. 7 E'and F), indicating that SMAD3 can be an active tumor
promoter in ATOHS8-absent lung cancer. Notably, genetic
alternations in ATOHS gene loci are rare (S Appendix, Fig.
S8E). Instead, a large CpG island with approximately 1,699-
bp length spanned across the ATOHS8 gene loci (Fig. 7G). The
average value of the highest quantile of B-value that defines the
methylation level of ATOHS8 gene was 0.21 in lung tumors,
which was only 0.07 in normal lung tissue (Fig. 7H). In contrast
to a well-known tumor suppressor CDKN2A (31), whose
methylation was only 0.66% in 463 LUAD specimens, high
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Fig. 7. ATOHS is down-regulated by hypermethylation and has clinical significance. (A and B) Expression profile of ATOH8 and OS of NSCLC patients in the
TCGA LUAD and LUSC datasets. (C and D) Representative images of ATOH8 immunostaining in 143 LUAD specimens collected by this study and their OS analysis.
(E) Representative images of IHC staining of phosphorylated SMAD3 and ATOH8 in NSCLC tissues. (F) The correlation between levels of phosphorylated SMAD3
and ATOHS8 in 41 NSCLC patients. (G) The methylation level of ATOH8 in lung tumor (n = 822) and normal lung tissues (n = 71) from the TCGA methylation
database using SMART web tool. (H) Aggregated methylation values of ATOH8, RASSF1, and CDKN2A in LUAD (n = 458) and normal lung tissues (n = 30) from the
TCGA methylation database. (/) The proportion of 458 LUAD patients according to the p-values of methylation levels of indicated genes. (/) Methylation-specific
PCR measured the methylation status of ATOHS. (K and L) The effect of 5-aza-dC (1 pM) treatment for 72 h on ATOH8 expression. Error bars represent mean +
SD derived from three independent experiments. Two-tailed Student's t test was used for statistical analysis in A, H, and K. *P < 0.05, **P < 0.01, ***P < 0.001,
****P < (0.0001, ns, not significant.
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levels of ATOHS8 gene methylation were found in 11.8% of
these specimens (Fig. 7/) similar to a hypermethylated gene
RASSF1 in lung cancer (32). The methylation level of ATOHS8
negatively correlated with its expression (SI Appendix, Fig.
S8F). Moreover, the ATOHS gene methylation was detectable
in six cases of NSCLC tissues and a series of NSCLC cell lines
but not in any paired normal lung tissue or lung epithelial
cells (Fig. 7/). When treated with 5-aza-2'-deoxycytidine, a
DNA methyltransferase inhibitor, NSCLC cell lines harboring
ATOHS8 gene methylation displayed increased ATOHS
expression (Fig. 7 K and L). These results support the notion
that ATOHS8 as a tumor suppressor can be silenced by DNA
methylation.

Discussion

OIS is an important barrier against malignant transformation
and is generally governed by tumor suppressors, such as p53
and p16 (6). However, p53- and p16-dependent cellular senes-
cence was mostly found in mesenchymal cells, such as fibro-
blasts, and Ras or B-RAF proto-oncogene (BRAF) can cause
senescence in p53- or pl6-deficient human fibroblasts or mel-
anocytes (33-35). Malignant transformation occurs commonly
when oncogene is activated together with inactivation of
tumor suppressor. The biological process underlying the con-
version between cellular senescence and malignant transfor-
mation is poorly understood. This study describes a scenario
that in NLE cells harboring either intact or impaired p53 and
p16/Rb pathways, oncogenic Ras could still induce cellular
senescence independent of the p53 and pl16/Rb pathways.
TGEF-P1 instead is abundantly induced to overactivate
SMAD3, which formed a transcriptional complex with
ATOHS to repress a series of cell cycle—promoting genes, lead-
ing to a cellular senescence phenotype. When Ras overactiva-
tion occurs in ATOHS8-lost cells, cellular senescence can be
overcome and converted to malignant transformation in a
SMAD3-dependent manner. Consistently, in lung cancer cells
harboring wild-type or aberrant p53 and p16/Rb pathways,
ATOHS exerts potent tumor-suppressive roles that require
SMAD3, without altering p53 or pl6/Rb pathways. These
findings not only demonstrate how a crucial SASP-derived
cytokine initiates epithelial cellular senescence directed by a
potential tumor suppressor—controlled transcriptional pro-
gram but also suggest that ATOHS loss and Ras mutation may
represent a two-hit scenario for tumorigenesis.

SASP can exhibit both tumor-suppressive and tumor-pro-
moting effects during cancer initiation and development (7, 36).
TGEF-p, a key component of the SASP, functions as an early
tumor repressor and late tumor promoter (8, 17). Previous stud-
ies on the tumor-suppressive and transforming effects of TGF-f
were extensively investigated especially in SMAD4-mutant can-
cers, such as PDA and colon cancer (21-23, 37). However, the
process of the conversion from cellular senescence and malignant
transformation under TGF-p operation is poorly understood.
Our current study deciphers that in lung epithelial cells high-
level TGF-B1 stimulates formation of a tumor-suppressive tran-
scriptional complex SMAD3-ATOHS to induce OIS, whereas
it is switched to promote malignant transformation when the
SMAD3-ATOHS complex is disrupted due to ATOHS loss,
which potently accelerates tumorigenesis of lung cancer that
usully bears intact TGF-f signaling components. Therefore,
whether TGF-fB1 induces cellular senescence or transformation
relies on a tumor suppressor—governed anti—cell cycle program,
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suggesting that TGF-B1 can function as not only an early tumor
suppressor but also a promoter of transformation.

The complexity of TGF- signaling is fueled by the notion
that SMAD proteins can direct quite different transcriptional
responses (38, 39). However, how they determine the prosenes-
cent versus transforming effects of TGF-f is poorly investigated.
In keratinocytes, deletion of SMAD3, but not SMAD2 or
SMADA4, delays mutant Ras—induced senescence, overexpressing
SMAD3 directly induces senescence, and SMAD3 null converts
benign papilloma formed by Ras-mutant keratinocytes to malig-
nant carcinoma (40), suggesting a consistent tumor-suppressive
role of SMAD3. However, SMAD3 can play important onco-
genic roles even in skin cancer (41, 42). Our study characterizes
SMAD3 as a determinant deciding TGF-f—mediated cellular
response during oncogenesis, which is not only essential for
oncogenic Ras-driven senescence but also important for malig-
nant transformation, and provides an explanation for the
long-lasting puzzle that how SMAD3 switches from a tumor
suppressor to a tumor promoter. Notably, SMAD proteins nor-
mally bind with low affinity to DNA and require other transcrip-
tion cofactors to achieve high DNA-binding affinity (43). In
such a context, this study identifies the ATOH8-SMAD3 tran-
scriptional complex, which represses a series of cell cycle—pro-
moting genes through binding distinct consensus motifs,
indicating a noncanonical TGF-B/SMAD3 pathway. Additionally,
unlike SMAD4 and SMAD2, SMAD3 is rarely mutated in
human cancers (44). Our study suggests that loss of ATOHS
leading to disruption of the ATOH8-SMAD3 complex and
switch of tumor-suppressive SMAD?3 to be oncogenic might be
the key mechanism underlying TGF-f signaling-mediated tumor
initiation.

Of interest, our study identifies a potential noncanonical tumor
suppressor ATOHS8 without significant genetic mutations. Instead,
ATOHS gene methylation can be found in 11.8% of LUAD tissue
comparable to two hypermethylated genes, namely, CDKN2A and
RASSF1 (31, 32). This suggests that ATOH8 hypermethylation is
a frequent event, especially in LUAD. Because of the lack of early
detection biomarkers, more than two thirds of them were initially
diagnosed with advanced diseases. Since abnormal DNA methyla-
tion can occur during the onset of tumor initiation and can be
detected in body fluid specimens (45, 46), ATOHS gene methyla-
tion—based liquid biopsy might represent a strong candidate as early
detection and diagnostic biomarker for lung cancer. Notably,
although clinical drug targeting specific Ras mutation (Ras®'%°) is
promising, therapeutic strategies targeting Ras-mutant cancers are
far from being clinically applicable. This study demonstrates that
spontaneous lung tumor formation in mouse models driven by
mutant Ras and Atoh8 depletion, but not by mutant Ras alone, can
be significantly delayed by a SMAD3 inhibitor, suggesting that
detecting ATOHS8 gene methylation might represent an indicator
for use of SMAD-targeted treatments for Ras-mutant NSCLC
patients.

Methods

Lung cancer clinical samples and information were collected from the Sun
Yat-sen University Cancer Center. All animal experiments were approved by the
Sun Yat-sen University Institutional Animal Care and Use Committee. Details of
materials regarding cell lines, plasmids, human tissue specimens, antibodies,
and reagents used in this study are provided in S/ Appendix. Detailed methods
of cell culture, plasmid transfection, RNA extraction, and real-time PCR, IP, SPR,
IF, PLA, WB, IHC, EMSA, ChIP, clonogenic assay and soft agar colony formation
assay, cell cycle analysis, mouse models and treatments, and data analysis can
also be found in SI Appendix.
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Data, Materials, and Software Availability. RNA seq and ChIP seq data have
been deposited in Gene Expression Omnibus (GSE190062).
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