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ABSTRACT
◥

The tumor-promoting fibrotic stroma rich in tumor-associated
fibroblasts (TAF) is drawing increased therapeutic attention.
Intriguingly, a trial with the antifibrotic drug nintedanib in non–
small cell lung cancer reported clinical benefits in adenocarcinoma
(ADC) but not squamous cell carcinoma (SCC), even though the
stroma is fibrotic in both histotypes. Likewise, we reported that
nintedanib inhibited the tumor-promoting fibrotic phenotype of
TAFs selectively in ADC. Here we show that tumor fibrosis is
actually higher in ADC-TAFs than SCC-TAFs in vitro and patient
samples. Mechanistically, the reduced fibrosis and nintedanib
response of SCC-TAFs was associated with increased promoter
methylation of the profibrotic TGFb transcription factor SMAD3
compared with ADC-TAFs, which elicited a compensatory increase
in TGFb1/SMAD2 activation. Consistently, forcing global DNA
demethylation of SCC-TAFs with 5-AZA rescued TGFb1/SMAD3
activation, whereas genetic downregulation of SMAD3 in ADC-
TAFs and control fibroblasts increased TGFb1/SMAD2 activation,
and reduced their fibrotic phenotype and antitumor responses to

nintedanib in vitro and in vivo. Our results also support that
smoking and/or the anatomic location of SCC in the proximal
airways, which are more exposed to cigarette smoke particles, may
prime SCC-TAFs to stronger SMAD3 epigenetic repression,
because cigarette smoke condensate selectively increased SMAD3
promotermethylation. Our results unveil that the histotype-specific
regulation of tumor fibrosis in lung cancer is mediated through
differential SMAD3 promoter methylation in TAFs and provide
new mechanistic insights on the selective poor response of SCC-
TAFs to nintedanib. Moreover, our findings support that patients
with ADC may be more responsive to antifibrotic drugs targeting
their stromal TGFb1/SMAD3 activation.

Significance: This study implicates the selective epigenetic
repression of SMAD3 in SCC-TAFs in the clinical failure
of nintedanib in SCC and supports that patients with ADC
may benefit from antifibrotic drugs targeting stromal TGFb1/
SMAD3.

Introduction
Lung cancer is the most common cause of cancer-related deaths

worldwide, with a 5-year survival rate of approximately 18% in
developed countries, and smoking and pollution are its major risk
factors (1, 2). Histologically, most patients with lung cancer are

diagnosed as non–small cell lung cancer (NSCLC, �85%), which is
further classified into adenocarcinoma (ADC, �50%), squamous cell
carcinoma (SCC; �40%), and other less frequent subtypes (3).
Although the latter subtypes are epithelial in origin, it is increasingly
acknowledged that tumor-associated fibroblasts (TAF) are essential
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stromal coconspirators of tumor progression, because they have been
implicated in tumorgrowth, angiogenesis, invasion, immunosuppression,
and even therapy resistance (4, 5). Accordingly, dissecting the pathologic
functions of TAFs in each cancer subtype has become an active field of
research.

Lung TAFs exhibit an activated/profibrotic phenotype in patient
samples, as indicated by their overwhelming positivity in histologic
stainings for alpha-smooth muscle actin (aSMA), fibrillar collagens,
and other standard fibroblast activation markers, which underlines
that the stroma of NSCLC is markedly fibrotic (6, 7). Moreover, these
fibrosis markers have been associated with low survival (7). Likewise,
the potent fibroblast activator cytokine TGFb1 (8), which is often
upregulated in NSCLC, has also been associated with poor progno-
sis (9). Paradoxically, we recently reported that SMAD3, which is an
important profibrotic transcription factor of the TGFb pathway (10),
was epigenetically downregulated through promoter hypermethyla-
tion in lung TAFs compared with patient-matched control fibro-
blasts (11). In addition, we reported that the clinically approved
antifibrotic drug nintedanib elicited a stronger inhibition of both the
profibrotic phenotype and its associated tumor-promoting effects in
ADC-TAFs compared with SCC-TAFs upon TGFb1 stimulation
in vitro (12), which was consistent with the selective therapeutic
response to nintedanib observed in the LUME-1 clinical trial in
patients with ADC (but not SCC; ref. 13). Altogether, these previous
results support the hypothesis that TGFb1/SMAD3 signaling goes
awry in lung TAFs, and that such alteration may depend on the
histologic subtype, which could be associated with the distinct ninte-
danib effects in ADC and SCC. To test this hypothesis, we examined
the expression and activation of SMAD3 and its closely related
homolog SMAD2 in TAFs and paired control fibroblasts, and the
potential mechanisms underlying the SMAD3 promoter hypermethy-
lation in TAFs. Furthermore, we determined the potential contribu-
tion of SMAD3 to the differential therapeutic responses to nintedanib
observed in ADC and SCC.

Materials and Methods
Tissue samples and primary fibroblasts

Primary pulmonary fibroblasts were previously derived from a
cohort of 22 NSCLC surgical patients (11 ADC, 11 SCC; ref. 14;
UB-Clinic cohort). Fibroblasts were obtained from tumor (TAF) and
paired-uninvolved pulmonary samples [used as control fibroblasts
(CF)] with the approval of the Ethics Committee of theHospital Clinic
de Barcelona and the Universitat de Barcelona. Fibroblasts were
characterized by their expression of vimentin, and lack of expression
of cytokeratins, as we demonstrated elsewhere (11). Selected patients
were male, chemo- and radiotherapy-na€�ve, Caucasian,�55-year-old,
and current smokers (further details in Supplementary Table S1).
TMAs previously gathered by the CIBERES/Spanish Bronchogenic
Carcinoma Cooperative Group (CIBERES cohort; n¼ 208; 112 ADC,
96 SCC; ref. 7) and by the CIMA-Clínica Universidad de Navarra
(CIMA-CUN cohort; n¼ 131; 77 ADC, 54 SCC) with the approval of
the Ethics Committee of the Fundaci�o Parc Taulí and Clínica Uni-
versidad de Navarra (Navarra, Spain), respectively, were used for IHC.
TMA patients were Caucasian and did not receive radiotherapy prior
to surgery, because radiotherapy may induce unwanted pulmonary
fibrosis (15). Written informed consent was obtained from all patients
in all cohorts, and all protocols used were in accordance with the
Declaration of Helsinki. A summary of patient clinicopathologic
variables is shown in Supplementary Table S2.

Histologic analysis
Tissue microarrays (TMA) samples were prepared as described (7),

and analyzed in terms of fibrosis markers by examining fibrillar
collagens and aSMA by picrosirius red (PSR) and IHC, respectively.
Primary tumor xenografts obtained from in vivo studies were formalin
fixed (Merck Millipore), paraffin embedded (Paraplast, Sigma), sliced
in 2-mmsections, and analyzed in terms of fibrosis (aSMA and fibrillar
collagens) and proliferation (Ki-67; #M7240, DAKO) markers. Nuclei
were counterstained with hematoxylin. aSMA, PSR, and Ki-67 stain-
ings were imaged with an upright microscope (BX43) coupled to a
digital camera (DP72, Olympus) using a 10� objective for TMAs and a
20� objective for tumor xenografts. Image processing was carried out
here and thereafter with ImageJ (16). Images were color deconvoluted,
binarized, and used to calculate the positive area fraction (%), which
was averaged for each patient. The number of Ki-67–positive nuclei/
image was counted and averaged for each condition.

Two-photon microscopy
Collagen fibers were imaged by second harmonic generation (SHG)

adapting a previous protocol (17). SHG imageswere analyzedwithCT-
FIRE (18) to automatically detect individual collagen fibers (further
details in Supplementary Materials).

Cell culture and fibroblast immortalization
Primary fibroblasts were used up to passage 6. Fibroblast experi-

ments were performed on fibroblast culture medium containing
serum-free high-glucose DMEM supplemented with 1% ITS and
antibiotics as reported previously (12). Fibroblasts were seeded over-
night and activated with 2.5 ng/mL TGFb1 (R&D Systems) during
30 minutes, 60 minutes, or 2–3 days depending on the experiment.
Unless otherwise indicated, all fibroblasts were treated with TGFb1 to
regain the activated phenotype observed in histologic samples (7),
which is partially lost in culture (11). In some experiments, fibroblasts
were stimulatedwithTGFb1 in the presence of nintedanib (Boehringer
Ingelheim, provided by Frank Hilberg), SB431542 (Millipore) or
galunisertib (Lilly, provided by Kyla Driscoll). For DNA demethyla-
tion experiments, SCC-TAFs and CFs were seeded at 1.2 � 104

cells/cm2 density in fibroblast culture medium supplemented with
10% FBS (Gibco) for 4 hours, and treated daily with 0.5 or 1.5 mmol/L
5-azacytidine (5-AZA, Sigma) or vehicle (DMSO; Sigma) for 4 days.
Afterwards, cells were kept in fibroblast culture medium for 8 hours,
and stimulated with 2.5 ng/mL TGFb1 for 1 hour. For immunoflu-
orescence studies, fibroblasts were seeded overnight in fibroblast
culture medium in collagenated culture slides (BD Falcon), stimulated
with 2.5 ng/mL TGFb1 in the presence of 2 mmol/L nintedanib,
10 mmol/L SB431542, or vehicle for 1 hour. Fibroblasts from randomly
selected patients were immortalized with hTERT (further details in
Supplementary Materials and Methods; ref. 5). ADC cell line H1437
(ATCC) was maintained in RPMI1640-based medium as described
previously (12), and used up to passage 12 after thawing. Primary
cultures and cell lines were confirmed to be negative for Mycoplasma
using the MycoAlert Mycoplasma Detection Kit (Lonza).

Knockdown of SMAD2 and SMAD3 in primary fibroblasts
SMAD2 and SMAD3 were stably knocked down with lentiviral

vectors from the Sigma MISSION collection, shRNA for SMAD2 and
SMAD3. A nonmammalian targeting shRNA vector was used as
control (SHC002). Briefly, HEK293T cells (ATCC CRL-3216) were
transfected with suitable plasmids, and their supernatant containing
lentivirus was filtered and used to transduce hTERT-immortalized
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fibroblasts. Transduced cells were selected with puromycin (Sigma;
more details in Supplementary Materials).

SMAD3 and SMAD2 pyrosequencing
SMAD3 and SMAD2 pyrosequencing was conducted using

bisulfite-treated DNA as a template for PCR as described previously
(11). Primer sequences (Supplementary Materials and Methods)
were designed to hybridize CpG-free sites to ensure methylation-
independent amplification. Pyrosequencing analyses were conducted
on 3 CpG sites for SMAD3 (11), and on 4 CpG sites for SMAD2
(additional information in Supplementary Materials).

Cigarette smoke condensate
Cigarette smoke condensate (CSC) was produced as described

(19). Immortalized CFs were cultured in complete medium with
increasing CSC concentrations (5%, 6.7%, and 10%, which correspond
to 1:20, 1:15, and 1:10 dilutions, respectively) up to 6 weeks, replacing
the CSC-containing medium three times/week (further details in
Supplementary Materials).

Conditioned medium from TAFs
TAFs were activated with serum-free fibroblast culture medium

supplemented with 2.5 ng/mL TGFb1 in the presence or absence of
2 mmol/L nintedanib for 3 days, kept in serum-free medium for 2 days
in the absence of exogenous TGFb1, and the corresponding condi-
tioned medium (CM) was collected (12). Carcinoma cell growth upon
CM stimulation was assessed as cell number/image field (12).

TGFb activity reporter assay
The activity of bioactive TGFb was monitored using the TGFb-

inducible p(CAGA)12 luciferase reporter as described previously
(additional information in Supplementary Materials; ref. 20).

qRT-PCR
The fibrotic phenotype was assessed by qRT-PCR in technical

duplicates with the StepOnePlus Real-Time PCR System (Applied
Biosystems) using Taqman probes forCOL1A1, COL3A1, TGFB1, and
POL2R (used as endogenous control) and Taqman Master Mix
(Thermo Fisher Scientific) as reported previously (12). To evaluate
the expression of R-SMAD2/3, qRT-PCR analysis was performed
using specific primers for SMAD2, SMAD3, and ACTB (used as
endogenous control) and SYBR Green Master Mix (Thermo Fisher
Scientific). Relative expression with respect to an endogenous control
was computed as 2�DCt (more details in Supplementary Materials;
ref. 21).

Western blot analysis
Protein extraction was performed with a lysis buffer containing Tris

50 mmol/L pH 7.4, NaCl 150 mmol/L, SDS 0.1%, Triton X-100 1%
(Sigma), Nonidet P-40 1% (Igepal), proteinase (Cocktail Set I, Merck;
Pefabloc, Roche), and phosphatase (Phostop, Roche) inhibitors. Equal
protein amounts were separated with precast gels, transferred to a
polyvinylidene difluoride membrane as described previously (12),
blocked, and incubated overnight with primary antibodies against
pSMAD2 (#3101, Cell Signaling Technology), pSMAD3 (#07-1389,
Merck Millipore), P4HA2 (#13758-1-AP, ProteinTech), aSMA
(#A5228, Sigma-Aldrich), b-actin (#A1978, Sigma-Aldrich), and
a-tubulin (#2144, Cell Signaling Technology). Protein bands were
labeled, visualized by chemiluminescence (Imagequant LAS4000, GE
Healthcare), and band intensities were analyzed with ImageJ and
normalized to the corresponding loading control.

Immunofluorescence
Immunofluorescence staining of nuclear SMAD4 was performed

adapting protocols reported elsewhere (further details in Supplemen-
tary Materials; ref. 22).

In vivo tumorigenicity
The tumorigenicity of ADC cancer cells mixed with fibroblasts was

examined in 4- to 6-week-old male NOD/SCID mice (Charles River),
using protocols approved by theAnimal Care and Ethics Committee of
the University of Barcelona (Barcelona, Spain). Fibroblasts (control
shRNA CFhTERT or shSMAD3 CFhTERT; #5) were preactivated with
2.5 ng/mLTGFb1 for 3 days before coinjection. H1437 cells (0.5� 106)
were mixed with either control shRNA or shSMAD3 CFhTERT

(#5; 1 � 106) within 100 mL solution of Matrigel (BD Biosciences)
and type I collagen (IAC-50, Koken; 1:1) and coinjected subcutane-
ously in the dorsal flank of the NOD/SCID mice. Tumor growth was
computed as 0.5 � width2 � length using calipers (23). Once tumor
volume was � 50 mm3, animals were treated with nintedanib diluted
in sterile PBS administered daily by oral gavage at 50 mg/kg body
weight, whereas PBS was used as a control (n ¼ 6/condition). The
percentage of tumor-free mice was assessed using a tumor threshold
(size < 200 mm3; ref. 23). After 14 days, animals were euthanized
with 4 mg/kg ketamine (Richter Pharma) and 0.4 mg/mL xylazine
(Bayer) followed by cervical dislocation, and the tumor xenografts
were collected.

The Cancer Genome Atlas data analysis
Level 3 RNA-seq data and clinical information about patients with

NSCLC were downloaded from The Cancer Genome Atlas (TCGA)
project (https://cancergenome.nih.gov/) and analyzed using the RNA-
Seq by Expectation Maximization (RSEM) with the RTCGA package
(https://rtcga.github.io/RTCGA). Selected patients were Caucasian,
never or current/former smokers, and without previous radiotherapy
to match the patient characteristics of the other cohorts.

Statistical analysis
Two-group comparisons were performed with two-tailed Student

t test unless otherwise indicated. Tumor volume and the percentages of
tumor-free mice with or without nintedanib were compared with two-
way ANOVA and log-rank test, respectively (GraphPad Prism v5.0.).
TMA data (PSR% and aSMA%) were analyzed with R-software
(v3.4.0) by assessing their degree of linear association through the
Pearson correlation coefficient. A linear model between PSR% and
aSMA% was estimated with the intercept set at 0, in which the
interaction of the slope with the histologic subtype was examined
using the likelihood ratio test. Statistical significance was assumed at P
< 0.05. All data shown are mean � SE.

Results
The aberrant expression and activation of SMAD2 and SMAD3
in lung TAFs depend strongly on their histologic subtype

TGFb1 signaling begins with its binding to type II TGFb
receptor, which phosphorylates type I TGFb receptor ALK5, which
subsequently phosphorylates SMAD2 and SMAD3 (referred to as
receptor-activated SMAD2/3 or R-SMAD2/3), upon which they
form heterotrimeric complexes with the cofactor SMAD4 that trans-
locate to the nucleus to regulate gene expression (24, 25). To check
whether R-SMAD2/3 were functional, we stimulated TAFs from
randomly selected patients (n ¼ 4) with TGFb1 in the presence
of the ALK5 inhibitor SB431542 (26). TGFb1 markedly increased
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the phosphorylation of SMAD3 (pSMAD3) and SMAD2 (pSMAD2;
Fig. 1A), and the nuclear SMAD4 translocation (Fig. 1B and C;
Supplementary Fig. S1A), concomitantly with a panel of fibrotic
markers, including aSMA, prolyl-4-hydroxylase a subunit 2
(P4HA2; Fig. 1D; Supplementary Fig. S1B), an essential enzyme for
collagen biosynthesis (27), and fibrillar collagen COL1A1 (Fig. 1E).
Conversely, SB431542 prevented the TGFb1-induced increases in the
activation of R-SMAD2/3 (Fig. 1A), nuclear SMAD4 (Fig. 1B and C),
and expression of fibrosis markers (Fig. 1D and E; Supplementary
Fig. S1A and S1B), thereby confirming that R-SMAD2/3 are activated
by TGFb1, and are functional in terms of upregulating fibrotic
markers.

To test our hypothesis that TGFb1/SMAD3 signaling could be
dysfunctional in an histotype-dependent fashion, we first examined

the mRNA and total protein expression and phosphorylation of
R-SMAD2/3 in TAFs in response to TGFb1 with respect to
patient-matched CFs from randomly selected patients (n ¼ 10 for
mRNA, n¼ 13 for protein analysis). Intriguingly, we found differences
in R-SMAD2/3 between ADC-TAFs and SCC-TAFs consistently at
both the mRNA (Fig. 1F–H) and total protein levels (Supplementary
Fig. S1C–F), and evenmore differences at the phosphorylation level. In
SCC-TAFs, SMAD3 mRNA (Fig. 1F) and pSMAD3 (Fig. 1I and J;
Supplementary Fig. S1G) were significantly downregulated with
respect to CFs, in agreement with our previously reported epigenetic
downregulation of SMAD3 in TAFs (11). Conversely, SMAD2mRNA
(Fig. 1G) remained unaltered in all groups. In contrast, pSMAD2 was
significantly increased in SCC-TAFs with respect to CFs (Fig. 1I and
K). The latter results were not expected given the similar SMAD2
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Figure 1.

Subtype-specific imbalance of R-SMAD2/3 in lung TAFs. A, Representative Western blot of pSMAD2, pSMAD3, and a-tubulin in ADC-TAFs (patient #10) and SCC-
TAFs (patient #20) stimulated with 2.5 ng/mL TGFb1 with or without 10 mmol/L SB431542 for 60 minutes (additional Western blot is shown in Supplementary
Fig. S1B). B and C, Representative immunofluorescence images of nuclear SMAD4 of TAFs (B) cultured as in A and corresponding quantification (C). D and E,
RepresentativeWestern blot foraSMA, P4HA2, andb-actin (D) and foldCOL1A1mRNA levels (E) of TAFs cultured as inA for 3 days.F, G, andH, Fold (TAF/CF)mRNA
expression of SMAD3 (F), SMAD2 (G), and SMAD3/SMAD2 (H) ratio of ADC (n ¼ 6; TAFs and CFs) and SCC (n ¼ 4; TAFs and CFs) fibroblasts cultured as in D. I,
RepresentativeWestern blot of phosphorylated R-SMAD2/3 and b-actin in TAFs and paired CFs from patients with ADC and SCC upon 2.5 ng/mL TGFb1 stimulation
for 30–60 minutes (additional Western blot is shown in Supplementary Fig. S1G–S1H; quantification in Supplementary Tables S3 and S4). J, K, and L, Densitometry
analysis of pSMAD3/b-actin (J), pSMAD2/b-actin (K), and pSMAD3/pSMAD2 ratio (L) in primary fibroblasts cultured as in I, derived from patients with ADC (n¼ 8;
TAFs and CFs) and SCC (n¼ 5; TAFs and CFs). #, P < 0.05; ##, P < 0.01; ###, P < 0.005 comparing ADC and SCC by Student t test here and thereafter; � , P < 0.05;
�� , P < 0.01; ��� , P < 0.005 comparing either TAFs and CFs, or TAFs treated or untreated with SB431542, by Student t test.
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mRNA (Fig. 1G) and total SMAD2 protein levels (Supplementary
Fig. S1C–S1F) observed in SCC-TAFs and CFs, yet they are consistent
with a regulatory process of the relative activation of SMAD2 and
SMAD3 based on their competition for common factors (28, 29). As a
result of the imbalance in R-SMAD2/3, both the SMAD3/SMAD2
mRNA ratio (Fig. 1H) and the pSMAD3/pSMAD2 activation ratio
(Fig. 1L) were significantly low (<1) in SCC-TAFs with respect to
paired CFs.

Surprisingly, ADC-TAFs exhibited opposite expression and acti-
vation patterns of R-SMAD2/3 compared with SCC-TAFs. Thus,
SMAD3 mRNA (Fig. 1F) was higher in ADC-TAFs compared with
SCC-TAFs and CFs. Likewise, we observed a significantly opposite
activation of SMAD3 and SMAD2 inADC-TAFs comparedwith SCC-
TAFs (Fig. 1I–K; Supplementary Fig. S1H). These differences elicited
significantly higher SMAD3/SMAD2 mRNA ratio (Fig. 1H) and
pSMAD3/pSMAD2 ratio (Fig. 1L) in ADC-TAFs with respect to
SCC-TAFs. The total (Supplementary Fig. S1F) and phosphorylated
(Fig. 1L) SMAD3/SMAD2 protein ratios of ADC-TAFs were also
higher than paired CFs (i.e., >1) at early time points, although these
differences did not attain statistical significance. These results show
that TGFb1 responses are dominated by pSMAD2 over pSMAD3 in
SCC-TAFs, and inversely (i.e., by pSMAD3 over pSMAD2) in ADC-
TAFs, thereby indicating that the balance between R-SMAD2/3
expression and/or signaling in TAFs is strongly associated with their
histologic subtype.

DNA hypermethylation of the SMAD3 promoter in TAFs is
subtype-dependent and is environmentally regulated by CSC
in CFs

To shed light on the apparent discrepancy between the
subtype-dependent differences in SMAD3 mRNA levels in
ADC-TAFs and SCC-TAFs, and our previously reported
epigenetic repression of SMAD3 in TAFs regardless their histo-
logic subtype, we reanalyzed our SMAD3 promoter methylation
data in TAFs and paired CFs from 12 patients (6 ADC, 6 SCC)
assessed by pyrosequencing in three CpG sites (Supplementary
Fig. S2A and S2B; ref. 11). In agreement with our initial observa-
tions (11), SMAD3 promoter methylation was significantly higher
in both ADC-TAFs and SCC-TAFs compared with paired CFs.
Yet, this difference was markedly larger in SCC-TAFs (Fig. 2A),
which is consistent with their lowest SMAD3 mRNA expression
(Fig. 1F). In contrast, the overexpression of SMAD3 mRNA in
ADC-TAFs with respect to CFs was unexpected (Fig. 1F), for its
promoter was slightly hypermethylated compared with CFs,
thereby suggesting that transcriptional regulatory processes other
than DNA methylation are involved.

To further support a causal relationship between increased SMAD3
promoter methylation and SMAD3 transcriptional repression in SCC-
TAFs, we treated SCC-TAFs and paired CFs from randomly selected
patients (n ¼ 2) with the global DNA demethylating agent 5-AZA,
which inhibits the maintenance enzyme DNA methyltransferase
DNMT1 (30), and found a significant dose-dependent decrease in
SMAD3 promotermethylation of both SCC-TAFs and paired CFswith
respect to control, although it was more pronounced in the former
(Fig. 2B and C; Supplementary Fig. S2C). Yet, this demethylation was
sufficient to dose-dependently increase the fold SMAD3 mRNA
(Fig. 2D and E) and the TGFb1-induced pSMAD3 significantly in
TAFs, but not in CFs (Fig. 2F–H; Supplementary Fig. S2D–S2F).
Similar results were found in CFs from other patients (Supplementary
Fig. S2F), confirming that 5-AZA could rescue the expression and
TGFb1-induced activation of SMAD3 in SCC-TAFs but not in CFs, in

agreement with the highest SMAD3 promoter methylation of SCC-
TAFs (Fig. 2A).

In addition, we wondered about the potential driving processes of
such marked and selective SMAD3 promoter hypermethylation of
SCC-TAFs. Prompted by previous in vitro associations of smoking
with SMAD3mRNAdownregulation through histone deacetylation in
lung cancer cells (31), by the fact that TAFs and CFs were derived from
smokers, and by the common anatomic location of SCC in the
proximal airways (3), which are more exposed to cigarette smoke
particles (32), we first examined the impact of long-term exposure to
CSC. Treating immortalized CFs for 6 weeks with 10% CSC did not
alter theirmorphology (Fig. 2I), yet it time dependently increased their
SMAD3 promoter methylation (Fig. 2J). Likewise, CSC dose-
dependently increased the SMAD3 promoter methylation of CFs
compared with vehicle after 6 weeks (Fig. 2K) and even 3 weeks
(Supplementary Fig. S2G). In contrast, CSC had no effect on the
SMAD2 promoter methylation (Fig. 2L and M). These results reveal
that CSC is sufficient to hypermethylate the same CpG sites within the
SMAD3 promoter in pulmonary fibroblasts that were hypermethy-
lated in TAFs. To further support a link between smoking and SMAD3
promoter methylation, we reanalyzed our methylation data in CFs by
stratifying patients based on their tobacco consumption, and found
increased SMAD3 promoter methylation in the group with the highest
number of cigarette pack-year that reached marginal significance,
probably due to the limited patient number (Fig. 2N).

The extent of TAF activation in vitro and tumorfibrosis ex vivo is
subtype-specific

Even though SMAD3 and SMAD2 exhibit structural similarities
and some overlapping functions, SMAD3 has been pointed selectively
as an essential transcription factor of the TGFb-induced fibrotic
responses in fibroblasts (10). Accordingly, given the lower expression
and activation of SMAD3 with respect to SMAD2 in SCC-TAFs
compared with ADC-TAFs, we expected SCC-TAFs to express lower
levels of fibrotic markers compared with ADC-TAFs. In agreement
with this hypothesis, we observed a significantly lower expression of a
panel of fibrosis markers (aSMA, P4HA2, and COL1A1; Fig. 3A–D;
Supplementary Fig. S3A–S3C) in response to TGFb1 in SCC-TAFs
with respect to ADC-TAFs in randomly selected patients (6 ADC,
5 SCC; all normalized to paired CFs). Moreover, ADC-TAFs
significantly overexpressed all fibrosis markers compared with
patient-matched CFs, in line with the larger pSMAD3/pSMAD2
ratio of ADC-TAFs with respect to CFs (Fig. 1L). The mechanisms
underlying such hypertrophic phenotype in ADC-TAFs remain
undetermined. However, previous evidence support that TGFb auto-
induction could be involved, because TGFb1 enhanced selectively the
expression of total SMAD3 and SMAD4 in pulmonary fibroblasts (33),
and TGFb autoinduction in turn was critically regulated by SMAD3 in
fibroblasts (34). To explore this possibility, we assessed the expression
and activity of TGFb1 by qRT-PCR and the p(CAGA)12-luciferase
reporter (20), respectively. TGFb1mRNAwasmoderately upregulated
in ADC-TAFs compared with SCC-TAFs or CFs upon 72-hour
treatment with 2.5 ng/mLTGFb1 (Fig. 3E), and this difference became
much larger and statistically significant when analyzing TGFb activity
elicited by the conditioned medium of TAFs (Fig. 3F). These results
unveil that the abnormally high SMAD3 expression and activity of
ADC-TAFs is associated with an enhanced autoinduction of the
profibrotic cytokine TGFb1.

To validate in patient samples our in vitro observation of larger
fibrosis in ADC-TAFs compared with SCC-TAFs, we examined two
independent TMAs (CIBERES, n¼ 208 and CIMA-CUN, n¼ 131) in
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Figure 2.

Epigenetic regulation of SMAD3 in SCC-TAFs and its relationship with smoking. A, Fold (TAF/CF) methylation of the SMAD3 promoter of primary fibroblasts
derived from patients with ADC (n ¼ 6; TAFs and CFs) and SCC (n ¼ 6; TAFs and CFs) assessed by pyrosequencing in three CpG sites. Because no statistical
differences were found among the CpG sites (Supplementary Fig. S2A and S2B), they were used as technical replicates here and thereafter. B and C, Fold
SMAD3 promoter methylation of paired CFs (B) and SCC-TAFs (C) from randomly selected patients (n¼ 2) treated with 5-AZA or DMSO vehicle for 4 days and
with 2.5 ng/mL TGFb1 for 1 hour. D and E, Fold increase in SMAD3mRNA in paired CFs (D) and SCC-TAFs (E) cultured as in B. F, Representative Western blot of
pSMAD3 of SCC-TAFs and paired CFs cultured as in B. G and H, Densitometry analysis of pSMAD3 in paired CFs (G) and SCC-TAFs (H) cultures as in F. Data
from other patients shown in Supplementary Fig. S2F. I, Representative phase contrast images of CFhTERT (#5) cultured with fibroblast medium supplemented
with 10% CSCs and 10% FBS for 6 weeks. J–M, Time- and dose-dependent effects of CSC on the fold SMAD3 (J and K) and SMAD2 (L and M) promoter
methylation in CFhTERT (#5) cultured as in I. N, Pyrosequencing data of the SMAD3 promoter in CFs (ADC and SCC; n ¼ 8) stratified according to the median
tobacco consumption. Mean values correspond to n � 3 independent experiments (J–M). Statistical analyses as in Fig. 1. � , P < 0.05; ��� , P < 0.005, comparing
fibroblasts treated with either 5-AZA or CSCs with their corresponding control.
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terms of the staining of two fibrosis markers: fibrillar collagens
(CIBERES and CIMA-CUN) and aSMA (CIBERES) by PSR and IHC,
respectively (Fig. 3G and H), using quantitative image analysis. To
further examine the association between fibrosis and smoking, patients
were stratified in three groups: never smokerswithADCor SCC,ADC-
smokers, and SCC-smokers (current and former). The average per-
centage (%) of positively stained PSR area (PSR%) was significantly
lower in SCC-smokers compared with ADC-smokers in both cohorts
(Fig. 3G, I, J), as well as to never smokers in the CIBERES cohort
(Fig. 3I). Likewise, although the percentage of aSMA–stained area
(aSMA%)was comparable among never smokers and smokers in both
histotypes (Fig. 3H and K), plotting PSR% against aSMA% revealed a
significantly higher linear slope in ADC than SCC (P < 0.005; Fig. 3L),
indicating that a similar coverage of activated/profibrotic TAFs in both
histotypes is associated with more deposition of fibrillar collagens in
ADC than SCC. A comparable trend of lower levels of fibrosis markers
in SCC-smokers compared with both ADC-smokers (ACTA2, which
encodes for aSMA, P4HA2, COL1A1) and never-smokers (ACTA2,
P4HA2) was found when analyzing RNA-seq data from the TCGA
(n ¼ 182; Fig. 3M–O), using patient selection criteria that matched
those used in the TMAs. TCGA data also revealed a higher expression
of COL1A1 in ADC-smokers compared with never smokers (Fig. 3M
and O), further supporting the hypertrophic nature of ADC-TAFs.
Finally, we assessed the number of collagen fibers in whole slides from
random patients within the UB-Clinic cohort (8 ADC, 7 SCC) by
analyzing SHG images (Fig. 3P–R) with CT-FIRE (17), and found a
significantly higher number of fibers in ADC compared with SCC
(Fig. 3R). Altogether, our in vitro and ex vivo results unveil for the first
time intrinsic differences in tumor fibrosis in ADC and SCC, and
support a histotype-dependent association between smoking and
stromal fibrosis in NSCLC.

Modulation of pSMAD3/pSMAD2 ratio in control fibroblasts
phenocopies the subtype-specific activation of TAFs in
response to TGFb1

To further establish a link between the differential expression of
fibrosis markers in ADC-TAFs and SCC-TAFs, and their inverted
ratios in SMAD3/SMAD2 expression and activation, we used loss-of-
function assays of R-SMAD2/3. First, we knocked-down SMAD3 or
SMAD2 in immortalized CFs from 2 randompatients (CFhTERT #5 and
#13) by shRNA, whereas a control shRNA against a nonmammalian
target was used as a control. A knockdown rather than a knockout
approach (34) was used to mimic more faithfully the R-SMAD2/3
differences in TAFs (Fig. 1F and G). Knocking down SMAD2 in
CFhTERT (#5) significantly increased their ratio of both SMAD3/
SMAD2 mRNA (Fig. 4A) and pSMAD3/pSMAD2 (Fig. 4B and C)

above control shRNA in response to TGFb1, and such increase was
sufficient to upregulate the expression of fibrosis markers (aSMA,
P4HA2 and COL1A1) compared with control (Fig. 4D–G). Converse-
ly, knocking down SMAD3 had the opposite effects (Fig. 4A–G).
Comparable results were obtained using different shRNA plasmids
(shSMAD2B, shSMAD3B; Supplementary Fig. S4A–S4E) and a dif-
ferent patient (CFhTERT #13; Supplementary Fig. S4F–J). Because the
differences in the fibrotic responses between shSMAD2 and shSMAD3
CFhTERT to TGFb1 phenocopied qualitatively those observed between
ADC-TAFs and SCC-TAFs, shSMAD2 and shSMAD3 models were
referred to asADC-like and SCC-like, respectively, here and thereafter.
Second, we benefited from the differential impact of TGFb inhibitors
SB431542 and galunisertib on R-SMAD2/3, because SB431542 targets
both SMAD3 and SMAD2 activation (26), whereas galunisertib targets
preferentially SMAD2 (35). As expected, SB431542 completely abro-
gated both pSMAD3 and pSMAD2 in CFhTERT (#5) upon TGFb1
stimulation, whereas galunisertib downregulated pSMAD2 to a greater
extent than pSMAD3 (Fig. 4H). In line with the knockdown experi-
ments, the lower pSMAD3 inhibition elicited by galunisertib com-
pared with SB431542 was associated with a significantly higher
expression of fibrosis markers (Fig. 4I and J). However, it should be
borne in mind that additional differences in the spectrum of targets of
these two drugs could also contribute to their distinct antifibrotic
effects.

To further validate our observations, we knocked down either
SMAD3 or SMAD2 in immortalized ADC-TAFs and SCC-TAFs,
respectively, from randomly selected patients, using both shRNA and
siRNA (Supplementary Materials). In agreement with the results in
CFs, shSMAD3 in ADC-TAFhTERT (#13) elicited an SCC-like pheno-
type in terms of TGFb signaling, for it significantly decreased both
SMAD3/SMAD2mRNA ratio (Fig. 4K) and pSMAD3/pSMAD2 ratio
(Fig. 4L) comparedwith control shRNA. Likewise, shSMAD3 inADC-
TAFhTERT downregulated their TGFb1-induced expression of fibrosis
markers (Fig. 4M and N). In contrast, shSMAD2 in SCC-TAFhTERT

(#22) had the opposite effects, eliciting an ADC-like phenotype in
terms of TGFb signaling (Fig. 4O and P) and fibrosis (Fig. 4Q and R).
Similar results were found in ADC-TAFs and SCC-TAFs from other
patients (Supplementary Fig. S5A–S5D) as well as using siRNA
(Supplementary Fig. S5E–S5H). Altogether, these results confirm that
conditions that favor pSMAD3 over pSMAD2 signaling as in ADC-
TAFs (therefore eliciting a ratio pSMAD3/pSMAD2 > 1 as in
shSMAD2 or galunisertib) elicit larger expression of fibrosis markers
in response to TGFb1 compared with those conditions that impair
pSMAD3 as observed in SCC-TAFs (therefore eliciting a ratio
pSMAD3/pSMAD2 < 1 as in shSMAD3). In addition, these results
provide additional support to the regulation of R-SMAD2/3 activation

Figure 3.
Histotype-specific expression of fibrosis markers. A, Representative Western blot of aSMA, P4HA2, and b-actin of TAFs and paired CFs stimulated with 2.5 ng/mL
TGFb1 for 3 days (Western blot from other patients is shown in Supplementary Fig. S3A and S3B). B and C, Densitometry analysis expressed as fold (TAF/CF) of
aSMA/b-actin (B) and P4HA2/b-actin (C; 6 ADC, 5 SCC; TAFs and CFs). D and E, Fold COL1A1 (D) and TGFB1 (E) mRNA (TAF/CF) in cells cultured as in A (5-6 ADC,
5 SCC; TAFs and CFs). F, Bioactivity of the TGFb1 secreted into the conditioned medium by TAFs (5 ADC, 4 SCC) cultured as in A and kept in culture medium
without exogenous TGFb1 for 48 hours. G and H, Representative histologic images of ADC and SCC patient samples within TMAs from the CIBERES cohort
stained forfibrillar collagensbyPSR (G) andaSMA (H). Patientswere stratified in three groups: never smokers, ADC-smokers, andSCC-smokers (current and former).
I–L, Quantification of the percentage of either PSR or aSMA–positive area/10� field for each patient (112 ADC, 96 SCC) from the CIBERES cohort, which is
referred to as PSR% (I) and aSMA% (K) here and thereafter. J, PSR% assessed in TMA samples from the CIMA-CUN cohort (77 ADC, 54 SCC). L, Scatter plot
of PSR% versus aSMA% for each patient of the CIBERES cohort. Solid lines correspond to a linear model estimated with the intercept set at 0. Interaction of the
slope with the histotype assessed with the likelihood ratio test. ###, P < 0.005. M–O, RNA-seq data of ACTA2 (M), P4HA2 (N), and COL1A1 (O) from TCGA samples
(101 ADC, 81 SCC). P, Representative SHG images of ADC and SCC patients. Q, Outcome of the CT-FIRE software applied on the images shown in P; labeling
each individually detected filament.R,Average number of filaments/40� field in ADC (n¼ 8) and SCC (n¼ 7) patients assessed as inQ. A single valuewas discarded
using Grubbs outlier test in B and C (further details in Supplementary Fig. S3C). � , P < 0.05 was determined by comparing ADC- or SCC-smokers with never
smokers using Student t test (I–L) or Wilcoxon rank-sum test (M–O). All other statistical analyses as in Fig. 1. #, P < 0.05.
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based on a competition/compensation process, because a forced
decrease in SMAD2 mRNA with shSMAD2 was sufficient to increase
the pSMAD3/pSMAD2 ratio and the fibrotic phenotype, and vice
versa.

Knocking down SMAD3 in ADC-TAFs is sufficient to induce a
SCC-like phenotypic switch in terms of their response to the
antifibrotic drug nintedanib

Nintedanib is a stromal multikinase inhibitor of VEGFR, PDGFR,
and FGFR (36) that has been approved as a second-line treatment for
patients with ADCwithout targetable mutations by the EMA (37), and
as a first-line treatment for idiopathic pulmonary fibrosis by the EMA
and the FDA (38), based on the LUME-Lung clinical trial (13) and the
INPULSIS clinical trial (39), respectively. Owing to our observed low
SMAD3 expression and activation selectively in SCC-TAFs, concom-
itantly with their moderate fibrotic phenotype, we sought to determine
whether such low TGFb/SMAD3 signaling could underlie the poor
therapeutic effects of nintedanib observed in SCC-TAFs compared
with ADC-TAFs (12). To this aim, we first examined the impact of
nintedanib on R-SMAD2/3 and nuclear SMAD4 in CFhTERT (#5 or
#37), and found that it markedly inhibited both the activation of
R-SMAD2/3 (Fig. 5A–C) and the increase in nuclear SMAD4 (Fig. 5D
and E) in response to TGFb1, yet not as efficiently as SB431542
(Fig. 1A andB), which specifically targetsALK5 and other type I TGFb
receptors (Fig. 4H–J; ref. 26), thereby supporting that ALK5may be an
off-target of nintedanib (40). To check this possibility, we performed a
time-course analysis of phospho-ALK5 (pALK5) and pSMAD3 in
CFhTERT (#5) in response to TGFb1 with or without nintedanib
(Fig. 5F). As expected, the peak in pALK5 induced by TGFb1 occurred
before that of pSMAD3; moreover, nintedanib downregulated pALK5
but not total ALK5, supporting that ALK5 is an unintended target of
this drug.

Next, we examined the responses to nintedanib in immortalized
ADC-TAFs from two randomly selected patients (#12 and #13) after
knocking down SMAD3 by shRNA, which elicited a significant
decrease in SMAD3/SMAD2 mRNA ratio (Fig. 5G). Remarkably,
knocking down SMAD3 in ADC-TAFhTERT (#12) was sufficient to
elicit a smaller nintedanib reduction in the expression of an extended
panel of fibrosis markers (i.e., COL1A1 mRNA, COL3A1 mRNA,
aSMA, and TGFb1 activity; Fig. 5H–L) in response to TGFb1
compared with control shRNA, which closely resembled the signifi-
cantly smaller inhibitory effects of nintedanib on SCC-TAFs compared
with ADC-TAFs (Fig. 5H–L). Likewise, the lack of differential ninte-
danib reduction of the expression of P4HA2 between control shRNA
and shSMAD3 in ADC-TAFhTERT (#12) mimicked the lack of distinct
responses betweenADC-TAFs and SCC-TAFs (Fig. 5K). Consistently,

knocking down SMAD3 in ADC-TAFs (#12) impaired the growth
inhibition of the EGFR wild-type ADC cancer cell line H1437 elicited
by the CM of TGFb1-activated fibroblasts in the presence of ninte-
danib comparedwith control ADC-TAFs (Fig. 5M andN), similarly to
the lower growth reduction elicited by the CM of nintedanib-treated
SCC-TAFs compared with ADC-TAFs (Fig. 5N). Comparable results
were obtained in ADC-TAFhTERT (#13) using different plasmids
(Supplementary Fig. S6A and S6B). Collectively, these results reveal
that knocking down SMAD3 in ADC-TAFs is sufficient to render a
SCC-like phenotype in terms of both the antifibrotic and antigrowth
responses to nintedanib in vitro.

Knocking down SMAD3 in CFs coinjected with ADC cancer cells
is sufficient to abrogate the antitumor response to nintedanib
in vivo

To validate the prominent role of SMAD3 in modulating the
therapeutic responses of ADC-TAFs to nintedanib in vivo, we coin-
jected subcutaneously H1437 cells with either control shRNA or
shSMAD3 CFhTERT (#5) into NOD/SCID mice. CFhTERT were pre-
activated before coinjection with TGFb1 to mimic the profibrotic
phenotype of TAFs found in patients (Fig. 6A; ref. 14), and were used
instead of ADC-TAFhTERT owing to technical difficulties in expanding
these cells up to the large numbers required for in vivo experiments.
Two weeks postinjection, tumor-bearing mice (size � 50 mm3) were
treated with nintedanib or PBS during 2 weeks. In agreement with our
in vitro data, nintedanib elicited significant antitumor growth effects
(Fig. 6B) and delayed tumor engraftment (Fig. 6C) in H1437 cancer
cells coinjected with control, but not shSMAD3 fibroblasts. Moreover,
nintedanib reduced both the expression of fibrillar collagens and the
percentage of proliferating (Ki-67þ) cancer cells to a much greater
extent in tumor-bearing control compared with shSMAD3 fibroblasts
(Fig. 6D–F). These results reveal that knocking down SMAD3 in
fibroblasts is sufficient to scale down tumor growth and fibrosis as well
as to impair the antitumor growth and antifibrotic effects of nintedanib
in primary tumor xenografts, thereby mimicking the negative thera-
peutic responses reported in patients with SCC (13).

Discussion
We recently reported the seemingly paradoxical observation that

NSCLC is highly fibrotic, even though the profibrotic transcription
factor SMAD3 is epigenetically downregulated through promoter
hypermethylation in TAFs compared with paired CFs derived from
patients with both ADC and SCC (11). Here we shed light on this
apparent paradox by reporting for the first time that tumor fibrosis is
actually higher in ADC than SCC, and by providing novel insights on

Figure 4.
Modulation of TGFb1-induced fibrosis upon the loss of function of pSMAD3 or pSMAD2. Experiments were conducted using hTERT immortalized CFs or TAFs
(Supplementary Fig. S7A–S7D), which did not compromise their TGFb1 responses (Supplementary Fig. S7E–S7I). A, Fold SMAD3/SMAD2mRNA ratio of shSMAD2
and shSMAD3 fibroblasts with respect to control shRNA fibroblasts maintained in culture medium supplemented with 10% FBS. B, Representative Western blot of
pSMAD2, pSMAD3, and a-tubulin of control, shSMAD2, and shSMAD3 fibroblasts stimulated with 2.5 ng/mL TGFb1 for 60 minutes. C, Densitometry analysis
expressed as fold of pSMAD3/pSMAD2 from fibroblasts cultured as in B. D, Representative Western blot of aSMA, P4HA2, and b-actin of control, shSMAD2, and
shSMAD3 fibroblasts stimulated with 2.5 ng/mL TGFb1 for 3 days. E and F, Densitometry Western blot analysis expressed as fold of aSMA/b-actin (E) and P4HA2/
b-actin (F) of fibroblasts cultured as in D. G, Fold COL1A1 mRNA of fibroblasts stimulated with 2.5 ng/mL TGFb1 for 2 days. H, Representative Western blot for
pSMAD2, pSMAD3, and b-actin of control fibroblasts cultured as in B in the presence of SB431542 or galunisertib. I, Representative Western blot for aSMA, P4HA2,
and b-actin of control fibroblasts cultured as in D and treated with SB431542 or galunisertib. J, Fold COL1A1mRNA of control fibroblasts cultured as in I. K–R, effect
of either shSMAD3 on ADC-TAFs or shSMAD2 on SCC-TAFs in terms of the SMAD3/SMAD2 mRNA ratio (K and O), activation of R-SMAD2/3 (L and P), and the
expression of fibrosis markers (M–R). TAFs were cultured as in B and D to assess R-SMAD2/3 and fibrosis markers, respectively. Similar results were obtained in
TAFs from other patients and with siRNA (Supplementary Fig. S5 and Supplementary Materials). #, P < 0.05; ###, P < 0.005 comparing shSMAD2 and shSMAD3
models; � , P < 0.05; �� , P < 0.01; ��� , P < 0.005 comparing either shSMAD2 or shSMAD3 with control shRNA (A, C, E–G, K–L, andQ–R) or SB431542 with galunisertib
(N); mean values correspond to n � 2 experiments.
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Figure 5.

Role of SMAD3 in the antifibrotic and anticancer effects of nintedanib in TAFs in vitro. A, Representative Western blot of pSMAD2, pSMAD3, and b-actin
of CFs cultured as in Fig. 4B with our without 2 mmol/L nintedanib. B and C, Average densitometry analysis expressed as fold of pSMAD3/b-actin (B) and
pSMAD2/b-actin (C) of CFs (#5 and #37). D and E, Representative fluorescence images of nuclear SMAD4 of CFs (D) cultured as in A and corresponding
quantification (E). F, Representative Western blot of the time-course of total and phospho-ALK5, pSMAD3, and b-actin of CFs cultured as in A with our without
2 mmol/L nintedanib. G, Fold SMAD3/SMAD2 mRNA ratio of ADC-TAFhTERT transduced with shSMAD3 or control shRNA and maintained as in Fig. 4A. H–L, Fold
relative reduction of a panel of fibrosis markers including COL1A1 mRNA (H), COL3A1 mRNA (I), aSMA/b-actin (J), P4HA2/b-actin (K), and TGFb1 activity (L) in
either control or shSMAD3ADC-TAFhTERT or TAFs (n¼ 5–6ADC; n¼ 5-8 SCC) upon stimulationwith 2.5 ng/mL TGFb1 with or without 2 mmol/L nintedanib for 3 days.
TGFb1 activity was assessed as in Fig. 3F. For each marker, fold relative reduction was computed as 100(Enintedanib –E)/E, where Enintedanib and E are
the average expression with or without nintedanib, respectively. M, Outline of the experimental design used to assess the growth of H1437 cancer cells
stimulated with CM from TAFs activated as in (H–L) and maintained in serum-free and nintedanib-free fibroblast culture medium for 48 hours. N, Fold relative
reduction in cell number/10� field of H1437 cells stimulated with CM from either control or shSMAD3 ADC-TAFhTERT (J) or TAFs (4 ADC, 4 SCC). Fold relative
reduction in cell growth was computed as in H–L. The H1437 cell line was chosen to mimic the EGFR wild-type (wt) status of patients with ADC that may
be treated with nintedanib in clinical settings. �, P < 0.05; ��� , P < 0.005 comparing either nintedanib treated with untreated fibroblasts or shSMAD3 with
control ADC-TAFs. #, P < 0.05; ##, P <0.01 comparing ADC-TAFs and SCC-TAFs;mean values correspond to n¼ 2 independent experiments. � , P <0.05; �� , P < 0.01;
��� , P < 0.005.
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key underlying mechanisms. Specifically, unlike ADC-TAFs, the
SMAD3 promoter in SCC-TAFs was strongly hypermethylated with
respect to paired CFs, which was consistently associated with a much
lower SMAD3 expression and activation in response to TGFb1 that
was compensated by an enhanced SMAD2 activation. Conversely, a
global demethylating agent was sufficient to rescue the SMAD3mRNA
expression and protein activation in SCC-TAFs but not in paired CFs,
thereby supporting that DNA hypermethylation is a major driving
process of the SMAD3 transcriptional repression in SCC-TAFs. Of
note, the low SMAD3 mRNA expression of SCC-TAFs elicited a
response to TGFb1 dominated by SMAD2 rather than SMAD3, and
yielded a significantly lower expression of fibrosis markers compared
with ADC-TAFs in vitro that was confirmed in three patient cohorts.
Conversely, knocking down SMAD2 in SCC-TAFs rescued both

TGFb1/SMAD3 activation and the expression of fibrosis markers. In
line with our findings, although it remains technically challenging to
validate in patient samples our in vitro observation of a larger ratio of
SMAD3/SMAD2 expression and phosphorylation in ADC-TAFs than
in SCC-TAFs, previous IHC analyses reported lower stromal staining
of total SMAD3 in SCC compared with ADC (31), and an opposite
histologic pattern of pSMAD2 (41).

We also report the novel observation that ADC-TAFs were hyper-
responsive to TGFb1 in terms of overexpressing a panel of fibrosis
markers compared with both patient-matched CFs and SCC-TAFs.
The hypertrophic phenotype of ADC-TAFs was associated with a
moderate hypermethylation of the SMAD3 promoter, with both a
SMAD3 mRNA and a pSMAD3/pSMAD2 ratio above basal values,
and with a larger activity of endogenous TGFb1, which elicited a
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Figure 6.

Regulatory role of SMAD3 in the antifi-
brotic and anticancer cell growth effects
of nintedanib in fibroblasts in vivo. A,
Outline of the experimental design used
to assess tumor growth of H1437 cells
subcutaneously coinjected with control
shRNA or shSMAD3 CFhTERT (#5; 2:1 ratio)
into immunodeficient NOD/SCID mice.
Fibroblasts were preactivated with 2.5
ng/mL TGFb1 for 3 days before coinjec-
tion. Two weeks postinjection, mice were
treated daily with nintedanib or PBS by
oral gavage during 2 weeks (n ¼ 6 mice
per condition). B, Average tumor growth
for each experimental condition. C, Per-
centage of tumor-freemice (tumors< 200
mm3). D, Representative images of PSR
(top) and Ki-67 (bottom) staining at the
end of the observation period. E and F,
Quantification of the percentage of the
PSR-positive area (E) or Ki-67þ nuclei/
20� field (F) for each image and mice
(n ¼ 12 images/tumor). Two group com-
parisons between absence or presence of
nintedanib were performed with two-way
ANOVA (B), log-rank test (C), or Student t
test (E and F). � , P < 0.05; ��� , P < 0.005;
n.s. nonsignificant.
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response to TGFb1 that was dominated by SMAD3 over SMAD2.
Consistently, knocking down SMAD3 abrogated the hypertrophic
phenotype of ADC-TAFs. The underlying mechanisms of such hyper-
trophic phenotype remain an open question. However, our observed
larger autoinduction of TGFb1 selectively inADC-TAFs in response to
exogenous TGFb1 provides a straightforward process to amplify
profibrotic TGFb responses. Nonetheless, all these observations are
consistent with the acknowledged prominent profibrotic role of
SMAD3 elicited by TGFb1. Moreover, they are in agreement with
the stronger association between glucose uptake and the fibrotic
stroma that has been reported in ADC compared with SCC (42),
which could account for the metabolic demands required for the
increased collagen deposition that we observed in ADC.

The selective hyperactivation of pSMAD2 in SCC-TAFs in response
to TGFb1 was not anticipated, for their SMAD2 mRNA levels were
comparable with paired CFs and ADC-TAFs. In line with this obser-
vation, knocking down SMAD3 in TAFs and CFs elicited a larger
SMAD2 activation concurrently with a downregulation of the expres-
sion of fibrosis markers, whereas knocking down SMAD2 elicited
opposite effects. In agreement with our findings, knocking out SMAD2
in mouse embryonic fibroblasts enhanced the expression of common
SMAD3-regulated profibrotic genes, the nuclear translocation of
pSMAD3, and the binding of SMAD3 to the COL1A2 promoter in
response to TGFb1. In contrast, knocking out SMAD3 attenuated all
these effects (28, 43). Because the activation of both SMAD3 and
SMAD2 requires phosphorylation by ALK5 and subsequent
binding to SMAD4 (25, 28, 29), the latter observations and ours
support that the activations of SMAD2 and SMAD3 in response to
TGFb1 are not independent but rather they are coregulated by their
mutual competition for interacting with common factors like ALK5
and SMAD4.

Defining the causes underlying the larger SMAD3 promoter hyper-
methylation in SCC-TAFs compared with ADC-TAFs remains to be
fully elucidated. Yet, our results and other lines of evidence support
that smoking and the frequent anatomic location of SCC in the
proximal airways (44) may play a major role. Thus, smoking is more
strongly associated with SCC than ADC (3, 44), and the highest
deposition of cigarette smoke particles has been documented in the
proximal airways where SCC tumors are commonly found, whereas
the same tobacco consumption elicits the deposition of fewer and
smaller cigarette smoke particles in distal pulmonary sites where ADC
tumors are frequently located (3, 32). Moreover, we showed that long-
term exposure to CSC alone can increase the promoter methylation of
SMAD3 but not SMAD2 in pulmonary fibroblasts, which is remarkable

because smoking is known to induce global hypomethylation (45).
Likewise, others have reported that total tumor SMAD3 mRNA was
lower in smokers compared with never-smokers in patients with
NSCLC (31). In addition, we reported a lower collagen deposition in
SCC-smokers compared with both ADC-smokers and never smokers
in two independent patient cohorts. All these observations support an
emerging model (Fig. 7) that considers an increased exposure to
cigarette smoke particles in SCC-TAFs compared with ADC-TAFs
(due to their anatomic location, increased tobacco consumption, or
both), which favors pSMAD2 over pSMAD3 through increased
SMAD3 epigenetic repression, owing to a compensation process based
on their competition for common cofactors. In turn, the lowpSMAD3/
pSMAD2 ratio of SCC-TAFs impairs tumor fibrosis and their response
to the antifibrotic drug nintedanib. This model provides also a
rationale for the puzzling epidemiologic observation that smoking is
associated with lower risk of radiotherapy-induced pneumonitis/
fibrosis in NSCLC, whereas tumors located in the lower lobes have
a higher risk (46). However, we cannot rule out that biological effects
other than smoking and anatomic location may contribute also to the
distinct fibrotic phenotypes of SCC-TAFs and ADC-TAFs, including
potential distinct cell lineages, intrinsic regional features, or even the
epigenetic reprogramming of TAFs through their crosstalk with cancer
cells (11, 47, 48).

Finally, it is worth noting that our findings may have far reaching
translational implications beyond the identification of the low SMAD3
activation of SCC-TAFs as a potential key process underlying the poor
sensitivity to nintedanib reported in patients with SCC in the LUME-1
trial (13). First, the larger tumor fibrosis of ADC compared with SCC
strongly suggests that ADC tumors could be more responsive to
antifibrotic therapies, in agreement with the stronger in vitro thera-
peutic responses to nintedanib of ADC-TAFs compared with SCC-
TAFs reported here and elsewhere (12). Second, our results support
that nintedanib (and possibly other antifibrotic drugs) may be par-
ticularly useful in overcoming the unwanted radiotherapy-induced
fibrosis in ADC, which is a major resistance mechanism (15) that has
been linked with increased levels of circulating TGFb (49).

In summary, our work reveals that the phenotypic heterogeneity of
TAFs in NSCLC (48) strongly depends on their histologic subtype in
terms of TGFb1/SMAD3 signaling, fibrosis regulation and response to
nintedanib, and it is intimately associated with a marked epigenetic
repression of SMAD3 that favors pSMAD2 over pSMAD3 selectively
in SCC-TAFs. The latter process emerges as a critical mechanism for
the limited tumor fibrosis and negative response to the antifibrotic
drug nintedanib in SCC compared with ADC.

↑ ↑ ↑ 

↑ ↑ ↑ 

SMAD3 Promoter methylation 

ADC-TAFs  
↑ Cigarette smoke particles 

↓ Fibrosis

↓ Response to nintedanib

SCC-TAFs  

Cigarette smoke particles 

pSMAD3 

pSMAD2 

↑ SMAD3 Promoter methylation 

pSMAD3 

pSMAD2 

↑ Fibrosis 
↑ Response to nintedanib

Other processes ?

TGFβ1 TGFβ1 

Figure 7.

Emerging model supporting a link
between smoking, the anatomic loca-
tion of ADC and SCC, and the differ-
ential SMAD3 promoter methylation,
SMAD3/SMAD2 balance, fibrosis, and
response to the antifibrotic drug nin-
tedanib in ADC-TAFs and SCC-TAFs.
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