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Abstract
The malignant transformation in several types of cancer, including lung cancer, results in a loss of
growth inhibition by transforming growth factor-β (TGF-β). Here, we show that SMAD6
expression is associated with a reduced survival in lung cancer patients. Short hairpin RNA
(shRNA)–mediated knockdown of SMAD6 in lung cancer cell lines resulted in reduced cell
viability and increased apoptosis as well as inhibition of cell cycle progression. However, these
results were not seen in Beas2B, a normal bronchial epithelial cell line. To better understand the
mechanism underlying the association of SMAD6 with poor patient survival, we used a lentivirus
construct carrying shRNA for SMAD6 to knock down expression of the targeted gene. Through
gene expression analysis, we observed that knockdown of SMAD6 led to the activation of TGF-β
signaling through up-regulation of plasminogen activator inhibitor-1 and phosphorylation of
SMAD2/3. Furthermore, SMAD6 knockdown activated the c-Jun NH2-terminal kinase pathway
and reduced phosphorylation of Rb-1, resulting in increased G0-G1 cell arrest and apoptosis in the
lung cancer cell line H1299. These results jointly suggest that SMAD6 plays a critical role in
supporting lung cancer cell growth and survival. Targeted inactivation of SMAD6 may provide a
novel therapeutic strategy for lung cancers expressing this gene.

Introduction
Transforming growth factor-β (TGF-β) belongs to a superfamily of structurally related
polypeptides that are involved in various biological processes, including cell growth,
differentiation, angiogenesis, apoptosis, and extracellular matrix remodeling (1). Alterations
in TGF-β signaling are linked to a variety of human diseases, including cancer,
inflammation, and tissue fibrosis (2, 3). The disruption of TGF-β signaling occurs in several
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human cancers and the pathway generally possesses a tumor suppressor function (4).
However, as carcinogenesis proceeds, tumor cells acquire resistance to TGF-β–induced
growth arrest.

TGF-β and its superfamily member, bone morphogenesis protein (BMP), activate their
respective intracellular signaling cascades by binding to the type II receptor followed by the
recruitment of the type I receptor. The activated type I receptor phosphorylates the receptor
SMADs (R-SMAD), such as SMAD2 and SMAD3, which then form a heteromeric complex
with the Co-SMAD, SMAD4. The R-SMAD/SMAD4 complex translocates into the nucleus,
where it regulates the transcription of target genes (1, 5, 6). Among the TGF-β/BMP target
genes are two inhibitory SMAD proteins, SMAD6 and SMAD7. SMAD6 is generally
thought to mediate BMP signals, whereas SMAD7 mediates TGF-β signaling. Both proteins
regulate the TGF-β signaling pathway through a negative feedback mechanism (7–9).
Recently, SMAD6 and SMAD7 have been shown to play a role in tumorigenesis. SMAD7
overexpression causes malignant conversion in a multistage cancer model (10) and enhanced
tumorigenicity in pancreatic cancer (11). Otherwise, stable overexpression of SMAD7 in
human melanoma cells impairs bone metastasis by blocking the TGF-β signal pathway (12).
Similarly, adenoviral delivery of SMAD7 to JygMC(A) breast cancer cells significantly
impairs their capacity to metastasize to lung and liver, possibly by altering their adhesive
and migratory properties; however, overexpression of SMAD6 had no effect on metastasis
(13). The expression of SMAD6 and SMAD7 was inversely correlated with the depth of
invasion in the early stages of carcinogenesis, but there was a significant correlation
between the expression of SMAD6 and SMAD7 to poor survival esophageal squamous cell
carcinoma (14).

In this study, we observed that SMAD6 expression was associated with poor survival in
non–small cell lung cancer (NSCLC) patients. Knockdown of SMAD6 restored TGF-β
signaling pathway by increasing SMAD2/3 phosphorylation and plasminogen activator
inhibitor-1 (PAI-1) activation in lung cancer cell lines but not minimally transformed normal
bronchial epithelial cells, Beas2B. We propose that SMAD6 contributes to lung cancer
progression by limiting TGF-β signaling-mediated growth inhibition and that SMAD6
down-regulation restores the TGF-β sensitivity, which led to reduced viability, proliferation,
and increased apoptosis in lung cancer.

Materials and Methods
Cell lines and culture

All lung cancer cell lines and normal bronchial epithelial cell line, Beas2B, were obtained
directly from the American Type Culture Collection. All lung cancer cell lines were cultured
in RPMI 1640 supplemented with 10% fetal bovine serum (FBS; Life Technologies).
Beas2B was cultured in BEGM and growth supplements (Cambrex Bio Sciences, Inc.) in a
humidified atmosphere with 5% CO2.

Tissue arrays and immunohistochemistry
Tissue arrays were prepared as previously described (15). It included 300 NSCLCs (150
adenocarcinomas and 150 squamous cell carcinomas) from the archives of the Armed
Forced Institute of Pathology (Washington, DC). All patient information was obtained and
used in accordance with approved protocols from the institutional review boards of the
participating institutions. The clinical characteristics of the cohort are as previously
described (15). We used rabbit anti-Smad6 antibody from Zymed and anti-rabbit secondary
antibody from EnVision+ System and Liquid DAB (DAKO) to visualize the
immunohistochemistry staining signal. Sections were counterstained lightly with Mayer’s
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hematoxylin and scored exactly as previously described (15). For survival analyses, the
samples were considered as “negative” when the total score was 0 and “positive” when total
score was 1 or higher.

Production of lentivirus-containing SMAD6 short hairpin RNA
Two SMAD6 short hairpin RNAs (shRNA #1 and #2) were purchased from Open
Biosystems. SMAD6 shRNA #3 was produced in the lab as follows: shRNA #3
oligonucleotides were synthesized (IDT) and annealed by hybridization, and then double-
stranded fragments were cloned into the AgeI and EcoRI sites of pLKO.1 (Open
Biosystems) and transformed into Escherichia coli. The shRNA sequences were described in
Supplementary Table S1. Lentivirus was produced using the lentiviral packaging system
(ViraPower Lentiviral Expression System) from Invitrogen. Each lentivirus was harvested at
4 d after transfection. Cells were plated in monolayer at different densities and infected with
lentivirus constructs using 8 ng/mL polybrene. After Smad6 shRNA lentiviral infection,
expression of SMAD6 was analyzed by Western blotting.

Cell viability, soft-agar, and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
assays

The shRNA for Smad6 lentivirus-transduced cells and mock-transduced cells was plated at 2
× 1041 × 1042 × 103and 1 × 103 per well of a 12-well plate. After 10 d in culture, medium
was discarded, and the remaining viable adherent cells were washed with 1× PBS before
staining with crystal violet (Sigma). We used the Cell Transformation Detection kit
(Chemicon) to evaluate for colony formation ability on soft agar. Briefly, 0.5 mL
underlayers consisting of 0.8% agar medium were prepared in 24-well plates. SMAD6
shRNA–transduced and mock lentivirus–transduced cells were trypsinized, centrifuged,
resuspended in 0.4% agar medium (equal volumes of 0.8% Noble agar and culture medium),
and plated onto the top agar at 1,500 per well. The cells were kept wet by adding a small
amount of RPMI 1640 (Life Technologies) with 10% FBS and incubated for 3 wk at 37°C.
Colonies were visualized using cell staining solution (Chemicon) and counted under the
microscope.

To measure the effects of knockdown on cell proliferation, Smad6 shRNA–transduced cells
were plated at concentrations of 1 × 1021 × 103and 1 × 104 per well in 96-well plates. After
4 d, cell proliferation was measured by the cell growth determination kit 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)–based assay according to the
manufacturer’s protocol (Sigma). In brief, 10 µL of the MTT solution (5 mg/mL) were
added to each well, and the cells were cultured for another 3 h at 37°C. At the end of
incubation, 100 µL of 0.1 N HCl in isopropanol were added and mixed vigorously to
solubilize colored crystals produced within the cells. The absorbance at 570 nm (690 nm as
background) was measured using a SpectraMax Plus (Molecular Devices). Experiments
were performed thrice each in triplicates.

TGF-β inhibitor treatment
Mock-transduced, shRNA #3–transduced, and shRNA #2–transduced H1299 cells were
cultured in RPMI 1640 without FBS for 2 d after infection followed by treatment with
SB431542 (10 µmol/L in DMSO) to cells for 48 h. For control experiments, DMSO was
added at the same concentration. The status of PAI-1, the known TGF-β effector, was
determined by Western blot.
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Flow cytometry and terminal deoxynucleotidyl transferase–mediated dUTP nick end
labeling assays

Lentivirus-transduced cells were harvested and stained with propidium iodide (20 µg/mL;
Sigma), and the DNA content of the cells was analyzed with a flow cytometer
(FACSCalibur, Becton Dickinson).

Apoptosis was detected using terminal deoxynucleotidyl transferase–mediated dUTP nick
end labeling (TUNEL) apoptosis detection kit (Upstate). H1299 and Beas2B cells were
infected with Smad6 shRNA and mock lentivirus. Four days after infection, the TUNEL
assay was performed according to the manufacturer’s protocol. Cells were counterstained
with propidium iodide and examined under fluorescent microscopy.

Western analysis
Cells were plated in 100-mm2 tissue culture dishes at 60% confluency and incubated
overnight. Cell lysates were obtained from transduced cells using cold
radioimmunoprecipitation assay buffer [20 mmol/L Tris-HCl (pH 8.0), 100 mmol/L NaCl,
10% glycerol, 1% NP40, 0.5% sodium deoxycholate]. Twenty micrograms of protein were
separated on precasted Bis-Tris NuPAGE gels (Invitrogen) and electroblotted to
polyvinylidene difluoride membranes (GE Healthcare Life Sciences) and then blocked for 1
h at room temperature in TBS-T [50 mmol/L Tris-HCl (pH 7.5), 150 mmol/L NaCl, 0.1%
Tween 20] buffer containing 5% nonfat milk. Membranes were then incubated overnight at
4°C or 1 h at room temperature with the respective primary antibodies: phospho-SMAD2/3
(1:500), SMAD2 (1:1,000), phospho-c-Jun (1:1,000), and c-Jun NH2-terminal kinase (JNK;
1:1,000; all from Santa Cruz Biotechnology); SMAD6 (Imgenex and Santa Cruz
Biotechnology); caspase-3, caspase-3, poly(ADP-ribose) polymerase (PARP), and phospho-
JNK (all from Cell Signaling Technology); phospho-RB and underphospho-RB (both from
BD Pharmingen); and β-actin (product AC-15; Sigma-Aldrich). Anti-mouse or anti-rabbit
secondary antibody conjugated to horseradish peroxidase (Santa Cruz Biotechnology) was
used to visualize the stained bands with an enhanced chemiluminescence visualization kit
(GE Healthcare Life Sciences).

Gene expression analysis using cDNA microarray
Total RNA (10 µg) was extracted from the transduced cells using Trizol and RNeasy
MiniPrep (Qiagen) according to the manufacturers’ protocols. The quality of the total RNA
was checked with denaturing formamide gel electrophoresis. Biotinylated cRNA was
amplified with a double in vitro transcription in accordance with the Affymetrix small
sample labeling protocol VII (Affymetrix). The total RNA was then hybridized onto
Affymetrix GeneChip HG-U133A according to standard protocols (Affymetrix user guide).
Fluorescence intensities were quantified and analyzed using the GeneChip operating
software (Affymetrix). For signal pathway analysis, we identified transcripts whose log-
transformed expression ratios differed by at least 2-fold in both shRNA #1 and shRNA #3
compared with the mock control–infected cells. Of the identified transcripts, 274 genes were
used for network classification by Ingenuity Pathways Analysis (IPA) and were mapped
based on the functions and/or canonical pathways from the literature.

Statistical analyses
We used Kaplan-Meier survival curve method to show the prognostic difference in SMAD6
protein expression. Statistical significance was assessed by log-rank (Mantel-Cox) test.
Analysis was adjusted by factors of gender and pathologic stage, which represent
independent prognostic significance. For colony formation assay, statistical comparisons
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were made using one-way ANOVA. Statistical significance was indicated by P < 0.05. Data
are presented as mean ± SD.

Results
SMAD6 status and its correlation with patient survival in NSCLC

Immunohistochemistry staining was carried out with an anti–SMAD6-specific antibody
using a NSCLC tissue microarray. As shown in Supplementary Table S2 and Fig. 1A, 122
cases were positive and 120 cases were negative among the cases present on the tissue
microarray. The frequency of positive staining was similar between adenocarcinoma and
squamous cell carcinomas of the lung. There was no statistically significant difference in
SMAD6 staining status scores between tumor types and gender. However, when staining
intensities of the tumors were correlated with the survival status of the corresponding
patients, the tumor-related survival was significantly better for tumors negative of SMAD6
protein staining compared with those whose tumors were positive (P = 0.007; Fig. 1B). Five
years after surgery, 62% of patients whose tumors expressed SMAD6 were recurrence-free
compared with 86% for patients whose tumors were negative for SMAD6 (P = 0.005; Fig.
1B).

SMAD6 expression in normal and lung cancer cell lines
We performed Western blot analysis to examine the level of SMAD6 expression in 15 lung
cancer cell lines and Beas2B, a normal bronchial cell line. As shown in Fig. 2A, SMAD6
expression was high in most lung cancer cell lines (H226, H23, A549, H1299, H1703,
EKVX, HOP62, HOP92, and H522), minimally expressed in H358 and H460 cell lines, and
undetectable in H322, SKLU1, H520, H2170, and Beas2B cells.

Reduced cancer cell growth by SMAD6 knockdown
We generated three different lentivirus constructs carrying Smad6 shRNA and used these
constructs to transduce lung cancer cell line, H1299. Cells transduced with shRNA #1 and
#3 had significantly reduced cell viability compared with mock-transduced cells (Fig. 2B).
Consistent with this, SMAD6 protein levels were drastically reduced in H1299 cells
transduced with shRNA #1 and #3, but not the mock-transduced cells (Fig. 2C).

We also tested SMAD6 shRNA–transduced and mock control–transduced cells for their
growth on soft agar (Fig. 2D). Mock control–transduced H1299 and A549 cells formed 199
and 127 colonies, whereas SMAD6 shRNA #1–transduced and shRNA #3–transduced
H1299 and A549 cells had 5- to 10-fold less colonies (P < 0.001; Fig. 2D). To investigate
the possible antiproliferative effects of SMAD6 knockdown, we performed MTT assay 6
days after infection. SMAD6 shRNA #1–transduced and shRNA #3–transduced H1299 cells
showed significantly reduced viability relative to mock-transduced H1299 cells. In contrast,
no growth inhibition was observed in mock-transduced cells (Fig. 3). The viability of normal
bronchial epithelial cell line Beas2B was unchanged regardless of the shRNA constructs
transduced. We performed the same test using three additional lung cancer cell lines that
expressed SMAD6 (H226, H23, and H522) and one cell line that did not (H460). Reduced
cell viability was observed in shRNA #1–transduced compared with mock-transduced cells
for all three cell lines expressing SMAD6 but not in H460. Transducing cells with shRNA
#2 into H1299 and H522 cells resulted in no growth inhibition, but intermediate inhibition
was observed in H23 and H226 cells (Fig. 3).

Knockdown of SMAD6 promotes cell cycle arrest and apoptosis
Using fluorescence-activated cell sorting (FACS) analysis, we observed that more than 90%
of Smad6 shRNA #3–transduced H1299 cells arrested in G1 phase, whereas mock-
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transduced cells did not (Fig. 4A). We also investigated the potential apoptotic effect of
SMAD6 knockdown using the TUNEL assay. As shown in Fig. 4B, shRNA #1–transduced
and shRNA #3–transduced H1299 cells underwent apoptosis, whereas mock-transduced
H1299 and Beas2B cells did not. Consistent with this observation, H1299 cells transduced
with shRNA #1 and #3 had cleaved the inactive form of procaspase-3 and increased
cleavage of the 113-kDa PARP to the 89-kDa fragment compared with the mock-transduced
cells (Fig. 4C).

SMAD6 knockdown restores TGF-β signaling in lung cancer cell lines
To determine if TGF-β signaling is restored after SMAD6 knockdown, we tested the
induction of PAI-1 and phosphorylation of SMAD2/3 as these events are regulated by the
TGF-β pathway (16). In shRNA #1–transduced and shRNA #3–transduced H1299 cells,
PAI-1 was highly expressed and SMAD2/3 was hyperphosphorylated compared with the
mock-transduced cells (Fig. 5A). To confirm these effects, we treated the transduced cells
with a TGF-β receptor inhibitor, SB431542. PAI-1 expression was significantly reduced
after SB431542 treatment in shRNA #2–transduced, shRNA #3–transduced, and mock-
transduced H1299 cells; however, PAI-1 expression in shRNA #3–transduced H1299 cells
was not affected by DMSO treatment (Fig. 5B).

We also tested the phosphorylation status of Jun NH2-terminal kinase (JNK) and the
retinoblastoma susceptibility genes (17). Hyperphosphorylation of JNK and c-Jun was
observed in shRNA #1–transduced and shRNA #3–transduced cells but not in mock-
transduced cells (Fig. 5C). A significant reduction in RB phosphorylation was seen in the
shRNA #1–transduced and shRNA #3–transduced cells, whereas unphosphorylated RB was
unchanged (Fig. 5C).

Transcriptional effects of SMAD6 knockdown in lung cancer cells
To determine the effect of SMAD6 knockdown on the overall transcriptome in lung cancer,
we examined the expression profiles of the shRNA #1–transduced, shRNA #3–transduced,
and mock-transduced H1299 cells in three independent experiments. Supplementary Tables
S3 and S4 list genes that were differentially expressed by Samd6 knockdown using both
shRNA #1 and shRNA #3. We were able to confirm the microarray observation for selected
genes at the protein levels using commercially available antibodies (Fig. 5D). Among these
genes, ERBB3, E-cadherin, and DHFR genes were down-regulated, whereas MMP7,
TIMP-2, THROMBOSPONDIN1, and interleukin-8 (IL-8) were up-regulated by the
knockdown of SMAD6. Affymetrix microarray gene expression data and the relative ratios
between shRNA-transduced and mock-transduced cells are shown in Supplementary Tables
S5 and S6.

We further delineate the molecular pathways that are affected by SMAD6 knockdown in
H1299 cells. In our pathway analysis with IPA, there were 58 significant functional
categories (P < 0.01). The 20 highly significant categories are shown in Supplementary Fig.
S1. The cancer, cell cycle, cell death, cellular growth, and proliferation categories showed
highly significant enrichment. Enrichments were also observed for expression in the tissue
development, cell morphology, cellular development, and cellular movement categories
(Supplementary Fig. S1A). There were 11 significant canonical pathway categories (P <
0.05) that include cell cycle, IL-6 signaling, death receptor signaling, TGF-β signaling, and
neuregulin signaling (Supplementary Fig. S1B). The mRNA level of Smad7 was unchanged
in the tested cells (Supplementary Table S5) and no genes associated with the induction of
BMP signaling were observed (18).
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Discussion
In patients with lung cancer, blood levels of TGF-β1 are elevated when compared with
normal patients (19) and increased production of TGF-β by cancer cells during tumor
progression can promote tumor growth, angiogenesis, and metastasis (20). The malignant
transformation in lung cancer results in a loss of tumor suppressor effects of TGF-β,
although most lung cancer cells secrete TGF-β (21). Loss of the TGF-β response has been
associated with tumor development and/or tumor progression in several cancer cell lines
(22–24). Resistance to TGF-β in cancer has been attributed to reduced expression of TGF-β
receptor I (TGFRI) and/or TGF-β receptor II (TGFRII; refs. 25, 26), as well as the
inactivation of mutations in SMAD2 and SMAD4 (27, 28). TGF-β receptor defects in cancer
cells contribute to malignant progression through an interruption in TGF-β–mediated
autocrine growth inhibition by the methylation of the TGFRI promoter or mutation of the
TGFRII promoter (25, 26). Inhibitory SMADs (SMAD6/7) are thought to play a role in the
regulation of TGF-β–mediated growth inhibition. However, the contribution of inhibitory
SMADs (Smad6/7) to the loss of TGF-β responsiveness in cancer is not well understood.

To elucidate the role that SMAD6 may have in lung cancer progression, we used small
interfering RNA technique to knock down SMAD6 in normal and lung cancer cell lines. We
observed that down-regulation of SMAD6 by shRNA inhibited cell growth and induced
apoptosis in lung cancer cells but not in the normal cell line Beas2B. In addition, SMAD6
shRNA #3–transduced cells accumulated in G1 phase compared with mock-transduced cells
and SMAD6 knockdown affects cell cycle and induces apoptosis in cells overexpressing
SMAD6 but have no growth-inhibitory effect on cells with no protein (Figs. 2–4). These
observations suggest that lung cancer cells can become dependent on SMAD6 for survival.

TGF-β is a strong and fast-acting regulator of PAI-1 through SMAD2/3 phosphorylation
(29, 30). shRNA-mediated knockdown of SMAD6 increased PAI-1 expression and this
expression was abolished when Smad6 shRNA-transduced cells were treated with a TGF-β
inhibitor, SB431542 (Fig. 5A and B). In our study, hyperphosphorylation of SMAD2/3 as
well as hyperphosphorylation of JNK and c-Jun and dephosphorylation of RB were
observed in cells with shRNA-mediated SMAD6 knockdown (Fig. 5C). These changes most
likely contributed to the overall negative growth-inhibitory effects we observed because
JNK pathway is implicated in multiple biological processes, including cellular proliferation,
survival, and apoptosis (31). The growth arrest in G0-G1 phase that we observed in lung
cancer cells by SMAD6 knockdown is, at least in part, due to RB hypophosphorylation
because RB normally represses E2F, which blocks transcription of cyclins necessary for cell
cycle progression (32). The results we have obtained in this study combined with previously
published data suggest that the removal of SMAD6 negatively affects cell proliferation and
increases apoptosis through the JNK/RB pathway.

Several studies have shown that SMAD6 effectively inhibits BMP signaling but only weakly
inhibits that of TGF-β and activin (33, 34), whereas Smad7 ubiquitously inhibits TGF-β
family signaling. Our Western experiments showed that SMAD7 is expressed uniformly and
at much higher levels than SMAD6 in both normal and cancer cells derived from the lung
but is induced to a much less extent on TGF-β and BMP stimulation (data not shown).
Similarly, down-regulation of SMAD6 by shRNA did not affect the expression of Smad7 or
affected genes commonly involved in BMP induction (18).

In our canonical pathway analysis using IPA, many of TGF-β signaling genes were affected
by Smad6 knockdown. However, other pathways, including cell cycle, IL-6 signaling, and
death receptor signaling pathways, were also affected (Supplementary Fig. S1). Recently,
SMAD6 is shown to be a critical mediator of the TGF-β/BMP pathway that mediates anti-
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inflammatory activity (35). A role of SMAD6 in the nucleus has also been reported,
showing that SMAD6 represses target genes through binding with a corepressor or the
inhibition of DNA binding (36, 37). These data jointly show that SMAD6 can function to
not only suppress the TGF-β signal pathway but also affect other growth regulatory
pathways in lung cancer cells. This differential cellular effect could be exploited to benefit
the patient with lung cancers that overexpress SMAD6. Consistent with our data, differential
regulation by TGF-β signaling in normal and tumor lung has also been shown in a recent
study using gene expression profiling (38).

In summary, we show that the reduced expression of SMAD6 is associated with increased
tumor-related survival in NSCLC patients. Knockdown of SMAD6 results in transcriptional
changes and signal transduction on TGF-β–related genes, such as the overexpression of
PAI-1 and phosphorylation of SMAD2/3, JNK, and c-Jun (Fig. 5). SMAD6 reduction
inhibits cancer cell growth and induces apoptosis in lung cancer cells. Our results reveal for
the first time that SMAD6 plays a key role in the tolerance of lung cancer to inhibitory
effects of TGF-β signaling and it could potentially be used as a therapeutic target for lung
cancers with SMAD6 overexpression. We propose a model that SMAD6 expression
contributes to TGF-β responsiveness in lung cancer cell, and knockdown of SMAD6
restores TGF-β–induced growth inhibition and reduces tumor burden in the lung cancer
patient (Fig. 6).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
SMAD6 status and tumor-related survival in NSCLC patients. A, representative images of
immunohistochemistry staining for SMAD6 in lung cancer patients. AD, adenocarcinoma;
Sq, squamous cell carcinoma. Staining status is as indicated. B, Kaplan-Meier curve for
tumor-related survival status based on SMAD6 status. Patients with SMAD6-negative
tumors (total score = 0) were compared with patients with moderate/high SMAD6-
expressing tumors (total score = 1 or higher).
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Figure 2.
SMAD6 expression and knockdown in lung cancer and normal cell lines. A, expression of
SMAD6 in normal lung cells (Beas2B) and indicated lung cancer cell lines. B, cell viability
assay in H1299 cells after SMAD6 knockdown. Control (mock) lentivirus or SMAD6
shRNA #1–transduced and shRNA #3–transduced H1299 cells were seeded at indicated
densities and stained with crystal violet 10 d after infection. C, Western blot analysis
showing SMAD6 levels in transduced cells as indicated. D, colony formation on soft agar in
H1299 and A549 cells that were transduced with SMAD6 shRNA #1, shRNA #3, and mock
control. Histograms indicate stained soft agar colonies counted from three independent
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experiments. Bars, SD. P values are as indicated when compared with mock control.
Lentiviruses are the same as for B.
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Figure 3.
SMAD6 knockdown reduces lung cancer cell growth. Cell viability was determined by
MTTassay in six cell lines and transduced with mock or SMAD6 shRNA as indicated. X
axis, numbers of cells plated. Cell proliferation was determined absorbance at A570 using the
Cell Growth Determination kit (Sigma) 4 d after transduction. Left, mock, shRNA #1,
shRNA #2, and shRNA #3 were used; right, mock, shRNA #1, and shRNA #2 were used.
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Figure 4.
Knockdown of SMAD6 induces cell arrest and increases apoptosis in H1299 cells. A, FACS
analysis was done 4 d after transduction. A total of 10,000 cells were sorted. Proportional
changes in S and G2-M phases are as indicated for mock-transduced and shRNA #3–
transduced cells. Inset, levels of SMAD6 in the transduced cells. B, TUNEL analysis for
H1299 cells transduced with mock, shRNA #1, shRNA #3, and Beas2B cells transduced
with shRNA #3. Left, cells were counterstained with propidium iodide; right, apoptotic cells
are labeled and visible under FITC channel. Slides were examined under a fluorescence
microscope at ×40 magnification. Scale bar, 40 µm. C, Western analysis for PARP, full-
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length, and cleaved caspase-3. PARP antibody detects the full-length PARP and the large
fragment as indicated.
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Figure 5.
Restoration of TGF-β signaling in H1299 cells on SMAD6 knockdown. A, Western blot
analysis was performed using PAI-1, phospho-SMAD2/3, SMAD2, and β-actin–specific
antibodies in SMAD6 shRNA #1–transduced, shRNA #3–transduced, and mock-transduced
cells. B, expression of PAI-1 after SB431542 treatment in SMAD6 shRNA #1–transduced,
shRNA #3–transduced, and mock-transduced H1299 cells. Western blot analysis for
transduced cells that were treated with SB431542 (left four lanes) or DMSO (right four
lanes). M, mock control lentivirus–infected cells; #3, Smad6 shRNA #3–transduced cells;
#2, Smad6 shRNA #2–transduced cells; (−), untreated parental cells. C, phosphorylation
changes in JNK, c-Jun, and RB after the transduction of shRNA to Smad6. Antibodies to the
corresponding proteins are as indicated. D, protein Western and gene expression analysis for
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genes affected by SMAD6 knockdown. Each value represents relative expression in log2
ratio when mRNA from SMAD6 shRNA #1–transduced and shRNA #3–transduced H1299
cells was compared with those from mock-transduced H1299 cells (M).
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Figure 6.
Model of TGF-β restoration by SMAD6 knockdown. A, down-regulation of TGF-β signal
pathway by SMAD6 in lung cancer. B, TGF-β signal pathway reactivation on SMAD6
knockdown. JNK and SMAD2/3 were phosphorylated by TGF-β signal pathway, and
apoptosis pathway was also activated by caspase-3 and PARP activation leading to the
reduction of tumor burden observed in lung cancer patients.
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