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SUMMARY

Transforming growth factor b (TGF-b) enhances migration and invasion of cancer
cells, causing life-threatening metastasis. Smad7 expression is induced by TGF-b
to control TGF-b signaling in a negative feedback manner. Here we report an
additional function of Smad7, i.e., to enhance TGF-b induction of c-Jun and
HDAC6 via binding to their regulatory regions, promotingmigration and invasion
of prostate cancer cells. Lysine 102 in Smad7 is crucial for binding to specific
consensus sites in c-Jun and HDAC6, even when endogenous Smad2, 3, and 4
were silenced by siRNA. A correlation between the mRNA expression of
Smad7 and HDAC6, Smad7 and c-Jun, and c-Jun and HDAC6 was found in public
databases from analyses of prostate cancer tissues. High expression of Smad7,
HDAC6, and c-Jun correlated with poor prognosis for patients with prostate can-
cer. The knowledge that Smad7 can activate transcription of proinvasive genes
leading to prostate cancer progression provides clinically relevant information.

INTRODUCTION

TGF-b is a pleiotropic cytokine that regulates cellular responses, such as proliferation and migration, dur-

ing embryonal development and tissue homeostasis; in addition, TGF-b signaling is perturbed in diseases,

including tumorigenesis (Bierie and Moses, 2006; Derynck and Akhurst, 2007; Heldin and Moustakas, 2016;

Massague, 2012). TGF-b signals through type I (TbRI) and type II (TbRII) serine/threonine kinase receptors

leading to phosphorylation of R-Smads (Smad2 and Smad3), which form complexes with Smad4 that are

translocated to the nucleus to regulate transcription of genes. Smad7, an inhibitory (I)-Smad, has been

shown to inhibit TGF-b signaling by competing with R-Smads for receptor binding and by recruitment of

ubiquitin ligases targeting the receptors for degradation and phosphatases for dephosphorylating and de-

activating the receptors (Hanyu et al., 2001; Hayashi et al., 1997; Kwon et al., 2013; Morikawa et al., 2016; Shi

and Massague, 2003). In addition, Smad7 binds to the Smad-binding elements (SBEs) of the PAI-1 gene

promoter and prevents the binding of R-Smads, thereby inhibiting the induction of PAI-1 by TGF-b (Zhang

et al., 2007).

TGF-b also activates non-Smad signaling pathways (Edlund et al., 2003), in which the tumor necrosis factor

(TNF) receptor-associated factor 6 (TRAF6) is crucial (Gudey et al., 2014; Hamidi et al., 2017; Mu et al., 2011;

Sorrentino et al., 2008; Yamashita et al., 2008). In non-Smad signaling pathways, Smad7 acts as an adaptor

bringing together TbRI and TRAF6 with other signaling components (Mu et al., 2012). Moreover, Smad7

also mediates cross talk between TGF-b and certain other signaling pathways; for instance, its expression

is induced by g-interferon/STAT, TNF-a/NF-kB, and epidermal growth factor (Afrakhte et al., 1998; Mas-

sague, 2008). The C-terminal region of Smad7 has a conserved Mad homology 2 (MH2) domain but lacks

the SXS motif, which in R-Smads is phosphorylated by TbRI. The N-terminal MH1 domain, which is involved

in the DNA binding of Smad3 and 4, is only partially conserved in Smad7 (Aragon et al., 2019; Heldin et al.,

1997).

Prostate cancer is the most common cancer form and one of the leading causes of cancer-related deaths in

men (Velonas et al., 2013). In the clinical situation, the diagnosis and prognosis are based on the histopath-

ological grading by using the Gleason score, measurement of the prostate specific antigen (PSA) in blood

and clinical staging of prostate cancer (Falzarano et al., 2015; Partin et al., 2002). Despite recent
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improvements, the existing treatment options for patients with recurrent disease are still limited (Nevo

et al., 2019). It is therefore necessary to develop novel methods and biomarkers to predict prognosis

and to design novel strategies for treatment of recurrent disease.

TGF-b has opposing effects on normal and malignant prostate cells (Danielpour, 2005). In normal prostate,

TGF-b inhibits cell proliferation and regulates cell differentiation of epithelial cells, induces apoptosis, and

maintains dormancy of prostate stem cells (Danielpour, 1999; Ricciardelli et al., 2005; Salm et al., 2005). Dur-

ing prostate cancer progression, increased TGF-b expression in stroma and epithelium has been reported

(Shariat et al., 2004; Stravodimos et al., 2000), whereas loss of TGF-b receptors in malignant tissues protects

them from anti-proliferative and pro-apoptotic effects of TGF-b (Kim et al., 1998). Recent studies have

demonstrated that disruption of TGF-b signaling by introduction of a dominant negative TbRII in the pros-

tate epithelium of a preclinical adenocarcinomamouse model leads to accelerated tumor growth (Pu et al.,

2017). The increased TGF-b levels in advanced prostate cancer induce stromal expansion, fibroblast-myo-

fibroblast transdifferentiation, angiogenesis, extracellular matrix remodeling, epithelial-mesenchymal

transition (EMT), immune suppression, and metastatic spread (Ahel et al., 2019; Assinder et al., 2009;

Lee et al., 2000;Wikstrom et al., 1998). Aberrant TGF-b signaling has been observed in a preclinical prostate

cancer model, in which the tumor suppressor PTEN is silenced specifically in the prostate, leading to pre-

malignant alterations of the prostate epithelium. In this model, enhanced activation of the PI3K pathway

and increased levels of Smad4 protein were observed, whereas reduced Smad4 expression correlated

with metastatic tumor progression, supporting a role of Smad4 acting as a tumor suppressor in prostate

cancer (Ding et al., 2011). The report from Ding et al. also identified two genes as being crucial for prostate

cancer progression, i.e., cyclin D1 and SPP1 (Ding et al., 2011). Based on this finding it is important to

achieve further knowledge about the role and function of aberrant TGF-b signaling in prostate cancer

and to identify potential novel treatment strategies for aggressive prostate cancer.

The aim of the present study was to explore the possibility that Smad7 has a role as a transcription factor in

the nucleus. We found that Smad7 positively regulates the expression of HDAC6 and c-Jun by binding to

their regulatory regions in a TGF-b-dependent manner.
RESULTS

TGF-b-Induced Expression of c-Jun and HDAC6 mRNA and Protein Is Dependent on Smad7

Stimulation of PC3U cells with TGF-b1 led to induction of both c-Jun and HDAC6 (Figure 1). To investigate

the importance of Smad7 for HDAC6 and c-Jun expression, Smad7 was knocked down by siRNA in the

prostate cancer cell lines PC3U, LNCaP, and DU145; this led to a decreased expression of both c-Jun

and HDAC6mRNA (Figures 1A–1C, S1A, and S2A) and protein (Figures 1D, S1B, and S2B). Overexpression

of Myc-Smad7 by transfection in PC3U cells led to an increase in the expression of total c-Jun and HDAC6

(Figure 1E). Our results thus support the notion that Smad7 not only negatively regulates TGF-b signaling

(Budi et al., 2017) but also positively regulates the expression of certain genes, including c-Jun andHDAC6.
Smad7 Binds to a 50-GGCA-30element in HDAC6 and c-Jun Regulatory Regions

Chromatin immunoprecipitation (ChIP) was performed using different regions of the c-Jun and HDAC6

promoters and regulatory regions to explore the possibility that Smad7 binds directly to sequences in

the c-Jun and HDAC6 genes. Regions of about 250 base pairs (bp) in intron 6 of HDAC6 and in the

c-Jun promoter were found to be Smad7-binding sites (Figures 2A and 2B). In order to narrow down the

potential binding site for Smad7, we analyzed the regulatory regions of the HDAC6 and c-Jun genes for

similarities. Two candidate binding sites were found in the regulatory regions of HDAC6 and one in

c-Jun. To investigate whether they bound Smad7, DNA affinity precipitation (DNAP) was performed with

52-bp biotinylated oligos containing GGCAAGAC or GTCTAGGC sequences in the HDAC6 regulatory re-

gion and the GCCAAGAC sequence in the c-Jun promoter; Smad7 was found to bind to GGCAAGAC in

the regulatory region of HDAC6 and to GCCAAGAC in the c-Jun promoter (Figures 2C and 2D). These se-

quences contain a 50-AGAC-30 motif, which is a known binding site for Smad3 and 4. In order to investigate

whether the 50-AGAC-30 motif is needed for binding of Smad7, we designed deletion oligonucleotides

lacking GGCA or AGAC and determined the binding of Smad7. Smad7 bound to the oligonucleotide lack-

ing the 50-AGAC-30 element, but not to the oligonucleotide lacking 50-GGCA-30, indicating that the GGCA

sequence, but not the AGAC sequence, is needed for the binding of Smad7 (Figure 2E).
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Figure 1. TGF-b-Induced Expression of c-Jun and HDAC6 mRNA and Protein Is Dependent on Smad7

(A–C) PC3U cells transfected with control (ctrl) or Smad7 siRNA and stimulated with TGF-b, or not, were lysed and

subjected to RT-PCR using c-Jun (A), HDAC6 (B), or Smad7 (C) primers. Graphs aremeansG SEM from three independent

experiments. One-way ANOVA was used as the statistical test. **p < 0.01, ***p < 0.001.

(D) PC3U cells transfected with ctrl or Smad7 siRNA and stimulated or not with TGF-b were lysed and subjected to

immunoblotting (IB).

(E) Lysates from PC3U cells transfected with pcDNA3 or Myc-Smad7 plasmids and stimulated with TGF-b, or not, were

subjected to immunoblotting.

See also Figures S1 and S2.
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Smad2, 3, and 4 Are Not Required for Smad7 to Bind to DNA

As a Smad2/3/4-binding site was located adjacent to the Smad7-binding site in the c-Jun and HDAC6 reg-

ulatory regions, it is possible that the binding of Smad7 to DNA depends on Smad2, 3, or 4. To explore this

possibility, DNAP was performed on the lysates from PC3U cells transfected with control siRNA and siRNA
iScience 23, 101470, September 25, 2020 3



Figure 2. Smad7 Binds to a 50-GGCA-30Element in HDAC6 and 50-GCCA-30Element in c-Jun Regulatory Regions

(A and B) PC3U cells stimulated or not with TGF-b were lysed and ChIP assay was performed using a Smad7 antibody, or

control rabbit (R) or goat (G) IgG, for immunoprecipitation, and primers recognizing HDAC6 regulatory region (A) and

c-Jun promoter (B). Graphs are means G SEM from three independent experiments. One-way ANOVA was used as the

statistical test. ***p < 0.001.

(C and D) PC3U cells were stimulated or not with TGF-b and DNAP was performed by pull-down (PD) of biotinylated

GTCTAGGC, GGCAAGAC (C) or GCCAAGAC (D) oligos by streptavidin-agarose, followed by immunoblotting (IB) for

Smad7. No oligo was added in the PD step for the negative ctrl. The filter was reblotted for Smad2/3. HDAC6 oligos were

analyzed by agarose electrophoresis gel (C).

(E) PC3U cells were stimulated, or not, with TGF-b and DNAP was performed by PD using biotinylated GGCAAGAC, Del

AGAC, or Del GGCA HDAC6 oligos, followed by IB for Smad7. No oligo was added in the PD step for the negative ctrl.

The filter was reblotted for Smad2/3. IB for Smad7 was performed on whole-cell lysates (WCL) as a control of the input

levels.
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for Smad2, 3, or 4. Smad7 was found to bind to theHDAC6 regulatory region even in the absence of Smad2,

3, or 4 (Figures 3A–3C). ChIP assays using PC3U cells transfected with control, Smad2, Smad3 (Figures S3A

and S3B), or Smad4 siRNA (Figures 3D and 3E) also showed that binding of Smad7 on the c-Jun andHDAC6

regulatory regions does not require Smad2, 3, or 4.

K102 of Smad7 Is Important for Binding to the HDAC6 and c-Jun Regulatory Regions

In order to identify possible DNA-binding epitopes in Smad7, we focused on basic amino acid residues in

the region that are homologous with the DNA-binding region of Smad4, i.e., lysine 101 (K101) and K102.
4 iScience 23, 101470, September 25, 2020



Figure 3. Smad2, 3, and 4 Are Not Required for Smad7 to Bind to DNA

(A–C) Lysates from PC3U cells transfected with ctrl or Smad2 (A), Smad3 (B), or Smad4 (C) siRNA, and treated or not with

TGF-b, were subjected to DNAP assay using biotinylated HDAC6 oligos for PD and Smad7 antibody for IB. DNAP filter

was reblotted with Smad2 antibody (C) No oligo was added in the PD step for the negative ctrl. Corresponding WCLs

were subjected to IB for Smad2 (A), Smad3 (B), Smad4, Smad2, pSmad2 (C). IB for Smad7 was performed on WCL as a

control of the input levels (C). Biotinylated HDAC6 oligos with GGCAAGAC binding sites were run on an agarose

electrophoresis gel (C).

(D and E) Lysates from PC3U cells transfected with ctrl or Smad4 siRNA, and treated or not with TGF-b, were subjected to

ChIP with Smad7 or IgG ctrl antibody and RT-PCR with primers recognizing c-Jun promoter (D) or HDAC6 regulatory

region (E). Graphs are means G SEM from three independent experiments.

See also Figure S3.
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Each of the lysine residues were mutated to alanine residues and DNAP was performed in cells transfected

with the different mutants. Mutation of K101 did not affect the binding of Smad7 to the regulatory region of

HDAC6, whereas mutation of K102 to alanine reduced the binding, suggesting that this particular residue

contributes to the efficient binding of Smad7 to DNA (Figure 4A). ChIP was also performed using lysates

from cells transfected with wt Smad7, as well as K102A mutant Smad7; the results confirmed that wt

Smad7 bound the regulatory regions of c-Jun andHDAC6 but the K102Amutant bound less efficiently (Fig-

ures 4B and 4C). As K102 is located in a putative nuclear localization signal (NLS) of Smad7, the K102A mu-

tation may have disrupted the nuclear entry of mutant Smad7 and therefore decreased the binding to the

c-Jun and HDAC6 regulatory regions. In order to assure an efficient nuclear translocation of the Smad7

K102A mutant, we fused an NLS sequence to the mutant construct. Cell fractionation showed that

K102A Smad7 mutant supplemented with an NLS localized to the nucleus (Figure 4D). ChIP was performed
iScience 23, 101470, September 25, 2020 5



Figure 4. Lysine102 (K102) of Smad7 Is Important for Binding to the HDAC6 and c-Jun Regulatory Regions

(A) Cells transfected with wt Smad7, K101A or K102A mutant Smad7, and treated with TGF-b, were lysed and DNAP assay

was performed on lysates using biotinylated HDAC6 oligos for PD and Myc antibody for IB. CorrespondingWCLs were IB

for Myc as a control for equal transfection.

(B and C) Cells were transfected with wt or K102A mutant Smad7 plasmids and treated or not with TGF-b and lysed. Cell

lysates were subjected to ChIP using Smad7 or ctrl IgG antibodies for IP and primers recognizing c-Jun promoter (B) and

HDAC6 regulatory region (C). Graphs are means G SEM from three independent experiments. One-way ANOVA was

used as the statistical test. **p < 0.01, ***p < 0.001.

(D) PC3U cells transfected with K102A or K102A NLS mutants of Myc-Smad7 were treated or not with TGF-b and lysed.

Lysates were subjected to cytoplasmic-nuclear fractionation followed by IB for Myc, Lamin A/C, and b-tubulin.

(E) Lysates from PC3U cells transfected with wt, K102A or K102A NLS mutant Myc-Smad7 and treated with TGF-b, were

subjected to ChIP assay by using Smad7 or IgG control antibody for IP and primers recognizing c-Jun promoter for
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Figure 4. Continued

RT-PCR. Graphs are means G SEM from three independent experiments. One-way ANOVA was used as the statistical

test. *p < 0.05, **p < 0.01.

(F) Cells transfected with wt Smad7, K102A or K102A NLS mutants of Myc-Smad7, and treated with TGF-b, were lysed and

DNAP assay was performed on lysates using biotinylated HDAC6 oligos for PD and Myc antibody for IB. Corresponding

WCL were IB for Myc as a control for equal transfection.

(G) Smad7�/� MEFs transfected or not with wt Smad7, K102A or K102A NLS mutants of Myc-Smad7 plasmid and treated

with TGF-b were lysed, and lysates were IB for c-Jun, HDAC6, Myc, b-tubulin, and Smad2/3.
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to further examine the DNA-binding abilities of wt, as well as K102A and K102A-NLS mutant Smad7 on the

c-Jun promoter. A reduced binding to the c-Jun promoter was observed for the mutants (Figure 4E). More-

over, DNAPwas performed using PC3U cells transfected with wt Smad7, and Smad7 K102A and K102A-NLS

mutants. wt Smad7 bound to the HDAC6 regulatory region, but the Smad7 K102A and K102A-NLSmutants

did not (Figure 4F). Taken together with the results obtained by DNAP experiments, the results of the ChIP

experiment showed that wt Smad7 bind to the promoter of c-Jun, whereas the K102A and K102A-NLS

mutant Smad7 did not bind. To further elucidate the role of Smad7 in regulating the expression of c-Jun

and HDAC6, the expressions of c-Jun and HDAC6 were determined by immunoblotting of lysates of

Smad7�/� MEFs transfected by wt Smad7, or the K102A or K102A-NLS Smad7 mutants (Itoh et al., 1998).

The expression of both c-Jun and HDAC6 was rescued by the transfection of wt Smad7 but not by the trans-

fection of the Smad7 mutants (Figure 4G), demonstrating that Smad7 regulates these genes by directly

binding to their regulatory regions.
Smad2/3 Binding to the HDAC6 and c-Jun Regulatory Regions Depends on Smad7

In order to further investigate the binding of Smad7 to the regulatory regions of HDAC6 and c-Jun, DNAP

assays were performed using wt MEFs, as well as Smad7�/� MEFs; PC3U cells were used for comparison.

Smad7, as well as Smad2/3, from PC3U cells and wt MEFs bound to HDAC6 oligos (Figure 5A). Smad2/3

binding was lost in Smad7�/� MEFs, suggesting that Smad7 is required for R-Smads to bind to the regu-

latory region of HDAC6. HDAC6 and c-Jun protein (Figure 5A) and c-Jun and HDAC6 mRNA (Figure 5B)

expression was reduced significantly in Smad7�/� MEFs, suggesting that Smad7 binding to the regulatory

regions is required for the expression of both c-Jun and HDAC6. Smad7 from wt MEFs bound to c-Jun oli-

gos, but as expected, no binding was observed in Smad7�/� MEFs (Figure 5C). MEFs were also subjected

to ChIP using a Smad7 antibody; Smad7 binding to the c-Jun and HDAC6 regulatory regions was observed

in wt MEFs but, as expected, not in Smad7�/� MEFs (Figures 5D and 5E).
Smad7 and HDAC6 Promote TGF-b-Induced Invasion and Migration

To further validate a role for Smad7 in the regulation of TGF-b-induced migration and invasion, we inves-

tigated these responses in PC3U cells transfected with control or Smad7 siRNA. TGF-b-induced migration

and invasion were abolished in cells in which Smad7 had been knocked down (Figures 6A and 6B), in line

with our previous observations that Smad7 plays an important role for TGF-b-induced migration (Ekman

et al., 2012). We further investigated these responses in wt and Smad7�/� MEFs. We observed a complete

loss of TGF-b-induced migration of Smad7�/� MEFs in a cell culture scratch assay (Figure 6C). Moreover,

TGF-b-induced invasion through a Matrigel-coated chamber was completely lost in Smad7�/� MEFs but

was regained upon transfection of Smad7 (Figure 6D). From these data, we conclude that Smad7 is

required for TGF-b-induced migration and invasion of MEFs.

We have previously shown that c-Jun promotes invasion in prostate cancer cell (Thakur et al., 2014). Since

Smad7 binds to the HDAC6 regulatory region (Figure 2A) and has a role in cell migration and invasion in

response to TGF-b (Figures 6A–6D), we investigated whether c-Jun mRNA and protein expression are

affected by HDAC6 transfection in Smad7�/� MEF cells. The TGF-b-induced increase in c-Jun mRNA (Fig-

ure 7A) and c-Jun protein (Figure 7B) was significantly higher in Smad7�/� MEFs transfected with HDAC6

than in control Smad7�/� MEFs. In order to further examine the role of HDAC6 in TGF-b-induced cell inva-

sion, Smad7�/�MEF cells were co-transfected with EGFP and HDAC6, or pcDNA3 as a control. Cells trans-

fected with HDAC6, visualized by the fluorescent signal of EGFP, showed increased invasion compared

with pcDNA3-transfected control cells (Figure 7C). These data demonstrate that HDAC6 exerts its role

downstream of Smad7.
iScience 23, 101470, September 25, 2020 7



Figure 5. Smad2/3 Binding to the HDAC6 and c-Jun Regulatory Regions Depends on Smad7

(A) PC3U, wt MEF cells, and Smad7�/� MEF cells were treated with TGF-b and lysates of the cells subjected to DNAP by

HDAC6 oligos, followed by IB for Smad7. The same filter was reblotted with a Smad2/3 antibody. The corresponding cell

lysates were IB for Smad7, c-Jun, HDAC6, and b-tubulin.

(B) After treatment with TGF-b, wt and Smad7�/� MEF cells were lysed and mRNA expression of c-Jun and HDAC6 were

measured by RT-PCR.

(C) After treatment with TGF-b, wt and Smad7�/�MEF cells were lysed and DNAP was performed by PD with c-Jun oligos

and IB for Smad7.

(D and E) wt and Smad7�/�MEF cells treated or not with TGF-b were exposed to ChIP assay with a Smad7 antibody or ctrl

IgG and analyzed with RT-PCR using primers for the c-Jun promoter (D) or HDAC6 regulatory region (E).

Graphs are means G SEM from three independent experiments. One-way ANOVA was used as the statistical test.

*p < 0.05, **p < 0.01.
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HDAC6 Is Required for TGF-b-Induced c-Jun-Mediated Migration and Invasion

We next investigated whether c-Jun mRNA and protein expression are dependent on HDAC6. HDAC6

knockdown by siRNA in PC3U cells resulted in decreased TGF-b-induced expression of c-Jun mRNA (Fig-

ure 8A) and c-Jun protein (Figure 8B). In a scratch assay, HDAC6 siRNA-transfected PC3U cells migrated

slower than control siRNA-transfected cells in response to TGF-b (Figure 8C). To further investigate the

role of HDAC6 in TGF-b-induced, c-Jun-dependent migration and invasion, PC3U cells were treated

with increasing concentrations of tubacin, an HDAC6 inhibitor, added before TGF-b stimulation. TGF-

b-induced mRNA expression of c-Jun was suppressed by tubacin treatment in a dose-dependent manner

(Figure 8D), and the amount of c-Jun protein was decreased at high doses of tubacin after 24 h of TGF-b
8 iScience 23, 101470, September 25, 2020



Figure 6. Smad7 and HDAC6 Promote TGF-b-Induced Invasion and Migration

(A) PC3U cells transfected with ctrl or Smad7 siRNA, were stimulated, or not, with TGF-b in a cell culture wound healing

assay, as described in Methods.

(B) PC3U cells were subjected to an invasion assay for 16 h without or with TGF-b stimulation. Scale bar, 100 mM.

Corresponding WCLs were exposed to IB with Smad7 antibody as a control.
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Figure 6. Continued

(C) wt and Smad7�/� MEF cells were stimulated, or not, with TGF-b in a cell culture wound healing assay.

(D) wt, Smad7�/�, and Smad7-retransfected Smad7�/� MEF cells were subjected to an invasion assay for 16 h without or

with TGF-b stimulation. Scale bar, 100 mM.

Graphs are means G SEM from three independent experiments. One-way ANOVA was used as the statistical test

*p < 0.05, **p < 0.01.
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stimulation in PC3U (Figure 8E), as well as LNCaP (Figure S1C) and DU145 (Figure S2C) cells. PC3U cells

treated with tubacin, or DMSOas a control, prior to TGF-b stimulation, were subjected to scratch (Figure 8F)

and invasion (Figure 8G) assays. Treatment of cells with tubacin inhibited TGF-b-induced closure of the

wound, whereas the wound closed in the control cell culture (Figure 8F). Similarly, TGF-b-induced invasion

of PC3U cells was significantly decreased by tubacin treatment (Figure 8G). Two additional prostate cancer

cells, LNCaP (Figure S1D) and DU145 (Figure S2D), also showed decreased TGF-b-induced invasion by tu-

bacin treatment. These results suggest that HDAC6 is required for the TGF-b-induced c-Jun-mediated

migration in prostate cancer cells.
High Expression of Smad7, c-Jun, and HDAC6 is Correlated with Poor Prognosis in Patients

with Prostate Cancer

To investigate the clinical relevance of our findings, we used the cBioPortal database from TCGA.We found

a positive correlation between Smad7 and c-JunmRNA, Smad7 and HDAC6mRNA, and c-Jun and HDAC6

mRNA (Figure 9A) in tumor material from patients with prostate cancer. Notably, high expression of

HDAC6 mRNA correlated with poor prognosis for patients with prostate cancer (Figure 9B), whereas no

significant correlation between Smad7 mRNA expression or c-Jun mRNA expression and poor prognosis

for patients with prostate cancer was observed (data not shown). Moreover, we also observed a positive

correlation between Smad7 and HDAC6 mRNA, and c-Jun and HDAC6 mRNA in several various cancer

forms (Figure 9C). The expression of HDAC6, Smad7, and c-Jun was examined by immunohistochemistry

in tissue sections from patients with prostate cancer and in tissue sections from normal prostate gland. A

significantly increased expression of HDAC6, Smad7, and c-Jun was observed in prostate cancer tissues

with Gleason score R8 (including Gleason score 4 + 3) as compared with lower Gleason score %6 or 7

(including Gleason score 3 + 4), demonstrating that high expression of these proteins is correlated with

prostate cancer progression. Moreover, a high co-expression of Smad7 and HDAC6, and c-Jun and

HDAC6 was also observed in prostate cancer tissues, which correlated with poor prognosis (Figure 9D).

The expression of both HDAC6 and Smad7 was found in basal epithelial cells in the normal prostate gland

(Figure 9D). Smad7 expression has been reported to be localized in basal epithelial cells in the prostate

gland in a murine prostate cancer model (Brodin et al., 1999), in line with our current observations. From

these data, we conclude that the expression of HDAC6, Smad7, and c-Jun correlates with poor prognosis

for patients with prostate cancer. Notably, a correlation between expression of Smad7 mRNA and both

c-Jun and HDAC6 mRNA can also be seen in clinical material from patients with colorectal carcinoma,

and high levels of HDAC6 mRNA correlate with poor survival (Figure S4).
DISCUSSION

We report here that Smad7, a classical TGF-b target gene so far recognized mainly as a negative regulator

of TGF-b signaling, also can act in the nucleus as a positive regulator of transcription of two tumor-promot-

ing genes, which are linked to tumor invasion. We show herein that Smad7 binds to the regulatory regions

of the HDAC6 and c-Jun genes thereby promoting their expression in response to TGF-b. Using Hep3B

cells, in which Smad7 is predominantly located in the nuclei regardless of TGF-b stimulation, Zhang

et al. (2007) previously showed that forced expression of Smad7 repressed the transcriptional activity of

TGF-b, suggesting that the effect of Smad7 on transcription varies between different cell lines. It is possible

that the interaction between Smad7 and various partners differ in a contextual and kinetic manner after

TGF-b stimulation, which can explain why Smad7 can act both as a positive and a negative regulator.

The level of Smad7 may also be controlled in a contextual manner. For instance, Smad7 interacts with

p300 via its MH2 domain leading to the acetylation by p300 at K64 and K70 in the N terminus of Smad7

(Gronroos et al., 2002). Acetylation at these lysines prevents the ubiquitination and degradation of

Smad7. Smad7 also interacts, via its MH2 domain, with transcriptional repressors, such as HDACs, promot-

ing its deacetylation, ubiquitination, and degradation. It has been reported that the other I-Smad, Smad6,

forms a complex with phosphorylated Smad1, thereby inhibiting BMP signaling by disrupting the formation

of a functional R-Smad-co-Smad complex. Smad6 acts as a transcriptional repressor by interacting with
10 iScience 23, 101470, September 25, 2020
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Figure 7. HDAC6 Acts Downstream of Smad7 to Promote c-Jun Expression and Invasion

(A and B) Smad7�/� cells transfected with pcDNA3 or HDAC6 plasmids and treated or not with TGF-b were lysed, and cell

lysates were subjected to RT-PCR by using c-Jun primers (A) or IB for c-Jun, HDAC6, and a-tubulin (B).

(C) Smad7�/� cells transfected with EGFP and HDAC6 or pcDNA3 plasmids were stimulated or not with TGF-b and

subjected to an invasion assay, as described in Methods. Scale bar, 100 mM.

Bar graph are means G SEM from three independent experiments. One-way ANOVA was used as the statistical test.

*p < 0.05, ***p < 0.001.
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Hoxc-8 or by binding to DNA and recruiting transcriptional repressors like HDACs or CtBP to inhibit the

transcription of target genes (Bai and Cao, 2002).

TGF-b induces the expression of Smad7 in the murine interleukin-2 (IL-2)-dependent T-lymphoma cell line

CTLL2, which has high expression of the transcription factor ZEB1 and low or no expression of Smad7. In

these cells, Smad7 binds to Smad responsive elements (SREs) upon TGF-b stimulation (Nakahata et al.,

2010). A complex consisting of ZEB1, Smad7, R-Smads, and p300 is recruited to the SRE, leading to the acti-

vation of TGF-b target genes, including Pai1 and p21. This study, showing a role for Smad7 in a transcrip-

tionally active complex leading to enhanced TGF-b signaling, supports our findings that Smad7 binds to

DNA and may also promote the binding of R-Smads to specific regions of DNA.

Using ChIP and DNAP, we mapped the binding site for Smad7 to 50-GGCA-30and 50-GCCA-30 motifs in the

regulatory region of HDAC6 and c-Jun, respectively. The Smad7-binding sites are adjacent to the Smad3

and Smad4 binding motif (50-AGAC-30). Zhang et al. (2007) previously reported that Smad7 binds to DNA

directly via its MH2 domain. In contrast, our results suggest that K102 in the N-terminal region of Smad7 is

important for binding to the HDAC6 and c-Jun regulatory regions. The effect of Smad7 on transcription

might be facilitated by the MH2-domain, which is known to bind to the transcriptional coregulator p300.

The identification of Smad7 as a part of a transcriptional complex together with Smad2, 3, and 4 is partic-

ularly interesting in relation to the fact that Smads have low affinity for binding to DNA. Future studies will

answer the question whether Smad7 promotes the regulation of other specific target genes besides c-Jun

and HDAC6, in response to growth factor stimulation of cells. Furthermore, studies of the relation between

the identified Smad7-binding sites and the recently identified additional binding motif for both TGF-b and

BMP Smads, i.e., GGC(GC)|(CG) (Martin-Malpartida et al., 2017), will also be of importance to better under-

stand the contextual regulation of gene expression in response to TGF-b stimulation of cells.
iScience 23, 101470, September 25, 2020 11



Figure 8. HDAC6 Is Required for TGF-b-Induced c-Jun-Mediated Migration and Invasion

(A and B) PC3U cells transfected with control or HDAC6 siRNA and treated or not with TGF-b were lysed, and cell lysates

were subjected to RT-PCR by using c-Jun primers (A), and IB for c-Jun, HDAC6, and b-tubulin (B).

(C) PC3U cells transfected with ctrl or HDAC6 siRNA were stimulated or not with TGF-b in a scratch assay, as described in

Methods. Scale bar, 100 mM.

(D) PC3U cells were treated or not with 2.5, 5, and 10 mM tubacin prior to TGF-b stimulation, and mRNA expression of

c-Jun was measured by RT-PCR.

(E) The correspondingWCLs were subjected to IB using antibodies against c-Jun, HDAC6, acetyl a-tubulin, and a-tubulin.

(F) After treatment with DMSO or 2.5 mM tubacin, PC3U cells were stimulated, or not, with TGF-b and subjected to a

wound healing assay, as described in Methods. Scale bar, 100 mM.
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Figure 8. Continued

(G) PC3U cells were subjected to an invasion assay for 16 h without or with TGF-b stimulation and without or with tubacin.

Scale bar, 100 mM.

Bar graph are means G SEM from three independent experiments. One-way ANOVA was used as the statistical test.

*p < 0.05, **p < 0.01, and ***p < 0.001.
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We have previously reported that TGF-b activates TRAF6 in PC3U cells causing activation of the p38 MAPK

pathway leading to apoptosis (Sorrentino et al., 2008) and subsequent activation of c-Jun, promoting

migration and invasion (Thakur et al., 2014). In this pathway, Smad7 acts as an adaptor protein facilitating

TGF-b-induced activation of the JNK and p38-MAPK pathways (Sorrentino et al., 2008). These findings,

together with the observations in the present study, suggest that Smad7 can exert its protumorigenic func-

tions both as an effector of activation of non-canonical TRAF6-mediated responses and by regulation of

gene transcription, in a manner dependent on its subcellular localization.

Smad7 has previously been found to be amplified in colorectal carcinoma, and this event is linked to poor

prognosis for these patients (Boulay et al., 2003). Moreover, knockdown of Smad7 expression in a human

colorectal carcinoma xenograft model has been shown to reduce tumor growth in vivo (Stolfi et al., 2014),

giving further evidence for a tumor-promoting role of Smad7 in colorectal cancer. However, other studies

have reported a dual role of Smad7 expression in colorectal cancer, in line with the dual role of TGF-b in

other cancer types (Stolfi et al., 2013). In the current study, we report that Smad7 promotes expression

of HDAC6 in prostate cancer cells. High expression of HDAC6 is significantly linked to poor prognosis

for the patients with prostate cancer (Figure 9D), as well as colorectal cancer (Figure S4). Moreover, a

high co-expression of Smad7 and HDAC6, and c-Jun and HDAC6, was observed in prostate cancer tissues,

which correlated with poor prognosis (Figure 9D). We have recently reported that both TbRI and c-Jun are

expressed at high levels in aggressive prostate cancer tissues (Gudey et al., 2017), and high levels of Smad7

have been reported to be expressed in prostate cancer bone metastases (Nordstrand et al., 2018),

providing support for the notion that active TGF-b signaling promotes prostate cancer progression and

metastases, in line with our observations in this report.

Histone deacetylase 6 (HDAC6) is a unique isoform of the HDAC family, which is overexpressed in some

cancers, such as bladder cancer, malignant melanoma, and lung cancer (Li et al., 2018). Since HDAC6 reg-

ulates cell proliferation, metastasis, invasion, and mitosis in tumors (Lafarga et al., 2012; Lee et al., 2008;

Wickstrom et al., 2010), several isoform-specific inhibitors of the enzymatic activity of HDAC6 have been

developed and analyzed in clinical trials (Chuang et al., 2013; Seidel et al., 2016; Wu et al., 2018). We iden-

tified previously that c-Jun, a member of AP-1 transcription factors, is activated by TGF-b in a TRAF6-

dependent manner leading to invasion of prostate cancer cells (Thakur et al., 2014) and that the

Smad7-APC complex links TbRI to the microtubule system to promote migratory responses of prostate

cancer cells (Ekman et al., 2012).

The fact that HDAC6 promotes migration and metastasis of cancer cells has made HDAC6 an interesting

cancer drug target (Dallavalle et al., 2012). HDAC6 has unique features among HDAC isoforms in terms of

its cytoplasmic localization and non-histone substrates. Since pan-HDAC inhibitors show a number of toxic

effects, selective HDAC6 inhibitors, which have fewer side effects, may therefore be a preferred therapeutic

option (Li et al., 2018). Anti-tumor effects of HDAC6-specific inhibitors on prostate cancer cells have been

observed (Chuang et al., 2013; Seidel et al., 2016; Wu et al., 2018); however, the role of TGF-b and its

connection to HDAC6 in prostate cancer progression have not been addressed before. In this study, we

find that HDAC6 is acting downstream of Smad7 as overexpression of HDAC6 in Smad7-deficient MEFs

increased c-Jun expression and their invasive capability (Figure 7). Moreover, treatment of prostate cancer

cells with tubacin, an HDAC6 inhibitor, in a dose-dependent manner completely inhibited TGF-b-induced

expression of c-Jun mRNA, as well as migration and invasion (Figures 8, S1C, S1D, S1G, and S1H), giving

further experimental evidence for the important role for HDAC6 in TGF-b-induced migration and invasive-

ness of cancer cells and support for the potential usefulness of HDAC6 inhibitors for patients with aggres-

sive prostate cancer. Our identification of HDAC6 as a downstream target gene of Smad7 in response to

TGF-b is therefore of clinical importance for patients with prostate cancer, as HDAC6-inhibitors are

currently investigated for their effects on cancer cells in clinical trials (Wang et al., 2018).

In summary, we have described a novel role for Smad7 as a transcriptional regulator of c-Jun and HDAC6 in

prostate cancer cells, promoting migration and invasion. Smad7 was shown to promote recruitment of
iScience 23, 101470, September 25, 2020 13



Figure 9. High Expression of Smad7, c-Jun, and HDAC6 Is Correlated with Poor Prognosis in Patients with

Prostate Cancer

(A) The dot plots show positive correlations between expression of mRNA of Smad7 and c-Jun, Smad7 and HDAC6; and

Jun and HDAC6 in prostate cancer. Data were obtained from cBioPortal TCGA PanCancer Atlas databases in which log2

fold change (RNA seq V2 RSEM) and Z score are shown. p Value-Bootstrap hypothesis and Pearson correlation coefficient

(r) are presented.

(B) Kaplan Meier plot showing the survival probability of patients with prostate cancer categorized based on high and low

expression of HDAC6 mRNA. Representative image obtained from Human Protein Atlas.

(C) The dot plots show positive correlations between expression of mRNA of Smad7 and HDAC6; and Jun and HDAC6 in

all forms of cancer.

(D) Prostate tumor tissue samples were stained with HDAC6, Smad7, and c-Jun antibodies. Quantification shows the

meansG SEM of ten patients in each group. Mann-Whitney U test was used. *p < 0.05, ***p < 0.001. Scale bar, 50 mm. The

scatterplots show the positive correlations between Smad7 and HDAC6 protein, c-Jun, and HDAC6 proteins,

respectively, in prostate cancer tissues. r = Pearson’s coefficient test.

See also Figure S4.

ll
OPEN ACCESS

iScience
Article
R-Smad-Smad4 complexes to DNA, thus presenting a previously unknown function for Smad7. The TGF-b-

and Smad7-induced increases of c-Jun and HDAC6 promote invasion of prostate cancer cells, making it

relevant to investigate expression of Smad7, c-Jun, and HDAC6 in clinical tissue samples of patients

with prostate cancer as potential biomarkers and drug targets.
14 iScience 23, 101470, September 25, 2020
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Limitation of the Study

The present study does not contain any investigation of the findings in an animal model. For instance, a

mouse study in which the growth and invasion of prostate cancer cells, with or without knockdown of

Smad7, HDAC6, or c-Jun, is missing.

Resource Availability

Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Marene Landström (Marene.Landstrom@umu.se).

Materials Availability

We generated Smad7-mutant plasmids for this study as described in this article; contact Lead Contact (as

described above).

Data and Code Availability

Public databases were used in our study as described in Transparent Methods.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2020.101470.
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Supplemental Items 

 

Figure S1. TGF-induced c-Jun-mediated invasion of prostate cancer cells is dependent on Smad7 and 

HDAC6, related to Figure 1. LNCaP (A, B) cells transfected with control or Smad7 siRNA and stimulated with 

TGF or not, were lysed and subjected to RT-PCR using primers for c-Jun, HDAC6 or Smad7 (A), or to IB for 

c-Jun, HDAC6, Smad2, pSmad2, Smad7 and -actin (B). LNCaP (C) cells were treated or not with 2.5 M 

tubacin prior to TGF stimulation and subjected to IB for c-Jun, HDAC6, pSmad2, acetyl -tubulin and -

tubulin. LNCaP (D) cells were subjected to an invasion assay for 16 h, without or with TGF stimulation and 

without or with tubacin. Scale bar, 100 μM. Bar graph are means ± SEM from three independent experiments. 

One-way ANOVA was used as the statistical test.  *P < 0.05 

  



 

Figure S2. TGF-induced c-Jun-mediated invasion of prostate cancer cells is dependent on Smad7 and 

HDAC6, related to Figure 1. DU145 cells (A, B) transfected with control or Smad7 siRNA and stimulated with 

TGF or not, were lysed and subjected to RT-PCR using primers for c-Jun, HDAC6 or Smad7 (A), or to IB for 

c-Jun, HDAC6, Smad2, pSmad2, Smad7 and -actin (B). DU145 (C) cells were treated or not with 2.5 M 

tubacin prior to TGF stimulation and subjected to IB for c-Jun, HDAC6, pSmad2, acetyl -tubulin and -

tubulin. DU145 (D) cells were subjected to an invasion assay for 16 h, without or with TGF stimulation and 

without or with tubacin. Scale bar, 100 μM. Bar graph are means ± SEM from three independent experiments. 

One-way ANOVA was used as the statistical test.  *P < 0.05 

  



 

Figure S3. Smad7 binding to DNA is not dependent on Smad2 and 3, related to Figure 3. Lysates from 

PC3U cells transfected with ctrl, Smad2 (A) or Smad3 (B) siRNA, and treated or not with TGF for 30 min, 

were subjected to ChIP with a Smad7 antibody and RT-PCR with primers recognizing c-Jun promoter, HDAC6 

regulatory region or hemoglobin subunit  (HBB) promoter. Graphs are means ± SEM from three independent 

experiments. One-way ANOVA was used as the statistical test. Control IB to check the knock-down efficiency is 

shown. 

  



 

Figure S4. Smad7 mRNA expression correlates with c-Jun and HDAC6 mRNA expression, as well as with 

poor survival in colorectal cancer, related to Figure 9. (A-B) The dot plots show the positively correlation 

between mRNA expression of Smad7 and c-Jun (A), HDAC6 (B) in the colorectal cancer. Data obtained from 

cBioPortal TCGA PanCancer Atlas databases in which log2 fold change (RNA seq V2 RSEM) was 

represented. P value-Bootstrap hypothesis and Pearson correlation coefficient (r) were represented. (C) Kaplan 

Meier Plot showing the survival probability of patients with colorectal cancer categorized based on high and low 

expression of HDAC6 mRNA. Representative image obtained from Human Protein Atlas. 

  



Transparent Methods 

Cell culture 

The human prostate cancer cell lines PC3U, a sub-line originating from PC3 cells (Franzen et al., 1993), and 

LNCaP were cultured in RPMI 1640 medium supplemented with L-glutamine, whereas DU145 cells were cultured 

in Minimum Essential Medium, and wild-type (wt) and Smad7−/− mouse embryo fibroblasts (MEFs) were grown 

in Dulbecco´s modified Eagle Medium (DMEM); in each case, media were supplemented with 10% fetal bovine 

serum (FBS) and penicillin/streptomycin. Cells were cultured at 37 °C in an atmosphere of 5% CO2. Transient 

transfections of PC3U cells and of wt and Smad7−/− MEFs were performed as described earlier (Sorrentino et al., 

2008).  

 

Antibodies and other reagents 

TGFβ1 was purchased from R&D Systems, MN, USA. Antibodies against c-Jun, phospho (p)-Ser63 c-Jun, 

Smad2/3, Smad4 and Lamin A/C were from Cell Signaling, MA, USA. Antibodies against β-actin, -tubulin and 

-tubulin were from Sigma, MI, USA. Smad7 (used in ChIP assays), acetyl -tubulin and HDAC6 antibodies 

were from Santa Cruz Biotechnology, TX, USA. Smad7 antibody (used for Western blotting) was purchased from 

R&D Systems, Inc, MN, USA. Smad2 antibody was purchased from Abcam, Cambridge, UK. Phospho-Smad2 

antiserum was generated in house. Secondary HRP conjugated anti-mouse, anti-rabbit and anti-goat IgG were from 

GE Healthcare, Uppsala, Sweden. Tubacin was purchased from Selleckchem, TX, USA. Fugene HD transfection 

reagent (for transfection of PC3U; LNCaP and DU145 cells) was from Promega Corporation, WI, USA. 

Lipofectamine 3000 transfection reagent (for transfection of MEF cells) was from ThermoFisher Scientific, MA, 

USA. 

 

Preparation of total RNA and cDNA 

Total RNA was isolated using an RNeasy mini kit (Qiagen), according to the manufacturer’s instructions. The 

isolated RNA was quantified using a Nanodrop ND-100 spectrophotometer. Two micrograms of total RNA were 

used for cDNA preparation. For cDNA synthesis, Thermoscript RT PCR system (Invitrogen) was used, following 

the manufacturer’s instructions. The purity of cDNA obtained was determined by using a Nanodrop 

spectrophotometer. After quantification, the cDNA was diluted 10-fold with RNase-free water. 

 

Analysis of mRNA levels by quantitative Real Time PCR (qRT-PCR)  

 cDNA purified from the cells was amplified and measured in duplicates with RT-PCR using Stratagene system, 

with SYBR green (Applied Biosystems) to detect the PCR product. Specific primers for HDAC6, c-Jun and Smad7 

were constructed with the aid of the Primer3plus free software 

http://www.bioinformatics.nl/cgiin/primer3plus/primer3plus.cgi and the primers were purchased from Sigma 

Aldrich. The primer sequences were: Smad7, forward primer (FP), TCCTGCTGTGCAAAGTGTTC, reverse 

primer (RP), TCTGGACAGTCTGCAGTTGG; human HDAC6, FP, TATCTGCCCCAGTACCTTCG, RP, 

GGACATCCCAATCCACAATC; mouse HDAC6, FP, TCCACCGGCCAAGATTCTTC, RP, 

GCCTTTCTTCTTTACCTCCGCT; human GAPDH, FP, GAAGATGGTG ATGGGATTTT C, RP, 

GAAGGTGAAG GTCGGAGT; mouse GAPDH, FP, TGTGTCCGTCGTGGATCTGA, RP, 

CCTGCTTCACCACCTTCTTGA ; c-Jun, FP, CCCCAAGATC CTGAAACAGA, RP, CCGTTGCTGG 

ACTGGATTAT; mouse Smad7, FP, CTGGTGTGCTGCAACCCCCATC, RP, 

ATCTGGACAGCCTGCAGTTGGTT. A reaction mixture containing 12.5 µl of SYBR green PCR mix, 2 µl of 

diluted cDNA, 10 pmoles per μl of forward and reverse primers and RNase-free water, was used (in a total volume 

of 25 µl). The GAPDH gene was used as an internal reference in the real-time PCR protocol. As a negative control, 

one sample with no cDNA (only with RNase-free water) was included in each run of the RT-PCR assay, for each 

primer pair. 

 

Immunoblotting and in vivo protein interactions 

PC3U, LNCaP and DU145 cells were grown in 10-cm dishes and starved for 12–18 h in medium containing 1% 

FBS, glutamine and penicillin/streptomycin. Wild-type and Smad7−/− MEFs were grown in 10-cm dishes and 

starved for at least 12 h in serum-free medium. The cells were then treated with 5 ng/ml TGFβ for the indicated 

time periods, and then harvested for subsequent analysis. Equal amounts of proteins were subjected to 

immunoprecipitation, followed by Sodium dodecylsulfate polyacrylamide electrophoresis in 8, 10 or 12% 

polyacrylamide gels, followed by immunoblotting using polyvinylidene difluoride membranes, as described 

previously (Sorrentino et al., 2008). 

 

DNAP assays 

http://www.bioinformatics.nl/cgiin/primer3plus/primer3plus.cgi


PC3U cells, grown in 10-cm dishes for 60–72 h to 50% confluency, were stimulated with 5 ng/ml TGFβ for 

different time periods. Proteins extracted in NP-40 lysis buffer (1% NP-40, 150 mM NaCl, 50 mM Tris, pH 8.0), 

were incubated with double-stranded biotinylated oligonucleotide probes from the c-Jun or HDAC6 regulatory 

regions, or no probe, in the presence of 5 g salmon sperm DNA for 2 h at4°C, followed by incubation for 45 min 

with streptavidin-beads and centrifugation. The DNA-bound protein complexes were washed four times in NP-40 

lysis buffer and then resolved by SDS-PAGE followed by immunoblotting.  

The following oligos were used: HDAC6, forward oligo (FO), 

CGGGGGCTCATTGCTCCGTGAAAGGGCAAGACCAGGGAAAGAGAATCGTGTA, reverse oligo (RO), 

TACACGATTCTCTTTCCCTGGTCTTGCCCTTTCACGGAGCAATGAGCCCCCG; 

c-Jun, FO, 

GTCGGAGTCCGGGCGGCCAAGACCCGCCGCCGGCCGGCCGGCCACTGCAGGGTCCGCAC, RO, 

GTGCGGACCCTGCAGTGGCCGGCCGGCCGGCGGCGGTGGCGTCTCGCCCGGACTCCGAC. 

Nuclear and cytoplasmic fractionation assay 

PC3U cells were grown in 10-cm dishes and starved for 12 – 18 h in medium containing 1% FBS, L-glutamine 

and penicillin/streptomycin. The starved cells were then treated with TGFβ for the indicated time periods, and the 

cells were washed two times in ice-cold PBS, then ice-cold lysis buffer (1% Trition X-100, 10 mM MES pH 6.2, 

10 mM NaCl, 1.5 mM MgCl2, 1 mM EDTA, and protease and phosphatase inhibitors) was added. After 15 min 

incubation on ice, cells were scraped and centrifuged; the supernatant was collected as the cytoplasmic fraction. 

The pellet was washed in wash buffer (10 mM MES pH 6.2, 10 mM NaCl, 1.5 mM MgCl2, 1 mM EDTA) and 

then re-suspended in nuclear extraction buffer (0.5% Triton X-100, 25 mM Tris-HCl pH 7.5, 1 mM EDTA, 0.5 M 

NaCl,  and protease and phosphatase inhibitors) and incubated on ice for 20 min; after centrifugation, the 

supernatant was collected as the nuclear protein fraction. The protein concentration of samples was measured using 

the BCA assay (Thermo Scientific #23227) and equal quantity of samples were loaded on the gel. As markers for 

nuclear and cytoplasmic fractions, immunoblotting with lamin A/C rabbit antibody (Cell Signaling 2032) and -

tubulin mouse antibody (Sigma), respectively, were used.  

 

siRNA transfection  

PC3U, LNCaP and DU145 cells were transfected with ON-TARGET plus SMART pool Human Smad7 siRNA 

(L-020068-00), ON-TARGET plus SMART pool Human HDAC6 siRNA (L-003499-00), ON-TARGET plus 

SMART pool Human Smad2 siRNA (L-003561-00), ON-TARGET plus SMART pool Human Smad3 siRNA (L-

020067-00), ON-TARGET plus SMART pool Human Smad4 siRNA (L-003902-00) or ON-TARGET plus Non-

targeting pool (D-001810-10-20) as a negative control, using Dharmafect 2 as transfection reagent (Dharmacon, 

Inc, IL, USA). The siRNA and Dharmafect 2 were mixed in separate tubes and incubated for 5 minutes. They were 

then mixed, and incubated for another 30 minutes, and then added to the cells grown in 10-cm plates; cell lysates 

were then analyzed by SDS-PAGE and immunoblotting. 

Chromatin immunoprecipitation 

Five biological replicates of each chromatin immunoprecipitation (ChIP) were performed according to the protocol 

provided by Abcam using the Smad7 N-19 Goat antibody (Santa Cruz Biotechnology). After purification, the ChIP 

DNA was amplified by PCR in triplicate with the following primers: HDAC6 ChIP forward primer (FP), 

AGAGTAGAAGGGGCGGTGAT, reverse primer (RP), CTCCACAGCCTTCCAAACTC; c-Jun ChIP FP, 

CATTACCTCATCCCGTGAGC, RP, GCCCGAGCTCAACACTTATC.  

 

Invasion assay 

Cell invasion was determined using the BD BioCoat Growth Factor Reduced MATRIGEL Invasion chamber 

according to the manufacturer’s protocol. After 16 hours with or without TGF, cells on the upper side of the 

membrane were scraped off and cells which had invaded to the lower side of the membrane were fixed in 4% 

formaldehyde and stained by Giemsa and photographed using a Zeiss Axiovert 40CFL microscope. Primary 

images were acquired using the Zen program. The number of invading cells was quantified by measuring the 

number of pixels using Photoshop 6.0 (Adobe). Pictures shown are representative images from three different 

experiments. 

 

Scratch wound healing assay 

PC3U and MEF cells were cultured in 6-well plates. Twenty four hours later, cells were transfected with siRNA 

or not, and after another 24 h the cells were treated or not with inhibitor. TGF was added to the cells after one 

hour and “wounds” were made using a 200-µl pipette tip. Pictures of the “wounds” were taken immediately and 

24 h later using Zeiss Axiovert 40CFL microscope. Primary images were acquired using the Axiovision program 

and analyzed by the Tscratch program. The percentage of the open wound was calculated by dividing the area of 



the gap after 24 h by that at 0 h. Then, the percentage of the wound closure was calculated by subtracting the open 

wound percentage from 100. Pictures shown are representative images from three different experiments. 

Immunohistochemistry 

The tissue slides were deparaffinized in xylene, rehydrated through graded alcohols, and incubated for antigen 

retrieval in the Retriever 2100 (Proteogenix). After washing in running water, the slides were incubated in 3% 

hydrogen peroxide in methanol for 10 minutes to block endogenous peroxidase. After incubation in 5% goat serum 

for 30 minutes, the sections were incubated overnight at 4°C in primary antibody diluted in 5% goat serum. 

HDAC6 antibody (Sigma), Smad7 antibody (R&D) and c-Jun antibody (Atlas antibodies) were used at a 1:100 

dilution. After washing with PBS, the slides were incubated with Real EnVision detection System (Dako). The 

reaction was developed under microscopic control and then stopped with tap water. The sections were stained with 

hematoxylin, dehydrated, and mounted. Images were acquired with Pannoramic 250 Flash. The quantification of 

immunohistochemistry was performed by software ImageJ as described before (Detre et al., 1995). In briefly, 

staining intensity was grouped into 4 levels (0, negative; 1, weak staining; 2, moderate staining; and 3, strong 

staining). The number of cells in each group were counted, as well as the total number of the cells. IHA H-

score=(percentage of cells in group1 *1) + (percentage of cells in group2 *2) + (percentage of cells in group3 *3). 

An ethical permit to use tumour tissues for generation of tissue slides was provided by the Umeå Ethical Review 

Board in full agreement with the Swedish Ethical Review Act (540/03, Dnr 03–482). 

 

In silico gene expression analysis-correlation analysis between Smad7 and c-Jun; Smad7 and HDAC6; c-

Jun and HDAC6  

Data on the expression of c-Jun, Smad7, and HDAC6 mRNA in colorectal and prostate cancer and different cancer 

forms was obtained from cBioPortal TCGA PanCancer Atlas databases. Specifically, we used gene expression 

data for prostate cancer from the five different datasets as described below: 

1. Prostate adenocarcinoma from TCGA (498 samples) 

2. Metastatic prostate adenocarcinoma from PNAS 2019 (212 samples) 

3. Neuroendocrine prostate adenocarcinoma from Nat Med 2016 (49 samples) 

4. Prostate adenocarcinoma from Fred Hutchinson (Nat Med 2016, 171 samples) 

5. Prostate adenocarcinoma from MSKCC (Cancer Cell 2010, 150 samples) 

 

We then correlated the expression of c-Jun and Smad7, Smad7 and HDAC6; and HDAC6 and c-Jun in colorectal 

and prostate cancer.  

 

For each dataset (1-5), we performed two different analyses: first, we observe direct correlation between target 

gene expression (log2-transformed), and we estimated the significance of correlation using Pearson and Spearman 

tests. Secondly, we extracted the specific samples that have a Z-value above 2 (overexpressed) or under -2 

(repressed) for each target gene compared to its general expression in the set. Then, we estimated the log2-odds 

ratio for the co-presence of two target genes with overexpression or repression in the same sample, in order to 

calculate either the co-occurrence or the mutual exclusivity for the presence of alterations in a pair of genes. 

 

As a result, we observe a significant gene expression correlation in three datasets out of five for HDAC6 and JUN 

(and set #3 might have an artifact in some samples that affect the correlation), while only one dataset showed 

correlation between HDAC6 and SMAD7 (in this case, it also showed tendency to co-occurrence for the alterations 

of the same genes). 

 

The combined results (meta-analysis) was done using the Z-Scores of each gene in each sample in order to have a 

common measure for all the experiments. Pearson Correlation and P-values were calculated from the combined 

datasets. 

 

We obtained survival data from the TCGA study of prostate adenocarcinoma (494 samples) and human colorectal 

tumours (597 samples) reported in Human Protein Atlas, and analyzed the correlation between patient survival 

and mRNA expression levels of HDAC6. Survival analysis was performed by dividing the patients into two groups 

with low and high levels of mRNA expression. (Abida et al., 2019; Beltran et al., 2016; Kumar et al., 2016; Taylor 

et al., 2010; Weinstein, 2013). 

 

 



Statistical analysis  

Statistical analyses between all groups were performed using the analysis of variance (one-way ANOVA) test. F-

test was used to derive P values. Values are expressed as mean ± SEM of three independent experiments (N=3). 

P values of < 0.05 were considered as statistically significant; * P<0.05, ** P<0.01, *** P<0.001.  
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