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Abstract

Background

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive and fatal disease. Histone dea-

cetylase 6 (HDAC6) alters function and fate of various proteins via deacetylation of lysine

residues, and is implicated in TGF-β1-induced EMT (epithelial-mesenchymal transition).

However, the role of HDAC6 in pulmonary fibrosis is unknown.

Methods

HDAC6 expression in IPF and control lungs was assessed by quantitative real-time PCR

(qRT-PCR) and immunoblots. Lung fibroblasts were treated with TGF-β1 ±HDAC6 inhibi-

tors (Tubacin, Tubastatin, ACY1215, or MC1568), and fibrotic markers such as type I colla-

gen were assessed using qRT-PCR and immunoblots. Mice were treated with bleomycin

(oropharyngeal aspiration; single dose) ± Tubastatin (intraperitoneally injection; daily for 21

days), and lung collagen expression was gauged using immunoblots and trichrome staining.

In a separate experiment, HDAC6 wild-type (WT) and knockout (KO) mice were adminis-

tered bleomycin, and lungs were evaluated in the same manner.

Results

HDAC6 expression was deregulated in IPF lungs. Among the HDAC6 inhibitors tested, only

Tubastatin significantly repressed TGF-β1-induced expression of type-1 collagen in lung

fibroblasts, and this finding was coupled with decreased Akt phosphorylation and increased

Akt-PHLPP (PH domain and Leucine rich repeat Protein Phosphatase) association. Tubas-

tatin repressed TGF-β1-induced S6K phosphorylation, HIF-1α expression, and VEGF

expression. Tubastatin also repressed TGF-β1-induced inhibition of LC3B-II (a marker of
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autophagosome formation). In bleomycin-treated mouse lungs, HDAC6 expression was

increased, and Tubastatin repressed type-1 collagen expression. However, in HDAC6 KO

mice, bleomycin-induced type-1 collagen expression was not repressed compared to WT

mice. Knockdown of HDAC6, as well as HDAC10, another potential Tubastatin target, did

not inhibit TGF-β1-induced collagen expression in lung fibroblasts.

Conclusions

HDAC6 expression is altered during lung fibrogenesis. Tubastatin represses TGF-β1-

induced collagen expression, by diminishing Akt phosphorylation and regulating down-

stream targets such as HIF-1α-VEGF axis and autophagy. Tubastatin-treated WT mice are

protected against bleomycin-induced fibrosis, but HDAC6 KO mice are not. Our data sug-

gest that Tubastatin ameliorates pulmonary fibrosis, by targeting the TGFβ-PI3K-Akt path-

way, likely via an HDAC6-independent mechanism.

Background

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive and fatal disease of unclear etiol-

ogy [1]. A prominent pathological feature of IPF is the formation of fibroblast foci, which con-

sist of myofibroblasts and the extracellular matrix which they produce. Myofibroblasts are the

principle effector cells synthesizing pro-fibrotic proteins such as α-smooth muscle actin (α-

SMA), type-1 collagen, and fibronectin. Although multiple types of cells can differentiate into

myofibroblasts, fibroblast to myofibroblast differentiation (FMD) is considered to be the

major source for myofibroblast accumulation [2]. Some manuscripts suggest that epithelial-

mesenchymal transition (EMT) is another source of myofibroblast accrual, although the con-

tribution of EMT to pulmonary fibrosis remains controversial [3]. Among many fibrogenic

cytokines implicated in the pathogenesis of pulmonary fibrosis, transforming growth factor

(TGF)-β1 has been shown to play a crucial role. TGF-β1 induces FMD by activating Smad3

and Akt signaling pathways [4–6].

Histone deacetylases (HDACs) catalyze the removal of acetyl groups from lysine residues of

both histone and nonhistone proteins. Deacetylation of histone tails regulates chromatin struc-

ture and transcription, whereas deacetylation of nonhistone proteins controls diverse cellular

processes, such as cell signaling, cell motility, cell survival, protein degradation, and inflamma-

tion. HDAC inhibitors are being evaluated as therapeutic agents against cancer and many

other diseases including fibrotic diseases [7–9]. We and others have shown that HDAC6, a

class II HDAC, mediates TGF-β1-induced epithelial-mesenchymal transition (EMT) in A549

cells [10, 11]. We have also shown that IPF lungs exhibit distinct expression patterns of

HDACs, including HDAC6, whose expression was elevated in type-II alveolar epithelial cells

(AECII) and in myofibroblasts within fibroblast foci [12].

Although a few studies investigated the effect of non-selective pan-HDAC inhibitors as well

as class I HDAC inhibitors on pulmonary fibrosis [12–15], the effects of selective inhibition of

HDAC6 on pulmonary fibrosis has never been reported.

Therefore, we set out to investigate whether inhibition of HDAC6 can attenuate pulmonary

fibrosis in experimental models. We observed that Tubastatin, a “selective” HDAC6 inhibitor,

repressed TGF-β1-induced expression of type-1 collagen in lung fibroblasts, by repressing

Akt phosphorylation and regulating downstream targets such as HIF-1α-VEGF axis and
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autophagy. Tubastatin also repressed bleomycin-induced type-1 collagen expression in mouse

lungs. However, bleomycin-induced type-1 collagen expression in the lungs of HDAC6 KO

mice did not appear different than lungs of WT littermates. These data suggest that Tubastatin

ameliorates pulmonary fibrosis, by targeting the TGFβ-PI3K-Akt pathway, likely via an HDA-

C6-independent mechanism.

Methods

Reagents and antibodies

Tubacin, Tubastatin, and MC1568 were purchased from Sigma-Aldrich (St.Louis, MO).

ACY1215 was purchased from ChemieTek(Indianapolis, IN). Human recombinant TGF-β1

was purchased from R&D systems (Minneapolis, MN). Bleomycin was purchased from

TEVA Pharmaceutical Industries (Petach Tikva, Israel). The following primary antibodies

were purchased from the following companies: Santa Cruz (Dallas, TX; HDAC6 [H-300],

HIF-1α), Abcam (Cambridge, MA; type-1 collagen), Sigma-Aldrich (α-SMA, acetylated α-

tubulin), Cell Signaling Technology (Danvers, MA; β-actin, Smad2, phosphorylated Smad2,

Smad3, phosphorylated Smad3, Akt, phosphorylated Akt (Ser473), PHLPP, Erk, phosphor-

ylated Erk, p38, phosphorylated p38, HDAC6 [for the mouse samples], α-tubulin, LC3B).

Secondary antibodies used were anti-mouse or anti-rabbit IgG HRP-linked antibodies (Cell

Signaling Technology).

Human lung tissue samples

Frozen lung tissue samples of patients with IPF (n = 20) and their controls (n = 10) were

obtained from the Lung Tissue Research Consortium (LTRC), a program sponsored by the

National Heart, Lung and Blood Institute. The clinical data and specimens had been de-identi-

fied by the LTRC. Additional lung tissue samples from patients with sporadic IPF (n = 9) and

non-diseased control subjects (n = 8), collected in frame of the European IPF registry (eurIP-

Freg) were provided by the UGMLC Giessen Biobank (member of the DZL Platform Biobank-

ing). Following lung homogenization, proteins and RNA were extracted in RIPA buffer (Cell

Signaling Technology) and Trizol (Life Technologies; Carlsbad, CA), respectively, according

to the manufacturers’ protocols [16].

Isolation of primary human lung fibroblasts

Primary human lung fibroblasts were isolated from explanted IPF and control lungs as

described previously [12]. Experiments were carried out with IPF/control fibroblasts between

passages 3 and 4.

Cell culture of human lung fibroblasts

Normal human lung fibroblasts (NHLFs) were purchased from Lonza (Allendale, NJ) and

maintained in fibroblast growth medium 2 (FGM-2; Lonza) for experiments until passage 6

per the provider’s instruction. Prior to treatment, cells that had reached 80% confluence were

serum starved in fibroblast basal medium 2 (FBM-2; Lonza) with 0.2% bovine serum albumin

(BSA) overnight [17].

MTT assay

An MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was per-

formed using an in vitro toxicology assay kit (Sigma-Aldrich) as described previously [17].
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RNA interference

RNA interference was carried out with HDAC6 siRNA (Gene Solution FlexiTube) and a nega-

tive control siRNA (All Star Negative), which were purchased from Qiagen (Hilden, Ger-

many). For these experiments, 100 pmol siRNA oligo was transfected into NHLFs using

Lipofectamine RNAiMAX reagent (Invitrogen; Waltham, MA), according to the manufac-

turer’s protocol.

Immunoblots

Cells were harvested using 1x RIPA buffer (Cell Signaling Technology) with protease inhibi-

tor (cOmplete Mini, EDTA-free, Roche (Basel, Switzerland)) and phosphatase inhibitors

(Phosphatase Inhibitor Cocktail 2 &3, Sigma-Aldrich; PMSF, Roche). Twenty μg of protein

per sample was loaded onto NuPAGE Novex Bis-Tris 4–12% Protein Gels (Invitrogen) for

electrophoresis and then transferred onto polyvinylidene difluoride (PVDF) membranes

(0.45 μm, Millipore (Darmstadt, Germany)). Membranes were blocked in 5% non-fat dry

milk (BioRad Laboratories (Hercules, CA)) for 1 hour at room temperature and then incu-

bated with appropriate primary antibodies overnight at 4˚C. Secondary antibodies and an

ECL kit from GE Healthcare Life Sciences (Pittsburgh, PA) were employed to generate

chemiluminescent signals. All immunoblot data represent triplicate repeats. Densitometry

analysis was performed using National Institutes of Health (NIH) ImageJ software [17].

Real time quantitative PCR

Real time quantitative PCR was performed using the iCycler (Bio-Rad), and SYBR green

supermix (Bio-Rad) was employed according to the manufacturer’s instructions, along with

gene-specific primers. The specific gene’s cycle threshold (Ct) values were normalized to 36B4

and compared with the control group that was assigned a value of 1 to calculate the relative

fold change in expression as previously described [18]. The results represented three indepen-

dent experiments. Primer sequences were: h-Collagen-1: Fwd: CGGAGGAGAGTCAGGAAGG,

Rev: CACAAGGAACAGAACAGAACA; m-Collagen-1: Fwd: GCCAAGAAGACATCCCTGAAG,Rev:

CACAAGGAACAGAACAGAACAG; h-α-SMA: Fwd: GAAGAAGAGGACAGCACT, Rev: TCCCAT
TCCCACCATCAC; 36B4: Fwd: CGACCTGGAAGTCCAACTAC;Rev: ATCTGCTGCATCTGCTTG;

h-HDAC6: Fwd: CAACTGAGACCGTGGAGAG, Rev: CCTGTGCGAGACTGTAGC.Gene specific

primers for h-HDAC6 and h-GAPDH used for Fig 1D are described in [12].

Mouse experiments with bleomycin and Tubastatin

C57/BL6 male mice were purchased from Charles River. HDAC6 knockout (KO) mice (C57/

BL6 background) are kind gifts of Dr. Tso-Pang Yao (Duke University). For experiments

using Tubastatin, 6–10 week old male mice (Charles River Laboratories; Wilmington, MA)

were given bleomycin (2units/kg; dissolved in 50ul PBS) or the same amount of PBS by oro-

pharyngeal aspiration on Day 0, which was followed by daily intraperitoneal injection of

Tubastatin (80 mg/kg/day) or the same amount of vehicle (DMSO) on Day 1 through Day 21

(n = 4-5/group). Mice were sacrificed on Day 21. Left lungs were perfused with 10% formalin

and paraffin-embedded, and then tissue slides (5μm thickness) were prepared for Masson’s tri-

chrome staining. Right lungs were harvested and homogenized in liquid nitrogen for immuno-

blot analysis. For experiments using HDAC6 KO mice, 6–10 week old male KO mice and their

wild-type (WT) male littermates were used. Mice were sacrificed on Day 21 and lungs were

analyzed in the manner described above. The mice were weighed daily, and were euthanized

by carbon dioxide asphyxiation if there were any signs of severe suffering or distress (e.g.

Tubastatin, HDAC6, and pulmonary fibrosis
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inability to rise or ambulate, weight loss >20%, labored breathing, distended abdomen,

hunched posture and ruffled fur).

Isolation of mouse lung fibroblasts (MLFs)

Primary cultures of MLFs isolated from HDAC6 WT or KO mice were established as previ-

ously described [19]. MLFs were maintained in DMEM (Gibco; Waltham, MA) supplemented

with 10% fetal bovine serum (FBS) for experiments until passage 3. Prior to the treatment,

they were serum starved in DMEM with 0.2% BSA overnight.

Statistical analysis

Data are expressed as the mean±standard error. Unless otherwise indicated, statistical analyses

for multiple group comparison were conducted using one-way analysis of variance followed

by the Bonferroni post hoc test (GraphPad Prism, Version 5; La Jolla, CA). P value< 0.05 was

considered significant.

Results

HDAC6 expression is altered in IPF lungs

We first examined the level of HDAC6 expression in lung tissue homogenates from individuals

with IPF and individuals without IPF. Patient demographics are shown in S1 Table. HDAC6

mRNA expression was mildly increased in IPF lungs of the US samples (Fig 1A), which was

consistent with our previous finding from the European samples [12]. HDAC6 protein expres-

sion was also altered in IPF lung homogenates of both the US and European patient cohorts,

Fig 1. HDAC6 expression in IPF lungs. (A) qRT-PCR of lung homogenates of the US samples. * p<0.05

compared to the control. HDAC6 mRNA expression is increased in IPF lungs. (B, C) Immunoblots of lung

homogenates of the US samples (B) and the European samples (C). The results of densitometry analyses are

shown in the bar graphs. * p<0.05 compared to the control. HDAC6 protein expression appears altered in IPF;

its expression is significantly increased in the European samples of IPF lungs, when the upper and lower

bands are combined and analyzed together. Levels of acetylation of α-tubulin (a surrogate marker of HDAC6

activity) were not significantly altered in IPF, albeit there was a trend for increased acetylation in IPF lungs of

both the US and European patient cohorts. (D) qRT-PCR of primary fibroblasts isolated from IPF lungs and

their controls. There was a trend for increased HDAC6 mRNA expression in IPF fibroblasts, although the

difference was not statistically significant (p = 0.155). (E) Immunoblots of primary fibroblasts isolated from IPF

lungs and their controls. The results of densitometry analyses are shown in the bar graphs. There was a trend

for increased HDAC6 protein expression in IPF fibroblasts, although there was not a statistically significant

difference (p = 0.109).

https://doi.org/10.1371/journal.pone.0186615.g001
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although the western blots showed different patterns of immunoreactive bands between these

samples (Fig 1B and 1C). When the two major bands near the estimated size of HDAC6 protein

(131 kDa) were analyzed together, there was a trend for increased HDAC6 protein expression in

the US IPF samples (Fig 1B), and there was a significant increase in HDAC6 protein expression

in the European IPF samples (Fig 1C). Levels of acetylation of α-tubulin (a surrogate marker of

HDAC6 activity) were not altered significantly in IPF compared to control lungs, albeit there was

a trend for increased acetylation in IPF lungs of both the US and European patient cohorts.

We also examined HDAC6 expression in fibroblasts isolated from IPF and control lungs.

There was a trend for increased HDAC6 mRNA and protein expression in fibroblasts isolated

from IPF lungs compared to their controls, although there was no statistically significant dif-

ference (Fig 1D and 1E). We have previously shown that the acetylation status of α-tubulin

was significantly reduced in IPF fibroblasts, compared to their controls [12].

α-tubulin acetylation is reduced in TGF-β1-treated NHLFs

Next we investigated the effect of TGF-β1 on HDAC6 expression and deacetylase activity in

NHLFs. TGF-β1 only mildly increased HDAC6 mRNA expression, and did not significantly

increase HDAC6 protein expression. However, a small but statistically significantly reduction in

α-tubulin acetylation was detected in response to TGF-β1 (Fig 2). This was consistent with our

previous finding that IPF fibroblasts showed reduced α-tubulin acetylation [12], and suggests that

TGF-β1 may increase HDAC6 activity (or modulate activities of other α-tubulin acetylating/dea-

cetylating enzymes such as α-tubulin acetyltransferase-1 (αTAT-1) and sirtuin 2 (SIRT2))[20].

Tubastatin inhibits TGF-β1-induced collagen expression in lung

fibroblasts

We investigated whether HDAC6 inhibition could affect TGF-β1-induced FMD. We tested

two traditional “selective” HDAC6 inhibitors, Tubacin (the 1st generation) and Tubastatin (the

2nd generation; traditionally thought to be more selective and potent than Tubacin, although

some recent studies questioned this notion [21, 22]), as well as ACY1215 (a newer HDAC6

inhibitor), and MC1568 (a class II HDAC inhibitor). Compared to Tubacin, Tubastatin and

ACY1215 induced more robust hyperacetylation of α-tubulin. Tubastatin (and ACY1215, to

less degree), but not Tubacin or MC1568, significantly repressed TGF-β1-induced expression

Fig 2. HDAC6 expression in normal human lung fibroblasts (NHLFs) treated with TGF-β1. Subconfluent

NHLFs were serum-starved overnight and then treated with TGF-β1 (1 ng/ml). (A) The level of HDAC6 gene

expression was assessed using qRT-PCR at 24 hours. * p<0.05 compared to the control. HDAC6 mRNA

expression is increased in TGF-β1-treated NHLFs. (B) The levels of HDAC6 protein expression and α-tubulin

acetylation were assessed using immunoblots at 48 hours. V denotes vehicle. The results of densitometry

analyses are shown in the bar graphs. * p<0.05 compared to the control. TGF-β1 does not significantly

increase HDAC6 protein expression, but significantly reduces α-tubulin acetylation level, suggesting that

HDAC6 activity may be increased by TGF-β1.

https://doi.org/10.1371/journal.pone.0186615.g002
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of type-1 collagen in NHLFs and IPF fibroblasts (Fig 3A, 3B and 3C; S1 Fig). There was a mod-

est inverse correlation between the degree of α-tubulin acetylation and type-1 collagen protein

expression (r2 = 0.7602, p p<0.0001), suggesting that inhibition of HDAC6’s deacetylase activ-

ity and/or hyperacetylation of α-tubulin may reduce TGF-β1-induced type-1 collagen expres-

sion (Fig 3D). An MTT assay revealed no significant differences in cell viability when cells

were exposed to the employed concentrations of Tubastatin (Fig 3E).

Tubastatin decreases TGF-β1-induced phosphorylation of Akt, likely by

restoring the association of Akt and PHLPP

Next we set out to identify the molecular mechanism by which Tubastatin represses TGF-

β1-induced type-1 collagen expression. First, we checked phosphorylation of Smad 2 and 3

(canonical pathway) as well as p38 MAPK and ERK (non-canonical pathway), and found no dif-

ference in their phosphorylation with or without Tubastatin (Fig 4; S2 Fig). Next, we assessed

phosphorylation of Akt, because repressing Akt phosphorylation by inhibiting PI3K activity and/

or enhancing PTEN activity / expression has been associated with reduced collagen I expression

in lung fibroblasts [23–25]. We found that Tubastatin inhibits phosphorylation of Akt at serine

(Ser) 473 (Fig 4A). We also found that TGF-β1 decreased the association between Akt and

PHLPP (phosphatase responsible for Ser 473 dephosphorylation of Akt) and observed that

Tubastatin partially restored the Akt-PHLPP association (Fig 4B). The expression of PHLPP and

other phosphatases (such as PTEN, PP1, and PP2A) did not increase with Tubastatin treatment

(S3 Fig). These data suggest that Tubastatin represses TGF-β1-induced type-1 collagen expres-

sion, likely by restoring Akt-PHLPP association and promoting Akt dephosphorylation.

Tubastatin represses TGF-β1-induced phosphorylation of S6K

(downstream of Akt-mTORC1) and subsequent HIF-1α expression

Next we examined downstream of Akt pathway, to further explore the mechanism by which

Tubastatin represses TGF-β1-induced gene and protein expression of type-1 collagen. First we

Fig 3. Tubastatin decreases TGF-β1-induced expression of type-1 collagen. (A-E) Subconfluent NHLFs

(A, C, D, E) or IPF fibroblasts (B) were pretreated with an HDAC6 inhibitor (Tubacin, Tubastatin, ACY1215, or

MC1568) for 6 hours and then co-treated with TGF-β1 and the HDAC6 inhibitor. (A, B) Protein expression

levels were assessed using immunoblots at 48 hours. D: DMSO, Tc: Tubacin, Ts: Tubastatin, A: ACY1215,

M: MC1568; Col-1: type-1 collagen, α-SMA: α-smooth muscle actin (C) Gene expression levels for collagen-1

(col1a1) were assessed using qRT-PCR at 24 hours. * p<0.05 compared to the control; # p<0.05 compared to

the TGF-β1. (D) Correlation between the degree of α-tubulin acetylation and collagen-1 protein expression in

experiments involving Tubastatin treatment. There was a modest inverse correlation between the degree of α-

tubulin acetylation and collagen-1 expression (r2 = 0.7602 [p<0.0001] for pooled results of six independent

experiments.). (E) An MTT assay showing that Tubastatin does not affect NHLF viability. Values for cell

viability were normalized to the control group (= DMSO treatment).

https://doi.org/10.1371/journal.pone.0186615.g003
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measured levels of phosphorylated p70 ribosomal protein S6 kinase (S6K) and HIF-1α,

because 1) mTORC1, which is downstream of Akt, phosphorylates S6K and eukaryotic transla-

tion- initiation factor 4E (eIF4E)-binding protein 1 (4EBP1) to activate translation of proteins,

such as hypoxia-inducible factor (HIF)-1α [26, 27], and 2) HIF-1α has been shown to regulate

collagen expression [28]. We found that Tubastatin repressed TGF-β1-induced phosphoryla-

tion of S6K and subsequent HIF-1α protein expression. Furthermore, Tubastatin repressed

TGF-β1-induced mRNA expression of vascular endothelial growth factor (VEGF; a well-

known HIF-1α target gene) as well as HIF-1α (Fig 5A).

Tubastatin represses TGF-β1-induced reduction of LC3B-II (a marker of

autophagosome formation)

Next, we checked the level of LC3B-II, a marker of autophagosome formation, because

reduced Akt activity and subsequent upreguation of autophagy have been shown to lead to

decreased collagen accumulation [29]. We found that TGF-β1 decreased LC3B-II (which is

suggestive of reduced autophagosome formation and is consistent with the previous reports

[30, 31]) and that Tubastatin repressed TGF-β1-induced reduction of LC3B-II (Fig 5B). Taken

together, out data suggest that repression of TGF-β1-induced Akt phosphorylation by Tubas-

tatin leads to repression of HIF-1α-VEGF axis and induction of autophagy, which results in

repression of TGF-β1-induced collagen expression.

Fig 4. Tubastatin decreases TGF-β1-induced phosphorylation of Akt, likely by restoring the

association of Akt and PHLPP. (A) Subconfluent NHLFs were pretreated with Tubastatin for 6 hours and

then co-treated with TGF-β1 and Tubastatin. Protein expression levels were assessed using immunoblots at

the designated time points. Tubastain repressed TGF-β1-induced phosphorylation of Akt, but not Smad2 or

Smad3. (B) Subconfluent NHLFs were pretreated with Tubastatin for 6 hours and then co-treated with TGF-

β1 and Tubastatin for 12 hours. Left: Cell lysates were immunoprecipitated with an anti-Akt antibody, and

protein expression levels for PHLPP and Akt were assessed using immunoblots. IP denotes

immunoprecipitation. The fourth lane (*) represents IP using isotype control IgG antibody and the combined

samples from the three treatment groups (i.e. an equal amount of the sample from each treatment group was

mixed). Right: “Input” refers immunoblots without IP. TGF-β1 disrupted Akt-PHLPP association, and this was

ameliorated by Tubastatin.

https://doi.org/10.1371/journal.pone.0186615.g004
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Tubastatin-treated WT mice, but not HDAC6 KO mice, are protected

against bleomycin-induced pulmonary fibrosis

We investigated the role of HDAC6 and the effect of Tubastatin in a murine model of bleomy-

cin-induced pulmonary fibrosis (Fig 6A and 6B). Bleomycin treatment increased HDAC6 pro-

tein expression, although it did not significantly alter the acetylation status of α-tubulin (Fig

6B). Tubastatin treatment significantly decreased HDAC6 protein expression, increased the

level of acetylated α-tubulin, and ameliorated bleomycin-induced type-1 collagen expression

(Fig 6A and 6B). However, bleomycin induced lung type-1 collagen to a similar extent in both

WT and HDAC6 KO littermates (Fig 7A and 7B).

Fig 5. Tubastatin counteracts with the effects of TGF-β1 on HIF-1α-VEGF axis and autophagy. (A-B)

Subconfluent NHLFs were pretreated with Tubastatin for 6 hours, and then co-treated with TGF-β1 and

Tubastatin for 24 hours (A) or 48 hours (B). (A) Left; Protein expression levels were assessed using

immunoblots. Phospho- S6K denotes phosphorylated p70 ribosomal protein S6 kinase. Middle and Right;

Gene expression levels for HIF-1α and VEGF were assessed using qRT-PCR. *** p<0.0005 compared to the

control; # p<0.05 compared to the TGF-β1. Tubastatin decreases TGF-β1-induced phosphorylation of S6K

and expression of HIF-1α and VEGF. (B) Protein expression levels were assessed using immunoblots.

Tubastatin represses TGF-β1-induced inhibition of LC3B-II.

https://doi.org/10.1371/journal.pone.0186615.g005

Fig 6. Tubastatin-treated mice are protected against bleomycin-induced pulmonary fibrosis. Mice

were treated with PBS or bleomycin (2units/kg; by oropharyngeal aspiration) on Day 0, followed by daily

intraperitoneal injection of DMSO or Tubastatin (80 mg/kg/day) on Day 1 through Day 21 (n = 4-5/group). (A)

Collagen expression was assessed using trichrome staining of lung sections. Representative images (taken

at 40x magnification) are shown. Scale bars: 3mm (left panels), 300μm (middle panels), 200μm (right panels).

(B) Protein expression levels were assessed using immunoblots of lung homogenates. Densitometry analysis

of type-1 collagen expression is shown in the bar graphs. * p<0.05 compared to the control (= PBS+DMSO); #

p<0.05 compared to Bleomycin+DMSO.

https://doi.org/10.1371/journal.pone.0186615.g006
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Knockdown of HDAC6, as well as HDAC10, another potential Tubastatin

target, does not inhibit TGF-β1-induced collagen in lung fibroblasts

Mouse lung fibroblasts (MLFs) isolated from HDAC6 WT and KO mice exhibited TGF-

β1-induced type-1 collagen expression and Akt phosphorylation to a similar extent (Fig 8).

HDAC6 knockdown using siRNA also failed to inhibit TGF-β1-induced expression of type-1

collagen in NHLFs. We also knocked down HDAC10, another potential Tubastatin target

[21]. Neither HDAC10 knockdown or HDAC6/10 double-knockdown inhibited TGF-

β1-induced expression of type-1 collagen in NHLFs (Fig 9).

Discussion

This study addressed the potential role of HDAC6 in modulating lung fibrogenesis by examin-

ing HDAC6 expression in IPF lung homogenates and by examining the effect of HDAC6 inhi-

bition on fibrogenesis in experimental models. We observed aberrant HDAC6 expression in

IPF lungs. First, we confirmed our previous finding that HDAC6 mRNA expression is

increased in IPF lungs [12]. Next, we found that there was a trend for increased HDAC6 pro-

tein expression in the US IPF samples and a significant increase in HDAC6 protein expression

in the European IPF samples, when the two major bands near the estimated size of HDAC6

protein (131 kDa) were analyzed together. It is not clear why the band pattern of HDAC6 in

the immunoblots appears different between the US-IPF samples and the European-IPF sam-

ples, but this may be due to limited number of samples. The lower bands may reflect the

HDAC6 splicing variant p114 which we have previously reported [32], but may rather reflect

Fig 7. HDAC6 knockout mice are not protected against bleomycin-induced pulmonary fibrosis. (A, B)

HDAC6 wild-type (WT) and knockout (KO) mice were treated with PBS or bleomycin (2units/kg; by

oropharyngeal aspiration) on Day 0 and then lungs were harvested on Day 21. (A) Collagen expression was

assessed using trichrome staining of lung sections. Representative images (taken at 40x magnification) are

shown. Scale bars: 3mm (left panels), 300μm (middle panels), 200μm (right panels). (B) Protein expression

levels were assessed using immunoblots of lung homogenates.

https://doi.org/10.1371/journal.pone.0186615.g007
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Fig 8. TGF-β1 induces type-1 collagen expression and Akt phosphorylation in HDAC6 WT and

knockout mouse lung fibroblasts (MLFs), to a similar extent. Lung fibroblasts were isolated from two WT

and two HDAC6 knockout mice. Cells were serum starved and then exposed to TGF-β1 (1ng/ml) for 48hrs (A)

or 12 hours (B).

https://doi.org/10.1371/journal.pone.0186615.g008

Fig 9. HDAC6 knockdown does not ameliorate TGF-β1-induced type-1 collagen expression in NHLFs.

Subconfluent NHLFs were pretreated with siRNA for 24 hours and then co-treated with TGF-β1 for 48hours. +

+ denotes double concentration. The immunoblots show that knockdown of HDAC6 and/or HDAC10 failed to

repress TGF-β1-induced type-1 collagen expression in NHLFs.

https://doi.org/10.1371/journal.pone.0186615.g009
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post-translationally modified HDAC6, since the distance between the upper bands and the

lower bands appears larger than the distance usually observed between p131 (normal variant)

and p114 (splicing variant).

Levels of acetylation of α-tubulin, a surrogate marker of HDAC6 activity, were not significantly

altered in IPF lungs in comparison to their controls, although there was a slight trend for increased

acetylation in IPF. This was opposite to our expectation, because α-tubulin is expected to be less

acetylated when HDAC6 expression is increased, and because α-tubulin acetylation is decreased in

TGF-β1-treated NHLFs and IPF lung fibroblasts as well as TGF-β1-treated A549 cells [10]. This

“discrepancy” may be solely due to large heterogeneity among human lung samples, but it may

also be due to that α-tubulin acetylation is also regulated by αTAT-1, SIRT2 [20], and possibly

HDAC3 [33]. Nevertheless, in our previous study, acetylation status of α-tubulin was reduced in

fibroblasts isolated from IPF lungs, compared to fibroblasts isolated from control lungs [12].

We have shown that Tubastatin, a “selective” HDAC6 inhibitor, represses TGF-β1-induced

type-1 collagen expression in lung fibroblasts. As for the mechanism, our in vitro studies dem-

onstrated that Tubastatin represses TGF-β1-induced Akt phosphorylation. This is an impor-

tant observation, because it has been shown that 1) PI3K-Akt pathway is activated in

pulmonary fibrosis and 2) inhibition of this pathway inhibits FMD and ameliorates pulmonary

fibrosis [28, 34]. In other words, targeting this pathway has been thought to have therapeutic

potential, since repressing Akt phosphorylation by inhibiting PI3K activity and/or enhancing

PTEN activity / expression leads to reduced fibrogenesis [23–25, 28, 34–36]. The PI3K-Akt

pathway has been shown to contribute to pulmonary fibrosis via multiple mechanisms. For

example, the PI3K-Akt pathway contributes to pulmonary fibrosis by inducing expression of

HIF-1α and VEGF. HIF-1α is elevated in pulmonary fibrosis [37] and may contribute to dis-

ease progression, at least partially by inducing VEGF expression and subsequent collagen

expression [28]. Our finding that Tubastatin repressed TGF-β1-induced expression of colla-

gen, at least partially by repressing the PI3K-Akt-HIF-1α-VEGF pathway is consistent with

these previous reports. The PI3K-Akt pathway also contributes to pulmonary fibrosis via

impairing autophagy. For example, lung tissues from IPF patients demonstrated increased

activity of mTORC1 (an Akt target) and decreased autophagy. Autophagy is not enhanced in

IPF, despite elevations in major regulators of autophagy, such as endoplasmic reticulum (ER)

stress, oxidative stress, and HIF-1α [30]. TGF-β1 inhibited autophagy in fibroblasts in vitro at

least in part via activation of mTORC1 [30]. Rapamycin (which inhibits mTORC1) and other

autophagy-inducing agents protect against fibrosis, at least partially by promoting autophagic

degradation of extracellular proteins [30, 31, 38]. Our finding that Tubastatin repressed TGF-

β1-induced collagen expression, at least partially by repressing the PI3K-Akt pathway and sub-

sequently by inducing autophagy (as suggested by increased LC3B-II, a marker of autophago-

some formation), is consistent with these previous reports.

With regard to the mechanism of reduced Akt phosphorylation by Tubastatin, we found

that Tubastatin decreases Akt phosphorylation at least in part by inhibiting TGF-β1-induced

Akt-PHLPP dissociation. PHLPP is responsible for terminating Akt signaling by dephosphory-

lating Akt on serine 473, and its importance in various cellular processes has been increasingly

recognized [39]. Further experiments to investigate the role of HDAC-Akt-PHLPP-axis in

fibrogenesis are ongoing in our laboratory.

We have also shown that Tubastatin treatment reduces bleomycin-induced type-1 collagen

expression in mice. In contrast, HDAC6 KO mice were not protected from bleomycin-mediated

pulmonary fibrosis. Moreover, TGF-β1-induced type-1 collagen expression was not decreased in

MLFs isolated from HDAC6 KO mice, as compared to MLFs isolated from HDAC6 WT mice.

TGF-β1-induced type-1 collagen expression was not decreased in NHLFs treated with HDAC6

siRNA, as compared to NHLFs treated with negative control siRNA, either.
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There are a few possible explanations as to the reason why Tubastatin treatment (inhibition

of HDAC6 deacetylase activity) and HDAC6 knockdown/knockout lead to different results.

The first possibility is that Tubastatin has off-target effects aside from HDAC6. This may be

the most likely scenario, given that even high-dose Tubacin (which caused robust hyperacety-

lation of α-tubulin) failed to repress TGF-β1-induced type-1 collagen expression. For example,

Tubastatin might inhibit other HDACs or other proteins. Recent studies suggested that Tubas-

tatin may have some inhibitory effects against HDAC10 [21, 22]. However, knockdown of

HDAC6 and/or 10 with siRNA did not inhibit TGF-β1-induced type-1 collagen expression in

NHLFs (Fig 9). The second possibility is that the variant results are simply because pharmaco-

logic inhibition of HDACs are not equivalent to genetic knockdown/knockout, especially in

terms of effects on multiprotein complex formation and function [40]. HDAC6 has functions

beyond its catalytic (deacetylating) activity. For example, HDAC6 harbors a C-terminal zinc

finger domain (ZnF-UBP) through which HDAC6 binds to cytotoxic poly-ubiquitinated pro-

teins and ferries them into autophagosomes for their degradation, thereby preventing protein

aggregation [41]. In addition, HDAC6 negatively regulates NLRP3 inflammasome activation

through its association with ubiquitinated NLRP3, likely by sequestrating the ubiquitinated

NLRP3 from the formation of inflammasome assembly [42]. Therefore, it is plausible that loss

of HDAC6’s ubiquitin-binding function aggravates pulmonary fibrosis by causing defective

autophagy (as a result of deregulated aggresome formation) and/or activation of NLRP3

inflammasome [43, 44], whereas loss or inhibition of HDAC6’s deacetylating function amelio-

rates pulmonary fibrosis by hyperacetylating target proteins. In other words, it is tempting to

speculate that inhibition of deacetylase function is protective against fibrosis whereas inhibi-

tion of both deacetylase and non-deacetylase function (e.g. ubiquitin-binding function) is not.

Further studies to investigate this possibility are ongoing in our laboratory.

Conclusions

In summary, this work demonstrates that HDAC6 expression is deregulated in IPF lungs and

in a murine model of bleomycin-induced pulmonary fibrosis. Tubastatin, a “selective”

HDAC6 inhibitor, inhibits TGF-β1-induced type-1 collagen expression in lung fibroblasts,

and reduces type-1 collagen expression in murine bleomycin-induced pulmonary fibrosis.

However, HDAC6 KO mice are not protected against bleomycin-induced lung injury. Our

data suggests that Tubastatin ameliorates pulmonary fibrosis, by targeting the TGFβ-PI3K-Akt

pathway, likely via an HDAC6-independent mechanism.

Declarations

Ethics approval and consent to participate

All protocols for animal studies were approved by the Institutional Animal Care and Use

Committee of Tulane University. The UGMLC Giessen Biobank has been approved by the

Ethics committee of the Justus-Liebig-University of Giessen (111/08 and 58/15).

Consent for publication

Not applicable

Funding

Supported by the Wetmore Foundation (Project: 553862, Task: M1, Award: 553860G1 [to

JAL]; Project: 555007, Task: M1, Award: 555007G1 [to SS]) and by 1 U54 GM104940 from the

National Institute of General Medical Sciences of the National Institutes of Health, which

Tubastatin, HDAC6, and pulmonary fibrosis

PLOS ONE | https://doi.org/10.1371/journal.pone.0186615 October 18, 2017 13 / 17

https://doi.org/10.1371/journal.pone.0186615


funds the Louisiana Clinical and Translational Science Center. The content is solely the

responsibility of the authors and does not necessarily represent the official views of the

National Institutes of Health.

Supporting information

S1 Table. Patient demographics: Donors of IPF lungs and control lungs.

(XLSX)

S1 Fig. Tubastatin decreases TGF-β1-induced expression of type-1 collagen. Subconfluent

NHLFs were pretreated with an HDAC6 inhibitor (Tubacin, Tubastatin, ACY1215, or

MC1568) for 6 hours and then co-treated with TGF-β1 and the HDAC6 inhibitor. Protein

expression levels were assessed using immunoblots at 48 hours. Col-1 denotes type-1 collagen.

(TIF)

S2 Fig. Tubastatin does not decrease TGF-β1-induced phosphorylation of MAPK. Subcon-

fluent NHLFs were pretreated with Tubastatin for 6 hours and then co-treated with TGF-β1

and Tubastatin. Protein expression levels were assessed using immunoblots at 3 hours post

treatment. Tubastatin did not decrease TGF-β1-induced phosphorylation of Erk or p38

MAPK.

(TIF)

S3 Fig. Tubastatin-mediated Akt dephosphorylation is not due to alterations in the expres-

sion level of phosphatases involved in Akt dephosphorylation. Subconfluent NHLFs were

pretreated with Tubastatin for 6 hours and then co-treated with TGF-β1 and Tubastatin for 12

hours.

(TIF)

Acknowledgments

We thank Prof. Dr. W. Klepetko, Department of Thoracic Surgery, Medical University of

Vienna, Austria, for supplying lung specimens.

Author Contributions

Conceptualization: Shigeki Saito, Bin Shan, Joseph A. Lasky.

Data curation: Shigeki Saito, Yan Zhuang, Bin Shan, Svitlana Danchuk, Fayong Luo, Martina

Korfei, Andreas Guenther, Joseph A. Lasky.

Formal analysis: Shigeki Saito, Yan Zhuang, Svitlana Danchuk, Martina Korfei, Joseph A.

Lasky.

Funding acquisition: Shigeki Saito, Andreas Guenther, Joseph A. Lasky.

Investigation: Shigeki Saito, Yan Zhuang, Bin Shan, Svitlana Danchuk, Fayong Luo, Martina

Korfei, Andreas Guenther, Joseph A. Lasky.

Methodology: Shigeki Saito, Yan Zhuang, Bin Shan, Svitlana Danchuk, Fayong Luo, Martina

Korfei, Andreas Guenther, Joseph A. Lasky.

Project administration: Shigeki Saito, Yan Zhuang, Bin Shan, Svitlana Danchuk, Martina

Korfei, Andreas Guenther, Joseph A. Lasky.

Resources: Shigeki Saito, Bin Shan, Martina Korfei, Andreas Guenther, Joseph A. Lasky.

Software: Shigeki Saito, Yan Zhuang, Bin Shan, Martina Korfei, Joseph A. Lasky.

Tubastatin, HDAC6, and pulmonary fibrosis

PLOS ONE | https://doi.org/10.1371/journal.pone.0186615 October 18, 2017 14 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186615.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186615.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186615.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186615.s004
https://doi.org/10.1371/journal.pone.0186615


Supervision: Bin Shan, Andreas Guenther, Joseph A. Lasky.

Validation: Shigeki Saito, Yan Zhuang, Svitlana Danchuk, Martina Korfei, Joseph A. Lasky.

Visualization: Shigeki Saito, Yan Zhuang, Svitlana Danchuk, Martina Korfei, Joseph A. Lasky.

Writing – original draft: Shigeki Saito, Martina Korfei, Joseph A. Lasky.

Writing – review & editing: Shigeki Saito, Yan Zhuang, Bin Shan, Svitlana Danchuk, Fayong

Luo, Martina Korfei, Andreas Guenther, Joseph A. Lasky.

References

1. Raghu G, Rochwerg B, Zhang Y, Garcia CA, Azuma A, Behr J, et al. An Official ATS/ERS/JRS/ALAT

Clinical Practice Guideline: Treatment of Idiopathic Pulmonary Fibrosis. An Update of the 2011 Clinical

Practice Guideline. Am J Respir Crit Care Med. 2015; 192(2):e3–19. https://doi.org/10.1164/rccm.

201506-1063ST PMID: 26177183.

2. Hinz B, Phan SH, Thannickal VJ, Prunotto M, Desmoulière A, Varga J, et al. Recent developments in

myofibroblast biology: paradigms for connective tissue remodeling. Am J Pathol. 2012; 180(4):1340–

55. https://doi.org/10.1016/j.ajpath.2012.02.004 PMID: 22387320; PubMed Central PMCID:

PMCPMC3640252.

3. Kage H, Borok Z. EMT and interstitial lung disease: a mysterious relationship. Curr Opin Pulm Med.

2012; 18(5):517–23. https://doi.org/10.1097/MCP.0b013e3283566721 PMID: 22854509; PubMed Cen-

tral PMCID: PMCPMC3914631.

4. Fernandez IE, Eickelberg O. The impact of TGF-β on lung fibrosis: from targeting to biomarkers. Proc

Am Thorac Soc. 2012; 9(3):111–6. https://doi.org/10.1513/pats.201203-023AW PMID: 22802283.

5. B Moore B, Lawson WE, Oury TD, Sisson TH, Raghavendran K, Hogaboam CM. Animal models of

fibrotic lung disease. Am J Respir Cell Mol Biol. 2013; 49(2):167–79. https://doi.org/10.1165/rcmb.

2013-0094TR PMID: 23526222; PubMed Central PMCID: PMCPMC3824038.

6. Yue X, Shan B, Lasky JA. TGF-β: Titan of Lung Fibrogenesis. Curr Enzym Inhib. 2010; 6(2). https://doi.

org/10.2174/10067 PMID: 24187529; PubMed Central PMCID: PMCPMC3812949.

7. Seto E, Yoshida M. Erasers of histone acetylation: the histone deacetylase enzymes. Cold Spring Harb

Perspect Biol. 2014; 6(4):a018713. https://doi.org/10.1101/cshperspect.a018713 PMID: 24691964.

8. Haberland M, Montgomery RL, Olson EN. The many roles of histone deacetylases in development and

physiology: implications for disease and therapy. Nat Rev Genet. 2009; 10(1):32–42. https://doi.org/10.

1038/nrg2485 PMID: 19065135; PubMed Central PMCID: PMCPMC3215088.

9. Pang M, Zhuang S. Histone deacetylase: a potential therapeutic target for fibrotic disorders. J Pharma-

col Exp Ther. 2010; 335(2):266–72. Epub 2010/08/20. https://doi.org/10.1124/jpet.110.168385 PMID:

20719940; PubMed Central PMCID: PMCPmc2967408.

10. Shan B, Yao TP, Nguyen HT, Zhuo Y, Levy DR, Klingsberg RC, et al. Requirement of HDAC6 for trans-

forming growth factor-beta1-induced epithelial-mesenchymal transition. J Biol Chem. 2008; 283

(30):21065–73. https://doi.org/10.1074/jbc.M802786200 PMID: 18499657; PubMed Central PMCID:

PMCPMC2475688.

11. Gu S, Liu Y, Zhu B, Ding K, Yao TP, Chen F, et al. Loss of α-Tubulin Acetylation Is Associated with

TGF-β-induced Epithelial-Mesenchymal Transition. J Biol Chem. 2016; 291(10):5396–405. https://doi.

org/10.1074/jbc.M115.713123 PMID: 26763233; PubMed Central PMCID: PMCPMC4777869.

12. Korfei M, Skwarna S, Henneke I, MacKenzie B, Klymenko O, Saito S, et al. Aberrant expression and

activity of histone deacetylases in sporadic idiopathic pulmonary fibrosis. Thorax. 2015; 70(11):1022–

32. https://doi.org/10.1136/thoraxjnl-2014-206411 PMID: 26359372.

13. Wang Z, Chen C, Finger SN, Kwajah S, Jung M, Schwarz H, et al. Suberoylanilide hydroxamic acid: a

potential epigenetic therapeutic agent for lung fibrosis? Eur Respir J. 2009; 34(1):145–55. https://doi.

org/10.1183/09031936.00084808 PMID: 19224893.

14. Sanders YY, Hagood JS, Liu H, Zhang W, Ambalavanan N, Thannickal VJ. Histone deacetylase inhibi-

tion promotes fibroblast apoptosis and ameliorates pulmonary fibrosis in mice. Eur Respir J. 2014; 43

(5):1448–58. https://doi.org/10.1183/09031936.00095113 PMID: 24603818.

15. Davies ER, Haitchi HM, Thatcher TH, Sime PJ, Kottmann RM, Ganesan A, et al. Spiruchostatin A inhib-

its proliferation and differentiation of fibroblasts from patients with pulmonary fibrosis. Am J Respir Cell

Mol Biol. 2012; 46(5):687–94. https://doi.org/10.1165/rcmb.2011-0040OC PMID: 22246864.

Tubastatin, HDAC6, and pulmonary fibrosis

PLOS ONE | https://doi.org/10.1371/journal.pone.0186615 October 18, 2017 15 / 17

https://doi.org/10.1164/rccm.201506-1063ST
https://doi.org/10.1164/rccm.201506-1063ST
http://www.ncbi.nlm.nih.gov/pubmed/26177183
https://doi.org/10.1016/j.ajpath.2012.02.004
http://www.ncbi.nlm.nih.gov/pubmed/22387320
https://doi.org/10.1097/MCP.0b013e3283566721
http://www.ncbi.nlm.nih.gov/pubmed/22854509
https://doi.org/10.1513/pats.201203-023AW
http://www.ncbi.nlm.nih.gov/pubmed/22802283
https://doi.org/10.1165/rcmb.2013-0094TR
https://doi.org/10.1165/rcmb.2013-0094TR
http://www.ncbi.nlm.nih.gov/pubmed/23526222
https://doi.org/10.2174/10067
https://doi.org/10.2174/10067
http://www.ncbi.nlm.nih.gov/pubmed/24187529
https://doi.org/10.1101/cshperspect.a018713
http://www.ncbi.nlm.nih.gov/pubmed/24691964
https://doi.org/10.1038/nrg2485
https://doi.org/10.1038/nrg2485
http://www.ncbi.nlm.nih.gov/pubmed/19065135
https://doi.org/10.1124/jpet.110.168385
http://www.ncbi.nlm.nih.gov/pubmed/20719940
https://doi.org/10.1074/jbc.M802786200
http://www.ncbi.nlm.nih.gov/pubmed/18499657
https://doi.org/10.1074/jbc.M115.713123
https://doi.org/10.1074/jbc.M115.713123
http://www.ncbi.nlm.nih.gov/pubmed/26763233
https://doi.org/10.1136/thoraxjnl-2014-206411
http://www.ncbi.nlm.nih.gov/pubmed/26359372
https://doi.org/10.1183/09031936.00084808
https://doi.org/10.1183/09031936.00084808
http://www.ncbi.nlm.nih.gov/pubmed/19224893
https://doi.org/10.1183/09031936.00095113
http://www.ncbi.nlm.nih.gov/pubmed/24603818
https://doi.org/10.1165/rcmb.2011-0040OC
http://www.ncbi.nlm.nih.gov/pubmed/22246864
https://doi.org/10.1371/journal.pone.0186615


16. Yue X, Li X, Nguyen HT, Chin DR, Sullivan DE, Lasky JA. Transforming growth factor-beta1 induces

heparan sulfate 6-O-endosulfatase 1 expression in vitro and in vivo. J Biol Chem. 2008; 283

(29):20397–407. https://doi.org/10.1074/jbc.M802850200 PMID: 18503048; PubMed Central PMCID:

PMCPMC2459296.

17. Luo F, Zhuang Y, Sides MD, Sanchez CG, Shan B, White ES, et al. Arsenic trioxide inhibits transform-

ing growth factor-β1-induced fibroblast to myofibroblast differentiation in vitro and bleomycin induced

lung fibrosis in vivo. Respir Res. 2014; 15:51. https://doi.org/10.1186/1465-9921-15-51 PMID:

24762191.

18. Guo W, Shan B, Klingsberg RC, Qin X, Lasky JA. Abrogation of TGF-beta1-induced fibroblast-myofi-

broblast differentiation by histone deacetylase inhibition. Am J Physiol Lung Cell Mol Physiol. 2009; 297

(5):L864–70. Epub 2009/08/25. https://doi.org/10.1152/ajplung.00128.2009 PMID: 19700647; PubMed

Central PMCID: PMCPmc2777501.

19. Warshamana GS, Corti M, Brody AR. TNF-alpha, PDGF, and TGF-beta(1) expression by primary

mouse bronchiolar-alveolar epithelial and mesenchymal cells: TNF-alpha induces TGF-beta(1). Experi-

mental and Molecular Pathology. 2001; 71(1):13–33. https://doi.org/10.1006/exmp.2001.2376 PMID:

11502094

20. Chakraborti S, Natarajan K, Curiel J, Janke C, Liu J. The emerging role of the tubulin code: From the

tubulin molecule to neuronal function and disease. Cytoskeleton (Hoboken). 2016. https://doi.org/10.

1002/cm.21290 PMID: 26934450.
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