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Abstract

Dysregulated repair of lung injury often results in lung fibrosis characterized by unremitting 

deposition of matrix components including the glycosaminoglycan hyaluronan (HA). HA is 

mainly produced by hyaluronan synthases (HAS) in mesenchymal cells. We previously 

demonstrated that over-expression of HAS2 in mesenchymal cells in mice regulates the 

invasiveness of fibroblasts and promotes severe lung fibrosis. The mechanisms that control the 

resolution of lung fibrosis are unknown. We propose that a critical step in resolving fibrosis is the 

induction of senescence in fibrotic fibroblasts and hyaluronan synthase 2 may regulate this 

process. We found that fibrotic fibroblasts developed the characteristics of replicative senescence 

in culture and that HAS2 expression was dramatically down-regulated. Furthermore, down-

regulation of HAS2 initiated and regulated fibroblast senescence through a p27-CDK2-SKP2 

pathway. Deletion of HAS2 in mouse mesenchymal cells increased the cellular senescence of 

fibroblasts in bleomycin-induced mouse lung fibrosis in vivo. These data suggest that HAS2 may 

be a critical regulator of the fate of pulmonary fibrosis and we propose a model where over-

expression of HAS2 promotes an invasive phenotype resulting in severe fibrosis and down-

regulation of HAS2 promotes resolution. Targeting HAS2 to induce fibroblast senescence could be 

an attractive approach to resolve tissue fibrosis.
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1. Introduction

Dysregulated tissue injury and repair often result in tissue fibrosis. Fibroblasts in fibrotic 

diseases are heterogeneous in morphological, secretory, and behavioral properties, possibly 

because of their cell origin, activation state, and local environment. Resolution of tissue 

fibrosis has not been adequately addressed. The fate of fibrotic fibroblasts is largely 

unknown. Liver fibrosis is often reversible [1], while idiopathic pulmonary fibrosis (IPF), a 

severe disease with a high mortality rate has proved irreversible to date [2]. The hypothesis 

has been put forth that fibroblasts from IPF patients are resistant to apoptosis leading to 

failure of resolution. For example, fibroblasts from IPF patients are resistant to FasL-induced 

apoptosis compared with normal fibroblasts [3]. A variety of extracellular matrix regulators 

such as CD44 [4], soluble fibronectin peptides [5], and PAI-1 [6] have also been shown to 

regulate fibroblast apoptosis. Collectively, these studies suggest there may be both intrinsic 

components of fibrotic fibroblasts as well as interactions with the surrounding matrix that 

may regulate apoptosis.

Senescence is a complex phenomenon related to cellular stress where cells lose their ability 

to proliferate [7]. Senescent cells irreversibly arrest in the G1 phase of cell cycle, develop a 

flattened, enlarged morphology, and demonstrate increased activity of senescence associated 

β-galactosidase (SA-β-gal) [7]. Various mechanisms including telomere erosion, chromatin 

disruption, DNA damage, oncogene activation, and oxidative stress are reported to trigger 

replicative or premature senescence [7]. Several pathways including p53, p16, and p27 are 

involved in initiating and regulating senescence [7]. Senescence is implicated in 

development [8], cancer [9], and tissue fibrosis [10]. The chronic inflammation caused by 

cellular senescence may be related to the pathogenesis of various chronic diseases [9, 11]. A 

few studies of senescent epithelial cells suggest a role in IPF [12, 13] and in bleomycin-

induced lung fibrosis [14]. Insufficient autophagy may be responsible for accelerated 

cellular senescence [13]. In liver fibrosis models, hepatic myofibroblasts undergo senescence 

when fibrosis resolves [10]. The role of fibroblast senescence in lung fibrosis has not been 

investigated.

The matrix in which a cell resides has profound effects on cellular functions. Hyaluronan 

(HA) is one of the major components of extracellular matrix, which is mainly produced by 

mesenchymal cells [15]. All three hyaluronan synthase isoforms, designated as HAS1, 

HAS2 and HAS3, synthesize HA at the inner face of the cytoplasmic membrane in 

vertebrates [16]. HAS2 is the major isoform responsible for hyaluronan production in 

mesenchymal cells. HAS2 deficiency leads to embryonic lethality [17], and the vast majority 

of mice with targeted deletion of HAS2 in collagen-expressing mesenchymal cells died in 

utero [18]. Accumulation of HA is a characteristic of disorders that are associated with lung 

diseases [19] and progressive tissue fibrosis [20]. HA is able to modulate TGF-β induction 

of lung myofibroblasts and to control collagen deposition [21]. HAS2 has been implicated in 

cellular senescence since suppression of HAS2 in tumor cells inhibited cell proliferation by 

arresting cells in the G1 phase of the cell cycle [22]. Decreased cleavage of HA is associated 

with impaired dermal wound healing in aging [23]. Furthermore, myofibroblasts have been 

shown to be driven into senescence at the late stage of liver fibrosis, converting these 
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extracellular matrix (ECM)-producing cells into ECM-degrading cells, thus imposing a self-

limiting control on fibrogenesis [10]. Previous work from our laboratory has shown that 

over-expression of HAS2 in myofibroblasts promotes an invasive phenotype that causes 

severe fibrosis [18]. This invasive phenotype was dependent on HAS2 [18]. We 

hypothesized that HAS2 may be a critical determinant of the fate of fibrosis by either 

promoting invasion or senescence depending on the level of expression. We have found that 

down-regulation of HAS2 in fibrotic fibroblasts in vitro results in replicative senescence and 

targeted deletion of HAS2 in mesenchymal cells in vivo promotes senescence and the 

resolution of pulmonary fibrosis.

2. RESULTS

2.1. Fibrotic fibroblasts demonstrate senescent characteristics in vitro

We first determined whether human lung fibroblasts isolated from patients with idiopathic 

pulmonary fibrosis underwent senescence when cultured without extracellular matrix [18]. 

One of the key features of cellular senescence is increased SA-β-gal activity [24]. We found 

that fibrotic fibroblasts from IPF patients demonstrated increased SA-β-gal activity when 

they reached late passages in culture in vitro (Fig. 1A, B).

2.2. Reduced expression of HAS2 in senescent lung fibroblasts

We previously demonstrated that overexpression of HAS2 in mesenchymal cells promoted 

an invasive fibroblast phenotype leading to severe fibrosis and increased mortality in mice 

[18]. Since the targeted deletion of HAS2 in mesenchymal cells abrogated bleomycin-

induced pulmonary fibrosis, we sought to determine if HAS2 could regulate fibroblast 

senescence and promote the resolution of fibrosis. We previously found that fibroblasts from 

IPF patients demonstrated increased HAS2 mRNA expression when they were invading 

matrigel [18]. We then examined the expression of HAS2 in IPF fibroblasts when they were 

not in the context of matrix and cultured for repeated passages on plastic. We found that the 

expression of HAS2 was decreased in replicate-induced (Fig. 2A) or DNA damage-induced 

senescent fibrotic fibroblasts (Fig. 2B). Interestingly, expression of HAS3 remained the 

same level in different passage of the cells (Fig. 2C). HAS1 expression was too low to be 

detected in all passages of fibroblasts (data not shown). HA production was dramatically 

reduced in replicate-induced senescent fibroblasts (Fig. 2D). These data suggest a 

correlation between fibroblast senescence and the expression of HAS2.

2.3. HAS2 depletion induced fibroblast senescence

We therefore explored the potential roles of HAS2 on fibroblast proliferation and 

senescence. To approach this, we first decreased HAS2 expression by knocking down HAS2 

in fibrotic fibroblasts and found that deletion of HAS2 markedly suppressed the proliferation 

of fibrotic fibroblasts (Fig. 3A). The effects of HAS2 depletion on cell cycle progression 

were further investigated. Flow cytometry analysis revealed that HAS2 depletion 

significantly increased the proportion of cells in G1 phase (Fig. 3B). Consistent with the 

results, there was less BrdU incorporation in HAS2 siRNA transfected fibroblasts (Fig. 3C, 

D). Most interestingly, the proportion of cells with positive SA-β-gal staining was 

dramatically increased following HAS2 depletion (Fig. 3E, F). While HAS2 expression (Fig. 
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3G) and HA production (Fig. 3I) of the cells were dramatically decreased, there was no 

significant change of HAS3 expression in Has2 depleted fibroblasts (Fig. 3H). Has1 

expression was too low to be detected (data not shown). These results suggested that the 

depletion of HAS2 is sufficient to trigger senescence. We then sought to determine if the 

fibroblast senescent phenotype that emerged with inhibition of HAS2 could be reversed by 

exogenous administration of HA. Exogenous HA failed to rescue the phenotype suggesting 

the regulatory processes were intrinsic to the fibroblasts (data not show).

2.4. Senescence induced by HAS2 deletion is dependent on p27

To determine the molecular mechanisms downstream of HAS2 associated with senescence, 

we first explored the effects of HAS2 knock down on classical senescence regulatory 

pathways. Unexpectedly, p53 and p21 expression were not changed during HAS2 depletion-

induced senescence (Fig. 4A). Furthermore, p16 was not up-regulated in HAS2 depleted 

cells (Fig. 4B).

p27 regulates cell progression from G1 to the S phase by mediating G1 arrest by inhibiting 

cyclin/CDK-complex activities in response to growth inhibitory signals [25, 26]. When we 

explored the effects of HAS2 deletion on p27 expression, we found that p27 protein levels 

were significantly increased in HAS2 deficient fibrotic fibroblasts at various time points 

after HAS2 siRNA transfection (Fig. 4C). Characterization of p27 in the presence of 

cycloheximide revealed that down-regulation of HAS2 increased p27 protein stability (Fig. 

4D).

2.5. Senescence induced by HAS2 deletion is dependent on CDK2-SKP2

We then examined the expression of S-phase kinase associated protein-2 (SKP2), which is 

the substrate-targeting subunit of SCF ubiquitin E3 ligase complex involved in p27 

degradation. We observed a decrease (~30%) in SKP2 expression in HAS2 deficient fibrotic 

fibroblasts (Fig. 4E) compared with control transfectants. These data suggested that HAS2 

deletion-induced accumulation of p27 is likely caused by the specific inhibition of SKP2 

expression.

p27 inhibits cell proliferation by regulating CDK2 activity [26]. Studies have shown that 

CDK2 phosphorylates p27 on threonine 187, which is essential for the subsequent ubiquitin-

mediated degradation of p27 [25]. Therefore, we further examined CDK2 expression levels. 

We found that CDK2 protein levels were dramatically down-regulated upon HAS2 knock 

down in fibrotic fibroblasts (Fig. 4E), which supported the hypothesis that HAS2 deletion-

induced proliferative inhibition was through p27 accumulation and its effector pathway. 

CDK4 (Fig. 4E) and cyclin B (Fig. 4F) levels were also decreased in HAS2 deficient fibrotic 

fibroblasts, suggesting the involvement of additional regulatory proteins on cellular 

proliferation in HAS2 deleted cells.

2.6. HAS2 deletion enhances cell stress responses

DNA damage, oxidative damage and oncogenic insult-induced cell stresses are associated 

with premature senescence, characterized by the increase in phosphorylated histone H2AX 

[27]. We then determined whether HAS2 deficiency could induce DNA damage or cell 
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stress. We found no convincing evidence of DNA-damage-response activation in HAS2 

deficient cells as determined by the levels of phosphorylated histone H2AX (γH2AX) [27] 

(Fig. 5A) and phospho-p53 (Fig. 5B). However, we observed that endoplasmic reticulum 

(ER) stress proteins such as Perk (Fig. 5C) and elF2α (Fig. 5D) were phosphorylated upon 

HAS2 deletion. The ER stress chaperone protein GRP78 (Bip) did not increase in the HAS2 

deleted cells compared with that in control cells (Fig. 5E).

2.7. HAS2 expression correlates with senescence in vivo

To examine the roles of HA on mesenchymal cell proliferation and senescence in vivo, we 

utilized ASMA-HAS2 transgenic mice and HAS2 conditional knock out mice with or 

without bleomycin treatment as described previously [18]. ASMA-HAS2 transgenic mice 

overexpress HAS2 in myofibroblasts (19). We found that after bleomycin treatment SA-β-

gal positive cells with elongated-shape accumulated in the lung interstitium, where 

myofibroblasts reside (Fig. 6A).

We then isolated fibroblasts from mouse lung with or without bleomycin treatment. Fibrotic 

fibroblasts from bleomycin treated mouse lung exhibited increased senescent cells compared 

with control cells (Fig. 6B). Greater senescence was observed in fibroblasts isolated from 

HAS2 conditional knock out mice with targeted deletion of HAS2 in mesenchymal cells 

after bleomycin injury (Fig. 6B, C). Taken together, these data suggest that reduced 

expression of HAS2 may induce ER stress, which leads to fibroblast senescence through the 

inhibition of the p27-SKP2-CDK2 pathway.

3. Discussion

The purpose of this study was to examine the role of HAS2 in regulating fibroblast 

senescence in vitro and in vivo in murine fibrosis induced by bleomycin and fibroblasts from 

patients with IPF. IPF is a progressive fibrotic lung disease leading to death with 5 years of 

diagnosis in most patients [28]. The fibroblast is the key effector cell by producing 

extracellular matrix in regions of gas exchange and generating a fibrodestructive process [2]. 

We provide evidence to support that fibroblast senescence was regulated by expression of 

HAS2, through a p27-SKP2-CDK2 pathway. The study suggests that targeting HAS2 and 

downstream pathways to induce fibroblast senescence could be an attractive way to promote 

fibrosis resolution.

Resolution of lung fibrosis has not been adequately investigated. The fate of fibrotic 

fibroblasts/myofibroblasts and the pathways that regulate fate are unknown. Liver fibrosis 

can be reversible [29], while it is usually considered that IPF is irreversible [2]. IPF 

fibroblasts have been suggested to be resistant to apoptosis. For example, low to absent 

staining of Fas was found in fibroblastic cells of fibroblast foci in lung tissues from IPF 

patients [30]. Fibroblasts from IPF patients are resistant to FasL-induced apoptosis 

compared with normal fibroblasts [3]. Fibroblast apoptosis can also be regulated by 

prostaglandin E2 [31], TNFα [32], CD44 [4], soluble fibronectin peptides [5], and 

plasminogen activator inhibitor-1 [6]. Therefore, strategies to enhance fibroblast apoptosis 

would be an attractive approach to treat patients with progressive lung fibrosis. Our data are 

consistent with a study in liver fibrosis that fibroblast senescence was suggested as a self-
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limiting mechanism leading to fibrosis resolution [10]. Senescent fibroblasts were found in 

granulation tissues of healing cutaneous wounds, and the matricellular protein CCN1 acts 

through integrin-mediated cell adhesion to promote fibroblast senescence as a self-limiting 

mechanism in skin fibrogenesis [33]. However, a recent study suggesting that senescent 

myofibroblasts accumulate in lung tissues from the patients with IPF [34]. The senescence 

phenotype was regulated by the reactive oxygen species-generating enzyme Nox4 in aging 

mice [34]. The possible reasons for this seeming discrepancy may be related to experimental 

conditions, different stages of fibroblasts and fibrosis, and the ages of the mice. This also 

highlights the complexities of fibroblast senescence during fibrogenesis. We hypothesized 

that fibroblasts from patients with progressive lung fibrosis may develop a senescence 

phenotype when removed from the extracellular matrix milieu. Our data show that deletion 

or reduced expression of HAS2 results in induction of senescence in fibrotic fibroblasts from 

patients with IPF. These data suggest that fibroblasts/myofibroblasts acquire different 

phenotypes such as senescence and apoptosis, which may serve as a means to target fibrosis 

progression. The progressive nature of tissue fibrosis may be the result of a weakened force 

of resolution, potentially as a failure to down regulated HAS2 expression.

Our recent work demonstrated that overexpression of HAS2 in fibroblasts promoted an 

invasive fibroblast phenotype leading to severe fibrosis in mice [18]. This observation led us 

to determine if inhibition of HAS2 could promote a distinct phenotype associated with 

senescence and resolution of fibrosis. We found that reduced expression of HAS2 is 

sufficient to trigger fibroblast senescence, characterized by enhanced SA-β-gal staining, an 

increase in the G1 phase of the cell cycle, and reduced cell proliferation. HA and HAS2 has 

been suggested to have a role in fibroblast senescence. Compared with young fibroblasts, 

reduced expression of HAS2 was found in aged fibroblasts [35]. Aged human fibroblasts 

undergo replicative senescence [36]. Fibroblasts isolated from mice harboring a mutated 

versican with reduced HA binding showed an increase in expression of senescence markers 

p53, p21, and p16 [37]. Moreover, a recent report suggests that miRNA-23a-3p targets 

HAS2 leading to dermal aging and senescence [38]. In addition, HA fragmentation during 

injury may also have a role in fibroblast senescence. For example, HA oligomers lead to 

tumor cell senescence [39], and diminished versican deposition increases free HA 

fragments, leading to cellular senescence [37].

Senescence triggers include telomere shortening, activated oncogenes, DNA damage, and 

oxidative stress. For example, oncogenic ras drives cellular senescence [40] that can be 

mediated by ER-associated unfolded protein response in tumor cells [41]. How fibrotic 

fibroblasts undergo cellular senescence is unclear. Oncogene activation is unlikely involved 

in resolution of tissue fibrosis. Telomerase and telomere shortening may contribute in the 

process, since telomerase mutations and telomere shortening are associated with IPF [42]. 

However, telomere erosion is usually a protracted process. Our results with siRNA 

knockdown experiments did not support HAS2 deletion inducing DNA damage as measured 

by phospho-p53 and phospho-γ-H2ax levels. We cannot exclude the possibility that 

telomere shortening contributes to fibroblast senescence in vivo. Many proliferative cell 

types exposed to subcytotoxic stresses undergo stress-induced premature senescence [43]. 

Our data support the notion that HAS2 knock down alters ER stress proteins in a manner 

that promotes cellular senescence [41].
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Several regulatory proteins such as p53 and p16-pRb have been shown to regulate 

senescence processes [7]. We found that HAS2 deletion does not change expression of p53, 

p21, and p16, but significantly increases p27 expression. p27 is a cyclin-dependent kinase 

inhibitor in the G1 phase arrest of cell cycle [25, 26]. p27 negatively regulates protein kinase 

CDK2, which is necessary for G1-S progression [25]. The increase in p27 was concomitant 

with decreases in expression of SKP2, CDK2, and CDK4 after HAS2 knock down. SKP2 

has been implicated in cellular senescence through an increase in ARF4, p27, and p21 [44]. 

Cdk2 deficiency or pharmacological inhibition of Cdk2 causes cellular senescence under 

conditions of oncogenic stress and oxygen-induced culture shock [45]. These findings 

support the concept that senescence caused by HAS2 deletion in lung fibroblasts occurs 

through a p27-SKP2-CDK2 pathway. As HAS2 is a multi-pass membrane-bound enzyme 

[46], the regulation of p27-SKP2-CDK2 pathway by HAS2 is likely an indirect effect. HAS2 

may interact with other cytoplasmic proteins [47], such as protein kinase C (PKC) [48] to 

influence down-stream signaling mediating cellular senescence. Furthermore, HAS2-

mediated senescence may be through CD44-HA interactions. CD44 is known to play a role 

in aging [49, 50] and cellular senescence [51]. It was showed that CD44 can complex with 

EGF receptor upon TGF-β activation in young fibroblasts [35], and HA-dependent CD44-

EGF receptor interaction is lost in aged fibroblasts [35]. Moreover, HA is known to promote 

the interactions between CD44 and several Rho-specific guanine nucleotide exchange 

factors [52], and both Rac1 and RhoA regulate cell senescence in tumor cells [53, 54].

We recently demonstrated that fibroblasts from patients with IPF show an invasive property 

when compared with fibroblasts from normal individuals [18]. HAS2 expression was 

correlated well with fibroblast phenotype. Deletion of HAS2 in fibroblasts showed a 

reduction in ASMA staining and in hydroxyproline content in the lung tissue [18]. HAS2 is 

regulated by TGF-β [21, 55, 56] and other cytokines [57]. It is well known that TGF-β plays 

a key role in fibrogenesis [58]. TGF-β drives HAS2 transcription and stimulates HA 

production [55, 56], and myofibroblast differentiation [55]. Therefore, the regulation of 

fibroblast senescence by HAS2 may very well be related to TGF-β signaling. In this study, 

we demonstrated that under-expression of HAS2 in fibroblasts determined cellular fate. 

Collectively, these data support the concept that HAS2 works as a master regulatory switch 

such that over expression promotes fibroblast invasion to enhance fibrogenesis, while under 

expression leads to senescence favoring the resolution of fibrosis. We also found that the 

addition of exogenous HA could not reverse the senescent phenotype and restore cell growth 

in primary fibroblasts, suggesting that the loss of HAS2 expression in fibroblasts alters the 

cell gene program and cellular properties. The latter may not be readily mimicked by 

elevation of HA levels in the extracellular milieu.

The current study is a first step in understanding the role of senescence in the resolution of 

lung fibrosis and we recognize that much more work needs to be performed. First, 

demonstration of fibroblast senescence in the lungs of the patients with IPF or other 

fibrosing lung diseases, such as nonspecific interstitial pneumonia and hypersensitivity is 

needed. It would be interesting to determine if the reversible nature of the fibrosis in some of 

these disease entities was related to enhanced fibroblast senescence. Due to technical 

difficulties, staining lung sections with SA-β-gal is challenging. Second, it would be very 

interesting to determine if and how TGF-β is involved in the process. TGF-β plays a central 
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role in fibrogenesis [58] and controls fibroblast apoptosis [59]. Moreover, TGF-β induces 

p21 in lung tissue [60]. Third, the contribution of CD44 to fibroblast senescence should be 

explore since CD44 is the major HA receptor and anti-CD44 antibodies induced fibroblast 

apoptosis [4]. Lastly, determination of the effect of fibroblast senescence in inflammation is 

also needed. In liver fibrosis, senescent fibroblasts not only down-regulated ECM 

production, but also regulated immune surveillance genes and recruited natural killer cells to 

remove senescent myofibroblasts [10]. It would be of importance to determine if immune 

properties exist in senescent fibroblasts from patients with IPF.

In summary, we observed that fibrotic lung fibroblasts acquire senescent features in both 

human fibroblasts from disease and in mice following fibrotic injury. HAS2 expression level 

regulates mouse and human mesenchymal cell senescence and the extent of senescence 

inversely correlates with the extent of fibrosis. Strategies designed to enhance senescence, 

potentially by targeting HAS2 may lead to new therapeutic approaches for severe and 

progressive lung fibrosis.

4. Experimental Procedures

4.1. Fibroblasts isolation and culture

Human lung fibroblasts were isolated from surgical lung biopsies or lung transplant explants 

obtained from patients with idiopathic pulmonary fibrosis as previously described [18]. The 

specimens were obtained under the auspices of IRB-approved protocols. Fibroblasts were 

cultured in complete medium (15% FBS-DMEM). Unless specified, the cells of passage 5 – 

7 were used for experiments. The diagnosis of IPF was arrived at by standard accepted 

American Thoracic Society recommendations [2]. All experiments were approved by the 

Duke University Institutional Review Board and in accordance with the guidelines outlined 

by the board. Mouse primary fibroblasts were derived from mouse lungs as described [18]. 

The mouse fibroblasts were used from 3 to 6 passages.

4.2. RNA interference assay and cell proliferation

Transfection with siRNA duplexes against human HAS2 was performed as described 

previously [18]. Briefly, two siRNA duplexes designed to target different nucleotide 

sequences (HAS2-1 si, 1530–1550, CAGCTCGATCTAAGTGCCTTA; HAS2-4 si, 

1777-1797, CCAGCTAGTAGGTCTCATAAA) of the human HAS2 gene [NM_005328], as 

well as a control siRNA (control si with sense sequence 

UUCUCCGAACGUGUCACGUdTdT) were obtained from Qiagen. Subconfluent 

fibroblasts (about 50–60% confluent) grown in complete medium were transfected 

separately with each siRNA duplexes or a control siRNA at 100 nM using HiPerFect 

transfection reagent (Qiagen) according to the manufacturer’s instructions. The suppression 

efficiency of each of the siRNA duplexes was confirmed by measuring the hyaluronan 

content in the conditioned culture media [18].

Fibroblasts with or without transfection were seeded in triplicates and cultured in complete 

medium (15% FBS-DMEM). Every 24 h, cell numbers were counted using hemocytometer 

and growth curves were generated.
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For BrdU incorporation, cells in 4-well chamber slides (BD Bioscience) were transfected 

with HAS2 siRNA or control siRNA. At 48 h after transfection, the cells were labeled with 

10 μg/ml of BrdU (Sigma) for 2 h. The cells were then fixed in 4% paraformadehyde for 10 

min and followed by incubation with 2N HCl containing 0.1% Triton 100 in PBS for 10 

min. The cells were washed and incubated with anti-BrdU antibody (Accurate Chemical) 

and biotin-HABP (Associates of Cape Cod Inc) overnight at 4°C. The cells were then 

incubated with donkey anti-rabbit second antibody, Alexa Fluor® 568 conjugate, and anti-

streptavidin, Alexa Fluor® 488 conjugate (Invitrogen) to detect BrdU and HA. The 

processed cells were mounted in Fluoromount G (eBioscience) containing DAPI. 

Fluorescence microscopy images were taken from five random fields in each well using a 

Zeiss microscope with AxioCam MRc5 camera (AxioVision Rel 4.6 software).

4.3. Quantification of mRNA expression

Total RNA was purified using RNAqueous™-4PCR kit (Ambion) and was reversed to cDNA 

using SuperScriptTM II RNase H− Reverse Transcriptase Kit (Invitrogen) according to the 

manufacturer’s instructions. Gene expression in the resultant cDNAs were examined using 

ABI Prism 7500 Detection system (Applied Biosystems) with SYBR-green as fluorescent 

dye enabling real time detection of PCR products according to the manufacturer’s protocol 

(Power SYBR Green PCR Master Mix, Applied Biosystems). The relative expression levels 

of the gene were determined against GAPDH levels in the samples. The primers used were: 

human HAS2 (NM_005328) forward, 5′-TCG CAA CAC GTA ACG CAA T; human HAS2 
reverse, 5′-ACT TCT CTT TTT CCA CCC CAT TT; human HAS3 (AF234839) forward, 

5′-GGC ATT ATC AAG GCC ACC TA, human HAS3 reverse, 5′-GAC ACA GGA ATG 

AGG CCA AT; human GAPDH (NM_002046) forward, 5′-CCC ATG TTC GTC ATG GGT 

GT; human GAPDH reverse, 5′-TGG TCA TGA GTC CTT CCA CGA TA. The fold-

change of the target genes was calculated by using the 2−ΔΔCT method. The expression level 

for gene of interest (GOI) was calculated as 2−Ct followed by normalization to GAPDH, 

using the formula 2−(Ct GOI - Ct GAPDH). Ultimately, the fold change in normalized gene 

expression was calculated by comparing values from treated fibroblasts (EXP) to control 

fibroblasts (CTL) according to the following formula: 2−ΔCt EXP/2−ΔCt CTL.

4.4. Cellular senescence (SA-β-gal staining) assay

For cellular senescence, fibrotic fibroblasts or fibroblasts transfected with HAS2 siRNA or 

control siRNA were fixed in phosphate-buffered 2% paraformadehyde-2% glutalaldehyde 

for 7 min, β-galactosidase activity was detected by using the senescence histochemical 

staining kit from Sigma-Aldrich according to the manufacturer’s instruction [10]. For 

detecting senescence in vivo, lung tissues were fixed in phosphate-buffered 2% 

paraformadehyde-0.5% glutalaldehyde for 30 min, washed with PBS, rinsed in SA-β-gal 

staining buffer for 30 min, and then stained in SA-β-gal staining solution at 37°C for 6 h. 

After fixing in 10% formalin for additional 2 h, the tissues were embedded in OPC 

compound (Tissue-Tek) and kept at −80°C until section. The frozen tissue sections (6 μm) 

were washed with PBS and counterstained with or without Fast Red.
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4.5. Cell cycle analysis

For cell cycle distribution analysis, fibroblasts were harvested, washed with PBS and fixed 

in 70% ethanol. After centrifugation, the cells were suspended in staining solution (200 

μg/ml propidium iodide, 0.1% Triton X-100 and 2 mg/ml RNase A) and incubated for 20 

min at room temperature. The distribution of cells was determined using FACS Canto II (BD 

Biosciences). Flow data were analyzed using FlowJo software (Tree Star).

4.6. Western blotting analysis

Western blotting analysis was performed as described previously [61]. Total cell lysates 

were prepared in RIPA buffer (150 mM NaCl, 1.0% IGEPAL® CA-630, 0.5% sodium 

deoxycholate, 0.1% SDS, and 50 mM Tris) (Sigma) supplemented with protease inhibitor 

cocktail (Sigma). 20 μg total proteins were used for Western. The proteins were fractionated 

by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using gradient 

gel (4–20%, Bio-Rad) and electroblotted onto nitrocellulose membrane (Bio-Rad). The 

membranes were probed with antibodies against p21, p27, p53, phospho-elF2α, Perk, Bip, 

and SKP2, CDK2, and CDK4. SKP2 was from Santa Cruz, the rest of antibodies were from 

Cell Signaling. All antibodies were used at 1:1,000 dilution, except SKP2, which was at 

1:200 dilution for Western-actin was used as a loading control. Quantitative densitometric 

analysis relative to β-actin was used to aid clarity

4.7. Mice and bleomycin administration

ASMA-human HAS2 transgenic mice (ASMA-HAS2+) [62] and HAS2 mesenchyme 

conditional knock out mice (FSP-1-Cre+/Has2flox/flox, termed Has2FKO/FKO) were described 

previously [18]. All mice were housed in a pathogen-free facility at Duke University, and all 

animal experiments were approved by the Institutional Animal Care and Use Committee at 

Duke University. Bleomycin was injected intratracheally at 1.75 U/kg body weight as 

previously described [18]. At designated time points after bleomycin injection, mouse lungs 

were harvested for fibroblast isolation.

4.8. HA quantification

Conditioned media were collected from fibroblast culture. The HA content in conditioned 

media was measured using a microtiter-based assay taking advantage of the formation of a 

complex between hyaluronan and the hyaluronan binding protein domain of aggrecan, as 

described previously [18].

4.9. Statistical analysis

We assessed differences in measured variables using the Student t-test. Differences between 

multiple groups were calculated using one-way Anova with Tukey-Kramer or two-way 

ANOVA with bonferroni multiple comparisons Data are expressed as the mean ± SEM 

where applicable. Statistical difference was accepted at p < 0.05.
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Abbreviations used

IPF Idiopathic pulmonary fibrosis

HA hyaluronan

HAS2 hyaluronan synthase 2

ECM extracellular matrix

NHF normal human lung fibroblasts

ER endoplasmic reticulum

SKP2 S-phase kinase associated protein-2

SA-β-gal senescence-associated β-galactosidase

ASMA α-smooth muscle actin
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Highlights

• IPF fibroblasts show senescence in vitro

• HAS2 expression correlates fibroblast senescence

• Deletion of HAS2 in fibroblasts increases fibroblast senescence in vitro and in 

vivo

• HAS2 regulates fibroblast senescence through a p27-CDK2-SKP2 pathway
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Fig. 1. 
(A). Replicative senescence in fibrotic fibroblasts. Fibrotic fibroblasts at passage (p) 5, 10 

and 15 cultured in 15% FBS-DMEM were stained for SA-β-gal. n = 5 patients. Scale bars 

are shown. (B). Number of SA-β-gal positive cells per view per view with 20X 

magnification. 4–6 random views were counted each passage of cells.
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Fig. 2. 
HAS2 is suppressed in senescent fibroblasts. (A). HAS2 mRNA levels in fibrotic fibroblasts 

grown in 15% FBS-DMEM for 5 passages (p5), 10 passages (p10), and 15 passages (p15) 

were measured using real-time PCR. The experiments were performed three times. (B). 

HAS2 mRNA levels in fibrotic fibroblasts treated with etoposide at 100 μM for 24 h were 

measured using real-time PCR. The data shown is one representative of two separate 

experiments with similar results. Fibroblasts from three different persons were used each 

time. (C) HAS3 expressions of p5, p10, and p15 fibroblasts were quantitated with q-PCR. 

The relative expression of the target genes was calculated by using the 2−ΔΔCT method and 

expressed as fold-change. (D). HA concentration in 24-h culture medium of p5, p10, and 

p15 fibroblasts.
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Fig. 3. 
Depletion of HAS2 expression induces fibroblast senescence. Fibroblasts transfected with 

HAS2 siRNA and control siRNA. (A). Cell numbers were counted at indicated time after 

transfection. Data shown is the mean of triplicates ± s. d. of one representative from 3 

separate experiments. (B). Forty-eight hours after transfection, fibrotic fibroblasts were 

harvested for the cell cycle profile with FACS assay. Bar graphs depict the percentage of 

cells in G1 phase after HAS2 knock down (N = 3, *P = 0.022). Data represented 1 of 3 

separate experiments. (C). Fibrotic fibroblasts transfected with HAS2 siRNA or control 

siRNA were plated for BrdU incorporation assay. Ten randomly selected fields were 

counted. Bar graph represented the percentage of BrdU positive cells after transfection. The 

experiments repeated 3 times. (D). Fibroblasts transfected with HAS2 siRNA or control 

siRNA were plated for BrdU incorporation assay. Cells were stained with Biotin-HABP and 

anti-BrdU. Microscopic photos were taken at a 400 × magnification. The experiments 

repeated 3 times. (E). At 72 h after transfected with HAS2 siRNA (HAS2-1 siRNA and 

HAS2-4 siRNA) or control siRNA, fibroblasts were plated for SA-β-gal assay. Microscopic 

photos were taken at a 20X magnification. The experiments repeated 3 times. (F). Bar graph 

represents the percentage of SA-β-gal positive cells counted in 5 randomly selected fields. 
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(G) HAS2 expressions in fibroblasts transfected with HAS2 siRNA and control siRNA. (H) 

HAS3 expressions in fibroblasts transfected with HAS2 siRNA and control siRNA. The 

relative expression of the target genes was calculated by using the 2−ΔΔCT method and 

expressed as fold-change. (I) HA concentration in 48h culture medium of fibroblasts 

transfected with HAS2 siRNA and control siRNA. n=3–7. Experiments were repeated with 

fibroblasts isolated from three patients.
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Fig. 4. 
HAS2 depletion induced fibroblast senescence is associated with increased p27-CDK2-

SKP2 expression. Fibroblasts were transfected with HAS2 siRNA or control siRNA. Cell 

lysates were harvested at various time points after transfection and subjected to Western 

blots (A–C, E, and F). (A). p53 and p21 expression at indicated time points. (B). p16 

expression at indicated time points. (C). p27 expression at indicated time points. (D) 

Fibroblasts were transfected with HAS2 siRNA or control siRNA. 48h after transfection, the 

cells were treated with cycloheximide, and the cell lysates were harvested at 0h, 3h, and 6h 

after cycloheximide treatment. The cell lysates were subjected to Western blot analysis for 

p27. (E). Fibroblasts were transfected with HAS2 siRNA or control siRNA. Cell lysates 

were harvested at various time points after transfection and subjected to Western blots 

analysis with antibodies against SKP2, CDK2 and CDK4. (F) Fibroblasts were transfected 

with HAS2 siRNA or control siRNA. Cell lysates were harvested at various time points after 

transfection and subjected to Western blots analysis with antibodies against cyclin B. 

Densitometry quantification for SKP2 and Cyclin B was included. The experiments were 

performed at least three times.
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Fig. 5. 
Stress responses mediate HAS2 deficiency-induced senescence. Fibroblasts were transfected 

with HAS2 siRNA or control siRNA. Cell lysates were harvested at various time points after 

transfection and subjected to Western blots. The expression of proteins involving in DNA 

damage response pathway including phospho-H2A.X (A), phospho-p53 (B), and proteins 

involving in stress response pathway including phospho-perk (C), phospho-elF2α (D), and 

Bip (E) were analyzed. Densitometry quantification for phospho-perk was included in C. 

The experiments were performed three times.
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Fig. 6. 
HAS2 expression levels correlate with mouse fibrotic fibroblast senescence. (A). SA-β-gal 

staining in lung sections of ASMA-HAS2+ and wild type control mice at day 14 after 

bleomycin treatment (n = 6 – 8 per group). The experiments were performed twice. X20. (B, 

C). Mouse fibroblasts isolated from HAS2FKO/FKO and control HAS2flox/+ mice treated 

without or with bleomycin for 10 days were stained for SA-β-gal expression (B), and 

quantified using NIH image J program (C). The experiments were performed twice. n = 4 

per group. Scale bars, 100 μm.
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