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HIGHLIGHTS 

 

Human and mouse malignant mesothelioma cells synthesize collagen. 

Thiaproline inhibits basal and TGF-β-induced mesothelioma cell collagen production. 

Thiaproline inhibits mesothelioma tumour growth in a mouse model. 

Thiaproline induces apoptosis but not tumour vasculature or inflammatory cell influx. 

Collagen inhibitors are a potential therapy for mesothelioma. 
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ABSTRACT 

Malignant mesothelioma is an aggressive fibrous tumour, predominantly of the pleura, with a 

very poor prognosis. Cell-matrix interactions are recognized important determinants of 

tumour growth and invasiveness but the role of the extracellular matrix in mesothelioma is 

unknown.  Mesothelioma cells synthesize collagen as well as transforming growth factor-beta 

(TGF-β), a key regulator of collagen production. This study examined the effect of inhibiting 

collagen production on mesothelioma cell proliferation in vitro and tumor growth in vivo. 

Collagen production by mesothelioma cells was inhibited by incubating cells in vitro with the 

proline analogue thiaproline (thiazolidine-4-carboxylic acid) or by oral administration of 

thiaproline in a murine tumor model. Cell cytotoxicity was measured using neutral red uptake 

and lactate dehydrogenase assays. Proliferation was measured by tritiated thymidine 

incorporation, and inflammatory cell influx, proliferation, apoptosis and angiogenesis in 

tumors examined by immunohistochemical labelling. Tumor size was determined by tumor 

weight and collagen production was measured by HPLC.  Thiaproline at non-toxic doses 

significantly reduced basal and TGF-β-induced collagen production by over 50% and cell 

proliferation by over 65%. In vivo thiaproline administration inhibited tumor growth at 10 

days, decreasing the median tumor weight by 80%.  The mean concentration of collagen was 

50% lower in the thiaproline-treated tumors compared with the controls. There were no 

significant differences in vasculature or inflammatory cell infiltration but apoptosis was 

increased in thiaproline treated tumors at day 10. In conclusion, these observations strongly 

support a role for collagen in mesothelioma growth and establish the potential for inhibitors 

of collagen synthesis in mesothelioma treatment. 

Key words: malignant mesothelioma, cell proliferation, anti-neoplastic agents, protein 

synthesis inhibitors, animal models 



 

INTRODUCTION 

Malignant mesothelioma (MM) is an aggressive tumor occurring primarily in the pleura and 

usually associated with previous exposure to asbestos [1].  It is projected that in the next 15-

20 years MM will kill over a quarter of a million people in Western Europe alone [1, 2] with 

median survival from diagnosis ranging from 8-14 months.  Furthermore, the continued use of 

asbestos in some geographical regions such as Asia, may lead to a significant increase in MM 

over the next several decades. MM can be extremely fibrous, particularly in the desmoplastic 

form of sarcomatoid MM. However, most MM contain fibrous fractions, with an extensive 

extracellular matrix (ECM), a characteristic which has previously been shown to promote 

malignant growth and impart resistance to chemotherapy [3-5]. 

 

The ECM provides a scaffold for the attachment, migration, growth and differentiation of 

cells and a reservoir for many growth factors and cytokines [3, 6]. Interactions between cells 

and ECM are crucial to tumorigenesis and are required for tumor growth beyond 1 to 2 mm in 

diameter [6].  Enhanced deposition of collagen, the most abundant ECM component, is 

associated with malignant growth [7-9], and inhibition of collagen production reduces 

mammary tumor growth [10] and inhibits metastatic spread [11, 12].  In small cell lung cancer 

(SCLC), SCLC cell adhesion to ECM proteins collagen, fibronectin and laminin increased 

proliferation and prevented chemotherapy-induced apoptosis promoting tumor spread [5].  In 

addition, SCLC patients with a disseminated tumor matrix had a significantly shorter survival 

time than those with localised or no matrix. High levels of collagen and hyaluronan in tumors 

including breast, lung, ovarian, colorectal and pancreatic also correlate with poor prognosis 

[4, 13].  

 

Malignant mesothelioma (MM), Extracellular matrix (ECM), Small cell lung cancer (SCLC), Transforming 

growth factor-beta (TGF-β) 



 

The role of ECM proteins in MM has not been fully elucidated, although MM cells migrate on 

fibronectin, laminin and collagen via 1 integrin-mediated mechanisms [14].  In addition, MM 

cells produce higher levels of hyaluronan contributing to invasion [15, 16], and a greater 

capacity to produce collagen compared with normal mesothelial cells [17]. 

  

Several growth factors and cytokines are associated with MM, with levels in tumors higher 

than in normal mesothelium.  Transforming growth factor-beta (TGF-), a key regulator of 

ECM production, is increased in malignant pleural effusions caused by MM [18], and may 

contribute directly to tumor cell growth and the fibrous nature of this tumor.  It has been 

proposed that inhibiting tumor stroma production or collagen crosslinking, or removing ECM 

with enzymes may be useful in cancer treatment, depriving tumors of support, survival and 

growth factors [19-21].  

 

In this study the role of collagen in MM proliferation and tumor growth was examined by 

inhibiting collagen production using the proline analogue thiaproline.  Once incorporated into 

a growing procollagen polypeptide chain, thiaproline prevents further chain elongation 

leading to truncated peptides which are degraded [22].  Thiaproline has previously been 

shown to inhibit collagen accumulation in both the glomerular basement membrane and heart 

ventricles of diabetic db/db mice with no toxicity at the doses used [23, 24]. 

 

METHODS 

Cell lines: Characterized human (JU77, LO68, NO36 and ONE58) [25], and murine (AB1, 

AB22 and AC29) [26] MM cell lines and normal human mesothelial cells (NM20) [27] were 

maintained in standard culture medium containing Dulbecco's modified Eagle's medium 

(DMEM; Gibco, Paisley, Scotland) supplemented with 10% fetal bovine serum (FBS; 



 

Imperial Laboratories, Andover, UK), 4mM L-glutamine (Gibco) and antibiotics (penicillin, 

100,000 units/l and gentamycin, 50mg/l; Gibco) and grown in a humidified atmosphere of 

10% CO2 in air at 37
o
C.  

 

Cytotoxicity assay: Cells were seeded in 96 well microtitre plates (4000 cells/well) in 

DMEM containing 1% FBS, and incubated for 24 hr (subconfluent assays) or until confluent 

(3 days).  The medium was replaced with DMEM containing 1% FBS and thiaproline (0–

50mM) (Sigma, Poole, UK) for 24 hr, the medium removed and the wells washed with PBS. 

The effect of thiaproline on cell viability was assessed by the uptake of neutral red dye 

(Sigma) [28] and a lactate dehydrogenase release assay: CytoTox 96


 Non-Radioactive 

Cytotoxicity Assay (Promega, Madison, USA).  

 

Assessment of cell proliferation: Cells were seeded in 96 well collagen coated or uncoated 

microtitre plates (4000 cells/well) in DMEM containing 1% FBS for 24 hr then replaced with 

100 l DMEM containing 1% FBS, 74 KBq/ml [methyl-
3
H]-thymidine (

3
H-TdR, Amersham, 

Buckinghamshire, UK) and 0-50 mM thiaproline. After 24 hr the cells were lysed and 

incorporation of 
3
H-TdR into DNA was measured as an index of cell proliferation [29].   

 

Determination of collagen production and non-collagen protein synthesis: Cells were 

grown to confluence in 2.4 cm diameter wells in standard culture medium then pre-incubated 

for 24 h in DMEM containing 1% FBS, ascorbic acid (50 g/ml) and proline (0.2 mM), 

followed by a further 24 hr in fresh pre-incubation medium containing 74 KBq L-[4-

3
H]phenylalanine (Amersham), TGF-1 (0–10 ng/ml) and/or thiaproline (0–10 mM). Identical 

cultures lacking the isotope were treated in parallel to determine cell number. Following 

incubation the cell layer was scraped into the medium and hydroxyproline (hyp) was 



 

measured by HPLC as an index of collagen synthesis [30], and incorporation of 
3
H-

phenylalanine measured on a liquid scintillation counter as an index of non-collagen protein 

synthesis [31]. To assess the collagen content of tumor samples, frozen powdered tumors were 

hydrolysed and hydroxyproline measured by HPLC [32]. 

 

Animal model of MM: All animal studies received Home Office, UK, ethics approval in 

accordance with the U.K. Animals (Scientific Procedures) Act, 1986 and associated 

guidelines. Tumor growth studies were performed in female 8 week-old CBA mice (Harlan, 

Oxon, UK) using an established murine model of MM [26].  Briefly, mice were anaesthetised 

and injected subcutaneously above the thigh in both sides with 10
6
 syngeneic AC29 cells in 

100 l of serum free DMEM.  From day 1, one group of injected animals received thiaproline 

in their drinking water at an approximate dose of 100 mg/kg/day.  The control injected group 

received normal drinking water.  At 10 and 18 days after injection of tumor cells, animals 

were euthanized and the tumors removed, weighed and snap frozen for subsequent collagen 

analysis.  

 

Assessment of tumor cellularity, vascularity, proliferation and apoptosis: Paraffin 

sections (5μm) of mouse tumor were rehydrated and immunolabelled by standard biotin-

streptavidin immunohistochemistry with diaminobenzidine as a substrate [33] using the 

following antibodies: 1/200 dilution B220 (B cells; BD Pharminigen, San Diego, USA), 

1/200 CD3 (T cells, Serotec, Biorad, Raleigh, USA), 1/200 F/480 (macrophages, Abcam, 

Cambridge, UK ), 1/200 podocalyxin (endothelial cells, R&D Systems, Minneapolis, USA), 

1/200 Ki67 (proliferation), 1/200 caspase 3 (apoptosis, Abcam). For controls, sections were 

incubated either with normal goat serum or species and isotype specific immunoglobulin 

instead of primary antisera.  



 

 

Statistical analysis: All cell data were expressed as mean  standard error of the mean (SEM) 

for 6 replicates and each experiment repeated at least three times.  For single group 

comparisons statistical analysis was performed using an unpaired Student’s t-test.  Multiple 

group comparisons were performed using ANOVA followed by an ad hoc unpaired Student’s 

t-test.  In vivo tumor data were expressed as medians and range.  Statistical analysis 

comparing the control group to the thiaproline treated group was performed using a Mann-

Whitney U test.  A P value less than 0.05 was considered statistically significant. 

 

 

RESULTS 

MM collagen production: The murine MM cell line AC29 produced high basal levels of 

collagen which was further stimulated by TGF-1, plateauing at 1 ng/ml TGF-1 with values 

approximately 2.5-fold above medium control (Table 1). Similar results were obtained with 

all MM cell lines tested (Table 1).  The murine cell lines produced significantly higher basal 

levels of collagen than the human cell lines, the lowest murine cell line (AB1) producing 2.5-

fold more collagen than the highest human cell line (JU77).  TGF-1 treatment increased 

collagen production in all MM cell lines, the largest increase observed in JU77 at 10 ng/ml 

TGF-1 (approximate 540% increase compared with control).  The human normal mesothelial 

cell line, NM20, exhibited a lower basal collagen production (0.10  0.01nmol hyp/10
6 

cells/24 hr) which increased approximately 2-fold following TGF-1 (1 ng/ml) treatment (0.28 

 0.01 nmol hyp/10
6 

cells/24 hr).  Due to consistent growth characteristics in vivo, the cell line 

AC29 was chosen for subsequent experiments. 

 



 

Analysis of thiaproline cytotoxicity in vitro: The cytotoxic effect of thiaproline on 

subconfluent and confluent cells was determined by measuring neutral red uptake to identify 

the range of non-toxic doses for in vitro cell proliferation and collagen production assays.  

Concentrations of thiaproline greater than 10 mM induced cell death in subconfluent cells, 

whereas confluent cells (as used in collagen production assays) were more resistant to 

thiaproline, with cell death at concentrations of thiaproline 40 mM and above (Fig. 1).  

 

Effect of thiaproline on collagen and non-collagen protein production: The effect of non-

toxic doses of thiaproline on basal and TGF-1-induced collagen production was measured in 

AC29 cells (Fig. 2a).  TGF-1 increased collagen production by approximately 150% 

compared with control.  Increasing concentrations of thiaproline decreased both basal and 

TGF-1-induced collagen production in a dose dependent manner.  At 10 mM, thiaproline 

reduced basal and TGF-1 stimulated collagen production by approximately 50% and 65% 

respectively. 

 

Collagen and non-collagen protein production were assessed in AC29 cells to evaluate the 

specificity of inhibiting collagen production with thiaproline (Fig. 2b).  At 1 mM, thiaproline 

inhibited collagen and non-collagen protein production equally by approximately 20% 

compared with medium control. At 10 mM, thiaproline inhibited collagen production by 

approximately a further 30% with no additional inhibition of non-collagen protein. 

 

Effect of thiaproline on in vitro cell proliferation and tumor growth in vivo:  

Increasing concentrations of thiaproline caused a dose dependent reduction in 
3
H-TdR  

labelling in AC29 cells  (Fig. 3a).  Concentrations of 1, 5 and 10 mM thiaproline resulted in 



 

decreases of approximately 20, 35 and 75% respectively. There was a clear linear correlation 

between thiaproline concentration and cell proliferation (Fig. 3b). 

 

The effect of thiaproline on the development of MM in mice is shown in Fig. 4.  The tumor 

growth pattern was characterized by a lag phase of 5–7 days, followed by rapid growth to 

macroscopic tumors.  At 10 days the thiaproline treated group had a median tumor weight of 

10.5 mg (range 5–12 mg) compared with 58 mg for controls (range 30–105 mg) (Fig. 4a), 

which represented a reduction in median tumor weight of over 80% with thiaproline 

treatment.  However, by 18 days the tumor weight in control and thiaproline treated animals 

were similar (control; 106 mg, range 27–326 mg; thiaproline; 106 mg, range 46-187 mg) (Fig. 

4b).   

 

Thiaproline treated tumors contained a lower concentration of collagen per mg tumor weight 

than the control tumors at 10 days (Fig. 4c) but there was no difference compared with control 

at 18 days (Fig. 4d).  A highly significant correlation (r
2
=0.97, P<0.01) was observed between 

collagen content and tumor weight (Fig. 4e). 

 

Effect of thiaproline on tumor cellularity, vascularity, cell proliferation and apoptosis:  

Thiaproline reduced tumor cellularity at 10 days after treatment as evidenced by reduced 

tumor size. However there was no obvious differences in vascularity, inflammatory cell 

infiltrate or tumor cell proliferation (data not shown) but there was more apoptosis in 

thiaproline treated tumors at day 10 (Fig. 4F). 

 



 

DISCUSSION 

The ECM promotes tumorigenesis, both directly and through the sequestration and release of 

tumor enhancing growth factors and cytokines.  Although host stromal cells produce tumor 

associated ECM, tumor cells can secrete their own ECM.  MM cell lines produce ECM 

components such as proteoglycans, versican and biglycan [34], hyaluronan [15], laminin, 

fibronectin and type IV collagen [35].  

 

In this study, we show that murine and human MM cells produce significant amounts of 

collagen basally and can be further stimulated with TGF-1, a potent inducer of collagen 

production [36]. The rates of collagen synthesis varied between cell lines and between 

species. In addition, human MM cells showed higher rates of collagen synthesis than normal 

human mesothelial cells and were equally or more responsive to TGF-1. Heterogeneity in 

MM cell lines has been reported previously in terms of their morphology, growth rates [25] 

and production of various cytokines such as TGF- [37, 38] and these may contribute to the 

differences observed in collagen production. 

 

Incubation of AC29 cells with non-toxic concentrations of thiaproline decreased basal and 

TGF-1-induced collagen production. Measurement of TGF--induced non-collagen 

production demonstrated a selective inhibition of collagen production at concentrations of 

thiaproline above 1 mM.   In addition, thiaproline inhibited MM cell proliferation to a similar 

extent to that of collagen production implying the importance of cell-matrix interactions in 

MM cell growth. 

 

Ten day thiaproline treatment at a non-toxic dose [24, 39], significantly reduced median MM 

tumor weight which correlated with a lower collagen concentration.  These data clearly 



 

demonstrate that inhibition of collagen production by thiaproline has a significant effect on 

tumor growth rate up to 10 days post transplantation. 

 

At 18 days there was no significant difference in tumor weight between the treated and 

untreated groups.  As collagen concentrations were lower in the 10 day thiaproline treated 

tumours, it is possible that there was insufficient collagen producing cells to sustain a rapid 

rate of growth and that a critical amount of collagen was required to be produced before the 

rate of growth increased. This is supported by the observation that a large number of cells in 

the 10 day treated tumors were undergoing apoptosis compared with control. Administration 

of higher doses of thiaproline may have had a greater effect in inhibiting tumor growth, 

however higher doses have been associated with in vivo toxicity [40, 41].  

 

We demonstrated biochemically that thiaproline predominantly inhibits collagen rather than 

non-collagen proteins. However, inhibition of angiogenesis has been reported following 

thiaproline treatment in the chick chorioallantoic membrane [42], although these could be 

indirect effects due to inhibition of collagen production.  Furthermore, the lymphoproliferative 

response, lymphocyte motility and the natural killer activity of leukocytes in mice are 

stimulated by ingested thiaproline [43] and thiaproline may enhance murine macrophage 

function [39].  Thus effects of thiaproline unrelated to collagen may have contributed to the 

lower tumor mass seen in the thiaproline treated group.  However, histological analysis did 

not reveal any obvious differences in vasculature or inflammatory cell infiltration (data not 

shown).  Additionally, collagen analysis revealed a lower concentration of collagen per mg of 

tumor in the thiaproline treated group compared with the control group.  This observation 

suggests that despite other possible effects of thiaproline, decreased collagen production is 

likely to be a major cause of delayed tumor growth. 



 

This study shows that thiaproline significantly reduces MM cell proliferation in vitro and 

tumor growth in an animal model of MM.  Collectively, these data indicate the importance of 

collagen in MM growth, and suggest that by inhibiting collagen production, cell proliferation 

and tumor growth can be delayed.  Agents capable of inhibiting collagen production may 

provide an additional approach in the treatment of MM.  This data, together with evidence 

from other studies showing that blocking integrin-mediated cell-matrix interactions increases 

susceptibility to chemotherapy-induced apoptosis [5], suggests that further research should be 

carried out to assess multimodal approaches to treatment that may involve tumor debulking 

surgery, collagen inhibitors and chemotherapy/immunotherapy. 
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FIGURE LEGENDS 

Table 1. Basal and TGF-1
 

induced collagen production in murine and human 

mesothelioma cell lines.  Confluent cultures of cells were incubated with 0–10 ng/ml TGF-

1 in DMEM supplemented with 1% FCS.  Collagen production was assessed 24 hr later.  

Values were corrected for cell number and collagen production expressed as nmol hyp/10
6
 

cells/24 hr.  The figures in brackets represent the percent change  SEM compared with 

medium control.  *P< 0.05, **P< 0.01 and ***P< 0.001.  Data are representative of at least 

two independent experiments. 

 

Figure 1.  Assessment of mesothelioma cell viability following thiaproline treatment.  

Subconfluent (A) and confluent (B) AC29 cell viability was assessed by neutral red uptake 24 

hr after treatment with 0-50 mM thiaproline.  Each point represents the mean  SEM of six 

replicate cultures. *P<0.05, **P<0.001 compared with medium control.  Data are 

representative of three separate experiments. 

 

Figure 2.  Effect of thiaproline on mesothelioma collagen production. (A) Thiaproline 

decreases basal and TGF-1-induced mesothelioma cell collagen production in a dose 

dependent manner.  Confluent cultures of AC29 cells were incubated with 0-10 mM 

thiaproline with and without 1 ng/ml TGF- in DMEM supplemented with 1% FCS for 24 

hr.  Values were corrected for cell number and collagen production expressed as nmol hyp/10
6
 

cells/24 hr. Each bar represents the meanSEM for six replicate cultures. *=P<0.001 

compared with the medium control.  The data are representative of four independent 

experiments. (B) Effect of increasing concentrations of thiaproline on mesothelioma cell 

collagen and non-collagen protein production. Confluent AC29 cells were incubated with 

DMEM containing 1% FCS supplemented with thiaproline at 0, 1, and 10 mM.  Collagen and 



 

non-collagen protein production were assessed 24 hr later.  The level of protein production 

was expressed as percentage inhibition compared with the medium control.  Each bar 

represents the mean  SEM for six replicate cultures.  *=P<0.001.  Data are representative of 

two independent experiments. 

 

Figure 3.  Thiaproline inhibits AC29 mesothelioma cell proliferation. (A) Thiaproline 

decreases mesothelioma cell DNA synthesis in a dose dependent manner.  AC29 DNA 

synthesis was assessed 24 hr after culture with 0-10 mM thiaproline.  Results are expressed as 

disintegrations per minute (dpm).  Each bar represents the mean  SEM for six replicate 

cultures.  *P<0.005, **P<0.001 compared with medium control.  Data are representative of 

two separate experiments. (B) Linear regression curve showing correlation between 

thiaproline concentration and cell proliferation. 

 

Figure 4.  Effect of thiaproline on mesothelioma growth and collagen concentration 10 

days after treatment. Effect of thiaproline on subcutaneous mesothelioma tumor growth.   

Tumors were excised at (A) 10 and (B) 18 days and weighed.  Each point represents an 

individual tumor.  The horizontal bar indicates the median tumor weight.  *P<0.001.  The 

results are representative of data obtained in three independent experiments. Thiaproline 

reduces mesothelioma tumor collagen concentration at (C) 10 but not (D) 18 days. (E) Tumor 

collagen content at 10 days was plotted against tumor weight and the correlation coefficient 

(r
2
) calculated. Each point represents an individual tumor.  *P<0.01 between thiaproline 

treated and control tumor groups. Data are representative of two separate experiments. (F) 

Apoptosis, as shown by caspase 3 expression, is increased in 10 day thiaproline treated tumors 

compared with control.  

 

 



 
Cell Line 

 

    

AB1 1.37  0.09 
 
 

1.61  0.12 
 

(17.79  9.03) 
 

2.23  0.40 
 

(62.73  28.99) 

2.79  0.29 * 
 

(103.77  21.67) 

AB22 1.58  0.07 
 
 

3.88  0.12 *** 
 

(146.13  7.75) 
 

6.29  0.10 *** 
 

(298.84  6.58) 

                      8.43  0.11 *** 
 

(434.54  6.84) 

AC29 1.55  0.12 
 
 

2.09  0.06 ** 
 

(34.72  4.10) 

3.83  0.23 *** 
 

(146.47  15.03) 

4.34  0.33 *** 
 

(179.56  21.44) 

     

NM20 0.10  0.01 
 

- 0.28  0.01 *** 
 

(185.71  5.89) 
 

- 

JU77 0.57  0.16 
 
 

0.84  0.27 
 

(46.56  47.01) 
 

   1.83  0.94 * 
 

(220.32  73.19) 

3.66  0.24 *** 
 

(540.48  42.26) 

LO68 0.26  0.08 
 
 

0.37  0.03  
 

(41.16  11.31) 
 

0.55  0.02 ** 
 

(106.14  8.09) 

0.47  0.03 * 
 

(77.94  13.16) 

NO36 0.52  0.28 
 
 

0.74  0.09 
 

(41.28 16.42) 
 

0.87  0.14 
 

(56.51  29.27) 

0.83  0.11 
 

(58.89  21.31) 

ONE58 0.34  0.04 
 
 

0.81  0.01 *** 
 

(134.59  0.82) 

1.21  0.09 *** 
 

(241.71  28.71) 

1.67  0.11 *** 
 

(387.37  31.21) 

  

 

0 ng / ml TGF-1 

Hydroxyproline (nmol hyp / 10
6
 cells / 24 hr) 

Murine 

Human 

0.1 ng / ml TGF-1 1 ng / ml TGF-1 10 ng / ml TGF-1 
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