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90ABSTRACT

CONCLUSIONS ----- Expression of genes involved 
in post-translational modification of collagen 
in intestinal fibrosis affected terminal ileum of 
patients with CD reveals a plethora of drug targets. 
Inhibition of post-translational modification 
and/or processing of collagens might attenuate 
fibrosis formation in the intestine in CD. Which 
compound has the highest potential will depend 
on a combination anti-fibrotic efficacy and safety, 
especially since some of the enzymes play key roles 
in the physiology of collagen.  

 

RESULTS ----- mRNA expression of collagen type I 
(COL1A1, 0.75±0.16 vs. 56.92±33.09, P=0.02, 76-
fold) and III (COL3A1, 2.45±0.73 vs.41.82±97.04, 
P=0.02 58-fold) was increased in the fibrosis-
affected part. mRNA expression of proteins 
involved in both intra- and extracellular post-
translational modification of collagens (prolyl- 
and lysyl hydroxylases, lysyl oxidases, chaperones) 
and expression of collagen-degrading enzymes 
(MMPs and cathepsin K) or collagen receptors 
were also upregulated in the fibrosis-affected part. 
A literature search on these upregulated genes 
revealed several potential anti-fibrotic drugs. 

METHODS ----- Human fibrotic and non-fibrotic 
terminal ileum was obtained from patients 
with CD undergoing ileocecal resection due to 
stenosis. Genes involved in the modification or 
degradation/binding of collagen were analyzed 
using a custom-made microfluidic card-based low-
density array. A literature search was performed 
to find potential anti-fibrotic drugs that target 
proteins/enzymes involved in collagen synthesis, 
its degradation and its recognition.

BACKGROUND ----- Crohn’s disease (CD) is complicated 
by intestinal fibrosis that causes symptomatic stenosis 
in 70 % of patients. Pharmacological therapies 
against intestinal fibrosis are not available. We have 
investigated whether pathways involved in collagen 
processing (such as post-translational modification) 
are upregulated in intestinal fibrosis, and if so, which 
targets in the pathways can be inhibited in order to 
modulate the excessive extracellular matrix formation. 



91
Fibrosis in any organ is the result of chronic injury, leading to a 
disturbed balance in the formation and degradation of an extracellular 
matrix (ECM) rich in collagen.1 Intestinal fibrosis mainly occurs in Crohn’s 
Disease (CD, 70%), but can also occur in Ulcerative Colitis (UC, 1.5-
11.2%), upon radiation injury, or upon chronic allograft dysfunction after 
intestinal transplantation.2–6 In CD thickening of the intestinal wall causes 
symptomatic fibrotic stenosis due to narrowing of the lumen that requires 
surgery. In UC it will lead to thickening and shortening of the colon.7 The 
mechanisms involved in transmural intestinal fibrosis may be comparable 
with those of pathological collagen accumulation in other organs, and 
drugs tested for fibrosis in other organs might be applicable to intestinal 
fibrosis as well. So far, no pharmacological therapies against intestinal 
fibrosis are available.

The interstitial matrix of the intestine consists of the fibrillary 
collagens type I, III and V, and in addition collagen type VI.8 The 
non-fibrillar collagen type IV is the main component of the basement 
membrane, which creates the barrier between the epithelium on the 
gut luminal side and the lamina propria of the intestine.9 Additionally, 
intestinal ECM (as ECM of any other organ) consists of fibronectin and 
presumably of elastin, as well as the proteoglycans decorin, biglycan 
and fibromodulin.10,11 An increase in especially the amount of interstitial 
collagens is accompanied with thickening and stiffening of the intestinal 
wall thereby causing stenosis due to the luminal stricture of the 
intestine.12 Net deposited ECM is the result of a complex balance between 
factors involved in collagen synthesis (including post-transcriptional 
modification) versus collagen degradation. Even though fibrogenesis in the 
intestine is presumably similar to fibrosis in other organs, the expression 
of genes involved in collagen homeostasis, has not been evaluated before.

Generally, formation of collagen starts with transcription 
of procollagen mRNA in the nucleus, leading to synthesis of three 
polypeptide α-chains on ribosomes which are released into the 
endoplasmic reticulum for post-transcriptional modification.13,14 Within 
the endoplasmic reticulum, certain lysine and proline residues from the 
α-chains are hydroxylated by lysyl hydroxylases (LHs) and prolyl 3- and 
4- hydroxylases (P3H, P4H), respectively. Some of the hydroxylysine 
residues are subsequently glycosylated by collagen glycosyltransferases. 
During hydroxylation and glycosylation, the three procollagen-chains 
are assembled and further stabilized by formation of intra- and inter-
molecular disulfide bonds.13 Triple helix formation requires the aid of 
chaperones like heat shock protein 47 (HSP47) and FK506 Binding 
Protein 10.15,16 Procollagens are then transported out of the cell via 
the Golgi-apparatus. In the extracellular space the N- and C- terminal 

Introduction ---- 



92propeptides are enzymatically cleaved off, (by enzymes from the “a 
Disintegrin and Metalloproteinase with Thrombospondin motifs” 
(ADAMTS, N-terminal) family and by Bone Morphogenetic Protein 
1 (BMP1, C-terminal)). Subsequently, collagens are assembled into 
fibrils and cross-linking is induced by lysyl oxidases/lysyl oxidase-like 
(LOX, LOXL) enzymes. Degradation of collagens occurs mostly by 
metalloproteinases (MMPs). MMPs are Zn2+ dependent endopeptidases 
which can degrade a plethora of ECM proteins, including collagen.17  
Degradation products of ECM can have chemotactic properties and 
MMPs are able to activate or degrade several non-ECM substrates like 
cytokines/chemokines or growth factors. The MMPs thereby play a 
central role in ECM remodeling as well as in intestinal inflammation. 
Matrix metalloproteinase 1, 2, 3 and 9 activity is elevated in active 
mucosal inflammation of both patients with CD and UC, and the balance 
between MMPs and tissue inhibitors of MMPs (TIMPs) is altered in 
inflammatory bowel disease (IBD).18,19

Candidate drugs against intestinal fibrosis mostly target 
pathways of (intestinal) fibrosis such as the mitogen-activated 
protein kinase (MAPK), Rho-associated protein kinase (ROCK), and 
transforming growth factor β (TGF-β) pathway.20,21 However, also genes 
involved in the assembly of the ECM comprise targets that can inhibit 
ECM formation or alter its molecular structure in such a way that ECM 
will be faster degraded.22 Here we show an upregulation of mRNA 
expression of genes involved in the processing of collagen in intestinal 
fibrosis affected terminal ileum of patients with CD. These results reveal 
possible drug targets which are reviewed in this paper.
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FIBROSIS AFFECTED TERMINAL ILEUM FROM PATIENTS 
WITH CD AND FROM NON-FIBROTIC CONTROL PATIENTS

Fibrotic and non-fibrotic terminal ileum from patients with CD undergoing 
ileocecal (re-)resection because of stenosis was obtained. All the included 
patients with CD had purely stricturing phenotype (Montreal B2, Table 
1). The fibrotic/stenotic and the non-fibrosis affected (resection margin) 
were macroscopically identified. Non-fibrotic non-CD affected tissue was 
obtained from patients undergoing right-sided hemicolectomy because of an 
adenocarcinoma (non-cancer affected ileal resection margin, Supplementary 
Table 1). Immediately after resection, samples were fixed in Tissue-Tek® 
(O.C.T. Compound, Sakura® Finetek) in the operation room and frozen in 
isopentane on dry ice. They were stored at -80 °C until further use. 

ISOLATION OF RNA

To isolate RNA, ten 10 µm thick Tissue-Tek sections containing the 
full thickness (verified by hematoxylin and eosin staining) of the 
intestinal wall, were cut using a cryostat. Sections were dissolved in 
TRIzol (Invitrogen, Life Technologies), where after total RNA was 
isolated according to the manufacturer’s protocol. To avoid genomic 
DNA contamination, samples were treated with DNase I, Amp Grade 
(Invitrogen, Life Technologies) according to the manufacturer’s protocol.

REVERSE TRANSCRIPTION AND
TAQMAN® GENE EXPRESSION ASSAYS

Equal amounts of RNA were reverse transcribed using the Reverse 
Transcription System (Promega). Subsequently, complementary DNA 
was used for quantitative real-time polymerase chain reaction (RT-qPCR) 
in a custom-made microfluidic card-based low-density array (Applied 
Biosystems, Foster City, CA) which enables measurement of the expression 
of 44 genes simultaneously (supplementary table 3). RT-qPCR was 
performed loading 100 ng of copyDNA per sample using the ViiA™ 7 Real-
Time PCR System (Applied Biosystems). The following settings were used: 
50 °C for 2 min, 95 °C for 10 min, and the next two steps were repeated 
for 50 cycles: 95 °C for 12 s and 60 °C for 1 min. Threshold cycle numbers 
higher than 40 were excluded from analysis. Patients were removed from 
the analysis if there was no detectable expression (Ct>40) in either the 
one of the pairs. The number of included patients per gene is shown in 
table 1. Delta-Ct values were calculated using GAPDH as reference gene. 
Expression in the figures is presented as 2-∆Ct on a logarithmic scale. 

Methods ----- 



94ETHICAL CONSIDERATIONS

Patients gave written informed consent for anonymous use of patient data 
and resected parts of human intestine according to the code of conduct 
for responsible use of surgical left-over material (See: “Code goed gebruik 
voor gecodeerd lichaamsmateriaal”, Research Code University Medical 
Center Groningen, http://www.rug.nl/umcg/research/documents/
research-code-info-umcg-nl.pdf ).

STATISTICAL ANALYSIS

Data were statistically analyzed and visualized with graphs using 
GraphPad Prism software (v6.0). All data was considered to be non-
parametric. A Wilcoxon paired signed rank test was used to compare 
analysis of fibrotic vs. non-fibrotic ileum from the one patient with CD 
for gene expression as well as quantification of IHC. A Mann-Whitney U 
test was used to compare with CD affected non-fibrotic ileum to non-CD 
affected non-fibrotic ileum and to compare age at surgery. Differences 
were considered significant at a P value of <0.05. Averages ± standard 
error of the mean (SEM), are presented in text and figures. 

LITERATURE SEARCH

Literature search was performed to find (potential) drugs that target 
the proteins/enzymes transcribed from genes involved in collagen fibril 
synthesis and degradation, detected in CD patients with stricturing 
phenotype by a custom-made microfluidic card-based low-density array. A 
comprehensive literature search was conducted to identify relevant drugs. 
The electronic exploration involved keyword searches in Pubmed. The 
following search criteria were used (all fields) (“gene name” or “protein 
name”) and (“inhibitor”, “antagonist” or “agonist”). Targeting drugs tested 
in vivo/in silico, in vivo in animals or in vivo in humans are separately 
listed in Table 3.
 



95Table 2 ---- non-fibrotic CD vs. fibrotic CD.

PLOD1

PLOD2

PLOD3

P4HA1

P4HA2

P4HA3

P4HB

P3H1

P3H2

P3H2

ACTA2

LOX

LOXL1

LOXL2

LOXL3

LOXL4

SERPINH1

ADAMTS2

ADAMTS3

ADAMTS14

BMP1

PCOLCE

PCOLCE2

COL1A1

COL1A2

COL3A1

COL4A1

COL5A1

COL6A1

FN1

ELN

FKBP10

SLC39A13

DCN

BGN

FMOD

MMP1

MMP13

MMP14

TIMP1

CTSK

DDR1

DDR2

COLGALT1

MRC2

0.08±0.02

0.228±0.042

0.073±0.01

0.532±0.279

2.989±0.86

0.035±0.012

0.232±0.115

0.081±0.035

3.508±1.541

0.097±0.027

0.187±0.073

0.239±0.074

0.015±0.007

0.03±0.014

0.08±0.03

0.092±0.03

0.006±0.002

0.07±0.013

1.036±0.715

0.137±0.105

0.748±0.155

0.582±0.132

2.446±0.733

0.372±0.118

0.032±0.003

0.278±0.058

0.694±0.198

0.011±0.004

0.061±0.017

0.024±0.004

8.181±5.131

0.139±0.043

0.18±0.089

0.183±0.122

0.244±0.07

2.397±1.233

0.652±0.258

0.103±0.016

0.259±0.127

0.027±0.004

0.116±0.062

0.55±0.215

0.673±0.2

0.432±0.141

2.787±1.642

34.584±26.596

0.408±0.146

3.857±3.157

1.927±1.542

62.349±40.138

1.726±0.699

6.937±5.685

12.373±9.682

0.077±0.039

0.151±0.079

0.788±0.287

1.4±1.079

0.042±0.02

0.731±0.337

50.139±45.047

3.161±2.483

56.919±33.085

46.386±33.371

141.819±97.043

7.073±4.019

0.743±0.511

5.389±3.044

8.155±3.951

0.133±0.082

0.61±0.262

0.09±0.021

38.35±23.784

5.146±2.874

1.671±0.649

2.677±1.795

3.486±1.933

217.918±195.116

36.475±29.744

0.287±0.123

1.879±1.055

0.052±0.013

0.901±0.441

6.87

2.95

5.95

5.24

11.57

11.65

16.63

23.65

17.77

17.72

37.11

51.76

5.05

4.98

9.89

15.16

7.33

10.38

48.39

23.10

76.08

79.65

57.99

18.99

23.56

19.39

11.76

12.17

10.03

3.70

4.69

36.99

9.29

14.63

14.30

90.92

55.97

2.79

7.24

1.94

7.74

7

7

7

7

7

6

7

7

7

7

7

7

6

6

6

6

6

6

7

6

7

7

7

7

7

7

7

6

6

6

7

6

6

6

6

7

7

6

7

5

7

0.016

0.047

0.016

0.016

0.016

0.031

0.031

0.016

0.016

0.016

0.016

0.016

0.031

0.031

0.031

0.031

0.063

0.031

0.016

0.156

0.016

0.016

0.016

0.016

0.016

0.016

0.016

0.031

0.031

0.031

0.016

0.031

0.031

0.031

0.031

0.016

0.016

0.313

0.016

0.125

0.016

P valueNFold induction2-ΔCT 

Fibr CD
2-ΔCT 
Non-fibr CD

Gene symbol
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COHORT CHARACTERISTICS

In this descriptive cohort study, seven patients with fibro-stenotic CD who 
underwent ileocecal resection and four patients with adenocarcinoma who 
underwent right-sided hemicolectomy, were included. All patients with 
CD had a stricturing disease phenotype and had either ileal (n=4 (57.1%)) 
or ileocolonic (n=3 (42.9%)) disease. On average they were 33.6 years 
old (range 21.1-54.5) and suffered from CD for 6.4 years (range 1.8-16.0). 
All patients had clinically active disease before they underwent ileocecal 
resection (moderate disease n=3 (42.9%), severe disease n=4 (57.1%)) 
and they used several different anti-inflammatory drugs before surgery 
(Table 1). As controls, patients who right-sided hemicolectomy due to 
adenocarcinoma were included at a mean age of 73.1 years (range 69.1-
78.2). These patients were significantly older then the patients with CD 
(P=0.008). All included patients with CD were female. 

Results ---- 

Figure 1 ----  mRNA expression of procolla-
gens 1-6 [A], of extracellular matrix molecules 
biglycan (BGN), decorin (DCN), elastin (ELN), 
fibromodulin (FMOD), fibronectin (FN1) [B], 
and of Alpha-actin-2 (ACTA2) in fibrotic versus 

non- fibrotic terminal ileum of patients with CD.  
Significant differences are depicted as: *P< .05, 
**P< .01. Marker levels are presented as average ± 
standard error of the mean.

A



97B

C
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EXPRESSION OF FIBROSIS MARKERS IS 
INCREASED IN MACROSCOPICALLY FIBROSIS-
AFFECTED TERMINAL ILEUM 

Using a custom-made microfluidic card-based low-density array, 
mRNA expression of a variety of ECM proteins were investigated. 
mRNA expression of procollagens type I, III, IV, V and IV was 
increased. Especially expression of collagen type I (COL1A1, 0.75±0.16 
vs. 56.92±33.09, P=0.02, 76-fold) and III (COL3A1, 2.45±0.73 
vs.41.82±97.04, P=0.02 58-fold) was increased in the fibrosis affected 
part (Figure 1A). mRNA expression of other ECM proteins such as 
elastin (ELN 0.01±0.004 vs. 0.13±0.08, P=0.03, 12-fold increase), 
fibronectin (FN1 0.69±0.20 vs. 8.16±3.96, P=0.02, 12-fold) and 
biglycan (BGN 0.14±0.043 vs. 5.15±2.87, P=0.031, 37-fold), was 
increased as well (Figure 1B). mRNA expression of alfa-smooth muscle 

Table 1 ----  Characteristics of patients with CD. 
From patients with CD undergoing ileocecal 
resection, fibrotic ± non-fibrotic (resection 
margin) terminal ileum was obtained.

GENERAL

Gender, % female

Age at surgery, years (mean, min-max)

Disease duration, years, (mean, min-max)

MONTREAL AGE AT DIAGNOSIS (N (%))

17-40 years (A2)

>40 years (A3)

MONTREAL DISEASE BEHAVIOR (N (%))

Stricturing disease (B2)

DISEASE LOCATION (N (%))

Terminal ileum (L1)

Ileocolon (L3)

C-REACTIVE PROTEIN BEFORE OPERATION (N (%))

C-reactive protein >5mg/L

C-reactive protein <5mg/L

Missing

CLINICAL DISEASE ACTIVITY BEFORE OPERATION (N (%))

Disease in remission

Mild disease

Moderate disease

Severe disease

MEDICATION (N (%))

Corticosteroids

Thiopurines

Anti-TNF

Anti-IL12/23

7 (100%)

33.6 (21.1-54.5)

6.4 (1.8-16.0)

6 (85.7%)

1 (14.3%)

7 (100%)

4 (57.1%)

3 (42.9%)

1 (14.3%)

5 (71.4%)

1 (14.3%)

0 (0%)

0 (0%)

3 (42.9%)

4 (57.1%)

4 (57.1%)

4 (57.1%)

1 (14.3%)

1 (14.3%)

CD (n=7)



99actin (generally considered as a marker for myofibroblasts), was also 
elevated in the fibrosis affected region (ACTA2, 3.51±1.54 vs. 62.35±40.14, 
P=0.016, 18-fold, Figure 1C). 

Figure 2 ----  mRNA expression of lysyl hydroxy-
lases 1-3 (PLOD1-3) [A], of prolyl 4-hydroxylases 
(P4HA1 and P4HB) [B], of prolyl 3-hydroxylases 
(P3H1, P3H2, P3H3) [C], and of heat shock 
protein 47 (SERPINH1) and of FK506 Bind-

ing Protein 10 (FKBP10) [D] in fibrotic versus 
non- fibrotic terminal ileum of patients with CD.  
Significant differences are depicted as: *P< .05, 
**P< .01. Marker levels are presented as average ± 
standard error of the mean.

A

B

C
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EXPRESSION OF INTRA-CELLULAR AND 
EXTRACELLULAR MODIFICATION OF COLLAGEN 
FIBRILS IS INCREASED IN MACROSCOPICALLY-
FIBROSIS AFFECTED TERMINAL ILEUM

Enzymes involved in intracellular post-translational modification 
of the collagen fibril, were also upregulated. Expression of lysyl 
hydroxylases 1-3 (PLOD1, 0.08±0.02 vs. 0.55±0.22, P=0.02, 7-fold; 
PLOD2, 0.23±0.04 vs. 0.67±0.2, P=0.05, 3-fold; PLOD3, 0.07±0.01 vs. 
0.43±0.14, P=0.02, 6-fold), prolyl 4-hydroxylases (P4HA1, 0.53±0.28 
vs. 2.79±1.64, P=0.02, 5-fold); P4HB, 2.99±0.86 vs 34.58±26.60, 
P=0.02, 12-fold) and prolyl-3-hydroxylases 1-3 (P3H1, 0.04±0.01 vs. 
0.41±0.15, P=0.03, 12-fold; P3H2, 0.23±0.12 vs. 3.86±3.16, P=0.03, 
16-fold; P3H3, 0.08±0.04 vs.1.92±1.54, P=0.02, 24-fold) was increased 
in the fibrosis affected area (Figure 2A-C). Expression of P4HA2 and 
P4HA3 was not detectable. Expression of chaperones HSP47 and 
FK506 binding protein 10 (SERPINH1, 0.08±0.03 vs. 0.79±0.29, 
P=0.031, 9-fold; FKBP10, 0.06±0.02, vs 0.61±0.26, P=0.031, 10-
fold) was also increased (Figure 2D). In the extracellular space, 
N- and C- terminal propeptides are cleaved off by a disintegrin and 
metalloproteinase with thrombospondin motifs 2 and 14 (ADAMTS2, 
0.09±0.03 vs. 1.4±1.08, P=0.03, 15-fold; ADAMTS14, 0.01±0.002 vs. 
0.04±0.02, P=0.06, 7-fold) and bone morphogenetic protein 1 (BMP1, 
0.07±0.01 vs. 0.731±0.337, P=0.031, 10-fold) respectively, which mRNA 
expression was upregulated in the fibrosis affected area. Also, the 
expression of collagen receptors discoidin domain receptor tyrosine 
kinase 2 (DDR2, 0.259±0.127 vs. 1.879±1.055, P=0.016, 7-fold) and 
of mannose receptor C type 2 (MRC2, 0.116±0.062 vs. 0.901±0.441, 
P=0.016, 7-fold) was increased in the fibrosis affected tissue. 



101Figure 3 ----  mRNA expression of A Disintegrin 
and Metalloproteinase with Thrombospondin 
motifs (ADAMTS2, ADAMTS14) and bone mor-
phogenic protein 1 (BMP1) [A], of procollagen 
C-endopeptidase enhancers (PCOLCE, PCOLCE2) 
[B], and of lysyl oxidases (LOX, LOXL1-4) [C] 

in fibrotic versus non- fibrotic terminal ileum 
of patients with CD. Significant differences are 
depicted as: *P< .05, **P< .01. Ns: not significant. 
Marker levels are presented as average ± standard 
error of the mean.

A

B

C
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Figure 4 ----  mRNA expression of collagen degrad-
ing enzymes matrix metalloproteinase (MMP1, 
MMP14) and cathepsin K (CTSK) [A], and of 
tissue inhibitor of matrix metalloproteinase 1 

(TIMP1) [B]. Significant differences are depicted 
as: *P< .05, **P< .01. Marker levels are presented 
as average ± standard error of the mean.

A

B



103EXPRESSION OF MATRIX METALLOPROTEINASES 
AND THEIR TISSUE INHIBITORS IS INCREASED 
IN MACROSCOPICALLY FIBROSIS-AFFECTED 
TERMINAL ILEUM 

Net deposition of collagen depends on the balance between formation and 
degradation. Collagens are degraded by matrix-metalloproteinases, which 
are inhibited by tissue inhibitors of matrix metalloproteinases. MMP1 
(0.18±0.12 vs. 2.68±1.80, P=0.031, 15-fold) and MMP14 (0.24±0.07 vs. 
3.49±1.93, P=0.031, 14-fold) were upregulated, as well as TIMP (2.40±1.23 
vs. 217.92±195.12, P=0.016, 91-fold). For all in these results described 
genes, no differences between non-CD non-fibrotic tissue and non-fibrotic 
CD was observed (Supplementary Table 2). 
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To our knowledge, this is the first study examining the expression of 
genes coding for enzymes involved in the processing (such as post-
translational modifications) of collagens in intestinal fibrosis in 
Crohn’s disease. Comparing Crohn’s disease affected fibrotic versus 
non-fibrotic terminal ileum from the same patient using a custom-
made microfluidic card-based low-density array, reveals a gene 
signature with potential drug targets. A literature search revealed 
several drugs which interfere with the processing of collagens which 
could be candidates for drug treatment against intestinal fibrosis 
(Table 3). Some of these drugs are already clinically used for other 
(fibrotic) conditions, whereas some were only tested either in vivo in 
animals or in vitro in cell culture models. Others were only tested in 
biochemical models such as binding assays to determine biochemical 
half maximal binding concentrations or were identified using 
screening technologies for small molecule discovery. Outside of the 
scope of this study, comprehensive reviews and studies are available 
on pharmacological inhibition of (pre-transcriptional / translational) 
pathways leading to a lowered production of ECM.23,24

The expression of enzymes involved in the intracellular and 
extracellular post-translational modifications of collagens (see Table 
3) has never been described for intestinal fibrosis in CD. However, 
expression of several collagens and post-translational modulators of 
collagens was assessed in colorectal cancer associated fibrosis using 
comparative liquid chromatography with mass spectrometry.25 In 
a study by Afik et al., PLOD1-3 and P4HA1 protein expression was 
upregulated in colorectal cancer-associated fibrosis compared to 
more distal non-fibrosis-affected colon tissue, which is in line with 
our results. This study also reports on increased protein expression 
of biglycan (BGN) and fibronectin (FN1) in colorectal cancer-
associated fibrosis, which is in line with our results.25 Upregulation 
of PLOD1-3 mRNA was also observed in fibrotic conditions such as 
idiopathic pulmonary fibrosis.26 Furthermore, upregulation of LOXL-
2 has been reported in renal fibrosis and inhibition of LOXL-2 by 
several inhibitors in mice in vivo successfully reduced the expression 
of fibrosis markers in several studies.27,28 A relative increase in 
protein expression of collagen type III over type I in fibrostenotic 
CD compared to inflamed or non-disease affected intestinal tissue 
which was reported previously, was not observed in this cohort.29,30 
In contrast, mRNA expression of collagen type I was upregulated 
76-fold, whereas the mRNA expression of collagen type III was 
upregulated 56-fold. 

Discussion ---- 



105INTRACELLULAR POST-TRANSLATIONAL MODIFICATIONS

Pharmacological inhibition of the intracellular post-translational 
modifications (lysyl hydroxylase, prolyl-3 and -4 hydroxylase and 
glycosyltransferase, Table 3) could inhibit collagen formation and 
thereby fibrosis, but these enzymes are pivotal to human physiology. 
Therefore, the inhibition should be very enzyme specific and ideally 
be targeted to the fibrosis affected area in order to be effective without 
causing severe side effects. The importance of these genes is confirmed 
by the fact that genetic mutations in the genes coding for these enzymes 
(resulting in aberrant synthesis, degradation and/or modification) can 
lead to syndromic disorders in musculoskeletal or connective tissues 
such as osteogenesis imperfecta type VIII (mutation in P3H1), Bruck 
syndrome type 2 (mutation in PLOD2 resulting in a form of osteogenesis 
imperfecta), Ehlers-Danlos syndrome type VIA (mutation in PLOD1) and 
severe myopia in the absence of musculoskeletal abnormalities (P3H2).22 
No mutations are found in genes coding for the P4HA a-subunits, perhaps 
indicating that loss of PH4 enzyme function leads to a premature death 
of the embryo.22 Pharmacological inhibition of lysyl hydroxylases 1-3 by 
minoxidil upon stimulation with TGF-β was tested in vitro in primary 
human fibroblasts by Zuurmond et al. Even though a concentration-
and time-dependent reduction in LH1-3 mRNA was observed, no effect 
on the total number of pyridinoline cross-links in the collagen matrix 
was observed and they therefore conclude minoxidil is unlikely to be 
anti-fibrotic in these concentrations.31 Shao et al. did observe an anti-
fibrotic effect of minoxidil in mice in bleomycin-induced pulmonary 
fibrosis without reporting side effects in these animals.26 Side effects 
of minodoxil when used systemically in humans are however severe 
which makes further testing unattractive. However, specific inhibition 
of lysyl hydroxylase-2 (PLOD-2) could be attractive as reduction of the 
pyridinoline cross-links between collagen molecules facilitates easier 
degradation by endogenous proteinases (i.e. MMPs and cathepsin K). This 
because cross-linked collagen can only be degraded effectively by MMP-
13 and cathepsin K, in contrast to non-crosslinked collagen that can be 
degraded by several MMPs.22 Inhibition of another hydroxylase, the prolyl 
4-hydroxylase, was tested by administering two small-molecular inhibitors 
(both Phenanthrolinones, see Table 3) to rats.32 These compounds were 
well tolerated in the rat at doses producing sustained inhibition of 
collagen hydroxylation. Procollagen molecules which are less hydroxylated 
will accumulate in the endoplasmatic reticulum (ER), thereby causing ER-
stress, which triggers ER-stress mediated apoptosis of myofibroblasts.33,34 
However, prolyl 4-hydroxylase inhibition will only be effective as an anti-
fibrotic target when the inhibition is constantly maintained since collagen 
will be rapidly hydroxylated after P4H activity is restored.32 



106Table 3 ---- Literature search for possible drug tar-
gets in collagen processing in intestinal fibrosis.  

Targeting drugs tested in vitro/in silico

Pre-transcriptional acting anti-fibrotic drugs

- Lysyl hydroxylase 1-3 inhibition by Minoxidil31

- 1,4 dihydrophenonthrolin-4-one-3-carboxylic 
acid and 8-(N-butyl-N-ethylcarbamoyl)-1,4-di-
hydrophenathrolin-4- one-3-carboxylic acid32 
- Short-hairpin RNAs (shP4HA2-1 and shP-
4HA2-2)69

- Not known

- Carminic acid70

- AK778 and its cleavage product Col00371 
- HSP47 small interfering RNA (siRNA)72 
- Four Small Molecule Chemical Inhibitors73

- siRNA mediated knockdown77,78

-  Peptidyl prolyl isomerase inhibition 
by tacrolimus15,79

- ADAMTS-2: TIMP-345

- α2-Macroglobulin81

- Acidic dipeptide hydroxamate82

Not known

- β-aminoproprionitrile (β-APN)83,84 

- LOX inhibitory monoclonal antibody47

- LOXL2 with an inhibitory 
monoclonal antibody (AB0023)85,86

-  LOXL2 (2-chloropyridin-4-yl)methanamine87

Not relevant as this will not work anti-fibrotic

- Several genetic deletion studies performed, no 
pharmacological inhibitors are known88,89

Not relevant as this will not work anti-fibrotic 

- Pyrazolopyrimidine derivatives90 

- DDR1-IN-191 
- Actinomycin D92 
- Monoclonal antibodies against DDR193 
-Dasatinib/imatinib/nilotinib62,94

- Not Known

Protein

Collagen 

Lysyl hydroxylases 1-3

Prolyl 4-Hydroxylases

Prolyl 3-hydroxylases 
(Leprecans)

Procollagen 
galactosyltransferase 1

Heat shock protein 47

FK506 Binding Protein 10

A Disintegrin and Metal-
loproteinase with Thrombo-
spondin motifs

Bone Morphogenetic 
Protein 1

Procollagen 
C-Endopeptidase Enhancer

Lysyl oxidases

Matrix metalloproteinases 

Tissue inhibitors of Matrix 
metalloproteinases 

Cathepsin K

Discoidin Domain Receptor 
Tyrosine Kinase 1 and 2 

Mannose Receptor C Type 2

Gene

SYNTHESIS

Procollagens 1-6 including alfa 1-3 
helices 

INTRA-CELLULAR POST-TRANSLATIONAL MODIFICATIONS

Procollagen lysyl hydroxylases 
(PLOD1-3)

Prolyl 4-Hydroxylases (P4HA1-A3)

Prolyl 3-hydroxylases (P3H1, 2)

Collagen Beta(1-O) 
Galactosyltransferase 1 (COLGALT1)

INTRA-CELLULAR ASSEMBLY OF THE TRIPLE HELIX

Serpin Family H Member 1 
(SERPINH1)

FKBP Prolyl Isomerase 10 
(FKBP10)

EXTRACELLULAR CLEAVAGE OF PROPEPTIDES

A Disintegrin and Metalloproteinase 
with Thrombospondin motifs 
(ADAMTS)

Bone Morphogenetic Protein 1 
(BMP1)

Procollagen C-Endopeptidase 
Enhancer 1-2 (PCOLCE/PCOLCE2)

ASSEMBLY INTO COLLAGEN FIBRILS BY CROSSLINKING OF COLLAGENS

Lysyl oxidases (LOX, LOXL1-4)

COLLAGEN DEGRADING ENZYMES 

Matrix metalloproteinases (MMP)

Tissue inhibitors of Matrix 
metalloproteinases (TIMP1-4)

Cathepsin K (CTSK)

COLLAGEN RECEPTORS

DDR tyrosine Kinase 1 and 2 
(DDR1, 2)

Mannose Receptor C Type 2 
(MRC2)
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Targeting drugs tested in vivo in animals 

Pre-transcriptional acting anti-fibrotic drugs

- Lysyl hydroxylase 1-3 inhibition by Mi-
noxidil26

- 1,4 dihydrophenonthrolin-4-one-3-car-
boxylic acid and 8-(N-butyl-N-ethyl-
carbamoyl)-1,4-dihydrophenathrolin-4- 
one-3-carboxylic acid32

- Not known

- Not known

- HSP47 small interfering RNA 
(siRNA)38,74–76

- Tacrolimus40,41,79

- Not known

- Not known

- Not known

- LOX inhibitory monoclonal ab/M6447,85

- LOXL2 inhibitory monoclonal antibody 
(AB0023, humanized variant AB0024)85,86 - 
PXS-S2B, a small-molecule selective LOXL2 
inhibitor - PAT-1251, a small-molecule 
selective LOXL2 inhibitor

- Several genetic deletion studies performed, 
no pharmacological inhibitors are known88,89

- Dasatinib95,96, but is also reported to lung 
vascular toxicity and predisposes to pulmo-
nary hypertension97

- Not Known

Targeting drugs tested in vivo in human

Pre-transcriptional acting anti-fibrotic drugs

- Minoxidil is an FDA-approved anti-hypertensive 
agent and registered for topical use to treat alopecia

- Not known

- Not known

- Not known

- Not known

- Tacrolimus is used as immunosuppressant for several 
indications, was not tested as anti-fibrotic drug in 
human so far80

- Not known

- Not known

- Not known

- Simtuzumab (anti-LOXL-2 monocolnal antibodie) 
was tested in phase II trials for primary sclerosing 
cholangitis, NASH induced liver-fibrosis, idiopathic 
pulmonary fibrosis, Second-Line Treatment of Me-
tastatic KRAS Mutant Colorectal Adenocarcinoma and 
metastatic pancreatic adenocarcinoma 50–53

 

- Not Known

- Actinomycin D is clinically used as anti-tumor anti-
biotic98 - Dasatinib/ imatinib/inilotinib are currently 
used to treat chronic myeloid leukemia, as well as 
several fibrotic conditions

- Not Known
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Inhibition of the collagen chaperone HSP47 and the FK506 binding 
protein 10 has promising anti-fibrotic potential. HSP47 expression 
is upregulated  in intestinal fibrosis.16,35–37 The anti-fibrotic potential 
of inhibition of HSP47 is shown by the deletion of Hsp47 in hepatic 
stellate cells isolated from Cre-LoxP system Hsp47 floxed mice, which 
led to endoplasmic reticulum stress-mediated apoptosis of the collagen-
producing cells.34 Another study shows that local (submesothelial) 
delivery of Hsp47 siRNA conjugated with cationized gelatin microspheres 
could suppresses peritoneal fibrosis in mice.38 The use of microRNA and 
small siRNA for several indications in vivo in human has progressed to 
several clinical phase II and III trials.39 The activity of the other collagen 
chaperone FK506 binding protein 10 (peptidyl prolyl isomerase) can be 
inhibited by the widely used immunosuppressive tacrolimus. Next to its 
immunosuppressive properties, tacrolimus can inhibit the chaperone 
activity of FK506 binding protein 10 and is thereby proposed to have 
anti-fibrotic properties as well. Results from human embryonic kidney 
293-cells and normal human dermal fibroblasts indicate that FK506 
binding protein 10 peptidyl prolyl isomerase inhibition activity (which 
can be inhibited by tacrolimus) is linked to pyridinoline cross-linking by 
specifically mediating the dimerization of LH2.15 Thereby, tacrolimus does 
not only inhibit the collagen chaperone activity of FK506 binding protein 
10, but also decreases the number of pyridinoline cross-links, making 
the produced collagen more easily degradable by MMPs. Animal studies 
showed that tacrolimus can prevent alcohol or carbon tetrachloride 
(CCl4) induced liver fibrosis in rats by inhibiting synthesis of type I 
collagen polypeptides, without affecting expression of collagen mRNAs.40 
Results are however conflicting since both Patsenker et al. (liver fibrosis 
induced by CCl4 and bile duct ligation) and Frizell et al. (liver fibrosis 
induced by CCl4) showed that tacrolimus was not able to inhibit fibrosis 
formation but even enhanced the fibrogenesis in the  liver.41,42 The clinical 
experience with tacrolimus for CD is limited, but remission rates of 44% 
(range, 7–69%) and response rates of 37% (range, 14–57%) are reported 
for luminal CD.43 No studies were found investigating the incidence of 
stricturing Crohn’s disease in patients receiving tacrolimus versus other 
immunosuppressives. Cohort studies from kidney transplant recipients 
show that tacrolimus as the current standard calcineurin inhibitor therapy 
post-renal transplantation, is not superior in preventing progression to 
interstitial fibrosis compared to cyclosporin or sirolimus.44

EXTRACELLULAR CLEAVAGE OF PROPEPTIDES

Inhibition of the cleavage of C- and N- terminal propeptides could 
have anti-fibrotic potential as well since it could inhibit the formation 



109of an irreversibly stable collagenous ECM and thereby making it more 
easy degradable by collagenases that are able to degrade cross-linked 
collagen.45 In vitro studies have shown that TIMP-3 can inhibit the 
procollagen N-proteinase activity of ADAMTS-2 thereby inhibiting 
procollagen processing in mouse embryonic fibroblasts. Upon stimulation 
with TIMP-3, reduced amounts of mature α1(I) chains were observed.45 
Administration of TIMP-3 in vivo in a model for fibrosis has not been  
performed so far. Inhibition of bone morphogenic protein-1 proteinase 
activity (BMP-1) was only tested in vitro using(modified forms of ) α2-
macroglobulin and acidic dipeptide hydroxamate. Also, these compounds 
have not been tested in in vivo models for organ fibrosis. Therapeutic 
inhibition of procollagen C-endopeptidase enhancer ((PCOLCE), an 
enhancer of BMP-1 activity in vitro and in vivo), might have the same 
effect as therapeutic inhibition of BMP-1. In chronic pressure overload 
induced cardiac fibrosis, PCOLCE2-null hearts demonstrated a decreased 
collagen content and a lower muscle stiffness compared to wildtype 
chronic pressure overloaded hearts.46

ASSEMBLY INTO COLLAGEN FIBRILS BY CROSSLINKING 
OF COLLAGENS

The general hypothesis is that targeting extracellular cross-linking by lysyl 
oxidases (including lysyl oxidase-like (LOXL)) might cause an increase in 
net degradation of collagen and other ECM molecules thereby resulting 
in less fibrosis. Furthermore, it is generally hypothesized and proven in 
animal studies that inhibition of LOX or LOXL (e.g., anti-LOX or -lysyl 
oxidase-like 2 antibodies) decreases tumor stiffness and suppresses 
metastasis.47,48 In vivo studies on liver fibrosis showed that LOXL2 
mediates collagen crosslinking and fibrotic matrix stabilization during 
liver fibrosis, and independently promotes fibrogenic differentiation of 
hepatic progenitor cells. By blocking these two convergent profibrotic 
pathways, therapeutic LOXL2 inhibition attenuates both parenchymal 
and biliary fibrosis and promotes fibrosis reversal.49 However, even 
though inhibition of LOX(L) was very promising in pre-clinical in vitro 
and in vivo studies, several phase-II studies testing the effect of LOXL2 
monoclonal antibody simtuzumab did not show an anti-fibrotic or 
antimetastatic effect.50–53  This study is the first to show upregulation of 
LOX and LOXL1-4 in CD associated fibrosis in the terminal ileum. In vivo 
studies using animal models for intestinal fibrosis with LOX(L) knock-out 
animals or LOX(L) inhibitors, have not been performed yet. 

COLLAGEN DEGRADING ENZYMES 

Collagenases such as MMPs or CTSK which are upregulated in CD-
associated fibrosis, likely do not have a direct anti-fibrotic effect as they 



110have, besides their role in the degradation of ECM, chemotactic properties 
as well.17,19  Especially MMP-9 is suggested to play a role in intestinal 
fibrosis and fistulae formation. Inhibition of MMP-9 in a heterotopic 
transplant model for intestinal fibrosis did reduce collagen content 
of the intestinal graft after induction of fibrosis by transplantation.54 
Furthermore, expression of MMP-9 is a marker of mucosal healing, 
and increased local or serologic expression of MMP-9 is related to 
penetrating CD.54–56 Because inhibition of MMP-9 could simultaneously 
inhibit degradation of ECM and reduce fistulae associated fibrosis, this 
therapy may be superior for stricturing or penetrating CD compared to 
the currently immunosuppressive agents. However, the importance of 
Mmp-9 in intestinal inflammation in mice was recently questioned.57 
Very well controlled studies comparing intestinal (colonic) inflammation 
induced by dextran sodium sulphate (DSS, both acute and chronic) and 
2,4,6-trinitrobenzenesulfonic acid (TNBS) between Mmp-9 knockout 
and wildtype mice, did not show a difference in the degree of intestinal 
inflammation or fibrosis induced. Inhibition of MMP-9 with bio-active 
peptides did not improve DSS induced colitis, but the effect of inhibition 
of MMP-9 on intestinal fibrosis was not tested. De Bruyn et al. suggest 
that upregulation of MMP-9 is rather a consequence than a cause 
of inflammation of the colon and question the fact whether MMP-9 
represents a disease target in IBD.57 Differences in the pathophysiology 
of fibrosis between colon and (terminal) ileum, and pathophysiological 
differences between the models used by de Bruyn et al. and Goffin et al. 
allow further testing of MMP-9 inhibitors for stricturing and penetrating 
CD.54,57 Several MMP inhibitors are tested in clinical trials as it was 
hypothesized that metastasis of cancer could be reduced by inhibition 
of MMP-mediated degradation of tumor associated fibrosis thereby 
reducing cancer progression.58 Due to a lack of inhibitory specificity, and 
insufficient knowledge about the pleiotropic substrates and opposing 
effects of MMPs (on tumor growth/angiogenesis/modulation of immune 
response), these trials have all failed.58 Especially since ECM remodeling 
is believed to be part of the pathophysiology of IBD, further testing of 
inhibitors of (other) MMPs still holds promise.59 Whether inhibition 
of the TIMP-1 would have anti-fibrotic properties by reducing TIMP-
mediated inhibition of MMP-activity remains to be studied. In a model 
of obstructive nephropathy-induced interstitial fibrosis, no amelioration 
of renal fibrosis was observed in Timp-1 knockout mice.60 

COLLAGEN RECEPTORS

Similar to other tyrosine kinase receptors, DDR kinase receptors (DDR1 
and -2) regulate fundamental cellular processes such as adhesion, 
migration, proliferation and differentiation. Furthermore they influence 
ECM remodeling via activation of MMPs.61 DDR1 is mostly found in 



111epithelial cells, whereas DDR2 is confined to cells of mesenchymal 
origin.61 Inhibition of DDRs by tyrosine kinase inhibitors (dasatinib/
imatinib/inilotinib, which are currently clinically used to treat chronic 
myeloid leukemia) has anti-fibrotic potential.62 A significant decrease in 
collagen deposition of injured arteries of DDR1-null mice was observed.63 
Furthermore, type I collagen-dependent upregulation of DDR2 expression 
in hepatic stellate cells (HSC) establishes a positive feedback loop in 
activated stellate cells, leading to further proliferation and enhanced 
invasive activity of HSC.64 

CONCLUSIONS

Therapeutic inhibition of fibrosis for patients with CD is not yet possible, 
but several drugs acting on factors involved in both pre- and post-
transcriptional regulation of deposition of collagens and other extra-
cellular matrix molecules are available. Which compound has the highest 
potential will depend on a combination of safety and anti-fibrotic efficacy. 
A drug against intestinal fibrosis would ideally be targeted to an enzyme/
receptor which is uniquely expressed in a fibro-stenotic intestine in order 
to minimize systemic side effects. Since fibrosis formation occurs over 
a long period of time, clinical trials of long duration, a large number 
of patients and selecting intestinal fibrosis-relevant endpoints, are 
warranted.23,65 Furthermore, the best route of application of the drug 
should be determined. This might be intravenous, but could also be oral 
e.g. making use of sustained release by the ColoPulse technology (film 
coated tablets of targeted delivery in the lower intestinal tract) or topical 
administration for more distal (radiation-induced) fibrosis.66,67 Moreover, 
sustained release from the staple of a stapled anastomosis might be 
optional. However, meta-analysis of CD patients post-strictureplasty 
showed that (with an overall 5-year surgical recurrence rate of  28%), 
recurrence mainly occurs at non-strictureplasty sites in 90% percent of 
patients (whereas the site-specific recurrence rate was 3%).68 Furthermore, 
caution should be taken upon anti-fibrotic therapy, because disturbance 
of the balance between collagen formation and degradation may induce a 
shift towards degradation to such an extent that fistulae or abscesses can 
occur. The anti-fibrotic capacity of some of the reviewed drugs for fibro-
stenotic CD could be further unraveled and their efficacy can be tested 
in in vitro and in vivo models for (CD-associated) intestinal fibrosis. 
In conclusion, inhibition of post-translational modification of collagens 
might be suitable to inhibit fibrosis formation in the intestine in CD. 
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116Supplementary Table 1 ----  Characteristics non-CD 
non-fibrotic controls.

Gender, % female

Age at surgery, years (mean, min-max)

SURGERY

Right-sided hemicolectomy because of adenocarcinoma

2 (50%)

73.1 (69.1-78.2)

4 (100%)

Control
(n=4)



117Supplementary table 2 ---- Non-CD non-fibrotic vs 
non-fibrotic CD.

PLOD1

PLOD2

PLOD3

P4HA1

P4HA2

P4HA3

P4HB

P3H1

P3H2

P3H3

ACTA2

LOX

LOXL1

LOXL2

LOXL3

LOXL4

SERPINH1

ADAMTS2

ADAMTS3

ADAMTS14

BMP1

PCOLCE

PCOLCE2

COL1A1

COL1A2

COL3A1

COL4A1

COL5A1

COL6A1

FN1

ELN

FKBP10

SLC39A13

DCN

BGN

FMOD

MMP1

MMP13

MMP14

TIMP1

CTSK

DDR1

DDR2

COLGALT1

MRC2

0.055±0.025

0.129±0.038

0.079±0.022

0.348±0.14

1.65±0.678

0.023±0.011

0.216±0.206

0.054±0.038

2.411±1.837

0.058±0.037

0.27±0.193

0.106±0.069

0.012±0.007

0.035±0.021

0.062±0.044

0.084±0.066

0.007±0.006

0.067±0.027

0.604±0.458

0.514±0.459

0.281±0.18

0.329±0.229

1.831±1.355

0.15±0.114

0.016±0.007

0.201±0.134

0.402±0.297

0.024±0.021

0.029±0.012

0.014±0.004

4.681±2.568

0.202±0.149

0.129±0.098

0.08±0.035

0.166±0.098

2.287±1.85

0.606±0.451

0.064±0.021

0.141±0.102

0.024±0.004

0.039±0.017

0.08±0.02

0.228±0.042

0.073±0.01

0.532±0.279

2.989±0.86

0.035±0.012

0.232±0.115

0.081±0.035

3.508±1.541

0.097±0.027

0.187±0.073

0.239±0.074

0.015±0.007

0.03±0.014

0.08±0.03

0.092±0.03

0.006±0.002

0.07±0.013

1.036±0.715

0.137±0.105

0.748±0.155

0.582±0.132

2.446±0.733

0.372±0.118

0.032±0.003

0.278±0.058

0.694±0.198

0.011±0.004

0.061±0.017

0.024±0.004

8.181±5.131

0.139±0.043

0.18±0.089

0.183±0.122

0.244±0.07

2.397±1.233

0.652±0.258

0.103±0.016

0.259±0.127

0.027±0.004

0.116±0.062

0.485

0.073

0.842

0.649

0.218

0.562

0.297

0.867

0.297

0.297

0.649

0.158

0.762

0.905

0.248

0.643

> 0.9999

0.829

0.715

0.476

0.158

0.158

0.382

0.109

0.109

0.485

0.218

0.762

0.333

0.248

> 0.9999

0.562

0.448

0.610

0.562

0.715

0.782

0.333

0.218

> 0.9999

0.382

P value2-ΔCT Non-fibr CD2-ΔCT Non-CD non-fibrGene symbol
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PLOD1

PLOD2

PLOD3

P4HA1

P4HA2

P4HA3

P4HB

P3H1

P3H2

P3H3

GAPDH

ACTA2

LOX

LOXL1

LOXL2

LOXL3

LOXL4

SERPINH1

ADAMTS2

ADAMTS3

ADAMTS14

BMP1

PCOLCE

PCOLCE2

COL1A1

COL1A2

COL3A1

COL4A1

COL5A1

COL6A1

FN1

ELN

FKBP10

SLC39A13

YWHAZ

ACTB

DCN

BGN

FMOD

MMP1

procollagen-lysine, 2-oxoglutarate 5-dioxygenase 1

procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2

procollagen-lysine, 2-oxoglutarate 5-dioxygenase 3

prolyl 4-hydroxylase, alpha polypeptide I

prolyl 4-hydroxylase, alpha polypeptide II

prolyl 4-hydroxylase, alpha polypeptide III

prolyl 4-hydroxylase, subunit beta

prolyl 3-hydroxylase 1

prolyl 3-hydroxylase 2

prolyl 3-hydroxylase 3

glyceraldehyde-3-phosphate dehydrogenase

alpha-actin-2/alpha smooth muscle actin

lysyl oxidase

lysyl oxidase-like 1

lysyl oxidase-like 2

lysyl oxidase-like 3

lysyl oxidase-like 4

serpin peptidase inhibitor, clade H (heat shock protein 47), member 1, 
(collagen binding protein 1)

ADAM metallopeptidase with thrombospondin type 1 motif, 2

ADAM metallopeptidase with thrombospondin type 1 motif, 3

ADAM metallopeptidase with thrombospondin type 1 motif, 14

bone morphogenetic protein 1

procollagen C-endopeptidase enhancer

procollagen C-endopeptidase enhancer 2

collagen, type I, alpha 1

collagen, type I, alpha 2

collagen, type III, alpha 1

collagen, type IV, alpha 1

collagen, type V, alpha 1

collagen, type VI, alpha 1

fibronectin 1

elastin

FK506 binding protein 10, 65 kDa

solute carrier family 39 (zinc transporter), member 13

tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation pro-
tein, zeta polypeptide

actin, beta

decorin

biglycan

fibromodulin

matrix metallopeptidase 1 (interstitial collagenase)

Hs00609368_m1

Hs00168688_m1

Hs00153670_m1

Hs00914594_m1

Hs00188349_m1

Hs00420085_m1

Hs00168586_m1

Hs00223565_m1

Hs00216998_m1

Hs00204607_m1

Hs99999905_m1

Hs00426835_g1

Hs00942480_m1

Hs00935937_m1

Hs00158757_m1

Hs01046945_m1

Hs00260059_m1

Hs00241844_m1

Hs00247973_m1

Hs00610744_m1

Hs00365506_m1

Hs00241807_m1

Hs00170179_m1

Hs00203477_m1

Hs00164004_m1

Hs00164099_m1

Hs00943809_m1

Hs00266237_m1

Hs00609088_m1

Hs01095585_m1

Hs00365052_m1

Hs00355783_m1

Hs00222557_m1

Hs00378317_m1

Hs03044281_g1

Hs01060665_g1

Hs00370385_m1

Hs00959143_m1

Hs00157619_m1

Hs00899658_m1

Supplementary table 3 ---- Set up of custom-made 
microfluidic card-based low-density array (Ap-
plied Biosystems, Foster City, CA).

Assay IDGene nameGene symbol

MMP13

MMP14

TIMP1

matrix metallopeptidase 13 (collagenase 3)

matrix metallopeptidase 14 (membrane-inserted)

TIMP metallopeptidase inhibitor 1

Hs00233992_m1

Hs00237119_m1

Hs99999139_m1



119CTSK

DDR1

DDR2

COLGALT1

MRC2

cathepsin K

discoidin domain receptor tyrosine kinase 1

discoidin domain receptor tyrosine kinase 2

collagen beta(1-O)galactosyltransferase 1

mannose receptor, C type 2

Hs00166156_m1

Hs00233612_m1

Hs00178815_m1

Hs00430696_m1

Hs00195862_m1
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