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Background: PLOD2 expression and subsequent collagen pyridinoline cross-links are induced in fibrotic tissues by TGF�1.
Results: TGF�1 induces changes to histone modifications. SP1 and SMAD3 but not P300/CBP are responsible for PLOD2
induction.
Conclusion: SMAD3 regulates TGF�1-induced PLOD2 expression via histone-modifying enzymes other than the currently
known downstream effectors.
Significance: Unraveling PLOD2 transcriptional regulation would provide new ways to interfere in fibrotic processes.

PLOD2 (procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2)
hydroxylates lysine residues in collagen telopeptides and is
essential for collagen pyridinoline cross-link formation. PLOD2
expression and subsequent pyridinoline cross-links are in-
creased in fibrotic pathologies by transforming growth factor
�-1 (TGF�1). In this report we examined the molecular pro-
cesses underlying TGF�1-induced PLOD2 expression. We
found that binding of the TGF�1 pathway related transcription
factors SMAD3 and SP1-mediated TGF�1 enhanced PLOD2
expression and could be correlated to an increase of acetylated
histone H3 and H4 at the PLOD2 promoter. Interestingly, the
classical co-activators of SMAD3 complexes, p300 and CBP,
were not responsible for the enhanced H3 and H4 acetylation.
Depletion of SMAD3 reduced PLOD2 acetylated H3 and H4,
indicating that another as of yet unidentified histone acetyl-
transferase binds to SMAD3 at PLOD2. Assessing histone meth-
ylation marks at the PLOD2 promoter depicted an increase of
the active histone mark H3K79me2, a decrease of the repressive
H4K20me3 mark, but no role for the generally strong trans-
cription-related modifications: H3K4me3, H3K9me3 and
H3K27me3. Collectively, our findings reveal that TGF�1
induces a SP1- and SMAD3-dependent recruitment of histone
modifying enzymes to the PLOD2 promoter other than the cur-
rently known TGF�1 downstream co-activators and epigenetic
modifications. This also suggests that additional activation
strategies are used downstream of the TGF�1 pathway, and
hence their unraveling could be of great importance to fully
understand TGF�1 activation of genes.

Resolving tissue injury is a multifactorial process that often
ends with scarring, a process also known as fibrosis. A common
denominator of fibrosis is the presence of elevated levels of
fibrillar collagen type I, which is deposited by fibroblasts that
are activated by profibrotic cytokines such as transforming
growth factor �-1 (TGF�1)3 (1–3). Examination of collagen
derived from tissues and fibroblasts isolated from patient mate-
rial show enhanced levels of pyridinoline cross-links that func-
tion to stabilize collagen fibrils (4 –7). Formation of these
cross-links is initiated by procollagen-lysine 2-oxoglutarate
5-dioxygenase 2 (PLOD2), which specifically hydroxylates
lysine residues of the collagen telopeptide area (4, 5). Lysyl
hydroxylase activities of the other family members, PLOD1 and
PLOD3, are restricted to helical region (8). The presence of
helical hydroxylysines are not required for pyridinoline cross-
link formation, whereas the telopeptide hydroxylysines are a
prerequisite (9). After collagen deposition in the extracellular
space, lysyl oxidases catalyze the formation of pyridinoline
cross-links by converting the telopeptide hydroxylysyl into
hydroxyallysyl (10, 11). Collagen containing pyridinoline cross-
links are difficult to degrade by collagenases and thereby are
able to accumulate at the fibrotic lesion (12). This enables a
possible feedback loop whereby the enhanced collagen deposi-
tion increases tissue stiffness, and in turn stimulates myofibro-
blast differentiation and additional collagen production (13–
15). Reducing the levels of pyridinoline cross-links in scarring
pathologies may have the potential to circumvent this fibrotic
feedback loop and enable the formation of a non-fibrotic
matrix. Therefore, understanding transcriptional regulation of
PLOD2 is essential for paving the way to therapeutically pre-
vent pyridinoline cross-links in scarred tissues.

Epigenetic modifications are generally described as chemical
changes to chromatin that are able to affect the transcriptional
state of a gene. Recent evidence indicates that in addition to
transcription factors, changes in epigenetic modifications of
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chromatin (DNA and histones) have a fundamental role in the
initiation and progression of fibrotic pathologies (16 –21). DNA
methylation is catalyzed by DNA methyltransferases DNMT1,
3A and 3B in a CpG context and is implicated to have determin-
ing roles during embryonic development, and is linked to vari-
ous diseases such as cancer (22, 23). Hypermethylated CpG
islands represented in the promoter or first exon of protein-
coding genes can have strong repressive outcomes on its tran-
scriptional activity (24). Many types of posttranslational his-
tone modifications have been recognized, and each type of
modification and their specific location on the histone can have
various outcomes on transcriptional activity of genes (25, 26).
Histone lysine methylation and acetylation are among the most
extensively studied histone modifications, and are widely found
on the histone tails extruding from the nucleosome. Both types
of chemical modifications are able to affect the compaction of
chromatin either directly via charge differences of the histone
tails that are connected to the DNA, or indirect by attracting
chromatin remodeling complexes. These changes in chromatin
compaction are thought to interfere with transcriptional activ-
ity by affecting the accessibility of transcription factors and
transcription initiation complexes or even elongation of RNA
polymerase II complexes (27–30). The acetylation status of his-
tones are balanced by histone acetyltransferases (HATs) that
add acetyl groups and are related to gene activation, whereas
histone deacetylases (HDACs) that cleave acetyl groups (31, 32)
are related to gene repression. Histone methylation is unique
compared with most other types of modifications since they
can occur in a mono-, di-, or tri-methyl form. For instance,
tri-methylated lysine 4 of histone 3 (H3K4me3) and H3K79me2
present in a promoter of a gene are correlated to gene expres-
sion, whereas H3K9me3, H3K27me3, and H4K20me3 are cor-
related to gene repression. The large repertoire of methylated
lysine possibilities are normally balance by numerous histone
lysine methyltransferases (HKMTs) and lysine demethylases
(KDMs) that, respectively, add or remove methyl groups from a
histone lysine (27, 33–35).

PLOD2 expression and subsequent pyridinoline cross-link-
ing by fibroblasts is strongly enhanced by members of the TGF�
family, most notably by TGF�1 (36 –38). However, it is not
clear how PLOD2 is transcriptionally regulated in activated
fibroblasts in relation to scarring processes, e.g. which tran-
scription factors and epigenetic factors play a role. In this study,
we report that TGF�1-induced PLOD2 expression is accompa-
nied by a dynamic change of several histone modifications, and
that binding of the transcription factors SMAD3 and SP1 to
PLOD2 is essential to these processes.

Experimental Procedures

Cell Culture—Human (adult) skin fibroblasts (ATCC: CCD-
1093 SK), were cultured up to 12 passages in EMEM (Lonza,
Basel, Switzerland) supplemented with penicillin/streptomycin
(Life Technologies, Carlsbad, CA), 2 mM L-glutamine (Lonza),
and 10% heat-inactivated fetal calf serum (FCS) (Thermo Sci-
entific, Waltham, MA) and incubated at 37 °C with 5% CO2.
Recombinant human TGF�1 (PeproTech, Rocky Hill, NJ) was
reconstituted in 10 mM citric acid pH 3.0 and diluted 20-fold by
PBS supplemented with 0.1% bovine serum albumin to reach a

concentration of 5 �g ml�1. Cells were serum-starved with
medium containing 0.5% FCS 18 h prior to TGF�1 stimula-
tions. Medium containing TGF�1 (10 ng ml�1) or equal
amount of vehicle control was refreshed daily.

Western Blotting—Total protein was extracted with RIPA
buffer (Thermo Scientific) and separated by SDS-PAGE and
transferred to nitrocellulose membranes. The blots were incu-
bated for 2 h at room temperature with primary antibodies
against PLOD2 (R&D systems, Minneapolis, MN), SMAD3
(Abcam, Cambridge, UK), ASH1L (Santa Cruz Biotechnology,
Dallas, TX), and YWHAZ (Abcam) as a loading control. Next,
the blots were incubated for 1 h with secondary antibodies goat-
anti-rabbit-HRP or rabbit-anti-mouse-HRP (DAKO, Glostrup,
Denmark), after which chemiluminescence was detected with
ECL (Thermo Scientific).

Cloning, Electroporation, and Transient Transfection—
PLOD2 promoter fragments (kind gift of Dr. R. Stoop, TNO,
Leiden, The Netherlands) were subcloned into the CpG-free
reporter plasmid pCpGL (obtained from Dr. M. Rehli, Regens-
burg, Germany) with restriction enzymes SacI and HindIII and
were transformed into PIR1 competent bacteria. Sequence val-
idated plasmids were electroporated with the NHDF Nucleo-
fection kit (Lonza). In total 3 �g plasmids, considering vector
sizes and adjusted with pFASTBAC (Life Technologies), as well
as 10% of total plasmid concentration of pCMV-LacZ (Clon-
tech, Mountain View, CA) was added as a transfection control.
All plasmids were mixed with 100 �l transfection reagent per
6 � 105 fibroblasts and electroporated with a Nucleofector
device. Afterward, cell were seeded in fresh medium and
allowed to recover for 24 h. For overexpression experiments,
plasmids containing cDNA of SP1 (SC101137; OriGene Tech-
nologies, Rockville, MD) and SMAD3 (SC321871; OriGene
Technologies) were transfected into fibroblasts with Lipo-
fectamine Plus LTX (Life Technologies). For knockdown
experiments, esiRNA against SMAD3, ASH1L, CBP, P300, or
eGFP-control (Sigma Aldrich) was transfected into fibroblasts
with RNAiMAX Lipofectamine (Life Technologies).

Luciferase/LacZ Reporter Assay—After 48 h of TGF�1 stim-
ulation, electroporated fibroblasts were washed with PBS and
lysed with passive lysis buffer (Promega, Madison, WI) followed
by two freeze thaw cycles. Firefly luciferase activity was deter-
mined with LARII substrate (Promega), and measured in a
luminescence reader. �-Galactosidase activity, used as control
for transfection efficiency, was detected by adding equal
amounts of lysate and assay buffer (Promega) to a 96-well plate
and incubated at 37 °C until visible change of color. The absor-
bance was measured at 420 nm. Relative luciferase activity was
calculated by dividing absolute values from firefly luciferase by
LacZ.

Molecular Inhibition Assays—SB431542, C646, Suberoylani-
lide hydroxamic acid (SAHA), SIS3, and Mithramycin A (all
from Sigma Aldrich) were dissolved in DMSO. Fibroblasts were
seeded at 15 � 103/cm2. For SAHA treatment, the day after
seeding 0.5% FCS containing medium supplemented with
SAHA was added to the cells for 72 h, and refreshed daily. For
chemical inhibition of SP1, SMAD3, P300, and ALK5, cells were
pre-incubated 1 h with the inhibitors SIS3, Mithramycin A,
C646, or SB-431542, respectively, after which medium contain-
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ing the inhibitor and TGF�1 or vehicle control was added for
additional 24 h. In all cases equal volumes of DMSO were added
as a control.

Quantitative Real-time PCR—RNA was isolated with the
RNeasy Plus mini kit (Qiagen, Venlo, The Netherlands) and
cDNA was synthesized by reverse transcription with the Revert-
Aid kit (Thermo Scientific). Standardized amounts of cDNA
were combined with a mix of Sybr Green (Bio-Rad) and the
following primers: PLOD1, 5�-GAAGCTCTACCCCGGCT-
ACT-3� (forward) and 5�-CTTGTAGCGGACGACAAAGG-
3�(reverse); PLOD2, 5�-GGGAGTTCATTGCACCAGTT-3�
(forward) and 5�-GAGGACGAAGAGAACGCTGT-3� (re-
verse); PLOD3, 5�-CACTACGGCCAGTGGTCAG-3� (forward)
and 5�-.GTGGGCACATTCTCGTAGC-3� (reverse); CBP, 5�-
GGAGAGGAAAAAGGAAGAGAGC-3� (forward) and 5�-
CTTGCTGTCGCCCTGACT-3� (reverse); P300, 5�-GATCT-
GTGTCCTTCACCATGAG (forward) and 5�-AAACAGCCA-
TCACAGACGAA-3� (reverse). GAPDH, 5�-AGCCACATCG-
CTCAGACAC-3� (forward) and 5�-GCCCAATACGACCAA-
ATCC-3� (reverse); Quantitative real time PCR analysis was
performed with the ViiA7 platform (Life Technologies).
Expression values were normalized to GAPDH values using the
��Ct method.

Chromatin Immunoprecipitation—Cells treated with TGF�1
or vehicle were harvested and counted, after which they were
fixed in 1% formaldehyde for 8 min at room temperature and
quenched with 125 mM glycine. The cells were lysed on ice for
20 min with SDS lysis buffer (1% SDS, 50 mM Tris-HCl pH 8.0,
10 mM EDTA) supplemented with proteinase inhibitor mixture
(Sigma Aldrich), PMSF and sodium butyrate and sonicated
with a Bioruptor� device (Diagenode, Liège, Belgium) to frag-
ment the chromatin. After clearing the chromatin by centrifu-
gation, the supernatant was diluted 10 fold with RIPA buffer
(0.1% SDS, 0.1% Na-deoxycholate, 1% Triton-X100, 1 mM

EDTA, 10 mM Tris-HCl pH 7.5, 140 mM NaCl, 0.5 mM EGTA)
supplemented with proteinase and phosphatase inhibitor mix-
ture, PMSF and sodium butyrate. Next, 40 �l Protein-G or -A
Dynabeads� (Life Technologies) were coated with 5 �g anti-
bodies per ChIP reaction; H3ac (Merck Millipore, Billerica,
MA), H4ac (Merck Millipore), H3K4me3 (Merck Millipore),
H3K9me3 (Abcam), H3K27me3 (Merk Millipore), H3K79me2
(Abcam), H4K20me3 (Abcam), CBP (Abcam), P300 (Merck
Millipore), HDAC1 (Santa Cruz Biotechnology), HDAC2
(Santa Cruz Biotechnology), SP1 (Abcam), SMAD3 (Abcam),
RNA pol II CTD repeat (phospho S5) (Abcam) and normal rIgG
(Abcam) as control. The sheared chromatin was incubated with
antibody-bound beads overnight at 4 °C. Chromatin of 0.250 �
106 fibroblasts per ChIP was used to detect histone modifica-
tions, whereas for transcription factors and other histone
modifying enzymes 1 � 106 cells were used. Next day, the
beads were washed three times after which DNA-protein com-
plexes were eluted from the beads. Cross-links of eluted com-
plexes were reversed with NaCl and treatment with RNase for
4 h at 62 °C (Roche, Basel, Switzerland) and subsequently
treated with Proteinase K (Roche) for 1 h at 62 °C. ChIP DNA
fragments were isolated by spin column purification (Qiagen)
and quantified by qRT-PCR, with ROX mix (Abgene, Surrey,
UK) and the following primers and probe: PLOD2 �73/�50,
5�-GAGCAAATTCTCACCCTTCG-3� (forward), 5�-TTTG-
GGAGAGGGAGGAGGA-3� (reverse) and 5�-[FAM]AGACG-
GGAACACCGCCCTCC[TAMRA] (probe); PLOD2 �792/
�657, 5�-ACAAAACGTGATCATAATGGAA-3� (forward), 5�-
TTCTGGAATCTCCTGCCTAAAT-3� (reverse) and 5�-FAM]-
TCAAAGGCCCAGAGTTATAACGGGTG[TAMRA]-3�
(probe). qChIP data were calculated as percent of input.

Bisulfite Sequencing—Genomic DNA, isolated by chloro-
form-ethanol with subsequent Proteinase K and RNase treat-
ment, was bisulfite converted with the Methyl Gold kit (Zymo

FIGURE 1. TGF�1-induced PLOD2 expression depends on ALK5 signaling and proximal promoter activation. A, PLOD2 Western blot from fibroblasts
treated with TFG�1 or vehicle for 6, 24, and 48 h. B, qRT-PCR of fibroblasts treated with SB431542 or DMSO control, and co-treated with TGF�1 or vehicle. C, ChIP
on phosphorylated RNA polymerase II of fibroblasts treated with TGF�1 or vehicle for 6 and 48 h, quantified by qPCR of two regions in the PLOD2 gene
(depicted by horizontal bars, Fig. 1E). D, reporter assays of PLOD2 promoter fragments, measured from the TSS (�1 bp) to translation start site (�507 bps), and
treated with TGF�1 or vehicle. E, schematic overview of in silico detected SP1 and SMAD3 binding sites in PLOD2 from �2000 bps to �1000 bps of the TSS. Data
are mean � S.E. (n � 3), **, p 	 0.01; ***, p 	 0.001, unpaired Student’s t test.
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Research). Amplified fragments of PLOD2 with TA overhang
were obtained by a PCR reaction with primers against region I:
5�-TTAAAGTTAAGTGTAGGTTTTT-3� (forward) and 5�-
AAAACAACAACTAAAACTTC-3� (reverse); region II, 5�-
GATTTGATGAGTTAAAAGATATATTAGGT-3� (forward)
and 5�-ACATTTCTACTTAAATATTCCATTAACA-3� (re-
verse). The fragments were ligated in TOPO vector pCR2.1 of
the TA Cloning kit (Life Technologies) and transformed into
TOP10 competent bacteria. Individual clones confirmed by
blue/white screening were Sanger sequenced (BaseClear B.V.,
the Netherlands) with standard M13 primers.

Results

TGF�1-induced PLOD2 Expression Depends on ALK5 and
Proximal Promoter Activation—To confirm that PLOD2
expression is enhanced by TGF�1 in our skin fibroblasts, we
performed Western blot staining. We observed a strong
increase of PLOD2 protein levels over time when TGF�1 was

added to the cells (Fig. 1A). Next, we wanted to identify whether
this TGF�1-induced PLOD2 expression occurs via the canon-
ical or non-canonical pathway. Therefore, the activin receptor-
like kinase 5 (ALK5) was inhibited by SB431542 while co-treat-
ing with TGF�1. PLOD2 mRNA expression was completely
reduced when either 10 �M or 20 �M inhibitor was added (Fig.
1B), confirming the canonical ALK5 pathway as the main sig-
naling pathway.

To explore whether the mechanism of TGF�1-enhanced
PLOD2 expression is indeed related to enhanced transcrip-
tional initiation and not via indirect translational processes, we
performed chromatin immunoprecipitation (ChIP) on phos-
phorylated RNA Polymerase II at two time points and two loca-
tions on the promoter. After 6 h of TGF�1 stimulation there
was no difference in enrichment of phosphorylated RNA poly-
merase II, whereas a significant enrichment was detected at the
transcription start site (TSS) (73/�50 bp) after 48 h TGF�1
stimulation (Fig. 1C). These results support our findings that

FIGURE 2. TGF�1-enhanced PLOD2 expression is regulated via SP1 and Smad3. qRT-PCR analysis of (A) PLOD2 or (B) PLOD1 and PLOD3 mRNA expression
from vehicle or TGF�1-stimulated fibroblasts co-treated with SMAD3 phosphorylation inhibitor (SIS3) or SP1 inhibitor Mitramycin A (MTMA). C, representative
Western blot of PLOD2 and SMAD3 from fibroblasts transfected with esiRNA against SMAD3 or control and treated with TGF�1 for 48 h. D, PLOD2 mRNA
expression of fibroblasts transfected with plasmids to overexpress SMAD3, SP1 or empty vector (EV) control. qChIP performed on fibroblasts treated with
TGF�1 or control for 48 h with antibodies against: (E) SP1 and (F) SMAD3. Normal rIgG was used as control, and enrichment for PLOD2 regions �73/�50 and
�792/�657 was checked by qPCR and normalized to input. Data are mean � S.E. (n � 3); *, p 	 0.05; **, p 	 0.01, unpaired Student’s t test. Horizontal bars
indicate both sets are significant to their individual control.
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the increased PLOD2 protein expression over time is related
to increased transcription. Furthermore, RNA polymerase
enrichment was higher at the TSS than in the region more
upstream (�792/�657 bp) which is in accordance to current
genome wide understanding of transcriptional regulation (39).
To pinpoint regulatory elements encoded in the PLOD2 pro-
moter, we performed reporter assays with deletion fragments of
the PLOD2 promoter. After transfection of the constructs in
fibroblasts and stimulation with TGF�1, luciferase activity was
highest with the proximal promoter regions of �7/�505 and
�507/�507 fragments (Fig. 1D). The �1507/�507 and
�2007/�507 fragments induced a considerable lower lucifer-
ase activity than the size-controlled �7/�507 and �507/�507
fragments, suggesting the presence of repressive elements in
the distal promoter. In silico analysis of putative transcription
factor (TF) binding sites known to act downstream of the ALK5
pathway revealed several binding motifs for the downstream
transcription factors SP1 and SMAD3 at PLOD2. Most notably
in the area around the transcription start site (Fig. 1E) that

correlated with the PLOD2 promoter fragments that induced
the highest reporter activity.

Transcription Factors SP1 and SMAD3 Drive Enhanced
PLOD2 Expression—We wanted to assess in more depth the
individual contribution of SP1 and SMAD3 to TGF�1-induced
PLOD2 expression. To prevent the actions of both TFs, we
treated fibroblasts with increasing dosage of SIS3 to inhibit
SMAD3 phosphorylation and its subsequent translocation to
the nucleus, and with Mithramycin A to inhibit the DNA-bind-
ing ability of SP1. Both compounds were successful in attenu-
ating TGF�1-induced PLOD2 expression significantly up to,
respectively, 74 and 70% (Fig. 2A). Also, to address possible
synergistic effects of both inhibitors on PLOD2 expression,
fibroblasts were treated with combinations of SIS3 and Mithra-
mycin A. We observed that the co-treatment with the two
inhibitors reduced TGF�1-induced PLOD2 expression toward
unstimulated levels. The results clearly indicate that the tran-
scriptional effects of both inhibitors were TGF�1 pathway

FIGURE 3. Histone acetylation levels correlate with PLOD2 expression.
PLOD2 mRNA expression of fibroblasts treated with increasing dosage of
SAHA for 72 h in unstimulated conditions (A) or TGF�1 co-treated for 48 h (B).
C, qChIP on fibroblasts treated with TGF�1 or vehicle for 48 h, with antibodies
against total acetylated histone H3 and (D) total acetylated histone H4. Nor-
mal rIgG was used as control, and enrichment for PLOD2 regions �73/�50
and �792/�657 was checked by qPCR, and normalized to input. Data are
represented as mean � S.E. (n � 3); *, p 	 0.05; **, p 	 0.01 unpaired Student’s
t test.

FIGURE 4. Assessing PLOD2 binding of HDACs and HATS. qChIP on fibro-
blasts treated with TGF�1 or vehicle for 48 h, with antibodies against (A)
HDAC1, (B) HDAC2, (C) P300, and (D) CBP. Normal rIgG was used as control,
and enrichment for PLOD2 region �73/�50, or both �73/�50 and �792/
�657 for HDAC1, was checked by qPCR and normalized to input. Data are
represented as mean � S.E. (n � 3); *, p 	 0.05; **, p 	 0.01 unpaired Student’s
t test.
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related, since no significant effects were observed on the basal
PLOD2 expression in unstimulated fibroblasts. The other
PLOD family members, PLOD1 and PLOD3, are not responsive
to TGF�1 stimulation (38). To prove that their transcriptional
activation is independent on SP1 and SMAD3, we analyzed
mRNA expression of PLOD1 and PLOD3 after treatment with
SIS3 and Mithramycin A. Indeed, in contrast to PLOD2, we
found that both inhibitors did not negatively affect expression
of both genes in both stimulated or unstimulated conditions
(Fig. 2B). Instead, both TGF�1-stimulated and unstimulated
fibroblasts showed a significant increased PLOD1 and PLOD3
expression when treated with SIS3. Furthermore, PLOD3
expression increased when fibroblasts were treated with 50 nM

Mithramycin A. In both cases, transcriptional effects revealed
not to be TGF�1 specific. To confirm our PLOD2 observations
regarding both inhibitors, we transfected fibroblasts with
esiRNA against SMAD3 or SP1, and checked for protein
expression by Western blotting. PLOD2 protein expression was
strongly reduced when SMAD3 was depleted (Fig. 2C). Unfor-
tunately, efforts to deplete SP1 protein with esiRNA or shRNA
were unsuccessful (data not shown). Next, we overexpressed
SMAD3 and SP1 in unstimulated fibroblasts. Both constructs

were able to significantly increase PLOD2 mRNA expression
(resp. 2.8 and 2.1-fold) compared with empty vector control
(Fig. 2D). In order to decipher if the observed transcriptional
effects of both TFs on PLOD2 were indirect or due to binding
the PLOD2 promoter, ChIP was performed. We observed that
SP1 (Fig. 2E) and SMAD3 (Fig. 2F) bind PLOD2 at the tran-
scription start site in TGF�1-stimulated fibroblasts, while they
were not detected (similar to rIgG values) in unstimulated
fibroblasts. The region upstream of the TSS (�792/�657) had
strong reduced presence of both TFs and indicates that binding
is restricted to the TSS area.

Histone Acetylation Associates with PLOD2 Expression—
Next, we set out to explore whether TGF�1-induced PLOD2
expression is related to changes in histone acetylation levels and
if so, which enzymes can be accounted for this. We started by
assessing PLOD2 expression after inhibiting histone deacety-
lases (HDACs) with the HDAC inhibitor SAHA. Unstimulated
fibroblasts were treated for 3 days with increasing concentra-
tions of SAHA, after which mRNA expression was detected
by qRT-PCR. PLOD2 mRNA expression was significantly
increased (up to 5.6-fold) after SAHA treatment (Fig. 3A).
Interestingly, co-treatment of SAHA with TGF�1 further

FIGURE 5. CBP and P300 inhibition and depletion assert differential effects on expression of PLOD family members. A, PLOD2 and B, PLOD1 and PLOD3
mRNA expression of fibroblasts pre-treated for 1 h with 5 �M or 10 �M P300 inhibitor C646 or DMSO control, and co-treated with TGF�1 or vehicle for additional
24 h. C, P300 and CBP mRNA expression of fibroblasts transfected with esiRNA against P300, CBP, or control. D, PLOD2 and E, PLOD1 and PLOD3 mRNA
expression of fibroblasts transfected with CBP, P300, or control esiRNA and subsequently treated with TGF�1 or vehicle for 48 h. Data are represented as
mean � S.E. (n � 3); *, p 	 0.05; **, p 	 0.01; ***, p 	 0.001 unpaired Student’s t test. Horizontal bars indicate both sets are significant to their individual control.
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enhanced PLOD2 expression (Fig. 3B). Since we could not
exclude these transcriptional effects to be related to off-target
effects caused by SAHA, we performed ChIP to detect actual
histone acetylation levels at the PLOD2 promoter. Total acety-
lation of histone H3 (H3ac) and H4 (H4ac) were significantly
more enriched at the TSS when fibroblasts were stimulated
with TGF�1 (Fig. 3, C and D), whereas histone acetylation levels
were reduced for the more upstream regions. These results sug-
gest that changes in PLOD2 expression are indeed related to
histone acetylation.

Since SAHA inhibition of HDACs resulted in enhanced
PLOD2 expression, we wanted to find out if this could be
related to PLOD2 binding of HDACs previously described to
influence various fibrotic processes (40 – 42); namely HDAC1
and HDAC2. ChIP experiments revealed that HDAC2 was not
present at the PLOD2 TSS (Fig. 4B), whereas HDAC1 binding
was detected solely at the TSS in unstimulated fibroblasts and
significantly reduced in TGF�1-stimulated fibroblasts (Fig.
4A). Our data indicate that in TGF�1-stimulated conditions,
histones at PLOD2 are actively acetylated. Therefore we
explored the involvement of histone acetyltransferases (HATs)
P300 and CBP, which are known co-activators of the TGF�1
pathway. We performed ChIP on both HATs and found that
P300 was not detected above background levels and therefore
concluded it does not bind to PLOD2 in both conditions (Fig.
4C). In contrast, CBP did bind to PLOD2 in unstimulated cells,
but was significantly reduced by TGF�1 stimulation (Fig. 4D).
To further confirm that TGF�1-induced PLOD2 expression
was independent of P300 and CBP activity, we treated fibro-
blasts with the P300/CBP inhibitor C646 and assessed mRNA
expression by qRT-PCR. We observed no effects on PLOD2
expression toward increasing dosage of C646 in both TGF�1
and vehicle-treated cells (Fig. 5A). In contrast, both PLOD1 and
PLOD3 mRNA expression were significantly reduced after
treatment with 10 �M C646 (Fig. 5B). To confirm these results,
we depleted CBP and P300 with esiRNA (Fig. 5C) and checked
for mRNA expression of the PLOD family members. PLOD2
mRNA expression was not affected by depletion of either CBP
or P300 in vehicle or TGF�1 stimulated fibroblasts (Fig. 5D).
PLOD1 mRNA expression was significantly increased in
unstimulated fibroblasts when either P300 or CBP were
depleted, whereas no effects were seen for PLOD3 mRNA
expression in both conditions (Fig. 5E).

Histone Methylation but Not DNA Methylation Correlates
with Enhanced PLOD2 Expression—DNA methylation is
strongly associated with gene repression, and since PLOD2 har-
bors many CpG sites in its promoter (Fig. 6A), we investigated
whether differential methylation of these CpG’s could contrib-
ute to changes in PLOD2 transcriptional activity. We isolated
genomic DNA from fibroblasts and performed bisulfite
sequencing. We observed that PLOD2 was hypomethylated in
the region stretching from TSS into the first exon (Fig. 6B)
under both TGF�1 and control conditions. Interestingly, the
distal promoter was hypermethylated, independent from
TGF�1 stimulation (Fig. 6C). However, since there was no dif-
ference between TGF�1 and the untreated condition this indi-
cates that there was no correlation between the DNA methyla-
tion state and PLOD2 expression.

Methylation of various histone lysine residues can have a
profound effect on transcriptional activity of genes. Therefore,
we wanted to identify whether certain lysyl methylation marks
have a function in PLOD2 expression. The presence of tri-
methylated histone 3 lysine 4 (H3K4me3) is strongly correlated
to transcriptional activation. In this respect, ASH1L, a
H3K4me3 HKMT, has been linked to increased levels of
H3K4me3 at fibrosis-related genes in liver fibrosis and as such
is crucial for their transcriptional activation (16). To dissect
whether ASHL1 and H3K4me3 are also associated with
TGF�1-induced PLOD2 expression we performed ChIP exper-
iments on both. Against our expectations, H3K4me3 was pres-
ent on the PLOD2 promoter at high levels in unstimulated
fibroblast, and no further increase was observed when fibro-
blasts were stimulated with TGF�1 (Fig. 7A). We did detect
ASH1L at the PLOD2 promoter although at low levels (Fig. 7B).
However, esiRNA knockdown of ASH1L had no effects on
PLOD2 protein expression (Fig. 7C). Next we checked for other
methylated lysine residues. H3K79me2, generally associated
with promoters of activated genes, was significantly
increased after TGF�1 stimulation (Fig. 7D). With respect to
the three gene repression-related histone modifications;
H3K9me3, H3K27me3, and H4K20me3 (resp. Fig. 7, E, F, and
G), only the presence of H4K20me3 was significantly reduced
upon TGF�1 stimulation.

SMAD3 Recruits a Histone Acetyltransferase to the PLOD2
Promoter—Histone modifying enzymes can be recruited to spe-
cific sites in the genome by transcription factors. Since inhibi-
tion and knockdown of SMAD3 attenuated TGF�1-induced

FIGURE 6. DNA methylation pattern of PLOD2 supports gene expression.
A, schematic overview of CpG sites (vertical bars) on the PLOD2 gene ranging
from �2000 to �1000 of the TSS. The horizontal bars depict the two sequenc-
ing areas (Regions I and II). Bisulfite sequencing results of fibroblasts treated
with TGF�1 or vehicle for 48 h and checked for PLOD2 region I (�57/�544 bp)
(B) or region II (�1989/�1610 bp) (C). Open circles represent unmethylated
CpGs and closed circles methylated CpGs from 10 individual clones each.
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PLOD2 expression, we hypothesized that SMAD3 recruits his-
tone modifying enzymes to the PLOD2 promoter for introduc-
ing activating histone marks. To explore this, we performed
ChIP on various histone modifications in TGF�1-stimulated
fibroblasts that were transfected with esiRNA to deplete
SMAD3. Compared with esiRNA controls, we observed signif-
icant reductions in H3ac and H4ac throughout the analyzed
regions (Fig. 8, A and B), whereas H3K4me3 and H3K9me3 did
not change at the TSS (Fig. 8, C and D). Upstream of the TSS
SMAD3 KD did result in reduced H3K4me3 levels, possibly due
to a cross-talk effect induced by the strong reduced H3 and H4
acetylation levels. These findings suggest that SMAD3 targets
one or several histone acetyltransferases to PLOD2 that actively
acetylate histones at the PLOD2 promoter. As expected,
SMAD3 did not target enzymes to the TSS responsible for
H3K4me3 and H3K9me3 to PLOD2, since these marks were
not responsive to TGF�1 and thereby SMAD3 binding.

Discussion

PLOD2 is considered a fibrotic marker since its expression
and the resulting pyridinoline cross-links are increased in var-
ious scarred tissues and in vitro in fibroblast by profibrotic cyto-
kines such as TGF�1 (4, 5, 38, 43, 44). In addition, PLOD2
expression is enhanced in various types of cancers (e.g. glioma,
bone, cervical, and liver) either or not directly caused by cyto-
kines such as TGF�1, and is strongly linked to the progression
of these diseases likely by affecting cross-links of collagen that
surrounds these tumors (45– 49). Therefore, dissecting the

downstream pathway of TGF�1-mediated PLOD2 regulation is
of fundamental interest to develop strategies that can tackle a
wide range of scarring-related pathologies. Downstream of the
canonical ALK5 pathway, the transcription factors SP1 and
SMAD2/3, together with histone acetyltransferases P300 and
CBP, are considered as the core regulators mediating expres-
sion of TGF�1-responsive genes (50 –52). We aimed to identify
whether these or other factors play a role in TGF�1-induced
PLOD2 expression in skin fibroblasts. TGF�1-induced PLOD2
expression in synovial fibroblasts was recently linked to phos-
phorylated SMAD2/3 (36). However, direct evidence of
SMAD2/3 binding and information concerning recruitment of
additional transcriptional modifiers to PLOD2 was so far lack-
ing. In our study with skin fibroblasts, we found that both SP1
and SMAD3 are at the center of regulating PLOD2 expression,
since inhibition of SP1, SMAD3, and knockdown of SMAD3
strongly attenuated TGF�1-induced PLOD2 expression. More
importantly, we show that both TFs bind directly at the PLOD2
TSS. By itself, SMAD3 has a weak DNA binding affinity, and it
depends on complex formation with additional transcription
factors for more effective DNA binding (53–55). It is therefore
likely that, since SP1 and SMAD3 are known to form complexes
together (51, 52), SP1 recruits SMAD3 and as a complex they
bind to the PLOD2 promoter. This was essentially confirmed by
our observation of the strong synergistic effects after co-treat-
ment with SIS3 and Mithramycin A. PLOD2 is the only one of
its family members that is TGF�1-responsive. In contrast to

FIGURE 7. PLOD2 promoter histone methylation is affected by TGF�1 stimulation. A, qChIP against H3K4me3 from fibroblasts treated with TGF�1 or
vehicle for 48 h (B) qChIP on fibroblast treated with TGF�1 or vehicle for 48 h, with antibodies against ASH1L. C, Western blot of fibroblasts transfected with
esiRNA against ASH1L or control and treated with TGF�1 or vehicle for 48 h. Blots were stained with antibodies against ASH1L, PLOD2 and YWAHZ as loading
control. qChIP on fibroblasts treated with TGF�1 or vehicle for 48 h, with antibodies against gene activation related (D) H3K79me2, and gene repression related
modifications: (E) H3K9me3, (F) H3K27me3, and (G) H3K20me3. In all ChIP experiments normal rIgG was used as control and enrichment for PLOD2 �73/�50
was checked by qPCR, and normalized to input. Data are represented as mean � S.E. (n � 3), *, p 	 0.05; **, p 	 0.01, unpaired Student’s t test.
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PLOD2, PLOD1, and PLOD3 expression was increased in both
unstimulated and TGF�1 stimulated fibroblasts when phos-
phorylation of SMAD3 was inhibited. Furthermore, SP1 inhi-
bition resulted in enhanced PLOD3 expression. Since SMAD3
is able to target both co-activators and co-repressors to their
target genes, we speculate that TGF�1 independent activation
and translocation of SMAD3 targets a co-repressor complex to
PLOD1 and PLOD3. Even though SP1 inhibition increased
PLOD3 expression, we observed no synergistic effects of both
inhibitors. Therefore we do not expect SP1 and SMAD3 to act
as a complex on both genes.

Histone acetyltransferase CBP and P300 are co-activators
that are widely found in complexes that contain SMAD3 or SP1.
However, our ChIP, molecular inhibition and knockdown
results indicate that P300 and CPB are not responsible for the
increased histone acetylation at the PLOD2 promoter after
TGF�1 stimulation. This is in sharp contrast to other TGF�1-
responsive genes (56 –58). Furthermore, knockdown of

SMAD3 achieved reduced PLOD2 expression and PLOD2 pro-
moter histone acetylation. The resulting effects of SMAD3
depletion therefore point to the inability to target a co-activator
to PLOD2. Since P300 and CBP do not affect TGF�1induced
PLOD2 expression, we conclude that another -as of yet uniden-
tified- HAT functions as the preferred SMAD3 co-activator
that gets targeted to the PLOD2 promoter in TGF�1 stimulated
fibroblasts. To the best of our knowledge there are no reports
stating that HATs other than p300 and CBP bind to SMAD3.
Interestingly, both PLOD1 and PLOD3 expression were down-
regulated when treated with the CBP/P300 inhibitor, but
PLOD1 expression was increased in unstimulated fibroblast
when P300 and CBP was depleted by esiRNA. In some circum-
stances C646 can enhance P300-induced acetylation, and also
its specificity toward P300/CBP is under debate (59). Therefore,
the discrepancy between inhibitor and knockdown effects on
PLOD1 and PLOD3 might be related to such issues.

CBP and HDAC1 were both detected at the PLOD2 pro-
moter in unstimulated fibroblast, whereas both enzymes were
reduced or depleted at the same location in TGF�1-stimulated
fibroblasts. We therefore hypothesize that both HDAC1 and
CBP are present at the PLOD2 promoter in unstimulated fibro-
blasts to maintain a balance of histone acetylation to allow basal
expression of PLOD2. Inhibition of class I and II HDACs by
SAHA indeed increased PLOD2 expression in unstimulated
fibroblasts and was even further enhanced when supplemented
together with TGF�1. These effects could directly be related to
an imbalance in PLOD2 histone acetylation. However, since
HDACs are known to also affect acetylation of non-histone
proteins, such as SP1 transcription factor, we cannot exclude
such indirect effects.

H3K4me3 is present in promoters of transcriptionally active
genes and strongly correlates to gene expression (60, 61).
Although H3K4me3 levels have previously been shown to
increase after TGF�1 stimulation for several other TGF�1
responsive genes (62), this was not the case for PLOD2. This
suggests that modifications on top of H3K4me3 are likely
important in supporting PLOD2 transcriptional activation. Of
interest is the decrease in H4K20me3, which is involved in
heterochromatin formation (63, 64), and the increase of
H3K79me2, which is related to gene expression and trans-
cription elongation (29, 65). Although the precise roles of
H3K79me2 and H4K20me3 in transcriptional regulation are
still unclear, these modifications appear to be more associated
with TGF�1-induced PLOD2 expression than the classical
marks H3K4me3, H3K9me3, and H3K27me3, which were not
significantly affected by TGF�1. As H4K20me3 and H3K79me2
have never before been linked to be responsive to TGF�1 sig-
naling, this finding requires further investigation. In cancer
cells, presence of H3K79me2 frequently coincides with
H3K4me3 at unmethylated promoters of tumor suppressor
genes and is lost upon de novo DNA methylation (66). The
increase of H3K79me2 after TGF�1 treatment therefore might
suggest additional transcriptional activating roles of this mod-
ification unrelated to changes in H3K4me3. Based on our
observations we propose a model of PLOD2 transcriptional reg-
ulation (Fig. 9) whereby HDAC1, CBP, and a H4K20me3
HKMT ensure a chromatin state to maintain a basal PLOD2

FIGURE 8. Depletion of Smad3 reduces PLOD2 promoter histone acetyla-
tion. Fibroblasts transfected with esiRNA against SMAD3 or control and
treated with TGF�1 for 48 h and used for qChIP with antibodies against: (A)
H3ac, (B) H4ac, (C) H3K4me3, and (D) H3K9me3. Normal rIgG was used as
control and enrichment for PLOD2 regions �73/�50 and �792/�657 was
checked by qPCR, and normalized to input. Data are represented as mean �
S.E. (n � 3), *, p 	 0.05, unpaired Student’s t test.
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expression level in unstimulated fibroblasts. Upon TGF�1
stimulation, binding of HDAC1 and CBP is reduced, while
SMAD3 and SP1 target HAT(s) and potentially multiple
HKMTs/HDMs to PLOD2 to remodel the local chromatin in
order to support or drive enhanced transcription. It is evident
from our data that TGF�1 stimulation does not affect the DNA
methylation status of PLOD2, thereby confirming our view that
the combined action of TFs and certain histone modifications
are determining PLOD2 transcription.

To conclude, the work presented here identified novel regu-
lators of PLOD2 expression in human fibroblasts that could be
of potential interest for designing therapies that enable specific
attenuation of TGF�1-induced PLOD2 expression. Also, our
data depict a regulatory mechanism of PLOD2 upon TGF�1
stimulation that is independent on classical TGF�1 trans-
criptional activation-related modifications (H3K4me3 and
H3K27me3) and co-activators (P300 and CBP). These insights
suggest that alternative TGF�1 downstream regulatory mech-
anisms do exist, and underscores the need to obtain further
insights to fully understand this pathway in various pathologies.
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