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The build-up of diversified and tissue-specific assemblies of
extracellular matrix (ECM) proteins depends on secreted and
cell surface–located molecular arrays that coordinate ECM pro-
teins into discrete designs. The family of small leucine-rich pro-
teins (SLRPs) associates with and dictates the structure of fibril-
lar collagens, which form the backbone of most ECM types.
However, whether SLRPs form complexes with proteins other
than collagens is unclear. Here, we demonstrate that heat shock
protein 47 (Hsp47), a well-established endoplasmic reticulum–
resident collagen chaperone, also binds the SLRPs decorin,
lumican, and fibromodulin with affinities comparable with that
in the Hsp47–type I collagen interaction. Furthermore, we show
that a lack of Hsp47 inhibits the cellular secretion of decorin and
lumican. Our results expand the understanding of the concerted
molecular interactions that control the secretion and organiza-
tion of a functional collagenous ECM.

Extracellular matrices (ECMs)3 are to a large extent com-
posed of collagens assembled into cross-linked fibrils. The
build-up of the ECM requires cellular secretion from the rough
endoplasmic reticulum (rER) using COPII vesicles and the traf-
ficking of large amounts of collagens, ensured by special trans-
port vesicles (1–3). Collagen fibrillogenesis commences already
during intracellular transport and continues to assemble to
fibril precursors in post-Golgi recesses following enzymatic pro-
cessing of procollagen propeptides (4, 5). Besides this special
toolkit of proteins required for proper collagen transport and
processing, a large number of other molecules, including post-

translational modifiers, enzymes, and chaperones, have been
found in the rER (6 –8).

Efficient procollagen secretion requires a collective action of
several intracellular transport– and/or sorting–associated pro-
teins, including TANGO1 (9, 10), cTAGE5 (11, 12), Sedlin (13),
and Sec proteins (11, 14, 15). These proteins function at the ER
exit sites to ensure efficient sorting into and enlarging of special
transport vesicles, as COPII vesicles cannot carry the large pro-
collagen cargo. Hsp47 plays an important role during this sort-
ing stage and functions as an anchor molecule between
TANGO1 and procollagens (16). Hsp47 is crucial during pro-
collagen biosynthesis, because Hsp47 deficiency results in pro-
collagen aggregating in the ER (17), and the deficiency also
leads to embryonic lethality (18, 19). Missense mutations in the
SERPINH1 gene (which encodes Hsp47) cause osteogenesis
imperfecta in humans and dogs (20, 21). Hsp47 was originally
characterized as a collagen-specific molecular chaperone (22,
23); it has been shown, however, to interact with fibrillin-1 (16).
Also, Hsp47 has recently been found to modulate the unfolded
protein response (24).

Here, we wanted to explore whether small leucine-rich pro-
teins (SLRPs) are involved in early collagen biosynthesis in the
ER via complex formation with other intracellular collagen–
associated proteins. SLRPs are already known to modulate the
phenotype of collagen fibrils and their cross-linking in the
extracellular space (25–28); thus, we hypothesized that their
function might be required at the rER or ER exit sites for and
during secretion of procollagen. Such a, yet unknown, mecha-
nism would ensure a proper modulatory SLRP function during
the early, intracellular stages of collagen fibrillogenesis (i.e. even
before the deposition in extracellular space). In this report, we
investigated whether the collagen-associated SLRPs decorin
(29, 30), lumican (31, 32), and fibromodulin (33, 34) could inter-
act with any intracellular collagen–associated proteins and, if
so, what the consequences of these interactions might be.

Results

Decorin, fibromodulin, and lumican interact with Hsp47 in cell
lysates

Far-Western blotting was used to find potential intracellular
interactants of decorin, fibromodulin, and lumican. Cell lysate
from a chondrocyte-like ATDC5 cell line was run on SDS-
PAGE and transferred to a nitrocellulose membrane that was
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then incubated with biotinylated recombinant decorin, fibro-
modulin, or lumican. Although decorin, unlike fibromodulin
and lumican, bound to several other proteins (possibly through
its chondroitin/dermatan sulfate chains), all three SLRPs inter-
acted with a protein around 48 –50 kDa (Fig. 1A). The corre-
sponding area on the SDS-polyacrylamide gel was analyzed
by MS, where five peptides from Hsp47 were found (Fig. S1).
Because Hsp47 is an ER-resident collagen chaperone, residing
in the same subcellular compartment as the secreted SLRPs,
Hsp47–SLRP interactions were validated with further experi-
ments (below). Other proteins identified by MS were either

nuclear or cytoskeletal proteins; they were not considered in
further analyses.

To characterize the SLRP–Hsp47 interactions, co-immuno-
precipitations were performed using cell lysates. As endoge-
nous intracellular amounts of SLRPs were not abundant, exog-
enous purified recombinant decorin, fibromodulin, or lumican
(the latter two His-tagged) were added to the cell lysate and
immunoprecipitated using decorin antiserum or His tag anti-
bodies. In these assays, Hsp47 precipitated together with all
three SLRPs and did not precipitate in the absence of SLRPs
(Fig. 1B). To validate our findings, further pulldown assays were
also performed, where BSA or recombinant Hsp47 were cou-
pled to magnetic beads, and then these beads were incubated
with biotinylated recombinant decorin, fibromodulin, or lumi-
can. In all cases, SLRPs were captured by Hsp47-coated beads
but not by BSA-coated beads (Fig. 1C). These results indicate
that Hsp47 could associate with the investigated SLRPs.

Proximity ligation assays show intracellular interaction
between Hsp47 and decorin and lumican

To investigate whether the SLRP–Hsp47 interactions are
present in intracellular compartments, we used proximity liga-
tion assays using human BJ fibroblasts, mouse or rabbit anti-
Hsp47, and rabbit anti-decorin or anti-lumican antibodies (Fig.
2). In two independent experiments, clear signals were detected
in cells transfected with negative control shRNA, whereas low
signals were detected in cells transfected with Hsp47 knock-
down shRNA. This strongly suggests an association between
Hsp47 and the two SLRPs. As Hsp47 is an ER-resident protein
(22, 35), these data show that Hsp47 and the SLRPs occur in the

Figure 1. Discovery and validation of SLRP–Hsp47 interactions. A, far-
Western blotting to detect potential intracellular SLRP interactants. Lysates of
chondrocyte-like ATDC5 cells were run on SDS-PAGE, and the proteins were
transferred onto a nitrocellulose membrane. Membrane strips were blocked
with BSA and incubated with biotinylated proteins: BSA (negative control),
decorin (DCN), fibromodulin (FM), or lumican (LUM). Binding was detected
with streptavidin-HRP and peroxidase substrate. The arrow marks a pre-
sumed common interactant of DCN, FM, and LUM. The corresponding region
was cut out from the SDS-polyacrylamide gel and analyzed by MS. B, co-
immunoprecipitation assays to detect potential SLRP–Hsp47 interactions.
Lysates from ATDC5 cells were used alone (�) or mixed with 1 �g of recom-
binant DCN, His-tagged FM, or His-tagged LUM. The lysates were incubated
with decorin rabbit anti-serum (IP: DCN) or mouse anti-His antibodies (IP:
his-tag) and with Protein A– or Protein G–Sepharose, respectively. Co-precip-
itated proteins were run on SDS-PAGE and immunoblotted for Hsp47 (WB:
HSP47). The capture of SLRPs was validated with the corresponding antisera
(WB: DCN, FM, LUM). C, pulldown assays to validate SLRP–Hsp47 interactions.
Magnetic beads were coated with BSA or Hsp47 (bait) and incubated with
biotinylated DCN, FM, or LUM (all prey). The beads were washed, and the
eluates were run on SDS-PAGE. The binding was detected by blotting with
streptavidin-HRP.

Figure 2. Proximity ligation assays for validation of intracellular SLRP–
Hsp47 interactions. BJ human fibroblasts were transfected with shRNA
against Hsp47 (KD) or with a universal negative control shRNA (CT). A, cells
were seeded on glass slides, and PLA assays were performed using the indi-
cated antibody combinations. The combination of the two different anti-
Hsp47 antibodies was to validate the knockdown. The combinations of anti-
Hsp47 and the respective SLRP anti-sera were used to detect Hsp47–SLRP
interactions. Images are representative of two independent experiments.
Interactions are indicated by red fluorescence, F-actin is shown in green, and
nuclei are shown in blue. B, the Hsp47 knockdown efficiency was confirmed
by immunoblotting cell lysates for Hsp47 with for �-actin as internal loading
control. C, representative images of additional negative controls, where the
cells were incubated with a combination of both secondary antibodies and
only one respective primary antibody.
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rER. These results also suggest that Hsp47 binds nonglycosy-
lated SLRPs because substitution of the SLRPs with glycosami-
noglycans occurs downstream of rER (36).

Surface plasmon resonance analyses of SLRP–Hsp47
interaction

To assess whether Hsp47 directly interacts with SLRPs,
surface plasmon resonance (SPR) was performed using lumi-
can, fibromodulin, and decorin immobilized to a chip. Fig. S2
shows the proteins used for the SPR experiments. Injected
Hsp47 clearly interacted with all three SLRPs and also
showed a concentration-dependent binding (Fig. 3). To com-
pare the binding of SLRPs to Hsp47 versus type I collagen, type
I collagen was also injected into the SLRP chips, resulting in a
concentration-dependent binding (Fig. 3). Next, equilibrium
dissociation constants (Kd) were calculated from the binding
kinetics (ka and kd). Similar Kd values were obtained for Hsp47
interacting with the three different SLRPs. Similar Kd values
were also obtained for type I collagen interacting with the three
different SLRPs. The SLRPs did, however, interact stronger
with collagen than with Hsp47, but the Hsp47–SLRP interac-
tions were still comparable with the Hsp47– collagen interac-
tions (Fig. S3 and Table 1).

Potential complex formation between Hsp47, type I collagen,
and SLRPs

To test a potential complex formation between SLRPs,
Hsp47, and type I collagen, we performed further SPR analyses
with Hsp47, type I collagen, or mixtures of the two that were
injected over immobilized lumican, fibromodulin, or decorin.
In a previous SPR study on complex formations between
Hsp47, type I collagen, and TANGO1 or FKBP65, we found that
mixtures of two of the reactants gave higher signals than the
sum of signals obtained from injecting each of the proteins
alone (16, 37). This implies that the injected reactants associate
and form trimeric complexes, thereby yielding a higher signal.
The red curves in Fig. 4 show Hsp47 and type I collagen co-in-
jected over the SLRPs. Interestingly, these red curves always
showed lower signals than the blue curves, which show the cal-
culated sum of the individual binding signals obtained after
injection of Hsp47 or type I collagen alone. This indicates that
the three proteins do not form a trimeric complex but that
Hsp47 and SLRPs compete to interact with type I collagen
(16, 37).

This difference was most prominent in experiments with
decorin, whose strong binding to collagen was reduced in the
presence of Hsp47. For lumican and fibromodulin, similar

Figure 3. Determination of the direct interaction between SLRPs and Hsp47 or type I collagen. Direct binding kinetics were measured by SPR analysis
using a BIAcore X instrument. Various concentrations of Hsp47 and type I collagen were run over the LUM, fibromodulin (FMOD), and DCN chip. An antibody
was used as a positive control. All curves are the average of at least three replicates of three independent measurements.
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interaction inhibition by Hsp47 was observed, although to a
lesser extent (Fig. 4).

To further investigate the interactions between collagen,
Hsp47, and decorin, an established in vitro collagen fibril
formation assay was used. This assay monitors inhibition of
collagen fibrillogenesis over time as a function of interaction
between collagen and other proteins or molecules (37, 38). Col-
lagen fibrillogenesis was delayed slightly by Hsp47 but more
efficiently by decorin or by a mixture of Hsp47 and decorin (Fig.
5). Comparison of the decorin curve with the mixture curve
shows intriguing, statistically significant differences at the
beginning (�9 min) and at the end (45– 60 min) of the measure-

ment (see Table 2 for detailed analysis). Furthermore, the
experimental mixture curve was also compared with a theoret-
ically calculated curve, the latter derived by adding the experi-
mental curves of Hsp47 and decorin alone. This comparison
revealed less inhibitory effect from the experimental than from
the theoretical curve until around 40 min and then no signifi-
cant differences from that point to the end of the measurement
(Fig. 5). The mode of binding between these three molecules is
initially competitive when mostly small type I collagen aggre-
gates are present. It then transitions into cooperative binding
for larger collagen fibrils.

Investigation of SLRPs’ interactions with the SH3 domain of
TANGO1 (the procollagen-associated sorting protein at ER
exit sites)

During synthesis of type I collagen, Hsp47 anchors newly
synthesized collagen molecules to the rER protein TANGO1
(16, 37). TANGO1 that is localized at ER exit sites plays an
important role in collagen secretion by enabling the formation
of secretory vesicles for procollagen (10, 39). In a recent study,
Hsp47 was identified as an anchor protein for the sorting of
collagen, as Hsp47 was observed to be bind TANGO1 through
an interaction with the SH3 domain of TANGO1 (16). There-
fore, we hypothesized that Hsp47 could also sort SLRPs to be
loaded into the same COPII vesicles as collagens. SPR was per-
formed to investigate potential interactions between SLRPs,
Hsp47, and the SH3 domain of TANGO1. Fig. 6 shows that the

Table 1
The binding affinities between Hsp47, SLRPs, and collagens
The results are shown as mean � S.D., calculated from three independent measurements. Data were calculated by a global fit of the concentration-dependent measurements
using the Langmuir model.

Immobilized Injected ka kd Kd

p value for
Kd

104 M�1 s�1 10�3 s�1 10�7 M

Lumican Hsp47 0.397 � 0.155 6.23 � 0.84 16.9 � 5.0 0.0012
Type I collagena 26.3 � 6.87 22.9 � 4.92 0.88 � 0.07

Fibromodulin Hsp47 0.796 � 0.389 4.03 � 1.91 5.9 � 3.9 0.0292
Type I collagena 11.6 � 0.99 12.4 � 0.38 1.07 � 0.09

Decorin Hsp47 0.371 � 0.005 2.15 � 0.25 5.8 � 0.7 0.000012
Type I collagena 35.3 � 1.00 7.35 � 0.23 0.22 � 0.06

Type I collagena Hsp47 6.12 � 0.64 23.5 � 0.60 3.87 � 0.49
a Type I collagen was treated with pepsin.

Figure 4. Comprehensive binding analysis between SLRPs, Hsp47, and
type I collagen. SPR analysis was carried out using a BIAcore X instrument to
characterize the binding manner of type I collagen and Hsp47 to the SLRP
chips. Open and closed circles, type I collagen (0.1 �M) and Hsp47 (0.2 �M),
respectively. Blue curves, theoretical signal derived from the addition of indi-
vidual type I collagen and Hsp47 curves. Red curves, experimental data from
co-injected mixture of type I collagen and s47. The left panels display live
sensorgrams, and the right panels indicate the maximum responses deter-
mined by the values just before the dissociation starts, excluding the sharp
noise caused by stopping the injection. Black lines, mean � S.D. (error bars). All
curves are the average of at least three replicates of three independent
measurements.

Figure 5. Influence of Hsp47 and decorin on in vitro fibril formation of
type I collagen. A stock solution of type I collagen in 50 mM acetic acid was
diluted to a final concentration of 0.1 �M. Fibril formation in the absence
(black) and presence of 0.1 �M Hsp47 (magenta) and 0.05 �M DCN (cyan) was
monitored as absorbance at 313 nm. The squares and circles indicate the the-
oretical signal derived from the addition of individual Hsp47 and decorin
signals and the experimental signal from a mixture of Hsp47 and decorin,
respectively. All curves are the average of at least three independent
measurements.
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SH3 domain of TANGO1 barely binds to SLRPs even at a
10-fold higher molarity than Hsp47. Furthermore, the binding
of Hsp47 to fibromodulin was slightly inhibited, and the bind-
ing of Hsp47 to lumican and decorin was not significantly
affected by the simultaneous presence of the SH3 domain of
TANGO1. By comparing the red experimental curves in Fig. 6
with the curves constructed by adding the signals yielded after
injection of each reactant alone (blue curves in Fig. 6), we con-
cluded that SLRPs, Hsp47, and the TANGO1 SH3 domain do
not form complexes.

Effects of Hsp47 knockdown on secretion of SLRPs

To assess the functional effect of Hsp47 binding to SLRPs,
fibroblast cultures (NIH/3T3 cell line) were used to knock
down Hsp47 expression using shRNA. The knockdown of
Hsp47 was confirmed by immunoblotting and resulted in
stalled secretion of decorin and lumican as well as of collagen,
whereas the intracellular levels of protein-disulfide isomerase,
calreticulin, and �-actin were unchanged (Fig. 7A). As a note,
fibromodulin was not detectable in the medium from both con-
trol and knockdown samples, probably due to low cellular syn-
thesis of this protein. In these experiments, the intracellular
fractions were assayed for the presence of accumulated decorin
and lumican, but both proteins were detected neither by immu-
noblots (in Nonidet P-40 – or in radioimmune precipitation
assay buffer–solubilized cell lysate) nor by immunofluores-
cence microscopy (data not shown). In other words, the low
endogenous expression of SLRPs allowed the detection of lumi-
can and decorin only in the concentrated secreted fractions.

The Hsp47 knockdown did not significantly change total
protein secretion, except for some proteins; this was indicated
by the [35S]methionine/cysteine-labeled protein secretion rates
that were similar in knockdown and in negative control samples
(Fig. 7B). Also, apoptosis, assessed by measuring hexosamini-
dase release (data not shown), was detected neither in Hsp47
nor in control knockdown cultures.

Last, to assess the Hsp47 knockdown effect on SLRP and
collagen mRNA levels, quantitative PCR assays were performed
on the transfected cells. None of the investigated transcripts
showed significant changes (Table 3).

Discussion

In this study, we found that three SLRPs, lumican, decorin,
and fibromodulin, directly interact with the ER-resident Hsp47,
at affinities comparable with Hsp47– collagen interactions
(Table 1). However, SLRPs, unlike FKBP65 and TANGO1, pre-

Figure 6. Comprehensive binding analysis between SLRPs, Hsp47, and
the SH3 domain of TANGO1. SPR analysis was carried out using a BIAcore X
instrument to characterize the binding manner of Hsp47 and the SH3 domain
of TANGO1 to the SLRP chips. Open and closed circles, Hsp47 (0.4 �M) and the
SH3 domain of TANGO1 (4.0 �M), respectively. Blue curves, theoretical signal
derived from the addition of individual Hsp47 and the SH3 domain of
TANGO1 curves. Red curves, experimental data from co-injected mixture of
Hsp47 and the SH3 domain of TANGO1. The left panels show live sensorgrams,
and the right panels indicate maximum responses determined by the values
right before starting the dissociation process, excluding the sharp noise
caused by stopping the injection. Black lines, mean � S.D. (error bars). All
curves are the average of at least three replicates of three independent
measurements.

Table 2
Absorbance (A313 nm) signal differences measured in the in vitro collagen fibril formation assay
The results are shown as mean � S.D., obtained from three independent measurements. The graphs are shown in Fig. 5. The competitive binding state occurs when
A(experimental) � A(DCN) � A(theoretical). The intermediate binding state occurs when A(experimental) � A(DCN) � A(theoretical). The cooperative binding state occurs when A(DCN)
� A(experimental) � A(theoretical).

Time DCN
DCN � Hsp47
(experimental)

p value
(DCN versus experimental)

DCN � Hsp47
(theoretical)

p value
(experimental versus theoretical)

min
3 0.00275 � 0.000085 0.00388 � 0.000327 0.0044 0.00105 � 0.000637 0.0024
6 0.00704 � 0.000261 0.00844 � 0.000536 0.0154 0.00331 � 0.000945 0.0012
9 0.0143 � 0.00049 0.0157 � 0.00075 0.0442 0.0078 � 0.00131 0.0008
12 0.0225 � 0.00071 0.0240 � 0.00097 0.1016 0.0138 � 0.00142 0.0004
15 0.0311 � 0.00106 0.0326 � 0.00121 0.1782 0.0211 � 0.00166 0.0006
20 0.0435 � 0.00151 0.0447 � 0.00129 0.3265 0.0331 � 0.00198 0.0010
25 0.0561 � 0.00176 0.0562 � 0.0012 0.9627 0.0469 � 0.00183 0.0018
30 0.0651 � 0.00195 0.0638 � 0.00105 0.3748 0.0573 � 0.00160 0.0039
35 0.0725 � 0.00225 0.0701 � 0.00088 0.1525 0.0655 � 0.00186 0.0154
40 0.0796 � 0.00241 0.0760 � 0.00076 0.0676 0.0726 � 0.00184 0.0427
45 0.0847 � 0.00260 0.0802 � 0.00068 0.0444 0.0777 � 0.00199 0.1024
50 0.0892 � 0.00267 0.0839 � 0.00062 0.0290 0.0822 � 0.00206 0.2417
55 0.0937 � 0.00272 0.0876 � 0.00059 0.0192 0.0867 � 0.00209 0.4599
60 0.0971 � 0.00273 0.0904 � 0.00055 0.0139 0.0899 � 0.00203 0.7299

Hsp47 interacts with SLRPs

J. Biol. Chem. (2018) 293(35) 13707–13716 13711



sumably do not form a complex with both Hsp47 and type I
collagen, as demonstrated by our SPR data (Fig. 4). Hsp47
largely interfered with the binding between decorin and type I
collagen and, to a lesser extent, between fibromodulin or lumi-
can and type I collagen. The differences between the three
SLRPs’ structures (decorin belongs to class I and lumican/fibro-
modulin belong to class II of SLRPs) or in the theoretical pI
(8.61 for decorin and 6.17/5.66 for lumican/fibromodulin)
could explain why the larger effect on decorin– collagen inter-
action was observed in the presence of Hsp47.

Moreover, Hsp47 also affected type I collagen fibril forma-
tion in the presence of decorin (Fig. 5 and Table 2), notably at
the beginning and at the end of fibrillogenesis. The initial effect
results probably from competitive binding, suggested from the
SPR results in Fig. 4, whereas a cooperative binding is suggested
from the overlapping experimental and theoretical curves at
the end of the measurement. We suggest that these effects
reflect the altering binding affinities of Hsp47 and decorin for
collagen monomers/initial thin fibrils versus the later-forming
thicker fibrils. Also, new binding sites may occur on growing
fibrils.

Furthermore, we validated the functional significance of the
SLRP–Hsp47 interactions by knocking down Hsp47 in NIH/
3T3 cells and studying its effects on SLRPs. The Hsp47 knock-
down stalled the secretion of not only collagen but also of the
now-identified interactants lumican and decorin, suggesting
that Hsp47 is not only a collagen-specific binding protein but
also functions in SLRP secretion.

These results suggest that Hsp47 not only plays a role in
collagen folding and secretion (16 –18) but also functions in the
secretion of SLRPs. In further support of this notion is the
absence of Hsp47 knockdown effects on collagen and SLRP
transcripts (i.e. the stalled secretion of SLRPs cannot be
explained by transcriptional down-regulation (e.g. due to off-
target effects from shRNA or due to negative feedback on tran-
scription)). Also, general protein secretion after Hsp47 knock-
down appears largely unaffected, except for some proteins,
which may be secondary to protein aggregation in the ER, as
reported previously (17, 40), or due to Hsp47 modulating the
secretion of other, yet unknown, proteins. Regardless of this,
our data still point to a function of Hsp47 in the secretion of
procollagen and SLRPs. We did, however, observe that the
secretion of SLRPs, unlike that of procollagen, does not involve
the previously described complex formation between Hsp47
and the SH3 domain of TANGO1 (1, 10, 16, 37).

To summarize, it was previously shown that Hsp47 plays a
central role in the quality control of collagen folding and secre-
tion. It probably acts as a hub molecule by enabling FKBP65 and
TANGO1 to interact with collagens during collagen folding
and secretion (37). Here, we propose a novel function of Hsp47.
Hsp47 directly interacts with the SLRPs lumican, decorin, and
fibromodulin and may temporally prevent SLRPs from binding
to collagen molecules in the rER, which in turn would prevent
the formation of large ECM complexes inside the cells. This
would indirectly ensure a proper secretion of procollagen by the
TANGO1 pathway and also the secretion of SLRPs. We also
suggest that large macromolecular aggregates may be formed
by collagen fibrils, SLRPs, and possibly other ECM ligands if

Table 3
Quantitative PCR on NIH/3T3 cells 3 days after transfection with neg-
ative control shRNA or Hsp47 knockdown shRNA
The data were generated from three biological replicates for each shRNA. Change
represents the percentage change relative to negative controls. p values were calcu-
lated using Student’s unpaired t test. Ctrl, control shRNA; KD1 and KD2, Hsp47
knockdown shRNA 1 and 2.

Transcript Sample �Ct S.D. Change p

%
Col1a1 Ctrl �2.2 0.2

KD1 �2.2 0.01 �1 0.92
KD2 �2.2 0.4 0 0.96

Dcn Ctrl 3.6 0.7
KD1 4.3 0.2 �40 0.28
KD2 3.8 0.3 �15 0.42

Lum Ctrl 8.3 0.7
KD1 8.8 0.2 �30 0.43
KD2 7.8 0.1 �40 0.44

Fmod Ctrl 9.6 0.1
KD1 9.6 0.1 �2 0.77
KD2 9.6 0.2 �1 0.91

Serpinh1 Ctrl 2.8 0.03
KD1 5.6 0.002 �86 0.000061
KD2 5.6 0.2 �86 0.0036

Figure 7. Knockdown of Hsp47 stalls SLRP secretion. A, Hsp47 knockdown
in NIH/3T3 cells. Cells were transfected with negative control shRNA (Ctrl) or
with Hsp47 shRNA (two constructs, KD1 and KD2). Concentrated cell medium
collected for 24 h at days 2–3 post-transfection or cell lysate collected at day
3 post-transfection was run on SDS-PAGE and blotted for the listed proteins.
B, total protein secretion from NIH/3T3 cells after Hsp47 knockdown (con-
struct KD1 or KD1) or negative control construct (Ctrl). Day 2 post-transfec-
tion, the cell medium was changed to cysteine/methionine-free DMEM sup-
plemented with 35S protein-labeling mix. Some cells were treated with
brefeldin A (BFA) as a positive control for stalled secretion. The medium was
removed 30, 60, and 90 min after pulse, run on SDS-PAGE, and developed on
a radiographic film. PDI, protein-disulfide isomerase.
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Hsp47 fails to prevent an excessive association between colla-
gen molecules. Further studies are required to identify the
binding sites between Hsp47 and SLRPs and how collagens are
isolated from other collagen-interacting ECM molecules, such
as integrins and fibronectin.

Experimental procedures

Recombinant proteins

His-tagged recombinant decorin, fibromodulin, and lumican
were expressed in 293 cells, as described previously (42–44).
The proteins were purified on Ni2�-nitrilotriacetic acid col-
umns (Qiagen) and desalted on a Superose 6 column using Äkta
chromatography equipment (GE Healthcare). His-tagged Hsp47
was expressed in Xj(b) E. coli cells (Zymoresearch) using pET-
27(b) vector (Novagen) and purified in native PBS buffer
according to the Qiaexpressionist protocol (Qiagen) and dia-
lyzed into PBS. Where needed, proteins were biotinylated using
EZ-link NHS-biotin (Thermo Fisher Scientific).

Preparation of endogenous chicken Hsp47, the recombinant
SH3 domain of human TANGO1, and mouse type I collagen

Endogenous chicken Hsp47 and the recombinant SH3
domain of human TANGO1 were purified from 17-day-old
chicken embryos and E. coli by the methods described previ-
ously (16, 45). Mouse type I collagen was extracted from tail
tendon as described previously (46).

Far-Western blotting

Differentiating chondrocyte-like ATDC5 cells were lysed in
cold PBS containing 1% (v/v) Nonidet P-40 and protease inhib-
itors for 15 min on ice. The lysates were cleared by centrifuga-
tion, protein amount was quantified with a BCA assay, and 40
�g of total protein was run on SDS-PAGE and transferred to a
nitrocellulose membrane. The membrane was washed for 10
min with TBS; blocked with 5% (w/v) BSA in TBS (blocking
buffer) for 4 h; incubated with biotinylated decorin, fibromodu-
lin, lumican, or BSA at 1 �g/ml in blocking buffer overnight at
4 °C; and then washed three times for 10 min each in TBS with
0.05% (v/v) Tween 20 (TBST). Then the membrane was incu-
bated with HRP-conjugated streptavidin diluted 1:50,000 in
blocking buffer and incubated for 1 h, washed 3 � 10 min in
TBST, and developed using Luminata forte (Millipore) and a
CCD camera.

Mass spectrometry

Gel bands were cut out, in-gel– digested with trypsin, and
processed for LC-MS/MS MS at a local core facility (Medicon
Village, Lund, Sweden).

Co-immunoprecipitation assays

100 �l of clarified lysates from ATDC5 cells (2 mg of total
protein) were incubated with 1 �g of His-tagged fibromodulin
or lumican and with 1 �g of mouse anti-His antibody (Abcam
18184) overnight at 4 °C in TBS with 1% (v/v) Nonidet P-40
(lysis buffer). As a negative control, we incubated lysates with-
out the His-tagged proteins but with an anti-His antibody.
Another assay was performed using a combination of 1 �g of

recombinant decorin and 5 �l of decorin antiserum (kind gift
from Prof. Åke Oldberg, Lund University). Then 40 �l of Pro-
tein G– or Protein A–Sepharose (Thermo Fisher Scientific), to
capture anti-His and anti-decorin, respectively, were added and
incubated with gentle rotation for 2 h at room temperature. The
beads were washed twice with lysis buffer and then twice with
PBS, and then the proteins were eluted with 1% (w/v) SDS,
separated on SDS-PAGE, and transferred to a nitrocellulose
membrane. Immunoblots for Hsp47 were performed by block-
ing the membrane in 5% (w/v) BSA in TBS for 1 h and then
incubating with anti-Hsp47 (Abcam 109117) diluted 1:1,000 in
5% (w/v) BSA in TBST, washing three times for 5 min each with
TBST, incubating with HRP-conjugated Protein A (Abcam)
diluted 1:5,000 in 5% (w/v) BSA in TBST, washing three times
for 5 min each in TBST, and developing the membrane using
Luminata Forte (Millipore).

Pulldown assays

Recombinant Hsp47 or BSA was covalently coupled to mag-
netic beads using Dynabeads according to the manufacturer’s
instructions (Thermo Fisher Scientific) and blocked with
1% (w/v) BSA. The beads were incubated with biotinylated
decorin, lumican, or fibromodulin diluted to 1 �g/ml in 1%
(w/v) BSA in TBS, for 1 h, rotating at room temperature, and
then washed four times with TBST and eluted with 1% (w/v)
SDS. Eluates were run on SDS-PAGE, transferred to a nitrocel-
lulose membrane, and immunoblotted for decorin, lumican, or
fibromodulin using streptavidin-HRP, using the same proce-
dure as in far-Western blotting (described above).

Proximity ligation assays (PLAs)

PLAs were used here to detect intracellular protein–protein
interactions. In general, this method detects the presence of
two antibodies (against the proteins of interest) that bind in the
proximity of �40 nm of each other. To detect the interactions,
two primary antibodies raised in different species are incubated
with the samples. The samples are then incubated with second-
ary antibodies conjugated with unique DNA probes that, if the
antibodies are in close proximity and in the presence of addi-
tional substrates and enzymes, will be used for rolling circle
DNA synthesis that results in multifold amplification of the
DNA. The amplified DNA is then detected by complementary
fluorescence-labeled oligonucleotides (41).

To detect Hsp47–SLRP interactions, we used BJ cells
(human foreskin fibroblast cell line) grown in DMEM with
10% (v/v) FBS and transfected with shRNAs: Silencer� Select
SERPINH1 probe (for Hsp47 knockdown) or universal negative
control probe (both from Thermo Fisher Scientific), at 10 nM,
using RNAiMAX reagent according to the manufacturer’s
instructions (Thermo Fisher Scientific). After 2 days, the cells
were trypsinized and seeded onto 8-well chamber glass slides
and grown for an additional 2 days in DMEM supplemented
with 50 �g/ml ascorbate. A portion of the cells was lysed in PBS
with 1% Nonidet P-40 and protease inhibitor mixture (Roche
Applied Science) and used to confirm the Hsp47 knockdown by
immunoblotting, using protocols described for co-immuno-
precipitation assays. The cells were washed three times with
PBS, fixed in 4% paraformaldehyde in PBS for 10 min, washed
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with 0.1 M glycine in PBS for 10 min, and then washed three
times with PBS for 5 min (all solutions were ice-cold and buff-
ered to pH 7.4). The PBS was briefly centrifuged off the glass
slides, and the slides were air-dried and stored at �20 °C until
later use.

For the PLAs, the slides were thawed on ice, covered with
PBS for 10 min, and then permeabilized with PBS � 0.5% Tri-
ton X-100 for 5 min at room temperature and washed with PBS
three times for 5 min each. Duolink PLAs (Sigma) were per-
formed with solutions provided by the manufacturer, unless
stated otherwise. The cell slides were blocked with Duolink
blocking solution for 1 h at 37 °C. Primary antibodies or anti-
sera were diluted in Duolink antibody dilution buffer and incu-
bated on the slides overnight at 4 °C. Here, Hsp47 was detected
with mouse anti-Hsp47 (Abcam 86750) diluted 1:250 or rabbit
anti-Hsp47 (Abcam 109117) diluted 1:1,000, whereas lumican
or decorin were detected with anti-lumican (in-house antise-
rum, validated on lumican knockout tissue; see Fig. S4) or with
anti-decorin (kind gift from Prof. Åke Oldberg), both diluted
1:700. After the primary antibody incubation, the cell slides
were washed three times for 5 min each with TBS, pH 7.4, with
0.05% Tween 20 (TBST, in-house) and incubated with Duolink
anti-mouse PLUS and Duolink anti-rabbit MINUS probes
diluted 1:5 in Duolink antibody dilution buffer and incubated
on samples for 1 h at 37 °C. For negative controls, both second-
ary antibodies were used but with one primary antibody (all
four primary antibodies were tested separately in this setting).
After three 5-min washes with TBST, the slides were incubated
with T4 ligase diluted 1:40 into Duolink ligation buffer, for 30
min at 37 °C, and then washed three times for 5 min each with
TBST. Then the slides were incubated with Phi29 polymerase
diluted 1:80 into Duolink Amplification Buffer Red 1�, for 100
min at 37 °C and washed three times for 10 min each with
TBST. Finally, the slides were counterstained for F-actin and
nuclei with Phalloidin-Alexa Fluor 488 diluted 1:40 into
Hoechst solution (Thermo Fisher Scientific), for 15 min at
room temperature. The slides were then rinsed with water and
mounted using SlowFade mounting medium (Thermo Fisher
Scientific).

SPR analysis

SPR experiments were carried out using a BIAcore X instru-
ment (GE Healthcare). Three purified SLRPs (lumican, fibro-
modulin, and decorin) or type I collagen was immobilized on
CM5 sensor chips by amide coupling. The approximate cou-
pled protein concentrations were 3.5 ng/mm2 (3,500 response
units (RU)) of lumican, 4.8 ng/mm2 (4,800 RU) of fibromodulin,
1.5 ng/mm2 (1,500 RU) of decorin, and 3.2 ng/mm2 (3,200 RU)
of type I collagen. To prevent analytes from binding to the dex-
tran nonspecifically, RNase A was used as a ligand for a refer-
ence channel to mask the dextran surface. The experiments
were performed at 20 °C in HBS-P buffer (10 mM Hepes buffer,
pH 7.4, 150 mM NaCl, and 0.005% (v/v) Surfactant P20) con-
taining 1 mM CaCl2. Individual binding curves for type I colla-
gen, Hsp47, and the SH3 domain of TANGO 1 were obtained by
injecting these proteins onto immobilized SLRPs. For compre-
hensive binding analysis between SLRPs and Hsp47 in the pres-
ence of either type I collagen or the SH3 domain of TANGO1,

the mixtures of Hsp47 � type I collagen or Hsp47 � SH3
domain of TANGO1 were injected onto immobilized SLRPs
(the mixtures were prepared just before the injection). Experi-
mentally obtained binding curves of mixtures were compared
with theoretical signals derived from the addition of individual
experimental binding curves of Hsp47, type I collagen, or the
SH3 domain of TANGO1. A control experiment is shown in
Fig. S5, validating the additivity of binding curves where no
interaction exists between two ligands. For analysis of binding
affinity, the curves were fitted with the Langmuir binding
model (BIAevaluation software; GE Healthcare). All curves are
the average of at least three independent measurements.

Type I collagen fibril formation assay

Fibril formation assays of type I collagen were measured at
34 °C in a Cary 4 series UV-visible spectrophotometer (Agilent
Technologies), and the absorbance (light scattering) was mon-
itored at 313 nm as a function of time. Stock solutions of type I
collagen in 50 mM acetic acid were diluted to a final concentra-
tion of 0.1 �M in 0.1 M sodium phosphate buffer, pH 7.8, con-
taining 0.15 M NaCl (assay buffer). Collagen solutions were then
added to assay buffers supplemented with Hsp47, decorin, or a
mixture of Hsp47 and decorin. A control solution containing
only collagen in assay buffer was also run. Experimentally
obtained curves of Hsp47 � decorin mixtures were compared
with the theoretical signals derived from the addition of indi-
vidual experimental curves of Hsp47 and decorin. All curves are
the average of at least three independent measurements.

Cell culture Hsp47 knockdown experiments

NIH/3T3 cells were grown in DMEM with 10% (v/v) FBS to
subconfluence, the medium was supplemented with 50 �g/ml
ascorbate, and the cells were transfected with Silencer� Select
Serpinh1 probes (s232335 and s63466) or universal negative
control probe (all from Thermo Fisher Scientific) at 10 nM using
RNAiMAX reagent, according to the manufacturer’s instruc-
tions (Thermo Fisher Scientific). After 2 days, the cells were
washed three times with PBS and changed to serum-free
DMEM supplemented with 50 �g/ml ascorbate. The medium
was collected the following day, and the proteins were acetone-
precipitated. In parallel, 1% (v/v) Nonidet P-40 and radioim-
mune precipitation assay buffer lysates were collected from
transfected cells grown in DMEM with 10% (v/v) FBS. Proteins
were fractionated on a 4 –12% BisTris SDS-PAGE (Thermo
Fisher Scientific), transferred to a nitrocellulose membrane,
and immunoblotted using antibodies against �-actin (Abcam
6276), Hsp47 (Abcam 109117), lumican (in-house–made anti-
serum), decorin (gift from Prof. Åke Oldberg), procollagen type
I (LF-39 antiserum, kind gift from Dr. Larry W. Fisher, National
Institutes of Health), calreticulin (Abcam 14234, now discon-
tinued), or protein-disulfide isomerase (Abcam RL77). Immu-
noblots were performed as described above (see “Co-immuno-
precipitation assays”).

For [35S]methionine/cysteine labeling, the cells were treated as
above, but 2 days post-transfection, the medium was exchanged to
cysteine- and methionine-free DMEM (Sigma), and supple-
mented with 50 �Ci/ml 35S EasyTag Express Protein Labeling
Mix (PerkinElmer Life Sciences). A stalled secretion positive
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control sample was included where cells were supplemented
with 10 �g/ml brefeldin A 15 min before the labeling and then
throughout the labeling process. The medium was removed
after 30, 60, and 90 min and run on SDS-polyacrylamide gels
that were then dried and developed using FujiFilm.

Reverse transcription and RT-PCR

Cells used in the knockdown experiments were lysed in TRI-
zol reagent 3 days post-transfection (Thermo Fisher Scientific),
and RNA was isolated and used in a reverse transcription reac-
tion using SuperScript VILO (Thermo Fisher Scientific). RT-
PCR with Taqman probes (Thermo Fisher Scientific) was per-
formed on an Applied Biosystems 7300 detection system.

Statistical analyses

For comparisons between two groups, we performed one-
way analysis of variance to determine whether differences
between groups are significant. ORIGIN Pro version 9.1 was
used. A p value � 0.05 was considered statistically significant.
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