
Research Article
0022-2836/� 2021 The Author
licenses/by-nc-nd/4.0/).
Imaging of type I procollagen
biosynthesis in cells reveals
biogenesis in highly organized bodies;
Collagenosomes
Branko Stefanovic a⇑, Lela Stefanovic a and Zarko Manojlovic b

a - Department of Biomedical Sciences and Translational Science Laboratory, College of Medicine, Florida State University,

1115 West Call Street, Tallahassee, FL 32306, USA

b - Keck School of Medicine of University of Southern California, 1450 Biggy Street, NRT 4510, Los Angeles, CA 90033, USA
Correspondence to Branko Stefanovic: branko.stefanovic@med.fsu.edu (B. Stefanovic)
https://doi.org/10.1016/j.mbplus.2021.100076

Abstract

Mechanistic aspects of type I procollagen biosynthesis in cells are poorly understood. To provide more
insight into this process we designed a system to directly image type I procollagen biogenesis by co-
expression of fluorescently labeled full size procollagen a1(I) and one a2(I) polypeptides. High resolution
images show that collagen a1(I) and a2(I) polypeptides are produced in coordination in discrete structures
on the ER membrane, which we termed the collagenosomes. Collagenosomes are disk shaped bodies,
0.5–1 lM in diameter and 200–400 nm thick, in the core of which folding of procollagen takes place. Col-
lagenosomes are intimately associated with the ER membrane and their formation requires intact trans-
lational machinery, suggesting that they are the sites of nascent procollagen biogenesis. Collagenosomes
show little co-localization with the COPII transport vesicles, which export type I procollagen from the ER,
suggesting that these two structures are distinct. LARP6 is the protein which regulates translation of
type I collagen mRNAs. The characteristic organization of collagenosomes depends on binding of LARP6
to collagen mRNAs. Without LARP6 regulation, collagenosomes are poorly organized and the folding of
a1(I) and a2(I) polypeptides into procollagen in their cores is diminished. This indicates that formation of
collagenosomes is dependent on regulated translation of collagen mRNAs. In live cells the size, number
and shape of collagenosomes show little change within several hours, suggesting that they are stable
structures of type I procollagen biogenesis. This is the first report of structural organization of type I col-
lagen biogenesis in collagenosomes, while the fluorescent reporter system based on simultaneous imag-
ing of both type I collagen polypeptides will enable the detailed elucidation of their structure and function.
� 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CCBY-NC-ND license (http://crea-

tivecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Type I collagen is the most abundant protein in
human body [1]. It is composed of two polypeptides,
a1(I) and a2(I), where two a1(I) and a2(I) polypep-
tides fold into triple helix. The biogenesis of type I
collagen involves multiple steps [2]. Collagen
mRNAs are translated on the membrane of the
endoplasmic reticulum (ER) and nascent polypep-
tides are inserted into the lumen. The nascent
polypeptides undergo isomerization of Gly-Pro
(s). Published by Elsevier B.V.This is an open ac
bonds [3,4], hydroxylations of selected prolines
and lysines [5] and glycosylations of hydroxy-
lysines [6]. Two a1(I) polypeptides and one a2(I)
polypeptide register at the C-terminal ends and
disulfide bond, forming the nucleation center for
folding of the polypeptides into triple helix in a
zipper-like fashion from the C-terminus to the N-
terminus [7–13]. Molecular chaperones facilitate
these processes [14,15] and the folded helices are
packed into COPI II vesicles by TANGO1 chaper-
one for export from the ER to Golgi and outside of
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the cell [16–18]. It is believed that these events take
place in the lumen of the ER.
In tissues type I collagen is always a heterotrimer

of two a1(I) and one a2(I) polypeptides, although a1
(I) polypeptides have a propensity to form
homotrimers. This was observed in rare
individuals who have complete absence of a2(I)
polypeptide [19] and in animals in which expression
of a2(I) gene was knocked out [20]. Homotrimers
are less stable, but they are functional [21], resulting
in a phenotype of Ehlers-Danlos syndrome. How-
ever, in normal tissues type I collagen is always pre-
sent as the heterotrimer, suggesting that there is a
mechanism which favors the formation of heterotri-
mers over a1(I) homotrimers.
The abundance of type I collagen in tissues is

primarily due to the slow turnover of collagen
fibers. The half-life of collagen in tissues was
estimated to be in years [22,23]. Type I collagen
has fractional synthesis rate (FSR, % synthesis
per hour) in collagen rich tissues of 0.018–0.045
%h�1 [24,25]. However, in the pathological state
of fibrosis the FSR of type I collagen in tissues that
normally produce only small amounts increases sig-
nificantly. For example, in normal liver the FSR is
0.008%h�1, while in fibrotic liver it is 0.025%h�1

[26]. To accommodate the high biosynthetic rate
of type I procollagen in fibrosis a mechanism that
increases the efficacy of type I procollagen biogen-
esis must be activated. This mechanism is not crit-
ical for the constitutive type I collagen biosynthesis,
but is needed to sustain the higher biosynthetic rate
[27]. It is initiated by binding of the RNA binding pro-
tein LARP6 to mRNAs encoding for type I and type
III collagens [28–31]. LARP6 binds the unique
sequence in the 50UTR of these mRNAs, which
folds into a structure composed of two stems flank-
ing the central bulge and was termed the collagen 50

stem-loop (50SL). By binding 50SL of type I collagen
mRNAs, LARP6 acts as an adapter protein to
recruit accessory translational factors, which
increase translational competency of collagen
mRNAs and coordinate translation of collagen a1
(I) and a2(I) mRNAs [32–34]. LARP6 may also reg-
ulate translation of type III collagen mRNA, but this
has not been studied. Because type I collagen is the
major collagen in fibrosis, an animal model was
developed to study the role of LARP6 in type I colla-
gen regulation. Mice in which binding of LARP6 to
the 50SL of collagen a1(I) mRNA was abolished
were resistant to development of liver fibrosis [27].
These animals develop normally, suggesting that
LARP6 regulation controls only the accelerated
type I collagen production in fibrosis. This led to
the hypothesis that inhibitors of LARP6 binding to
collagen mRNAs can act as specific antifibrotic
drugs [35]. Two such inhibitors have already been
discovered [36,37].
In this work we show that biogenesis of type I

collagen takes place on the membrane of the ER
in distinct bodies, which we termed the
2

collagenosomes. Formation of collagenosomes is
dependent on the integrity of translational
machinery and on function of LARP6. This is the
first report to demonstrate that biogenesis of type I
collagen is organized in discrete structures and
associated with the ER membrane.
Materials and methods

Construction of reporter genes expressing
fluorescently labeled collagen polypeptides. For
construction of A1-BFP reporter gene full size
human collagen a1(I) cDNA in clone X07884
(ATCC 95498) was cut with EcoRI and 4.5 kb
fragment was cloned into EcoRI site of pCDNA3
vector. AgeI site was created at codon 26 by site
directed mutagenesis using the following primers;
GGCCAAGAGGAAGGACCGGTCGAGGGCCAA
GA and TCTTGGCCCTCGAC CGGTCCTTCCTC
TTGGCC. The cDNA of mTagBFP2 protein was
PCR amplified with primers: GCCACCGGTAGTG
TCTAAGGGCGAAGAGCT and GCCACCGGTGC
ACCTCCGCC CCCATTAAGCTTGTGCCCCAGTT,
cut with AgeI and cloned into the AgeI site of the
above pCDNA3 construct. Full size collagen a1(I)
cDNA was recreated by appending the ClaI-
HindIII fragment from X07884 into this last clone,
creating the A1-BFP reporter in pCDNA3 vector.
For making adenovirus expressing A1-BFP

reporter, pAdTrack-CMV vector was modified by
removing the HpaI fragment (containing the GFP
cassette) and religating the vector. The NotI-SalI
fragment of the A1-BFP/pCDNA3 construct was
recloned into NotI and XhoI of the modified
pAdTrack-CMV vector. Adenovirus was
assembled by recombination of this clone with
pAdEasy in BJ5 183 E. coli cells and packaged in
HEK293 cells and amplified using the standard
procedures [38].
For construction of A2-GFP and A2D50SL-GFP

reporter genes full size human collagen a2(I)
cDNA in clone BC042586 (MGC:30044
IMAGE:4803351) was shortened by cutting with
XcmI and HindIII, removing the fragments and
religating the clone after blunting the ends. For
making A2-GFP, double stranded oligonucleotide
with sequence TCAGCTTTGTGGATACGCGGA
CTT TGTTGCTGCTTGCAGTAACCTTATGCCTA
GCAACATGCCAATCTTTACAAGAGGATCCTGT
AAGAAAGGGCC was ligated into BplI and ApaI
sites of the truncated collagen a2(I) cDNA. For
making A2D50SL-GFP, double stranded
oligonucleotide with sequence TCACGTTCGTAG
ATACGCGGAC TTTGTTGCTGCTTGCAGTAAC
CTTATGCCTAGCAACATGCCAATCTTTACAAGA
GGATCCTGTAAGAAAGGGCC was cloned into
BplI and ApaI sites. cDNA for Emerald GFP
protein was amplified by PCR with primers:
CGCAGATCTAGTGAGCAAGGGCGAGGAGCT
and CGCAGATCTCCACCTCC GCCCTTGTA
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CAGCTCGTCCA TGCC, the PCR product was
cut with BglII and ligated into BamHI site of the
above A2-GFP and A2D50SL-GFP constructs.
The KpnI and PmlI fragment was cut from these
clones and ligated back into KpnI-PmlI sites of
BC042586, creating A2-GFP and A2D50SL-GFP
reporters in pSPORT vector.
For making adenoviruses expressing A2-GFP

and A2D50SL-GFP, KpnI-NotI fragment from
pSPORT vectors was recloned into KpnI and NotI
sites of the modified pAdTrack-CMV vector and
adenoviruses were assembled as described above.
Cell culture and immunostaining. Human lung

fibroblasts (HLFs) and hepatic stellate cells (HSCs)
were described before [39,40]. Scleroderma fibrob-
lastswere fromEuropeanCollection of Cell Cultures
(ECACC), cell line BM0070. The cells were cultured
under standard conditions in DMEM supplemented
with 10% fetal calf serum.
CRISPR-Cas9knockdownof LARP6 inHLFswas

done using pCas9GFP vector (addgene #48138)
expressing the sgRNA targeting LARP6 with
sequence: CGGATCTGCACCGCCGTCTT
GGG, quality score 93, 9 off-target sites with score
of 0.9 [41]. The vector was transfected into HLFs
and individual clones were selected by cell sorting
and LARP6 expression verified by western blot.
For immunostaining, the cells were seeded onto

glass coverslips and grown to 50% confluency,
when they were fixed in 4% formaldehyde in PBS
for 10 min. Cells were permeabilized with 0.1%
Triton X-100 in PBS for 10 min and blocked with
1% bovine serum albumin for 2 h, followed by
incubation with the following antibodies:
anti-collagen antibody (Rockland 600–401-103),
anti-a2(I) antibody (Santa Cruz Biotechnology sc-
8786), anti-COPII antibody (Invitrogen PA1-069A)
and anti-calnexin antibody (BD Transduction
Laboratories 611346) at 4 �C overnight. For
negative control the primary antibodies were
omitted. After washing, the fluorescent-conjugated
secondary antibodies were added and incubated
at room temperature for 1 h. Cells were mounted
with Prolong mounting solution with or without 40,
60-diamidino-2-phenylindole (DAPI) (Invitrogen).
For imaging fluorescent collagen reporters,

adenoviruses expressing A1-BFP and A2-GFP or
A2-D50SL GFP reporters were added to the cells
on cover slips in ratio of 2:1 and incubated for
2 days. The cells were fixed in 4% formaldehyde,
mounted and imaged.
Purification of microsomes. Microsomal fraction

was prepared as reported before [42], with minor
modifications [43]. Cells were resuspended in
0.5 ml of hypotonic buffer and homogenized in
Dounce Homogenizer. The homogenate was mixed
with 2 ml of 2.5 M sucrose and overlaid with 2 ml of
1.9 M and 1.3 M sucrose and centrifuged at
260,000�g for 3 h at 4 �C. The band at the
1.3 M/1.9 M sucrose interface was recovered and
3

centrifuged in a Beckman TLA120.2 rotor at
66,000�g for 20 min at 4 �C. Microsomes in the pel-
let were resuspended in 25 mM Hepes, pH7.2,
150 mM KAc, 5 mM MgAc and used for Western
blot or fixed by adding glutaraldehyde to 0.15%
and mounted with Prolong mounting solution onto
coverslips for direct imaging. In some experiments
digitonin was added to the resuspension buffer to
3.5% and microsomes were lysed by incubation
on ice for 10 min prior to fixing and mounting. For
immunostaining, resuspended microsomes were
spotted on poly-L lysine coated coverslips, fixed
with 0.15% glutaraldehyde and immunostained with
anti-collagen antibody as described for cells.
Western blots. Antibodies used were: anti-LARP6

antibody from Abnova (H00055323-B01P), anti-
collagen a1(I) antibody from Rockland (600–401-
103), anti-calnexin and anti-golgin antibody from
BD Transduction Laboratories (611346 and
611382), anti-b-actin antibody from Abnova
(ab8227), anti-GAPDH antibody from Millipore-
Sigma (ABS16) and anti-GFP antibody from
Sigma (G6539).
Typically, 40 lg of total cellular protein was used

for Western blotting analysis. Proteins were
resolved on 7.5% SDS-PAGE gels, transferred
onto nitrocellulose membrane and probed with
1:1000 dilution of primary antibodies. For western
blots under nonreducing conditions proteins were
resolved on 4% SDS-PAGE gels without adding
mercaptoethanol or DTT to the samples. For
western blotting analysis of cellular medium
proteins, the cells were grown in 6-well plates to
80% confluency, washed 3 times with serum free
medium and 200 lL of serum free medium was
added per well. This medium was incubated for
3 h, collected, and 50–100 mL was directly
analyzed by Western blotting.
Imaging of cells and microsomes. Two imaging

systems were used; the OMX Deltavision V4
system with structured illumination module and
the Keyence BZ-X710 microscope with optical
sectioning module, as indicated in the figure
legends. Some control images were also taken
with EVOS FL microscope, as indicated. Live cell
imaging was done by Andor Dragonfly 505
confocal imaging system. The images were taken
at 60x magnification and the higher magnification
of 3D microsomes was obtained by applying 3x
zoom. For reconstruction of 3D images, confocal
images were arranged in stacks and 3D view was
constructed using Image J software.
For quantification of fluorescence overlap in fixed

cells, areas containing collagenosomes were
selected and cyan pixels (overlap of blue and
green pixels) and green pixels were counted in the
same area using Color Pixel Counter plugin of
Image J. The number of cyan pixels was
normalized to number of green pixels and
expressed as percentage overlap.



Fig. 1. Subcellular localization of type I procollagen in human lung fibroblasts (HLFs). A. Immunostaining of type I
procollagen in wt HLFs. Upper left panel: untreated wt HLFs (CON), upper right panel: HLFs treated with
cycloheximide for 1 h (CHX), lower left panel: HLFs treated with puromycin for 1 h (PUR), lower right panel: negative
control staining, (Keyence BZ-X710). B. Immunostaining of type I procollagen in LARP6 knock out HLFs. Left panel:
immunostaining in LARP6 knock out HLFs (LARP6 K.O.), (Keyence BZ-X710), right panel: western blot of LARP6
and actin in LARP6 knock out HLFs (K.O.) and wt HLFs (WT). C. Immunostaining of type I procollagen in scleroderma
fibroblasts (SCL) and human hepatic stellate cells (HSCs), (Keyence BZ-X710). D. 3D image of collagenosomes in
immunostained HLF. Three different angles of view of the same group of collagenosomes is shown. The image was
reconstructed from 11 confocal images, (OMX Deltavision V4).
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Results

Biosynthesis of type I procollagen in fibroblasts is
localized to discrete spots in the perinuclear region.
The cells used in this study were pulmonary and
dermal fibroblasts and hepatic stellate cells. In
in vivo fibrosis these cells become activated and
increase type I procollagen production. When
these cells are cultured in vitro they assume their
activated phenotype [44 45,46]. Therefore, by using
cultured cells our results pertain to the type I procol-
lagen biogenesis in the cells with high biosynthetic
rate.
If the intracellular localization of type I

procollagen is visualized by immunostaining of
cells, the image will display the localization at
the time of fixation of cells. Because procollagen
is a secreted protein, the intracellular
4

accumulation will display the equilibrium between
these two processes. Fig. 1A, upper left panel,
shows that in human lung fibroblasts (HLFs), the
cells responsible for pulmonary fibrosis, type I
procollagen accumulated in discrete perinuclear
foci. When the cells were treated with
cycloheximide, which inhibits translation but
preserves the integrity of polysomes [47], the focal
pattern of accumulation was preserved (upper right
panel). However, when polysomes were dissoci-
ated with puromycin, which dissociates polysomes
[48], the procollagen signal was greatly diminished
and the foci disappeared (lower left panel). This
indicated that the focal pattern of intracellular pro-
collagen accumulation is dependent on the integ-
rity of translational machinery and that it displays
the sites at which procollagen polypeptides are
translated.



Fig. 2. Collagenosomes form on the endoplasmic reticulum (ER) membrane. A. Immunostaining of HLFs for
calnexin (left panel), type I procollagen (COL1A1, middle panel) and the merged image (right panel), (Evos FL). B.
Western blot for calnexin (CLNX), golgin 83 (GOLG) and GAPDH (GPDH) in total cell lysate of HLFs (T) and in
purified microsomes (M). C. Immunostaining of type I procollagen in HLFs microsomes. Upper left panel:
immunostaining of type I procollagen (COL1A1), upper right panel: phase contrast image of microsomes, lower left
panel: overlaid image, lower right panel: negative control for immunostaining, (Keyence BZ-X710). D. 3D image of
microsomes. 36 of 0.1 mM thick confocal sections of microsomes immunostained for type I procollagen (green) and
phase contrast images of the same sections were overlaid and reconstructed in 3D. Two angles of view of the same
microsome is shown (Keyence BZ-X710). E. Enlarged view of procollagen immunostaining in microsomes. 42
confocal sections of microsomes immunostained for type I procollagen were zoomed 3x and reconstructed in 3D,
(Keyence BZ-X710). (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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LARP6 is the protein which regulates translation
of type I collagen mRNAs [32,49]. To assess if
LARP6 plays a role in regulating the focal pattern
of type I collagen translation, we knock down
LARP6 expression in HLFs by CRISPR-Cas9
method and immunostained the cells (Fig. 1B). In
a LARP6 knock out cell the procollagen foci were
less numerous and coalesced into larger bodies
which aggregated around the nucleus. This is
clearly discerned in the surface plots of the WT cell
(from Fig. 1A upper left panel) and the LARP6 K.O.
cell (from Fig. 1B, left panel), what is shown in sup-
plemental Fig. 1. This suggested that LARP6 regu-
latory activity is necessary for the formation of
biosynthetic foci.
To verify that other collagen producing cells show

similar focal pattern of intracellular type I
procollagen, we immunostained the endogenous
5

type I procollagen in human scleroderma skin
fibroblasts and in human hepatic stellate cells
(HSCs), these cells are responsible for dermal
and hepatic fibrosis, respectively (Fig. 1C). Both
cell types showed type I collagen biosynthesis in
discrete foci, indicated that it is a general
phenotype of the collagen producing cells
responsible for fibrosis, and we termed these foci
the collagenosomes.
To provide some structural detail of

collagenosomes we reconstructed their 3D images
from 11 high resolution confocal slices of the
immunostained HLFs. These images were
obtained by OMX DeltaVision microscope
equipped with four cameras to capture the spatial
outline. Fig. 1D shows three different angles of a
group of collagenosomes. Most collagenosomes
appeared as disk shaped bodies with diameter of
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0.5–1 lM and thickness of 200–400 nM. Some
collagenosomes appeared smaller, what may be
an artifact of nonuniform binding of the antibody
used for immunostaining.
Endoplasmic reticulum (ER) membrane as the

platform for collagenosomes formation.
Perinuclear localization of collagenosomes and
their dependence on the integrity of polysomes
suggested that they form at the ER membrane.
When immunostaining of type I procollagen was
overlaid with immunostaining of calnexin, an
integral protein of the ER membrane, it was clear
that the collagenosomes did not spread beyond
the calnexin signal (Fig. 2A), suggesting that they
are confined to the ER. Supplemental Fig. 2
shows that calnexin immunostaining was
restricted to the perinuclear space and not spread
to the periphery of cells, outlining the ER.
To further verify their localization to the ER

membrane we purified microsomes, the vesicles
which form after disruption of intracellular
membranes and which predominantly contain the
ER membranes. To assess the purity of
microsomes we analyzed the preparation for
presence of calnexin, as the ER membrane
marker, and for absence of golgin 83 and
GAPDH, as Golgi and cytosolic markers,
respectively (Fig. 2B). In our microsomal
preparations calnexin was present in the amount
equivalent to that in whole cell extract, while only
tracing amounts of golgin 83 and GAPDH were
found. Therefore, we fixed microsomes with
glutaraldehyde and immunostained the
preparation with anti-collagen antibody. Fig. 2C,
upper left panel shows confocal image of type I
procollagen immunostaining in the microsomes,
while upper right panel shows the phase contrast
image. From the phase contrast image, the
average size of microsomes was estimated to be
16 + -2.5 lM. The overlaid image (lower left
panel) shows that the focal pattern of type I
procollagen accumulation was preserved in the
microsomes, suggesting that collagenosomes
copurify with the ER membranes.
To provide 3-dimensional reconstruction of

collagenosomes imbedded in the microsomal
membranes we obtained 36 confocal slices and
arranged them in a stack. Fig. 2D shows two
angled views of a microsomal vesicle (gray), with
procollagen staining (green) imbedded between
the folds of membranes. This is an additional
demonstration of the intimate association of type I
procollagen with the ER membrane.
We also reconstructed the 3D image of

procollagen in the microsomal membranes after
immunostaining, but without obscuring these
images with the phase contrast of microsomes.
Fig. 2E shows three angles of view of one such
structure. Procollagen appeared in cylindrical
structures, as imbedded between the membrane
sheets.
6

Collagenosomes and COPII vesicles are distinct
structures. COPII containing vesicles assemble on
the ER membrane and transport procollagen
molecules from to the ER to the Golgi complex
[16,50]. To demonstrate that collagenosomes are
distinct from the COPII containing vesicles we co-
immunostained procollagen a2(I) polypeptide and
COPII in HLFs and overlaid the images (Fig. 3).
The negative controls of procollagen a2(I) and
COPII immunostaining is shown in supplemental
Fig. 3. From Fig. 3 it is clear that the majority of pro-
collagen a2(I) polypeptide, as the marker of col-
lagenosomes (red), and COPII protein, as the
marker of COPII vesicles (green) are segregated
(overlaid image and inset in Fig. 3). Some col-
lagenosomes and COPII vesicles showed colocal-
ization (yellow), indicated that biogenesis and
export of type I procollagen molecules may be cou-
pled in limited number of instances.
To demonstrate the spatial positioning of

collagenosomes relative to the COPII vesicles, we
reconstructed the 3D images from 11 high
resolution confocal slices of the co-immunostained
cells using OMX DeltaVision microscope (Fig. 3B).
From the three different angles of view of a group
of vesicles it is clear that the majority of
collagenosomes (red) and COPII vesicles (green)
are spatially segregated, although some particles
showed partial overlap.
This provided further evidence that the majority of

collagenosomes are distinct from the COPII
vesicles and that they primarily represent the sites
of type I procollagen biogenesis and not export.
Design of the system for direct visualization of

collagenosomes. The structural features of type I
collagen biosynthesis can be directly imaged only
if full size procollagen polypeptides are used as
the fluorescent reporter molecules, because they
follow the same modification and folding
processes as the endogenous procollagen
polypeptides. Therefore, we designed a system
for co-expressing fluorescently labeled full size
collagen a1(I) and a2(I) polypeptides to directly
visualize the collagenosomes. The system
consists of three genes, their mRNAs and
encoded polypeptides are schematically shown in
Fig. 4A. The first gene encodes for full size human
collagen a1(I) polypeptide in which we have in
frame inserted the sequence of blue fluorescent
protein (BFP). By placing the fluorescent tag after
the collagen signal peptide sequence, we assured
that it will not interfere with the secretion of
polypeptide. At this position, the fluorescent tag
will also not impede its folding into the triple helix,
which starts from the C-terminal end and
propagates towards the N-terminus. The mRNA
encoding for this a1(I)-BFP fusion reporter (A1-
BFP) contained the regulatory 50 stem-loop (50SL)
sequence, which binds LARP6 and regulates
translation. Thus, it visualizes the LARP6
regulated synthesis of a1(I) polypeptide.



Fig. 3. Collagenosomes and COPII vesicles do not co-localize. Immunostaining of procollagen a2(I) polypeptide
(red), COPII protein (green) and overlay of the images. Inset: enlargement of the squared area of the overlay image,
(Keyence BZ-X710). B. 3D image of collagenosomes (red) and COPII (green) in co-immunostained HLF. Three
different angles of view of the same group of vesicles is shown. The image was reconstructed from 11 confocal
images, (OMX Deltavision V4). (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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The second gene was constructed by placing the
sequence of emerald fluorescence protein (GFP)
after the signal peptide sequence of the full size
human a2(I) cDNA (A2-GFP reporter). The mRNA
encoded by this gene also had the 50SL to report
the LARP6 regulated translation of a2(I)
polypeptide.
The third gene is similar to the A2-GFP, but the

50SL was abolished, without changing the coding
region (A2D50SL-GFP). Thus, this gene encodes
for the identical polypeptide as A2-GFP, but its
translation is not regulated by LARP6.
All three reporter genes were driven by the

constitutive CMV promoter to report only the
differences in posttranscriptional regulation. The
reporter genes were transduced into the cells
using adenoviruses and co-expression of A1-BFP
and A2-GFP or A1-BFP and A2D50SL-GFP in ratio
of 2:1 was achieved by transducing the
adenoviruses at the relative MOI of 2:1.
Characterization of expression of the reporter

genes. To verify the expression of procollagen
polypeptides from reporter genes, the genes were
first individually transduced into HEK293 cells,
which express only tracing amounts of
endogenous type I collagen. This allowed
assessing the expression of reporters by western
blot using both: anti-GFP antibody and anti-
collagen antibody (Fig. 4B). Under reducing
conditions, in transduced cells the anti-GFP
antibody recognized A2-GFP and A2D50SL-GFP
7

fusion polypeptide with apparent molecular weight
of 172 kD (left panel, lanes 2 and 3), indicated
that full size procollagen a2(I) polypeptide with the
GFP tag was expressed. The anti-GFP antibody
weakly recognized A1-BFP polypeptide,
presumably because it weakly cross-reacted with
the BFP tag (lane 1). Nontransduced cells showed
no signal with anti-GFP antibody (lane 4).
For confirmation, we re-analyzed the samples

using anti-collagen antibody (Fig. 4B, right panel).
This antibody recognized A1-BFP, A2-GFP and
A2D50SL-GFP polypeptides in the transduced
cells, while control cells showed only weak signal
of the endogenous protein. These experiments
verified that the tagged, full size collagen
polypeptides are expressed from our reporter
genes.
To verify that A2-GFP co-expressed with A1-BFP

folds into disulfide bonded, high molecular weight
trimer, indicative of formation of the triple helix of
type I procollagen, we co-expressed A1-BFP and
A2-GFP or A1-BFP and A2D50SL-GFP at MOI of
2:1 in HLFs. Then, we prepared whole cell extract
or purified microsomes from these cells, and
analyzed the extract and microsomes using anti-
GFP antibody and western blots under non-
reducing conditions. If a trimer of two A1-BFP and
one A2-GFP polypeptides is formed, it would be
recognized by anti-GFP antibody as a disulfide
bonded complex of ~ 500 kD. As shown if Fig 4C,
a high molecular weight complex was detected in



Fig. 4. Design of fluorescently labeled full size type I procollagen reporter polypeptides. A. Schematic
representation of the constructs. mRNA is shown as straight line and polypeptide as wavy line. B. Expression of
individual reporter polypeptides. Western blot of HEK293 cells transduced with the indicated reporters. Left panel was
probed with anti-GFP antibody and right panel with anti-collagen antibody. CON, nontransduced cells. C. Western
blot under nonreducing conditions. Left panels: HLFs were transduced with the indicated reporters, total cell extract
(CELL), purified microsomes (MICRO) and cellular medium (MED) were analyzed on 4% SDS-PAGE under
nonreducing conditions. The samples were run on the same gel and blot probed with anti-GFP antibody. Right panel:
control, nontransduced cells were analyzed using anti-collagen antibody in duplicate. D. Expression of LARP6.
Western blot of LARP6 in nontransduced HLFs (CON) and in HLFs expressing the indicated reporters. Loading
control: actin (ACT).
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both, the whole cell extract (left panel, lanes 1 and
2), and in microsomes (lanes 3 and 4). This
complex was of high molecular weight and much
larger than the single A2-GFP polypeptide,
8

indicating the formation of the disulfide bonded
trimer. The trimer was also secreted into the
cellular medium (left panel, lanes 5 and 6). The
electrophoretic migration of the trimer formed by



Fig. 5. Imaging of fluorescent collagenosomes. A. Perinuclear localization of fluorescent collagenosomes. Overlay
of phase contrast image and fluorescent image of HLF expressing A1-BFP + A2-GFP reporters, (Evos FL). B. High
resolution image of collagenosomes in HLFs. Wt HLF was transduced with A1-BFP + A2-GFP (left panel) or A1-
BFP + A2-D50SLGFP (middle panel) reporters and LARP6 K.O. HLF was transduced with A1-BFP + A2-GFP reporter
(right panel). Confocal images of fixed cells with overlayed blue and green fluorescence are shown, (OMX Deltavision
V4). C. Quantification of fluorescence colocalization. Cyan pixels and green pixels were counted from multiple areas
of six HLFs transduced with the indicated reporters and number of cyan pixels was normalized to number of green
pixels and shown as percent pixel overlap. Error bars: +- 1SD. D. Green fluorescence image of a cell expressing A1-
BFP + A2-GFP reporters (left panel) and a cell expressing only A2-GFP reporter, (OMX Deltavision V4). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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the reporter polypeptides was similar to that of
endogenous type I procollagen trimer, which we
analyzed on a parallel gel (Fig. 4C, right panel).
From these experiments we concluded that the

polypeptides from the reporter genes assemble
into disulfide bonded high molecular weight
procollagen with similar electrophoretic mobility as
the endogenous type I procollagen, the reporter
procollagen co-purifies with the microsomal
membranes and is secreted out of the cells.
Therefore, we concluded that placing the
fluorescent tags does not impede proper formation
of type I procollagen.
Expression of reporter genes upregulates

endogenous LARP6. LARP6 is required for
regulation of translation of type I collagen mRNAs
[32,49]. So, the pertinent question was whether
the amount of endogenous LARP6 is sufficient to
regulate the increased load of collagen mRNAs
when the reporter genes are introduced into cells
or whether the transduced cells have to be supple-
mented with exogenous LARP6? Thus, we ana-
9

lyzed the level of endogenous LARP6 in control
HLFs and in HLFs expressing A1-BFP + A2-GFP
or A1-BFP + A2D50SL-GFP (Fig. 4D). The expres-
sion of LARP6 was upregulated when the reporter
mRNAs were introduced into the cells, suggesting
that the cells compensate for the increased burden
of collagen mRNAs by upregulating LARP6. We
also supplemented LARP6 to these cells, but did
not see any difference in the formation of collageno-
somes. This suggested that there is a feedback
between the burden of collagen mRNAs and
LARP6 expression and that our system does not
require LARP6 supplementation.
Perinuclear localization of collagenosomes

visualized by fluorescent imaging of reporter
polypeptides. To visualize fluorescent
collagenosomes we transduced HLFs with A1-
BFP + A2-GFP reporters in ratio 2:1 and allowed
for 2 days for expression and equilibration to the
steady state. Then, we imaged the cells with
phase contrast and with blue and green
fluorescence and overlaid the images. The



Fig. 6. Intact polysomes are required for collagenosomes formation. HLFs transduced with A1-BFP + A2-GFP
reporters were left untreated (CON, left panel) or were treated for 30 min with cycloheximide (CHX, middle panel) or
puromycin (PUR, right panel), (Keyence BZ-X710).
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fluorescent signals mostly overlapped and were
confined to the perinuclear space, without
spreading to the periphery of cells (Fig. 5A). The
perinuclear localization is consistent with their
confinement to the ER, what was suggested
before by their presence in the microsomal
fraction (Fig. 2C). Therefore, in the subsequent
images we show only the fluorescent signal, with
the stipulation that the actual cell size is larger
than the fluorescent image shown.
High resolution images of collagenosomes in

HLFs. To image collagenosomes at high
resolution we co-expressed A1-BFP + A2-GFP or
A1-BFP + A2D50SL-GFP in HLFs, fixed the cells
and took high resolution confocal images with
Deltavision OMX V4 microscope. Fig. 5B, left
panel, shows the overlaid image of blue
fluorescence, displaying the a1(I) polypeptide, and
green fluorescence, displaying the a2(I)
polypeptide when its expression is LARP6
regulated (A1-BFP + A2-GFP). Many discrete foci,
either single or coalesced, of overlapped blue and
green fluorescence (cyan color) were seen in the
perinuclear space. Small number of foci showed
only blue fluorescence or green fluorescence,
suggesting that in some foci only the individual
polypeptides had accumulated. However, in the
majority of collagenosomes there was an overlap
of blue and green fluorescence, indicating that
these are the sites of folding of a1(I) and a2(I)
polypeptides into the procollagen.
The middle panel of Fig. 5B shows the

collagenosomes when a2(I) polypeptide is
encoded by the mRNA without 50SL (A1-BFP + A2
D50SL-GFP). The degree of colocalization of a1(I)
and a2(I) polypeptides was reduced, the foci
showing only the blue or only green fluorescence
were more numerous and the collagenosomes
appeared more dispersed. Type I procollagen
could still be formed, because ~ 30% of
10
collagenosomes showed the cyan color, but the
process appeared inefficient and poorly
coordinated.
Fig. 5B, right panel shows the collagenosomes in

a LARP6 knock out HLF after expression of the
A1-BFP + A2-GFP reporters. The collagenosomes
looked similar to those seen for A1-BFP + A2D50S
L-GFP reporter in wt cells (middle panel),
indicating that mutation of 50SL or knock down of
LARP6 give similar phenotypes. The image of
collagenosomes in a LARP6 knock out cell of
different clonal origin is shown in supplemental
Fig. 4. The fact that abolishing the LARP6 binding
site or knock down of LARP6 result in similar
phenotypes, strongly suggests that binding of
LARP6 regulates formation of collagenosomes.
To quantify the colocalization of a1(I) and a2(I)

polypeptides when expressed from A1-BFP + A2-
GFP reporters and A1-BFP + A2D50SL-GFP
reporters, we obtained images of six HLFs
expressing the reporters and counted pixels
from ~ 3000 collagenosomes. The number of cyan
pixels (colocalization of a1(I) and a2(I)
polypeptides) was normalized to the number of
green pixels (total a2(I) polypeptide) and plotted
as the percent of pixel overlap (Fig. 5C). For the
A1-BFP + A2-GFP, 79% of green pixels
overlapped with blue pixels, while for the A1-BFP +
A2D50SL-GFP the overlap was only 35%. This
implicates that when collagen a2(I) polypeptide is
encoded without LARP6 regulation, type I collagen
biogenesis is reduced by ~ 50%. Thus, these
experiments verified the observation that binding
of LARP6 is not absolutely necessary for type I
collagen expression [51], but that it augments the
biosynthesis in fibrosis [27].
Formation of collagenosomes is dependent on

presence of both procollagen polypeptides. The
trimerization of a2(I) polypeptides in the absence
of a1(I) polypeptides has never been observed



Fig. 7. Collagenosomes as discrete bodies of type I collagen biogenesis. A. 3D image of collagenosomes in A1-
BFP + A2-GFP transduced wt HLFs, obtained from 13 confocal images of 0.125 lM arranged in a stack. Different
angles of view of the same group of collagenosomes is shown, (OMX Deltavision V4). B. 3D image of
collagenosomes in A1-BFP + A2-D50SLGFP transduced wt HLFs. The image was reconstructed from 14 confocal
images. C. 3D image of collagenosomes in A1-BFP + A2-GFP transduced LARP6 K.O. HLFs. The image was
reconstructed from 11 confocal images, (OMX Deltavision V4.
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[52]. Therefore, we tested if collagenosomes can be
formed if a2(I) polypeptide is expressed without a1
(I) polypeptide. We transduced HLFs with A1-
BFP + A2-GFPor with A2-GFP alone, fixed the cells
and imaged the green fluorescence. Fig. 5D shows
that collagenosomes were formed when a1(I)
polypeptide was co-expressed (left panel), while
they were mostly absent when a2(I) polypeptide
was expressed alone (right panel). This further con-
firmed that our system faithfully displays the intrica-
cies of type I collagen biogenesis.
Formation of fluorescent collagenosomes is

dependent on the integrity of polysomes. To verify
that intact polysomes must be present for the
formation of fluorescent collagenosomes, as was
demonstrated for the endogenous
collagenosomes (Fig. 1), we expressed A1-
BFP + A2-GFP reporters in HLFs and treated the
cells with cycloheximide and puromycin (Fig. 6).
11
When polysomes were preserved by
cycloheximide, the collagenosomes retained their
structure (Fig. 6, middle panel). However, when
polysomes were dissociated, collagenosomes
disappeared (Fig. 6, right panel). Thus, the
formation of collagenosomes from the reporter
polypeptides is dependent on the integrity of
polysomes and recapitulates the requirement for
the assembled translational machinery for their
existence.
Dissociation of polysomes by puromycin is

reversible and when puromycin is removed, the
cells reassemble the polysomes. Supplemental
Fig. 5 shows that the disruption of collagenosomes
by puromycin was also reversible, because when
the puromycin was washed off the
collagenosomes reformed within 1 h.
Ascorbic acid is a cofactor of prolyl hydroxylases

and it has been shown that it stimulates procollagen



Fig. 8. Collagenosomes in HSCs. A. Image of collagenosomes in HSCs. HSCs were transduced with A1-BFP + A2-
GFP (left panel) or A1-BFP + A2-D50SLGFP (right panel) reporters. Confocal image of overlayed blue and green
fluorescence was obtained after fixing the cells, (OMX Deltavision V4). B. 3D image of collagenosomes in A1-
BFP + A2-GFP transduced HSCs, obtained from 12 confocal images of 0.125 mM arranged in a stack. Different
angles of view of the same group of collagenosomes is shown, (OMX Deltavision V4). C. 3D image of
collagenosomes in A1-BFP + A2-D50SLGFP transduced wt HSCs. The image was reconstructed from 12 confocal
images, (OMX Deltavision V4). (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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secretion from osteoblasts [53]. Therefore, we
tested if the treatment of HLFs with ascorbic acid
would alter the appearance of collagenosomes.
Supplemental Fig. 6 shows that in HLFs ascorbic
acid did not change the general appearance of col-
lagenosomes, suggesting that facilitating prolyl
hydroxylation has no effect on the collagenosomes
in HLFs.
Collagenosomes are highly organized bodies of

type I procollagen biogenesis. To obtain 3D
images of collagenosomes we took 11–13 high
resolution confocal slices of HLFs, arranged them
in a Z-stack and reconstructed 3D images. Fig. 7A
shows three different angles of collagenosomes
formed by A1-BFP + A2-GFP reporter
12
polypeptides. These collagenosomes were disk
shaped bodies with diameter of 0.5–1 mM and
thickness of 200–400 nM. The fluorescent
collagenosomes appeared more uniform in size
and shape than the collagenosomes revealed by
immunostaining (Fig. 1D), presumably because
the direct visualization was devoid of the artifacts
of using fluorescent antibodies. Nevertheless, the
fluorescent collagenosomes resembled the disk
shape of the endogenous collagenosomes,
suggesting that they are not an artifact of the
expression of reporter genes. Interestingly, on the
top of collagenosomes the A1BFP signal was
predominant, while on the bottom the A2GFP
signal was predominant. However, in the body of



Fig. 9. Fluorescent collagenosomes purify with microsomal membranes. A. Image of fluorescence of microsomes in
HLFs. Two confocal images of microsomes purified from HLFs expressing A1-BFP + A2-GFP reporters (upper
panels) and from HLFs expressing A1-BFP + A2-D50SLGFP reporters. Overlay of blue and green fluorescence is
shown, (Keyence BZ-X710). B. Dispersion of microsomal membranes by detergent releases collagenosomes.
Microsomal membranes were untreated (CON) or treated with digitonin (DIGI) before taking the images, (Keyence
BZ-X710). (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)

13
the particles there was the overlap of green and
blue fluorescence (cyan color), indicating the
colocalization of the polypeptides and that the
folding of procollagen trimer takes place inside the
particle.
13
The three images in Fig. 7B show the
collagenosomes which form when a2(I)
polypeptide is translated without LARP6
regulation, what was achieved by expressing A1-B
FP + A2D50SL-GFP reporter genes. These



Fig. 10. 3D image of fluorescent collagenosomes in microsomal membrane. A. Three different angles of view of a
3x zoomed image of A1-BFP + A2-GFP collagenosomes reconstructed from 40 confocal images of 0.1 lM. B. A1-
BFP + A2-D50SLGFP collagenosomes reconstructed from 41 confocal images, (Keyence BZ-X710).
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collagenosomes were also resolved as discrete
bodies, but they were smaller, irregular in shape
and the overlap of A1-BFP and A2-GFP in the
body of the particles was diminished.
The segregation of the A1-BFP on the top of the
collagenosomes and A2-GFP on the bottom was
also not so distinctly preserved.
We also reconstructed the 3D collagenosomes in

LARP6 knock out cells by expressing A1-BFP + A2-
GFP reporters (Fig. 7C). Although both of these
reporter genes contained the 50SL, without LARP6
in the cells the collagenosomes had irregular
shape and diminished overlap of the a1(I) and a2
(I) polypeptides in the body of the particles. This
suggested that the shape and size of
collagenosomes and the folding of collagen
polypeptides in their interior are the processes
regulated by LARP6 binding to the 50SL of
collagen mRNAs.
Collagenosomes have similar structure in other

collagen producing cells. Activated hepatic stellate
cells (HSCs) are liver myofobroblasts responsible
for type I collagen production in hepatic fibrosis.
We reconstructed the 3D image of
collagenosomes in HSCs for comparison to HLFs.
Fig. 8A shows one confocal plane of a HSC
expressing A1-BFP + A2-GFP reporters (left
panel) and A1-BFP + A2D50SL-GFP reporters
(right panel). Numerous, collagenosomes with a
14
high degree of overlap of blue and green
fluorescence was seen with the A1-BFP + A2-
GFP reporters, while the colocalization of blue and
green fluorescence in the most collagenosomes of
A1-BFP + A2D50SL-GFP reporters was
diminished. When the 3D images of
collagenosomes were reconstructed, the A1-
BFP + A2-GFP collagenosomes were similar in
size to that in HLFs, with overlapping a1(I) and a2
(I) polypeptides in the interior of particles
(Fig. 8B). Again, the predominant location of the
individual a1(I) polypeptides was on the top of
collagenosomes, while the individual a2(I)
polypeptides was at the bottom. Thus, this
particular organization of type I collagen
biogenesis seems to be a general feature of
collagen producing cells.
In contrast, the A1-BFP + A2D50SL-GFP

collagenosomes were poorly organized with
diminished overlap of blue and green
fluorescence in the core of particles and lack of
clear segregation of individual polypeptides to
the opposite sides of particles (Fig. 8C). These
images clearly demonstrated that folding of type
I procollagen in hepatic stellate cells takes
place in highly organized structures,
collagenosomes, formation of which critically
depends on the LARP6 regulated translation of
collagen mRNAs.
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Fluorescent collagenosomes are associated with
the ER membrane. Because the endogenous
collagenosomes fractionated with the ER
membrane (Fig. 2), we analyzed if the fluorescent
collagenosomes will show the same partitioning.
Therefore, we isolated microsomes from cells
expressing A1-BFP + A2-GFP or A1-BFP + A2D50

SL-GFP reporters and imaged the fluorescence of
microsomes. Fig. 9A, top panels, shows the A1-
BFP + A2-GFP collagenosomes in microsomal
membranes. The granular pattern is clearly
discernable, but the collagenosomes were not as
distinctly organized as in intact cells, probably due
to disruption and re-assembly of the ER
membranes during the isolation procedure [54].
The A1-BFP + A2D50SL-GFP collagenosomes
could not be discerned as individual particles and
the fluorescent signals appeared diffuse (Fig. 9A,
lower panels).
Digitonin is detergent commonly used to

solubilize ER membranes [55,56]. When the iso-
lated microsomal membranes were treated with
digitonin, the granular pattern of collagenosomes
seen in intact membranes (Fig. 9B, right panel), dis-
appeared and fluorescence became diffused
(Fig. 9B, lower panel), further confirming their inti-
mate association with the ER membranes.
3D images of fluorescent collagenosomes in

microsomal membranes. To assess if the
fluorescent collagenosomes show cylindrical
structures in the microsomal membranes as the
endogenous collagenosomes (Fig. 2E) we
reconstructed the confocal images of A1-
BFP + A2-GFP or A1-BFP + A2D50SL-GFP
collagenosomes into stacks. The cylindrical
structures were revealed, which for A1-BFP + A2-
GFP reporters showed a large central core with
the overlap of blue and green fluorescence, while
the individual polypeptides were partitioned to
the outer edges of the cylinders (Fig. 10A). The
colocalization of a1(I) and a2(I) polypeptides in the
core and the segregation of individual
polypeptides to the periphery was similar to that in
collagenosomes in intact cells, except the
cylinders may have formed by coalescence of
individual collagenosomes into larger assemblies
upon reassembly of the microsomes. The finding
that procollagen a1(I) and a2(I) polypeptides
colocalize while they are still associated with
the ER membrane strongly suggests that the
biogenesis of type I procollagen is membrane
associated.
The A1-BFP + A2D50SL-GFP collagenosome

cylinders showed diminished fluorescence overlap
in the core (Fig. 10B), indicating that they are
poorly organized.
Collagenosomes are stable structures in live

cells. To image the dynamics of collagenosomes
in cells we obtained confocal images of live cells
expressing A1-BFP + A2-GFP reporters at 30-min
intervals. Supplemental Fig. 7 shows that
15
collagenosomes change very little during the 3.5 h
period, suggesting that they are relatively stable
structures. Time points longer than several hours
showed changes caused by migration of cells, but
we have not observed dramatic alteration in the
general appearance of collagenosomes within 24 h.
Discussion

Tagging of type I collagen polypeptides with
fluorescence tags has been published before
[18,57]. Lu et al. tagged a2(I) polypeptide and fol-
lowed its assembly into procollagen in osteoblasts
and the role of fibronectin in this process. The
authors focused on imaging of fibril networks and
collagen bundles and on dynamics of these struc-
tures secreted by live cells [57]. On the contrary,
in this work we focused on the high-resolution imag-
ing of the early events in the procollagen biosyn-
thetic pathway that take place on the ER
membrane. We used cells responsible for pul-
monary, dermal and hepatic fibrosis and visualized
the assembly of the type I procollagen heterotrimers
by simultaneously tagging both polypeptides. In this
way wewere able to demonstrate type I procollagen
biosynthesis in highly organized bodies associated
with the ER membrane.
Type I collagen biosynthesis is complex, involving

translation, posttranslational modifications and
registration of two a1(I) polypeptides and one a2(I)
polypeptide to initiate folding into the triple helix
[2]. It takes about 18 min from the initiation of trans-
lation of type I collagen mRNAs to the appearance
of folded type I procollagen in the cellular medium
[58]. The translation elongation takes about 5 min
to yield a full-size procollagen polypeptide, assum-
ing the translational rate of 330 codons/min [59].
In chicken tendon fibroblasts it takes 8.5 min for
50% of the type I collagen molecules to fold into tri-
ple helix [4]. During this time the isomerization of
Gly-Pro bonds in nascent polypeptides, their post-
translational modifications, the registration of three
polypeptides at the C-terminus and their folding into
triple helix must be accomplished. The two slowest
steps in this pathway are formation of C-terminally
nucleated trimer to initiate the folding [52,60] and
cis–trans isomerization of Gly-Pro bonds [8,61].
The peptidyl-prolyl cis–trans-isomerase is ERmem-
brane bound [62], so cis–trans-isomerization can
commence during the translational elongation. It
has also been reported that procollagen polypep-
tides can fold into triple helix while still associated
with polysomes on the ER membrane [63], what
would accelerate the process. Our results support
this finding.
After folding, the helices are exported out of the

ER by the TANGO1 coated COPI II vesicles
[50,64] and secreted out of the cells; 4.5 min are left
for this process. COPI II vesicles also form on the
ER membrane [65], thus, procollagen polypeptides
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are retained on the ER membrane for prolonged
periods of time during the biogenesis of type I pro-
collagen. Therefore, it is not surprising that we
found intracellular type I procollagen predominantly
associated with the microsomal membranes and
demonstrated colocalization of two type I collagen
polypeptides on these membranes (Figs. 2, 4, 9
and 10).
The new finding of this work is that type I

procollagen polypeptides are not randomly and
diffusely translated on the ER membrane, but they
are made in highly organized bodies which we
termed the collagenosomes. The formation of
collagenosomes was demonstrated in cultured
fibroblasts and hepatic stellate cells, which
produce large amounts of type I procollagen
in vitro. Whether collagenosomes form when
these cells are in quiescent state and maintain
only the low rate biosynthesis, remains to be
determined. When the endogenous type I
procollagen is immunostained in cultured cells, a
focal pattern of localization within the ER is
apparent and seen in several types of collagen
producing cells (Fig. 1). The existence of these
foci is dependent on the integrity of polysomes
(Figs. 1 and 6), suggesting that they represent
nascent sites of biogenesis, rather than the
TANGO1 organized COPI II export vesicles. This
is also supported by our findings that most
collagenosomes do not colocalize with the COPII
containing vesicles and that they are spatially
segregated (Fig. 3). However, a small number of
collagenosomes and COPII vesicles appear to
have a partial overlap. This may simply be due to
the molecular crowding on the ER membrane or it
may suggest that there is some extent of coupling
of the biosynthesis and export. Therefore, the
functional significance of this finding remains to be
explored.
To facilitate studying type I collagenbiogenesiswe

constructed a reporter system in which full size a1(I)
and a2(I) polypeptides are tagged with different
fluorescence tags to allow their direct visualization
(Fig. 4A). The fluorescent tags were placed after
the signal peptide sequence, so they are retained
after the insertion of reporter polypeptides into the
ER and do not interfere with registration and
folding into triple helix (Fig. 4C) [52,60]. In this way
the reporters faithfully mimic the endogenous
polypeptides with respect to the size of triple helical
region, posttranslational modifications, foldability
and export. The system also allowed assessment
of the role of LARP6 in these processes, because
the identical a2(I) polypeptides can be made by the
mRNAwith orwithout 50 SL.To facilitate the analysis
50SL mutation was made in the context of a2(I)
mRNA, because a2(I) polypeptides cannot self-
associate into homotrimers. We clearly demon-
strated that collagenosomes do not form if A2-GFP
reporter is expressed alone (Fig. 5D).
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One important finding using our system was that
the expression of endogenous LARP6 was
upregulated when the reporters were introduced
into the cells (Fig. 4D). This suggests that there is
a crosstalk between the level of collagen mRNAs
present in the cell and expression of LARP6. The
nature of this feedback mechanism is not known,
but is important to elucidate, because it may be a
fundamental mechanism that allows increased
type I collagen production in fibrosis.
High resolution images of collagenosomes in

cells revealed that they are discrete bodies
(Figs. 7 and 8). Individual collagenosomes appear
as disks with diameter of 0.5–1 mM and thickness
of 200–400 nM, with colocalization of a1(I) and a2
(I) polypeptides in the core of particle. A single
triple helix of type I collagen has a length of
300 nM and width of 1.5 nM. This suggests that
many collagen helices can be accommodated
within the core of collagenosomes if they are
laterally positioned. The non-colocalized
polypeptides were segregated on the opposite
peripheries of the disks. One possibility is that the
individual polypeptides are fed into the folding
core from the opposite sides to help the lateral
positioning of folded molecules. Alternatively, they
may be extruded from the core to the opposite
sides if they are not assembled into the triple
helix. Our display of collagenosomes in actively
collagen producing cells indicates that the
biogenesis of type I procollagen is highly
organized process associated with the ER
membrane. The mechanistic details of this
process will be elucidated upon resolving the
structure of collagenosomes by cryo-EM.
LARP6 is the protein which regulates translation

of type I collagen mRNAs [31–33]. Because forma-
tion of collagenosomes is dependent on integrity of
translational machinery (Fig. 1A and 6), the role of
LARP6 in organizing collagenosomes is not surpris-
ing. We have demonstrated such role by two
approaches; knocking down of LARP6 and muta-
tion of its binding site in collagen a2(I) mRNA result
in poor organization of collagenosomes and 50%
reduced colocalization of a1(I) and a2(I) polypep-
tides. This confirms the previous observations that
the LARP6 regulation is not absolutely necessary
for type I collagen production, but that it accelerates
the biosynthesis in fibrosis [27].
Collagenosomes copurify with microsomal

membranes (Figs. 2 and 9), while dissolving the
membranes with detergent causes their
dispersion, suggesting that their organization
depends on the ER membrane integrity. In purified
membranes collagenosomes appeared coalesced
in cylinders (Figs. 2 and 10), what may be an
artifact of cell homogenization and re-assembly of
internal membranes during the purification
process. Nevertheless, the folding of a1(I) and a2
(I) polypeptides was seen in the core of the
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cylinders. This finding confirms the previous
observation that assembly of type I collagen can
take place while the polypeptides are still
associated with the ER membrane [63].
Collagenosomes appear to be relatively stable

structures with little reorganization within several
hours. Sequential imaging of live cells shows little
changes in the number, size or position of
collagenosomes within several hours
(supplemental Fig. 7). Thus, once established,
collagenosomes can be regarded as stable
assemblies of type I collagen biogenesis.
Experiments in vitro with short peptides

consisting of GPP repeats have been commonly
used to mimic type I procollagen folding [66–68].
They revealed very slow kinetics of folding in vitro.
To achieve the rate of folding observed in vivo the
peptides had to be in 1 M concentration [12]. Such
high concentration of collagen polypeptides is
impossible to achieve in the cell and, although
in vivo folding is facilitated bymolecular chaperones
[69], the high concentration dependence of the pro-
cess suggests that restricting the diffusion of
polypeptides in the two dimensions of the ER mem-
brane would accelerate the biogenesis. However, in
states of intensive type I collagen production, such
as fibrosis, we propose that additional level of orga-
nization is needed. This is achieved by formation of
collagenosomes, which restrict translation of both
type I procollagen polypeptides within a small vol-
ume of space, increasing their local concentration
to accelerate the processing, nucleation and fold-
ing. The concept that complex proteins are synthe-
sized in highly organized structures is not novel.
The subunits of proteasome are co-translationally
assembled in structures termed “assemblysomes”
[63], while ribosome profiling in yeast discovered
nine hetero-oligomeric proteins that are co-
translationally assembled [64]. It has been postu-
lated that coordination of translation enhances the
efficacy of assembly which occurs in synchroniza-
tion rather than in competition with chaperones
[65]. This report extends the concept to type I colla-
gen, but whether the other collagens are also
assembled in collagenosomes, remains to be
investigated.
With the reporter system described here it will be

possible to elucidate the structural and mechanistic
aspects of type I collagen biogenesis in
collagenosomes, as well as use the system for
high throughput screening for LARP6 binding
inhibitors as antifibrotic compounds [36,37].
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