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Abstract

CTHRC1 is transiently expressed by activated fibroblasts during tissue repair and in certain
cancers, and CTHRC1 derived from osteocytes is detectable in circulation. Because its biological
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activity is poorly understood, we investigated whether the N terminus of CTHRC1 encodes

a propeptide requiring cleavage to become activated. The effects of full-length versus cleaved
recombinant CTHRCL1 on endothelial cell metabolism and gene expression were examined /7
vitro. Respirometry was performed on Cthrc1 null and wildtype mice to obtain evidence for
biological activity of CTHRC1 /n vivo. Cleavage of the propeptide observed /n vitro was
attenuated in the presence of protease inhibitors, and cleaved CTHRCL significantly promoted
glycolysis whereas full-length CTHRC1 was less effective. The respiratory exchange ratio was
significantly higher in wildtype mice compared to Cthrc null mice, supporting the findings of
CTHRC1 promoting glycolysis /n vivo. Key enzymes involved in glycolysis were significantly
upregulated in endothelial cells in response to treatment with CTHRC1. In healthy human
subjects, 58% of the cohort had detectable levels of circulating full-length CTHRC1, whereas

all subjects with undetectable levels of full-length CTHRC1 (with one exception) had measurable
levels of truncated CTHRCL1 (88 pg/ml to >400 ng/ml). Our findings support a concept where
CTHRC1 induction in activated fibroblasts at sites of ischemia such as tissue injury or cancer
functions to increase glycolysis for ATP production under hypoxic conditions, thereby promoting
cell survival and tissue repair. By promoting glycolysis under normoxic conditions, CTHRC1 may
also be a contributor to the Warburg effect characteristically observed in many cancers.
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1. Introduction

CTHRC1], collagen triple helix repeat containing 1, is a secreted protein transiently
expressed during tissue repair and remodeling 1 such as after arterial injury where we
first identified it 2, after myocardial infarction 3 and during remodeling of cancer stroma
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4. While expression of CTHRC1 is not detectable in normal arteries or the healthy heart,
it is prominently induced in a subset of activated fibroblasts within three days of injury,
followed by a decline in expression over the course of a few weeks. Constitutive expression
of CTHRCL occurs in bone by osteocytes and osteoblasts from where it is released into
circulation 4. It is also constitutively expressed by some neurons in certain regions of
the brain 8. Disruption of the Ctfirc1 gene in mice leads to phenotypic changes indicative
of metabolic function 1, including reductions in trabecular bone mass °, increased body
fat, reduced muscle mass as well as reduced physical activity 8. We and others have also
demonstrated that the fibroblast-like synoviocyte characteristic of inflammatory arthritis
expresses high levels of CTHRC1 578, Myngbay et al. 7 further reported that rheumatoid
arthritis was associated with increased CTHRC1 plasma levels.

The short collagen domain of twelve G-X-Y repeats within CTHRCL1 enables the protein

to form trimers 2. We previously reported that CTHRC1 present in the culture medium

of a smooth muscle cell line transduced with a Cthrc1 expression vector had a lower
molecular weight than CTHRC1 in the cytoplasm as a result of N terminal truncation °

due to cleavage after the amino acid residue E46 of human CTHRC1 (E48 of rat/mouse
CTHRC1). The significance and mechanism of this cleavage event has hitherto remained
insufficiently characterized. The present study therefore sought to address whether the N
terminal fragment of predominantly basic amino acids represents a propeptide that requires
cleavage for CTHRCL to become biologically active. Furthermore, we sought to identify
the factors mediating cleavage, and we assessed the plasma levels of full-length and N
terminally truncated CTHRC1 in a cohort of healthy human subjects to gain insight into the
prevalence of these two forms of CTHRC1 /n vivo. Finally, we identified a role for CTHRC1
in cellular metabolism allowing us to explain its biological effects.

2. Materials and Methods

2.1. Monoclonal antibody generation and ELISA development

The coding region of hFL-CTHRC1 without the signal peptide was cloned in frame with the
N terminal 6xHis into the pEQ30 vector (Qiagen) for expression in £.Coli. hFL-CTHRC1
protein purified with Ni-NTA Agarose (Qiagen) was used for immunization of Cthrcl

null mice 1. Additional mice were immunized with synthetic peptides (New England
Peptide, Gardner, MA) of the human (aa31-46), SEIPKGKQKAQLRQRE) or the rat/mouse
(aa33-48, SENPKGKQKALIRQRE) N terminal sequence conjugated to keyhole limpet
hemocyanin (KLH)*. Rabbits were immunized with a synthetic peptide of the conserved
sequence following the propeptide (aa47-62, VVDLYNGMCLQGPAGYV), also conjugated
to KLH.

VIi13E09 was used at a concentration of 1-2ug/ml in carbonate buffer (50mM, pH9.6) as
the capturing antibody for coating ELISA strip wells (Thermo Scientific, Nunc, MaxiSorp,
flat bottom) for 14h at 4°C. Protein A/G purified IgGs of VIi10G07, VIi08G09 and V1i42
were conjugated with biotin using EZ-Link Sulfo-NHS-LC-LC-Biotin (Thermo Scientific),
following the manufacturer’s instructions. Additional details about the ELISA are in the
supplemental data file.
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2.2. Analysis of cell metabolism

All metabolic assays were performed on HUVECS using an Agilent Seahorse XF96
Analyzer. HUVECs were plated at 5000 cells per well in the Seahorse TC96 analytical
plates under four types of media: 1. Control medium. It contained ¥ volume of conditioned
medium from beta-galactosidase transduced 3T3-L1 cells; 2. Recombinant hFL-CTHRC1
(200ng/ml) in control medium; 3. Recombinant VVVD-CTHRC1 (200ng/ml) in control
medium; 4. Medium containing ¥ volume of conditioned medium from hFL-CTHRC1
transduced 3T3-L1 cells. Additional details are in the supplemental data file.

2.3. Ethics statement

All protocols involving animals were approved by the Institutional Animal Care and Use
Committee of the Maine Medical Center (protocol number 2105) and were in compliance
with all applicable regulations and guidelines including the National Institutes of Health
Guide for Care and Use of Laboratory Animals. CtArc null mice with global inactivation of
the Cthrcl gene have been previously described?.

Human plasma samples were from a previously reported study 4. Human plasma samples
were obtained under a protocol approved by the Institutional Review Board (IRB) of Maine
Medical Center (protocol number 3657). EDTA plasma samples were obtained from healthy
adult male and female volunteers after obtaining written informed consent (male and female,
20-65 years of age). The IRB had approved the Informed Consent Form (ICF) and the
procedure used to consent participants for the blood draw. After consenting, the participants
were provided with a signed copy of the ICF. The original signed copy of the ICF is kept by
the investigators in a secure place.

2.4. Mouse respiratory exchange ratio (RER)

studies are described in detail in the supplemental data file.

2.5. Statistical analyses of CTHRCL1 plasma levels

Statistical analyses were conducted in the R programming language. Maximum likelihood
methods were used to obtain parameter estimates for the data, and distributions were
assessed using the Pearson Goodness-of-Fit Test. CTHRC1 levels were set to zero if below
the detection limit and the one sample exceeding 400ng/ml was set to 400ng/ml.

3. Results

3.1 Recognition of CTHRC1 epitopes by monoclonal antibodies

Hybridoma cell lines expressing mouse monoclonal 1gG1-kappa specific for the hCTHRC1
propeptide (clone VIi10G07), specific for the mouse/rat propeptide (clone V1i08G09), and a
rabbit monoclonal IgG specific for the conserved sequence following the propeptide (clone
V1i42) were obtained (https://mhir.org/?page_id=2008). In addition, a mouse monoclonal
IgGlkappa recognizing a conserved internal epitope located between aa62 and aa243 (clone
VIi13E09) was obtained as well4. A schematic of the epitopes recognized by the antibodies
is shown in Fig. 1.
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Detailed characterization of the monoclonal antibodies is provided on the website (https://
mhir.org/?page_id=2008). All CTHRC1 antibodies were verified on knockout mouse tissues
and mice overexpressing transgenic CTHRC1 heterotopically. The peptide affinity purified
polyclonal 1gG against aa47-62 (VVDLYNGMCLQGPAGV) that gave rise to clone V1i42
had a Kd=7nM for cleaved CTHRCL1 and a Kd=70nM for hFL-CTHRCL1 as determined

by surface plasmon resonance (SPR). For VIi13EQ9 the Kd=20nM for FL-CTHRC1 was
established by SPR.

3.2 Full-length and cleaved CTHRCL1 levels in conditioned media from transfected cells

Following transfection with hFL-CTHRCL1 expression constructs, levels of hFL-CTHRC1
protein secreted from cells into the medium were monitored over time by ELISA (Fig. 2),
with or without serum present in the culture medium. The use of VI1i10G07 in the ELISA
allowed for specific detection of hFL-CTHRCL in the medium, whereas using VIi42 in the
ELISA detected both hFL-CTHRCL as well as N terminally truncated VVD-CTHRCL.

The amount of CTHRC1 detectable in the medium will depend on the kinetics of expression
and secretion from the cells, and on the half-life of CTHRC1 in the medium. When CHOK1
and HEK293T cells were transfected with the hFL-CTHRC1 construct and incubated in

the absence of serum, much less cleavage of the N terminal fragment occurred compared

to incubation of the same cells in the presence of 10% serum (Fig. 2). In the presence of
serum, the highest levels of hFL-CTHRCL1 were seen at 24 hours after transfection with a
steady decrease over the following three days (Fig. 2A, B). However, total CTHRC1 (hFL-
CTHRC1 and VVD-CTHRCL1 as detected with the VIi42 ELISA) remained at similar levels
between 24 and 96 hours after transfection (Fig. 2A, B). Of note, the optical density readings
in the VI1i42 ELISA are lower than the VLi10G07 ELISA, indicating higher sensitivity of
the ELISA detecting only hFL-CTHRCL. In the absence of serum, hFL-CTHRC1 remained
at similar levels between 24 and 96 hours after transfection, suggesting that the presence of
serum was associated with N terminal cleavage of CTHRCL. These findings were supported
by Western blotting demonstrating the presence of a CTHRCL1 double band in the medium
containing serum, with the lower band increasing in intensity over time. Only the upper
band of CTHRC1 was seen under serum free conditions (Fig. 2C). In addition, the 24-hour
time point demonstrates that detection of CTHRC1 by ELISA is more sensitive with a wider
dynamic range than detection by Western blotting.

To provide further proof that the N terminus of CTHRCL1 is sensitive to cleavage we
transfected HEK293T cells with an hFL-CTHRC1 expression construct encoding a 7xHis
tag fused to the N terminus. This allowed for better visualization of the cleavage by Western
blotting due to the increased molecular mass of the cleaved N terminal fragment, thereby
increasing the difference in molecular weight between cleaved and uncleaved CTHRCL1.
Western blotting for CTHRC1 with V1i10G07 specific for the propeptide and with VIi13E09
recognizing an internal epitope are shown in Fig. 2D. The propeptide epitope is not
detectable in the medium of cells expressing CTHRCL in the presence of serum. A much
less prominent and sharp band of slightly lower molecular mass detected by VI1i10G07 likely
reflects under-glycosylated CTHRCL1 (Fig. 2D). Specificity of VI1i10G07 for the propeptide
is further demonstrated by the inability to detect N terminally truncated VVD-CTHRCI1.

Vascul Pharmacol. Author manuscript; available in PMC 2024 December 01.
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Western blotting with rabbit monoclonal antibody VI1i55 recognizing the C terminus of
CTHRC1 showed similar results as VIi13E09 (data not shown).

3.3. Cleavage of exogenous CTHRC1 added to cells

The studies above examined cleavage of CTHRCL1 in transfected cells where expression and
secretion of CTHRC1 from cells is ongoing simultaneously with propeptide cleavage. To
clarify further that propeptide cleavage occurs extracellularly, we added media containing
hFL-CTHRC1 to cells and monitored cleavage of the N terminus by ELISA. Adding it to
HEK?293T cells caused most of the full-length CTHRCL to be cleaved within 24 hours (Fig.
3A).

Interestingly, propeptide cleavage occurred not only in cells growing in the presence of
serum but also in cells growing in the absence of serum (Fig. 3A). A protease inhibitor
cocktail partially inhibited cleavage under serum free conditions in this experiment. The
accelerated propeptide cleavage in this experiment can at least in part be explained by

the absence of ongoing CTHRC1 expression by the cells. Experiments with other cell

types including pulmonary artery smooth muscle (PAC-1)?, mouse cardiac endothelial cells
(MCEC-1, ATCC), and RAW264.7 cells (ATCC) showed a similar pattern of a rapid decline
in hFL-CTHRC1 levels when added to the cells (data not shown).

To determine if intracellular factors released from damaged cells were involved in CTHRC1
cleavage, we incubated hFL-CTHRC1 CM in the presence of cell lysate from HEK293T
cells under serum free conditions. We found that added cell lysate promoted propeptide
cleavage which was inhibited by a cocktail of protease inhibitors (Fig. 3B). Cleavage by
individual inhibitors present in the cocktail had little effect (data not shown). A similar
experiment with transfected cells overexpressing hFL-CTHRC1 also showed increased
propeptide cleavage in the presence of added cell lysate under serum free conditions (data
not shown). These data suggest that an intracellular protease might be contributing to
propeptide cleavage.

Different from previously reported results, the plasmin inhibitor e-aminocaproic acid failed
to reduce propeptide cleavage (Fig. 3C). Online tools predicting protease cleavage sites
(Expasy, peptide cutter) indicated that cleavage between E46 and V47 could be mediated

by glutamylendopeptidase (ENPEP, also known as aminopeptidase A), however, the ENPEP
inhibitor Amastatin failed to inhibit propeptide cleavage (data not shown). In addition,

we overexpressed ENPEP in several cell types and this had no effect on the kinetics of
propeptide cleavage (data not shown). Furthermore, in a construct of CTHRC1 with the
glutamic acid at the cleavage site changed to an alanine (E46A), cleavage still occurred
indicating that ENPEP is not the protease responsible for CTHRC1 cleavage (data not
shown).

In an additional experiment we investigated whether propeptide cleavage could be inhibited
in a competitive and dose dependent manner by adding a synthetic peptide containing

the cleavage site (Fig. 3D). As shown in Fig. 3D, >150-fold molar excess of the peptide
KQKAQLRQREVVDLYNGM had no effect on the kinetics of propeptide cleavage.

Vascul Pharmacol. Author manuscript; available in PMC 2024 December 01.
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3.4. Levels of full-length and cleaved CTHRCL1 in circulation of healthy human subjects

We measured the levels of both full-length and total CTHRC1 in human plasma samples

by ELISA to determine which forms of CTHRC1 are present in the blood of healthy
subjects. As shown in Fig. 4A, the VIi10G07 ELISA was more sensitive for detection

of hFL-CTHRCL1 compared to the V1i42 ELISA. In addition, the VV1i42 ELISA had a

wider dynamic range for truncated VVD-CTHRCL1 (Fig. 4B) compared to hFL-CTHRC1.
Full-length CTHRC1 was detectable in 22 of the 38 subjects (58%) with levels of hFL-
CTHRC1 ranging from 3.5pg/ml to 3.4ng/ml (Fig.4C), with a mean of 0.67ng/ml. Levels

of total CTHRC1 were detectable in 37 of the 38 samples (97%), ranging from 88pg/ml

to >400ng/ml, with a mean of 38.6ng/ml. These results show that most of the CTHRC1
present in circulation is in the form of N terminal truncated CTHRCL1. Additional and larger
studies are needed to determine what subject characteristics are associated with high, low or
undetectable levels.

The distributions of both full-length and total CTHRC1 differ from the commonly seen
bell-shaped normal distribution and instead more closely follow right-tailed exponential
distributions. The maximum likelihood estimates of the exponential rate parameter for
full-length and total CTHRC1 were 2.599 and 0.025, respectively. When compared to the
theoretical exponential distributions with the same rates, the Pearson Goodness-of-Fit test
yielded a moderate fit for the full-length CTHRCL1 (p=0.03) and a good fit for the total
CTHRC1 (p=0.993).

3.5. Effects of CTHRC1 on metabolism in vitro

Basic mechanisms of generating ATP from glucose by the cell include glycolysis and
oxidative phosphorylation. The latter is more energy efficient compared to glycolysis,
however, under hypoxic conditions such as in myocardial infarction, tissue damage, or
tumor proliferation, an increase in glycolysis for ATP production would be beneficial.
Based on our prior findings of Cthrc null mice having a metabolic phenotype 18 and

the fact that Cthrcl is highly induced in response to tissue injury and in cancer stroma

24 we investigated whether CTHRC1 regulates metabolism at the cellular level. We

chose primary endothelial cells, which are important players in tissue repair involving
angiogenesis. We evaluated the effects of hFL-CTHRC1 containing conditioned media
generated by adenoviral transduction of 3T3-L1 cells, purified recombinant hFL-CTHRC1
and purified recombinant VVD-CTHRC1 missing the propeptide (aa31-46). As shown in
Fig. 5, VVD-CTHRCL increased the basal rate of ATP production by approximately 21%,
predominantly by an increase in glycolysis (Fig. 5A-C), whereas hFL-CTHRC1 was less
effective. Accordingly, the percentage of ATP production from glycolysis was significantly
increased, while the contribution from oxidative phosphorylation was decreased (Fig. 5D,
E). Consistent with the increase in glycolysis is also the observed proportionate increase in
the proton efflux rate, with VVD-CTHRCL1 being more effective than hFL-CTHRC1 (Fig.
5F, G). Compensatory glycolysis in response to blocking oxidative phosphorylation was
also most effectively increased in VVVD-CTHRCL treated cells (Fig. 5H). Other parameters
of cell metabolism determined with the Seahorse XF Cell Mito Stress Test were not
affected by CTHRC1 (supplemental data). Heat inactivation of purified VVD-CTHRC1
protein abolished its effect on glycolysis, demonstrating specificity of its effect on glycolysis

Vascul Pharmacol. Author manuscript; available in PMC 2024 December 01.
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(supplemental data file Fig. 7). These findings support the notion that VVD-CTHRC1 is
the most active form of CTHRC1 and that aa31-46 represent a propeptide. Although we
found HUVEC not to be very efficient at propeptide cleavage compared to other cell types,
it is likely that at least some of the activity of rhFL-CTHRC1 and hFL-CTHRC1 CM

is attributable to ongoing generation of the VVVD-CTHRC1 form while in culture. Using
gRT-PCR we found transcript levels of some enzymes involved in glycolysis statistically
significantly (p<0.02) increased in hFL- and VVD-CTHRC1 treated cells, respectively:
phosphofructokinase (1.56- and 1.46-fold), phosphoglycerate kinase (1.37- and 1.22-fold),
aldolase (1.64- and 1.47-fold), and enolase (1.45- and 1.31-fold). We were unable to verify
these relatively modest effects on gene expression by Western blotting. Of note, activity

of glycolytic enzymes is also regulated by levels of metabolites and post-translational
modifications that were not examined here 10,

3.6. Evidence for CTHRC1 promoting glycolysis in mice

We performed metabolic monitoring in wildtype and CthrcI null mice with Cthrcl
inactivation in all tissues. Mice were subjected to 24-hour activity monitoring and
measurements of the respiratory exchange ratio (RER, Voo produced/V g, consumed) were
obtained. We found that wildtype mice had significantly higher RERs over 24 hours and
during the daytime compared with Cthrc null mice (Fig. 6A). These data are consistent
with Cthrel null mice having a shift toward reduced aerobic glucose metabolism compared
to wildtypes. RER is influenced by physical activity and at nighttime, when mice are active
(Fig.6D), RER values did not differ significantly between groups with an n=7-8 per group
(Fig. 6). At the same body weight (Fig. 6E) Cthrc1 null mice have more fat mass and

less lean mass (Fig. 6F, G). Because energy expenditure (EE) is largely determined by

lean mass, we normalized EE to lean mass and this revealed no significant differences in
EE between strains (Fig. 6B). During the day time when mice have very little locomotor
activity, even normalization of EE to total body weight showed no significant differences
between strains (Fig. 6C). A lower RER in CthrcI null mice reflects decreased aerobic
carbohydrate utilization, which would be consistent with effects of CTHRC1 shown in Fig.
5. Future analyses will need to determine if a reduction in RER occurs in specific tissues of
Cthrel null mice.

4. Discussion

We discovered CTHRCI during a screen for novel genes induced in tissues undergoing
repair in response to injury 3. In these situations, CTHRC1 is expressed by a population
of activated fibroblasts3>. We have also shown that forced expression of CTHRC1 under
Pdgfrb promoter control in stromal cells of transgenic mice does not contribute to CTHRC1
detectable in circulation 4, suggesting that CTHRC1 induced at sites of tissue injury may
serve functions associated with localized tissue repair. Tissue repair and remodeling are
also part of expanding solid tumors where CTHRC1 is expressed by the cancer activated
fibroblast (supplemental data Fig. 9) 4. Tissue injury is accompanied by damage to blood
vessels and interruption of blood supply, leading to hypoxia and inability to meet the
metabolic needs of the tissue. In mice, expression of CTHRC1 occurs within 3 days

of injury in activated fibroblasts 3. We expect that during tissue injury blood clotting

Vascul Pharmacol. Author manuscript; available in PMC 2024 December 01.
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occurs with activation of proteases present in serum, in addition to release of intracellular
factors from damaged cells. As shown here, both serum and intracellular components
contributed to propeptide cleavage of CTHRC1 that could be partially inhibited by a
combination of protease inhibitors (Fig. 2, 3). Although we were not able to identify a
specific protease or class of proteases responsible for propeptide cleavage, we anticipate
that the requirements for CTHRC1 activation at sites of tissue injury are met based on

our findings. We envision that activated CTHRC1 will increase glycolytic metabolism of
endothelial cells at the site of injury, which in turn is expected to facilitate angiogenesis in
the hypoxic environment in which ATP production via mitochondrial respiration is limited.
In addition, ATP production via glycolysis is >10-fold faster compared to generation by
cell respiration, further facilitating wound healing. In the present study we did not conduct
in vivo angiogenesis experiments, which need to be carried out in the future to verify the
concept of CTHRC1 function proposed here. Future experiments also need to address the
mechanisms by which glycolysis is promoted by CTHRCL1 with potential regulation of
activities of glycolytic enzymes and whether the observed effects are directly or indirectly
mediated by CTHRCL. In addition, an important and clinically relevant question would
also be whether exogenous CTHRCL1 has therapeutic potential in the treatment of chronic
wounds.

The successful production and purification of recombinant CTHRC1 has previously been
a challenge as aggregation of the protein presented a major obstacle for functional
studies. Several publications report on diverse effects of purified CTHRCL1 often used at
unphysiological concentrations (for review 11, although a robust readout for CTHRC1
activity has hitherto remained elusive in our hands.

With development of monoclonal antibodies for detection of CTHRC1 by ELISA we have
been able to show, i) that the N terminal 16 amino acids following the signal peptide
represent a propeptide that requires cleavage for increased biological activity, ii) that

active CTHRCL is the most abundant form of CTHRCL in human plasma, and iii) that

the concentrations of CTHRCL1 in plasma in healthy subjects range from undetectable to
>400ng/ml following an exponential distribution. Using purified recombinant CTHRC1 at
physiological concentrations we demonstrate that CTHRC1 robustly promotes glycolytic
metabolism in endothelial cells, which presents a novel and reliable readout for CTHRC1
activity. CTHRC1 had no effect on endothelial cell proliferation (supplemental data file).
Cleaved VVD-CTHRC1 was found to be the most active form in these assays, which

is consistent with the N terminus encoding a propeptide. However, we were not able to
determine whether hFL-CTHRCL is simply less active versus not active at all because in
the presence of cells, cleavage of the propeptide occurs over time, although many cell types
tested were more efficient than HUVECs in converting hFL-CTHRC1 to VVD-CTHRCL1.
Using respirometry and metabolic monitoring in wildtype and global Cthrc null mice we
were able to corroborate that CTHRC1 promotes glycolysis /n vivo by detecting a higher
RER in wildtype mice compared to CtfircI nulls. Although CTHRCL1 is produced in bone of
rodents 5, unlike humans, circulating levels in mice are usually below the level of detection
(data not shown). This raises questions about the significance and role of CTHRCL1 in human
plasma. With most of it in the VVD-CTHRCL1 form there is the possibility that this pool is
readily available to interact with putative receptor(s) to exert its biological effects. Future
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studies could determine whether an association between RER and plasma CTHRCL levels
exists in humans, and whether the relative ratios of hFL- and VVD-CTHRCL1 are linked to
physiology and/or pathology.

CTHRC1 has been most extensively published on in the context of cancer, with many
studies erroneously reporting overexpression of CTHRCL in cancer cells themselves. With
monoclonal antibodies validated on Cthrcl null tissues we demonstrated that most of the
CTHRC1 in tumors is expressed by the stromal cells associated with the tumor, the cancer
activated fibroblast (supplemental data Fig. 9) 4. High levels of CTHRC1 expression in
cancers have been associated with increased invasiveness and poor outcome 1. While
experiments here focused on endothelial cells not cancer, there is the possibility that our
findings are relevant to solid tumors as well. Tumors are often hypoxic and CTHRC1
expressed by CAFs could facilitate angiogenesis by promoting glycolysis in endothelial
cells, thereby promoting tumor growth. Of note is that CTHRC1 increases glycolysis
under normoxic conditions, which brings to mind the Warburg effect (for review 12),
characteristically observed in many cancer cells with highly glycolytic metabolism occurring
in the absence of hypoxic conditions, a phenomenon termed aerobic glycolysis. The causes
and function of the Warburg effect are still unclear despite thousands of publications just
within the last few years. We acknowledge that translation of the results of this study to
cancer is speculative as we do not address the role of CTHRCL in cancer. Support for

the hypothesis that CTHRCL1 is a candidate contributing mediator of the Warburg effect

is, however, consistent with the data shown in Fig. 5, as VVD-CTHRC1 caused a 20.9%
increase in total basal ATP production with a 33.3% increase in basal ATP production from
glycolysis under standard tissue culture conditions. Obvious questions related to this are
whether CTHRCL produced by adjacent CAFs is causing the shift toward glycolysis or
whether circulating levels of CTHRC1 or both contribute to the Warburg effect if a putative
CTHRC1 receptor is expressed on the tumor cell. Furthermore, it is widely accepted that
glycolysis also occurs under normoxic conditions 7 vivo (for review 13).

In summary, our studies provide novel insight into activation of CTHRCL, its biological
activity in promoting glycolysis with potential implications for angiogenesis including
tumor angiogenesis, and CTHRCL1 plasma levels in humans. Furthermore, our data provide
rationales for future experiments related to angiogenesis and tumor cell metabolism.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A schematic of the epitopes within the CTHRC1 protein sequence recognized by the

antibodies generated is shown. h=human, m=mouse, r=rat, rab=rabbit, MAB=monoclonal
antibody.
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Figure 2.
Cleavage of CTHRC1 by CHOK1 and HEK293T cells transfected with human full-length

CTHRC1 over time was monitored by ELISA and Western blotting. Over the course of

4 days the levels of full-length CTHRC1 decline in samples containing serum (FBS) in
CHOKT1 cells (A) and HEK?293T cells (B), while total levels of CTHRC1 determined with
VI1i42 plateau at 48 hours. In the absence of serum, levels of full-length CTHRC1 show
little to no reduction over 4 days. The graphs are representative of more than 10 separate
experiments. (C) CTHRCL levels in CM in the presence (FBS) and absence (SF) of serum
over time are shown by immunoblotting with a polyclonal antibody recognizing full-length
and N terminally truncated CTHRCL1. In the presence of serum, a band of lower molecular
weight is apparent within 48 hours. (D) HEK293T cells were transfected with different
constructs of CTHRC1 and CM were analyzed by immunoblotting 72h later. Samples
were probed with monoclonal antibodies that recognize the full-length form of CTHRC1
(VI1i10G07) or all forms of CTHRCL1 (VI1i13E09).
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Figure 3.

Propeptide cleavage is partially blocked by protease inhibitors. (A) hFL-CTHRC1 CM was
added to HEK293T in the presence (FBS) or absence (SF) of serum, with or without
addition of protease inhibitor cocktail (PImix). Full-length CTHRC1 was detected with
VI1i10G07 and cleaved CTHRC1 with VIi42. (B) hFL-CTHRC1 CM was incubated with

or without lysate from HEK293T cells (Lys) added under conditions as indicated. (C)
Propeptide cleavage was neither inhibited by e-aminocaproic acid (e-ACA), (D) nor by
addition of a synthetic peptide containing the cleavage site. All experiments were carried out

in replicates of >3 with similar results.
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Figure 4.
Standard curves for ELISAs detecting only hFL-CTHRC1 (VI1i10G07) or both hFL- and

VVD-CTHRC1 (VI1i42) are shown along with their respective plasma levels in healthy
human subjects. (A) VIi10G07 is more sensitive for detection of hFL-CTHRC1 compared to
VI1i42. (B) VIi42 has a wider dynamic range for detection of VVD- versus hFL-CTHRC1.
(C) Plasma levels of total CTHRCL (in blue) with the fraction of hFL-CTHRCL1 (in red) in
human plasma samples are shown for each subject. Levels of hFL-CTHRC1 were detectable
in 58% of the samples tested. Note that the scale of the y-axes differs by a factor of more
than 10, demonstrating that most of the CTHRCL1 in circulation is of the cleaved form. (D)
Distribution of total CTHRC1 and hFL-CTHRC1 with corresponding theoretical exponential
probability density functions in red. The Pearson Goodness-of-Fit test of no difference
between the distributions showed a moderate fit (p=0.03) for hFL-CTHRC1 and a good fit
(p=0.993) for total CTHRCL. Bins for testing hFL-CTHRC1 were 0-0.5, 0.5-1, 1-1.5, and
>1.5. Bins for testing total CTHRC1 were 0-50, 50-100, 100-150, and >150.
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Increase in glycolysis by CTHRCL1 in HUVEC as investigated by Seahorse technology is
shown. Recombinant cleaved CTHRC1 (rhVVD-CTHRC1, CTH-VVD) increases glycolysis
in endothelial cells whereas recombinant full-length CTHRC1 (rhFL-CTHRC1, CTH-FL)
and full-length CTHRC1 conditioned medium from transduced cells (hFL-CTHRC1 CM,
CTH-CM) are less or not active compared to control medium (LZ-CM). Representative
results of three independent experiments of cell metabolic analyses using Seahorse
technology are shown. Both recombinant proteins were used at 200ng/ml, which is a
physiologically relevant concentration based on human plasma levels shown in Fig. 4C.

PER = proton efflux rate, mean £ SEM and p values were calculated with unpaired Student’s

t-test.
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Figure 6.

(A) Wildtype mice (WT) have a higher average respiratory exchange ratio (RER) during
the daytime and over a 24-hour period compared to CthrcI null mice (KO) as determined
by metabolic monitoring. RER at night when mice are active (D, running wheel distance)
and energy expenditure normalized to lean mass (B), as well as body weight (E) were not
significantly different between strains. Whole body composition as determined by NMR
(F, G) differs between strains with KO mice having more fat mass at the expense of a
proportionate reduction in lean mass. Data collected for separate day time and night time
readouts were projected for a 24-hour period to facilitate comparison (B, C). Mean = SEM

and p values calculated with Student’s t test are shown.
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