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A B S T R A C T

Proinsulin C-peptide has previously been proposed to interact with a G-protein coupled receptor (GPCR), spe-
cifically the orphan receptor GPR146. To investigate the potential of C-peptide in treating complications of
diabetes, such as kidney damage, it is necessary to understand its mode of action. We used CHO-K1 cells ex-
pressing human GPR146 to study human and murine C-peptide in dynamic mass redistribution and GPCR β-
arrestin assays, as well as with fluorescence confocal microscopy. Neither assay revealed any significant in-
tracellular response to C-peptide at concentrations of up to 33 µM. We observed no internalisation of C-peptide
by fluorescence microscopy. Our results do not support GPR146 as the receptor for C-peptide, but suggest that
further investigations of the mode of action of C-peptide should be undertaken.

The connecting chain of proinsulin, C-peptide, is a 31-mer poly-
peptide that has shown positive effects on several aspects of diabetic
kidney disease (DKD) and has therefore received interest as a potential
treatment. When administered to patients in addition to insulin, it re-
duces the albuminuria and glomerular hyperfiltration typical of early
type 1 diabetes (T1D), and also improves glucose utilisation.1–3 These
effects were replicated in studies in the streptozotocin-induced (STZ)
diabetic rat, a widely used animal model of T1D, which also showed
that the functions of full-length C-peptide are retained by the C-term-
inal pentapeptide. C-peptide has been shown to affect a range of pro-
teins and signalling pathways including protein kinase C, Na+/K+-
ATPase, nitric oxide synthase and TGF-β signalling in human kidney
cells and rat models.4–8 It has been reported to interact with membranes
of several cell types with sequence- and stereospecificity and in a
manner sensitive to pertussis toxin.9 These combined findings suggest
that a G-protein coupled pathway mediates the effects of C-peptide,
either with C-peptide acting directly on the G-protein coupled receptor
(GPCR) or further along the signalling cascade. Yosten et al, employing
their own ligand-receptor matching methodology to investigate 136
orphan GPCRs, specifically identified GPR146 as a potential C-peptide
receptor, based on its essential role in C-peptide induced cFos-expres-
sion.10 The study also reported internalisation of GPR146 in response to
C-peptide and co-localisation of the two entities on the cell surface of
the gastric tumour cell line KATOIII. Since this publication in 2013, the
prospect of this receptor has been cited by the scientific community but
not explored further. The only exception is the doctoral thesis by A.

Janabi, which focusses on examining the claim that GPR146 is the re-
ceptor for C-peptide.11 Yosten et al10 do state that the signalosome is
likely to be complex, but with GPR146 playing a critical part. With this
in mind we wanted to perform in-vitro studies exploring both the
specific receptor and GPCRs in general. We used dynamic mass redis-
tribution (DMR) and arrestin binding assays with a recombinant cell
line overexpressing GPR146. We also studied the cellular binding and
uptake of C-peptide by fluorescence microscopy using the same GPR146
overexpressing cell line, as well as two cell lines that do not overexpress
the receptor.

Five different peptides were synthesized for the various parts of this
study: The full-length 31 residue human12 and 29 residue murine.13 C-
peptides; the corresponding C-terminal pentapeptides which have been
highlighted as pharmacophores; and a full-length scrambled version of
the human sequence, containing the same residues as the native se-
quence in randomised order (Table 1). For the fluorescence confocal
microscopy study, the peptides were functionalised with a Cy3 fluor-
escent tag14 at the N-terminus.

The activation of a G-protein coupled receptor can trigger a number
of intracellular signalling cascades and responses. Which pathway is
activated varies depending on the class of the coupled protein. This can
make it difficult to assess the effect of a substance if the identity of the
receptor, and therefore the expected response, is not known. Regardless
of class, however, the G proteins initiate interactions and relocation of
cellular components. The combination of these movements within the
cell is known as dynamic mass redistribution (DMR) and can be
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measured in live cells cultured in microplates.15,16 The DMR assay is a
holistic cellular response assay which uses resonant waveguide grating
(RWG) biosensors to monitor the wavelength changes in reflected light
in response to ligand binding.17 It is a sensitive technique which is
capable of detecting cellular responses from all G-protein induced sig-
nalling pathways, including Gαs, Gαi and Gαq pathways leading to sec-
ondary messengers like cAMP and calcium.

We used Chinese hamster ovary (CHO-K1) cells overexpressing
human GPR146 (hGPR146) to explore if either human or murine C-
peptide could activate this receptor and induce G-protein dependent
signalling. CHO-K1 cells overexpressing the human glucagon-like pep-
tide 1 receptor (hGLP1R) were studied as a control system. All peptides
were tested at a wide range of concentrations, from 5 nM up to 100 µM.
The three highest concentrations are shown in Fig. 1. No response
above basal levels was detected at lower concentrations (data not
shown). At the highest tested concentration (100 µM), the full-length
human C-peptide showed a slight increase in DMR response in the CHO-
K1 hGPR146 cells. A small increase was also detected in the CHO-K1
hGLP1R cells, suggesting the effect to be non-specific. There was no
response from the corresponding pentapeptide, which would have been
expected for a sequence-specific effect. No other peptides increased the
response in either hGPR146- or hGLP1R-expressing cells. At 100 µM the
mouse pentapeptide gave a lower response compared to vehicle in the
CHO-K1 hGPR146 cells. Considering the high concentration, this could
be due to cytotoxicity, but as the same effect was not seen in the CHO-
K1 hGLP1R cells cytotoxicity could not be confirmed. The GLP1R
agonist exenatide was used as a positive control to verify the func-
tionality of the assay. Exenatide induced a significant DMR response in
the CHO-K1 hGLP1R cells, but as expected gave no response in the
hGPR146 expressing cells. As hGPR146 is an orphan receptor, it lacks
ligands that can be used as positive controls. However, the expression of
hGPR146 is confirmed by the manufacturer (cf. the below discussion of
the β-arrestin assay).

We also tested the same set of peptides in the Human Embryonic
Kidney 293,18. (HEK-293) and Human Kidney-2,19 (HK-2) cell lines
which are commonly used for kidney disease research. C-peptide has
previously been shown to inhibit TGF-β1-mediated signalling in HK-2
cells.7 This effect was sensitive to pertussis toxin, indicating the in-
volvement of a GPCR and making this cell line a relevant wild type
system. HEK-293 cells are less relevant for the purpose of DKD, but

have previously been reported to interact with C-peptide.10,20 Pre-
liminary data from our DMR experiments indicate no response for any
of the peptides at concentrations of up to 100 µM in either HEK-293 or
HK-2 cells (data not shown). In these experiments, ATP and the choli-
nergic receptor agonist carbachol were used as positive controls. Both
these compounds induced a response in both cell lines, confirming the
functionality of the cells and assay. The lack of response to any of the C-
peptides in the HEK-293 and HK-2 cell lines indicates that no G-protein
dependent signalling is induced by C-peptide in these cell lines.

Following activation of most GPCRs by ligand binding, an arrestin
protein is recruited at the inside of the cell membrane to sterically
deactivate the receptor. By controlling which receptor is expressed on
the cell and labelling the arrestin, this process can be used to study the
binding of GPCRs where the resulting signalling cascade is unknown.21

To examine the potential interactions of C-peptide with the orphan
GPCR GPR146 we took advantage of the PathHunter GPCR β-Arrestin
assay.22 This assay uses a β-galactosidase enzyme fragment com-
plementation technique, where the cells express the selected GPCR
fused to a fragment of β-galactosidase and are transfected with arrestin
carrying the complementary fragment. Upon activation of the receptor
and subsequent arrestin recruitment, the β-galactosidase comes to-
gether and forms an active enzyme which can convert a substrate that
gives a detectable chemiluminescent signal.

We used CHO-K1 hGPR146 cells overexpressing β-arrestin-2 and
tested against the full-length and pentapeptides of both the human and
mouse sequences at a range of concentrations, 5 nM to 100 µM. The
three highest concentrations are shown in Fig. 2. We also used the CHO-
K1 hGLP1R cells overexpressing β-arrestin-2 to verify the assay tech-
nology and as a negative control for GPR146. No significant recruit-
ment of arrestin was observed in CHO-K1 hGPR146 cells for any of the
C-peptides at the concentrations tested, up to 100 µM. However, at
100 µM, the mouse pentapeptide reduced the signal to half. The re-
duction could be non-specific and due to the high concentration, but a
similar reduction was not seen in the CHO-K1 hGLP1R cells. This pos-
sibly suggests an inverse agonist, but could also be related to cyto-
toxicity. This would need to be confirmed by further experiments before
any firm conclusions can be drawn (currently n = 1). No C-peptides,
human or murine, showed any effect in the CHO-K1 hGLP1R control
cells. The GLP1R agonist exenatide significantly increased arrestin re-
cruitment in the CHO-K1 hGLP1R cells but elicited no response in the

Table 1
Short names and amino acid sequences of the five peptides used in this study. X denotes which peptides were included in each experiment. DMR = Dynamic Mass
Redistribution. FCM = Fluorescence confocal microscopy. CD = Circular dichroism spectroscopy.

Name Sequence DMR Arrestin FCM CD

Human EAEDLQVGQVELGGGPGAGSLQPLALEGSLQ X X X X
Mouse EVEDPQVEQLELGGSPGDLQTLALEVARQ X X X
5Human EGSLQ X X X
5Mouse EVARQ X X X
HumScr GADQPVGSEQQVQAGGLEGGLLLGLELPSEA X X

Fig. 1. Dynamic Mass Redistribution (DMR)
response of C-peptide. Bar charts show four
C-peptides at three concentrations, vehicle
and control substance (exenatide) in two
cell lines. Left chart: CHO-K1 hGPR146
cells. Right chart: CHO-K1 hGLP1R cells.
n = 2 except for pentapeptides where
n = 1. Results are shown as fold change
over vehicle. Error bars represent ± SEM.
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hGPR146-expressing cells, validating the assay. Expression of hGPR146
on the CHO-K1 cells was confirmed by the manufacturer by size de-
termination using gel electrophoresis and by exogeneous addition of
enzyme acceptor (EA), a complementary fragment to the β-galactosi-
dase fragment tagged to the GPR46 receptor. Overall, our initial studies
in the hGPR146 overexpressing cell line, as well as in the HEK-293 and
HK-2 cell lines, do not support GPR146 as a receptor for C-peptide.

To investigate if C-peptide binds to or is taken up by HK-2, CHO-K1,
or hGPR146 overexpressing CHO-K1 cells in a GPR146-specific way,
the fluorescent dye Cy3 was conjugated to the five peptides. After
treatment with the fluorescent peptides at 0.1 and 0.5 µM, cells were
fixed and visualised using fluorescence microscopy. No binding of any
C-peptides to cell surface was observed. However, since the protocol for
imaging of the treated cells includes a wash step followed by fixation, it
is possible that bound peptides dissociated from the cell surface during
either or both of these steps, preventing unambiguous conclusions re-
garding binding to be drawn. The amounts of Cy3 fluorescence inside
cells were generally very low and there was no discernible difference
between the hGPR146 overexpressing and wild type CHO-K1 cells
(Fig. 3). The cells treated with full-length human and mouse sequences
showed no difference from the control cells with vehicle only. There
was, however, a significantly (p < 0.01) higher uptake observed for
the scrambled human C-peptide compared to the native sequence. This
was true for all the imaged cell types although the HK-2 cells showed
the most pronounced difference. The two pentapeptides also showed
somewhat higher intensities than control, although the variances were
larger for these. We also studied the uptake of the same set of peptides
in HEK-293 cells, but due to the very low cell count the data could not
be analysed or reported with any confidence. On visual inspection they
did seem to respond in the same manner as HK-2 cells, showing a higher
intensity from treatment with the scrambled sequence (Fig. 4).

Circular dichroism (CD) spectroscopy was used to investigate whe-
ther the difference in cellular uptake between the native and scrambled
full-length human C-peptides was related to differences in their sec-
ondary structure. The two peptides were compared in water at phy-
siological pH (appr. 7.4) and with increasing concentrations of 2,2,2-
trifluoroethanol (TFE) used as a model of increasingly non-polar con-
ditions. Both the native and scrambled human C-peptide showed an
unstructured profile in pure water, with a minimum at around 197 nm
(Fig. 5).23 With the decrease in polarity of the solvent, both peptides
tended towards a maximum at 192 and minima at 208 and 222, in-
dicative of a transition to more helical secondary structures. These re-
sults are consistent with previous studies of the native peptide under
the same conditions.24 As both peptides demonstrated similar propen-
sities for non-random folding in environments with reduced water
content, it is not likely that the higher uptake of the scrambled sequence
is due to conformation-dependent higher membrane permeability.

Neither of the cell lines we tested by DMR or arrestin assay showed
any response to human or murine C-peptide at concentrations up to
four orders of magnitude higher than endogenous levels of
0.5–2.5 nM.25 Preliminary data also indicate no response for any of the
peptides at concentrations up to 100 µM in HEK-293 or HK-2 cells.
Taken together, these results suggest that the effect of C-peptide is
unlikely to be directly mediated by GPR146 or another GPCR expressed
on these cells. However, as GPR146 is an orphan receptor there is by
definition no positive control agonist to verify its correct expression or
functionality in these assays. In addition, the power of this study is
limited by its relatively low n = 1–3 and few technical replicates. Our
results therefore need to be interpreted with some level of restraint. The
results should also be considered in the perspective of the endogenous
C-peptide concentration. The responses detected to human C-peptide
and mouse C-terminal pentapeptide at 100 µM should thus not be as-
sumed to show a physiologically relevant activity, but could be an ar-
tefact of the assay or related to cytotoxicity.

Both of the first two approaches in our study are functional assays
and therefore reliant on activation of the receptor for G-protein and
arrestin signalling, respectively. Fluorescence confocal microscopy
images cellular interaction irrespective of activity, but our study re-
vealed no cellular uptake or binding to the surface of any tested cell
lines, including CHO-K1 hGPR146 and HK-2. These results are in con-
trast to the conclusions of Yosten et al,10 who report that C-peptide co-
localises with GPR146 on the cell membrane and causes internalisation
of the receptor. Their fluorescence microscopy images, including the 3D
rendering, clearly show the outline of the cell surface and widely dis-
tributed GPR146. However, as the GPR146 antibody used in their ex-
periment is specific for the intracellular C-terminal portion of the re-
ceptor and there is no image shown of the untreated control, it is
difficult as a reader to observe the inferred internalisation as a result of
time or treatment. Furthermore, they report ‘punctuate co-localisation’
of C-peptide with the receptor, consisting of up to 1.5 objects per cell
after 30 min of treatment. Although they show a statistical significance,

Fig. 2. β-Arrestin Assay response of C-
peptide. Bar charts show four C-peptides
at three concentrations, vehicle and con-
trol substance (exenatide) in two cell lines.
Left chart: CHO-K1 hGPR146 cells. Right
chart: CHO-K1 hGLP1R cells. n = 3 except
for pentapeptides where n = 1. Results are
shown as fold change over vehicle. Error
bars represent ± SEM.

Fig. 3. Cellular uptake of Cy3-labelled C-peptides by fluorescence microscopy.
Main chart: Mean Cy3 intensity from five peptides and vehicle control in three
cell types. Insert chart: Maximum punctuate Cy3 intensity from five peptides
and vehicle control in three cell types. n = 3 for all samples except HumScr
where n = 6. AU = arbitrary units. Error bars represent ± SD.
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these numbers seem somewhat low considering endogenously ex-
pressed receptor densities on cell surfaces are estimated to be on the
order of 1000 per cell.9 Janabi performed similar fluorescence studies
on HEK-293 and HEK-293A cells expressing enhanced green fluorescent
protein (EGFP) tagged GPR146 and found no co-localisation or receptor
internalisation on treatment with C-peptide, which is in accordance
with our present results.11 A possible limitation in our microscopy study
could be the use of Cy3 which has a partial spectral overlap with
CellMask Green, causing some labelled C-peptide fluorescence to be
concealed by the background signal. Janabi on the other hand used
Cy3B which yields a strong signal and has less spectral overlap with
EGFP, validating our findings.

As C-peptide is an endogenously expressed peptide, there is a po-
tential possibility that GPR146 could already be desensitised by C-
peptide present in media containing serum. Cell cultures maintained for
several passages are often cultured without serum (starved) for a day
prior to use in assays to synchronise their growth cycles. This also
serves to remove endogenous compounds that may interfere with the
assay readout. As the cells in this study were used 24 h after thawing
and seeding, no serum starvation was carried out. For the DMR and β-
arrestin assays, no starvation was necessary as the medium used does
not contain any serum. For the fluorescence microscopy, the HK-2 cells
and CHO-K1 cells overexpressing hGPR146 were both seeded in serum-
free media. The cultures of HEK-293 and wild-type CHO-K1, however,
were both supplemented with foetal bovine serum (FBS). Although the
HEK-293 cells are reported here as images only, it is interesting to note
that they show the same tendency as HK-2 cells in showing little or no
uptake of human C-peptide but considerably more of the scrambled

peptide. In the case of the CHO-K1 cell lines, we would expect any
increase in uptake caused by hGPR146 overexpression to be enhanced if
the wild-type cell line used as control was desensitised by C-peptide in
the media. As there was neither any significant difference in uptake of
the native sequence, nor consistency between full-length and penta-
peptides, we surmise that the presence of serum when culturing HEK-
293 and wild-type CHO-K1 cells for fluorescence microscopy has not
influenced our results. Rather, it may contribute to our conclusion that
there was no detectable interaction between C-peptide and GPR146.

In conclusion, our functional and imaging experiments find no in-
dication of GPCR activation by C-peptide, neither via GPR146 nor any
other such receptor endogenously expressed on these cells. Although
our results require further replicates to increase the confidence level,
our conclusion agrees with the findings reported by Janabi.11 If C-
peptide is truly going to succeed as a treatment for diabetes and its
complications, its mode of action needs to be determined and it needs to
be firmly established whether GPR146 is the receptor – or not.

Funding

This work was supported by the Swedish Research Council [grant
number 2016-05160] and AstraZeneca.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Fig. 4. Representative fluorescence microscopy images of cells treated with Cy3-labelled human C-peptides. a) HK-2 cells, native sequence b) HK-2 cells, scrambled
sequence c) HEK-293 cells, native sequence d) HEK-293 cells, scrambled sequence. Blue = nuclei stained by Hoechst 33342. Green = cytoplasm stained by CellMask
Green. Orange and Pink = Cy3-labelled peptide.

Fig. 5. Circular dichroism spectra of native and scrambled sequences of human C-peptide. Peptides were dissolved in H2O with 0% to 95% trifluoroethanol (TFE) at
pH= 7.4. The peptide concentration was 50 µM in all samples except for the native sequence in 95% TFE at 44 µM and the scrambled sequence in 95% TFE at 46 µM.
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