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Abstract: Diabetic kidney disease (DKD) is the leading cause of kidney failure worldwide. Char-
acterized by overproduction and accumulation of extracellular matrix (ECM) proteins, glomerular
sclerosis is its earliest manifestation. High glucose (HG) plays a central role by increasing matrix
production by glomerular mesangial cells (MC). We previously showed that HG induces translo-
cation of GRP78 from the endoplasmic reticulum to the cell surface (csGRP78), where it acts as
a signaling molecule to promote intracellular profibrotic FAK/Akt activation. Here, we identify
integrin β1 as a key transmembrane signaling partner for csGRP78. We show that it is required
for csGRP78-regulated FAK/Akt activation in response to HG, as well as downstream production,
secretion and activity of the well characterized profibrotic cytokine transforming growth factor β1
(TGFβ1). Intriguingly, integrin β1 also itself promotes csGRP78 translocation. Furthermore, integrin
β1 effects on cytoskeletal organization are not required for its function in csGRP78 translocation
and signaling. These data together support an important pathologic role for csGRP78/integrin β1
in mediating key profibrotic responses to HG in kidney cells. Inhibition of their interaction will be
further evaluated as a therapeutic target to limit fibrosis progression in DKD.

Keywords: cell surface GRP78; integrin β1; TGFβ1; diabetic kidney disease; cell signaling; fibrosis;
mesangial cell

1. Introduction

Diabetic kidney disease (DKD) continues to be the leading cause of kidney failure
worldwide [1]. The current standard of care for DKD includes glucose and blood pressure
optimization as well as the use of renin–angiotensin–aldosterone system (RAAS) blockers
and more recently the use of sodium glucose cotransporter 2 (SGLT2) inhibitors for type two
diabetics [2,3]. Although DKD progression is slowed by these treatments, many patients
still develop kidney failure and require costly life-sustaining therapies including dialysis or
kidney transplantation. Not only does this impact quality of life, it also places a significant
financial burden on healthcare infrastructure [1]. Hence, there is a major need to identify
novel therapeutic targets to prevent DKD progression.

The earliest manifestations of DKD are observed in the glomerulus or filtering unit
of the kidney. Here, glomerular basement membrane thickening and mesangial matrix
expansion due to the production of extracellular matrix (ECM) proteins by mesangial cells
(MC) are key pathological changes that lead to reduction in filtering capacity and DKD
progression [4–6]. Thus, inhibiting the production of ECM by MCs is a focal point for
novel therapeutic treatments. Recently, our lab identified a high glucose (HG)-induced
cell surface receptor on MCs, cell surface GRP78 (csGRP78), as an important regulator of
PI3K/Akt activation and downstream ECM production [7,8].

Endogenously, GRP78 is found in the endoplasmic reticulum (ER), where it is re-
sponsible for maintaining homeostasis and proper protein folding [9]. However, under
conditions of ER stress including HG, its translocation to the cell surface in association
with the co-chaperone MTJ1 has been described [10,11]. At the cell surface, GRP78 can be
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activated by ligands such as activated alpha 2-macroglobulin (α2M*) to promote activation
of intracellular signaling cascades. These may differ depending on ligand identity and
the nature of its binding to csGRP78 [10]. In MCs, we have shown that α2M* is increased
by HG and its binding to csGRP78 is important for activation of PI3K/Akt signaling and
matrix upregulation.

In keeping with the lack of an identified transmembrane domain, GRP78 is known to
reside as a peripheral protein on the plasma membrane with all regions exposed on the cell
surface [12]. Given its cell surface localization, GRP78 association with a transmembrane
protein “coreceptor” is required for intracellular signaling. These are cell and context
dependent [10,12]. We have recently shown that csGRP78 interacts with the transmembrane
receptor integrin β1 under HG conditions [7]. Inhibition of either csGRP78 or integrin β1
attenuated both FAK and Akt activation by HG, suggesting that integrin β1 is a functional
coreceptor for csGRP78 in mediating this profibrotic pathway [7]. Furthermore, previous
studies have shown that PI3K/Akt signaling promotes synthesis of the well-characterized
profibrotic cytokine transforming growth factor β1 (TGFβ1) [13–15], known to be a key
pathogenic factor in DKD [16]. In this study, we determine whether integrin β1 functions as
a required coreceptor for csGRP78 profibrotic signaling in response to HG in MCs, and the
relevance of the csGRP78/integrin β1 axis as a pathologic regulator of TGFβ1 production.
Findings will provide insight into its potential as an anti-fibrotic therapeutic target for DKD.

2. Materials and Methods
2.1. Cell Culture, Reagents and Protein Extraction

Primary MCs from C57BL/6 mice were previously isolated using Dynabeads. Cells
were cultured in DMEM with 5.6 mM glucose supplemented with 16% FBS, 100 µg/mL
streptomycin/penicillin and grown at 37 ◦C in 95% O2, 5% CO2. MCs were serum deprived
with 0.5% FBS for 24 h prior to treatment with HG (30 mM) with or without csGRP78
inhibitors: Subtilase cytotoxin A (SubA, generously donated by Dr. J. Paton, University
of New Mexico School of Medicine) (25 ng/mL) [17] or antibodies targeting the N- or
C-terminus of GRP78 (N88, C38, respectively, gifted by Dr. S. Pizzo, Duke University
Medical Centre at Durham) or pre-adsorbed IgG control (10 µg/mL) [18].

The following antibodies were used: pFAK Tyr397 (1:1000, Cell Signaling, Danvers,
MA, USA), total FAK (1:1000, Cell Signaling), pSmad3 Ser423/425 (1:4000, Novus, St.
Charles, MO, USA), total Smad3 (1:1000, Abcam, Cambridge, UK), latency-associated
peptide (LAP)-TGFβ1 (1:1000, R&D Systems, Minneapolis, MN, USA), fibronectin (FN)
(1:1000, Novus), Collagen IV (Col IV) (1:1000, Cell Signaling), α-tubulin (1:40,000, Sigma,
St. Louis, MO, USA), GRP78 (1:1000 BD Biosciences, San Jose, CA, USA), platelet-derived
growth factor receptor β (PDGFRβ) (1:1000, Santa Cruz Biotechnology, Dallas, TX, USA),
integrin β1 (1:1000, Abcam), integrin β1 activating antibody (P4G11) (Sigma) and LEAFTM

purified anti-mouse/rat active integrin β1 neutralizing antibody (Biolegend, San Diego, CA,
USA). The following inhibitors were used: FAK inhibitor (PF573228, 2 µM), cytochalasin
D (200 ng/mL), latrunculin B (400 nM), and colchicine (5 µg/mL). Protein harvest from
whole cell lysates was described previously [19]. Proteins were separated using SDS-PAGE
and immunoblotted to assess protein expression.

2.2. Transfection and Luciferase

For short interfering (si)RNA and luciferase experiments, MCs were plated at 50%
confluence and transfected with 100 nM of MTJ1, integrin β1 or control siRNA (Silencer
Select, Thermo Fisher, Waltham, MA, USA) using Lipofectamine (Invitrogen, Waltham, MA,
USA) or 1 µg of the Smad3-responsive luciferase reporter construct CAGA12-luciferase
(donated by Dr. M. Bilandzic, Hudson Institute of Medical Research, Clayton, Australia)
with 0.05 µg pCMV β-galactosidase (β-Gal, Clontech, Mountain View, CA, USA) using
Effectene (Qiagen, Hilden, Germany), respectively. The medium was changed 18 h after
transfection and cells serum deprived prior to treatment.
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Electroporation was used to transfect cells with pcDNA3.1 GRP78 ∆KDEL (GRP78
lacking the KDEL domain which localizes it to the ER, thus enabling significant local-
ization to the cell surface [20]). Empty vector was used as a control. Confluent MCs
were trypsinized and centrifuged in 20% FBS DMEM without antibiotics. Cells (200 µL,
5 × 105/well) were electroporated in a 4 mm gap cuvette with 10 µg plasmid for one 30 ms
pulse at 250 V (ECM 399, BTX Harvard Apparatus, Holliston, MA, USA) before replating.
MCs were then serum-deprived, treated and harvested as above.

For luciferase harvest, cells were lysed in 1× Reporter Lysis Buffer (Promega, Madi-
son, WI, USA) and stored at −80 ◦C overnight. Luciferase activity was measured after
clarification of lysates using the Luciferase Assay System (Promega) with a luminometer
(Junior LB 9509, Berthold, Bad Wildbad, Germany). β-Gal activity was used to normalize
samples and was measured using the β-Galactosidase Enzyme Assay System (Promega)
with a SpectraMax Plus 384 Microplate Reader (Molecular Devices, San Jose, CA, USA) set
to read absorbance at 420 nm.

2.3. RNA Extraction and qPCR

Trizol (Invitrogen) was used to extract RNA and 1 µg was reverse transcribed using
qScript Supermix Reagent (Quanta Biosciences). Using Power SYBR Green PCR Master Mix
on the Applied Biosystems Vii 7 Real-Time PCR System, quantitative PCR was performed
to determine changes in mRNA expression relative to 18 S using the ∆∆Ct method with
the following primers: TGFβ1 forward 5′-AAACGGAAGCGCATCGAA-3′ and reverse 5′-
GGGACTGGCGAGCCTTAGTT-3′ and 18S forward 5′-GCCGCTAGAGGTGAAATTCTTG-
3′ and reverse 5′-CATTCTTGGCAAATGCTTTCG-3′.

2.4. Biotinylation

After treatment, MCs were incubated with 1 mg/mL EZ-linked Sulfo-Biotin (Pierce,
Waltham, MA, USA) for 30 min. Excess Sulfo-Biotin was removed by washes with 0.1 M
glycine in PBS, then cells were lysed, clarified, and normalized concentrations of proteins
were incubated overnight with a 50% Neutravidin slurry (Fisher) to capture biotin-tagged
proteins. The following day, beads were washed with lysis buffer 5 times, after which
tagged proteins were cleaved from beads by boiling for 10 min in 2× PSB. Samples were
separated using SDS-PAGE prior to immunoblotting.

2.5. TGFβ1 ELISA

Conditioned medium was collected from MCs after treatment and total secreted TGFβ1
was measured after acid activation using the TGFβ1 Quantikine ELISA kit (R&D Systems).

2.6. TGFβ1 Bioassay with Mink Lung Epithelial Cells (MLECs)

MLEC stably transfected with the PAI-1 luciferase promoter construct were used. They
were cocultured with MCs in MEM with 10% FBS, plated at 5000 and 25,000 cells/well,
respectively, on a 12-well plate (1:5 ratio MLEC:MC). The next day, cells were serum
deprived for 18 h followed by treatment with HG and inhibitors. At collection, cells were
lysed in 1× Reporter Lysis Buffer (Promega) and stored at−80 ◦C overnight before analysis
of PAI-1 luciferase activity.

2.7. Surface Protein Co-Immunoprecipitation from Live Cells

Cells were washed three times with PBS and then incubated in starvation medium with
5 µg anti-GRP78 N88, anti-integrin β1 or control IgG at 4 ◦C for 2 h with gentle agitation.
MCs were then washed with PBS, lysed, and passed through a 25-gauge needle (Precision
Glide Needle, BD, San Jose, CA, USA) 5 times to ensure complete lysis. Lysates were
clarified and Protein G beads (rProtein G Agarose, Invitrogen) were added to normalized
samples for 2 h at 4 ◦C on a rocking plate. Beads were washed with lysis buffer and proteins
then eluted by boiling for 10 min in 2× PSB. Samples were analyzed using SDS-PAGE
and immunoblotting.
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2.8. Statistical Analysis

For comparison between two or more groups, a two-tailed t-test or one-way ANOVA
were used, respectively, using GraphPad Prism 6.0. Tukey’s post hoc analysis was com-
pleted when more than two groups were analyzed. Statistical significance was designated
at p < 0.05 and data are presented as the mean ± SEM.

3. Results
3.1. csGRP78 Mediates TGFβ1 Transcription in Response to HG

To assess the role of csGRP78 in the regulation of TGFβ1 transcription, we first con-
firmed the increase in surface expression of GRP78 under HG treatment (Figure 1A). Next,
we assessed the effects of csGRP78 inhibition on HG-induced TGFβ1 transcript upregu-
lation. We first used an antibody that targets the C-terminus of GRP78, termed C38 [18].
We previously showed that the C-terminal targeting antibody C-20, no longer manufac-
tured, inhibits HG-induced FAK/Akt activation [7], and confirmed similar efficacy of C38
(not shown). Figure 1B shows that C38 prevented HG-induced TGFβ1 transcript upreg-
ulation. We next used the enzyme SubA, a cell-impermeable proteinase that selectively
cleaves the C-terminus of cell surface GRP78 [17], which we showed also inhibits HG-
induced signaling [7]. This similarly prevented HG-induced TGFβ1 transcript upregulation
(Figure 1C). Finally, using siRNA we downregulated the co-chaperone MTJ1, required for
HG-induced translocation of GRP78 to the cell surface [7,21]. This also prevented TGFβ1
mRNA upregulation induced by HG (Figure 1D). We further assessed if HG-induced
csGRP78 regulates TGFβ1 promoter activity in MCs. Figure 1E–G show that TGFβ1 pro-
moter luciferase activity in HG was significantly reduced with csGRP78 inhibition using
C38, SubA and MTJ1 knockdown, respectively. These data support a role for csGRP78 in
regulating TGFβ1 transcription.

3.2. HG-Induced TGFβ1 Protein Synthesis and Secretion Are Mediated by csGRP78

We next wished to assess whether csGRP78 also modulates TGFβ1 production and
secretion in HG. We first measured protein expression of the secreted inactive form of
TGFβ1, LAP-TGFβ1. In Figure 2A,B, we observed cellular inhibition of HG-induced
LAP-TGFβ1 expression by C38 or SubA, respectively. Further, knockdown of MTJ1 also
abrogated LAP-TGFβ1 upregulation (Figure 2C). Next, we analyzed the secretion of total
TGFβ1 by ELISA. Again, we observed a significant reduction in secreted TGFβ1 with C38
(Figure 2D), SubA (Figure 2E), or after downregulation of MTJ1 with siRNA (Figure 2F),
implicating csGRP78 in the modulation of TGFβ1 protein synthesis and secretion.

3.3. csGRP78 Facilitates HG-Induced Smad3 Activation

As our data thus far implicate a role for csGRP78 in the production and secretion of
TGFβ1, we next wished to confirm that downstream signaling was also affected. We thus
assessed activation of Smad3 by measuring its phosphorylation (at C-terminus Ser473/475)
and activation of the Smad3-responsive reporter CAGA12 luciferase [16,22]. In Figure 3A,B,
we observed attenuation of HG-induced Smad3 phosphorylation by C38 and SubA, re-
spectively. Further, HG-induced CAGA12 luciferase activity was also inhibited by C38
(Figure 3C) and SubA (Figure 3D). These data clearly show that csGRP78 mediates down-
stream TGFβ1 signaling in MCs in response to HG.
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Figure 1. csGRP78 mediates TGFβ1 transcription in response to HG. (A) HG (6 h) induced cell sur-
face localization of GRP78 in MCs (n = 4, * p < 0.05). (B) The GRP78 antibody C38 attenuated HG (48 
h)-induced TGFβ1 transcript upregulation compared to nonspecific IgG (2 µg for each antibody, n 
= 12, * p < 0.05, ** p < 0.01, *** p < 0.005). (C) Cleavage of the C-terminus of csGRP78 with SubA (25 
ng/mL) prevented TGFβ1 transcript upregulation by HG (48 h) (n = 10, * p < 0.05, ** p < 0.01). (D) 
siRNA knockdown of MTJ1, required for cell surface translocation of GRP78 in HG, attenuated HG 
(48 h)-induced TGFβ1 mRNA upregulation compared to control siRNA (100 nM, n = 4, * p < 0.05 ** 
p < 0.01). HG (48 h)-induced TGFβ1 promoter activity, assessed using a luciferase reporter construct, 
was also inhibited by (E) C38 (n = 10, *** p < 0.005, **** p < 0.0001), (F) SubA (n = 12, ** p < 0.01, *** p 
< 0.005), or (G) MTJ1 knockdown (n = 6, ** p < 0.01, *** p < 0.005) in MCs. 
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Figure 1. csGRP78 mediates TGFβ1 transcription in response to HG. (A) HG (6 h) induced cell
surface localization of GRP78 in MCs (n = 4, * p < 0.05). (B) The GRP78 antibody C38 attenuated HG
(48 h)-induced TGFβ1 transcript upregulation compared to nonspecific IgG (2 µg for each antibody,
n = 12, * p < 0.05, ** p < 0.01, *** p < 0.005). (C) Cleavage of the C-terminus of csGRP78 with SubA
(25 ng/mL) prevented TGFβ1 transcript upregulation by HG (48 h) (n = 10, * p < 0.05, ** p < 0.01).
(D) siRNA knockdown of MTJ1, required for cell surface translocation of GRP78 in HG, attenu-
ated HG (48 h)-induced TGFβ1 mRNA upregulation compared to control siRNA (100 nM, n = 4,
* p < 0.05 ** p < 0.01). HG (48 h)-induced TGFβ1 promoter activity, assessed using a luciferase reporter
construct, was also inhibited by (E) C38 (n = 10, *** p < 0.005, **** p < 0.0001), (F) SubA (n = 12,
** p < 0.01, *** p < 0.005), or (G) MTJ1 knockdown (n = 6, ** p < 0.01, *** p < 0.005) in MCs.

3.4. Integrin β1 Interaction with csGRP78 Is Required for TGFβ1 Upregulation and Signaling
in HG

Our lab has previously shown that integrin β1 may play an important role in regu-
lating csGRP78-mediated profibrotic FAK/Akt activation [7], with Akt known to regulate
TGFβ1 induction by HG [15]. We thus next wished to investigate if integrin β1 was also
required for modulating TGFβ1 upregulation and activity in HG. Using a neutralizing
antibody targeting the conformationally active form of integrin β1, we assessed whether
inhibition of integrin β1 would affect TGFβ1 production, secretion and downstream ac-
tivity. In Figure 4A and B, we observed attenuation of HG-induced TGFβ1 production
with integrin β1 neutralization at both the transcript and protein level, respectively. HG-
induced secretion of total TGFβ1 (Figure 4C) and its downstream activity measured by
phosphorylation of Smad3 (Figure 4D) and CAGA12 luciferase activity (Figure 4E) were
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also inhibited by integrin β1 neutralization. Further, knockdown of integrin β1 prevented
HG-induced FAK activation, TGFβ1 upregulation and downstream TGFβ1 signaling as
well as ECM protein (fibronectin, collagen IV) upregulation (Figure 4F).
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0.05, *** p < 0.005), or (C) MTJ1 siRNA, but not control siRNA (100 nM, n = 3, ** p < 0.01, *** p < 0.005). 
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by csGRP78 inhibition using either (D) C38 antibody (2 µg, n = 4, * p < 0.05, *** p < 0.005), (E) SubA 
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Figure 2. HG-induced TGFβ1 protein synthesis and secretion are mediated by csGRP78. Increased
synthesis of LAP-TGFβ1 in response to HG (48 h) was inhibited by (A) the GRP78 antibody C38, but
not control IgG (2 µg, n = 6, * p < 0.05, ** p < 0.01), (B) csGRP78 inhibitor SubA (25 ng/mL, n = 5,
* p < 0.05, *** p < 0.005), or (C) MTJ1 siRNA, but not control siRNA (100 nM, n = 3, ** p < 0.01,
*** p < 0.005). HG (48 h)-induced TGFβ1 secretion, assessed by ELISA of acid-activated medium, was
prevented by csGRP78 inhibition using either (D) C38 antibody (2 µg, n = 4, * p < 0.05, *** p < 0.005),
(E) SubA (25 ng/mL, n = 6, * p < 0.05, ** p < 0.01), or (F) MTJ1 siRNA knockdown (100 nM, n = 3,
* p < 0.05).
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Figure 3. csGRP78 facilitates HG-induced Smad3 activation. HG (48 h)-induced Smad3 activation,
assessed by its C-terminal phosphorylation at Ser473/475, was prevented by csGRP78 inhibition with
(A) C38 antibody, but not nonspecific IgG (2 µg, n = 9, * p < 0.05, ** p < 0.01) or (B) SubA (25 ng/mL,
n = 8, * p < 0.05, ** p < 0.01). HG (48 h)-increased Smad3 transcriptional activity, assessed using
the Smad3-responsive CAGA12 luciferase reporter, was also prevented by csGRP78 inhibition with
(C) C38 (n = 16) or (D) SubA (n = 12, * p < 0.05, ** p < 0.01, **** p < 0.0001).

We next assessed whether GRP78 associates with both integrin β1 and LAP-TGFβ1 at
the cell surface. Cell surface GRP78 was immunoprecipitated from live cells after treatment
as described in methods. In Figure 4G, we observed HG-induced association of csGRP78
and integrin β1 as we have shown previously [7], in addition to csGRP78 association with
LAP-TGFβ1. In Figure 4H, reverse immunoprecipitation with cell surface integrin β1
confirmed this association under HG treatment. Importantly, association between these
proteins was attenuated by csGRP78 inhibition with the C38 antibody. We next sought to
confirm that both integrin β1 and csGRP78 are required for TGFβ1 signaling in HG. For this
assay, MCs were cocultured with MLEC stably transfected with the Smad3-dependent PAI-1
promoter luciferase construct, allowing for assessment of TGFβ1 activity. After plating,
cells were treated with HG and inhibitors of either csGRP78 or integrin β1, or control IgG.
As shown in Figure 4I, HG led to TGFβ1 activation as showed by increased luciferase
activity in cell lysate. This was inhibited by both C38 and the integrin β1 neutralizing
antibody. These data implicate a direct role for both csGRP78 and integrin β1 in modulating
TGFβ1 activation under HG.
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Figure 4. Integrin β1 interaction with csGRP78 is required for TGFβ1 upregulation and signaling in
HG. HG-induced TGFβ1 (A) transcript upregulation (n = 4), (B) protein synthesis (n = 4), (C) secretion
(n = 3) and signaling measured as (D) Smad3 activation (phosphorylation at Ser473/475) (n = 4) or
(E) CAGA12 luciferase activity (n = 12) were inhibited by a neutralizing integrin β1 antibody (10 µg,
HG 24h for mRNA and 48 h for all others, * p < 0.05, ** p < 0.01). (F) These were also prevented by
downregulation of integrin β1 using siRNA, which also inhibited activation of the integrin-regulated
kinase FAK (phosphorylation at Tyr397) and upregulation of matrix proteins fibronectin (FN) and
collagen IV (Col IV) in response to HG (48 h, n = 6, * p < 0.05, ** p < 0.01, *** p < 0.005, **** p < 0.0001).
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(G) csGRP78 was immunoprecipitated from live cells after HG for 48 h, showing interaction with
integrin β1 and LAP-TGFβ1 (n = 3, * p < 0.05). (H) Reverse immunoprecipitation of cell surface
integrin β1 confirmed interaction with csGRP78 as well as with LAP-TGFβ1 in response to HG (48 h)
(n = 4, * p < 0.05, ** p < 0.01, *** p < 0.005, **** p < 0.0001). (I) MCs were co-cultured with mink
lung epithelial cells (MLEC) stably transfected with Smad3-regulated PAI-1 promoter luciferase. The
increase in luciferase activity induced by HG (48 h) was prevented by either csGRP78 inhibition with
C38 (2 µg) or antibody neutralization of active integrin β1 (10 µg) (n = 9, **** p < 0.0001).

3.5. Overexpression of csGRP78 Augments TGFβ1 Synthesis, Secretion and Downstream
Profibrotic Signaling

We previously showed that overexpression of GRP78 lacking the ER-retention se-
quence KDEL (∆KDEL) localizes it to the cell surface and augments HG-induced ECM
and profibrotic cytokine production [8]. Here, we aimed to investigate whether the overex-
pression of csGRP78 could also augment TGFβ1 production, secretion and downstream
signaling, and whether this required integrin β1. In Figure 5A, we observed an increase
in the basal expression level of LAP-TGFβ1 in MCs transfected with ∆KDEL, and this
response was augmented by HG. Similarly, we observed an increase in TGFβ1 secretion
(Figure 5B) and phosphorylation of Smad3 (Figure 5C) with ∆KDEL alone, both of which
were further augmented by HG. We next wished to evaluate if integrin β1 was required
for this signaling cascade. We thus treated ∆KDEL-overexpressing MCs with the integrin
β1 neutralizing antibody. Figure 5D and E show that integrin β1 neutralization reduced
expression of LAP-TGFβ1 and pSmad3 to levels seen in cells transfected with the empty
control vector, indicating a critical role for integrin β1 in csGRP78 signaling.

3.6. Integrin β1 Contributes to GRP78 Cell Surface Translocation

Previous studies have shown manganese (Mn) to be a non-specific integrin activator,
with its activation of FAK downstream of integrins also confirmed [23,24]. We thus initially
used Mn to determine whether integrin activation was necessary or sufficient to induce
GRP78 localization to the cell surface as well as for TGFβ1 production and signaling.
In Figure 6A, we observed significant Mn-induced translocation of GRP78 to the cell
surface. In Figure 6B,C, both TGFβ1 production and downstream signaling (measured by
Smad3 phosphorylation) were increased by Mn treatment. Importantly, both csGRP78 and
integrin β1 are required for this as inhibition of either csGRP78 (Figure 6D) or integrin β1
(Figure 6E) resulted in a loss of Mn-induced Smad3 phosphorylation. Using an antibody
that specifically activates integrin β1 (P4G11), we confirmed that localization of GRP78
to the cell surface (Figure 6F) and activation of downstream signaling measured as FAK
and Smad3 phosphorylation (Figure 6G,H, respectively) were induced by integrin β1.
Furthermore, these were prevented by csGRP78 inhibition (Figure 6I,J). Finally, we tested
whether integrin β1 was needed for GRP78 translocation to the cell surface in response to
HG. As shown in Figure 6K, integrin β1 downregulation with siRNA inhibited HG-induced
translocation. Taken together, these data show the critical interdependence of csGRP78 and
integrin β1 in the profibrotic response to HG.

3.7. HG-Induced csGRP78 Translocation Is Independent of Cytoskeleton Organization

The importance of integrins in the regulation of cytoskeleton organization, in addition to
their role as modulators of transmembrane signaling pathways, is well established [25–28].
Having shown that integrin β1 is required for csGRP78 signaling in HG, we next sought to
determine whether cytoskeletal integrity is required for csGRP78 signaling. We first assessed
the actin cytoskeleton. Phalloidin staining for actin shown in Figure 7A confirms that the
inhibitors cytochalasin D and latrunculin B both disrupted the actin cytoskeleton. However,
neither prevented HG-induced translocation of GRP78 to the cell surface (Figure 7B). We then
tested whether the microtubule network was required. Its disruption with colchicine was
first confirmed by staining for tubulin (Figure 7C), but it also did not reduce HG-induced
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csGRP78 expression (Figure 7D), suggesting that cytoskeletal integrity is not required for
GRP78 surface translocation.

Biomedicines 2022, 10, x FOR PEER REVIEW 10 of 19 
 

 
Figure 5. Overexpression of csGRP78 augments TGFβ1 synthesis, secretion, and downstream pro-
fibrotic signaling. (A) Overexpression of GRP78 ΔKDEL, which increases csGRP78, increased basal 
LAP-TGFβ1 expression and augmented expression induced by HG (48 h) (n = 5, ** p < 0.01). In-
creased basal and HG (48 h)-induced expression of both (B) total secreted TGFβ1 (n = 4) and (C) 
downstream signaling measured by Smad3 phosphorylation (Ser473/475) (n = 5) were also seen (* p 
< 0.05, ** p < 0.01, *** p < 0.005, **** p < 0.0001). GRP78 ΔKDEL-induced increases in (D) LAP-TGFβ1 
and (E) pSmad3 (phosphorylation at Ser473/475) were both attenuated by a neutralizing integrin β1 
antibody (10 µg, HG 48 h, n = 6, * p < 0.05, ** p < 0.01). 

Figure 5. Overexpression of csGRP78 augments TGFβ1 synthesis, secretion, and downstream profi-
brotic signaling. (A) Overexpression of GRP78 ∆KDEL, which increases csGRP78, increased basal
LAP-TGFβ1 expression and augmented expression induced by HG (48 h) (n = 5, ** p < 0.01). Increased
basal and HG (48 h)-induced expression of both (B) total secreted TGFβ1 (n = 4) and (C) downstream
signaling measured by Smad3 phosphorylation (Ser473/475) (n = 5) were also seen (* p < 0.05,
** p < 0.01, *** p < 0.005, **** p < 0.0001). GRP78 ∆KDEL-induced increases in (D) LAP-TGFβ1 and
(E) pSmad3 (phosphorylation at Ser473/475) were both attenuated by a neutralizing integrin β1
antibody (10 µg, HG 48 h, n = 6, * p < 0.05, ** p < 0.01).
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Figure 6. Integrin β1 contributes to GRP78 cell surface translocation. Activation of integrins using
manganese. (Mn) induced (A) localization of GRP78 to the cell surface (n = 3, * p < 0.05, ** p < 0.01),
(B) production of LAP-TGFβ1 (n = 3, ** p < 0.01) and (C) downstream TGFβ1 signaling measured
as Smad3 phosphorylation (Ser473/475) (n = 3, ** p < 0.01). Inhibition of either (D) csGRP78 using
the C38 antibody (n = 8, * p < 0.05, ** p < 0.01) or (E) integrin β1 using a neutralizing antibody
(n = 5, * p < 0.05, ** p < 0.01) attenuated Mn (24 h)-induced activation of Smad3 (phosphorylation at
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Ser473/475). To specifically assess the role of integrin β1, its activating antibody P4G11 was used.
(F) P4G11 (2 or 10 µg, 6 h) increased csGRP78 expression in MCs (n = 3, * p < 0.05, *** p < 0.005).
P4G11 (2 or 10 µg, 12 h) also induced activation of both (G) FAK (phosphorylation at Tyr397)
and (H) Smad3 (phosphorylation at Ser473/475) (n = 4, ** p < 0.01, *** p < 0.005, **** p < 0.0001).
(I, J) These were attenuated by csGRP78 inhibition (C38 2 µg, 12 h, n = 8, *** p < 0.005, **** p < 0.0001).
(K) Downregulation of integrin β1 using siRNA prevented HG (6 h)-induced GRP78 localization to
the cell surface in MCs (n = 3, *** p < 0.005, **** p < 0.0001).
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Figure 7. HG-induced csGRP78 translocation is independent of cytoskeleton organization. (A) Cells
were stained with rhodamine phalloidin to visualize actin filaments, confirming actin cytoskeleton
disruption using F-actin inhibitor cytochalasin D (200 ng/mL, 1 h) and G-actin polymerization
inhibitor latrunculin B (400nM, 1 h). (B) HG (6 h)-induced csGRP78 localization was not affected by
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either inhibitor (n = 4 for Lat B and n = 3 for Cyto D, * p < 0.05, ** p < 0.01). (C) Cells were stained
with tubulin to visualize microtubule filaments, confirming disruption using colchicine (5 µg/mL).
(D) Colchicine did not attenuate HG (3 h)-induced localization of GRP78 to the cell surface (n = 3,
* p < 0.05, ** p < 0.01). (E) Inhibition of FAK, a mediator of integrin β1 signaling, with PF573228 (2µM,
FAKi) attenuated HG (6 h)-induced localization of GRP78 to the cell surface (n = 3, ** p < 0.01). (F) HG
(48 h)-induced upregulation of LAP-TGFβ1 and downstream activation of Smad3 (phosphorylation
at Ser473/475), as well as production of ECM proteins fibronectin (FN) and collagen IV (Col IV) were
also prevented by FAK inhibition (n = 8, * p < 0.05, ** p < 0.01).

We next sought to determine whether activity of FAK downstream of integrin β1,
which regulates signaling events as well as cytoskeletal organization [27], was required for
signaling in HG. In Figure 7E, we observed a loss of HG-induced cell surface presentation
of GRP78 with a FAK inhibitor. FAK inhibition also resulted in a loss of HG-induced TGFβ1
production and signaling as well as downstream reduction in ECM protein (fibronectin,
collagen IV) synthesis (Figure 7F). Together, these data support an important signaling
function for integrin β1, in cooperation with csGRP78, to promote the profibrotic response
to HG in MCs.

4. Discussion

Recently, we identified csGRP78 as an important regulator of profibrotic signaling in
MCs under HG conditions and showed the de novo expression of GRP78 at the cell surface
in vivo in models of DKD [7,8]. We also implicated activated alpha 2-macroglobulin (α2M*)
as a ligand for csGRP78, which is required for its profibrotic signaling [7,8]. However, as
csGRP78 is found completely extracellularly, a transmembrane coreceptor is required to
transmit signaling intracellularly. While several such proteins have been shown to associate
with csGRP78 [10], the identity of the coreceptor required for HG signal transduction is
as yet unknown. In this study, we built on our previous work in which we showed that
csGRP78 interacts with integrin β1 under HG conditions, suggesting that this integrin
could be the potential binding partner relevant for signaling [7]. Here, we showed a critical
role for integrin β1 in transmitting profibrotic FAK/Akt signaling by csGRP78 in response
to HG and demonstrated that integrin β1/csGRP78 are required for HG-induced TGFβ1
production, secretion and downstream signaling in MCs. Intriguingly, we also showed
that integrin β1 activation, independent of its role in cytoskeletal organization, can induce
GRP78 translocation to the cell surface, thereby potentially amplifying profibrotic signaling.
These data, summarized in Figure 8, support further evaluation of the integrin β1/csGRP78
signaling axis as a potential therapeutic target for DKD.

Previous studies have shown the importance of integrin β1 in regulating the assembly
and production of ECM proteins that contribute to the fibrotic phenotype seen in DKD [29,30].
Integrin β1 was also shown to bind to LAP and through traction release the mature profibrotic
cytokine, indirectly contributing to the overproduction of ECM proteins [31]. Our MLEC
coculture data support a role for integrin β1 in the activation of TGFβ1, showing a decrease
in TGFβ1 functional effects in the presence of either integrin β1 or csGRP78 blockade. That
both reduce TGFβ1 effects in this functional assay to the same degree and to baseline levels
supports their integrated and cooperative role. The molecular mechanism underlying the
role of csGRP78 in regulating extracellular TGFβ1 activation, however, requires further
elucidation. Our immunoprecipitation data show interaction between integrin β1, LAP-
TGFβ1 and csGRP78 in response to HG. It is possible that csGRP78 facilitates interaction
with ECM proteins required to provide traction for release of TGFβ1 [32], such as with the
matricellular ECM glycoprotein thrombospondin-1 [33–35]. Further studies are required to
address this possibility.

Our data also add to these known roles of integrin β1 in ECM accumulation. We
show that, in cooperation with csGRP78, integrin β1 also enables the increased synthesis
of TGFβ1, thereby amplifying profibrotic capability. This is important since the direct
targeting of TGFβ1 is not clinically feasible due to the pleiotropic effects of the cytokine
and associated adverse effects with its inhibition [36]. Indirect methods relevant to disease
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pathology, such as targeting the integrin β1-csGRP78 interaction, may thus provide greater
clinical benefit without adverse effects.
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Figure 8. Proposed role of integrin β1 in csGRP78 profibrotic signaling in response to HG in MCs. 
HG promotes the presentation of GRP78 on the cell surface in MCs (black arrow). Here, interaction Figure 8. Proposed role of integrin β1 in csGRP78 profibrotic signaling in response to HG in MCs.

HG promotes the presentation of GRP78 on the cell surface in MCs (black arrow). Here, interaction
with HG-activated integrin β1 induces FAK and downstream Akt signaling. This increases TGFβ1
synthesis, secretion and activation, ultimately leading to an increase in ECM production. Activation
of integrins with manganese (Mn) or of integrin β1 more specifically using the activating antibody
P4G11 replicates HG effects (orange arrow), supporting a critical role for integrin β1 as a csGRP78
signaling coreceptor. Created with BioRender.

Integrins exist as heterodimeric transmembrane glycoproteins that consist of non-
covalently associated α and β subunits [27]. While our studies assessed the role of integrin
β1 as a csGRP78 signaling partner, we have not as yet identified its relevant alpha binding
partner, with 18 alpha subunits known to exist in mammals. Indeed, each αβ heterodimer
has been shown to have different affinities for their ligand ECM components, and integrin
heterodimers that bind to the same ligand can further elicit distinct signaling cascades [28,37].
Whether there is a disease-specific β1 heterodimer that interacts with csGRP78 to propagate
the profibrotic signaling pathway we observed in this study requires clarification. Furthermore,
given the various distinct cell types in the kidney, whether integrin β1-csGRP78 signaling is
more broadly seen, such as in tubular cells or fibroblasts which contribute to the tubulointer-
stitial fibrosis that defines later stages of disease, requires further study. Similarly, whether
the alpha binding partner is consistent across cell types in the diabetic kidney also needs to
be identified.

Previous studies have implicated several integrin heterodimers in the pathogenesis
of DKD and other kidney diseases. Integrin α2β1 has been shown to mediate glomerular
fibrosis in kidney disease through the production of collagen IV and reactive oxygen species.
Deletion or inhibition of integrin α2β1 showed protective effects to the glomerulus and
prevented the development of fibrosis [38]. The fibronectin-assembling integrin α5β1 was
shown to be upregulated by TGFβ1 in MCs and by HG in both MCs and podocytes, but
has not as yet been directly shown to promote kidney disease [39–41]. Inhibition of both
integrin αvβ1 and αvβ3 were shown to ameliorate kidney fibrosis in a diabetic mouse and
porcine model, respectively [31,42]. Future studies will determine whether these known
profibrotic integrin heterodimers function at least in part through csGRP78.

We previously showed an important role for cytoskeleton organization in mechanical
stress-induced profibrotic signaling in MCs, with disruption of the actin or microtubule cy-
toskeleton inhibiting signaling [19,43]. Our current study, however, has identified a distinct
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mechanism for integrin β1/FAK signaling that is independent of cytoskeleton integrity
in MCs. This may be important therapeutically since inhibition of csGRP78/integrin β1
interaction should not disrupt cytoskeleton regulation. Thus, this important cellular process
will remain intact, providing targeted disease specificity which reduces the likelihood for
adverse effects.

Our previous study has shown that α2M*, a high affinity ligand for csGRP78, is
increased significantly in diabetic kidneys and is required for profibrotic signaling in
response to HG in MCs [8]. How α2M*, csGRP78 and integrin β1 interact at a molecular
level is as yet unknown. It is possible that HG may induce integrin β1 anchoring of GRP78
to the cell surface, thereby allowing for its presentation on the surface in a particular
topology. This may facilitate the interaction of csGRP78 with α2M*, with consequent
promotion of profibrotic signaling. Alternatively, α2M* binding to csGRP78 may alter
its conformation and facilitate binding to active integrin β1. Future studies will aim to
elucidate the particular mechanism by which this signaling occurs.

Overall, we have shown that both csGRP78 and integrin β1 are required for HG-
induced TGFβ1 synthesis, secretion and signaling in MCs. Interruption of the interaction
between these cell surface proteins may represent a novel therapeutic target to prevent profi-
brotic signaling in DKD. In vivo studies to assess the efficacy of inhibiting csGRP78/integrin
β1/α2M* signaling will elucidate the viability of inhibiting this axis as a potential thera-
peutic target for DKD.

Author Contributions: J.T., R.L., E.S., K.O., P.Z. and B.G. performed experiments; J.C.K. conceived
the experimental design; J.T. analyzed the data; J.T. and J.C.K. wrote the manuscript. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Canadian Institutes of Health Research (CIHR) (JCK,
PJT-148628). J.T. is a recipient of an Ontario Graduate Scholarship award and the 2021 St. Joseph’s
Research Institute Studentship Award.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data obtained and presented in this article are available from the
corresponding author upon reasonable request.

Acknowledgments: The authors recognize the support of The Research Institute at St. Joe’s Hamilton
for nephrology research. We thank J. Paton for providing the Subtilase cytotoxin A, S. Pizzo for the
C38 and N88 GRP78 antibodies, T. Tsuda for MLEC stably expressing the PAI-1 luciferase promoter
construct, and M. Bilandzic for the CAGA12 luciferase reporter construct.

Conflicts of Interest: The authors have no competing financial interests.

References
1. Reidy, K.; Kang, H.M.; Hostetter, T.; Susztak, K. Molecular mechanisms of diabetic kidney disease. J. Clin. Investig. 2014, 124,

2333–2340. [CrossRef] [PubMed]
2. Johnson, S.A.; Spurney, R.F. Twenty years after ACEIs and ARBs: Emerging treatment strategies for diabetic nephropathy. Am. J.

Physiol. Physiol. 2015, 309, F807–F820. [CrossRef] [PubMed]
3. Tuttle, K.R.; Brosius, F.C.; Cavender, M.A.; Fioretto, P.; Fowler, K.J.; Heerspink, H.J.; Manley, T.; McGuire, D.K.; Molitch, M.E.;

Mottl, A.K.; et al. SGLT2 Inhibition for CKD and Cardiovascular Disease in Type 2 Diabetes: Report of a Scientific Workshop
Sponsored by the National Kidney Foundation. Am. J. Kidney Dis. 2021, 77, 94–109. [CrossRef] [PubMed]

4. Alicic, R.Z.; Rooney, M.T.; Tuttle, K.R. Diabetic Kidney Disease: Challenges, Progress, and Possibilities. Clin. J. Am. Soc. Nephrol.
2017, 12, 2032–2045. [CrossRef]

5. Sagoo, M.K.; Gnudi, L. Diabetic Nephropathy: An Overview. Diabet. Nephrop. 2019, 2067, 3–7. [CrossRef]
6. Warren, A.; Knudsen, S.T.; Cooper, M.E. Diabetic nephropathy: An insight into molecular mechanisms and emerging therapies.

Expert Opin. Ther. Targets 2019, 23, 579–591. [CrossRef]
7. Van Krieken, R.; Mehta, N.; Wang, T.; Zheng, M.; Li, R.; Gao, B.; Ayaub, E.; Ask, K.; Paton, J.C.; Paton, A.W.; et al. Cell surface

expression of 78-kDa glucose-regulated protein (GRP78) mediates diabetic nephropathy. J. Biol. Chem. 2019, 294, 7755–7768.
[CrossRef]

http://doi.org/10.1172/JCI72271
http://www.ncbi.nlm.nih.gov/pubmed/24892707
http://doi.org/10.1152/ajprenal.00266.2015
http://www.ncbi.nlm.nih.gov/pubmed/26336162
http://doi.org/10.1053/j.ajkd.2020.08.003
http://www.ncbi.nlm.nih.gov/pubmed/33121838
http://doi.org/10.2215/CJN.11491116
http://doi.org/10.1007/978-1-4939-9841-8_1
http://doi.org/10.1080/14728222.2019.1624721
http://doi.org/10.1074/jbc.RA118.006939


Biomedicines 2022, 10, 2247 16 of 17

8. Trink, J.; Li, R.; Palarasah, Y.; Troyanov, S.; Andersen, T.E.; Sidelmann, J.J.; Inman, M.D.; Pizzo, S.V.; Gao, B.; Krepinsky, J.C.
Activated Alpha 2-Macroglobulin Is a Novel Mediator of Mesangial Cell Profibrotic Signaling in Diabetic Kidney Disease.
Biomedicines 2021, 9, 1112. [CrossRef]

9. Zhu, G.; Lee, A.S. Role of the unfolded protein response, GRP78 and GRP94 in organ homeostasis. J. Cell. Physiol. 2014, 230,
1413–1420. [CrossRef]

10. Gonzalez–Gronow, M.; Selim, M.A.; Papalas, J.; Pizzo, S.V. GRP78: A Multifunctional Receptor on the Cell Surface. Antioxid.
Redox Signal. 2009, 11, 2299–2306. [CrossRef]

11. Oida, T.; Weiner, H.L. Overexpression of TGF-β1Gene Induces Cell Surface Localized Glucose-Regulated Protein 78-Associated
Latency-Associated Peptide/TGF-β. J. Immunol. 2010, 185, 3529–3535. [CrossRef] [PubMed]

12. Tsai, Y.-L.; Zhang, Y.; Tseng, C.-C.; Stanciauskas, R.; Pinaud, F.; Lee, A.S. Characterization and Mechanism of Stress-induced
Translocation of 78-Kilodalton Glucose-regulated Protein (GRP78) to the Cell Surface. J. Biol. Chem. 2015, 290, 8049–8064.
[CrossRef] [PubMed]

13. Chang, A.S.; Hathaway, C.K.; Smithies, O.; Kakoki, M. Transforming growth factor-β1 and diabetic nephropathy. Am. J. Physiol.
Physiol. 2016, 310, F689–F696. [CrossRef] [PubMed]

14. Zhao, L.; Zou, Y.; Liu, F. Transforming Growth Factor-Beta1 in Diabetic Kidney Disease. Front. Cell Dev. Biol. 2020, 8, 187.
[CrossRef]

15. Wu, D.; Peng, F.; Zhang, B.; Ingram, A.J.; Kelly, D.J.; Gilbert, R.E.; Gao, B.; Krepinsky, J.C. PKC-β1 Mediates Glucose-Induced Akt
Activation and TGF-β1 Upregulation in Mesangial Cells. J. Am. Soc. Nephrol. 2009, 20, 554–566. [CrossRef]

16. Li, J.H.; Huang, X.R.; Zhu, H.-J.; Johnson, R.; Lan, H.Y. Role of TGF-β signaling in extracellular matrix production under high
glucose conditions. Kidney Int. 2003, 63, 2010–2019. [CrossRef]

17. Ray, R.; de Ridder, G.G.; Eu, J.P.; Paton, A.W.; Paton, J.C.; Pizzo, S.V. The Escherichia coli Subtilase Cytotoxin A Subunit Specifically
Cleaves Cell-surface GRP78 Protein and Abolishes COOH-terminal-dependent Signaling. J. Biol. Chem. 2012, 287, 32755–32769.
[CrossRef]

18. De Ridder, G.G.; Ray, R.; Pizzo, S.V. A murine monoclonal antibody directed against the carboxyl-terminal domain of GRP78
suppresses melanoma growth in mice. Melanoma Res. 2012, 22, 225–235. [CrossRef]

19. Krepinsky, J.C.; Ingram, A.J.; Tang, D.; Wu, D.; Liu, L.; Scholey, J.W. Nitric Oxide Inhibits Stretch-Induced MAPK Activation in
Mesangial Cells Through RhoA Inactivation. J. Am. Soc. Nephrol. 2003, 14, 2790–2800. [CrossRef]

20. Munro, S.; Pelham, H.R. A C-terminal signal prevents secretion of luminal ER proteins. Cell 1987, 48, 899–907. [CrossRef]
21. Misra, U.K.; Gonzalez-Gronow, M.; Gawdi, G.; Pizzo, S.V. The Role of MTJ-1 in Cell Surface Translocation of GRP78, a Receptor

for α2-Macroglobulin-Dependent Signaling. J. Immunol. 2005, 174, 2092–2097. [CrossRef]
22. Stuelten, C.H.; Kamaraju, A.K.; Wakefield, L.M.; Roberts, A.B. Lentiviral reporter constructs for fluorescence tracking of the

temporospatial pattern of Smad3 signaling. BioTechniques 2007, 43, 289–294. [CrossRef]
23. Lin, G.L.; Cohen, D.M.; Desai, R.A.; Breckenridge, M.T.; Gao, L.; Humphries, M.J.; Chen, C.S. Activation of beta 1 but not beta 3

integrin increases cell traction forces. FEBS Lett. 2013, 587, 763–769. [CrossRef] [PubMed]
24. Tan, C.L.; Kwok, J.; Patani, R.; Ffrench-Constant, C.; Chandran, S.; Fawcett, J. Integrin Activation Promotes Axon Growth on

Inhibitory Chondroitin Sulfate Proteoglycans by Enhancing Integrin Signaling. J. Neurosci. 2011, 31, 6289–6295. [CrossRef]
25. Calderwood, D.A.; Shattil, S.J.; Ginsberg, M.H. Integrins and Actin Filaments: Reciprocal Regulation of Cell Adhesion and

Signaling. J. Biol. Chem. 2000, 275, 22607–22610. [CrossRef] [PubMed]
26. Delon, I.; Brown, N.H. Integrins and the actin cytoskeleton. Curr. Opin. Cell Biol. 2007, 19, 43–50. [CrossRef] [PubMed]
27. Harburger, D.S.; Calderwood, D.A. Integrin signalling at a glance. J. Cell Sci. 2009, 122, 159–163. [CrossRef]
28. Hynes, R.O. Integrins: Bidirectional, Allosteric Signaling Machines. Cell 2002, 110, 673–687. [CrossRef]
29. Pozzi, A.; Zent, R. Integrins in Kidney Disease. J. Am. Soc. Nephrol. 2013, 24, 1034–1039. [CrossRef]
30. Miller, C.G.; Pozzi, A.; Zent, R.; Schwarzbauer, J.E. Effects of high glucose on integrin activity and fibronectin matrix assembly by

mesangial cells. Mol. Biol. Cell 2014, 25, 2342–2350. [CrossRef]
31. Chang, Y.; Lau, W.L.; Jo, H.; Tsujino, K.; Gewin, L.; Reed, N.I.; Atakilit, A.; Nunes, A.C.F.; DeGrado, W.F.; Sheppard, D.

Pharmacologic blockade of αvβ1 integrin ameliorates renal failure and fibrosis in Vivo. J. Am. Soc. Nephrol. 2017, 28, 1998–2005.
[CrossRef] [PubMed]

32. Worthington, J.J.; Klementowicz, J.E.; Travis, M.A. TGFβ: A sleeping giant awoken by integrins. Trends Biochem. Sci. 2011, 36,
47–54. [CrossRef]

33. Yevdokimova, N.; Wahab, N.A.; Mason, R.M. Thrombospondin-1 Is the Key Activator of TGF-β1 in Human Mesangial Cells
Exposed to High Glucose. J. Am. Soc. Nephrol. 2001, 12, 703–712. [CrossRef]

34. Daniel, C.; Schaub, K.; Amann, K.; Lawler, J.; Hugo, C. Thrombospondin-1 Is an Endogenous Activator of TGF-β in Experimental
Diabetic Nephropathy In Vivo. Diabetes 2007, 56, 2982–2989. [CrossRef] [PubMed]

35. Murphy-Ullrich, J.E. Thrombospondin 1 and Its Diverse Roles as a Regulator of Extracellular Matrix in Fibrotic Disease. J.
Histochem. Cytochem. 2019, 67, 683–699. [CrossRef] [PubMed]

36. Voelker, J.; Berg, P.H.; Sheetz, M.; Duffin, K.; Shen, T.; Moser, B.; Greene, T.; Blumenthal, S.S.; Rychlik, I.; Yagil, Y.; et al.
Anti–TGF-β1 Antibody Therapy in Patients with Diabetic Nephropathy. J. Am. Soc. Nephrol. 2016, 28, 953–962. [CrossRef]
[PubMed]

http://doi.org/10.3390/biomedicines9091112
http://doi.org/10.1002/jcp.24923
http://doi.org/10.1089/ars.2009.2568
http://doi.org/10.4049/jimmunol.0904121
http://www.ncbi.nlm.nih.gov/pubmed/20720212
http://doi.org/10.1074/jbc.M114.618736
http://www.ncbi.nlm.nih.gov/pubmed/25673690
http://doi.org/10.1152/ajprenal.00502.2015
http://www.ncbi.nlm.nih.gov/pubmed/26719364
http://doi.org/10.3389/fcell.2020.00187
http://doi.org/10.1681/ASN.2008040445
http://doi.org/10.1046/j.1523-1755.2003.00016.x
http://doi.org/10.1074/jbc.M112.399808
http://doi.org/10.1097/CMR.0b013e32835312fd
http://doi.org/10.1097/01.ASN.0000094085.04161.A7
http://doi.org/10.1016/0092-8674(87)90086-9
http://doi.org/10.4049/jimmunol.174.4.2092
http://doi.org/10.2144/000112549
http://doi.org/10.1016/j.febslet.2013.01.068
http://www.ncbi.nlm.nih.gov/pubmed/23395612
http://doi.org/10.1523/JNEUROSCI.0008-11.2011
http://doi.org/10.1074/jbc.R900037199
http://www.ncbi.nlm.nih.gov/pubmed/10801899
http://doi.org/10.1016/j.ceb.2006.12.013
http://www.ncbi.nlm.nih.gov/pubmed/17184985
http://doi.org/10.1242/jcs.018093
http://doi.org/10.1016/S0092-8674(02)00971-6
http://doi.org/10.1681/ASN.2013010012
http://doi.org/10.1091/mbc.e14-03-0800
http://doi.org/10.1681/ASN.2015050585
http://www.ncbi.nlm.nih.gov/pubmed/28220032
http://doi.org/10.1016/j.tibs.2010.08.002
http://doi.org/10.1681/ASN.V124703
http://doi.org/10.2337/db07-0551
http://www.ncbi.nlm.nih.gov/pubmed/17878288
http://doi.org/10.1369/0022155419851103
http://www.ncbi.nlm.nih.gov/pubmed/31116066
http://doi.org/10.1681/ASN.2015111230
http://www.ncbi.nlm.nih.gov/pubmed/27647855


Biomedicines 2022, 10, 2247 17 of 17

37. Anderson, L.R.; Owens, T.W.; Naylor, M.J. Structural and mechanical functions of integrins. Biophys. Rev. 2013, 6, 203–213.
[CrossRef]

38. Borza, C.M.; Su, Y.; Chen, X.; Yu, L.; Mont, S.; Chetyrkin, S.; Voziyan, P.; Hudson, B.G.; Billings, P.C.; Jo, H.; et al. Inhibition of
Integrin α2β1 Ameliorates Glomerular Injury. J. Am. Soc. Nephrol. 2012, 23, 1027–1038. [CrossRef]

39. Weston, B.S.; Wahab, N.A.; Mason, R.M. CTGF Mediates TGF-β–Induced Fibronectin Matrix Deposition by Upregulating Active
α5β1 Integrin in Human Mesangial Cells. J. Am. Soc. Nephrol. 2003, 14, 601–610. [CrossRef]

40. Kitsiou, P.V.; Tzinia, A.K.; Stetler-Stevenson, W.G.; Michael, A.F.; Fan, W.W.; Zhou, B.; Tsilibary, E.C. Glucose-induced changes
in integrins and matrix-related functions in cultured human glomerular epi-thelial cells. Am. J. Physiol.-Ren. Physiol. 2003, 284,
F671–F679. [CrossRef]

41. Yang, J.; Zeng, Z.; Wu, T.; Yang, Z.; Liu, B.; Lan, T. Emodin attenuates high glucose-induced TGF-β1 and fibronectin expression in
mesangial cells through inhibition of NF-κB pathway. Exp. Cell Res. 2013, 319, 3182–3189. [CrossRef] [PubMed]

42. Maile, L.A.; Busby, W.H.; Gollahon, K.A.; Flowers, W.; Garbacik, N.; Garbacik, S.; Stewart, K.; Nichols, T.; Bellinger, D.; Patel, A.;
et al. Blocking Ligand Occupancy of the αVβ3 Integrin Inhibits the Development of Nephropathy in Diabetic Pigs. Endocrinology
2014, 155, 4665–4675. [CrossRef] [PubMed]

43. Guan, T.; Gao, B.; Chen, G.; Chen, X.; Janssen, M.; Uttarwar, L.; Ingram, A.J.; Krepinsky, J.C. Colchicine attenuates renal injury in
a model of hypertensive chronic kidney disease. Am. J. Physiol. Physiol. 2013, 305, F1466–F1476. [CrossRef] [PubMed]

http://doi.org/10.1007/s12551-013-0124-0
http://doi.org/10.1681/ASN.2011040367
http://doi.org/10.1097/01.ASN.0000051600.53134.B9
http://doi.org/10.1152/ajprenal.00266.2002
http://doi.org/10.1016/j.yexcr.2013.10.006
http://www.ncbi.nlm.nih.gov/pubmed/24140264
http://doi.org/10.1210/en.2014-1318
http://www.ncbi.nlm.nih.gov/pubmed/25171599
http://doi.org/10.1152/ajprenal.00057.2013
http://www.ncbi.nlm.nih.gov/pubmed/23946291

	Introduction 
	Materials and Methods 
	Cell Culture, Reagents and Protein Extraction 
	Transfection and Luciferase 
	RNA Extraction and qPCR 
	Biotinylation 
	TGF1 ELISA 
	TGF1 Bioassay with Mink Lung Epithelial Cells (MLECs) 
	Surface Protein Co-Immunoprecipitation from Live Cells 
	Statistical Analysis 

	Results 
	csGRP78 Mediates TGF1 Transcription in Response to HG 
	HG-Induced TGF1 Protein Synthesis and Secretion Are Mediated by csGRP78 
	csGRP78 Facilitates HG-Induced Smad3 Activation 
	Integrin 1 Interaction with csGRP78 Is Required for TGF1 Upregulation and Signaling in HG 
	Overexpression of csGRP78 Augments TGF1 Synthesis, Secretion and Downstream Profibrotic Signaling 
	Integrin 1 Contributes to GRP78 Cell Surface Translocation 
	HG-Induced csGRP78 Translocation Is Independent of Cytoskeleton Organization 

	Discussion 
	References

