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Background and Purpose: Increased levels of the chaperone protein GRP78 have been
implicated in poorer outcomes of cancer therapy. We have therefore explored the
functional connection between the expression of GRP78 and the development of
radioresistance and metastatic behavior in HNSCC.

Material and Methods: The association between gene expression of GRP78 and
survival in HNSCC patients was examined using the TCGA database. The influence of
ionizing radiation on the GRP78 levels in HNSCC cell lines, their secreted extracellular
vesicles (EV) and non-irradiated EV-recipient cells was investigated by Western Blot and
FACS. The consequences of chemical inhibition or experimental overexpression of
GRP78 on radioresistance and migration of HNSCC cells were analyzed by clonogenic
survival and gap closure assays.

Results: Elevated levels of GRP78 RNA in HNSCC correlated with poorer overall survival.
Radiation increased GRP78 protein expression on the surface of HNSCC cell lines.
Experimental overexpression of GRP78 increased both radioresistance and migratory
potential. Chemical inhibition of GRP78 impaired cell migration. EVs were identified as a
potential source of increased GRP78 content as elevated levels of surface GRP78 were
found in EVs released by irradiated cells. These vesicles transferred GRP78 to non-
irradiated recipient cells during co-cultivation.

Conclusions: We have identified the chaperone protein GRP78 as a potential driver of
increased radioresistance and motility in HNSCC. The uptake of GRP78-rich EVs originating
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from irradiated cells may contribute to a poorer prognosis through bystander effects mediated
by the transfer of GRP78 to non-irradiated cells. Therefore, we consider the chaperone
protein GRP78 to be an attractive target for improving radiotherapy strategies.

Keywords: ionizing radiation, extracellular vesicles, HNSCC, HSP70 heat-shock proteins, radiotherapy, cell

migration, bystander effect, GRP78

INTRODUCTION

Therapy options for head and neck squamous cell carcinomas
(HNSCC) have improved over the last decades, tobacco
consumption is declining and HPV-positive status is a good
prognostic marker for tumor treatment. Yet especially HPV-
negative and advanced-stage tumors still have a poor prognosis
and an overall 5-year survival rate of approximately 60% (1, 2).
HNSCC are highly invasive and metastatic and frequently
acquire treatment resistance. This resistance results in an
increase in treatment doses of radiation and chemotherapy,
which in turn leads to worse off-target toxicity. Still, standard
therapy protocols combine surgery with radiotherapy and
chemoradiotherapy despite the severe side effects and low
effectiveness (2, 3), especially in non-resectable or incompletely
resected tumors (4). A better understanding of the molecular
mechanisms responsible for this intransigence is strongly needed
for new therapeutic strategies and to improve therapy outcome.

The 78-kDa glucose-regulated protein (GRP78/BiP), a molecular
chaperone of the heat shock protein 70 family, participates in
biological functions that are relevant to a poor response to cancer
therapy, in particular the control of the unfolded protein response
(UPR) via activation of transmembrane ER-stress sensor proteins
and calcium storage (5, 6). In HNSCC and other tumor types, the
UPR is constantly activated by numerous stressors of the tumor
microenvironment such as hypoxia or nutrient deprivation (7, 8)
leading to an upregulation of GRP78 expression in tumor cells
which is considerably higher compared to non-malignant cells.
Besides accumulating in the ER to counter ER stress, a function in
tumor cell signaling and communication is suggested as GRP78 is
translocated to the cell surface of tumor cells upon different cellular
stressors such as hypoxia (9-11). Given that GRP78 has no
transmembrane domain other proteins like Cripto are needed to
interact with the chaperone and thereby connecting it to the cell
surface (12, 13). This cell surface GRP78 is suggested to trigger
tumorigenic and metastatic signaling and induce resistance to
treatment in various cancer models, although the exact
mechanisms are still unclear (14, 15).

A contribution to intercellular signaling has been suggested by the
observation that GRP78 is present in extracellular vesicles (EVs) (16,
17). These small (50-1000 nm) vesicles, surrounded by a phospholipid
bilayer, are released into extracellular fluids and contribute to cell-cell
communication. The most important EVs are exosomes, with

Abbreviations: EV, Extracellular vesicle; EAdFBS, EV-depleted FBS; GRP78,
Glucose-regulated protein 78kDa; HNSCC, Head and neck squamous cell
carcinoma; SF2, survival fraction after 2-Gy irradiation; UPR, Unfolded
protein response.

endocytic origin, and microvesicles, formed directly at the plasma
membrane (18). In HNSCC, we have previously demonstrated that
EVs released from irradiated cells are able to increase the motility and
radioresistance of recipient cells and proteomic analyses showed
increased vesicular levels of GRP78 (17, 19).

We now report that surface GRP78 expression is increased by
exposure to ionizing radiation in two HNSCC cell lines.
Increased GRP78 promotes radiation resistance and increases
metastatic behavior of these cells. Moreover, irradiation
increased the GRP78 content of released EVs, and these were
able to transfer GRP78 to non-irradiated recipient cells. This
increase in GRP78 may contribute to a bystander effect that
increased radiation resistance and metastatic behavior in non-
irradiated cells, suggesting that EV transfer of GRP78 may be
responsible for some of the deleterious behavior and poorer
prognosis of GRP78 overexpressing tumors.

MATERIALS AND METHODS
TCGA Data Analysis

Differential expression analysis of HNSCC patient transcriptomes,
taken from The Cancer Genome Atlas (TCGA), was performed
using the R Studio software with packages ‘BiocManager’,
‘TCGAbiolinks’, limma’ and ‘edgeR’ (20-24). A gImLRT fit was
performed with FDR and logFC cut-offs set to 0.01 and 1,
respectively. Kaplan-Meyer plot of patient survival analysis was
generated using the Xena Functional Genomics Explorer
(University of California, Santa Cruz) with default settings
including a statistical analysis with log-rank test (25).

Cell Culture
HPV-negative HNSCC cell lines BHY (DSMZ), FaDu (ATCC),
CAL-33 (DSMZ) and SCC131 (DSMZ) were cultivated in a
humidified atmosphere at 37°C and 5% CO,. DMEM
(Dulbecco’s modified Eagle’s medium, Gibco) with GlutaMAX,
pyruvate and high Glucose was used for BHY and CAL-33 cells.
The same medium with low Glucose was used for FaDu cells.
Minimal Essential Medium (MEM, Gibco) with GlutaMAX and
Earle’s Salts was used for SCC131. The media were supplemented
with 10% FBS (fetal bovine serum, GE Healthcare). Green
Fluorescent Protein (GFP)-expressing derivatives of the cell
lines BHY and FaDu (BHY-GFP and FaDu-GFP), generated as
described previously (17), were cultivated in their respective
media with additional 0.3 pg/ml or 0.1 pg/ml puromycin to
maintain stable GFP expression.

Cell line identity was confirmed by genomic sequencing of
nine marker loci: D5S818, D13S317, D7S820, D16S539, VWA,
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THO1, AM, TPOX, CSF1PO (Eurofins Genomics). Mycoplasma
negative status was confirmed with MycoAlert (Lonza).

For GRP78 overexpression, 2.5 x 10 cells were transfected with
pcDNA3.1(+)-GRP78/BiP (32701, Addgene) or empty control vector
(V79020, Invitrogen) using Lipofectamine 2000 Transfection Reagent
(Invitrogen) according to the manufacturers protocol.

The GRP78 inhibitor HA15 (Selleck Chemicals) was diluted
in DMSO with pure DMSO serving as control. FaDu and FaDu-
GFP cells were treated with 1.5, 2.5 or 3.5 uM, BHY and BHY-
GFP cells were treated with 20, 30 or 40 uM inhibitor.

Bovine EVs were removed from FBS by ultracentrifugation
(100,000g, 4°C, 14h) to generate EV-depleted FBS (EdFBS).

Irradiation

Cells were X-irradiated at room temperature with a dose rate of
0.82 Gy/min (Xstrahl RS225 X-ray system at 195 kV and 10 mA
with a 3 mm aluminum filter). Sham irradiated cells were treated
identically, without exposure.

Protein Quantification and Immunoblotting
Cells were detached with 0.05% trypsin or collected with a cell
scraper to retain surface proteins. Cell pellets were lysed at 4°C
with T-PER lysis buffer (Thermo Fisher) combined with
PhosSTOP and cOmplete, phosphatase and protease inhibitor
cocktails (Roche). Protein concentrations were determined with
the Pierce BCA Protein Assay Kit (Thermo Fisher).

For immunoblotting, either 10 pg protein or 15 ul of EV
suspension were used. Primary antibodies used were Alix (2171,
Cell Signaling), Beta-actin (SAB1305567, Sigma-Aldrich),
Calnexin (sc11397, Santa Cruz), GAPDH (sc-47724, Santa
Cruz), GRP78/BiP (3177, Cell Signaling), TSG101 (GTX70255,
GeneTex) and CD9 (sc-13118, Santa Cruz). Proteins were
revealed using horseradish-peroxidase conjugated secondary
antibodies (anti-mouse: sc2005, anti-rabbit: sc2005; Santa
Cruz) and the Amersham ECL Select Western Blotting
detection reagent (GE Healthcare). Digital images were
captured with the FluorChem HD2 (Alpha Innotec).

Flow Cytometry
3 x 10° seeded cells were harvested 24 h after irradiation with 6
and 0 Gy. After detaching with a cell scraper for intact surface
proteins, cells were incubated with anti-GRP78 antibody
followed by a secondary Alexa Fluor 488-coupled antibody
(anti-rabbit: A-11008, Thermo Fisher). Incubation steps were
alternated with PBS+0.5% bovine serum albumin washing steps.
A minimum of 10,000 labelled cells were analyzed with a
FACSCAN LSRII (Becton-Dickinson). To remove cellular
fragments and dead cells from the analysis, cells incubated
with secondary antibody only were used for gating according
to their forward and sideward scatter properties. Afterwards,
doublets were excluded by plotting FSC height vs. FSC area,
remaining particles were analyzed in terms of fluorescence
intensity and their mean intensity was documented and used
for calculations.

For analysis of GRP78 expression on the EV-surface, 10 ul
EVs (1 x 10° EV/ml) derived from 0 or 6 Gy-irradiated BHY cells

were absorbed onto 10 pl latex beads (A37304, Invitrogen) for
1 h and in 100 pl PBS overnight. Following 30 min incubation
with PBS+1 M Glycine, cells were labelled with either anti-CD63
(sc15363, Santa Cruz) or anti-GRP78/BiP antibodies followed by
Alexa Fluor 488-coupled secondary antibody. All incubation
steps were performed at 4°C.

Clonogenic Survival

Transfected FaDu and BHY cells (see section Cell Culture) were
incubated for 48 h and seeded in 6-well plates at a range of cell
densities. 24 h later, they were irradiated with different radiation
doses ranging from 0 to 8 Gy and colonies were expanded for 10-
14 days. Ethanol-fixed colonies were stained with Giemsa (1:10
in PBS, Boehringer Ingelheim) and counted. Survival fractions
after 2 Gy-irradiation (SF2) were determined with R Studio.

Cell Migration
Gap closure assays were performed using GFP-expressing cells
following a previous protocol (17). 55,000 BHY or 75,000 FaDu
cells were seeded into the individual wells of removable 12-well
silicone grids (Ibidi), that were placed in 10-cm dishes. After 24 h,
the silicone spacers were removed to create even gaps between the
individual cell monolayers and 8 ml medium was added.

For inhibition of GRP78, the medium, added after removal of
the silicone grids, contained HA15 or DMSO as control.

For overexpression of GRP78, the cells were seeded as stated
above 48 h after transfection and normal medium was used.

Time-lapse images of the GFP-labelled cells were captured by
fluorescence microscopy with a Biorevo BZ-9000 (Keyence).
Migratory behavior was quantified from these images with the
software package ‘countcolors’ in R Studio (26). A pixel intensity
cut-off for green pixels of 20 (range: 0-255, RGB color space) was
chosen based on the green pixel intensity of the Oh-background.

EV Isolation and Characterization

1.25 x 10° BHY cells, 1.5 x 10° FaDu cells and 2 x 10° CAL-33 or
SCC131 cells were seeded with 8 ml medium in 10-cm dishes and
irradiated with 0 and 6 Gy after 48 h. Prior to irradiation, the
cells were washed with PBS and EdFBS-supplemented medium
was added. 24 h after irradiation, small EVs were collected from
the supernatant by serial ultracentrifugation and microfiltration
based on the protocol by Mutschelknaus et al. (17). Two
centrifugation steps of 300 g and 10,000 g (4°C) were followed
by 0.22 pm-filtration. The filtrate was centrifuged three times at
100,000g (4°C) for 2 h. Resuspended EV pellet was stored at
-20°C. EV size distributions were analyzed by NanoSight
LM10 (Malvern).

EV Transfer and Fluorescence Microscopy
For vesicle transfer, 3 x 10° BHY or FaDu cells were seeded in 6-
well plates. After 24 h, the wells were washed with PBS and 2 ml
fresh medium containing 10% EdFBS was added, supplemented
by the EVs isolated from 6 ml conditioned medium from 0 or 6
Gy-irradiated cells. 24 h later, cells were detached with a cell
scraper and analyzed via Western Blot.
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To confirm EV-uptake into recipient cells, the isolated EVs
were stained with green fluorescent dye PKH67 (MINI67, Sigma-
Aldrich) as previously described (19). 40,000 BHY cells were
seeded in 12-well silicone grids (Ibidi) on glass slides, after 24 h
the wells were washed with PBS and 250 pl new EdFBS-
supplemented medium was added, containing PKH67-stained
EVs isolated from 750 ul conditioned medium of BHY cells.
After 24 h, cells were fixed in 4% paraformaldehyde and nuclei
were stained with Hoechst 33342.

For visualization of surface GRP78 after irradiation, cells were
seeded on glass slides and after 24 h irradiated with 0 and 6 Gy.
Further 24 h later, cells were fixed with 4% paraformaldehyde
and labelled with an anti-GRP78 antibody dilution of 1:100
(PA1-014A, Invitrogen) followed by a secondary Alexa Fluor
488-coupled antibody (anti-rabbit: A-11008, Thermo Fisher).
Cells were not permeabilized for appropriate labelling of
surface GRP78.

Cell Viability Assay
Cell viability assay was performed with the PrestoBlue Cell Viability
assay (Invitrogen) according to the manufacturers protocol.

For GRP78 inhibition, 5,000 cells were seeded in 96-well
plates. After 24 h, medium was replaced with HA15- or DMSO-
supplemented medium and cells were incubated for 24-72 h.

For GRP78 overexpression, 5,000 transfected cells (see
Radiation Increased Surface Expression of GRP78 in HNSCC
Cell Lines) were seeded in 96-well plates 48 h after transfection
and incubated for 24-96 h.

Statistical Analysis

Bioinformatic analyses including statistics were performed with
R version 4.0.4 (27) and R Studio version 1.4.1106 (28). The
package ‘ggplot2’ (29) was used for plots unless stated otherwise.
For statistical analysis, the package ‘rstatix’ was used (30).

The data shown depict the mean +/- standard deviation of
biological replicates (n). The significance level was chosen at 5%. For
data with one factor variable, the paired, “two-sided” t-test was used
and the Bonferroni correction was applied where appropriate.
Remaining results were analyzed with 2-way repeated measures
(RM) ANOVA and, when indicated, by pairwise “two-sided” t-tests
with Bonferroni correction. Survival analysis was evaluated with
log-rank test as mentioned in section 3.1.

RESULTS

Increased GRP78 Gene Expression Is
Associated With Worse Patient Survival

To investigate the effect of GRP78 on treatment outcome of
HNSCC patients, the TCGA database was used. GRP78 gene
expression in tumor samples from 500 HNSCC patients was
significantly higher than that in non-cancerous tissue samples
obtained from 44 patients (Figure 1A). Analysis of the 43
available pairs of tumor and normal tissue samples confirmed
this difference (Figure 1B). For survival analysis, data from 499
patients were divided into groups with low and high GRP78 gene
expression, with the expression median chosen as the separation
point. The results for the Kaplan-Meier analysis of survival
revealed that patients with GRP78 RNA levels above the
median had significantly shorter overall survival than patients
with GRP78 RNA expression below the median (Figure 1C).

Radiation Increased Surface Expression

of GRP78 in HNSCC Cell Lines

GRP78 protein expression in response to radiation was monitored
in BHY and FaDu HNSCC cell lines. Neither of the irradiated cell
lines revealed a change in GRP78 content when cells were detached
with trypsin (Figures 2A, C). However, when cells were harvested

>
@

2001

GRP78 expression (TPM)

H low GRP78 expression
W high GRP78 expression
log-rank p-value: 0.0165

Survival probability

°

T
Tumor
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T
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expression. Survival analysis was evaluated with log-rank test (p = 0.0165).
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Low GRP78 249 85 25 11 6 2 0
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FIGURE 1 | GRP78 expression and outcome in HNSCC patients. (A, B) DEA shows increased GRP78 gene expression in HNSCC tumor tissue (n = 500) in
comparison to the non-cancerous tissue samples (n = 44). Data was retrieved from the TCGA database. (B) Comparison of GRP78 expression in paired tumor and
non-cancerous tissue samples (n = 43 for both). (C) Kaplan-Meier (KM) survival analysis of HNSCC patients showing decreased survival associated with high GRP78
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FIGURE 2 | Increased GRP78 expression on the surface of irradiated HNSCC cells. (A-C) Western Blot analysis of GRP78 expression in non-irradiated (0 Gy) and
irradiated (6 Gy) HNSCC cells harvested with trypsin show no difference (A). Cells harvested with a cell scraper show an increase in GRP78 after irradiation (B).
GRP78 expression was normalized to beta-actin and 0 Gy samples served as baseline (n = 4, t-test, *p < 0.05, **p < 0.01). (C) Representative Western Blot images
of GRP78 expression in BHY and FaDu cells. Beta-actin was used as loading control. (D) Flow cytometry analysis of surface GRP78 in O Gy and 6 Gy-irradiated
HNSCC cells confirmed increased GRP78 expression after irradiation. Samples were normalized to secondary antibody signal and 0 Gy (n = 4, t-test, *p < 0.05,

*p < 0.01). (E, F) Example histograms of GRP78 fluorescence intensity from BHY cells harvested with either Trypsin (E), showing no difference in intensity, or a cell

by scraping, leaving surface proteins intact, both irradiated cell lines
showed a significant increase in GRP78 expression (Figures 2B, C).
Whilst radiation increased the trypsin sensitive pool of GRP78 on
the surface of both BHY and FaDu cells, the amount of trypsin
resistant intracellular GRP78 did not change The same results could
be observed in the HNSCC cell lines CAL-33 and SCC131
(Supplementary Figures S1A-C).

To confirm the increase in cell surface expression, the scraped
cells were analyzed by flow cytometry without permeabilization.
This analysis corroborated the western blotting by showing a
significant increase in antibody-accessible (surface) GRP78
expression in irradiated cells in comparison to the non-irradiated
control cells (Figures 2D, F and Supplementary Figure S1D).
Surface expression in cells gathered by trypsinization was not
detectable (Figure 2E). In addition, increased surface expression
of GRP78 after irradiation of BHY cells could also be shown with
fluorescence microscopy (Supplementary Figure S2).

Overexpression of GRP78 Enhanced
Radioresistance and Migration in

HNSCC Cells

GRP78 expression of both BHY and FaDu cells was significantly
increased 48 and 72 h after transfection with the expression

vector, versus cells transfected with empty control vector
(pcDNA, Figures 3A-C). Functional analyses were performed
72 h after transfection as GRP78 overexpression was higher at
this timepoint.

To examine radioresistance, a clonogenic survival assay was
performed. There was a significant increase in the radiation
resistance of BHY and FaDu cells overexpressing GRP78 in
comparison to vector control cells, embodied by a significant
interaction parameter and an increase in the SF2 (Figures 3D, E).

Both GRP78-overexpressing cell lines also showed a
significant increase in their ability to migrate into the cell-free
gaps compared to vector control cells (Figures 4A-D). Cell
viability was not affected by overexpression between 24 and
96 h compared to control transfection, with the 24 h timepoint
being the start of cell migration assay (Supplementary Figure
S3A, B).

Inhibition of GRP78 Leads to Decreased
Migration in HNSCC Cells

The GRP78 inhibitor HA15 was used to block GRP78 function in
BHY and FaDu cells. Cell viability analysis showed no significant
effect of inhibitor treatment for both cell lines in comparison to
control treatment with DMSO (Supplementary Figures S3C, D).
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FIGURE 3 | Enhanced survival of irradiated HNSCC cells after overexpression of GRP78. (A-C) Western Blot analysis of GRP78 shows increased expression in
BHY (A) and FaDu (B) cells 24 h, 48 h and 72 h after transfection with GRP78 plasmid (pGRP78). GRP78 expression was normalized to beta-actin and control
transfection (pcDNA) served as baseline (n = 4, 2-way RM ANOVA, *p adj. < 0.05). (C) Representative Western Blot images of GRP78 expression in pGRP78- and
pcDNA-transfected BHY and FaDu cells. Beta-actin was used as loading control. (D, E) Clonogenic survival assay of BHY (D) and FaDu (E) cells exposed to
radiation doses of 0, 2, 4 or 8 Gy 72 h after GRP78 transfection. Both cell lines show increased survival in GRP78 overexpressing cells. Values were normalized to O
Gy control. Logarithmic scale was used for the relative cell survival (n = 4, Two-way RM ANOVA).

Analysis of cell migration showed a dose-dependent decrease in cell
motility in both cell lines in comparison to DMSO control
treatment (Figures 5A-D). An analysis of the radiosensitivity was
not possible as the drug treatment proved toxic due to low cell
numbers and extended culture times needed for colony growth.

Radiation Increased GRP78 Levels in
HNSCC-Derived EVs

EVs derived from irradiated HNSCC donor cells have previously
shown changes in their cargo and their ability to increase both
the migratory potential and radioresistance of recipient cells
(17, 19).

The identity of small EVs recovered from culture
supernatants was confirmed by analysis of the particle size,
showing a diameter of approximately 130 nm on average, the
expression of the EV marker proteins Alix, TSG101 and CD9 and
the absence of ER/cytosolic marker proteins Calnexin and
GAPDH (Figures 6A-C). Analysis of total GRP78 content of
EVs released from irradiated cells (6Gy-EVs) displayed greater
amounts of GRP78 in comparison to EVs derived from the
respective non-irradiated control cells (0Gy-EVs) (Figures 6D, E

and Supplementary Figures S1E, F). Elevated levels of GRP78
were also found on the surface of 6Gy-EVs in comparison to
0Gy-EVs. Comparison of radiation-induced changes in GRP78
located on the EV surface showed a significantly greater change
in expression of GRP78 relative to that of EV surface marker
CD63. CD63 surface expression did not change significantly after
donor cell irradiation (Figures 6F, G).

EVs From Irradiated HNSCC Cells
Increased GRP78 in Non-Irradiated
Recipient Cells

To analyze the effect of EVs derived from irradiated (6Gy-EVs)
and non-irradiated HNSCC cells (0Gy-EVs) on the GRP78
expression of non-irradiated recipient cells, both cell lines were
co-cultivated with the respective EVs. The addition of 6Gy-EVs
onto non-irradiated recipient BHY or FaDu cells led to these cells
showing increased amounts of GRP78 in comparison to 0Gy-
EVs (Figures 7A, B). To verify that isolated EVs were
incorporated by recipient cells, 0Gy-EVs were stained with
fluorescent membrane dye PKH67, co-cultured with recipient
cells and analyzed with fluorescence microscopy (Figure 7C).
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DISCUSSION

Increases in radioresistance and enhanced invasive or metastatic
properties are major difficulties encountered during the
radiotherapy of HNSCC (3, 31, 32). We now show an association
between higher levels of GRP78 gene expression in HNSCC tumor
tissues and a poorer therapy outcome for patients, indicating that
GRP78 may play an important role in the response of HNSCC to
treatment. Our in vitro analyses confirmed GRP78 as a component
of EVs as well as driver of migration and radioresistance.
Consequently, GRP78 may promote cancer radioresistance and
cell motility during radiotherapy in irradiated cells and non-
irradiated bystander cells.

In line with our findings, an association between poor
treatment outcome and GRP78 overexpression was also found
in various other tumor types including pancreatic cancer (33),
ureter cancer (34), and esophageal carcinoma (35).

In vitro expression analysis showed increases in surface
GRP78 in FaDu and BHY cells after irradiation, while
intracellular levels were not affected. This suggests that
radiation induces a combination of GRP78 overexpression and

16h 24h

Oh 16h 40h 64h

FIGURE 4 | Increased migration of HNSCC cells after overexpression of GRP78. (A-D) Cell migration analysis (gap filling) of GFP-expressing BHY (A, B) and FaDu
(C, D) cells. Both cell lines show an increase in migration after overexpression of GRP78 in comparison to control. Cells were transfected with GRP78 plasmid
(PGRP78) 72 h prior to migration analysis. Cells transfected with an empty vector (opcDNA) were used as control (n = 4, Two-way RM ANOVA).

relocalization to the cell surface. Surface GRP78 was previously
shown to influence migration and invasion in other cancer types.
In colorectal and pancreatic cancer, surface GRP78 was shown to
induce MMP and FAK activity promoting migration and
invasion (36, 37). In prostate and pancreatic cancer, surface
GRP78 triggered Akt signaling, thereby inducing migration and
blocking apoptosis (5, 38-40). Accordingly, a knockout of
GRP78 suppressed Akt activation in vivo (5). In esophageal
carcinoma, a GRP78 knockdown decreased cell migration and
invasion (35). Another study showed an increase in migration
after irradiation in HNSCC cells (41). In line with these
observations, we found increased migration in HNSCC cells
after overexpression of GRP78, while blocking by a small
molecule inhibitor reduced migration.

Beside increased cell migration, overexpression of GRP78
resulted in increased radioresistance in BHY and FaDu cells. In
accord with these findings, cell viability after irradiation was reduced
by a surface GRP78 blocking peptide upregulating apoptosis in
pancreatic cancer (40). In oropharyngeal cancer, radioresistance was
impaired by GRP78 silencing which reduced double-strand break
repair and increased radiation-induced apoptosis (42). In another
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FIGURE 5 | Inhibition of GRP78 impairs migration in HNSCC cells. (A-D) Cell migration analysis (gap filling) of GFP-expressing BHY (A, B) and FaDu (C, D) cells
after treatment with GRP78-inhibitor HA15 in different concentrations show a dose dependent decrease of cell migration. DMSO was used as control (n < 4, Two-

study on pancreatic cancer, a knockdown of GRP78 also reduced
DNA repair visualized by YH2AX and 53BP1 foci (43). In lung
cancer and glioblastoma, a GRP78 antibody enhanced
radiosensitivity by upregulation of apoptosis in vitro and the
combined antibody/radiation treatment was the most effective
treatment for in vivo models for both tumor types (44).

Other important factors of malignancy in HNSCC are non-
targeted effects of ionizing radiation, which occur in non-irradiated,
neighboring, and distant cells (45, 46). Besides cell-cell signaling via
gap junctions and the release of soluble factors (45) EV signaling is
also associated with non-targeted effects (47), which may induce
metastases as well as resistance to drugs and radiation (2, 18,48). EVs
are thought to influence therapy outcome by altering adjacent and
even distant non-irradiated cells after radiotherapy (49). For example,
EVs derived from irradiated glioblastoma cells showed an altered
composition and conferred increased FAK activation, migratory
potential and radioresistance to recipient cells (50, 51). Surface
HSP70-positive EVs derived from pancreas and colon carcinoma
cells could increase the migratory potential of NK cells (52). In
neuroblastoma cells, increased radioresistance could be observed in
recipient cells co-cultured with EVsisolated from irradiated cells (53).

Moreover, reduced EV surface levels of another chaperone, the heat
shock protein HSP70, have been correlated with a better prognosis
and therapy response in some cancer types (54, 55).

Similar results could be found in our previous studies which
showed that EVs derived from irradiated HNSCC cells contained a
different protein cargo with an increased amount of migration
related molecules. Those vesicles activated the recipient cell Akt
pathway, MMP activity and subsequently promoted migration (17).
Moreover, the same vesicles increased the radioresistance of
recipient cells via upregulation of double-strand break repair
mechanisms observable by a more rapid decrease in 53BP1 foci
after irradiation (19). Here, it was shown that irradiation increased
GRP78 expression on the EV surface. Furthermore, increased
GRP78 levels could be conferred to recipient cells when they were
co-cultivated with the GRP78-rich vesicles from irradiated cells,
indicating the chaperone may have a hitherto unrecognized action
in systemic (non-targeted) effects of local irradiation.

In summary, this study, together with our previous data (17, 19),
suggests a model of increased radioresistance and cell motility,
conferred directly and indirectly by the radiation-induced
overexpression of cell surface GRP78. Specifically, surface GRP78
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FIGURE 6 | Increased GRP78 expression in HNSCC EVs. (A, B) Nanoparticle tracking analysis of EVs collected via serial ultracentrifugation from cell culture
supernatant of irradiated (6 Gy) and non-irradiated (0Gy) BHY cells. (C) Western Blot of BHY EVs with positive (Alix, TSG101, CD9) and negative (GAPDH, Calnexin)
EV markers. (D, E) Western Blot analysis with representative blot (E) shows increased amounts of GRP78 in EVs derived from irradiated cells (6Gy-EVs) in
comparison to EVs derived from non-irradiated HNSCC cells (0Gy-EVs). GRP78 expression was normalized to Ponceau S staining and 0 Gy served as baseline (n =
4, t-test, *p < 0.01). (F, G) Flow cytometry analysis of GRP78 surface expression on BHY EVs show increased GRP78 on 6Gy-EVs compared to 0Gy-EVs. CD63
was used as control surface antigen showing no significant change in radiation induced surface expression (n = 4, t-test, *p adj. < 0.05). (G) Example dot blots of

FIGURE 7 | Increased GRP78 expression in HNSCC EV recipient cells. (A, B) Western Blot analysis with representative blot (B) of GRP78 expression in EV recipient
cells show increased amounts of GRP78 in 6Gy-EV recipient cells. GRP78 expression was normalized to beta-actin and 0Gy-EV recipient cell GRP78 expression
served as baseline (n = 3, t-test, *p < 0.05). (C) Fluorescence microscopy images of BHY cells co-cultured with PKHB7-stained EVs documenting uptake. Stained
vesicle membranes are shown in green. Recipient cell nuclei are shown in blue. White size bar indicates 20 pm.
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can either support radioresistance and migration in irradiated cells
or be transported via EVs to non-irradiated tumor recipient cells.
Based on the similar activities of GRP78 and EVs from irradiated
cells it seems that EV-mediated transfer of GRP78 may be a vital
component in radioresistance and migration of HNSCC cells. Given
that GRP78 surface localization seems to be a tumor cell specific
process, absent in non-malignant cells (12, 55), targeting GRP78
and/or EV-mediated GRP78 transfer might be attractive for future
therapeutic interventions in radiotherapy of HNSCC.
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