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Abstract

Photodynamic therapy (PDT), which is a new method for treating tumors, has been used in the
treatment of cancer. In-depth research has shown that PDT cannot completely kill tumor cells, indi-
cating that tumor cells are resistant to PDT. Glucose regulatory protein 78 (GRP78), which is a key
regulator of endoplasmic reticulum stress, has been confirmed to be related to tumor resistance
and recurrence, but there are relatively few studies on the further mechanism of GRP78 in PDT.
Our experiment aimed to observe the role of GRP78 in HOS human osteosarcoma cells treatedwith
pyropheophorbide-αmethyl ester-mediated photodynamic therapy (MPPα-PDT) and to explore the
possible mechanism by which the silencing of GRP78 expression enhances the sensitivity of HOS
osteosarcoma cells to MPPα-PDT. HOS osteosarcoma cells were transfected with siRNA-GRP78.
Apoptosis and reactive oxygen species (ROS) levels were detected by Hoechst staining and flow
cytometry, cell viability was detected by Cell Counting Kit-8 assay, GRP78 protein fluorescence
intensity was detected by immunofluorescence, and apoptosis-related proteins, cell proliferation-
related proteins, and Wnt pathway-related proteins were detected by western blot. The results
showed that MPPα-PDT can induce HOS cell apoptosis and increase GRP78 expression. After suc-
cessful siRNA-GRP78 transfection, HOS cell proliferation was decreased, and apoptosis-related
proteins expressions was increased, Wnt/β-catenin-related proteins expressions was decreased,
and ROS levels was increased. In summary, siRNA-GRP78 enhances the sensitivity of HOS cells
to MPPα-PDT, the mechanism may be related to inhibiting Wnt pathway activation and increasing
ROS levels.
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Introduction

Osteosarcoma is a common primary malignant tumor of the bone
that occurs in adolescent patients. It usually occurs in the distal femur
and proximal tibia [1]. With advances in medical technology and the
emergence of neoadjuvant treatments, the overall survival rate of
patients has improved, but osteosarcoma recurs, and transfer is still

a difficult problem for treatment [2]. Photodynamic therapy (PDT)

is a new method for treating malignant tumors with a short treat-

ment time window, few side effects and is conducive to repeated

treatment. The main mechanism of PDT is the production of a large

amount of reactive oxygen species (ROS) and the initiation of tumor

cell apoptosis, it has been used in skin tumor treatment [3–6].

© The Author(s) 2021. Published by Oxford University Press on behalf of the Center for Excellence in Molecular Cell Science, Chinese Academy of Sciences.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs licence (https://creativecommons.org/licenses/by-
nc-nd/4.0/), which permits non-commercial reproduction and distribution of the work, in any medium, provided the original work is not altered or transformed in any way, and
that the work is properly cited. For commercial re-use, please contact journals.permissions@oup.com 1387

mailto:ouyunsheng2001@163.com
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


1388 siRNA-GRP78 enhances the sensitivity of HOS osteosarcoma cells to MPPα-PDT

Glucose regulatory protein 78 (GRP78) is a member of the heat
shock protein 70 family and a key regulatory protein of endoplas-
mic reticulum (ER) stress, regulates the unfolded protein response
by maintaining the calcium homeostasis of the ER and controlling
the activation of sensors so that the cellular microenvironment can
be restored to a steady state [7–9]. It is highly expressed in various
malignant tumors [10–12]. In addition to its strong antiapoptotic
properties, GRP78 is also closely related to tumor proliferation and
survival. Studies have shown that GRP78 is one of the key regulators
of tumor resistance and is closely related to tumor recurrence and
metastasis [13,14]. The Wnt signaling pathway is a group of signal
transduction pathways that includes multiple downstream channels
that are stimulated by the binding of ligand proteins to membrane
protein receptors. Through the activation of the intracellular seg-
ments of cell surface receptors, extracellular signals are transmitted
into cells to play biological roles [15,16]. Studies have shown that
the Wnt signaling pathway is a classic drug resistance pathway that
plays a key role in tumor cell proliferation [17].

Silencing GRP78 has been reported to enhance the effects of
tumor radiotherapy and chemotherapy. Although it has been proved
that PDT can induce ER stress and increase the expression of GRP78,
there are relatively few studies on the further mechanism of GRP78
in PDT [18–22]. This study will use siRNA-GRP78 to interfere with
the expression of GRP78 in human HOS cells and explore the effects
of MPPα-PDT on the proliferation activity, apoptosis level, ROS
level, and Wnt signaling pathway activation of HOS cells.

Materials and Methods

Cell and cell culture
The human osteosarcoma HOS cell line was purchased from the
Chinese Academy of Sciences (Shanghai, China), and cultured in
DMEM (HyClone, Logan, USA), which contained 0.1mg/ml strep-
tomycin, 100U/ml penicillin, and 10% fetal bovine serum. The cells
were placed in an incubator at 37◦C in 5% CO2 and protected from
light. When the cell density reached 60%–70%, routine passaging
was performed.

PDT treatment on HOS cells
Human osteosarcoma HOS cells in the logarithmic phase of growth
were subjected to routine trypsin digestion and passaged into groups
based on the experiment. When the cell growth density was approx-
imately 50%–60%, the photosensitizer MPPα (Sigma-Aldrich, St
Louis, USA) was added at a final concentration of 0.15µM, and the
cells were incubated for 20 h in the dark. Continuous output mode
was used with wavelengths of 630 nm and 40mW/cm2, followed by
120 s of light, incubation in the dark in an incubator with a volume
fraction of 5% CO2 at 37◦C, and incubation in accordance with the
experimental groups [23].

Hoechst staining and flow cytometry
Human osteosarcoma HOS cells in the logarithmic phase of growth
were collected. After treatment, Hoechst fixative was added to each
well for 15min of fixation according to themanufacturer’s (Beyotime
Biotechnology Co., Ltd, Shanghai, China) instructions, and the cells
were washed with PBS. Then, 1ml of Hoechst 33258 dye was added
to each well for 5min, the residual dye was washed with PBS, and
the changes in the cell nuclei in each group were observed by inverted
fluorescence microscopy (Nikon, Tyoko, Japan).

After processing the cells according to experimental groups, the
cells were washed three times with PBS buffer, trypsinized, and

centrifuged. Then, the supernatant was discarded, and the cell pellets
from each group were collected. Three groups of cell samples were
double stained with Annexin V-PI reagent (Beyotime Biotechnology
Co., Ltd), and the apoptosis rate was detected by flow cytometry
(BD Bioscience, Franklin Lakes, USA).

siRNA transfection
HOS cells in the logarithmic phase of growth were seeded in
a 6-well plate, and the cells were grouped as follows: Con-
trol group, siRNA negative control (siRNA-NC) group, and
siRNA-GRP78 group. The siRNA targeting the GRP78 gene
(siRNA-GRP78) was synthesized by Hanbio Biotechnology Co.,
Ltd (Shanghai, China), and the sequence was as follows:
(siRNA-GRP78#1: sense: 5′-CCAAAGACGCUGGAACUAUTT-
3′, antisense: 5′-AUAGUUCCAGCGUCUUUGGTT-3′), (siRNA-
GRP78#2: sense: 5′-GCUCGACUCGAAUUCCAAATT-3′, anti-
sense: 5′-UUUGGAAUUCGAGUCGAGCTT-3′). The sequence of
the siRNA-NC was as follows: (sense: 5′-UUCUCCGAACGU
GUCACGUdTdT-3′, antisense: 5′-ACGUGACACGUUCGGA
GAAdTdT-3′). In a 15ml centrifuge tube, 125µl of DMEM was
added to the HOS cells, and 100 pmol siRNA was added and
mixedwell. Then, 4µl of Lipo8000™ transfection reagent (Beyotime
Biotechnology Co., Ltd) was added and incubated at room tempera-
ture for 20min, and finally, 125µl of the above mixture was added
to each well. The plates were gently shaken, and after transfection
for 6 h, the medium was changed to complete medium. The cells
were used for the next experiment after 72 h.

Quantitative real-time PCR
After the cells were transfected with siRNA-GRP78, the RNA
was extracted with the RNAiso (TaKaRa, Dalian, China). cDNA
was reverse transcribed, and the samples were loaded sequen-
tially using a 10µl loading system and analyzed using the fol-
lowing computer program: 1 cycle of 95◦C for 30 s, 40 cycles
of 90◦C for 5 s, 60◦C for 30 s, and 65◦C for 5 s. β-actin
was used as the internal reference, and the primer sequences
were as follows: β-Actin (F) 5′-CTCCATCCTGGCCTCGCTGT-
3′, (R) 5′-GCTGTCACCTTCACCGTTCC-3′; GRP78 (F) 5′-
CACGCCGTCCTATGTCGC-3′, (R) 5′-AAATGTCTTTGTTTGC
CCACC-3′. The 2−△△Cq method was used for standardization, and
the relative expression of GRP78 mRNA was calculated [24].

CCK-8 assay
Cells in the logarithmic phase of growth were seeded in a 96-
well plate at 5000 cells/well. After division into the siRNA-NC
group, siRNA-GRP78 group, siRNA-GRP78+MPPα-PDT group,
and MPPα-PDT group, the proliferation activity of the HOS cells
was detected at 3, 6, 12, and 24 h after treatment. According to the
operating instructions of the Cell Counting Kit-8 (CCK-8) detection
kit (MedChemExpress Company, Shanghai, China), 10µl CCK-8
solution and 90µl DMEM mixture were added to each well and
incubated for 1 h. The D value of each well was measured with a
microplate reader at a wavelength of 450 nm. Five replicate wells
were established in each group, the experiment was repeated three
times, and the average value was taken to calculate the survival
rate of the cells in each group. Cell survival rate (%)= (average D
value of experimental group − D value of zero adjustment hole) /
(average D value of blank group − D value of zero adjustment
hole) × 100% [25].
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Immunofluorescence assay
HOS cells in the logarithmic phase of growth were seeded in a 6-well
plate with 25mm cell slides. After processing the cells according to
experimental groups, the cells were fixed with 4%paraformaldehyde
for 30min, washed with PBS three times, lysed with 0.1% Triton
X-100 (Beyotime Biotechnology Co., Ltd) for 15min, blocked with
goat anti-rabbit serum for 40min, and incubated with rabbit poly-
clonal GRP78 antibody (ProteinTech Group, Inc. Wuhan, China)
(diluted 1:100) overnight at 4◦C. Cy3-labeled goat anti-rabbit IgG
fluorescent secondary antibody (Bioss Biotechnology Co., Ltd, Bei-
jing, China) was added to the cells in the dark and incubated for
40min at room temperature. The cells were washed three times
with PBS, the nuclei were stained with DAPI for 5min, and the cells
were washed with PBS to remove the residual DAPI. Then, the slides
weremounted and observedwith a fluorescencemicroscope (Nikon).
Fluorescence intensity analysis was performed with ImageJ 1.52e.

Detection of ROS by flow cytometry and fluorescence
microscopy
HOS cells in the logarithmic phase of growth were treated according
to the experimental group. The cells were washed three times with
PBS, digested, and centrifuged. According to the method for the ROS
Assay Kit (Beyotime Biotechnology Co., Ltd), the DCFH-DA probe
was diluted with DMEM at a ratio of 100:900, and 1ml of the mix-
ture was added according to each group. The groups were mixed
well, incubated with 5% CO2 at 37◦C for 30min, centrifuged three
times, and washed to remove the residual DCFH-DA probe. Flow
cytometry was used to detect the ROS fluorescence intensity.

HOS cells in the logarithmic phase of growth were seeded in 6-
well plates according to the experiment and washed three times with
PBS after treatment. Then, 1ml of the DCFH-DA probe dilution
solution was added to each well according to the above ratio, and
the cells were incubated in 5% CO2 and 37◦C for 30min. Then, the
cells were washed with PBS to remove the residual DCFH-DA probe,
and the changes in ROS fluorescence intensity were observed with an
inverted microscope.

Western blot analysis
After processing the cells according to the experimental groups and
extracting the cellular proteins, BCA kit was used to detect the pro-
tein concentration, and western blot was used to detect the expres-
sion of the relevant proteins. Briefly, HOS cells were lysed using cold
RIPA buffer (Beyotime Biotechnology Co., Ltd) mixed with a phos-
phatase and protease inhibitor cocktail (Beyotime Biotechnology
Co., Ltd). Following separation process via 10%or 12% SDS-PAGE,
proteins were transferred to PVDF membranes (Beyotime Biotech-
nology Co., Ltd), which were sealed with 5% fat free milk for 2 h.
The membranes were incubated with the following primary antibod-
ies for more than 12 h at 4◦C. GRP78 and p-β-catenin antibodies
were both from ProteinTech Group, Inc.; β-actin, cleaved caspase-3,
and cleaved PARP antibodies were all purchased from Cell Signaling
Technology, Inc. (Danvers, USA); Ki67, PCNA, AKT, GSK3β, and
β-catenin antibodies were all from Servicebio Biotechnology Co.,
Ltd (Wuhan, China); and p-GSK3β and p-AKT antibodies were all
from Boster Biological Technology Co., Ltd (Wuhan, China). Then,
the rabbit HRP-conjugatedmonoclonal anti-IgG secondary antibody
(Boster Biological Technology Co., Ltd) (1:8000) were added. The
revelation was developed with a BiossECL Plus WB Substrate (Bioss,
Beijing, China). Image Lab was used to analyze the target bands, and

the ratio of the gray value of the target protein to that of β-actin was
used to express the relative expression of the target protein.

Statistical analysis
The experimental data results were analyzed by SPSS and
are expressed as the mean± SD. Each group of experiments
was repeated three independent times. Differences between two
groups were analyzed using one-way for intergroup analysis and
independent-sample were analyzed using Tukey’s test. P<0.05 indi-
cated that the difference was statistically significant.

Results

MPPα-PDT induces apoptosis of HOS cells
To determine the toxic effect of MPPα-PDT on HOS cells, CCK-
8 assays were performed. The results suggested that in response to
PDT-24 h, MPPα showed a dose-dependent effect, with an IC50 of
0.15µM (Fig. 1A), similar to the research result of Tao et al. [25].
Next, we added the MPPα (0.05, 0.10, 0.15, 0.20, 0.25, 0.30µM)
to HOS cells after PDT treatment for 24 h, and then detected the
apoptosis-related proteins cleaved-caspase 3 and cleaved PARP by
western blot (Fig. 1B,C), we found that as the concentration of the
photosensitizer MPPα increases, the expression of apoptosis-related
proteins gradually increases, which was consistent with the CCK-
8 results. In Hoechst staining (Fig. 1D), as indicated by the red
arrow above, the apoptosis-related phenomena of nuclear pyknosis
and fragmentation were clearly seen in the MPPα-PDT-24 h group.
There were no obvious abnormalities in the Control, LED, and
MPPα groups. Western blot and flow cytometry showed that the
expression of apoptosis-related proteins (such as cleaved caspase 3
and cleaved PARP) and the rate of apoptosis in the MPPα-PDT-
24 h group were significantly higher than those in the Control,
LED and MPPα groups (P<0.01) (Fig. 1E–H). There was no obvi-
ous change in the Control, LED, and MPPα groups. In summary,
MPPα-PDT can induce HOS cells to undergo apoptosis and exhibit
concentration-dependent tolerance.

MPPα-PDT can induce an increase in GRP78
expression
To study whether MPPα-PDT can induce an increase in the expres-
sion of the ER proteins, MPPα-PDT was used to treat HOS cells for
3, 6, 12, and 24 h to detect the GRP78, CHOP, and ATF4 expres-
sion levels. Western blot showed that MPPα-PDT could induce an
increase in GRP78, CHOP, and ATF4 expression, and the increase
was most obvious at 12 h (P<0.05), but there is no significant differ-
ence among the Control, LED, and MPPα groups (Fig. 2A,B); thus,
we used MPPα-PDT for 12 h for the next experiment. Immunofluo-
rescence showed that the fluorescence of GRP78 in the MPPα-PDT
group was significantly higher than that in the Control, LED, and
MPPα alone groups (P<0.01), and there was no significant change
in the expression between the last three groups (Fig. 2C,D).

Silencing of GRP78 expression reduces the
proliferative activity of HOS cells
To evaluate the role of GRP78 in MPPα-PDT, we transfected HOS
cells with siRNA-GRP78#1 and siRNA-GRP78#2 respectively, and
detected the proliferation activity and GRP78 expression of the cells.
We can see that both siRNA-GRP78#1 and siRNA-GRP78#2 could
effectively silence the protein and mRNA expression of GRP78 in
HOS cells (Fig. 3A–C). The CCK-8 assay indicated that the cell
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Figure 1. MPPα-PDT induces apoptosis of HOS cells (A) Cell viability was detected by CCK-8 assay at different concentrations (0.05, 0.10, 0.15, 0.20, 0.25,
and 0.30µM) of MMPα with PDT treatment, and the IC50 of MPPα was 0.15µM. (B,C) The different concentration of MMPα was added to HOS cells after PDT
treatment for 24h, the apoptosis-related proteins (cleaved-caspase 3 and cleaved PARP) were detected by western blot. (D–G) Cell apoptosis, apoptosis rate,
and apoptosis-related proteins expressions were detected by Hoechst staining (magnification: ×100), flow cytometry, and western blot, respectively. *P <0.05,
**P <0.01 vs Control, LED and MPPα group.
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Figure 2. MPPα-PDT can induce an increase of GRP78 expression (A,B) The ER stress related proteins expression levels were detected by western blot at
different time points. (C,D) The fluorescence of GRP78 was detected by immunofluorescence. *P<0.05, **P<0.01 vs Control group; ##P<0.01 vs MPPα-PDT 24h
group.

proliferation activity of the siRNA-GRP78#1 and siRNA-GRP78#2
groups were significantly lower than that of the siRNA-NC group
(Fig. 3D,E). In addition, the interference effect of siRNA-GRP78#1
group was better than that of siRNA-GRP78#2 group, further-
more, siRNA-GRP78#1 inhibits the proliferation activity of HOS
cells more strongly, so we chose siRNA-GRP78#1 for the next
experiment. We also found that the cell viability in the siRNA-
GRP78+MPPα-PDT group was significantly lower than that of
the MPPα-PDT group (P<0.05). Similar results were obtained for
cell proliferation-related proteins (Ki67 and PCNA) (Fig. 3F,G). In
summary, the effective silencing of GRP78 can reduce the prolifera-
tion activity of HOS cells and simultaneously enhance the inhibitory
effect of MPPα-PDT on cell proliferation activity.

Silencing GRP78 expression increases the apoptosis
level of HOS cells
To test whether silencing GRP78 can increase the sensitivity of HOS
cells to MPPα-PDT, western blot was used to detect apoptosis-
related proteins (cleaved-caspase 3, cleaved PARP) (Fig. 4A,B).
The indicated proteins were expressed at significantly higher levels
in the siRNA-GRP78#1 group than in the siRNA-NC group,
and the proteins were expressed at significantly higher levels
in the siRNA-GRP78#1+MPPα-PDT group than in the MPPα-
PDT group (P<0.05). In addition, flow cytometry showed that

the apoptosis rates were expressed at significantly higher levels
in the siRNA-GRP78#1 group than in the siRNA-NC group,
and the proteins were expressed at significantly higher levels in
the siRNA-GRP78#1+MPPα-PDT group than in the MPPα-PDT
group (Fig. 4C,D). In summary, after silencing GRP78, HOS cells
were sensitive to MPPα-PDT.

Silencing GRP78 expression can inhibit the
MPPα-PDT-induced activation of the Wnt pathway in
HOS cells
The Wnt/β-catenin signaling pathway is a classic drug resistance
pathway that mainly activates the downstream ABCG2 gene to
cause tumor cells to resist radiotherapy and chemotherapy, leading
to tumor recurrence and metastasis. β-catenin, as a key signaling
molecule of the Wnt signaling pathway, is regulated by the upstream
molecules GSK3β and AKT. The phosphorylation of these molecules
promotes the activation of the downstream molecule β-catenin, and
after β-catenin enters the nucleus and accumulates, it acts as a tran-
scription factor to regulate downstream target genes to exert its
biological effects.

In our experiments, we observed that the expression of Wnt/β-
catenin pathway-related proteins was increased after HOS cells
were treated with MPPα-PDT (Fig. 5A–C) (P<0.05), indicating
that the resistance of HOS cells to MPPα-PDT may be related
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Figure 3. Silencing GRP78 expression reduces the proliferative activity of HOS human osteosarcoma cells (A–C) The transfection efficiency of siRNA-GRP78#1
and siRNA-GRP78#2 in HOS cells was detected by western blot and qPCR. (D,E) Cell viability was detected by CCK-8 assay at different time points after MPPα-
PDT treatment. (F,G) Proliferation-related proteins (PCNA and Ki67) were detected by western blot. *P<0.05, **P <0.01 vs Control group and siRNA-NC group;
##P<0.01 vs MPPα-PDT group. +P<0.05, ++P<0.01 vs siRNA-GRP78#1 group.

to the activation of the Wnt/β-catenin pathway. Compared with
those in the siRNA-NC group, the Wnt/β-catenin pathway-related
proteins in the siRNA-GRP78#1 group were downregulated; in
addition, compared with those in the MPPα-PDT group, the Wnt/β-
catenin pathway-related proteins in the siRNA-GRP78#1+MPPα-
PDT group were significantly decreased (P<0.01). We also tested the
content of β-catenin in the nucleus, and the results were similar to
previous results (Fig. 5D,E). In short, siRNA-GRP78 not only down-
regulates the components of the Wnt/β-catenin signaling pathway in
HOS cells but also inhibits the MPPα-PDT-induced activation of the
Wnt/β-catenin pathway.

Silencing GRP78 can increase ROS levels in HOS cells
PDT can activate ER stress and transfer related electrons and super-
oxide radical anions to rapidly increase the levels of ROS in cells,
thereby killing tumor cells. To test whether silencing GRP78 can
increase ROS levels, we used fluorescence (Fig. 6A) and flow cytom-
etry (Fig. 6B,C) to detect the ROS levels. We can see that compared
with that in the siRNA-NC group, the average ROS fluorescence
intensity in the siRNA-GRP78#1 group and the MPPα-PDT group
increased, indicating that one of the mechanisms by which MPPα-
PDT kills tumor cells is to increase the ROS levels. And that silencing
GRP78 can also increase the ROS levels; compared with that in

the MPPα-PDT group, ROS levels was significantly increased in
the siRNA-GRP78#1+MPPα-PDT group. In summary, silencing
GRP78 can increase the sensitivity of HOS cells to MPPα-PDT by
upregulating ROS levels.

Discussion

PDT is a new method for treating tumors with a significant ther-
apeutic effect. MPPα, as a new second-generation photosensitizer,
can be specifically enriched at the tumor site, and then, the tumor
can be irradiated with light of a specific wavelength to cause the
photosensitizer to undergo a photochemical reaction and produce
a large amount of ROS, causing tumor cell apoptosis [23,26,27].
After tumor cells are subjected to unfavorable external stimuli, they
quickly undergo ER stress, activate the unfolded protein response,
restore the stability of the tumor cell ER microenvironment, and
enhance the adaptability of the tumor cells to external stimuli
[28–30]. Our experiment showed that afterMPPα-PDT acts on HOS
cells, HOS cells undergo apoptosis and can activate the unfolded
protein response to increase the expression of GRP78.

As a multifunctional protein folding partner and coreceptor,
GRP78 has powerful antiapoptotic properties, plays a key role in
human development and diseases and is closely related to the occur-
rence and development of tumors [31,32]. In tumor cells, GRP78 can
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Figure 4. Silencing GRP78 expression increases the apoptosis level of HOS cells (A,B) Apoptosis-related proteins (cleaved-caspase 3 and cleaved PARP) were
detected by western blot. (C,D) The apoptosis rates were detected by flow cytometry. *P <0.05, **P<0.01 vs siRNA-NC group; ##P<0.01 vs MPPα-PDT group.

activate the ‘pro-survival’ pathway, promote tumor cell proliferation
and anti-apoptosis mechanisms, enhance the adaptability of tumor
cells to adverse stimuli, and render tumor cells resistant to radiother-
apy and chemotherapy, leading to tumor metastasis and recurrence
[33,34]. In pancreatic ductal cell carcinoma, GRP78 expression
is high in tumor tissues, and it is related to tumor resistance to
chemotherapy and recurrence [35]. In glioblastomamultiforme, cells
with higher GRP78 expression exhibit stronger proliferation and
tumorigenicity [36]. In our study, after siRNA-GRP78 silenced the
expression of GRP78 in HOS cells, the proliferation-related pro-
tein levels and proliferation activity of the HOS cells decreased, and
the apoptosis-related protein levels were upregulated, indicating that
GRP78 plays an anti-apoptosis and pro-proliferation role in HOS
cells.

The importance of GRP78 has been confirmed in research on
various cancer cells. In the present study, it is believed that GRP78
mainly promotes tumor invasion and metastasis by activating the
classic Wnt/β-catenin signaling pathway [37,38]. In liver cancer,
GRP78 activates the Wnt signaling pathway by targeting LRP6 to
promote the invasion and metastasis of liver cancer [39]. In colon

cancer, silencing GRP78 can inhibit Wnt signaling in vitro by inter-
fering with the glycosylation of Wnt ligands, thereby enhancing the
sensitivity of colon cancer stem cells to chemotherapeutics [40]. In
breast cancer, the proliferation and migration of breast cancer cells
are related to the activation of the Wnt signaling pathway, and the
drug isoliquiritin, which targets GRP78, enhances the sensitivity of
tumor cells to chemotherapy drugs by inhibiting the Wnt signal-
ing pathway [41,42]. In a study of osteosarcoma, it was found that
chemotherapy drugs can induce the activation of theWnt pathway in
tumor cells, and inhibiting this pathway can increase the sensitivity
of osteosarcoma cells to chemotherapy [43]. The Wnt/β-catenin sig-
naling pathway is a classic drug resistance pathway that plays a key
role in the proliferation of tumor cells. β-catenin, as a key signaling
molecule of the Wnt signaling pathway, is regulated by the upstream
molecules GSK3β and AKT. The phosphorylation of these molecules
promotes the activation of the downstream molecule β-catenin, and
β-catenin accumulates after entering the nucleus and acts as a tran-
scription factor to regulate downstream target genes to exert its
biological effect [41]. In previous experiments, we found thatMPPα-
PDT cannot completely kill HOS cells, which indicates that HOS
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Figure 5. Silencing GRP78 expression can inhibit the MPPα-PDT-induced activation of the Wnt pathway in HOS cells (A–E) The Wnt/β-catenin signaling
pathway-related proteins and β-catenin protein in the nucleus were detected by western blot. *P <0.05, **P <0.01 vs siRNA-NC group; ##P<0.01 vs MPPα-PDT
group.

cells have a certain tolerance to MPPα-PDT [25]. Our experimen-
tal study found that the expression of Wnt pathway-related proteins
increased after HOS cells were treated with MPPα-PDT, indicating
that MPPα-PDT can induce the activation of the Wnt pathway in
HOS cells, further showing that HOS cell tolerance to MPPα-PDT
therapy may be related to Wnt pathway activation. In addition, after
silencing GRP78, MPPα-PDT-induced HOS cell Wnt pathway acti-
vation was effectively inhibited, increasing the sensitivity of HOS
cells to MPPα-PDT therapy.

ROS levels is one of the main mechanisms that kill tumor
cells [44,45], and the same phenomenon has been found in
PDT [46,47]. After silencing the expression of GRP78, we also
detected the ROS levels. In the experiment, we found that com-
pared with the siRNA-NC, silencing GRP78 expression increased
the ROS levels; more interestingly, ROS production in the

siRNA-GRP78#1+MPPα-PDT group was significantly higher than
that in the MPPα-PDT group. The results described above indicate
that silencing GRP78 enhances the sensitivity of HOS cells toMPPα-
PDT therapy by up-regulating ROS levels.

Taken together, HOS cells were treated with MPPα-PDT, and
the expression of GRP78 was increased. After effectively silencing
GRP78 expression, the proliferation activity of HOS cells decreased
and the apoptosis-related protein expression increased. In addi-
tion, silencing GRP78 expression inhibited the MPPα-PDT-induced
activation of the Wnt pathway in HOS cells and stimulated the pro-
duction of ROS levels, suggesting that silencing GRP78 increases the
sensitivity of HOS cells to MPPα-PDT, which is related to inhibit-
ing Wnt/β-catenin pathway activation and increasing ROS levels.
However, the relationship between the Wnt/β-catenin pathway and
ROS levels requires further study. So, in which silencing of the
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Figure 6. Silencing GRP78 can upregulate ROS in HOS cells The average fluorescence intensity of ROS was detected by fluorescence (magnification: ×100) (A)
and flow cytometry (B,C) to detect the ROS levels. *P <0.05, **P <0.01 vs siRNA-NC group; ##P<0.01 vs MPPα-PDT group.

GRP78 protein was combinedwithMPPα-PDT, provides experimen-
tal evidence for the treatment of osteosarcoma. However, the lack
of GRP78 overexpression experiments as a limitation of the present
study and an aim of future studies.
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