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Tumor vascular normalization (TVN) is associated with anti-
tumor therapeutic efficacy in nasopharyngeal carcinoma
(NPC). However, the short time window of TVN is the biggest
hindrance to its wide clinical application. We investigated
whether targeting transforming growth factor beta can
enhance the TVN effect of bevacizumab (BEV)-induced pa-
tient-derived xenograft (PDX) models of NPC. We constructed
mouse subcutaneous PDX models of NPC and classified the
mice into four drug-treatment groups, namely placebo control,
galunisertib, BEV, and galunisertib + BEV.We performedMRI
multi-parameter examinations at different time points and
evaluated the vascular density, vascular structure, and tumor
hypoxia microenvironment by histopathology. The efficacy of
chemotherapy and drug delivery was evaluated by adminis-
tering cisplatin. We found that combined therapy with galuni-
sertib and BEV significantly delayed tumor growth, enhanced
the TVN effect, and improved chemotherapeutic efficacy
compared with monotherapy. Mechanistically, galunisertib
reversed the epithelial-mesenchymal transition process and in-
hibited the expression of hypoxia-inducible factor 1a and
vascular endothelial growth factor by downregulating
LAMC2. Correlation analysis of MRI data and pathological in-
dicators showed that there was a good correlation between
them.

INTRODUCTION
Nasopharyngeal carcinoma (NPC) represents themalignant head and
neck tumor that originates from nasopharyngeal epithelial tissues, its
occurrence mainly distributed across Southeast Asia and southern
China. It is a serious threat to humans. Over 70% of patients with
NPC are initially diagnosed with locally advanced stage III or IV can-
cer.1 The standard treatment for patients with locally advanced NPC
involves the simultaneous administration of cisplatin (DDP) chemo-
therapy and radiotherapy,2 but the clinical efficacy of chemoradio-
therapy alone is not satisfactory.3 Many researchers have found that
anti-angiogenesis therapy is a promising antitumor treatment.
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Vascular endothelial growth factor (VEGF) is an important angio-
genic factor, and bevacizumab (BEV), a human recombinant VEGF
monoclonal antibody, is widely used in clinical practice. Anti-angio-
genesis therapy facilitates tumor vascular normalization (TVN), thus
alleviating tumor hypoxia and reshaping the tumor microenviron-
ment (TME). These changes improve the sensitivity of tumor radio-
therapy and chemotherapy, resulting in a good prognosis for patients
with advanced NPC.4–6 However, some studies have shown that the
anti-VEGF-induced TVN effect is transient and has a small “time
window.” After this time window is closed, tumor hypoxia and
acidosis are aggravated again, and the remodeling effect of the TME
and the synergistic effect of antitumor therapy also end.7 The short
TVN time window for anti-angiogenesis therapy is the biggest hin-
drance to its wide clinical application. Therefore, various combined
treatment strategies need to be investigated to achieve an effective,
long-term, and stable TVN time window.8

Re-establishing angiogenesis regulatory balance might extend the
time window of the TVN effect.9,10 Transforming growth factor
beta (TGFB) strongly influences tumor proliferation, angiogenesis,
migration, invasion, and resistance to therapy.11,12 It is an important
target for tumor therapy.13–15 Whether TGFB acts as a pro-angio-
genic factor or an anti-angiogenic factor depends on the cellular envi-
ronment of tumor cells and endothelial cells.16–19 Although many
preclinical studies have reported that inhibiting the TGFB pathway
inhibits tumor growth and tumor cell migration and invasion,20–24

the effect of the TGFB pathway on angiogenesis and vascular normal-
ization in NPC is still unclear. Considering the importance of the
TGFB pathway in angiogenesis, it might be a key target for over-
coming anti-angiogenesis treatment resistance in NPC and, thus,
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enhancing the TVN effect. Administering radiotherapy and chemo-
therapy during the TVN time window can effectively improve the
antitumor effect.25 Thus, it is necessary to closely monitor the rapid
changes in TVN for the clinical application of combination therapy.
Because the histopathological examination is invasive and non-
repeatable, it is difficult to monitor the dynamic TVN process in clin-
ical application. Magnetic resonance imaging (MRI) can be used to
repeatedly and dynamically measure the morphology and function
of the target within a short time.26 Therefore, it is a suitable technique
for evaluating vascular changes.27

In this study, we explored whether the TGFB receptor type I kinase
inhibitor galunisertib (LY2157299) could improve the BEV-induced
TVN effect and extend the time window in NPC patient-derived
xenograft (PDX) models, thus suppressing cancer development and
enhancing the efficacy of chemotherapy by alleviating tumor hypoxia
and remodeling the TME. We also conducted a preliminary investi-
gation of its mechanism and assessed the application value of
combining dynamic contrast-enhanced (DCE)-MRI (Ktrans), intra-
voxel incoherent motion (IVIM)-MRI (f and D*), and amide proton
transfer (APT)-MRI multi-modal MRI technology to dynamically
monitor the efficacy of TVN and the response of the tumor to therapy.
Our findings might contribute to the clinical transformation of anti-
angiogenesis therapy.

RESULTS
High levels of TGFB1 predicted shorter survival of HNSCC cases

To determine the effect of TGFB1 on the prognosis of head and
neck squamous cell carcinoma (HNSCC), the differences in the
TGFB1 gene between normal and pan-cancer samples in The Can-
cer Genome Atlas (TCGA) were analyzed using TIMER. The
TGFB1 expression in HNSCC was significantly different from that
of matched normal samples (p < 0.001) (Figure S1A). We performed
Kaplan-Meier analysis on 566 TCGA-HNSCC samples using the
survival package. The samples were categorized as high-expression
or low-expression groups in accordance with the median level of
TGFB1. The prognosis was significantly worse in the group showing
high TGFB1 expression compared to the group showing low TGFB1
expression (p = 0.026) (Figure S1B). We also analyzed the relation-
ship between TGFB1 and clinical factors and found significant dif-
ferences in the TGFB1 gene level in tumor stages T1, T2 and T3,
and T4 (p = 0.02) (Figure S1C), which indicated that the TGFB1
gene level was related to the T stage of HNSCC, and there was a dif-
ference between the groups. To further evaluate the expression of
TGFB1 in NPC tissues, we performed immunohistochemical stain-
ing of clinical NPC sections. Samples were gathered from 41 pa-
tients who underwent nasopharyngeal tissue biopsy without treat-
ment; there were 23 NPC samples and 18 non-carcinoma
nasopharyngeal epithelial samples. Patient characteristics are shown
in Table S1. The results demonstrated that the level of TGFB1 in the
NPC tissues was significantly higher than that in non-carcinoma
nasopharyngeal epithelial samples (p = 0.0322) (Figure S1D). Our
findings suggested that TGFB1 might be an anti-NPC therapeutic
target.
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Galunisertib synergistically enhanced the antitumor effect of

BEV

To assess the antitumor effects of galunisertib on NPC, we used an
NPC PDX mouse model (Figure 1). The results showed that galuni-
sertib, BEV, and galunisertib + BEV inhibited tumor growth
(Figures 2A and 2B). After 25 days of treatment, the mean tumor
size in the galunisertib, BEV, and galunisertib + BEV groups was
significantly smaller than that in the control group, and the mean tu-
mor size in the galunisertib + BEV combined treatment group was
smaller than that in the galunisertib or BEV monotherapy group.
These results suggested that the antitumor effect of combined therapy
was better than that of monotherapy.

The proliferation and apoptosis of tumor cells were further examined
by immunohistochemistry. The results of the immunohistochemistry
assay also showed that the antitumor effect of galunisertib + BEV
combined therapy was significantly better than that of monotherapy.
After the tumor-bearing mice were treated for 25 days, the number of
Ki67-positive cells and the staining intensity in NPC tissues of the
combined treatment group were significantly lower than that in the
control group, galunisertib group, and BEV monotherapy group
(Figures 2C and 2D). The findings of the TUNEL staining assay
demonstrated that tumor cell apoptosis in the combination treatment
group was significantly higher than that in the control group and
other monotherapy groups (Figures 2E and 2F). The mouse liver, kid-
neys, and spleen were dissected to conduct histological analyses. The
H&E-stained sections showed complete tissue structure and no cyto-
toxic effects in the four groups (Figure 2G). Combined targeted ther-
apy of TGFB and VEGF had greater antiproliferative and pro-
apoptotic effects and lower toxicity in NPC cells than single targeted
therapy.

Galunisertib synergistically promoted the TVN of BEV

Some studies have shown that TVN is associated with improved sur-
vival rates and therapeutic outcomes in NPC patients.28,29 To deter-
mine whether galunisertib inhibits tumor growth by synergistically
promoting TVN of BEV, we evaluated the tumor microvascular den-
sity (MVD) and vascular normalization indicators (pericyte coverage
index [PCI] and collagen IV) over time. Immunohistochemical stain-
ing of the endothelial cell marker CD31 showed that MVD in the
three different treatment groups decreased relative to the control
group. The inhibitory effect of galunisertib + BEV on tumor angio-
genesis was significantly better than that of galunisertib or BEV
monotherapy 14 and 25 days after treatment. Galunisertib also effec-
tively inhibited the angiogenesis of NPC tumors after day 3, although
the inhibitory effect was less than that of BEV monotherapy and
galunisertib + BEV combination therapy (Figure 3A).

We further analyzed the TVN in different treatment groups. A higher
PCI value represents an increase in vascular maturity and vascular
normalization, which indicates vascular structure normalization.
a-Smooth muscle actin (a-SMA) can specifically label perivascular
cells that cover mature blood vessels.30 Collagen IV is an important
part of the vascular basement membrane and also indicates vascular



Figure 1. Schematic diagram of in vivo study design

In total, 125 tumor-bearing mice were administered

different treatments. Among them, 100 mice were

randomly placed in different treatment groups. They un-

derwent MRI and histological examinations at different

time periods. Each group treated for 25 days was used as

the curative effect observation group. Another 25 NPC

PDX models were used to evaluate the efficacy of the

chemotherapeutic drugs. DDP was administered ac-

cording to the instructions in the figure. All mice were killed

24 h after the last DDP treatment, and the accumulation of

DDP was evaluated.
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structure normalization. The results showed that the PCI and collagen
IV levels in tumor tissues were lower in all groups before treatment.
The PCI and collagen IV levels in NPC tumors treated with galuniser-
tib, BEV, and galunisertib + BEV increased significantly on day 3 after
intervention and reached a peak value on day 7. The increase in PCI
and collagen IV levels in the combined treatment group was signifi-
cantly greater than that in the single treatment group, and the
decrease was slow. The PCI and collagen IV levels in the combined
treatment group were higher than those of the control group and
its baseline level on day 25. However, the increase in PCI and collagen
IV in the monotherapy groups started decreasing rapidly from the 7th

day after treatment and continued decreasing until the 14th day after
treatment. The levels were close to the baseline level on the 25th day,
and the difference was not significant relative to their levels in the
control group (Figures 3B and 3C). Therefore, the TVN effect induced
by galunisertib and BEV monotherapy started on day 3 and ended on
day 14 after treatment. The TVN effect induced by galunisertib + BEV
lasted from day 3 to at least day 25 after treatment, and the degree of
TVN effect in the galunisertib + BEV group was significantly higher
than that in the monotherapy groups.

Galunisertib inhibited HIF-1a expression in the tumor

microenvironment

Since hypoxia-inducible factor 1a (HIF-1a) is strongly regulated by
the concentration of oxygen in cells, which partially reflects the de-
gree of hypoxic microenvironment of tumors, we examined the
expression of HIF-1a in the tumors of different treatment groups
by immunofluorescence. The findings demonstrated that after
25 days of treatment, the HIF-1a level in the galunisertib + BEV
group was considerably lower than that in the control group,
whereas it was higher in the BEV monotherapy group (Figure 4A).
These findings suggested that galunisertib + BEV combined therapy
significantly improved the anoxic microenvironment of the tumor,
whereas BEV monotherapy did not improve but worsened the
anoxic state of the tumor after 25 days of treatment. The expression
of HIF-1a in the galunisertib monotherapy group decreased after
25 days of treatment, but the difference was not significant
Molecular
compared to its expression in the combination
group (p = 0.2429) (Figure 4A). However, these
results were contrary to the results of TVN in-
dicators. Based on these findings, we specu-
lated that galunisertib might directly regulate the HIF-1a level in tu-
mor hypoxia. Considering that HIF-1a strongly influences tumor
microenvironment remodeling and angiogenesis and that VEGF is
the most important angiogenic factor, we designed four in vitro
cell experiments with a control group, TGFB1 (20 ng/mL) group,
galunisertib (8 mM) group, and TGFB1 (20 ng/mL) + galunisertib
(8 mM) group. The results of the western blotting assay showed
that galunisertib inhibited HIF-1a and the expression of VEGF
induced by TGFB1 in NPC cells (Figure 4B).

Galunisertib combined with BEV enhanced the efficacy of

chemotherapy

Considering that the effect of TVN can improve the hypoxia and
acidosis of tumors and promote the formation of a microenviron-
ment that is conducive to the delivery of chemotherapeutic drugs,
we investigated whether the galunisertib + BEV combination ther-
apy-induced TVN can improve the delivery efficiency and effect
of the chemotherapeutic drugs. As chemotherapeutic drugs are
toxic, we treated mice with a low dose of DDP (1 mg/kg) combined
with different treatment regimens (DDP, DDP + galunisertib,
DDP + BEV, and DDP + galunisertib + BEV). Low-dose DDP
did not have a significant antitumor effect on NPC xenografted tu-
mors, and DDP + galunisertib and DDP + BEV improved the effi-
cacy of low-dose DDP by improving vascular functions and anoxia
in the tumor microenvironment. The combination therapy of
DDP + galunisertib + BEV significantly delayed tumor growth
and increased the anticancer activity of non-toxic low-dose DDP
in NPC (Figure 5A). The accumulation of DDP in the tumor area
was detected by immunohistochemical staining 24 h after the last
DDP administration. Compared to the DDP, DDP + galunisertib,
and DDP + BEV groups, the DDP + galunisertib + BEV combined
treatment group had significantly greater accumulation of DDP in
the perivascular region of the tumor (Figures 5B and 5C). These re-
sults indicated that galunisertib + BEV combined therapy promoted
the delivery of small-molecule chemotherapeutic drugs through a
more durable and efficient TVN effect and improved the antitumor
effect of DDP.
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http://www.moleculartherapy.org


Figure 2. The effect of different treatments on tumor development, tumor cell proliferation, and apoptosis

(A) Tumor-size evaluation of NPC xenograft tumor models in different treatment groups. n = 5 per group at each time point; *p < 0.05 versus control; #p < 0.05 versus the

galunisertib + BEV group. The p values are shown in Table S3. (B) Representative images of tumor size after 25 days of intervention in different groups. Scale bar, 10 mm. (C)

Typical images of Ki67 immunohistochemically stained tumor tissues in different groups. Scale bar, 50 mm. (D) Analysis of the expression of Ki67. n = 5 per group. (E) Results

of the TUNEL staining assay. n = 5 per group. (F) Representative images of TUNEL-stained NPC tumor cells in different groups. Scale bar, 50 mm. (G) Representative images

of H&E-stained mouse liver, kidneys, and spleen in different treatment groups. Scale bar, 100 mm.
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Galunisertib showed antitumor effects in vitro

To examine the impacts of galunisertib on the growth of NPC cells,
different doses of galunisertib were added to treat HNE2 and HK1
cells, after which cell proliferation was assessed in all groups by the
Cell Counting Kit-8 (CCK8) assay. The results of the CCK8 assay
4 Molecular Therapy: Oncology Vol. 32 September 2024
demonstrated that galunisertib inhibited the growth of NPC cells in
a time-dependent and dose-dependent manner, but their IC50 values
at 24, 48, and 72 h were greater than 160 mM (Figure 6A), which sug-
gested that in the concentration range used in our in vivo experiment,
galunisertib had no significant cytotoxic effect on NPC cells.



Figure 3. Histological analysis of TVN in different time periods with different treatment methods

(A) Representative images of CD31 staining and the results of microvascular density count. Scale bar, 100 mm. (B) Typical images of CD31/a-SMA immunofluorescence

double staining and analysis of pericyte coverage. Scale bar, 25 mm. (C) Typical images of collagen IV staining and analysis of results. Scale bar, 50 mm. For (A)–(C), n = 5 per

group at each time point; *p < 0.05 versus control; #p < 0.05 versus the galunisertib + BEV group. The p values are shown in Table S4.
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Since the malignant phenotype of NPC is associated with cell inva-
sion and migration, we further investigated the effect of galuniser-
tib on the invasion and migration of NPC cells. The HNE2 and
HK1 cells were treated with different concentrations of galunisertib
(0, 1, 2, 4, and 8 mM), respectively. A wound-healing assay was
used to detect the changes in the migration of NPC cells. The
Molecular Therapy: Oncology Vol. 32 September 2024 5
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Figure 4. HIF-1a levels in cancer tissues and cells

with different treatments

(A) Representative images of HIF-1a immunofluores-

cence-stained cancer samples in different treatment

groups and result analysis. n = 5 per group; Scale bar,

100 mm. (B) Western blotting assays were performed to

determine the role of galunisertib in inhibiting HIF-1a and

VEGF levels. The quantitative analysis of western blotting

is shown in Figure S3A. b-Tubulin served as the loading

control.
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results demonstrated that compared to the blank control group, the
galunisertib treatment group showed slower cell migration 24 h af-
ter treatment, and wound spacing was significantly widened, i.e.,
the cell migration ability decreased; the difference between the
groups was significantly greater after 48 h. Therefore, galunisertib
significantly suppressed the migration of NPC cells at low concen-
trations in a time-dependent manner (Figures 6B and 6C). To
further examine the effect of galunisertib on the invasion of NPC
cells, we conducted a Transwell assay for detecting changes in
the migration of HNE2 and HK1 cells after treatment with
TGFB1 (20 ng/mL) and galunisertib (8 mM) in different groups af-
ter 48 h. According to the results, after TGFB1 stimulation, the
number of HNE2 and HK1 cells that entered the inferior compart-
ment increased considerably relative to the blank control group but
decreased significantly after galunisertib intervention (Figures 6D
and 6E). These results suggested that galunisertib can reverse the
TGFB1-induced invasion of NPC cells. The epithelial-mesen-
chymal transition (EMT) processes are usually related to invasion
and migration, and they can also promote angiogenesis by
increasing the expression of angiogenic factors. Western blotting
analysis was conducted to identify the three most important
EMT proteins, i.e., E-cadherin, vimentin, and N-cadherin. The re-
sults demonstrated that after TGFB1 stimulation, E-cadherin levels
in the HNE2 and HK1 cells decreased, while N-cadherin and vi-
mentin levels elevated in a dose-dependent manner (Figure 6F).
The TGFB inhibitor galunisertib reversed this process (Figure 6G).
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Galunisertib reversed the EMT process and

inhibited the expression of HIF-1a and VEGF

by downregulating LAMC2

We further investigated the mechanism by
which galunisertib reversed the EMT process
in NPC cells. The TGFB pathway mainly medi-
ates extracellular matrix (ECM) remodeling in
the TME.31 Laminin, the main component of
ECM, is located outside the cell and strongly
regulates cell attachment. LAMC2, the laminin
332 (Ln-332) subunit, is an important compo-
nent of the epithelial basement membrane,
which modulates cell movement and adhesion.
TCGA database analysis showed that the
TGFB1 levels were positively correlated with
LAMC2 in human HNSCC tissues (r = 0.475,
p < 0.001) (Figure S2A). Our results showed that LAMC2 was
related to the prognosis of HNSCC patients. The results of the
Kaplan-Meier analysis showed that the upregulation of LAMC2
was significantly associated with shorter overall survival in
HNSCC cases (p = 0.023) (Figure S2B). The findings of the pan-can-
cer analysis indicated that the LAMC2 gene level was notably
different between the HNSCC samples and the matched normal
samples (p < 0.001) (Figure S2C).

To determine the relationship between LAMC2 and TGFB1 in
NPC, we analyzed the expression of LAMC2 and TGFB1 in NPC
tumor tissues and non-cancerous nasopharyngeal epithelial sam-
ples through immunohistochemical staining in clinical specimens.
Our results demonstrated that the LAMC2 levels in NPC tissues
were higher than those in non-cancerous nasopharyngeal epithelial
samples (Figure S2D), and the expression of TGFB1 and LAMC2
was positively correlated in NPC tissues (Figure S2E). The results
of our in vivo experiments showed that LAMC2 expression in tu-
mor tissue decreased in both the monotherapy group and the com-
bined therapy group after 25 days of treatment, and the level of
LAMC2 decreased most significantly in the combined therapy
group (Figure S2F). We confirmed these findings via in vitro cell
experiments. Five experimental groups were designed, which
included the control, TGFB1 (20 ng/mL), galunisertib (8 mM),
TGFB1 + galunisertib, and TGFB1 + TGFB1 neutralizing antibody
(1 mg/mL) groups. The results of the western blotting assay showed



Figure 5. Effects of different treatment regimens on the sensitivity and therapeutic efficacy of the chemotherapeutic drug DDP for NPC

(A) Tumor-size evaluation of NPC xenograft tumor models in DDP combined with different treatment groups. DDP, cisplatin; G, galunisertib. n = 5 per group at each time

point; *p < 0.05 versus control; #p < 0.05 versus the DDP + galunisertib + BEV group. The p values are shown in Table S5. (B) DDP-modified DNA immunoreactivity in the

tumor areas of different treatment groups. n = 5 per group. (C) Representative images of DDP-positive staining in the tumor areas of different treatment groups. Scale bar,

50 mm.
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that TGFB1 induced an increase in the LAMC2 levels in HNE2 and
HK1 cells, thus promoting the EMT process; however, this was
blocked by galunisertib and TGFB1-neutralizing antibodies (Fig-
ure 7A). These findings suggested that the expression of LAMC2
in tumor tissues might play an intermediate mediating role in
the effect of galunisertib in reversing EMT in NPC cells. To deter-
mine the effect of LAMC2 on EMT and TVN in tumors, LAMC2
was knocked down in HNE2 and HK1 cells induced by small inter-
fering RNA (siRNA) transfection, and the expression of EMT-
related proteins, HIF-1a, and VEGF was analyzed by western blot-
ting assay. After LAMC2 was silenced for 24 h, the appearance of
the cells changed from long spindles to elliptic polygons or cobble-
stones, and they became more tightly packed (Figure 7C). Relative
to the control group (si-Control, NC), the si-LAMC2 knockout
group showed considerably higher E-cadherin levels but lower vi-
mentin and N-cadherin levels (Figure 7B). Additionally, HIF-1a
and VEGF levels were considerably lower in the LAMC2-knockout
group relative to that in the NC (Figure 7D). These results indi-
cated that galunisertib reversed TGFB1-induced EMT and in-
hibited the expression of HIF-1a and VEGF by downregulating
the expression of LAMC2.
Galunisertib downregulated LAMC2 levels via the JNK/AP1

pathway

We further analyzed the mechanism by which galunisertib downregu-
lates LAMC2 in cancer cells. The transcription of the LAMC2 gene is
associated with AP1 (mostly c-Fos and c-Jun).32 JNK is the upstream
signal of AP1 and an important pathway associated with TGFB regula-
tion. To determine whether the JNK/AP1 signaling pathway is related
to the regulation of LAMC2 by galunisertib, we stimulated NPC cells
using different doses of TGFB1 (0, 10, 20, and 30 ng/mL) or TGFB1
(20 ng/mL), galunisertib (8 mM), TGFB1 + galunisertib, and
TGFB1 + TGFB1-neutralizing antibody (1 mg/mL) for 48 h. We con-
ducted awestern blotting assay todetect activatedAP1 (phosphorylated
c-Fos [p-c-Fos] and phosphorylated c-Jun [p-c-Jun]) and phosphory-
lated stress-activated protein kinase (SAPK)/JNK (p-SAPK/JNK).
Our results showed that changes in the expression of LAMC2matched
the changes in the expression of p-SAPK/JNK, p-c-Jun, and p-c-Fos in
HNE2andHK1cells (Figure 7E).Galunisertib andTGFB1-neutralizing
antibodies suppressed TGFB1-induced JNK/AP1 signaling (Figure 7F).
After the HNE2 and HK1 cells were subjected to treatment with
different concentrations of JNK inhibitor (SP600125) (0, 10, 20, and
30 mM) for 48 h, the expression of LAMC2 also decreased (Figure 7G).
Molecular Therapy: Oncology Vol. 32 September 2024 7
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These results indicated that galunisertib can hinder the expression of
LAMC2 through the JNK/AP1 pathway in NPC cells.

MRI dynamic monitoring of TVN and evaluation of the treatment

response

We performed DCE-, IVIM-, and APT-MRI at different time nodes
for monitoring TVN and response to treatment. The DCE-MRI pa-
rameters (Ktrans) and the IVIM-MRI parameters (f and D*) were
measured for the whole tumor area. We found that Ktrans of the sub-
cutaneous PDX NPC mouse model after galunisertib monotherapy,
BEV monotherapy, and galunisertib + BEV combination therapy
decreased from the third day after treatment, and the combined treat-
ment group always had a significantly lower Ktrans value. It was
notably lower in the combination treatment group relative to that
in the control and monotherapy groups (Figures 8A and 8C). The
f value in all treatment groups increased, but the f value of the com-
bined treatment group was always lower, and significantly lower than
that in the control group (Figure 8D). The D* value in all treatment
groups started increasing on day 3 and peaked on the 7th day. The
D* of the combination treatment group elevated more significantly
and remained at a higher level than the D* of the control and mono-
therapy groups on day 25. In all monotherapy groups,D* decreased to
near baseline levels after a brief increase (Figure 8E). The pattern of
change in Ktrans and f at different time nodes was similar to the overall
pattern of change in histological MVD. The results of the correlation
analysis indicated that Ktrans and f were significantly positively corre-
lated with MVD (Figures 8H and 8K), suggesting that Ktrans and f had
similar effects. They can reflect the relative changes in the number of
tumor blood vessels after treatment. Also,Ktrans was weakly correlated
with PCI and collagen IV (Figures 8I and 8J). D* was strongly corre-
lated with the vascular normalization index but not significantly
correlated with MVD (Figures 8L and 8M). These findings indicated
that the IVIM parameter D* can be used to evaluate the TVN effect
and monitor the TVN time window.

The difference in APT-weighted (APTw) values among all groups
before treatment was not significant. After 25 days of intervention,
the APTw of galunisertib monotherapy, BEV monotherapy, and con-
trol group increased; the greatest increase was recorded in the control
group, and only the galunisertib + BEV combination treatment group
showed a decrease. On day 25 after treatment, APTw of the combined
treatment group decreased considerably relative to that in the control
and BEV monotherapy groups (p < 0.05) (Figures 8B and 8F). The
finding of the correlation analysis indicated that APTw was notably
positively correlated with the expression of the tumor proliferation
marker Ki67 (Figure 8G), which suggested that the value of APTw
might reflect the relative change in tumor cell proliferation activity.
Figure 6. Effects of galunisertib on the proliferation, migration, invasion, and E

(A) CCK8 assay showed the effect of galunisertib on the proliferation of HNE2 and HK1

HNE2 and HK1 cells; magnification, 40�. (C) Quantification of the results of the wound-h

the invasion of HNE2 and HK1 cells upregulated by TGFB1; magnification, 200�. (E) Qu

showed that TGFB1 promoted the EMT process in HNE2 and HK1 cells. (G) Results o

HNE2 and HK1 cells. In (F) and (G), b-tubulin served as the loading control. Quantitativ
After combined treatment, tumor cell proliferation activity decreased,
whereas apoptosis and necrosis increased.

DISCUSSION
In the present study, we demonstrated that galunisertib can enhance
the TVN effect induced by BEV, alleviate tumor hypoxia, and
improve the efficacy of chemotherapy. We assessed the mechanism
of action of galunisertib and found that it reversed the EMT process
and downregulated the expression of VEGF and HIF-1a in NPC cells,
which helped in regulating the balance of tumor angiogenesis,
enhancing the TVN effect, and extending the TVN time window.
We also found that the downregulation of LAMC2 strongly affected
this process. Here, we described a previously undiscovered combina-
tion therapeutic strategy, a mechanism mediated by crosstalk in the
tumor stroma in relation to cancer cells in anticancer treatment.
Additionally, the significant correlation between multiple parameters
of MRI and histopathological TVN indices and cell-proliferative ac-
tivity indices revealed the feasibility of non-invasive MRI monitoring
of the TVN time window and tumor therapeutic response, which pro-
vided strong support for the clinical transformation of combined
treatment strategies.

Galunisertib (LY2157299) represents the oral small-molecule inhibi-
tor of TGFB receptor I (TGFB RI) kinase. It effectively suppresses the
TGFB pathway by blocking the kinase domain in TGFB RI. In this
study, galunisertib monotherapy and BEV monotherapy delayed
the growth of NPC tumors, but the difference in efficacy between
the two treatment strategies was not significant. However, adding ga-
lunisertib significantly enhanced the antitumor effect of BEV. This
matched the findings of previous studies, suggesting that the simulta-
neous targeting of the VEGF/VEGF-R axis and TGFB pathway can
synergistically reduce tumor angiogenesis and enhance antitumor ac-
tivity.33,34 By conducting histological analysis at different treatment
time points, we also dynamically evaluated the influence of different
treatment schemes on the vascular histopathological features of the
NPC PDX model. Our findings showed that galunisertib and BEV
combined therapy promoted TVN and extended the normalization
time window, and the degree of TVN was higher than that of BEV
alone 25 days after treatment. Although combined therapy decreased
the vascular density of NPC tumors, it promoted the maturation of
the vascular structure and function of tumors.

Tumor hypoxia is a vital index for evaluating the normalization of
blood vessels and also an important incentive to hinder the normal-
ization of blood vessels. HIF-1a is regulated by tumor hypoxia. The
upregulation of HIF-1a can promote the adaptation and survival of
tumors under hypoxic conditions by inducing the transcription of
MT process in NPC cells

cells. (B) Wound-healing assay showed that galunisertib inhibited the migration of

ealing assay. n = 3 per group. (D) Transwell assay showed that galunisertib inhibited

antification of the results of the Transwell assay. n = 3 per group. (F) Western blotting

f the western blotting assay showed that galunisertib hindered the EMT process in

e analysis of western blotting is shown in Figure S3.
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Figure 7. Galunisertib reversed the EMT process and inhibited HIF-1a and VEGF levels by downregulating LAMC2

(A) Western blotting assay confirmed the effects of galunisertib and anti-TGFB1 (1 mg/mL, 521707, BioLegend) on the inhibition of the TGFB1-induced EMT process and

expression of LAMC2. (B) Western blotting assay showed that the knockout of the LAMC2 protein inhibited the EMT process. (C) EMT-like morphological changes were

observed in HK1 cells after siRNA interference with LAMC2; magnification, 200�. (D) Western blotting assay showed that the knockout of the LAMC2 protein inhibited the

expression of HIF-1a and VEGF. (E) Western blotting assay showed that TGFB1 upregulated LAMC2 by promoting the JNK/AP1 signaling pathway. (F) Western blotting

assay showed that galunisertib and anti-TGFB1 inhibited TGFB1-induced activation of the JNK/AP1 pathway. (G) Western blotting assay indicated that SP600125

downregulated the expression of LAMC2 by inhibiting the JNK signal. In (A), (B), and (D)–(G), b-tubulin served as the loading control. Quantitative analysis of western blotting is

shown in Figures S4 and S5.
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multiple downstream genes, including genes that stimulate angiogen-
esis and the switching of cell metabolism from oxidative processes to
anaerobic respiration.35 These events together facilitate an increase in
tumor grade, chemotherapy, and resistance to radiotherapy, thus
leading to poor clinical outcomes. Our findings showed that the
HIF-1a level was notably lower in the combination treatment group
than in the control and BEV groups, indicating that the enhanced
TVN effect significantly improved tumor hypoxia. The HIF-1a level
in tumors was lower in the galunisertib monotherapy group relative
to that in the BEV monotherapy group, although differences in the
indices related to tumor microvascular density and vascular function
were not significant between the two groups. Our findings suggested
that galunisertib might directly regulate HIF-1a levels. We also found
that galunisertib inhibited TGFB1-mediated VEGF and HIF-1a
expression in NPC cells at the cellular level. These results elucidated
the mechanism by which galunisertib promoted the antitumor effect
of BEV. On the one hand, by inhibiting the secretion of VEGF, galu-
nisertib can cooperate with BEV to inhibit the VEGF/VEGF-R axis
and help regulate the balance between pro-angiogenic factors and
anti-angiogenic factors. On the other hand, when the non-VEGF/
VEGF-R alternative pathway was activated, and the above balance
was disrupted, galunisertib alleviated the hypoxia response mecha-
nism in the TME by decreasing the HIF-1a level and further inhibit-
ing the expression of pro-angiogenic factors, which helped in re-es-
tablishing the balance of angiogenesis regulation. These changes
extended the TVN effect. Similarly, tumor hyperproliferation and in-
vasion were inhibited correspondingly, and tumor apoptosis was pro-
moted due to the decrease in HIF-1a level. These findings were
similar to our experimental results.

Some studies have suggested that the remodeling effect induced by the
TME generated by TVN can improve the sensitivity of tumors to
chemotherapeutic drugs and the delivery rate of these drugs to tu-
mors.35 Administering chemotherapy during the time window can
promote the distribution and aggregation of chemotherapeutic drugs
in the tumor, which can significantly enhance the efficacy of treat-
ment.36 This hypothesis matched our findings. Low-dose DDP
(1 mg/kg) did not have a significant antitumor effect on NPC xeno-
grafted tumors, whereas galunisertib improved the efficacy of low-
dose DDP by improving vascular function and anoxia in the TME.
Compared to monotherapy, galunisertib + BEV combined therapy
greatly enhanced low-dose DDP delivery, resulting in a more signif-
icant tumor-suppressive effect. Additionally, systemic toxicity of the
chemotherapeutic agents was not significant.

The EMT process is associated with malignant phenotype and angio-
genesis of tumors.37 Our results indicated that galunisertib can inhibit
tumor migration and invasion by reversing the EMT process in NPC
Figure 8. MRI dynamic monitoring of the TVN process and evaluation of the re

(A) Representative Ktrans images at different time points in different treatment groups. (B

treatment groups. Comparison of Ktrans (C), f (D), and D* (E) at different times. Compariso

MVD (H), Ktrans and PCI (I), Ktrans and collagen IV (J), f and MVD (K), D* and PCI (L), and D

the galunisertib + BEV group. n = 5 per group at each time point. The p values are sho
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cells. Some studies have found that EMT can increase the resistance of
cancer cells to chemotherapy.38 Similar findings were reported in
another study in which genetically engineered mice were used to
construct the pancreatic ductal adenocarcinomamodel.39 Subsequent
studies on the mechanism of action showed that EMT inhibited the
expression of drug transporters and protein concentrate. Thus, target-
ing EMT might be an effective strategy for enhancing chemothera-
peutic effects or the efficacy of other treatment strategies. This might
be another reason why galunisertib monotherapy and galunisertib +
BEV combined therapy enhanced the efficacy of DDP chemotherapy
in the present study.

We also discovered that the expression of LAMC2 decreased after
treatment with galunisertib. LAMC2 encodes the laminin g chain
in laminin�332 and is related to the invasion and metastasis of mul-
tiple cancer cell lines.40,41 Gene enrichment analysis of pancreatic
cancer based on public databases in another study showed that
LAMC2 is significantly enriched in the transcription profiles of squa-
mous subtypes, TGFB-related transcription profiles, and hypoxia and
MAPK pathways.42 Our results demonstrated that TGFB1 was posi-
tively related to LAMC2 expression in NPC clinical specimens.
LAMC2 expression was upregulated after TGFB1 stimulation, which
was inhibited by galunisertib and TGFB1-neutralizing antibodies.
These results suggested that LAMC2 might be a potential target of
NPC cells affected by galunisertib. After LAMC2 was silenced by
siRNA, the EMT process in NPC cells was inhibited, which was
consistent with the effect of galunisertib. LAMC2 was also found to
be associated with tumor angiogenesis. LAMC2 silencing can inhibit
the angiogenesis of bile duct carcinoma by inactivating epidermal
growth factor receptor signaling pathways.43 These findings were
similar to those arising from our results. After LAMC2 was knocked
down via siRNA, the expression of VEGF and HIF-1a decreased,
which was consistent with the effect of galunisertib. The findings of
these experiments demonstrated that an increase in the LAMC2 levels
was significantly correlated with the tumor EMT process and tumor
angiogenesis, which can predict poor prognosis in NPC patients.
Therefore, LAMC2 might be an efficient therapeutic target for treat-
ing NPC.

Monitoring the progression of TVN can help in determining the win-
dow period of TVN and formulating other combined treatment plans.
Among the available quantitative MRI methods, DCE, IVIM, and
APT imaging can be performed to elucidate the microscopic structure
and microvascular system in cancer lesions.44,45 DCE-MRI is a func-
tional imaging technique that is used in clinical studies for evaluating
the effect of anti-angiogenic drugs.46 The MRI parameter Ktrans is a
key factor that reflects the volume transfer coefficient between plasma
and the extravascular space of contrast media.47 A high Ktrans value
sponse to treatment

) Representative APTw images were obtained 25 days after intervention for different

n of APTw at different times (F). Correlations between APTw and Ki67 (G), Ktrans and

* and collagen IV (M) are shown. In (C)–(E), *p < 0.05 versus control, #p < 0.05 versus

wn in Table S6.
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indicates active tumor vascular growth, high vascular permeability,
and high malignancy.48 However, its application is hindered by
adverse reactions caused by contrast agents, such as allergic reactions,
contrast-induced nephropathy, extravasation, and nephrogenic sys-
temic fibrosis.49 IVIM-MRI imaging reflects the diffusion and perfu-
sion of water molecules. As reported in other studies,50–53 we found
that Ktrans and the f value were significantly positively correlated
with MVD, which together reflected tumor angiogenesis. A signifi-
cant correlation was found between D* and PCI or collagen IV, as re-
ported in another study,30 and this finding indicated that the increase
in D* can reflect the improvement in tumor vascular function. How-
ever, the results of another study showed thatD* was poorly related to
pathological factors, which contradicted our finding.50 The difference
between the results of that study and ours might be associated with
the b-value parameter setting or the postprocessing software used.
APT imaging is a novel MRI technology used for evaluating the
endogenous levels of mobile proteins along with peptides in tissues
through amide proton saturation in peptide bonds. APT can be
used to evaluate efficacy in glioma and rectal and breast cancers.54–56

The intensity of the APT signal is affected by the protein level and cell
density of tumor tissue.57 We found that the combined treatment
group showed apoptotic features, which explained the reason for
the reduction in the intensity of the APT signal. The APTw value
showed a significantly positive relationship with the tumor prolifera-
tion marker Ki67, which matched the results of previous studies on
breast cancer and rectal cancer.58,59 These results indicated that
IVIM-MRI can replace DCE-MRI in evaluating tumor angiogenesis
and can be used repeatedly to assess treatment response within a short
period, irrespective of the adverse effects of contrast agents. APTw
can reflect tumor cell proliferation activity. Thus, MRI multi-param-
eter scanning can be performed to assess histological changes in mul-
tiple dimensions, which can facilitate early and accurate assessment of
the response to anti-angiogenic therapy and guide the application of
combination therapy.

This study has some limitations. First of all, TVN involves multiple
signaling pathways, and this study did not specifically elucidate
how the downregulation of LAMC2 by dual-targeted therapy
further regulates TVN. In the future, it will be necessary to further
study the specific molecular mechanism of LAMC2 regulating tu-
mor angiogenesis and vascular normalization. In addition, this
study only focused on the correlation between Ktrans, D*, and
f and TVN indicators. In subsequent studies, we can use more
comprehensive MRI parameters and more complex pharmacoki-
netic models to explore the superiority of multi-parameter MRI
monitoring of the TVN process. In conclusion, we showed that ga-
lunisertib can enhance the TVN effect induced by BEV, which can
significantly improve the delivery rate of chemotherapeutic drugs
and enhance the antitumor effect of chemotherapy. Hence, the
application of galunisertib is a new treatment strategy for
enhancing the NPC TVN effect. We initially found that LAMC2
regulated by the JNK/AP1 signaling pathway might be a key regu-
lator for the regulation of TVN by galunisertib. Finally, multi-
parameter MRI imaging can be used for non-invasive and real-
time monitoring of tumor anti-angiogenesis therapeutic response.
This technique can substitute the pathological index for moni-
toring the time window of TVN and help clinicians to make deci-
sions related to clinical treatment.

MATERIALS AND METHODS
Bioinformatics analysis

We studied the differential expression of the TGFB1 and LAMC2
genes in pan-cancer versus adjacent non-carcinoma tissues in
TCGA (https://tcga-data.nci.nih.gov/tcga/) on the TIMER website
(http://timer.cistrome.org/). We plotted Kaplan-Meier survival
curves to analyze 566 samples of RNA-sequencing TPM from
HNSCC in TCGA, using the “survival” package. We also examined
the relationship of TGFB1/LAMC2 with clinical factors, containing
age, sex, TNM stage, and tumor grade. We conducted the Mann-
Whitney U test to analyze the relationship between the expression
of the TGFB1/LAMC2 genes and clinical information. For processing
and analyzing the TCGA-HNSCC data, we used R software
(version 3.6).

Clinical samples and cell lines

All clinical NPC tissue specimens were gathered at the Affiliated Hos-
pital of Guizhou Medical University (Guiyang, China). Human NPC
HNE2 cells were provided by the Cancer Institute of Xiangya Hospi-
tal, Central South University (Changsha, China). Human NPC HK1
cells were provided by Guangzhou Jennio Biotechnology (Guangz-
hou, China). Both cell lines were cultivated in RPMI-1640
(C11875500BT, Gibco) containing 10% fetal bovine serum (FBS:
F8318, Sigma) and 1% penicillin/streptomycin (C0222, Beyotime)
at 37�C with 5% CO2.

Animal model and study design

Healthy female BALB/c mice (6–8 weeks old, 18–20 g) were selected
as the model animals for xenograft tumors of NPC. Nasopharyngeal
low differentiated squamous cell carcinoma cell line HNE2, with
high malignant degree and easy metastasis, was selected as the inoc-
ulation cell line for NPC PDX models. A suspension of HNE2 cells
(200 mL, 4 � 107 cells) was implanted subcutaneously in the left
inguinal region of the mice. After the tumor developed in the
first-generation NPC PDX models, the tumor tissue was collected
and sliced into small pieces (about 3 mm in diameter). Small pieces
of tumor tissues were then implanted subcutaneously into the left
groin area of the mice with a bone-marrow puncture needle to
establish the second-generation tumor transplantation model. Using
this in vivo passage method, we obtained NPC PDX models with a
stable phenotype between individuals. The short diameter (a) and
the long diameter (b) of the tumor were determined with a digital
caliper at an interval of 2 days, whereas the tumor volume (V)
was monitored using the following equation for 25 consecutive
days.30 The weight of the mice was measured, and severe adverse
reactions were monitored.

V =
a2 � b

2
:
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Animals that had a hard lumpwith a long diameter greater than 6mm
were considered to be successful models for this study. In total, 125
PDXmodels were established using the third-generation transplanted
tumor models. Group administration intervention was initiated after
successful modeling. We randomly placed 100 tumor-bearing mice
into four groups (n = 25 mice per group), including the control, ga-
lunisertib, BEV, and galunisertib + BEV groups. The endpoint of
treatment was determined by severe weight loss (20% weight loss)
in the tumor-bearing mice.60 The study protocol is schematically pre-
sented in Figure 1. MRI examinations and histopathological analysis
were performed at different time periods (0, 3, 7, 14, and 25 days). The
group 25 days after treatment was used as the treatment observation
group to evaluate the treatment effect. For evaluating the efficacy of
the chemotherapeutic drug, another 25 NPC PDX models were
randomly placed in five drug-treatment groups (n = 5mice per group)
(placebo, DDP, DDP + galunisertib, DDP + BEV, and DDP +
galunisertib + BEV). Tumor samples were gathered 24 h after the
last DDP administration to evaluate the delivery efficiency of DDP
and assess the therapeutic effect. Galunisertib (HY-13226, MCE;
75 mg/kg, administered twice a day) was dissolved in 1% carboxyl-
methyl cellulose sodium (CMC-Na; HY-Y0703, MCE) as a drug car-
rier and administered intragastrically.60 BEV (1110030973, Bevagen;
5 mg/kg, administered twice a week) and DDP (HY-17394, MCE;
1 mg/kg, administered every 4 days) were diluted with 0.9% normal
saline and injected intraperitoneally.30,61 The mice in the control
group were administered 1% CMC-Na/0.9% normal saline.

Immunohistochemistry and immunofluorescence

Tumor tissue samples were collected frommouse transplanted tumor
models of different drug-treatment groups 1 day before treatment
(0 days at baseline) and 3, 7, 14, and 25 days after treatment. Using
4% paraformaldehyde, the tumor tissues were first fixed, then
embedded in paraffin and sliced to form continuous sections (about
4 mm thick). These slices were dewaxed, rehydrated, and incubated
with 3% H2O2 to block endogenous peroxidase. 10% goat serum
was then added to seal the sections, which were then incubated over-
night with primary antibodies at 4�C. Horseradish peroxidase (HRP)-
conjugated goat anti-mouse (GB23301) or goat anti-rabbit (GB23303,
Servicebio; 1:200) secondary antibodies were used for immunohisto-
chemistry. In immunofluorescence staining, CY3-labeled goat anti-
rabbit (GB21303) or Alexa Fluor 488-labeled goat anti-mouse
(GB25301, Servicebio; 1:400) fluorescence secondary antibodies
were used. The primary antibodies used included Ki67 (9449, CST;
1:80), CD31 (GB11063-2, Servicebio; 1:200), collagen IV (bs-4595R,
Bioss; 1:100), a-smooth muscle actin (a-SMA; GB111364, Servicebio;
1:200), TGFB1 (ab215715, Abcam; 1:50), LAMC2 (ab210959, Abcam;
1:50), HIF-1a (36169T, CST; 1:80), and DDP-modified DNA anti-
body (CP9/19; NBP2–50165, Novus; 1:50). The TUNEL assay was
performed using a dye (G1501, Servicebio) following specific proto-
cols. Images of all stained sections were obtained using an upright op-
tical microscope (Nikon Eclipse C1, Nikon) or a confocal laser scan-
ning microscope (TCS SP8, Leica). Image-Pro Plus 6.0 software
(Media Cybernetics) was adopted for selecting three typical visual
fields for each section to conduct the analysis. MVD was quantified
14 Molecular Therapy: Oncology Vol. 32 September 2024
by the “hot spot” approach.62 First, the area with the highest micro-
vascular density around the three cancer nests, i.e., the vascular hot
spot, was observed and identified under a 100-fold low-power micro-
scope to determine the MVD calculation area. The number of micro-
vessels was then counted manually under a 200-fold visual field, and
the MVD value was calculated using the average number recorded in
the three hot spots. One countable vessel included a microvascular
endothelium or a cluster of endothelial cells with positive staining
that was isolated from the surrounding cancer cells and microvessels
under the microscope.62 Vessels with smooth muscle walls with red
blood cells in the lumen were not counted.63 PCI was determined
by a positive a-SMA-to-CD31 staining ratio.30 HIF-1awas quantified
by measuring fluorescence intensity.64 The quantification of Ki67 or
DDP-modified DNA was evaluated by mean optical density.65

Hematoxylin and eosin staining

To evaluate the systemic toxicity of the drug in mice, their liver,
spleen, and kidney tissues were fixed with 4% paraformaldehyde,
embedded in paraffin, and sliced to obtain continuous sections (about
4 mm thick) 25 days after treatment. The sections were stained with
hematoxylin after dewaxing and rehydration for 5 min and then
rinsed with running water. Next, they were differentiated using a
differentiating solution, washed with running water, treated with an
anti-blue solution, and washed again with running water. After the
sections were dehydrated for 5 min with 85% and 95% alcohol,
they were stained for another 5 min using an eosin dye solution.
The sections were then dehydrated, sealed, and observed under a
100� optical microscope.

Western blotting assay

The RIPA lysate (p0013B, Solarbio) containing protease/phosphatase
inhibitor (HY-K0022, MCE) was used for extracting total proteins
from tissues and cells following the instructions of the manufacturer.
The protein content was determined using the BCA Protein Assay Kit
(PC0020, Solarbio); 10% separation gel and 5% concentrated gel were
used for the assay. Concentrated glue and separated glue were pre-
pared following the instructions provided with the acrylamide dye-
free glue kit (1610183, Bio-Rad). The protein content of each sample
was about 20 mg. After electrophoresis, the proteins were transferred
onto polyvinylidene fluoride membranes, which were later sealed
with 5% defatted milk containing Tris-buffered saline and Tween
20 for 45 min. Next, the membranes were subjected to incubation
with primary antibodies at 4�C overnight (Table S2). b-Tubulin
was applied as an internal reference. The membranes were then incu-
bated with secondary antibodies for 1 h under ambient temperature.
The secondary antibodies used included monoclonal antibody HRP-
labeled immunoglobulin G goat anti-rabbit (RS0001, Immunoway;
1:10,000) or goat anti-mouse (RS0002, Immunoway; 1:10,000) anti-
bodies. The membrane was visualized using an enhanced chemilumi-
nescence solution.

Cell Counting Kit-8 assay

For assessment of the effect of galunisertib on the activity of NPC
cells, HNE2 and HK1 cells (3� 104/mL) were seeded in 96-well plates
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(100 mL/well) and incubated overnight at 37�C. Next, 0–160 mM ga-
lunisertib was supplemented to treat cells for 24, 48, and 72 h. DMSO
was used as the negative control. The prepared CCK8 reaction solu-
tion (CCK8 buffer/serum-free medium, 1:9) was added to every well,
and the mixture was incubated at 37�C in darkness for 2 h. The
96-well plate was placed in an enzyme-labeled instrument to measure
absorbance at 450 nm. Cell survival was calculated using the following
equation: cell survival rate (%) = [drug group� blank group]/[control
group � blank group] � 100%. The absorbance of the blank group
included the absorbance of the well containing the medium and the
CCK8 solution without cells. GraphPad Prism 8.0 software
(GraphPad, USA) was applied to plot cell-growth curves.

siRNA-mediated knockdown

The HNE2 and HK1 cells were seeded in 12-well culture plates and
incubated with 5% CO2 at 37�C. Cells in the logarithmic growth stage
were transfected when the degree of cell fusion reached 50%–60%.
LAMC2-siRNA constructs were purchased from RiboBio Biotech-
nology (Guangzhou, China). Following specific protocols, we used
the riboFECTTMCP reagent (SIGS0006927-4, RiboBio) for transfect-
ing siRNA targeting LAMC2 (siLAMC2-1: 50-GTC AAA GCC TGT
CCT TTG A-30; siLAMC2-2: 50-TCG GGA ACT TCA CAG ACA
A-30). At 24 h after transfection, we extracted total tumor cellular pro-
teins and performed a western blotting assay to evaluate the downre-
gulation of LAMC2 in cancer cells.

Wound-healing and Matrigel cell invasion assays

Cells were first cultured in 6-well plates (5� 105 cells/well) filled with
RPMI-1640 medium including 10% FBS at 37�C with 5% CO2 in an
incubator until cell fusion reached 90%. Next, the bottom of the 6-well
plate was scratched vertically using the tip of a sterile pipette. The
original medium was then aspirated, and free cells were removed
by rinsing with PBS. The samples were diluted to the desired dose
in serum-free RPMI-1640 medium, after which the drug was added
for treating the cells for 24 h and 48 h at 37�Cwith 5%CO2. The nega-
tive control group was added with 1/1,000 of DMSO. All cells were
observed under an optical microscope, and images were acquired af-
ter 0, 24, and 48 h.

Matrigel (3432-010-01, R&D Systems) was defrosted overnight at 4�C
in advance. Next, 60 mL of Matrigel was precoated on a membrane in
the top 24 wells in the Transwell chamber (0.8 mmpore size; Corning)
in line with the instructions of the manufacturer. The Transwell
chamber covered with Matrigel was incubated at 37�C with 5%
CO2 for at least 1 h, then cell suspensions prepared in 200 mL of
serum-free medium (3 � 105/mL) were added to the top chamber.
In the bottom chamber, 600 mL of RPMI-1640 medium, containing
20% FBS, was supplemented. After incubation for 24 h at 37�C under
5% CO2, a cotton swab was applied to gently rub the inner surface of
the chamber to remove cells that did not migrate onto the back. Next,
4% paraformaldehyde was added for 30 min to fix the cells at room
temperature. The cells were then stained using 0.5% crystal violet so-
lution for 20 min under ambient temperature. Finally, images of
invading cells were acquired with an optical microscope.
MRI scanning and data postprocessing

The MRI experiment was carried out with a 3.0-T scanner (Elition X,
Philips Healthcare, Best, the Netherlands) equipped with an eight-
channel mouse coil (HC607P, Hezi Medical Technology, Wuxi,
China). MRI scanning was performed 1 day before treatment
(0 days at baseline) and 3, 7, 14, and 25 days after treatment. The scan-
ning sequence included the following: T1-weighted imaging (T1WI),
T2-weighted imaging (T2WI), amide proton transfer-weighted imag-
ing (APTWI), and IVIM along with DCE. The parameters were
described as follows. (1) T1WI: turbo spin echo (TSE); echo time
(TE) = 20 ms; repetition time (TR) = 2,000 ms; inversion recovery
time (TI) = 800 ms; field of view (FOV) = 60 � 60 mm2; matrix =
150 � 150; slice thickness = 1 mm. (2) T2WI: TSE Multivane; TE =
137 ms; TR = 2,500 ms; FOV = 60 � 60 mm2; matrix = 150 � 150;
slice thickness = 1 mm. (3) APT-MRI: Z-spectrum with maximum
cross-section of the tumor was collected to construct an asymmetrical
magnetization transfer ratio (MTRasym) chart. Two-dimensional TSE:
TE = 15ms; TR = 4,933ms; FOV = 60� 60mm2; matrix = 120� 120;
slice thickness = 4 mm; number of excitations (NEX) = 2 times; satu-
ration frequency: +3.5 ppm (acquired three times with each acquisi-
tion window shifted by 0.4 ms),�3.5 ppm, ±2.7 ppm, ±4.3 ppm, and
�1,560.0 ppm. Data collection time was 3 min 18 s. (4) IVIM-MRI:
TSE diffusion-weighted imaging; TE = 125 ms; TR = 2,000 ms;
FOV = 60 � 60 mm2; matrix = 64 � 64; slice thickness = 1 mm;
10 b values: 0, 10, 20, 30, 40, 80, 150, 300, 500, and 800 s/mm2. The
number of signal averages (NSA) for the last two b values was 6, while
the NSA of the other b values was 3. (5) DCE-MRI: before scanning, a
26-gauge intravenous indwelling needle was used to puncture the tail
vein of tumor-bearing mice and establish intravenous drug-delivery
channels. Scanning procedure: first, T2WI scanning was performed
as the localizer, then two T1 mapping scans were performed based
on T2WI using the double flip angle (FA) technique. Scanning pa-
rameters of T1 mapping: turbo field echo (TFE); TE = 4.2 ms; TR =
8.3 ms; FOV = 60 � 60 mm2; matrix = 150 � 150; slice thickness =
1.5 mm; first sequence FA: 5�; second sequence FA: 15�. DCE-MRI
scanning was then carried out, and the main imaging parameters
were the same with the T1 mapping sequences, except that the FA
was 20�. In total, 80 dynamics of DCE-MRI were scanned, each dy-
namic was 8.8 s, and total acquisition time was 11 min 49 s. Gadopen-
tetic acid meglumine solution (H19991127, Xudong Hepu Pharma-
ceutical, Shanghai, China) was manually injected through the
caudal vein at DCE-MRI scan dynamic 5. The concentration of the
contrast agent was 100 mmol/kg.

The APTw images were reconstructed using the built-in APT image
reconstruction algorithm. Region of interest (ROI) was plotted based
on the T1WI and T2WI images, including the entire tumor region,
and the APT-weighted values of each ROI were recorded. The specific
steps were as follows. First, the three images with saturation fre-
quencies of +3.5 ppm were calculated by the Dixon postprocessing al-
gorithm to obtain magnetic field inhomogeneity image B0. Next, the
images acquired with different saturation frequencies were interpo-
lated to correct the frequencies and the errors caused by the inhomo-
geneity of the B0 field. Images obtained at saturation frequency
Molecular Therapy: Oncology Vol. 32 September 2024 15
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�1,560 ppm are generally considered to have nomagnetization trans-
fer effect, and thus the image can be denoted as S0. If the image ob-
tained at a different saturation frequency is denoted as Ssat, 1 �
Ssat/S0 is defined as the magnetization transfer ratio (MTR). The
APT-weighted value APTw was then defined as the MTRasym

(3.5 ppm) = [Ssat (�3.5 ppm) � Ssat (+3.5 ppm)]/S0.
66 The IVIM im-

age was analyzed using MITK-Diffusion software (German Cancer
Research Center). The IVIM parameters were evaluated by the bi-
exponential model, and the corresponding parameter maps were
generated.67 The IVIM parameters included the slow apparent diffu-
sion coefficient (ADC) (D), fast ADC (D*), and the fraction of the fast
ADC (f). Among these, D and D* are true and pseudo diffusion coef-
ficients, respectively; f indicates the perfusion fraction. The DCE-MRI
images were processed by IntelliSpace Portal 9.0 software (ISP, Phi-
lips). The quantitative parameter volume transfer constant (Ktrans)
was calculated using the Extended Tofts-Ketty pharmacokinetic
model, and a map was generated. In each parameter diagram, the
maximum layer of the tumor was selected to manually draw the
ROI of mice, and the average value of all voxels in the ROI was consid-
ered to be the average value of the ROI.30

Statistical analysis

We used GraphPad Prism 8.0 and SPSS 21.0 (IBM, USA) to process
experimental data. All data are presented as the mean ± SD. The
normality of the data was assessed by the Shapiro-Wilk test. The
two groups of samples were compared by Student’s t tests. Multiple
groups of samples were compared by one-way ANOVA and Tukey’s
test. The correlation between MRI parameters and pathological
parameters was determined by Pearson’s correlation analysis;
0.7 < |r| < 1.0, 0.4 < |r| < 0.7, and 0.2 < |r| < 0.4 indicated strong, mod-
erate, and weak correlations, respectively. Survival comparison was
analyzed by the log-rank test. All results were regarded to be statisti-
cally significant at p < 0.05.

Study approval

All patients provided written informed consent before sample collec-
tion. All human biopsy sample studies were carried out in accordance
with the principles of the Declaration of Helsinki and were approved
by the Human Research Ethics Committee of the Affiliated Hospital
of Guizhou Medical University.

All animal experiments were approved by the Animal Care Welfare
Committee of Guizhou Medical University (Protocol 2304152) and
conducted in accordance with the National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals (National
Academies Press, 2011).
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