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Abstract: Tubulointerstitial fibrosis leads to tubular
basement membrane thickening and accumulation of
interstitial extracellular matrix (ECM). Matrix metallo-
peptidase-2 (MMP-2) is involved in the breakdown of
ECM. Chronic hypoxia often occurs in the kidney tissues
of patients with chronic kidney disease. Our previous
study reported the effect of autophagy and endocytosis
on MMP-2 activity in hypoxia-treated HK-2 cells. In this
study, the relationship between the Ras-related protein
Rab-7a (RAB7) and MMP-2 activity was further investi-
gated. RAB7 overexpression decreased MMP-2 activity.
In contrast, the results for RAB7 knockdown displayed
the opposite pattern. Short hairpin RNA technology was
used to knockdown Caveolin-1 (Cav-1) or Beclin-1 (Bec-1)
in HK-2 cells. The two genes displayed differential effects
on MMP-2 activity. Cav-1 and RAB7 interference increased
MMP-2 activity. This study suggested that autophagy and

endocytosis, RAB7, Cav-1, and Bec-1 may serve as poten-
tial mediators for altered MMP-2 activity.

Keywords: proximal tubular cells, hypoxia, autophagy,
endocytosis, matrix metalloproteinase-2

1 Introduction

Renal tubulointerstitial fibrosis is the pathological fea-
ture of almost all chronic kidney diseases (CKDs) [1].
Tubulointerstitial fibrosis leads to the thickening of the
basement membrane of tubules and interstitial extra-
cellular matrix (ECM) accumulation [2,3]. Matrix metallo-
peptidase-2 (MMP-2) participates in ECM destruction
and degrades type IV collagen (Col-IV), the main compo-
nent of the basement membrane [4–6]. In patients with
CKD, MMP-2 activity in renal tissues decreases, leading
to progressive renal insufficiency and organ failure [7].
However, the underlying mechanism is not completely
understood. Chronic hypoxia often occurs in the kidney
tissues of patients with CKD. In vitro data suggests that
hypoxia can induce functional and phenotypic changes
in renal epithelial cells and fibroblasts [8]. For example,
MMP-2 expression and activity in hepatic stellate cells are
reduced under hypoxic conditions [9]. Numerous studies
have reported that the activity of MMP-2 in proximal
tubule cells decreases during hypoxia, but the underlying
mechanism remains unclear [10]. We also had reported
earlier that hypoxia decreases MMP-2 activity [11,12].
Recent studies have demonstrated that autophagy has a
close and complex relationship with hypoxia, but the
underlying mechanism was not reported earlier [13]. In
addition, researchers have reported that autophagy
serves a dual role in hypoxia-induced cell damage [14].
Hypoxia, a cellular adaptive response, reduces Na/K-
ATPase activity in the alveolar epithelium by activating
the endocytosis of the α1 subunit [8,15]. The aforemen-
tioned studies indicated that hypoxia induces autophagy
and endocytosis. Ras-related protein Rab-7a (RAB7)
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participates in the final stage of autophagy [16], and
some studies have reported that RAB7 is involved in the
autophagic process [17]. Moreover, the role of RAB7 in
autophagosome lysosome fusion has also been confirmed
[18]. RAB7 indicates the maturation of endosomes and
autophagosomes. Thus RAB7 serves as an effective multi-
functional regulatory factor for autophagy and endocy-
tosis [19–21]. In summary, RAB7 serves an important role
in the maturation of autophagosomes and endosomes.
Recently, a study demonstrated that the relationship
between RAB7 and MMP-2 activity occurred in a depen-
dent manner, which protected against albumin-induced
injury [22]. RAB7 is a key molecule of autophagy and
endocytosis [19]. If the effect of RAB7 on MMP-2 can be
determined, the relationship between autophagy, endo-
cytosis, and MMP-2 will be further confirmed at the mole-
cular level. The role of RAB7 in MMP-2 in renal tubular
epithelial cells with hypoxia-induced injury is not com-
pletely understood.

Furthermore, our previous study investigated the
effects of autophagy and endocytosis on MMP-2 activity
in human renal proximal tubular cells under hypoxic
conditions [12,23]. To further investigate the possible
effects of autophagy and endocytosis on the activity of
MMP-2 at the molecular level in HK-2 cells under hypoxic
conditions, this study also investigated the effects of
Beclin-1 (Bec-1) and Caveolin-1 (Cav-1) and MMP-2
activity in the culture medium of hypoxia-treated HK-2
cells in vitro. As Bec-1 and Cav-1 are key genes for autop-
hagy and endocytosis, respectively [24,25], if the effects
of Cav-1 and Bec-1 on MMP-2 activity can be determined,
autophagy and endocytosis on MMP-2 activity can be
further determined, and it is also possible to confirm
whether autophagy or endocytosis has any effect on
MMP-2 activity. Proximal tubular cells have a key role
in the development of renal fibrosis [11]. Therefore, the
results of this study may aid the development of thera-
peutic strategies to control the progression of renal
fibrosis.

2 Materials and methods

2.1 Cell culture

The human renal proximal tubular epithelial cell line (HK-2)
was purchased from the Cell Bank of Type Culture Collection
of the Chinese Academy of Sciences. HK-2 cells were cul-
tured in DMEM (high-glucose; Thermo Fisher Scientific, Inc.)

supplemented with 10% FBS, 100 units per mL penicillin,
and 100 μg/mL streptomycin (Thermo Fisher Scientific, Inc.).

Cells (5 × 105 cells per well) were seeded into 6-well
plates and cultured for 24 h. To simulate hypoxic condi-
tions, cells were cultured under hypoxic conditions, which
were maintained using a compact gas oxygen controller
(Thermo Fisher Scientific, Inc.), and held under positive
pressure in an atmosphere of 92–94% N2, 5% CO2, and
1–3% O2 for 24 h. Control cells were cultured in normoxic
conditions [12].

2.2 Stable transfection of cells

The green fluorescent protein (GFP)-RAB7 (RAB7 gene
No. HSU44104) lentiviral vector was purchased from
Shanghai GenePharma Co., Ltd. Cells were transfected
with the GFP-RAB7 lentiviral vector according to the
manufacturer’s protocol. Short hairpin (sh)RNAs targeted
against RAB7 (GGTTATCATCCTGGGAGATTCTGGA) were
delivered into HK-2 cells using a lentiviral vector (Hanbio
Biotechnology Co., Ltd.) according to the manufacturer’s
instructions. shRNAs targeted against Bec-1 (CTCAAGTTCA
TGCTGACGAAT; Hanbio Biotechnology Co., Ltd.) and Cav-1
(GCTTTGTGATTCAATGTCTAA; Hanbio Biotechnology Co.,
Ltd.) were delivered into HK-2 cells using a lentiviral vector
(Hanbio Biotechnology Co., Ltd.) according to the manufac-
turer’s protocol. G418 (500 μg/mL) was used for the selec-
tion of stably transfected cells.

2.3 Histopathology and
immunohistochemistry

Renal tissues were fixed in 4% paraformaldehyde and
the sections were embedded in paraformaldehyde. The
renal biopsy specimens of six cases were stained with
hematoxylin and eosin (HE), which was used to identify
alterations in the renal structure. RAB7 and hypoxia-
inducible factor 1-α (HIF-1α) expression levels were detected
following xylene dewaxing of the sections and dehydration
using a graded ethanol series. Endogenous peroxidase
activity was blocked by incubating the slides with 0.3%
H2O2 for 5min. Following washing three times with PBS,
the slides were incubated with primary RAB7 and HIF-1α
(1:200; ProteinTech China) antibodies overnight at 4°C.
Following washing with PBS, the slides were then incu-
bated with an HRP-conjugated secondary antibody (1:200;
ProteinTech China) at 37°C for 1 h. Diaminobenzidine
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(Olympus Corporation) was used to visualize the sections,
and nuclei were counterstained with hematoxylin.

2.4 Western blotting

Total proteinwas extracted from the cells using an immuno-
precipitation assay buffer containing protease inhibitors
(Vazyme Biotech Co., Ltd.). Proteins (40 µg) were separated
via sodium dodecyl sulfate-polyacrylamide gel electrophor-
esis (SDS-PAGE) and transferred to polyvinylidene fluoride
membranes. The membranes were blocked with 5% non-fat
milk in TBST (0.5% Triton X-100) for 1 h at room tempera-
ture. Subsequently, the membranes were incubated overnight
at 4°Cwith primary antibodies targeted against RAB7 (Abcam),
Bec-1 (Abcam), Cav-1 (Abcam), and GAPDH (ProteinTech
China). The membranes were washed three times with TBST
and then incubated at room temperature with a horseradish
peroxidase-conjugated secondary antibody (ProteinTech
China) for 1 h. Protein bands were visualized using enhanced
chemiluminescence (Vazyme Biotech Co., Ltd.) and CL-XPosure
Film (Thermo Fisher Scientific, Inc.) [23].

2.5 ELISA to quantify MMP-2 and Col-IV in
culture media

The contents of MMP-2 and Col-IV protein in the culture
media weremeasured using ELISA kits (Shanghai Hengyuan
Biological Technology Co., Ltd.) according to the manufac-
turer’s instructions. Purified MMP-2 or Col-IV antibodies
were applied to coat the microdroplet plate. Subsequently,
culture media was added and incubated at 37˚C for 2 h. After
washing, HRP-conjugated MMP-2 or Col-IV antibodies were
added. The plate was thoroughly washed and then 3,3′,5,5′-
tetramethylbenzidine substrate was added. Sulfuric acid
solution was added to stop the reaction, and the color was
determined via spectrophotometry at awavelength of 450nm.
MMP-2 and Col-IV protein contents in the culture media were
calculated according to the standard curve [12].

2.6 Detection of MMP-2 activity by
zymography

MMP-2 activity was detected using the Zymography Assay
kit (Applygen Technologies, Inc.) according to the man-
ufacturer’s protocol. MMP-2 protein was separated via

SDS-PAGE. Subsequently, SDS was extracted from the
gel using Triton X-100 (0.1%) and incubated for 48 h at
37°C. The gels were stained with coomassie brilliant blue
G250 and decolorized. The bright band against the blue
background indicated MMP-2 activity. Image Master 1D
Analysis software (Pharmacia Biotech) was used to iden-
tify the bright band [12].

2.7 Statistical analysis

Statistical analyses were performed using SPSS software
(version 13.0; SPSS, Inc.). Data are presented as mean ± SD.
The Student t-test (unpaired t-test) was used to analyze the
differences among groups. P < 0.05 was considered to indi-
cate a statistically significant difference.

Ethics statement: Six human renal biopsy specimens
were obtained with informed consent from the patients
of Jiujiang University Subsidiary Hospital. We ensured
that the participants’ rights were protected. In this study,

Figure 1: Stable infection of HK-2 cells. (a) Hk-2 cells under no
fluorescence microscope. (b) The GFP-RAB7 lentiviral vector was
infected into HK-2 cells under a fluorescence microscope. The suc-
cess rate of infection was almost accounted for 100%. RAB7 protein
was often expressed in cytoplasm, and the results showed that the
position of RAB7 protein is correct. (c) HK-2 cells under no fluor-
escence microscope. (d) shRNA lentiviral vector directed toward
RAB7 were delivered HK-2 cells under fluorescence microscope. The
success rate of infection was almost accounted for 100%.
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all manipulations were approved by the Medical Ethics
Committee of Jiujiang (Approved ID: 1–2013, 20 February
2013).

3 Results

3.1 Verification of RAB7 overexpression and
knockdown in HK-2 cells

To verify the effect of RAB7 on MMP-2 activity in HK-2
cells under hypoxic conditions, a stable HK-2 cell line
overexpressing RAB7 was established. The GFP-RAB7
lentiviral vector was infected into HK-2 cells under a
fluorescence microscope. The success rate of infection
can reach almost 100% after G418 (500 μg/mL) was used
for the selection of stably transfected cells (Figure 1a and
b). A stable HK-2 cell line infected with RAB7 shRNA was

also established, which displayed an infection rate of 100%
after G418 (500 μg/mL) was used for the selection of stably
transfected cells (Figure 1c and d).

3.2 RAB7 protein expression levels in
human renal biopsy specimens and GFP-
RAB7-transfected HK-2 cells under
hypoxic conditions detected by
histopathology and immunostaining

A total of six human renal biopsy specimens (nephrotic
syndrome; CKD) were subjected to HE staining. In the
fibrotic area, the expression of HIF-1α was significantly
enhanced, whereas in non-fibrotic areas, the expression
of HIF-1αwas significantly reduced. By contrast, the expres-
sion of RAB7 was not affected by fibrosis (Figure 2f). To
further detect the protein expression levels of RAB7 in

Figure 2: Expression of RAB7 protein in human renal biopsy specimens. (a) HE staining was used where there was no fibrosis. (b) The
expression of HIF-1α was detected where there was no fibrosis. (c) The expression of RAB7 was detected where there was no fibrosis. (d) HE
staining was used in the fibrotic area (displayed in the box). (e) The expression of HIF-1αwas significant in the fibrotic area (displayed in the
box). (f) The expression of RAB7 was not affected by fibrosis (displayed in the box).
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HK-2 under hypoxic conditions, the RAB7 protein expres-
sion levels in GFP-RAB7-infected HK-2 cells under hypoxic
and normoxic conditions were determined via western blot-
ting. The results indicated that the RAB7 protein expression
level was not altered (Figure 3a–d).

3.3 Effect of RAB7 overexpression and
knockdown on MMP-2 activity in the
culture medium of HK-2 cells under
hypoxic conditions

MMP-2 activity was detected in the following four groups
by performing gelatin zymography: (i) Normoxia, (ii)
hypoxia, (iii) hypoxia + RAB7 overexpression, and (iv)
hypoxia + RAB7 knockdown (Figure 4a and b). MMP-2
activity in the hypoxia group was significantly lower
than in the normoxia group (P < 0.05). RAB7 overexpres-
sion significantly reduced MMP-2 activity under hypoxic
conditionswhen comparedwith the hypoxia group (P<0.05).
In addition, MMP-2 activity was significantly higher in the

hypoxia + RAB7 knockdown group than in the hypoxia
group (Figure 4c and d).

3.4 RAB7 overexpression and knockdown
alter the levels of MMP-2 and Col-IV
proteins in the culture medium of HK-2
cells under hypoxic conditions

MMP-2 protein content in the cell culture medium was
determined by performing an ELISA. As shown in Figure 3e,
MMP-2 protein level (3.81 ± 0.13 μg/L) had significantly
decreased in hypoxia-treated cells compared to normoxic
cells (4.46 ± 0.35 μg/L, P < 0.05). In RAB7 overexpression
cells following hypoxia treatment for 24 h, MMP-2 protein
content (2.52 ± 0.26 μg/L) was reduced compared to the
hypoxic group. However, in RAB7 knockdown cells, MMP-2
protein content in the culture medium had increased (4.31 ±
0.30 μg/L; Figure 4e; P < 0.05). Alterations in the Col-IV
protein level displayed the opposite expression pattern
when compared with the MMP-2 protein level (Figure 4f).

3.5 Cav-1 and Bec-1 knockdown in hypoxia-
treated cells

To investigate the roles of Cav-1 and Bec-1 in HK-2 cells, a
stable HK-2 cell line (Cav-1 shRNA or Bec-1 shRNA) in
which Cav-1 or Bec-1 protein expression levels were
knocked down compared to the non-shRNA group under
hypoxic conditions was established (Figure 5a–c).

3.6 Effect of Bec-1 or Cav-1 knockdown on
MMP-2 activity in the culture medium of
hypoxia-treated cells

To determine the effects of Bec-1 or Cav-1 on MMP-2 activity
in renal tubular epithelial cells under hypoxic conditions,
the normoxia, hypoxia, hypoxia + Bec-1 shRNA, and hypoxia
+ Cav-1 shRNA groups were assessed via gelatin zymography.
Alteration in MMP-2 activity was observed in the cell culture
media of the Cav-1 shRNA group (Figure 6a and b). MMP-2
activity in the hypoxia + Bec-1 shRNA group was lower than
that in the hypoxia group. In contrast, the MMP-2 activity in
the hypoxia + Cav-1 shRNA group was significantly higher
than in the hypoxia group (P < 0.05). The results indicated
that in the absence of oxygen, Bec-1 and Cav-1 knockdown
resulted in altered MMP-2 activity between the two groups.

Figure 3: Expression of RAB7 protein in HK-2 cells with GFP-RAB7
lentiviral vector under hypoxia or normoxia. (a) Expression of RAB7
protein in HK-2 cells with GFP-RAB7 lentiviral vector under nor-
moxia. (b) Expression of RAB7 protein in HK-2 cells with GFP-RAB7
lentiviral vector under hypoxia. The results show no difference. (c)
Expression of RAB7 protein in HK-2 cells with GFP-RAB7 lentiviral
vector under hypoxia and normoxia was detected by western blot.
The results show no significant difference. (d) Expression of RAB7
relative to that of GAPDH. Error bars represented mean ± SD, and the
results were analyzed by unpaired with Student’s t-test, *p < 0.05,
**p < 0.01.
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3.7 Effect of Bec-1 and Cav-1 knockdown on
MMP-2 and Col-IV protein levels in the
culture medium of hypoxia-treated cells

The ELISA results showed that the concentration of
the MMP-2 protein in the hypoxia + Bec-1 shRNA group
was 3.30 ± 0.18 μg/L, whereas the concentration of the
MMP-2 protein in the hypoxia + Cav-1 shRNA group was
4.25 ± 0.29 μg/L, which was significantly higher than that
of the hypoxia group (3.64 ± 0.25 μg/L). Alteration in
Col-IV protein concentration in the cell culture medium
displayed the opposite pattern when compared with MMP-2
protein concentration (Figure 6c and d). Moreover, the
alterations in the MMP-2 and Col-IV protein content in

the culture media reflected the alteration in MMP-2 activity
in the culture media.

4 Discussion

Renal hypoxia is one of the pathophysiological factors
involved in the transition of acute kidney injury to CKD
[26]. Previous studies have demonstrated that hypoxia
may affect the cellular components of renal tubules,
which maintain normal metabolism and function prop-
erly, therefore, renal proximal tubule cells are the pri-
mary target of hypoxic damage [27]. Autophagy has a

Figure 4: Effect of up- or downregulated RAB7 on MMP-2 activity. (a) Up- or downregulated RAB7 expression in HK-2 cells under hypoxia or
normoxia was detected by western blot. The expression of RAB7 was significantly upregulated, and the expression of RAB7 was significantly
downregulated compared to the control group. (b) Expression of RAB7 relative to that of GAPDH. (c) MMP-2 activity in culture media was
evaluated in HK-2 cells with up- or downregulated RAB7 expression under hypoxia or normoxia by gel zymography, respectively. MMP-2
activity was significantly higher in the group in which RAB7 was downregulated than in the hypoxia group. (d) Gels were scanned and
quantified by densitometry and the relative MMP-2 activity was calculated as a percentage of the relevant control values (assigned values: 1)
from arbitrary densitometry units. Data are the mean of three separative experiments. (e) The contents of MMP-2 protein in cell culture
supernatants were detected by ELISA, respectively. The results were similar to the change inMMP-2 activity in culture media. (f) The contents of
Col-IV protein in cell culture supernatants were detected by ELISA, respectively. The results were reversed for MMP-2 protein in the culture
media. Error bars represented mean ± SD, and the results were analyzed by unpaired with Student’s t-test, *p < 0.05, **p < 0.01.
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close and complex relationship with hypoxia, and serves
a dual role in hypoxia-induced cell damage [13,14]. In
addition to autophagy, hypoxia can also induce endocy-
tosis [15]. Hypoxia leads to the thickening of the base-
ment membrane and decreased MMP-2 activity [4], but
the underlying mechanism remains rarely clear. Our pre-
vious study found the effects of autophagy and endo-
cytosis on the activity of MMP-2 in human renal proximal
tubular cells under hypoxic conditions. Specific inhibi-
tors of autophagy and endocytosis (3-MA and Filipin,
respectively) were used, and the results indicated that
autophagy and endocytosis displayed different effects
on MMP-2 activity in hypoxia-treated HK-2 cells. Collec-
tively, the aforementioned results suggested that auto-
phagy and endocytosis alter the activity of MMP-2 under

hypoxic conditions. However, the underlying mechanism
is not completely understood [12,23].

This study, which is an important supplement to
previous studies, focused on investigating the effect of
RAB7 on MMP-2 activity at the gene level. RAB7 is an
effective multifunctional regulatory factor for autophagy
and endocytosis [19]. In addition, the relationship between
autophagy, endocytosis, and MMP-2 activity was also
investigated by analyzing the key genes related to auto-
phagy and endocytosis. First, the expression of RAB7 in
human renal biopsy specimens and alteration in the RAB7
expression level in hypoxia-treated GFP-RAB7-overexpres-
sion HK-2 cells were assessed. To investigate the effect of
RAB7 on MMP-2 activity, RAB7 was overexpressed and
knocked down in HK-2 cells under hypoxic conditions.

Figure 5: Suppression of Cav-1 by shRNA or Bec-1 by shRNA in hypoxia-treated cells. (a) (1) HK-2 cells (control), (2) Bec-1 shRNA lentiviral
vector was infected into HK-2 cells. (3) HK-2 cells (control), (4) Cav-1shRNA lentiviral vector was infected into HK-2 cells. The success rate of
infection was almost accounted for 100%. (b) Cav-1 and Bec-1 expression were suppressed in shRNA infected cells. Downregulated Cav-1
and Bec-1 expression in HK-2 cells under hypoxia or normoxia were detected by western blot. Cav-1 and Bec-1 expression levels were
suppressed in protein levels when compared with the non-shRNA group in hypoxia. (c) Expression levels of Cav-1 and Bec-1 relative to that
of GAPDH. Error bars represented mean ± SD, and the results were analyzed by unpaired with Student’s t-test, *p < 0.05, **p < 0.01.
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The results demonstrated that RAB7 knockdown signifi-
cantly increased MMP-2 activity. In contrast, the results
for RAB7 overexpression displayed the opposite trend. The
results indicated that RAB7 was associated with MMP-2
activity. As RAB7 is an effective multifunctional regulator
of autophagy and endocytosis, the potential underlying
mechanisms were investigated [19]. The results showed
that there is a definite relationship between autophagy,
endocytosis, and MMP-2 activity at the molecular level.

To further investigate the possible roles of autophagy
and endocytosis in HK-2 cells under hypoxic conditions,
shRNA technology was used to reduce the expression
levels of Cav-1 and Bec-1 genes in HK-2 cells under
hypoxic hypoxia conditions. The Cav-1 shRNA-treated
group displayed increased MMP-2 activity, whereas the
Bec-1 shRNA group displayed decreased MMP-2 activity
compared to the control group. The ELISA results for
MMP-2 and Col-IV protein levels in the culture medium

were consistent with the gel zymography results. The
results of this study were also consistent with previous
results. In this study, unlike our previous reported study,
we compared the Cav-1 gene with the Bec-1 gene [12,23].
As Bec-1 and Cav-1 are the key genes for autophagy and
endocytosis, respectively, autophagy and endocytosis may
affect the activity of MMP-2. Some studies have reported
that Cav-1 inhibited MMP-2 activity in heart tissue and
Filipin decreased caveolae-mediated endocytosis [28,29].
Previous reports have demonstrated that Cav-1 is respon-
sible for maintaining MMP-2 in a membrane-associated
and inhibited configuration [28]. The results of this study
further suggested that the expression levels of Cav-1
and Bec-1 influenced MMP-2 activity in HK-2 cells under
hypoxic hypoxia conditions, which is an important supple-
ment to previous studies. The relationship between auto-
phagy, endocytosis, andMMP-2 activity was further confirmed.
However, in vivo studies are needed. In conclusion, thefindings

Figure 6: Effect on MMP-2 activity in culture media by Bec-1shRNA or Cav-1shRNA. (a) MMP-2 activity was evaluated by gel zymography in
the culture media of hypoxia-treated HK-2 cells. MMP-2 activity was significantly higher in the group in which Cav-1 was downregulated
than that in the hypoxia group. (b) Gels were scanned and quantified by densitometry and the relative MMP-2 activity was calculated as a
percentage of the relevant control values (assigned values: 1) from arbitrary densitometry units. The data are the mean of the three
separative experiments. (c) The contents of MMP-2 protein in cell culture supernatants were detected by ELISA. The results were similar to
the change of MMP-2 activity in culture media. (d) The contents of Col-IV protein in cell culture supernatants were detected by ELISA. The
results were reversed for MMP-2 protein in the culture media. Error bars represented mean ± SD, and the results were analyzed by unpaired
with Student’s t-test, *p < 0.05, **p < 0.01.
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of this study suggested that autophagy and endocytosis, RAB7,
Cav-1, and Bec-1 influence MMP-2 activity in the kidney tissues
of patients with CKD. It also suggests that these factors may be
associated with the thickening of the basementmembrane and
accumulation of ECM in renal diseases.

Abbreviations

CKD chronic renal disease
ECM extracellular matrix
MMP-2 matrix metalloproteinase-2
Col-IV type IV collagen

Acknowledgements: Not applicable.

Funding information: This work was supported by the
National Natural Science Foundation of China (No. 81760124,
81860796) and the Science and Technology Projects of the
Health Commission of Jiangxi Province (No. 20204762 and
No. 20202048).

Author contributions: W.M.Y. and M.R.L. conceived and
supervised the study; X.M.K. and P.Y. designed experi-
ments; W.M.Y. performed the experiments; W.M.Y. and
J.P. analyzed data; W.M.Y. and J.P. wrote the manuscript;
and H.M.L. and W.M.Y. revised the manuscript. All the
authors read and approved the final version of the
manuscript.

Conflict of interest: The authors declare that they have no
conflict of interest.

Data availability statement: The datasets generated during
and/or analyzed during the current study are available
from the corresponding author on reasonable request.

References

[1] Schieppati A, Remuzzi G. Chronic renal diseases as a public
health problem: epidemiology, social, and economic implica-
tions. Kidney Int Suppl. 2005;98:S7–10.

[2] Jacobson HR. Chronic renal failure: pathophysiology. Lancet.
1991;338(8764):419–23.

[3] Luo X, Deng L, Lamsal LP, Xu W, Xiang C, Cheng L. AMP-acti-
vated protein kinase alleviates extracellular matrix accumu-
lation in high glucose-induced renal fibroblasts through mTOR
signaling pathway. Cell Phys Biochem: Int J Exp Cell Physiol,
Biochem, Pharmacol. 2015;35(1):191–200.

[4] Ronco P, Chatziantoniou C. Matrix metalloproteinases and
matrix receptors in progression and reversal of kidney
disease: therapeutic perspectives. Kidney Int.
2008;74(7):873–8.

[5] Zhou TB, Qin YH, Lei FY, Huang WF, Drummen GP. Prohibitin
attenuates oxidative stress and extracellular matrix accumu-
lation in renal interstitial fibrosis disease. PLoS One.
2013;8(10):e77187.

[6] DeCoux A, Lindsey ML, Villarreal F, Garcia RA, Schulz R.
Myocardial matrix metalloproteinase-2: inside out and upside
down. J Mol Cell Cardiol. 2014;77:64–72.

[7] Fine LG, Norman JT. Chronic hypoxia as a mechanism of pro-
gression of chronic kidney diseases: from hypothesis to novel
therapeutics. Kidney Int. 2008;74(7):867–72.

[8] Cheng Z, Liu L, Wang Z, Cai Y, Xu Q, Chen P. Hypoxia activates
Src and promotes endocytosis which decreases MMP-2
activity and aggravates renal interstitial fibrosis. Int J Mol Sci.
2018;19(2):581.

[9] Chen P, Zhai W, Zhang Y, Zhou X, Zhang J, Ling Y, et al. Effects
of hypoxia and hyperoxia on the regulation of the expression
and activity of matrix metalloproteinase-2 in hepatic stellate
cell. Zhonghua Bing Li Xue Za Zhi = Chin J Pathol.
2002;31(4):337–41.

[10] Orphanides C, Fine LG, Norman JT. Hypoxia stimulates prox-
imal tubular cell matrix production via a TGF-beta1-indepen-
dent mechanism. Kidney Int. 1997;52(3):637–47.

[11] D’Amico G. Tubulo-interstitial damage in glomerular diseases:
its role in the progression of the renal damage. Nephrol,
Dialysis, Transplant: Off Publ Eur Dialysis Transpl Assoc – Eur
Ren Assoc. 1998;13(Suppl 1):80–5.

[12] Yu W, Wang Z, Li Y, Liu L, Liu J, Ding F, et al. Effects of auto-
phagy and endocytosis on the activity of matrix metallopro-
teinase2 in human renal proximal tubular cells under hypoxia.
Mol Med Rep. 2017;15(5):3225–30.

[13] Bellot G, Garcia-Medina R, Gounon P, Chiche J, Roux D,
Pouyssegur J, et al. Hypoxia-induced autophagy is mediated
through hypoxia-inducible factor induction of BNIP3 and
BNIP3L via their BH3 domains. Mol Cell Biol.
2009;29(10):2570–81.

[14] Mazure NM, Pouyssegur J. Hypoxia-induced autophagy: cell
death or cell survival? Curr OpCell Biol. 2010;22(2):177–80.

[15] Dada LA, Welch LC, Zhou G, Ben-Saadon R, Ciechanover A,
Sznajder JI. Phosphorylation and ubiquitination are necessary
for Na,K-ATPase endocytosis during hypoxia. Cell Signal.
2007;19(9):1893–8.

[16] Jager S, Bucci C, Tanida I, Ueno T, Kominami E, Saftig P, et al.
Role for Rab7 in maturation of late autophagic vacuoles.
J Cell Sci. 2004;117(Pt 20):4837–48.

[17] Gutierrez MG, Munafo DB, Beron W, Colombo MI. Rab7
is required for the normal progression of the auto-
phagic pathway in mammalian cells. J Cell Sci.
2004;117(Pt 13):2687–97.

[18] Kimura S, Noda T, Yoshimori T. Dissection of the autophago-
some maturation process by a novel reporter protein, tandem
fluorescent-tagged LC3. Autophagy. 2007;3(5):452–60.

[19] Hyttinen JM, Niittykoski M, Salminen A, Kaarniranta K.
Maturation of autophagosomes and endosomes: a key role for
Rab7. Biochim et Biophys Acta. 2013;1833(3):503–10.

[20] Zheng H, Miao P, Lin X, Li L, Wu C, Chen X, et al. Small GTPase
Rab7-mediated FgAtg9 trafficking is essential for autophagy-

1436  Wenmin Yu et al.



dependent development and pathogenicity in Fusarium gra-
minearum. PLoS Genet. 2018;14(7):e1007546.

[21] Zhang YN, Liu YY, Xiao FC, Liu CC, Liang XD, Chen J, et al. Rab5,
Rab7, and Rab11 are required for caveola-dependent endo-
cytosis of classical swine fever virus in porcine alveolar
macrophages. J Virol. 2018;92:15.

[22] Liu L, Li Y,WangZ, Ding F, Cheng Z, XuQ, et al. Rab7 empowers renal
tubular epithelial cells with autophagy-mediated protection against
albumin-induced injury. Exp Cell Res. 2018;370(2):198–207.

[23] Yu W, Wang Z, Li Y, Liu L, Liu J, Ding F, et al. Endocytosis
mediated by Caveolin-1 inhibits activity of matrix metallopro-
teinase-2 in human renal proximal tubular cells under hypoxia.
Int J Clin Exp Pathol. 2016;9(2):1276–84. (2016;9(2)):276–1284.

[24] Maejima Y, Isobe M, Sadoshima J. Regulation of autophagy by
Beclin 1 in the heart. J Mol Cell Cardiol. 2016;95:19–25.

[25] Gerbod-Giannone MC, Dallet L, Naudin G, Sahin A,
Decossas M, Poussard S, et al. Involvement of caveolin-1 and

CD36 in native LDL endocytosis by endothelial cells. Biochim
Biophys Acta Gen Subj. 2019;1863(5):830–8.

[26] Tanaka S, Tanaka T, Nangaku M. Hypoxia as a key player in the
AKI-to-CKD transition. Am J Physiol Ren Physiol.
2014;307(11):F1187–95.

[27] Levey AS, Atkins R, Coresh J, Cohen EP, Collins AJ, Eckardt KU,
et al. Chronic kidney disease as a global public health pro-
blem: approaches and initiatives – a position statement from
kidney disease improving global outcomes. Kidney Int.
2007;72(3):247–59.

[28] Chow AK, Cena J, El-Yazbi AF, Crawford BD, Holt A, Cho WJ,
et al. Caveolin-1 inhibits matrix metalloproteinase-2 activity in
the heart. J Mol Cell Cardiology. 2007;42(4):896–901.

[29] Schnitzer JE, Oh P, Pinney E, Allard J. Filipin-sensitive
caveolae-mediated transport in endothelium: reduced trans-
cytosis, scavenger endocytosis, and capillary permeability of
select macromolecules. J Cell Biol. 1994;127(5):1217–32.

RAB7 and Caveolin-1 increase MMP-2 activity  1437


	1 Introduction
	2 Materials and methods
	2.1 Cell culture
	2.2 Stable transfection of cells
	2.3 Histopathology and immunohistochemistry
	2.4 Western blotting
	2.5 ELISA to quantify MMP-2 and Col-IV in culture media
	2.6 Detection of MMP-2 activity by zymography
	2.7 Statistical analysis

	3 Results
	3.1 Verification of RAB7 overexpression and knockdown in HK-2 cells
	3.2 RAB7 protein expression levels in human renal biopsy specimens and GFP-RAB7-transfected HK-2 cells under hypoxic conditions detected by histopathology and immunostaining
	3.3 Effect of RAB7 overexpression and knockdown on MMP-2 activity in the culture medium of HK-2 cells under hypoxic conditions
	3.4 RAB7 overexpression and knockdown alter the levels of MMP-2 and Col-IV proteins in the culture medium of HK-2 cells under hypoxic conditions
	3.5 Cav-1 and Bec-1 knockdown in hypoxia-treated cells
	3.6 Effect of Bec-1 or Cav-1 knockdown on MMP-2 activity in the culture medium of hypoxia-treated cells
	3.7 Effect of Bec-1 and Cav-1 knockdown on MMP-2 and Col-IV protein levels in the culture medium of hypoxia-treated cells

	4 Discussion
	Abbreviations
	Acknowledgements
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU <FEFF0056006500720073006900740061002000410064006f00620065002000440069007300740069006c006c00650072002000530065007400740069006e0067007300200066006f0072002000410064006f006200650020004100630072006f006200610074002000760036>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


