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Background: Renal fibrosis is a common pathological alteration in chronic kidney disease (CKD), in which prominin 1 (PROM1)
serves as a hub signature, as confirmed by a weighted gene co-expression network analysis. This study aims to investigate the
precise function and mechanism of PROM1 in renal fibrosis.
Methods: The in vivo and in vitro models of renal fibrosis were established by inducing overexpression of PROM1 in unilateral
ureteric obstruction (UUO) mice and transforming growth factor-β (TGF-β)-treated HK-2 cells (renal tubular epithelial cells).
Mammalian target of rapamycin complex 1 (mTORC1) activator MHY1485 was used in rescue experiments in vitro. Expressions
of PROM1 and proteins relevant to fibrosis, the mTORC1 pathway, and glycolysis in animal and cell models were determined
using western blot. Kidney fibrosis and injury, as well as 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFKFB3)
location were observed following tissue staining. Lactate content and extracellular acidification rate (ECAR) were measured to
assess cellular glycolysis level.
Results: PROM1 was lowly expressed in kidneys and its overexpression improved kidney fibrosis of UUO mice. PROM1 over-
expression rescued TGF-β-induced fibroid transformation, lactate accumulation, and ECAR increase in HK-2 cells. PROM1
overexpression reversed upregulation of fibronectin (FN), type I collagen (COL-I), plasminogen activator inhibitor-1 (PAI-1),
mTOR, Raptor, Rictor, phosphorylated S6 ribosomal protein (p-S6), hexokinase 2 (HK2), and PFKFB3 in kidneys of UUO mice
and TGF-β-treated HK-2 cells. MHY1485 generated opposite effects on TGF-β-treated HK-2 cells, and weakened the effects of
PROM1 overexpression on suppression of the mTORC1 pathway and glycolysis.
Conclusion: PROM1 upregulation in renal tubular epithelial cells regulates PFKFB3-driven glycolysis through the mTORC1
pathway to improve renal fibrosis. Our results suggest that PROM1 is a promising therapeutic target for CKD prevention and
treatment.
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Introduction

Chronic kidney disease (CKD) has a high fatality rate
worldwide, and is one of the few non-communicable dis-
eases with rising mortality over the past 20 years. More
than 800 million individuals are suffering from CKD, ac-
counting for 10% of the general population globally [1].
There are a variety of etiological factors for CKD, such as
diabetes and hypertension, that contribute to the common
pathological alteration, renal fibrosis, that results in renal
function impairment [2]. Unfortunately, limited therapeu-
tic options are available in clinical practice for patients with
renal fibrosis [3]. Therefore, dissecting themechanisms un-
derlying renal fibrosis is imperative for the development of
effective therapies for CKD prevention and reversal.

The weighted gene co-expression network analysis
has revealed that prominin 1 (PROM1) is one of the hub
signatures in renal fibrosis, and its significant downregu-
lation has been detected in CKD [4,5]. The transmem-
brane protein PROM1 is a glycoprotein consisting of 865
amino acids [6]. Hori et al. [7] have demonstrated that
PROM1 is implicated in membrane morphology, as ev-
idenced by PROM1 overexpression leading to multiple,
long, cholesterol-enriched fibres in human retinal pigment
epithelial cells. On the other hand, PROM1 was reported
to protect against liver fibrosis via negative regulation of
transforming growth factor-β (TGF-β) signaling [8]. How-
ever, whether PROM1 plays a role in renal fibrosis remains
unclear.
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It has been shown that PROM1 regulates glycoly-
sis by suppressing the activation of mammalian target of
rapamycin (mTOR) complex 1 (mTORC1), a mediator
of renal fibrosis [9,10]. mTORC1, consisting of mTOR,
the regulatory-associated protein of mTOR (Raptor), and
mLST8, regulates cell growth by phosphorylating down-
stream targets, including p70 S6 kinase (S6K) [11]. Fur-
thermore, mTORC1 inhibition induces a dramatic decrease
in 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3
(PFKFB3) [12]. Of note, PFKFB3, a key kinase in glycoly-
sis, is the preferred energy source for fibroblasts in fibrotic
diseases [13]. Studies have found that PFKFB3-mediated
glycolysis in endothelial cells and fibroblasts participates in
the process of renal fibrosis [14,15]. Although there are no
studies that implicate PFKFB3-mediated glycolysis in renal
fibrosis in renal tubular epithelial cells, we discovered that
PFKFB3 is one of the differentially expressed genes in re-
nal fibrosis using the GSE66494 database (https://www.nc
bi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE66494). Thus,
we hypothesized that PFKFB3 plays a role in renal fibrosis
through promotion of glycolysis in renal tubular epithelial
cells.

In the current study, using a renal fibrosis mouse
model induced via unilateral ureteric obstruction (UUO),
and a cell model with TGF-β-stimulated human renal cor-
tical proximal convoluted tubular epithelial cell line, HK-
2, we found that PROM1 was lowly expressed in re-
nal fibrosis, and PROM1 upregulation inhibited PFKFB3-
driven glycolysis to ameliorate renal fibrosis by blocking
mTORC1 pathway.

Objects and Methods

Animals
Male C57BL/6J mice (8–10 weeks old, 20–22 g, n

= 36) provided by Hangzhou Medical College (Zhejiang,
China) were raised under a specific pathogen-free environ-
ment (22–24 °C, 50–60% humidity, a 12-h light/dark cy-
cle), with 2 or 3 mice in a cage. All mice had free access
to food and water. All animal studies followed the recom-
mendations in the guidelines of the China Council on Ani-
mal Care and Use Health. All operations on mice were ap-
proved by the Institutional Animal Care andUseCommittee
of Zhejiang Center of Laboratory Animals (No. ZJCLA-
IACUC-20010529).

Induction of UUO Model
After a week of acclimation, twelve C57BL/6J mice

were randomly selected and divided into Sham and Model
groups (n = 6/group). Mice were anesthetized with 1.5%
isoflurane (R510-22-16, PHR2874, Sigma-Aldrich, St.
Louis, MI, USA) by inhalation before UUO modeling or
sham operation, as described in a previous study [16]. To
induce UUOmodels, left proximal ureters of mice were lig-
ated with 4-0 silk at two points, and an incision was cre-

ated between the two ligation locations. The ureters of the
Sham group were made visible without ligation. On the
14th day following the procedure, the mice were sacrificed
by cervical dislocation under anesthesia using 150 mg/kg
of sodium pentobarbital (intraperitoneal injection, P3761,
Haoran Biological Technology, Shanghai, China). Kidney
tissues were later removed and preserved at –80 °C.

Quantitative Real-Time Reverse Transcription
Polymerase Chain Reaction (qRT-PCR)

Total RNA of kidney tissues was extracted with a TRI-
zol™ Plus RNA Purification Kit (12183555, Thermo Sci-
entific, Waltham, MA, USA), and then synthesized into
first-strand complementary DNA (cDNA) using a Super-
Script™ VILO™ cDNA Synthesis Kit (11754050, Thermo
Scientific, Waltham, MA, USA). QRT-PCR was carried out
in a reaction system, consisting of cDNA, specific primers
of PROM1 (forward: 5′-CTCATGGCTGGGGTTGGATT-
3′; reverse: 5′-TGAGCAGATAGGGAGTGTCCA-3′) and
β-actin (forward: 5′-ATATCGCTGCGCTGGTCGTC-3′;
reverse: 5′-AGGATGGCGTGAGGGAGAGC-3′), and
Fast SYBR™ Green Master Mix (4385612, Thermo Sci-
entific, Waltham, MA, USA) in a QuantStudio™ 7 Pro
real-time PCR instrument (A43165, Thermo Scientific,
Waltham, MA, USA), with the following conditions: 95 °C
for 20 s, and 40 cycles at 95 °C for 3 s and 60 °C for 30 s.
Data were processed using the 2−∆∆Ct method [17], with
β-actin as the internal control.

PROM1 Overexpression in Vivo
The pHAGE-PROM1 vector and empty vector as neg-

ative control (NC, 166467) were obtained from Addgene
(Cambridge, MA, USA). The 24 mice were assigned into
Sham, Model, Model+NC, and Model+PROM1 groups (6
mice/group), and were subjected to sham or UUO operation
as described above. After surgeries, mice in the Model+NC
and Model+PROM1 groups were separately injected with
50 µL transfection solution containing 15 µg empty vector
and pHAGE-PROM1 vector via tail vein for 6 weeks, once
a week [18]. Finally, detached kidney tissues were either
preserved at –80 °C or fixed in 4% paraformaldehyde solu-
tion (abs9179, Absin, Shanghai, China).

Tissue Staining
After 48-h fixation, kidney tissues were dehydrated

in alcohol (51976, Sigma-Aldrich, St. Louis, MI, USA)
and permeabilized in xylene (XX0060, Sigma-Aldrich,
St. Louis, MI, USA). Then, 6-µm tissue sections were
made following paraffin embedment. For staining, sections
were deparaffinized in xylene and rehydrated with gradient
ethanol.

To observe pathological changes, hematoxylin
(H3136, Sigma-Aldrich, St. Louis, MI, USA) and eosin
(861006, Sigma-Aldrich, St. Louis, MI, USA) (H&E)
staining was used to dye sections for 5 min and 3 min,
respectively, at room temperature. The assessment of
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interstitial fibrosis and tubular damage was performed
by section staining with Masson’s Trichrome Stain Kit
(G1340, Solarbio, Beijing, China) and Sirius red (30 min,
S8060, Solarbio, Beijing, China), respectively. Finally,
after being sealed with neutral gum, the stained sections
were observed under the BX53M optical microscope
(×100 magnification, OLYMPUS, Tokyo, Japan).

Next, immunohistochemistry staining was performed
to detect the expression of PFKFB3 in kidney tissues.
In brief, sections were maintained in phosphate-buffered
saline (PBS, abs962, Absin, Shanghai, China) supple-
mented with TritonX-100 (A1009, Applygen, Beijing,
China) and 30% H2O2 (323381, Sigma-Aldrich, St. Louis,
MI, USA) for 30 min against the light at room temperature.
Afterwards, antigen repair buffer (B1055, Applygen, Bei-
jing, China) and 5% goat serum (C1771, Applygen, Bei-
jing, China) were incubated with sections at 37 °C for 20
min or at room temperature for 30 min. The sections were
successively cultured with anti-PFKFB3 antibody (MA5-
32766, Thermo Scientific, Waltham, MA, USA) overnight
at 4 °C and horseradish peroxidase (HRP)-conjugated Goat
anti-Rabbit IgG (31460, Thermo Scientific, Waltham, MA,
USA) at 37 °C for 30 min. Finally, DAB Substrate Solution
(B1072, Applygen, Beijing, China) was applied for color
development, followed by re-staining with hematoxylin,
alcohol dehydration, xylene permeabilization, and neutral
gum sealing. A BX53M optical microscope was utilized to
observe sections at ×100 magnification.

Cell Culture and Transfection
HK-2 (AW-CELLS-H0142, AnWei-sci, Shanghai,

China) cells were grown in serum-free medium for ker-
atinocytes (AW-M014, AnWei-sci, Shanghai, China) con-
taining 10% fetal bovine serum (FBS, AW-FBS-001,
AnWei-sci, Shanghai, China). The cells were incubated
in 96-well plates (1 × 104 cells/well) in a 37 °C incuba-
tor under 5% CO2. All cells were routinely subjected to
STR identification and mycoplasma contamination tests,
and were confirmed to be mycoplasma-free.

For cell transfection, PROM1 overexpression plasmid
was synthesized using pcDNA3.1 vectors (VT1001), with
empty vectors as NC, and both vectors were purchased
from YouBio (Changsha, China). Cells were grown to 70–
90% confluency, before addition of liposome complexes of
PROM1overexpression vectors/empty vectors prepared us-
ing Lipofectamine 3000 Reagent (L3000001, Thermo Sci-
entific, Waltham, MA, USA) for 48 h at 37 °C. The trans-
fection efficiency was measured through western blot.

Cell Treatment
Subsequently, HK-2 cells were exposed to various

treatments to investigate the effect of PROM1 on TGF-β-
induced cells. First, cells in Control, TGF-β, TGF-β+NC,
and TGF-β+PROM1 groups were seeded in 6-well plates
containing completemedium overnight, andwere starved in
serum-free medium for 12 h. Cells in the latter three groups

were incubated with 20 ng/mL human recombinant TGF-β
(GF346, Sigma-Aldrich, St. Louis, MI, USA) in complete
medium at 37 °C for 24 h [19], followed by observation of
cell morphology using a BX53Mmicroscope at×200 mag-
nification.

For treatment with mTOR activator MHY1485
(SML0810, Sigma-Aldrich, St. Louis, MI, USA), HK-
2 cells were distributed into NC (control HK-2 cells
treated with TGF-β), PROM1 (PROM1-overexpressing
HK-2 cells treated with TGF-β), MHY1485 (normal HK-
2 cells treated with 2 µM MHY1485 and TGF-β), and
PROM1+MHY1485 groups (PROM1-overexpressing HK-
2 cells treated with 2 µM MHY1485 and TGF-β). Specif-
ically, MHY1485 was dissolved in dimethyl sulfoxide
(abs9184, Absin, Shanghai, China) and diluted in complete
medium to treat cells for 6 h before TGF-β treatment [20].

Lactate Assay
A Lactate Assay Kit (MAK064, Sigma-Aldrich, St.

Louis, MI, USA) was utilized to detect lactate content in the
supernatant of culture medium. In brief, 50 µL/well sam-
ples and different concentrations of standards were added
into 96-well plates as per well-setting positions, and incu-
bated with 50 µL prepared Master Reaction Mix for 30 min
at room temperature in the dark. The absorbance at 570 nm
was measured in Multiskan™ FC Microplate Photometer
(51119180ET, Thermo Scientific, Waltham, MA, USA).

Extracellular Acidification Rate (ECAR)
ECAR measurement was achieved with the Seahorse

XF Glycolysis Stress Test Kit (103020-100, Agilent, Santa
Clara, CA, USA) and Seahorse XFe24 Analyzer (Agilent,
Santa Clara, CA, USA) as previously described [21]. In de-
tail, the number of transfected cells was counted. Glucose,
oligomycin (an inhibitor of oxidative phosphorylation) and
2-DG (a glycolytic inhibitor) were added into each well at
the designated time intervals. Seahorse XFpWave software
(Agilent, Santa Clara, CA, USA) was used to analyze the
data that were expressed as mpH/min. After cell digestion
with Trypsin (P4201, Beyotime, Shanghai, China) in each
well and cell quantification with a cell counting chamber,
the results were normalized to the number of cells in each
well.

Western Blot
Kidney tissues and HK-2 cells were treated with RIPA

Buffer (R0010, Solarbio, Beijing, China) supplemented
with mixture of protease and phosphatase inhibitor (P1261,
Solarbio, Beijing, China) to extract proteins. Following
5-min boiling water bath, protein concentration was de-
termined with BCA Protein Assay Kit (PC0020, Solarbio,
Beijing, China) and protein separation was completed by
sodium dodecyl sulfate polyacrylamide gel electrophore-
sis in NuPAGE™ 4–12%, Bis-Tris (NP0321BOX, Thermo
Scientific, Waltham, MA, USA). After being loaded with
separated proteins, polyvinylidene fluoride (PVDF) mem-
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Fig. 1. Expression of PROM1 and fibrosis-related proteins in kidneys of UUO mice. (A,B) Expression of PROM1 and fibrosis-
related proteins (FN, COL-I, and PAI-1) was measured by western blot in kidney tissues of mice in Sham and Model groups. (C) The
mRNA expression of PROM1 was tested by qRT-PCR in kidney tissues of mice in Sham and Model groups. (D,E) Vectors of pHAGE-
PROM1 or empty vectors as negative control were injected into model mice via tail vein (Model+PROM1 and Model+NC groups), or
not (Model group), with Sham group as the blank control, and western blot data displayed the protein expression of PROM1. β-actin
was used as an internal reference. ***p < 0.001 vs. Sham; ###p < 0.001 vs. Model+NC. PROM1, prominin 1; UUO, unilateral ureteric
obstruction; FN, fibronectin; COL-I, type I collagen; PAI-1, plasminogen activator inhibitor-1; qRT-PCR, quantitative real-time reverse
transcription polymerase chain reaction; NC, negative control.

branes (YA1701, Solarbio, Beijing, China) were blocked
with Blocking Buffer (37581, Thermo Scientific, Waltham,
MA, USA) for 1 h at room temperature, probed first with
primary antibodies at 4 °C overnight, and then incubated
with secondary antibodies for 1 h at room temperature. Fol-
lowing the BeyoECL Plus (P0018S, Beyotime, Shanghai,
China) treatment, the band signals were analyzed on 5200
imaging system (Tanon, Shanghai, China). Data analysis
was performed using Image J software (1.52s version, Na-
tional Institutes of Health, Bethesda, MD, USA), with β-
actin as an internal reference.

Antibodies obtained from Abcam (Cambridge, UK)
were as follows: PROM1 (ab284389, 90/97 kDa,
1:1000), type I collagen (COL-I; ab260043, 120/139
kDa, 1:1000), plasminogen activator inhibitor-1 (PAI-1;
ab222754, 44/45 kDa, 1:1000), Raptor (ab40768, 125/140
kDa, 1:1000), Rictor (ab105469, 192 kDa, 1:1000),
hexokinase 2 (HK2; ab209847, 102/112 kDa, 1:1000),
PFKFB3 (ab181861, 58/62 kDa, 1:1000), β-actin (ab8226,
44 kDa, 1:1000), HRP-coupled Goat anti-Rabbit IgG
(ab205718, 1:2000) and HRP-coupled Goat anti-Mouse
IgG (ab205719, 1:2000). In addition, phosphorylated S6K
(p-S6; 4858, 32 kDa, 1:2000) and mTOR (2972, 180/200

kDa, 1:1000) were procured from Cell Signaling Technol-
ogy (Beverly, MA, USA), and fibronectin (FN; WL03677,
170/200/250 kDa, 1:1000) was obtained from Wanleibio
(Shenyang, China).

Statistical Analysis
All data in this study were obtained from three inde-

pendent assays, expressed as mean ± standard deviation,
and analyzed by GraphPad Prism 8 (GraphPad, Inc., La
Jolla, CA, USA). Data in Fig. 1A–C were analyzed using
independent samples t-tests. Differences among multiple
groups in Fig. 5B and Fig. 6N were analyzed by either one-
way or two-way analysis of variance. p-value < 0.05 was
considered statistically significant.

Results

PROM1 was Lowly Expressed in Renal Fibrosis of
UUO Mice

To induce renal fibrosis, we performed a UUO opera-
tion onmice. Western blot results demonstrated that expres-
sions of fibrosis-related proteins FN, COL-I, and PAI-1 [22]
were increased in kidneys of UUO mice as compared with

https://www.biolifesas.org/
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Fig. 2. Effect of PROM1 overexpression on renal fibrosis of UUO mice. Tissue staining (H&E, Masson, and Sirius red) of kidneys
from sham and UUO mice with/without PROM1 overexpression, at the magnification of×100 and scale of 100 µm. H&E, hematoxylin
and eosin; NC, negative control.

sham mice (Fig. 1A,B, p < 0.001). In addition, the protein
expression of PROM1 was lower in kidneys of UUO mice
than sham mice (Fig. 1A,B, p < 0.001). PROM1 mRNA
expression in kidneys of UUO mice was also lower than
that of sham mice (Fig. 1C, p < 0.001).

PROM1 Overexpression Inhibited Renal Fibrosis,
the mTORC1 Pathway, and PFKFB3-Driven
Glycolysis in UUO Mice

To explore the role of PROM1 in renal fibrosis,
PROM1 was overexpressed in UUO mice via injection
with pHAGE-PROM1 vectors (Fig. 1D,E, p < 0.001). As
illustrated in Fig. 2, severe tubular dilatation and atro-
phy, inflammatory cell infiltration, and collagen and fib-
rin formation in the tubulointerstitium were observed in
the Model group. The renal tissue shape and pathologi-
cal change in Model+NC group were comparable to those
in Model group. By comparison with Model+NC group,
Model+PROM1 group showed significantly reduced re-
nal fibrotic lesions (Fig. 2), suggesting the alleviation of
PROM1 overexpression on renal fibrosis. According to
molecular detection results, the upregulation of FN, COL-I,
and PAI-1 in kidneys of UUO mice was suppressed follow-
ing PROM1 overexpression, as evidenced by their reduced
expression in the Model+PROM1 group compared with the
Model+NC group (Fig. 3A–D, p < 0.05).

Upregulation of mTOR, Raptor, Rictor, and p-S6 was
detected in kidneys of UUO mice (Fig. 3E–I, p < 0.01),
suggesting that the mTORC1 pathway may be activated in
renal fibrosis [23]. Comparison of Model+PROM1 and
Model+NC groups indicated that PROM1 overexpression
inhibited the mTORC1 pathway by blocking expressions of
mTOR, Raptor, Rictor, and p-S6 (Fig. 3E–I, p< 0.05). Fur-
thermore, expressions of glycolysis-related proteins HK2
and PFKFB3 [24] were higher in kidneys of UUOmice than
sham mice (Fig. 3E,J,K, p < 0.001), and these increases
were counteracted following PROM1 overexpression in
UUO mice (Fig. 3E,J,K, p < 0.01). As shown in Fig. 3L,
immunohistochemistry staining revealed that PFKFB3 ex-
pression was increased in kidneys of UUO mice; how-
ever, PROM1 overexpression decreased PFKFB3 expres-
sion in UUO mice. These findings demonstrated that
PROM1 overexpression suppressed the mTORC1 pathway
and PFKFB3-driven glycolysis in kidneys of UUO mice.

PROM1 Overexpression Relieved Fibrosis and
PFKFB3-Driven Glycolysis, and Inhibited the
mTORC1 Pathway in TGF-β-Induced HK-2 Cells

To elucidate the mechanism of PROM1 regulation of
renal fibrosis, we treated HK-2 cells with 20 ng/mL human
recombinant TGF-β to induce fibrosis. Following transfec-
tion of overexpression vectors, PROM1 was overexpressed

https://www.biolifesas.org/
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Fig. 3. Effect of PROM1 overexpression on protein expression related to fibrosis, themTORC1 pathway, and glycolysis in kidneys
of UUO mice. (A–K) Western blot data displayed protein expression related to fibrosis (FN, COL-I, PAI-1; A–D), mTORC1 pathway
(mTOR, Raptor, Rictor, and p-S6; E–I), and glycolysis (HK2 and PFKFB3; E,J,K) in kidney tissues from sham and UUO mice in the
presence or absence of PROM1 overexpression, with β-actin as an internal reference. (L) The location of PFKFB3 in immunohisto-
chemistry staining of kidney tissues from sham and UUO mice with/without PROM1 overexpression, at the magnification of ×100 and
scale of 100 µm. **p < 0.01, ***p < 0.001 vs. Sham; #p < 0.05, ##p < 0.01 vs. Model+NC. mTOR, mammalian target of rapamycin;
mTORC1, mTOR complex 1; Rictor, RPTOR independent companion of MTOR complex 2; p-S6, phosphorylated S6 ribosomal protein;
HK2, hexokinase 2; PFKFB3, 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3; FN, fibronectin; COL-I, type I collagen; PAI-1,
plasminogen activator inhibitor-1.

in HK-2 cells (Fig. 4A, p < 0.001). As shown in Fig. 4B,
control cells had fusiform morphology, whereas TGF-β-
treated cells showed fibroblast-like morphology, which was
later relieved following PROM1 overexpression.

HK2 and PFKFB3 were highly expressed in TGF-β-
induced HK-2 cells compared to control cells (Fig. 4C–E,
p< 0.001), and this effect was reversed following PROM1
overexpression (Fig. 4C–E, p < 0.01). Lactate content in
the supernatant of culture medium and ECAR of TGF-β-
induced HK-2 cells reflected the glycolysis level [25]. We

found that TGF-β stimulation led to more accumulation of
lactate, a producer of glycolysis (Fig. 5A, p < 0.001), and
a significant increase of ECAR, an indicator of glycoly-
sis (Fig. 5B,C, p < 0.001). These effects were reversed
by PROM1 overexpression by decreasing lactate content in
cell supernatant (Fig. 5A, p < 0.01) and ECAR-indicated
glycolysis (Fig. 5B,C, p < 0.01). Moreover, upregulation
of FN, COL-I, and PAI-1 was observed in TGF-β-induced
HK-2 cells (Fig. 5D–G, p< 0.01), and their downregulation
was detected after treatment of TGF-β and PROM1 overex-

https://www.biolifesas.org/
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Fig. 4. Effects of PROM1 overexpression on fibrosis and glycolysis-related protein expression in TGF-β-induced HK-2 cells.
(A) PROM1 protein expression was quantified by western blot in HK-2 cells transfected with/without PROM1 overexpression vectors or
empty vectors. (B) Representative images of HK-2 cells with/without TGF-β treatment and PROM1 overexpression, at the magnification
of ×200 and scale of 100 µm. (C–E) Expression of glycolysis-related proteins (HK2 and PFKFB3) in HK-2 cells with/without TGF-β
treatment and PROM1 overexpression. β-actin was used as an internal reference. &&&p < 0.001 vs. NC; ***p < 0.001 vs. Control; ^^p
< 0.01, ^^^p < 0.001 vs. TGF-β+NC. TGF-β, transforming growth factor-β.

pression vector (Fig. 5D–G, p < 0.05). In addition, TGF-β
treatment resulted in increased expressions of mTOR, Rap-
tor, Rictor, and p-S6 in HK-2 cells (Fig. 5D,H–K, p< 0.01),
but PROM1 overexpression downregulated these proteins
in TGF-β-induced cells (Fig. 5D,H–K, p < 0.05). These
results verified that PROM1 overexpression relieved fibro-
sis and PFKFB3-driven glycolysis, and inhibited mTORC1
pathway in TGF-β-induced HK-2 cells.

mTORC1 Activator Reversed the Inhibitory Effect of
PROM1 Overexpression on Fibrosis in Vitro by
Regulating the mTORC1 Pathway and
PFKFB3-Driven Glycolysis

We initially demonstrated the inactivation of the
mTORC1 pathway by PROM1 overexpression in West-
ern blot, which was further confirmed via cell treatment
with MHY1485, a mTORC1 activator. In TGF-β-induced
cells, MHY1485 led to the upregulation of mTORC1
pathway-related proteins (mTOR, Raptor, Rictor, and p-S6)
(Fig. 6A–E, p < 0.001), fibrosis-associated proteins (FN,
COL-I, and PAI-1) (Fig. 6F–I, p < 0.001), and glycolysis-
related proteins (HK2 and PFKFB3) (Fig. 6J–L, p< 0.001),
which was later suppressed by PROM1 overexpression
(Fig. 6A–L, p < 0.001). Moreover, MHY1485 coun-
teracted the downregulation of these proteins by PROM1
overexpression in TGF-β-induced cells (Fig. 6A–L, p <

0.01). As for glycolysis at the cellular level, lactate ac-
cumulation and ECAR were found to be higher in the
MHY1485 group than in the NC group (Fig. 6M–O, p <

0.01), whereas these two indicators were diminished in the
PROM1+MHY1485 group compared to MHY1485 group
(Fig. 6M–O, p < 0.01). Also, lactate accumulation was
increased in PROM1+MHY1485 group as compared with
PROM1 group (Fig. 6M, p < 0.01).

Discussion

Fibrotic matrix formation is linked to the tissue repair
process in the early phases of damage. But if tissue dam-
age persists, unchecked inflammatory reactions and fibrotic
matrix deposition occur, resulting in compromised kidney
structure and, ultimately, CKD [26]. Accumulating evi-
dence has confirmed the association between PROM1 and
fibrosis in biliary atresia [27,28]. However, existing reports
have not clarified whether PROM1 participates in the re-
nal fibrosis of CKD. Here, we demonstrated that PROM1
was lowly expressed in renal fibrosis in UUOmice and that
PROM1 overexpression played a relieving role in fibrosis
both in UUO mice and in TGF-β-induced HK-2 cells. Ad-
ditionally, we found that PROM1 might function by inacti-
vating mTORC1 pathway to resist PFKFB3-driven glycol-
ysis.

https://www.biolifesas.org/
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Fig. 5. Effects of PROM1 overexpression on glycolysis and expressions of fibrosis/mTORC1 pathway-related proteins in TGF-
β-induced HK-2 cells. (A) Lactate content in the culture medium of supernatant of HK-2 cells with/without TGF-β treatment and
PROM1 overexpression. (B,C) ECAR of HK-2 cells with/without TGF-β treatment and PROM1 overexpression was determined by
Seahorse XFe24 Analyzer after glucose, oligomycin (an inhibitor of oxidative phosphorylation), and 2-DG (a glycolytic inhibitor) were
added at the designated time intervals. (D–K) Western blot data for expression of fibrosis-related proteins (FN, COL-I, PAI-1; D–G) and
mTORC1 pathway-related proteins (mTOR, Raptor, Rictor, and p-S6; D,H–K) in HK-2 cells with/without TGF-β treatment and PROM1
overexpression. β-actin was used as an internal reference. **p< 0.01, ***p< 0.001 vs. Control; ^p< 0.05, ^^p< 0.01 vs. TGF-β+NC.
ECAR, extracellular acidification rate.

The characteristic feature of fibrosis in kidney tubules
is the excessive accumulation of extracellular matrix
(ECM) caused by the activation and proliferation of in-
terstitial fibroblasts [29]. In fibrogenesis of renal fibrob-
lasts, TGF-β is responsible for the transformation from
myofibroblast to interstitial fibroblast, and induces expres-
sions of FN, COL-I, and PAI-1, leading to ECM deposi-
tion and impaired degradation [30,31]. In this study, we
observed that TGF-β promoted fibroid changes and ex-
pressions of FN, COL-I, and PAI-1 in HK-2 cells in vitro.
In addition, the same increases were identified in kidneys
of UUO mice, accompanied by severe tubular dilatation
and atrophy, and inflammatory cell infiltration in the re-
nal tubular interstitium. Importantly, these fibrotic fea-
tures were improved after PROM1 overexpression in UUO
mice and HK-2 cells, consistent with the protective role of
PROM1 against liver fibrosis [8]. However, previous stud-
ies have also reported that PROM1 promotes biliary atresia-
related fibrosis [27,28], suggesting functional heterogeneity
of PROM1.

In recent years, the relation between aerobic glycoly-
sis and renal fibrosis has attracted increasing attention. Nu-
merous studies revealed that enhanced aerobic glycolysis
provides energy for fibroblast-myofibroblast transdifferen-
tiation fibrosis, and is associated with inflammation, result-
ing in renal fibrosis, and inhibition of glycolysis contributes
to attenuation of renal fibrosis [32–35]. As a key glycoly-
sis activator, PFKFB3 is significantly upregulated in kid-
neys of UUO mice, and decreased fibrosis has been de-
tected in injured kidneys of PFKFB3-deficient UUO mice.
The study by Yang et al. [36] reported that the PFKFB3-
driven glycolysis in myeloid cells also takes part in renal
fibrosis of UUO mice. Another crucial rate-limiting en-
zyme related to the glycolytic pathway, HK2, is involved
in metabolic dysregulation during fibrogenesis [37]. Here,
we identified upregulation of HK2 and PFKFB3 in fibrotic
kidneys and cells, and increased lactate content as well
as ECAR in TGF-β-treated cells. Of note, PROM1 over-
expression attenuated glycolysis in vivo and in vitro, im-
plying that PROM1 overexpression alleviated renal fibro-
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Fig. 6. Effects of mTORC1 activator on PROM1 overexpression-regulated mTORC1 pathway, fibrosis, and PFKFB3-driven
glycolysis. (A–L) Western blot data revealed expressions of mTORC1 pathway-related proteins (mTOR, Raptor, Rictor, and p-S6; A–E),
fibrosis-related proteins (FN, COL-I, and PAI-1; F–I), and glycolysis-related proteins (HK2 and PFKFB3; J–L) in TGF-β-stimulated HK-
2 cells in the presence or absence of MHY1485 (mTORC1 activator) treatment and/or PROM1 overexpression (NC, PROM1, MHY1485,
and PROM1+MHY1485 groups), with β-actin as an internal reference. (M) Lactate content in the culture medium of supernatant of TGF-
β-stimulated HK-2 cells with/without MHY1485 treatment and PROM1 overexpression. (N,O) ECAR of TGF-β-stimulated HK-2 cells
with/withoutMHY1485 treatment and PROM1 overexpressionwas determinedwith Seahorse XFe24Analyzer after glucose, oligomycin,
and 2-DG were added at the designated time intervals. *p < 0.05, **p < 0.01, ***p < 0.001 vs. NC; ++p < 0.01, +++p < 0.001 vs.
MHY1485; ##p < 0.01, ###p < 0.001 vs. PROM1.

sis through suppression of aerobic glycolysis. In addi-
tion, it has been reported that mTORC1 activation in re-
nal proximal tubule cells induces tubulointerstitial fibrosis

through regulation of glycolysis [9,38]. In the current study,
mTORC1 pathway-related proteins were highly expressed
in fibrotic kidneys and cells, whereas PROM1 overexpres-
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sion caused inhibition of the mTORC1 pathway, which was
reversed by mTORC1 activator. These findings indicated
that PROM1 functions by inhibiting mTORC1, similar to a
previous study [10]. Interestingly, Rictor, a component of
mTORC2, was found to have the same expression changes
as the mTORC1 pathway in this study. This suggests the
possible involvement of mTORC2 in the mechanism of
PROM1 regulating renal fibrosis. Based on this, further re-
search is necessary.

Conclusion

To sum up, this study highlights the crucial role and
potential mechanism of PROM1 upregulation in renal tubu-
lar epithelial cells, namely the protective effect against
glycolysis-mediated kidney fibrosis. Our results indicate
that targeting PROM1 is a promising new method for CKD
prevention and treatment.
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