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Abstract

Hyperglycemia is one of the major health concern in many parts of the world. One of the seri-
ous complications of high glucose levels is diabetic nephropathy. The preliminary microar-
ray study performed on primary human renal tubular epithelial (hnRTE) cells exposed to high
glucose levels showed a significant downregulation of mMTOR as well as its associated
genes as well as lysosomal genes. Based on this preliminary data, the expression of various
lysosomal genes as well as mTOR and its associated genes were analyzed in hRTE cells
exposed to 5.5, 7.5, 11 and 16 mM glucose. The results validated the microarray analysis,
which showed a significant decrease in the mRNA as well as protein expression of the
selected genes as the concentration of glucose increased. Co-localization of lysosomal
marker, LAMP1 with mTOR showed lower expression of mTOR as the glucose concentra-
tion increased, suggesting decrease in mTOR activity. Although the mechanism by which
glucose affects the regulation of lysosomal genes is not well known, our results suggest that
high levels of glucose may lead to decrease in mTOR expression causing the cells to enter
an anabolic state with subsequent downregulation of lysosomal genes.

Introduction

There is strong evidence that the renal proximal tubule is involved in the early stages, and sub-
sequent progression, of diabetic kidney disease (DKD) [1-5]. These human studies, as well as
studies utilizing animal models, have been complimented by the employment of in vitro cell
culture models of putative proximal tubular cells to study a large range of factors associated
with DKD. For humans, the most frequently used model is mortal cultures of renal tubular
epithelial cells (RTE) isolated from the renal cortex of the human kidney, an HPV16 E¢/E;
immortalized culture from the above cells identified as HK-2 cells, and a recently established
immortalized culture of the above primary cultures using a construct containing hTERT called
RPTEC/TERT]1 [6]. All the three models express many of the features of proximal tubule dif-
ferentiation, but they fail to express other important features such as a brush border on the
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apical surface, the SLC5A2 Na*-coupled glucose transporter, and an altered transepithelial
resistance [7]. A recent examination of these 3 human cell culture models of the proximal
tubule disclosed that the hRTE and RPTEC/TERT1 cells contained two cell populations, the
majority co-expressing CD24 and CD133 and the remainder expressing CD24 but not CD133.
In contrast, the number of HK-2 cells co-expressing CD133 and CD24 was below 20%. In a
subsequent study, the RPTEC/TERT1 cells were sorted into two cell lines, one that expresses
CD133 and CD24 and another one that expresses only CD24 [6]. The cells co-expressing
CD133 and CD24 were shown to produce nephrospheres, formed branched tubule-like struc-
tures when grown on the surface Matrigel™, and were able to undergo neurogenic, adipogenic,
and tubulogenic differentiation. The cells expressing only CD24 and not CD133 did not show
these features. The features displayed for the CD133 and CD24 expressing cells are consistent
with human renal progenitor cells that have been identified as those that are able to regenerate
tubules following renal damage [8-12], with Bussolati et al. being the first to isolate these cells
[8]. The CD24 and CD133 expressing cells in culture appear to represent the scattered progen-
itor cells localized to the proximal and distal tubules of the intact kidney and do not possess
the ability to also differentiate into podocytes [10]. This is in contrast to those expressing
CD106 along with CD133 and CD24 which can only differentiate into podocytes. The role of
renal progenitors has focused on glomerular lesions with less emphasis on the regeneration of
tubular components [10, 11]. These studies, taken together, suggest in vitro cultures, such as
the hRTE and RPTEC/TERT1 with properties of the proximal tubule may represent a majority
population of progenitor cells responsible for tubular regeneration in the human kidney.

This laboratory examined the effect of elevated glucose concentrations on the hRTE cells
several years ago. These studies demonstrated that elevated glucose concentrations reduced
paracellular transport as noted through a loss of dome formation (a measure of vectorial active
transport), altered electrophysiological parameters, and ultrastructural analysis [13]. The
hRTE cells were also shown to accumulate sorbitol when exposed to elevated glucose concen-
trations [14]. A decision was made not to pursue the studies further when it was demonstrated
that phlorizin did not inhibit the short circuit current of hRTE cells grown on permeable sup-
ports, suggesting the absence of the sodium-coupled glucose transporter (now identified as
SLC5A2) that localizes specifically to the proximal tubule [15]. With the new information that
the hRTE cells have a majority population of cells co-expressing CD133 and CD24, a global
gene expression analysis of the hRTE cells exposed to elevated concentrations of glucose was
performed. The data obtained from this analysis is discussed in the present manuscript.

Materials and methods
Cell culture

Human renal tubular epithelial cells were obtained from cortical tissue of nephrectomies due
to renal cell carcinoma. Tissue was obtained following accession and examination by surgical
Pathology and, after completion of diagnostic protocols, informed consent was waved and was
approved by the Medical University of South Carolina Institutional Review Board for Human
Research [16]. All methods were performed in accordance with the relevant guideline and reg-
ulations with regard to the Declaration of Helsinki on ethical principles for medical research
involving human subjects. Once the initial cultures reached confluency, each T-75 flask was
frozen in liquid nitrogen in a single vial. In this study, these previously isolated hRTE stock
cultures were used in experimental protocols. The cells were grown using serum-free condi-
tions as previously described by this laboratory [16, 17]. The growth formulation consisted of a
1:1 mixture of Dulbecco’s modified Eagles’ medium and Ham’s F-12 growth medium supple-
mented with selenium (5 ng/ml), insulin (5 ug/ml), transferrin (5 pg/ml), hydrocortisone (36
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ng/ml), triiodothyronine (4 pg/ml), and epidermal growth factor (10 ng/ml). The cells were
fed fresh growth medium every 3 days, and at confluence, the cells were sub-cultured using
trypsin—ethylenediaminetetraacetic acid (0.05%, 0.02%). For use in experimental protocols,
cells were subcultured at a 1:2 ratio, allowed to reach confluence (7 days following subculture)
and fed with 5.5, 7.5, 11 or 16 mM glucose for 7 days followed by sub-culturing the cells for 3
passages (P3) in media containing 5.5, 7.5, 11 or 16 mM glucose. Typically, the cells were pas-
saged, 1:2 for three passages before the initiation of the experiment.

Exposure of glucose treated hRTE cells to sorbinil

Human RTE cells were grown using serum-free conditions as previously described [16, 17]. At
confluence, the cells were fed with 5.5, 7.5, 11 or 16 mM glucose or glucose and 100 uM sorbi-
nil for 7 days, following which they were sub-cultured for 3 passages in their specific media
and were harvested at confluency at P3 for further analysis.

RNA isolation and real time quantitative polymerase chain reaction

Total RNA was isolated using Tri Reagent (Molecular Research Center, Inc., Cincinnati, OH)
as described previously [18]. The measurement of CLCN7, NPC2, LIPA, RRAGD, SQSTM1,
IGF2R, NEU1, mTOR, LAMP1, EIF4EBP1, RPTOR, RICTOR, FKBP11, FKBP2, DEPTOR,
MLST8, RHEB and TCS1 mRNA expression was assessed with reverse transcription quantita-
tive polymerase chain reaction (RT-qPCR) using commercially available primers (Bio-Rad
Laboratories) as described previously [19, 20]. For analysis, 0.1 ug of total RNA was subjected
to complimentary DNA (cDNA) synthesis using the iScript cDNA synthesis kit (Bio-Rad Lab-
oratories) in a total volume of 20 pl. Real-time RT-qPCR was performed using the iTaq Uni-
versal SYBR Green Supermix (Bio-Rad Laboratories) with 2 ul cDNA and 0.2 uM primers in a
total volume of 20 pl in a CFX96 real time detection system (Bio-Rad Laboratories). Amplifica-
tion was monitored by SYBR Green fluorescence. Cycling parameters consisted of 40 cycles of
denaturation at 95°C for 15 s, annealing at 60°C for 30 s, and extension at 72°C for 30 s, which
gave optimal amplification efficiency. The resulting levels were normalized to the change in -
actin expression.

Western analysis of lysosomal markers and mTOR associated genes

The expression of protein was determined by Western blotting using protocols that have been
previously published by this laboratory [20]. Briefly, 20 ug of total cellular protein was sepa-
rated by SDS-polyacrylamide gel electrophoresis using TGX AnyKd SDS polyacrylamide gel
(Bio-Rad Laboratories) and transferred to a hybond-P Polyvinylidene difluoride membrane
(Amersham Biosciences). Membranes were blocked in antibody dilution buffer (Tris-buffered
saline containing 0.1% Tween-20 (TBS-T) and 5% (wt/vol) nonfat dry milk) for 1 h at room
temperature. After blocking, the membranes were probed with the appropriate primary anti-
body in blocking buffer overnight at 4°C. The source of the antibodies along with their dilu-
tions is listed in S9 Table. After washing 3 times in TBS-T, membranes were incubated with
the appropriate anti-mouse or anti-rabbit antibody secondary antibody (1:2000) in antibody
dilution buffer. The blots were visualized using the Phototope-HRP Western blot detection
system (Cell Signaling Technology). Westerns were normalized to S-actin by stripping blots of
previous antibodies and reprobing with the antibody for S-actin (ab8227) from Abcam Inc.
(Cambridge, MA).
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Immunofluorescence/co-localization staining

As methodology reported before [6], cells were grown on coverslips and fixed with 3.7% form-
aldehyde for 15 min, followed by permeabilization using 0.1% Triton-X 100 for 10 min. The
coverslips were washed 3 times using PBS for 5 min; blocked in 3% BSA for 30 min and incu-
bated with primary antibody for 40 min at 37°C. Co-localization of mTOR and LAMP-1 was
performed by mixing both primary antibodies and adding to the coverslips, and then incu-
bated for 40 min at 37°C. The list of the primary antibodies used, along with their source, cata-
logue numbers and dilutions is provided in S9 Table. The coverslips were washed 3 times with
PBS for 3 min each. The primary antibody was detected by incubating cells with species spe-
cific Alexa-Fluor 488 or Alexa-Fluor 568 secondary antibody for 30 min at 37 °C. The cover-
slips were washed 3 times with PBS and mounted with Prolong Diamond Antifade Mountant
with DAPI (Life Technologies). The stained cells were observed and imaged using Olympus
FV3000 scanning confocal microscope. Two coverslips per sample were set up and z-stack
images of a minimum of 5 fields per coverslips were captured with 40x objective lens. Co-local-
ization analysis of z-stack images was performed using Olympus cellSens software.

Statistical analysis

Statistical analysis consisted of one-way ANOVA with Dunnet’s multiple comparisons test
using GraphPad PRISM 7 software. All experiments and exposures were done in triplicates
and unless otherwise noted, all graphs are plotted as the mean + SEM of triplicate
determinations.

The R/Bioconductor package bead array [21] was applied to analyze the Illumina Bead
Array data and convert into convenient R classes. The package also allows quality assessment
on the raw data. The processed gene expression data contains 12 samples (triplicate of four
glucose concentration) with expression of 47323 probes. A principle component analysis
(PCA) and Pearson correlation were performed to test the distribution of data and relationship
between gene expression values at different concentrations [22, 23]. One-way Analysis of Vari-
ance (ANOVA) [24] method applied to identify the significant probes across different concen-
trations followed by post-hoc [25] analyses in order to identify which two levels are different.
The Benjamini-Hochberg method [26] at a specified FDR level of 5% was applied to identify
the threshold level of significance. In order to analyze the functional relevance of the differen-
tially expressed genes, we performed KEGG [27] pathway enrichment analyses using the Data-
base for Annotation, Visualization and Integrated Discovery (DAVID) [28] version 6.8 online
tool. The results were validated using publicly available functional genomics data repository
Gene Expression Omnibus (GEO, link: https://www.ncbi.nlm.nih.gov/geo/). Graphpad
PRISM 7 and R/Bioconductor version 3.5.1 were used for the entire statistical analysis.

Results
Microarray analysis

Microarray analysis was performed on total RNA isolated from hRTE cells cultured in the
presence of 5.5, 7.5, 11.0 or 16.0 mM glucose for 3 serial passages. The cells were fed fresh
growth media containing the above concentrations of glucose 24 hr prior to the isolation of
the RNA. The summary of the data processing results is shown in S1 Table. Correlation analy-
sis was performed to identify the strength of relationships between the replicates as well as the
different concentrations with controls. The data (Fig 1A and 1B) showed that all replicates
were clustered together and there was a very high anti-correlation between the controls and
the highest concentration (correlation ranged: -0.694 to -0.635) which decreased gradually to
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Fig 1. Cluster analysis. (A) Hierarchical cluster analysis and heat map of correlation; (B) Principal component
analysis (PCA), between the replicates and different concentration using gene expression dataset. (C) ANOVA and
post-hoc analysis test results. Red and green point represents the probes with below and above adjusted p-value (FDR)
cutoff 0.05. X axis represents number of genes; Y axis represents negative adjusted p-value (FDR). Boxplots of top four
probes (genes) are shown as an example to demonstrate the outcome variation, where X axis represents different
concentrations; Y axis represents probe (gene) expression.

https://doi.org/10.1371/journal.pone.0248241.9001

medium (correlation ranged: -0.61 to -0.47) and further decreased with low concentration
(correlation ranged: -0.09 to 0.13) (S2 Table). A total 2950 probes (S3 Table) corresponding to
2615 genes with FDR value below the threshold were selected for downstream pathway analy-
sis. Fig 1C shows the statistical distribution of all probes. For any given gene list, the Database
for Annotation, Visualization and Integrated Discovery (DAVID) identified a total of 52 (42
with p<0.05) KEGG pathways (54 Table). To further investigate the biological context, the
entire significant gene list was further divided into the up-regulated and down-regulated genes
using fold-change (FC) values between control and the highest concentration. We found 1227
probes (corresponding to 1107 genes) were down-regulated (S5 Table) and 1723 probes (cor-
responding to 1536 genes) were up-regulated (S6 Table). To find the functional relevance, we
again used DAVID tools for both the gene-lists to test the pathway association independently.
The up regulated gene-list associated with a total of 42 (37 with p<0.05) KEGG pathways (57
Table), whereas, the down-regulated gene-list associated with 30 KEGG (21 with p<0.05) (S8
Table) pathways. The four main pathways, 1) Protein processing in endoplasmic reticulum, 2)
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Lysosome, 3) Biosynthesis of antibiotics, and 4) Steroid biosynthesis were highly associated
after FDR correction with a cutoff of 0.05.

The program STRING imports data from experimentally derived protein-protein interac-
tions through literature curation based on an analysis of known, direct or functional defined
gene-gene interactions. Using this program, the linkages of lysosome genes of training data
assembled into two distinct networks 1) centered by CTSD gene highly connected with NEU1,
CTSA, GBA, PSAP, MNBA, IGF2R, and TPP1, and 2) subunits of AP3 adaptor-like complex
such as AP3D1, and AP3M2 (Fig 2A). To validate the robustness of regulation network, lyso-
some genes of validation data were also tested using STRING. The result shows three distinct
networks (Fig 2B). Interestingly, there were only 12 genes common between the training and
validation lysosome gene list but both of the training gene-sets networks found were very simi-
lar in the validation gene-sets network (Fig 2C).

Effect of high glucose on the expression of lysosomal genes

The above analysis of global gene expression identified the lysosome as the organelle most
affected by elevated glucose concentrations. An analysis was undertaken to identify those
genes from the global array that were associated with the lysosome and related pathways using
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Fig 2. Gene-gene interaction network of lysosome pathways related genes. (A) training data and (B) validation data. The color
saturation of the edges represents the confidence score of a functional association. (C) Venn diagram of Lysosome pathways related genes
in training and validation data.

https:/doi.org/10.1371/journal.pone.0248241.9002
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the National Center for Biotechnology Information (NCBI), Gene Cards [29], DAVID [30, 31]
and Reactome [32]. The results of this analysis identified 35 genes associated with the lysosome
(Table 1). All the 35 genes were shown to be reduced in expression when exposed to 7.5, 11.0
and 16 mM glucose after 3 serial passages when compared to the 5.5 mM glucose control. Ten
of these genes were further analyzed using total RNA obtained from cells grown on the 4 glu-
cose concentrations at passage 1 (P1), passage 2 (P2) and passage 3 (P3). The results for the
PCR analysis showed that the expression of these genes was similar to that found by global
gene expression analysis (S1 Fig). There was a decrease in expression of all 10 of the genes. Ini-
tially, the expression of IGF2R, LGMN, MCOLN1, NEU1, LIPA, NPC2, SQSTM1 and
RRAGD increased at P1 or P2, but by the third passage, the expression levels decreased signifi-
cantly (S1 Fig). The expression of the other 2 genes CTSA and CLCN?7 either did not change
till P3 or it decreased and remained low for the rest of the study. The protein levels for 5 of the
expressed genes as well as another lysosomal gene LAMP1 which was not altered in the global
gene analysis was measured along with the mRNA at P3 and the data is presented in Fig 3A-
3F. The expression of LAMP1 along with the other lysosomal genes showed a decrease in
expression at P3 (Fig 3F). Thus our results indicate that initial exposure to elevated glucose has
little effect on lysosomal gene expression, but longer exposure results in a marked reduction in
the expression of these genes.

Effect of high glucose on the expression of mTOR associated genes

Several of the above lysosomal genes were noted to have an association with mTOR and this
led to an examination of this pathway. Table 2 lists the identified genes from the global gene
analysis that were associated with mTOR and altered by elevated glucose concentrations,
including the mTOR gene itself. Thirteen of the 15 genes were repressed and 2 of the genes
had induced expression. The mRNA and protein levels of 4 of the genes was further analyzed
in the P3 samples (Fig 4A-4D). There was a decrease in expression of all of the 4 genes
(mTOR, eIF4EBP1, RAPTOR and RICTOR). The expression levels of the genes at all 3 pas-
sages is shown in S2 Fig. In addition, the expression of an additional gene LAMP1, which did
not show any change in expression in the global gene analysis was also determined. For the
genes mTOR, LAMP1, eIF4EBP1, RICTOR, DEPTOR, FKBP2, TSC1 and RHEB, there was an
increase in expression at either P1 or P2, followed by a decrease in expression at P3. For the
other genes RAPTOR, FKBP11 and MLSTS, there was either no change in expression levels at
P1 or P2 followed by a decrease at P3, or there was a decrease in expression at P1 and/or P2,
followed by a decrease in P3 as well. Thus our data indicates that exposure to high levels of glu-
cose can decrease the expression of mTOR and its associated genes.

Effect of elevated glucose exposure on the intracellular localization of
lysosomal proteins

Confluent cultures of hRTE cells grown on 5.5, 7.5, 11, 16 mM glucose were placed on cover-
slips after the third serial passage and utilized for immunofluorescence staining of lysosomal
proteins. Six proteins CLCN7, IGF2R, RRAGC, RRAGD, NPC2 and SQSTM1 were examined
and all showed cytoplasmic punctate staining consistent with a lysosomal localization (Fig 5A-
5F). The intensity of staining for all the assessed proteins, except NPC2, was distinctly lower in
the cells treated with 11 and 16 mM glucose compared to the 5.5 mM glucose control (Fig 5G-
5L). The intensity profile was measured using cellSens image analysis software for each of the
confocal images.

Co-localization of mTOR protein with LAMP1 protein was determined in the cells treated
with 5.5, 7.5, 11, 16 mM glucose after 3 passages in culture. The analysis is represented as a
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Table 1. Lysosomal genes identified by global gene expression.

Gene Symbol Gene Name Global Gene Expression
Induced (I) Repressed (R) Fold Change at 16 mM
CLN3 battenin R (0.67)
FYVE coiled-coil domain containing (FYCO1) R (0.76)
IF130 lysosomal thiol reductase R (0.68)
NAGLU N-acetyl-alpha-glucosaminidase R (0.67)
NPC1 intracellular cholesterol transporter 1 R (0.83)
NPC2 intracellular cholesterol transporter 2 R (0.77)
RRAGC Ras related GTP binding C R (0.49)
RRAGD Ras related GTP binding D R (0.35)
VPS11 CORVET/HOPS core subunit R (0.74)
VPS39 HOPS complex subunit R (0.77)
VPS41 HOPS complex subunit R (0.61)
WDR48 WD repeat domain 48 R (0.75)
CTSA cathepsin A R (0.65)
CTSH cathepsin H R (0.58)
CLCN7 chloride voltage-gated channel 7 R (0.56)
CTNS cystinosin, lysosomal cystine transporter R (0.48)
DPP7 dipeptidyl peptidase 7 R (0.77)
FNBP1 formin binding protein 1 R (0.65)
HEXB hexosaminidase subunit beta R (0.74)
IGF2R insulin like growth factor 2 receptor R (0.44)
LGMN legumain R (0.54)
LIPA lipase A, lysosomal acid type R (0.50)
LDLR low density lipoprotein receptor R (0.51)
MANBA mannosidase beta R (0.66)
MCOLN1 mucolipin 1 R (0.46)
NEU1 neuraminidase 1 R (0.52)
OSTM1 osteopetrosis associated transmembrane protein 1 R (0.65)
PNPLA7 patatin like phospholipase domain containing 7 R (0.81)
PCSK9 proprotein convertase subtilisin/kexin type 9 R (0.53)
PSAP prosaposin R (0.67)
SQSTM1 sequestosome 1 R (0.57)
SLC29A3 solute carrier family 29 member 3 R (0.74)
SMPD1 sphingomyelin phosphodiesterase 1 R (0.75)
TPP1 tripeptidyl peptidase 1 R (0.43)
LAMP1 Lysosomal associated membrane protein 1 R (0.92)

https:/doi.org/10.1371/journal.pone.0248241.t001

scatterplot, in which the threshold was determined based on no (zero) co-localized pixels out
of the total pixels visualized in the unstained control cells (Fig 6A). The x-axis and y-axis repre-
sents the number of pixels for mTOR and LAMP1 respectively. The results showed that the %
of co-localization decreased in the cells treated with 7.5, 11 and 16 mM glucose compared to
the 5.5 mM control (Fig 6B). The channel representing mTOR (Fig 6C) showed a greater
decrease in fluorescence intensity when compared to LAMP1 channel. (Fig 6D). The threshold
calculations generated the double stained immunofluorescence images which identifies immu-
nolocalized mTOR with LAMP1 (Fig 6E). Fig 6F shows the Pearson’s correlation of mTOR
and LAMP1 colocalization, which also decreased. The number of pixels for single channels
were also analyzed, representing the area of staining for each protein as the concentration of
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Fig 3. Expression of lysosomal markers in cultures of human proximal tubule cells treated with 5.5 mM, 7.5 mM, 11 mM and 16 mM glucose for 3 passages. RT-
qPCR and Western blot analysis of (A) CLCN7; (B) NPC2; (C) LIPA; (D) RRAGD:; (E) SQSTM1; (F) LAMPI. The top graphs in the figure represents PCR data whereas
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https://doi.org/10.1371/journal.pone.0248241.9003
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Table 2. mTOR and associated genes identified by global gene expression.

Gene Symbol Gene Name Global Gene Expression
Induced (I) Repressed (R)

FRAPI1 mammalian target of rapamycin (mTOR) R (0.66)
FKBP2 FKBP prolyl isomerase 2 1(1.24, 16mM) R (0.95, 7.5 mM)

FKBP11 FKBP prolyl isomerase 11 R (0.47)

TSC1 TSC complex subunit 1 R (0.73)

EIF4EBP1 eukaryotic translation initiation factor 4E binding protein 1 R (0.67)

FNIP1 folliculin interacting protein 1 R (0.67)

OGT O-linked N-acetylglucosamine transferase 2 R (0.55)

SKP2 S-phase kinase-associated protein 2 I(1.22,16 mM)

RNF152 E3 ubiquitin-protein ligase R (0.85)
CREB3L2 cyclic AMP-responsive element-binding protein 3-like protein 2 R (0.66)
RAPTOR regulatory associated protein of MTOR complex 1 R (0.76)
RICTOR independent companion of MTOR complex 2 R (0.71)
DEPTOR domain containing MTOR interacting protein R (0.69)

MLSTS8 MTOR associated protein R (0.75)

RHEB Ras homolog, MTORCI binding R (0.80)

https://doi.org/10.1371/journal.pone.0248241.t1002

glucose increased. There was a large decreased in mTOR staining area (Fig 6C), but the area of
staining for LAMP1 (Fig 6D) did not decrease at 16 mM and a small decrease at 11 mM,
despite the prominent decrease in overall expression at the mRNA and protein levels (Fig 3F).
Since LAMPI is often used as a lysosomal marker this is suggestive of the number of lysosomes
or the total membrane area of lysosomes did not change with glucose exposure.

Expression of Na*-dependent glucose transporters in hRTE cells

A distinguishing feature of the proximal tubule is the presence on a low-affinity, high capacity
Na"-glucose co-transporter in the brush border on the apical surface of the cell. This trans-
porter, identified as SLC5A2, is mainly responsible for the reabsorption of glucose by the prox-
imal tubule. The expression of SLC5A2 mRNA was determined on total RNA from the hRTE
cells and it was found to be minimally expressed (Fig 7A). Total RNA from human kidney cor-
tex was used as a control. In contrast, the expression of mRNA for the SLC5A1 transporter
was shown to be highly expressed in the hRTE cells and to have marginal expression in the
human kidney cortex (Fig 7B). The expression of mRNA for the Spinster gene (SPNS1) was
also determined in the hRTE cells since this gene has been implicated in the lysosomal
response to glucose [33]. It was found that the expression of SPNS1 decreased as the concen-
tration of glucose exposure increased (Fig 7C).

Expression of lysosomal genes following inhibition of sorbitol
accumulation in hRTE cells exposed to elevated glucose

Previously it has been shown that the hRTE cells can increase sorbitol as a function of elevated
glucose concentration and levels of sorbitol can be reduced to near normal by treating the cells
with the aldose reductase inhibitor, sorbinil [14]. The expression of eight lysosomal genes
(CLCN7, LIPA, IGF2R, MCOLNI1, NEU1, NPC2, RRAGD, and SQSTM1) was determined
after treating the cells with 5.5, 7.5, 11 and 16 mM glucose and 100uM sorbinil (Fig 8A-8H).
The results demonstrated that inhibition of sorbitol accumulation induced the expression of
CLCN7 and LIPA at 7.5 and 11 mM glucose, but had no effect on the expression of these 2
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5.5mM glucose concentration at p-value of < 0.0001; < 0.001; < 0.01; < 0.05 respectively.
https://doi.org/10.1371/journal.pone.0248241.9004

genes at the highest dose of 16 mM glucose. The expression of IGF2R, MCOLN1, NEU1,

; * indicates significant differences in gene expression level compared to the control

NPC2 and SQSTM1 was induced at all 3 concentrations of glucose whereas the expression of
RRAGD was only induced at 11 mM glucose.
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https://doi.org/10.1371/journal.pone.0248241.9006

Discussion

The present study shows that elevated glucose concentrations can reduce the expression of
genes associated with the lysosome and the related mTOR pathway in human cultured renal
epithelial cells. The hRTE cell culture model was chosen for the present studies since they have
recently been shown to be composed of approximately 60-70% of cells that possess both
CD133 and CD24, with the remaining cells expressing CD24 and no CD133 [6, 7]. This is
important, since as detailed in the introduction, in vivo studies have shown that progenitor
cells capable of tubular regeneration always co-express CD133 and CD24. This has allowed
this laboratory to suggest that hRTE cells, identified as possessing proximal tubule differentia-
tion, are in fact composed mostly of progenitor cells. In the present study, this was further
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https://doi.org/10.1371/journal.pone.0248241.g007

reinforced by the finding that the cells do not express the SLC5A2 glucose transporter that is
responsible for the majority of glucose reabsorption in the kidney [34]. The hRTE cells were
shown to express the SLC5A1 sodium coupled glucose transporter located downstream from
the SLC5A2 transporter in the late portion of the proximal tubule. In the kidney, this trans-
porter is only responsible for reabsorbing 3% of filtered glucose [35]. Our study demonstrated
that the expression of SLC5A2 in the human kidney cortex is much higher than the expression
in cultured hRTE cells. These findings allowed the laboratory to determine the effects of ele-
vated glucose concentrations on a putative population of renal progenitor cells central to
repairing tubular structures lost due to diabetic nephrotoxicity. The hRTE cells were chosen
for examination even though they possessed a minority population of cells expressing CD24
and not CD133. One reason for this was the hRTE cells are not immortalized, but the primary
culture can be serially passaged for 20 generations (when the split ration is 1-2) with constant
morphology before experiencing a marked reduction in cell growth. This allows studies to be
performed in vitro without the multitude of changes induced by immortalization. A second
reason was that independent cultures of hRTE cells from different donors all contained an
approximate ratio of 2:1 CD133/CD24 expressing cells and cells expressing only CD24 [6].
This suggested that there might be an important association between these two cell linages that
contribute to their progenitor status. This is a possibility that might be missed in in vivo pro-
genitor studies since CD24 alone is a frequent marker for a variety of tubules. The ratio of
CD133/CD24 to CD24 alone in the present study did not change as a function of glucose con-
centration. Thus, the present study gives initial information on the effect of elevated glucose
on the gene expression of putative renal tubule progenitor cells.

While there is a wealth of information on the post-transcriptional regulation of the protein
components of both the mTOR complex and the lysosome, there is far less literature on the
transcriptional regulation of mTOR and lysosomal gene expression [36-39]. This also appears
to be especially true for the effect that glucose concentration might have for gene expression at
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of <0.0001; < 0.001; < 0.01; < 0.05 respectively.

https://doi.org/10.1371/journal.pone.0248241.9008

both the transcriptional and translational level for the lysosomal and mTOR pathways. The
only report the authors could find linking elevated glucose concentrations and gene expression
to the lysosome was a report on the effects of elevated glucose on the metastatic potential of
tongue squamous cell carcinoma [40]. While the manuscript itself focused on the regulation of
glycolytic enzymes as a function of elevated glucose concentrations, their submission of micro-
array data to GEO, when examined by this laboratory, showed a relationship between elevated
glucose and the lysosome. In addition, comparing the present array data with the data from
the GEO submission showed a strong relationship when examined for gene-gene interactions.
The only other report to link a variation in glucose concentration to post-transcriptional lyso-
somal events was the observation that changes in glucose concentration induces lysosome for-
mation and drug sequestration [41]. Thus, our results which show that elevated glucose can
down-regulate the expression of a large number of lysosomal genes and components of the
mTOR complexes, including mTOR itself, appears to be a rather novel observation.

A clear mechanism for the down-regulation of lysosomal gene transcription was not evi-
dent from the present study. However, any mechanism to explain the down-regulation of
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these numerous genes will likely involve the transcription factor EB (TFEB). This view is
derived from studies which showed that entire classes of lysosomal genes, including lysosomal
hydrolases, lysosomal membrane permeases, and lysosomal-associated proteins are under
coordinated transcriptional control of EB [38, 42, 43]. These studies showed that an E box-
related consensus sequence was present in the promoter regions of many lysosomal genes.
This consensus sequence was named CLEAR (coordinated lysosomal expression and regulated
element). The CLEAR element is the target of a family of basic helix-loop-helix transcription
factors known as the MiT/TFE proteins whose members include TFEB, TFEC, TFE3 and
MITF. The transcription factor EB binds directly to CLEAR elements and stimulates the
expression of their downstream target genes. In addition, the overexpression of TFEB induces
a large expansion of the lysosomal compartment, when assessed by size, number and protein
content [43]. TFEB also drives the expression of a number of proteins involved in autophago-
somal initiation, elongation, substrate capture, and autophagosomal trafficking and fusion
with lysosomes [38, 42]. The research of Palmieri and coworkers [42] identified direct targets
of TFEB with a known role in lysosomal function. This included 26 genes classified under lyso-
somal hydrolases, 9 genes with lysosomal membrane, 10 genes as non-lysosomal genes involve
in lysosome biogenesis, and 17 genes associated with autophagy. In the present study, elevated
glucose resulted in a marked reduction in expression of 8 of the 26 genes classified as hydro-
lases, 5 of the 9 genes classified as lysosomal membrane associated, 5 of the 10 genes involved
in lysosomal biogenesis, and 3 of the 17 genes involved in autophagy. The present study also
identified ATP6VICI as the gene involved in lysosomal acidification. Overall, these results
strongly suggest that TFEB, or an EB-interactive protein, influences the down-regulation of
lysosomal related genes when the hRTE cells are exposed to elevated glucose concentrations.

Similar to the down-regulation of the lysosomal genes by elevated glucose concentrations,
mTOR, and its associated genes were also down-regulated when hRTE cells were exposed to
elevated glucose concentrations. The lysosome plays an essential role in sensing and signaling
cellular nutrient status by recruiting mTORCI to the lysosomal membrane where it acts as a
master regulator of autophagy through sensing the level of amino acids. The post-translational
regulation of mTOR and its binding partners have been reviewed extensively in recent years
[36, 37, 44]. The only link between mTOR, the lysosome, and glucose identified at the post-
translational level by the authors was a report that a permeably channel is located on the lyso-
somal surface that mediates mTORCI1 activation by glucose [45]. This mechanism may involve
SPNS1, a putative lysosomal sugar transporter, which controls mTOR activity [33]. The pres-
ent study demonstrated that SPNS1 was down-regulated with elevated glucose concentration.
The transcription factor Nrf2 has been shown to regulate the expression of mTOR through the
recognition and binding to antioxidant response elements (AREs) in the promoter region of
the gene [46]. The over expression of Nrf2 in a variety of cells lines resulted in the increase
expression of the mTOR gene and also showed a relationship with the PI3K signaling pathway.
Nrf2 activators have been proposed as possible therapeutic agents to diminish the nephropathy
associated with diabetes [47] by up regulating the expression of phase II detoxifying enzymes.
However, the microarray analysis in the present study did not identify a cellular stress response
associated with the elevated glucose concentrations, in line with the finding of repression of
mTOR gene expression and not an increase in expression.

Several of the lysosomal and mTOR related proteins that were down-regulated by elevated
glucose were examined using confocal microscopy. The single fluorescent analysis of the
CLCN7, IGF2R, RRAGC, RRAGD, NPC2 and SQSTM1 proteins all showed a lysosomal locali-
zation and a reduction in fluorescent intensity that correlated to the increased glucose concen-
trations. The results of this examination also showed that the number of lysosomes did not
change significantly as a result of increasing glucose concentration. The single channel analysis
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of the LAMP1 protein also showed that the intensity of staining was decreased with increasing
glucose concentration, but that the staining area (pixel number), indicative of lysosomal num-
ber or lysosomal membrane area were relatively unchanged due to the elevated glucose con-
centrations. Co-localization of mTOR with LAMP1 was decreased with increasing glucose
concentrations indicating the dissociation of mTOR from the lysosomal membrane. The
degree of inactivation of mTOR was difficult to determine since the amount of the mTOR pro-
tein itself was reduced when the cells were exposed to elevated glucose concentrations; how-
ever, the loss from the lysosomal membrane appeared to exceed the loss of mTOR protein.
The dissociation of mTOR from the lysosomal membrane is associated mostly with amino
acid starvation. However, in the present study cells were fed with fresh growth media the even-
ing before mRNA and protein isolation, thus nutrient deprivation would not be a factor.

The reduction in the expression of the lysosomal and mTOR associated genes did not occur
in full until the 3™ passage of the cells on elevated glucose concentrations. Very few of these
genes were reduced on the initial passage of the cells on high glucose, with a few more showing
a reduction on the 2" passage. By the end of the 3" passage the cells would have been exposed
to the elevated glucose concentrations for 30 days. Previous studies by the laboratory has
shown that exposure of the hRTE cells to elevated glucose concentrations results in the accu-
mulation of sorbitol [14]. This accumulation is rapid, occurring within 24 hr of exposure to
elevated glucose concentration with accumulation being reduced by 70% in the presence of the
aldose reductase inhibitor, sorbinil. The effect of sorbinil inhibition was tested on eight genes
after 3 passages on elevated glucose concentrations. The results showed that the expression of
3 genes (CLCN7, LIPA, and RRAGD) showed no change at the highest concentration of glu-
cose whereas the other genes had increased expression at all concentrations of glucose. This
suggests that for some of the genes, the reduction in expression is not affected by an increased
level of sorbitol, while other genes may be influenced by sorbitol accumulation. The role that
sorbitol may elicit on the regulation of expression of some of the genes reduced by exposure to
elevated glucose concentrations will require further studies. Since sorbitol accumulation is
rapid, its effect may be confined to the few genes that were reduced following only one passage
of exposure to elevated glucose concentrations. The hRTE cells used in the present study rou-
tinely undergo 10 serial passages before a marked reduction in cell growth is noted to occur.
This effectively rules out the possibility that the current results were due to cell senescence.
The extended length of time necessary for exposure to elevated glucose to reduce the expres-
sion of the lysosomal and mTOR genes would be most consistent with a role for non-enzy-
matic glycosylation [48], although this is not known at the present time.

Conclusions

In this study we show that exposure of human proximal tubular cells to elevated levels of glu-
cose decreases the expression of lysosomal genes as well as mTOR and its associated genes.
Although the mechanism by which glucose causes this decrease is not known, our results sug-
gest that high levels of glucose could decrease the expression of mTOR causing the cells to
enter an anabolic state with subsequent downregulation of lysosomal genes.

Supporting information

S1 Fig. Expression of lysosomal markers in cultures of glucose treated human proximal
tubular cells. Human proximal tubule cells treated with 5.5mM, 7.5mM, 11mM and 16mM
glucose concentrations after first, second and third serial passages.
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