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Abstract

Elevation of hypoxia-inducible factor 1 protein has been shown to be protective in
acute kidney injury and HIF1a enhancing drug therapies are currently in clinical trials
for the treatment of anemia of chronic kidney disease. Despite its benefits, long-term
HIF1 elevation seems to be associated with additional effects in the kidneys such as
tubulointerstitial fibrosis. To better understand the effects of prolonged HIF1 expo-
sure, assessment of baseline and post-therapy levels of HIF1a and other related bio-
markers is essential. In this study, we assessed the effect of HIF1la enhancement using
prolyl hydroxylase inhibitor (PHD-I) DMOG, on a key profibrotic marker of kidney
disease. In specific, we examined the change in expression of Collagen 4 subunit A2 in
cultured urinary cells of CKD patients pre and post 24-hour exposure to 1mM DMOG.
Our results show that besides HIF1a enhancement, COL4A2 protein is suppressed in
presence of DMOG. To determine if this effect is mediated by HIF1, we used HIF1ax
gene silencing in HEK293 cells and examined the effect of DMOG on protein and
gene expression of COL4A2 post 24-hour exposure. We showed that silencing HIF1a
reverses and amplifies the expression of COL4A2 in HEK293 cells. Our data suggest
that HIF1 directly regulates the expression of COL4A2 in kidney cells and that HIF1a
enhancing therapy has suppressive effects on COL4A2 that may be clinically relevant
and must be considered in determining the safety and efficacy of these drugs in the

treatment of anemia.
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INTRODUCTION

The use of agents to stimulate endogenous erythropoietin (EPO)
production in anemic patients with chronic kidney disease (CKD)
is a developing treatment approach.! If not properly treated, ane-
mia increases cardiovascular risk, impairs quality of life, and in-
creases the frequency of blood transfusions.? Current therapy with
erythropoiesis-stimulating agents (ESAs) or recombinant human
erythropoietin increases hemoglobin (Hb) levels, decreasing the oc-
currence of blood transfusions.! Recent findings have highlighted
the safety concerns associated with poor response to ESAs, primar-
ily inflammation. Inflammation stimulates the hepatic secretion of
hepcidin, a key regulator of iron metabolism, through the inflam-
matory cytokine IL-6.% Elevated hepcidin levels lead to iron insuf-
ficiency which prevents the proper maturation of erythrocytes and
leads to ESA resistance.® One drug class under development stabi-
lizes hypoxia-inducible factor (HIF) through prolyl hydroxylase (PH)
enzyme inhibition and is a potential alternative to ESAs when resis-
tance occurs. Roxadustat, a prolyl hydroxylase inhibitor (PHD-I), is
currently undergoing phase Il clinical trials and its use has shown
a significant reduction in hepcidin while promoting the production
of EPO.*¢

Hypoxia-inducible factor-1 is a key factor in cellular response
to hypoxia. It regulates gene expression for EPO, VEGF, and glyco-
lytic enzymes to compensate for the reduced oxygen and nutrient
supply in hypoxia. In normoxia, HIF1 alpha subunit is enzymatically
hydroxylated by prolyl hydroxylase domain (PHD) enzymes, which
enables the von Hippel-Lindau protein (pVHL) to bind, leading to
ubiquitination and degradation of the protein. Under hypoxic con-
ditions, HIF1a escapes degradation and binds to the aryl hydrocar-
bon receptor nuclear translocator (ARNT), and exerts its hypoxic
response through binding to the cis-consensus HIF1-binding site,
the hypoxia-responsive element (HRE) to form an active HIF1 com-
plex.7’9 One agent, dimethyloxalylglycine (DMOG), inhibits both
asparagine and proline hydroxylases, activating HIF1a gene expres-
sion.? Prolyl hydroxylase inhibitors such as DMOG reversely inhibit
the catalytic action of PHD enzymes. This results from their binding
to the ferrous-iron-containing active site of PHD, blocking the entry
of the co-substrate 2-oxoglutarate, leading to HIF1 stabilization and
its downstream activation of genes.2 PHD-I's stimulate erythropoi-
esis with concentrations of endogenous EPO allowing for a lower
exposure to EPO than that of which ESAs provide, which may reduce
the associated adverse side effects.

CKD is primarily a hypoxic kidney pathology and HIF1la seems
to play a key role in the defense of the kidney tubules to hypox-
ia.1012 |n our previous work, we have shown HIFla expression in
CKD patients is increased 4-fold compared to healthy individuals.*®
Although HIF1 activation would appear to have a cytoprotective ef-
fect on renal tissue, recent studies have demonstrated that consti-
tutive HIF1 activation could accelerate fibrosis via upregulation of
profibrogenic factors such as tissue inhibitor of metalloproteinase 1

(TIMP1), connective tissue growth factor (CTGF), and plasminogen

activator inhibitor 1 (PAI-1).} It is suggested that consistent non-
continuous low level HIF1 stimulation has the ability to improve
erythropoiesis while limiting the adverse effects that arise from
continuous HIF1 stimulation.!

Renal fibrosis is caused by the disproportional formation and
degradation of extracellular matrix proteins, including collagen. Type
IV collagen is the main component of the glomerular basement mem-
brane (GBM) and is composed of six a chains, a1(IV)-a6(IV). These
chains are classified into two groups by their gene structure, al, a3,
and o5 are one set, and a2, a4, and a6 are another set. Most com-
monly, type IV collagen molecules contain al and a2 chains in a 2:1
ratio. In the GBM, however, this is replaced with a «3:a4:a5 chain
composition. Collagen IV is more flexible compared to other colla-
gen subtypes because of its lack of glycine in every third amino-acid
residue, which is quintessential for an otherwise tightened collagen
helix.*

Interestingly, dimethyloxalylglycine which activates HIF1 has
been shown to reduce fibrosis in rat studies, as manifested by
decreased type IV collagen and osteopontin expression.’® On
the contrary other studies have shown inhibition of type IV col-
lagen assembly can lead to up-regulation of transforming growth
factor-betal, an inducer of type 2 epithelial-mesenchymal tran-
sition (EMT).Y” Type 2 EMTs are found to be associated with fi-
brosis occurring in kidney, liver, lung, and intestine.'® It appears
that altered collagen IV levels are associated with several types
of nephropathies such as Alport syndrome, diabetic nephropa-
thy, IgA glomerulonephritis, and inherited nephropathies.lc”’25
Studies have shown the involvement of various subunits in dif-
ferent types of nephropathies. A genome-wide association study
(GWAS) identified a common missense mutation in the alpha
3 chain that has been found to increase the risk of developing
diabetic kidney disease.?> The presence of IgA and 1gG autoan-
tibodies to the alpha 5 and 6 chains have been associated with
glomerulonephritis.?® Type IV collagen has been linked to the de-
velopment of glomerulosclerosis in both experimental and human
diabetic and nondiabetic renal disease.'”?° Collagen IV alpha
2 mRNA levels have been shown to increase in isolated glomer-
uli undergoing experimental glomerulosclerosis prior to morpho-
logical alterations.?® Additionally, glomerular collagen IV alpha
2 mRNA levels have been shown to significantly increase in the
presence of diabetic nephropathy with lesions compared to dia-
betic nephropathy alone.*’

Amongst the various types of nephropathy, CKD with diabetic
nephropathy is the most common, and changes in COL4A2 subunit
seems to be most associated with CKD and diabetic nephropathy.
Therefore, in this study, we examined the effect of PHD-I on the
expression of COL4A2 through HIF1 upregulation in cultured renal
proximal tubular cells of patients with CKD as well as in HEK293
cell lines following DMOG exposure. We hypothesize that HIF1
upregulation alters the expression of COL4A2 subunit and this ef-
fect is more pronounced in CKD where baseline HIF1 levels are

elevated.
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2 | MATERIALS AND METHODS

2.1 | Subjectrecruitment

Upon approval from the Institutional Review Board of the
Bernard J. Dunn School of Pharmacy, CKD patients (stage Il to V)
were recruited into the study. Patients were recruited on prede-
fined inclusion and exclusion criteria from a participating kidney
and hypertension specialist clinic in Manassas, VA. CKD staging
was defined based on the National Kidney Foundation's defini-
tions of stage Il-V kidney disease. The study population included
18- to 90-year-old patients with existing renal failure with or
without co-existing cardiac dysfunction, who are being treated
at the listed participating site, and who are identified by their
authorized medical caregiver as a candidate for participation in
the study. Exclusion criteria are renal transplantation, hemodialy-
sis, immunocompromised, human immunodeficiency virus (HIV),
hepatitis, amyloidosis, sarcoidosis, renal replacement therapy,
autoimmune diseases (except diabetes type | and Il), active infec-
tion, valvular heart diseases, diagnosed pulmonary hypertension,
active illicit drug use, age <18 years, diabetic ketoacidosis, requir-
ing bilevel positive airway pressure (BiPAP), poisoning, sickle cell
anemia, active cancer, Fabry disease, and erythropoietin injection
within the past 7 days. All of the above conditions may elevate/
alter HIF1 levels independent of CKD.

2.2 | Urine cell isolation

A total volume of 50 ml urine samples of CKD patients was collected.
The samples were refrigerated or kept on ice and transported to the
laboratory. In the laboratory, urine samples were centrifuged at
400 g at 4°C for 15 min. The supernatants were aspirated and pel-
lets were resuspended in the wash buffer (1% 100 U/ml penicillin
plus 100 pg/ml of streptomycin into phosphate-buffered saline) and
centrifuged at 400 g for 10 min. The pellets were transferred to ei-
ther 24- or 6-well plates. According to previously defined methods
Urinary Progenitor Cell (UPC) media was used to promote primary
cell growth in culture.?® Media was added to the 24-well plates and
changed every 2-3 days. Cells were incubated over 2-3 weeks to en-
sure proper growth, after which they were passaged and transferred
to larger plates.

2.3 | Cellculture

2.3.1 | Urinary progenitor cell medium

To prepare UPC medium, equal volumes of keratinocyte serum free
(KSF) medium and progenitor cell (PC) Medium were mixed. The
KSF Medium contained 5 ng/ml of epidermal growth factor (EGF),
50 ng/ml of bovine pituitary extract (BPE), 30 ng/ml of cholera
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toxin, and pen/strep solution (100 U/ml penicillin, 100 ug/ml strep-
tomycin) that were added to the KSF medium. The PC Medium con-
tained 4.24 g/500 ml Ham-F12, 10% FBS, 0.4 pg/ml hydrocortisone,
0.1 nM cholera toxin, 5 ng/ml insulin, 1.8 x 10™* M adenine, 5 pg/
ml transferrin, 2 x 10~ M triiodothyronine, 10 ng/ml EGF, and pen/
strep solution that were added to the DMEM medium.?

HEK 293 cells were cultured in DMEM with 10% fetal bovine

serum and 1% pen/strep.

2.4 | Immunocytochemistry

After 3-4th, primary cultured urine kidney cells were exposed to
1 mM PHD-I (DMOG) for 24 hours. Following exposure, the cells
were fixed with 1.5% formaldehyde. To stain for intracellular HIF1«,
cells were permeabilized for 10 min with 0.01% Triton X-100 in.
Fixed cells were immunostained with 1% BSA/PBST to block non-
specific binding of the antibody. HIFla and COL4A2 primary an-
tibodies were added to the cells and they were incubated at 4°C
overnight. The cells were then incubated with Rabbit IgG second-
ary antibody in 1% BSA/ PBST for 1 h at room temperature. The
cells were washed with PBST and incubated with Horseradish per-
oxidase in 1% BSA for 30 min in the dark and then washed with
PBS. To counterstain, the cells were incubated with DAPI (DNA
stain) for 20 min until the change in color was seen. The cells were
rinsed with tap water and viewed under a microscope for HIF1la and
COL4AZ2 staining.

2.5 | Flow cytometry
Flow cytometry experiments were performed to examine protein
expression of HIF1a and COL4A2. The instrument used was Muse™
Cell Analyzer by Millipore Corporation, INC. Hayward, CA. To exam-
ine protein expression the cell count and viability assay and appropri-
ate fluorescent-tagged antibodies were used to detect fluorescent
signals associated with the antibody of interest. Per-protocol and to
stabilize proteins the cells were fixed in 2% formaldehyde prior to
antibody addition. Therefore, the measured signal was observed only
in dead cells.

Primary urine isolated cells or HEK293 cells were treated for
24 h with 1 mM DMOG to measure HIF1la and collagen 4A2 levels.
The cells were fixed in 2% formaldehyde. For HIFla staining, cells
were permeabilized with 0.01% Triton-X in PBS. HIF1a or collagen
4A2 rabbit primary antibodies plus 0.5%-1% BSA (to prevent non-
specific binding) were added to the samples. Alexa Fluor 546 goat
anti-rabbit IgG was used as secondary conjugation. HIF1a and colla-
gen 4A2 expressions were quantified as Mean Yellow Fluorescence
(MYF) signal in the dead cell population in PHD-I treated and non-
treated cells. Samples were measured in triplicates. Instrument sys-
tem check was performed prior to each experiment to assure the

accuracy of reading.
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2.6 | Real-time reverse-transcription polymerase
chain reaction

RNA isolation was performed in a QlAcube system using the Qiagen
RNeasy Plus Mini Kit. Total RNA of each sample was converted to
cDNA using the high-capacity reverse transcription kit. cONA samples
were amplified using Applied Biosystems 7300 PCR and the TagMan
gene expression assays protocol. Samples were loaded into 96-well
plates in triplicates. In order to determine gene stability, pairwise
comparisons were made between genes using methods described by
Vandesomple et al. in conjunction with gbase+ (geNorm) software pro-
duced by Biogazelle.??8 To take into account the effect of varying RNA
quality and amount between samples, the previously described delta Ct
method was utilized whereby each HIF1ax and COL4A2 samples were
normalized to their corresponding ACTB values and average of indi-

vidual delta Ct values were used for comparison between groups.zz28

2.7 | RNAi cell transfection

In this experiment, short interfering RNA (SiRNA) for HIFla inter-
ference was used to silence HIF1la. HEK 293 cells were plated in a
six-well plate and seeded to 70%-90% confluency. Lipofectamine
3000 was used to transfect cells with HIF1a SiRNA or negative con-
trol SiIRNA. The transfected HEK293 cells were incubated for 48 h
at 37°C then split and treated with DMOG 1mM on the third day.
RT-PCR and Flow cytometry experiments were then conducted to
analyze HIF1a and COL4A2 expression change with and without ex-
posure to DMOG.

2.8 | Reagents and materials

The following materials were purchased from Sigma-Aldrich (St.
Louis, MO). Phosphate-buffered saline with 10% bovine serum,
human epidermal growth factor, human recombinant insulin,
HEK293 human embryo kidney-cell line, keratinocyte serum-free
growth medium, cholera toxin from Vibrio cholerae, adenine, apo-
transferrin human, 3,3’,5-triiodo-L-thyronine, formaldehyde solu-
tion, triton X-100, BSA (10X) in PBS.

The following items were purchased from Life Technologies
(Carlsbad, CA): define keratinocyte-SFM media, HIF 1« Tagman gene ex-
pression assay, ACTB Tagman gene expression assay, COL4A2 Tagman
gene expression assay, AM16708 Silencer Pre-Designed SIRNA, wild
type SIRNA, HIF1la Recombinant Rabbit Monoclonal antibody, Alexa
Fluor 546 goat anti-rabbit IgG, COL4A2 rabbit antibody.

High-capacity reverse transcription kit was purchased from
Applied Biosystems, Foster City, CA. The Lipofectamine 3000,
RNase-free was obtained from Invitrogen (Carlsbad, CA). Bovine
Pituitary Extract (BPE) was obtained from Thermo Fisher Science
(Carlsbad, CA). Prolyl-Hydroxylase inhibitor 50 mg (DMOG) was
purchased from Millipore Sigma (Rockville, MD).

2.9 | Statistical analysis

Differences between groups were determined using Student's
t-test. Comparisons between groups were made either as paired
or unpaired equal variance t-test with one or two-tailed distribu-
tion, and p < .05 was considered statistically significant. For RT-
PCR and Flow cytometry experiments in HEK293 cells, we used
three to five experiments for statistical analysis. For the patient
flow cytometry experiments sample size ranged from 7 to 13
patients. All samples were run and analyzed as triplicates in flow
cytometry and RT-PCR experiments.

2.10 | Nomenclature of Targets and Ligands

Key protein targets and ligands in this article are hyperlinked
to corresponding entries in http://www.guidetopharmacology.
org, the common portal for data from the IUPHAR/BPS Guide to
PHARMACOLOGY,?? and are permanently archived in the Concise
Guide to PHARMACOLOGY 2019/20.%°

3 | RESULTS

3.1 | The effect of DMOG exposure on collagen
4A2 protein expression in CKD patient cells

A total of 13 patient samples with various stages of chronic kidney
disease (lI-V) were included in our analysis from our participating
kidney to hypertension clinic. Patients were consented to participate
in the study and urine samples were collected and transferred to

laboratories on the same day. Table 1 shows the basic characteristics

TABLE 1 Patient demographic information

Gender, n (%)

Male 7(54)
Female 6 (46)
Age (yr) 68 + 13

Race (%)
Caucasian 7 (54)
African American 3(23)
Asian 3(23)
GFR (ml/min/1.73m?) 33+ 16
Comorbidities, n (%)
Anemia 5(39)
Diabetes Mellitus 9 (69)
Hypertension 12 (92)
Hyperlipidemia 4(31)

Abbreviation: GFR, glomerular filtration rate.


http://www.guidetopharmacology.org
http://www.guidetopharmacology.org

SANAEI-ARDEKANI ET AL.

of the patient population. The average eGFR of the patient was
33 + 16 ml/min/1.73 m2. Patients were selected based on the in-
clusion/exclusion criteria and the other comorbidities are listed in
Table 1. The incidence of diabetes mellitus (DM) in our patients was
69%. The most common comorbidity was essential hypertension
(92%). Anemia was present in 39% of patients.

In order to examine the effect of PHD-I treatment on kidney
tubular cells we cultured urinary cells from collected urine samples
of patients. For immunocytochemistry experiments, we used pa-
tient cells after 5-weeks in culture and about the 3rd passage. Cells
were exposed to 24 h of ImM DMOG following which immunocyto-
chemistry was performed to identify changes in HIF1la and COL4A2
expression. Figure 1A-D shows the result of immunostaining of
COL4A2 and HIF1a in a patient urinary cell culture. In cells exposed
to 1mM PHD-I, COL4A2 decreased within 24 h in CKD patient cells.
COL4A2 suppression was associated with increased HIF1la expres-
sion at 24 h.

To quantify the degree of suppression of COL4A2 subunit we
performed flow cytometry experiments in isolated urinary cells.
For these experiments, cells were cultured in six-well plates after
sample collection and 1 day post culture the cells were treated
with 1mM PHD-I or control. Cell culture duration was shortened
to one day due to the necessity of high density of cells for flow
cytometry experiments. Isolated urine samples have the highest
number of fresh urinary cells within the first 24-48 h of collec-
tion. Flow cytometry experiments were performed after 24 h
of exposure to 1 mM PHD-I and results are shown in Figure 2.
After 24 h of 1 mM PHD-I treatment, there was a 32% reduc-
tion in the expression of collagen 4A2 and a 15% increase in

W o#

AW

©

FIGURE 1 DMOG suppresses COL4A2
in cultured CKD urinary cells
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protein expression of HIFla (N = 7, p = .002; N = 13, p = .05,

respectively).

3.2 | The effect of HIF1lx gene silencing on
COL4A2 suppression by PHD-I

In order to determine the role of HIF1 in the regulation of
COL4A2 levels, we performed experiments in HEK 293 cells after
silencing HIF1a gene. For these experiments, cells were transfected
with HIF1a SiRNA ((+)SiRNA) or negative control SiRNA ((-)SiRNA)
for 48hr and then incubated with or without 1mM PHD-I for an ad-
ditional 24 hours. After the treatment period, real-time RT-PCR and

flow cytometry experiments were performed.

3.3 | Gene expression analysis in HIF1x

HIFla is a key HIF1 subunit that leads to its stabilization and bind-
ing to DNA. Silencing HIF1a subunit thus inhibits the transcriptional
activity of the protein. We, therefore, examined the effect of silenc-
ing HIF1a in HEK293 cells to determine if suppression of COL4A2 is
transcriptionally mediated by HIF1. At baseline, HIF1a gene silencing
suppressed the baseline mRNA expression of HIF1a by 78% (N = 4,
p =.003) (Figure 3A). When treated with PHD-I in control (-)SiRNA,
HIF1a gene expression decreased by 61% (N =4, p = .02) (Figure 3B).
However, in silenced (+)SiRNA cells, HIF1a gene downregulated by
11% (N = 4, p = .26) in response to PHD-I (Figure 3C). In compari-
son, there was an 85% difference in suppression of HIF1la gene in (-)
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SiRNA compared to (+)SiRNA in presence of DMOG (N =4, p =.002)
(Figure 3D).

3.4 | Gene expression analysis in COL4A2

We also examined the effect of HIF1a gene silencing on COL4A2 gene
expression. Since cultured primary cells are not as tolerant of transfec-
tion experiments and do not yield enough cells to perform either RT-
PCR or flow cytometry experiments post transfection we performed
these experiments in HEK293 cells. At baseline, COL4A2 gene expres-
sion was not significantly different between HIF1a (+)SiRNA and (-)
SiRNA in the absence of PHD-I (N = 4, p = .11) (Figure 4A). Treatment
with PHD-I however, reduced the baseline gene expression of COL4A2
by 36% compared to non-treated cells in control HIF1a (-)SiRNA (N = 4,
p = .03) (Figure 4B). Furthermore, this suppression was significantly
reversed and even increased 2-fold when HIF1la was silenced via (+)
SiRNA (N =4, p = .04) (Figure 4C). In comparison, there was a 2.3-fold
increase in expression of COL4A2 in HIF1a (+)SiRNA compared to (-)
SiRNA cells in presence of DMOG (N = 4, p = .03) (Figure 4D).
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3.5 | Protein expression analysis in HIF1la and
Collagen 4A2

To establish the phenotype associated with changes in
COL4A2 gene expression in response to PHD-I and HIF1a silenc-
ing, flow cytometry experiments were performed (Figures 5 and
6). In the negative control HIF1la ((-)SiRNA), PHD-I resulted in
an average of 10% decrease (Figure 5C) in COL4A2 protein ex-
pression and a 10% increase in the protein expression of HIF1la
(N =4,p=.028, and p = .01, respectively) (Figure 5C,F). In the
HIF1la (+)SiRNA group, 24 hours of PHD-I treatment, resulted in
a 23% increase (N = 5, p = .018) (Figure 6C) in protein expression
of COL4A2 which is consistent with the enhanced gene expres-
sion observed in RT-PCR experiments. There was not a significant
change in protein expression of HIF1a in the silenced cells treated
with PHD-I (N = 5, p = .07) (Figure 6F). In comparison to con-
trol, HIF1a gene silencing lead to a reversed suppressive effect
of PHD-1 on COL4A2 by 33% (N = 4, p = .01) (Figure 6G). In all of
our results, N represents the number of experiments performed

to anlayze the data.
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FIGURE 4 Effect of DMOG on COL4A2 mRNA with or without HIF-1a gene silencing
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4 | DISCUSSION

In this report, we investigated the gene expression and protein
yield of COL4A2, in presence of DMOG, a PHD inhibitor. We
found that COL4A2 protein levels decrease in the presence of
DMOG in CKD patient urinary cells (Figure 2). We observed a
similar effect but to a lesser extent in HEK293 cell lines (10%
vs 32%) (Figure 5). It must be noted that HEK293 cells were
chosen as an alternate non-disease cell model and were not in-
tended to resemble kidney cells. The lower response of HEK293
cells to DMOG can be attributed to the fact that patient cells
have a higher baseline HIF1la expression compared to normal.*®
Additionally, HIF1 levels are higher at baseline in hypoxic condi-
tions, such as CKD, compared to the normoxic conditions in which
HEK293 experiments were conducted. Lastly, the CKD cells are
a model of kidney disease that may have a differential response
to COL4A2 suppression compared to non-disease HEK293 cells.
Nevertheless, the degree of COL4A2 suppression was correlated
with the increase in HIF1la levels in both CKD and HEK293 cells. A
similar pattern of COL4A2 suppression was also seen in HEK293
cells similar to CKD patient cells. Therefore, it is safe to assume
that HEK293 cells are a suitable secondary model to explore the
transcriptional regulation of COL4A2 by HIF1.

We further explored the effect of gene silencing to determine if
HIF1 is responsible for changes in COL4A2 levels. Our SiRNA exper-
iments yielded up to 79% suppression of HIF1la which validates the
efficiency of the method used (Figure 3D). Our results confirmed
that HIF1a silencing eliminates the suppression of COL4A2 both in
gene and protein levels. What is most noteworthy is that COL4A2
protein levels measured through flow cytometry experiments show
an increase of 23% in presence of PHD-I in the knockout HIFla
cells while a decrease of 10% in the wild type HIF1a (-)SiRNA) cells
(Figure 6G), which verifies that HIF1 activity is directly involved in
COL4A2 gene and protein expression. This supports our hypothesis
that HIF1 directly impacts the expression of COL4A2. These find-
ings are novel, to our knowledge, there are no reports to date that
investigate the COL4A2 phenotype in relation to HIF1 enhancement
both in vitro, as well as in patient cells with existing CKD. We also
show, that the regulation of COL4A2 by PHD-I is transcriptionally
regulated via HIF1 and that silencing HIFla reverses the suppres-
sion induced by PHD-I. We noted an increase in gene expression of
COL4A2 (2-fold) in the absence of HIF1a in response to DMOG. This
finding suggests that DMOG exposure can increase the expression
of COL4A2 in the absence of HIF1. This effect was seen to a lesser
degree (23% increase) in protein expression of COL4A2 in HIFla si-
lenced HEK293 cells post DMOG exposure. Since the increase in
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FIGURE 6 HIF-1a gene silencing reverses the suppression of COL4A2 protein in HEK293 cells

gene expression of COL4A2 was more robust than its protein lev-
els, it suggests that loss of HIF1la may act directly or through other
genes that enhance COL4A2 response to DMOG. Additional exper-
iments are needed to explore the exact mechanism of this effect.
As to the direct mechanism of HIF1 suppression of COL4A2 gene,
there is evidence that HIF1 downregulates the promoter of colla-
gen | through the SP3 transcription factor in chondrocytes.31 Similar
binding sites are present in the collagen 4A1,2 common promoter
region. It is possible that HIF1 suppression of collagen 4A2 is via a
similar mechanism.

It must be noted that DMOG has a potency range of 0.1-1 mM.
Although in in vivo experiments DMOG has been used at the lower
concentrations, dose response studies in in vitro experiments have
shown HIF1 stabilization without toxicity in the 1mM concentration

of DMOG.*? Additionally, this concentration corresponds to similar
HIF1 stabilization as Roxadustat 10 uM concentration.®* We there-
fore, elected to perform our in vitro experiments using the 1 mM
concentration of DMOG.

Among other key profibrotic factors such as Matrix
Metalloproteinases (MMPs), type IV collagen is a key structural
component of the GBM and its increased expression is correlated
with renal fibrosis and diabetic nephropathy. Other collagen types
(1, 111, and XVII1) are also involved in the development of interstitial
fibrosis.>* Our findings showed a significant reduction (32%) in the
expression of COL4A2 in response to PHD-I, through the upregula-
tion of HIF1 in CKD cells. Although recent evidence has shown that
HIF1 enhancement can increase fibrosis through the upregulation

of profibrogenic factors such as TIMP1, CTGF, and PAI-1, based on


https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4898
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4900

SANAEI-ARDEKANI ET AL.

10 Of 11 BRITISH
PHARMACOLOGICAL
SOCIETY

our findings this does not appear to be the case in terms of type
IV collagen.®

In terms of clinical application of our study, the use of PHD-I’s is
a developing treatment approach in anemia of kidney disease. Phase
Il clinical trials of Roxadustat, a PHD-I, have found it to be safe and
effective in promoting the production of EPO in CKD patients.>®
ESA resistance can occur due to a common side effect of treatment,
inflammation, PHD-I's are a viable alternative when this occurs. Our
findings suggest that PHD-I use may also play a role in slowing down
the progression of renal fibrosis, thus having added benefits in CKD.

There are several limitations of the current research. Our study
was primarily modeled in CKD patient urine as a source of kidney
tubular cells. It is important to examine the effect in an animal model
of kidney disease to further establish the HIF1 mediated suppres-
sion of COL4A2. Another potential limitation of our study is the
lack of data in healthy kidney cells. In our preliminary experiments,
we examined the effect in healthy subject urinary cells and did not
find consistent suppression of COL4A2 by DMOG (data not shown).
Given that our aim was to study the effect of PHD-Iin CKD patients,
we elected to focus our investigation in disease urinary cell model.
We did, however, examine HEK-293 cells as non-disease cell model
to explore the gene transcription changes in response to HIF-1 en-
hancement. It would be informative to establish similar results in
healthy subject urinary cells in future studies. Furthermore, for the
reasons described above we chose to study COL4A2 subunit in this
study. It is important to further explore the role of other type IV
collagen subunits in similar models to better understand the con-
tribution of collagen IV expression to kidney fibrosis. Collagens in
kidney tubules and glomeruli play major roles in the structural integ-
rity of the kidney. Along these lines, the role of other collagen types
(1, 11, and XVIII) in response to HIF1 and PHD-I also needs to be
investigated. Another potential limitation of our study is the timing
of exposure to DMOG to establish long-term effects. In our study,
we examined exposures of 4, 8, 12, 24, and 36 h and noted 8-24 h
of DMOG exposure to produce steady-state effects on HIF1 stabi-
lization, after which the effect begins to wear off (data not shown).
Given that in cell culture gene transcription occurs in as early as 4 h,
we considered 24 h to be relatively long term. However, to better ex-
amine long-term effects, future studies conducted in animal models

would strongly support our findings.
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