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ABSTRACT

Background: Early studies have shown that the kidney organ can also breathe through olfactory receptors, but
the roles that the olfactory system may play are unclear. This study was aimed to analyze the gene expression
profiles in the olfactory system as to various kidney diseases.

Methods: A public data set of eight types of kidney diseases and healthy controls (HC) was used for gene expres-
sion comparison in the olfactory system. Pairwise t-tests were performed and receiver operating characteristic
(ROC) curves were plotted. The summary statistics concerning statistic significance were collected.

Results: Most of the olfactory receptor (OR) genes were down-regulated universally and four genes were down
with statistic significance. Seven of ten adenylate cyclase genes were down- regulated while ADCY7 and ADCY3
were up-regulated for most disease types. In the selected G-protein o units, GNA11, GNAO1 were down-regu-
lated while GNAI3 and GNAI1 were up- regulated. Moreover, OR1F2P, OR2ZW1 and OR7C1 were down mainly in
systemic lupus erythematosus and OR2B2, OR2B6 and OR6A2 were down in rapidly progressive glomerulone-
phritis. OR12D3, OR3A2, OR3A3 and OR7C2 were down- regulated for both SLE and RPGN. The linear regression
models gave rise to AUCs in between 0.75 and 1 with average 0.88.

Conclusion: The genes of the olfactory system showed very different expression profiles in kidney diseases
compared to HC. Most genes were uniformly down expressed. Some genes were more related to specific diseases
such as SLE and RPGN. The olfactory system had the expression abnormality in the diseases.

Abbreviations: ROC: Receiver Operating Characteristic; OR: Olfactory Receptor; HC: Healthy Controls; GPCRs: G
Protein-Coupled Receptors; HC: Healthy Controls; SLE: Systemic Lupus Erythematosus; IGAN: IgA Nephropathy;
RPGN: Rapidly Progressive Glomerulonephritis; HN: Hypertensive Nephropathy; MGN: Membranous Glomerulo-
nephritis; DN: Diabetic Nephropathy; MCD: Minimal Change Disease; FSGS: Focal Segmental Glomerulosclerosis

Introduction

filtration rate and plasma renin [4]. OR51EZ2, activated by short-chain
fatty acids produced by gut microbiota, modulates renin release and

Olfactory receptors (ORs) are sensory G protein-coupled recep-
tors (GPCRs) and have emerged as key contributors to kidney physi-
ology. ORs have largely been understudied for their roles in kidney [1]
and they were expressed in different areas of the nephron, regulating
blood pressure, fibrosis, and filtration [2,3]. In the ordorant sensory
signaling cascading, first ordorants bind with ORs, and then the tri-
meric olfactory G protein Golf dissociates into active a and By sub-
units where the a subunit triggers adenylate cyclase activation [3].
The cascading in kidney might be involved with pathogenesis. For ex-
ample, loss of AC3 in mouse kidney resulted in abnormal glomerular

blood pressure [5] and the intestinal response to colitis [6]. OR51E1
modulates sex-dependent renin alternation, vascular reactivity and
arterial stiffness [7]. OR2Y1 participates kidney glucose handling via
SGLT1[8] and contributes to the progression of type 2 diabetes [9].
The expressions of OR10AA1P, OR10A2, OR2Y1, OR1F1, and OR52P1
changed along with the progression of kidney fibrosis [10]. In addi-
tion, ectopic ORs have biological effects in cardiovascular cells [2]. In
this research, a systemic analysis was performed for the gene expres-
sion of selected genes in the olfactory system.
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Materials and Methods
Microarray Data Preparation and Description

A microarray data set, GSE104954 [11], was downloaded from
GEO. It included 195 kidney biopsy tissues from ten different kidney
diseases and healthy controls (HC). Eight kidney disease groups with
at least 13 samples were selected for the analysis: systemic lupus
erythematosus (SLE), IgA nephropathy (IGAN), rapidly progressive
glomerulonephritis (RPGN), hypertensive nephropathy (HN), mem-
branous glomerulonephritis (MGN), diabetic nephropathy (DN), min-
imal change disease (MCD), and focal segmental glomerulosclerosis
(FSGS). The group sizes range from 13 to 25. The data was normalized
by mapping the 25th and the 75th percentiles to 0 and 1 in both sam-
ple and gene dimensions. It included 37 OR genes, 10 ADCY genes,
and 15 GNA genes listed in Table 1. The validation sets only contained
IGAN, HN and HC by combining GSE37460 and GSE93798.

T-tests and Receiver Operating Characteristic Concerning
Eight Dis- Eases with HC

For each gene in Table 1, pairwise t-tests were performed for a
given disease and HC. The test results included HC mean p0, disease
mean pl1, and p value. A gene is up-regulated if p0 < p1 and down-reg-
ulated otherwise. It is statistically significant (denoted as s.s.) if p <
0.05. Furthermore, a receiver operating characteristic (ROC) curve
was plotted and the area under the curve (AUC) was collected [12] for
each disease and HC.

Statistic Summary

Each gene was summarized by first counting the number of ups
or downs across the diseases and then only counting for cases with
p < 0.05. The average AUC was also collected for up or down groups.

Linear Regression Models and Associated Rocs

Genes which were s.s. in either direction for at least five disease
were selected to build linear regression models and ROC curves were
plotted.

Data Analysis and Software

The statistics and the plots were implemented in R scripts devel-
oped in house. The student t-test used t.test in R package stats. The
ROC used R package ROCR.

Results
T-test and ROC Summary

In Table 2, AUC averages were taken for up and down respective-
ly. Most of OR genes have a "Down” count of 8 or 7 (Column 4) with
OR11A1, OR2J3 and OR2S2 as exceptions. OR10H3, OR7A5, OR1D2,
and OR2F1 were s.s. for most diseases (Column 2) and their AUCs
were 0.79, 0.75, 0.77 and 0.74. There are 13 genes (from OR10H1 to

OR7A10) which were down s.s. mainly for RPGN and SLE. Moreover,
OR1F2P, OR2W1 and OR7C1 were down s.s. only for SLE and OR2B2,
OR2B6 and OR6A2 were down s.s. only for RPGN. OR12D3, OR3A2,
OR3A3 and OR7C2 were down s.s. for both SLE and RPGN. OR11A1
was the only up-regulated OR gene for most diseases but none was
s.s.. In Table 3, most genes were universally down, but ADCY7 and
ADCY3 were universally up and ADCY8 was in between. ADCY6, AD-
CYAP1, ADCY1 and ADCY7 were s.s. In Table 4, the top 6 genes were
down (Column 4) and the bottom 9 genes were up (Column 8) univer-
sally. GNA11, GNAO1, GNAI3 and GNAI1 were s.s. with average AUCs
greater than 0.74. GNA12, GNAQ, GNAS and GNAZ were up s.s. while
GNA14 was down s.s. only for DN and RPGN. GNAT2 was down-regu-
lated s.s. solely for SLE.

Linear Regression Models and ROC

Based on the above t-test results, OR10H3, OR7A5, OR1D2, and
OR2F1 in OR, and ADCY6, ADCYAP1, ADCY1 and ADCY7 in ADCY, and
GNA11, GNAO1, GNAI3 and GNAI1 in GNA, were s.s. universally and
were selected for linear models. Supplemental Tables 1,2 & 3 in the
supplemental list the model results. Based on the linear models, ROCs
were plotted and the model performance is listed in Table 4. It showed
that AUCs ranged from 0.75 to 1 with average 0.88, FPRs ranged from
0.0% to 24% with average 12%, and TPRs ranged from 60% to 100%
with average 80%, indicating that each model separated the disease
from HC very well.

Validation

Limited validation due to data availability was performed only for
IGAN and HN. Most of the genes showed the same expression status
except occasional exceptions which might be due to the data capture
variations as shown in Supplemental Tables 2,3 & 4.

Summary

In summary, 4 genes in each group, namely OR10H3, OR7AS5,
OR1D2, OR2F1; ADCY6, AD- CYAP1, ADCY1, ADCY7; GNA11, GNAO1,
GNAI3 and GNAI1 were universally down or up across all kidney dis-
eases, hence they might be related to the common pathogenesis of
most kidney diseases. Only 3 of them were up: ADCY7, GNAI3 and
GNAIL. For disease specific genes, OR1F2P, OR2W1, and OR7C1 might
be related to SLE, while OR2B2, OR2B6 and OR6A2 might be related
to RPGN. For disease-pair specific genes, OR12D3, OR3A2, OR3A3,
OR7C2 and GNAT2 might be specifically related to SLE and RPGN,
while GNA12, GNAQ, GNAS and GNAZ might be specifically related to
DN and RPGN.

Limitations

These results need to be further investigated and validated due
to the group size. Since there are more than 400 human ORs, a lot
of other ORs, ADCYs and GNAs were not considered here due to data
availability.
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Discussion

The genes in the olfactory system have been understudied es-
pecially for kidney diseases but there were some results in general.
OR7A5 was shown to be up in glioma and inhibit lipid metabolism
and proliferation for glioma cells [13], so down-regulation of OR7A5
in kidney tissue might disturb lipid metabolism. The activation of
OR1D2 by specific agonists such as bourgeonal triggered Ca2+ in-
creases in human airway smooth muscle cells via a cAMP-dependent
signal transduction cascade and induced the secretion of IL-8 and
CSF2 for airway inflammation [14]. Since undecanal is a potent an-
tagonist to OR1D2 [15] and it is widely used in cosmetics and food
industry, we now suspect that undecanal might be a risk factor by af-
fecting OR1D2 expression. ADCY7 and ADCY6 were elevated under
hypoxia, leading to the elevation of cAMP levels and enhanced PKA ac-
tivity [16]. In chronic kidney diseases, hypoxia is associated with re-
nal inflammation and fibrosis [17] and hence ADCY7 in the context of
kidney pathogenesis should be investigated. GNA11 participates cal-
cium signaling and mutation analysis demonstrated its involvement
in hypercalcemia or hypocalcemia [18] and uveal melanoma [19], and
GNA11/GNAQ mosaicism was demonstrated to induce hyperactivat-
ed calcium signaling [20], hence, GNA11 down-regulation in kidneys
might reduce intracellular calcium influx to disturb multiple signaling
pathways.
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Tables and Figures

(Tables 1-4) (Supplemental Text).

Table 1: Lists of OR, ADCY, and GNA genes contained in GSE104954. OR: olfactory receptor; ADCY: adenylate cyclase; GNA: G-protein a unit.

Note that ADCYAP1 and ADCYAP1R1 are not ADCY enzymes but included in the ADCY group for convenience.

Category

Genes

ORs

OR10C1, OR10H1, OR10H2, OR10H3, OR10J1, OR11A1, OR12D2, OR12D3, OR1A1l,

OR1A2, OR1D2, OR1F1, OR1F2P, OR1G1, OR2B2, OR2B6, OR2C1, OR2F1, OR2F2, OR2H1, OR2H2, OR2]J2,
OR2J3, OR252, OR2W1, OR3A1, OR3A2, OR3A3, OR51E2,

OR52A1, OR5I1, OR6A2, OR7A10, OR7A17, OR7A5, OR7C1, OR7C2

GNAs

GNA11, GNA12, GNA13, GNA14, GNA15, GNAI1, GNAI2, GNAI3, GNAL, GNAO1,
GNAQ, GNAS, GNAT1, GNAT2, GNAZ

ADCYs

ADCY1, ADCY10, ADCY2, ADCY3, ADCY6, ADCY7, ADCYS8, ADCY9, ADCYAP1, AD-
CYAP1IR1
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Table 2: T-test and AUC summary for ORs. N: count; s.s.: statistically significant; Up/Down: expression up/down-regulated for a disease type;
AVG: average; AUC: area under the curve. Empty cells: not applicable.

Gene Down Disease Down s.s. Down All | AVGAUC | Upss. Disease Up Up All o sille
s.s. (N) (N) Down ™) S.S. N) Up
DN, FSGS, HN, IGAN, MCD,
OR10H3 8 8 0.79 0 0
MGN, RPGN, SLE
DN, FSGS, HN, IGAN, MCD,
OR7A5 8 8 0.75 0 0
MGN, RPGN, SLE
DN, FSGS, HN, IGAN, MCD,
OR1D2 7 8 0.77 0 0
RPGN, SLE
OR2F1 5 DN, FSGS, MGN, RPGN, SLE 7 0.74 0 1 0.54
OR10H1 4 IGAN, MCD, RPGN, SLE 8 0.65 0 0
OR10H2 4 DN, FSGS, RPGN, SLE 8 0.64 0 0
OR10]1 4 DN, MGN, RPGN, SLE 8 0.67 0 0
OR12D2 4 DN, IGAN, RPGN, SLE 7 0.69 0 1 0.53
OR1F1 4 FSGS, MCD, RPGN, SLE 8 0.67 0 0
OR1G1 4 FSGS, IGAN, RPGN, SLE 8 0.68 0 0
OR2C1 4 IGAN, MCD, RPGN, SLE 8 0.69 0 0
OR3A1 4 FSGS, MCD, RPGN, SLE 8 0.66 0 0
OR52A1 4 IGAN, MCD, RPGN, SLE 8 0.65 0 0
OR1A1 3 MCD, RPGN, SLE 8 0.65 0 0
OR1A2 3 DN, FSGS, MCD 8 0.69 0 0
OR2F2 3 DN, RPGN, SLE 8 0.65 0 0
OR7A10 3 DN, RPGN, SLE 8 0.66 0 0
OR12D3 2 RPGN, SLE 8 0.62 0 0
OR3A2 2 RPGN, SLE 8 0.66 0 0
OR3A3 2 RPGN, SLE 8 0.66 0 0
OR51E2 2 FSGS, RPGN 8 0.59 0 0
ORS5I1 2 FSGS, SLE 8 0.66 0 0
OR7C2 2 RPGN, SLE 8 0.67 0 0
ORI1F2P 1 SLE 7 0.6 0 1 0.58
OR2B2 1 RPGN 7 0.62 0 1 0.52
OR2B6 1 RPGN 8 0.64 0 0
OR2H1 1 MGN 8 0.65 0 0
OR2W1 1 SLE 8 0.61 0 0
OR6A2 1 RPGN 7 0.64 0 1 0.55
OR7C1 1 SLE 8 0.62 0 0
OR10C1 0 8 0.59 0 0
OR11A1 0 3 0.55 0 5 0.58
OR2H?2 0 7 0.59 0 1 0.53
OR2j2 0 8 0.59 0 0
OR2]3 0 5 0.56 0 3 0.53
OR2S2 0 6 0.59 0 2 0.54
OR7A17 0 8 0.57 0 0
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Table 3: T-test and AUC summary for ADCYs. N: count; s.s.: statistically significant; Up/Down: expression up/down-regulated for a disease
type; AVG: average; AUC: area under the curve. Empty cells: not applicable.

Down s.s. AVG AUC Ups.s. AVG AUC
Gene Disease Down s.s. DO‘EVI\ITI AL Disease Up s.s. Ul(’N‘?H
(N) ) Down N) Up
DN, FSGS, HN,
ADCY6 7 IGAN, MGN, RPGN, 8 0.81 0 0
SLE
ADCY- FSGS, HN, IGAN,
AP1 6 MCD, RPGN, SLE 8 071 0 0
DN, IGAN, MCD,
ADCY1 5 RPGN, SLE 8 0.68 0 0
ADCY- FSGS, MCD, RPGN,
APIR1 4 SLE 8 0.64 0 0
ADCY9 1 DN 7 0.6 0 1 0.62
DN, HN,
ADCY7 0 0 5 IGAN, RPGN, 8 0.73
SLE
ADCY10 0 7 0.59 0 1 0.53
ADCY?2 0 7 0.54 0 1 0.53
ADCY3 0 1 0.59 0 7 0.6
ADCYS 0 5 0.54 0 3 0.58

Table 4: T-test and AUC summary for GNAs. N: count; s.s.: statistically significant; Up/Down: expression up/down-regulated for a disease type;

AVG: average; AUC: area under the curve. Empty cells: not applicable.

AVG
Down s.s. Ups.s. AVG AUC
Gene Disease Down s.s. Bornisll sAbe Disease Up s.s. Lo il
™) bl ™) & Up
Down
DN, FSGS, HN, IGAN,
GNA11 8 MCD, MGN, RPGN, 8 0.79 0 0
SLE
DN, FSGS, HN, IGAN,
GNAO1 7 MCD, RPGN, SLE 8 0.75 0 0
GNATI1 3 MCD, RPGN, SLE 8 0.66 0 0
GNA13 2 MCD, MGN 7 0.61 0 1 0.56
GNA14 2 DN, RPGN 7 0.66 0 1 0.56
GNAT2 2 RPGN, SLE 8 0.6 0 0
GNAI2 1 MCD 2 0.63 3 DN, FSGS, RPGN 6 0.65
DN, FSGS, HN,
GNAI3 0 0 8 IGAN, MCD, MGN, 8 0.87
RPGN, SLE
DN, FSGS, HN,
GNAI1 0 0 7 IGAN, MGN, 8 0.76
RPGN, SLE
FSGS, MGN,

GNA15 0 0 4 RPGN, SLE 8 0.72
GNA12 0 0 2 DN, RPGN 8 0.62
GNAL 0 0 2 MCD, MGN 8 0.65
GNAQ 0 1 0.55 2 DN, RPGN 7 0.64
GNAS 0 1 0.55 2 DN, RPGN 7 0.66
GNAZ 0 1 0.52 2 DN, RPGN 7 0.63
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