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Abstract: Elevated intraocular pressure (IOP), the major risk factor for glaucoma, is caused by de-
creased outflow through the trabecular meshwork (TM). The pathophysiology of ocular hypertension
has been linked to stress pathways, including fibrosis, calcification and the unfolded protein response
(UPR). In a pharmacogenomic screen, we previously identified the novel G-protein-coupled receptor
(GPCR), GPR158, showed that expression is upregulated in TM cells by glucocorticoid stress hor-
mones, and showed that overexpression protects against oxidative stress. We also found that loss
of Gpr158 in knockout mice negates IOP reduction due to treatment with the catecholamine stress
hormone, epinephrine. An increase in GPR158 would be expected to alter the activity of GPR158-
regulated pathways. Here, we profiled gene expression changes due to GPR158 overexpression by
microarray, then conducted pathway analysis. We identified five upstream stress regulators relevant
to ocular hypertension: dexamethasone and TGFB1 (fibrosis), XBP1 and ATF4 (UPR), and TP53 (cell
cycle arrest). Key genes in the first three pathways were downregulated by GPR158 overexpres-
sion, but not enough to inhibit dexamethasone-induced fibrosis or calcification in TM cells, and
loss of Gpr158 in knockout mice only minimally protected against dexamethasone-induced ocular
hypertension. Depending on dose, GPR158 overexpression down- or upregulated the TP53 pathway,
suggesting the mechanism for previously observed effects on cell proliferation. A sixth upstream
regulator we identified was a GPCR: the beta-adrenergic receptor ADRB1. Adrenergic receptors serve
as targets for IOP-lowering drugs, including epinephrine. These data provide new information about
pathways regulated by GPR158.

Keywords: ocular hypertension; glaucoma; G-protein-coupled receptor; GPR158; dexamethasone;
TGFB1; unfolded protein response; TP53; adrenergic receptor; ADRB1
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1. Introduction

Elevated intraocular pressure (IOP), also known as “ocular hypertension”, is the major
risk factor for glaucoma, the leading cause of irreversible blindness [1], and lowering IOP
is the only proven treatment. Ocular hypertension is due to impaired aqueous humor
outflow through the trabecular meshwork and Schlemm’s canal [2–7]. While effective
pharmaceutical therapeutics exist, some patients do not reach the desired target pressure,
even when maximally medicated, indicating a continuing unmet medical need [8].

In open-angle forms of ocular hypertension, such as those that lead to primary open-
angle glaucoma (POAG), or steroid-induced glaucoma (SIG) caused by treatment with
glucocorticoid stress hormone analogues, pathology is intrinsic to the tissue [9–12]. Patho-
logical changes include loss of cells, collapse of trabecular beams, deposition of extracellular
elastin-rich “plaques” (POAG) or fibronectin-rich subcellular deposits (SIG), cytoskeletal
rearrangements and the appearance of ACTA2-positive “myofibroblasts” [2–4,6,13–21].
Such changes have been linked to elevated levels of TGFB2 and TGF-beta signaling and
lead to tissue stiffening [22–27]. Glucocorticoid upregulation of genes involved in bone
ossification has been associated with pathological calcification of trabecular meshwork,
and this would also contribute to tissue stiffness [28]. In addition, accumulating evidence
implicates endoplasmic reticulum (ER) stress and the unfolded protein response (UPR) as
a common pathogenetic mechanism for ocular hypertension leading to POAG [29–32] or
SIG [33,34].

Genome-wide association studies (GWASs) have identified over 114 genomic variants
associated with POAG and its endophenotypes, including ocular hypertension [35–37]. In
a variation on the usual GWAS, we conducted a pharmacogenomic screen for genomic
variants associated with steroid-induced ocular hypertension (SIOH). A single-nucleotide
polymorphism (rs16925580) located in the first intron of the gene encoding the then novel
G-protein-coupled receptor (GPCR), GPR158, was identified as a preliminary “hit” [38].
In follow-up studies, we found that GPR158 is expressed by the immortalized human
trabecular meshwork cell line, TM-1, in vitro [39], as well as by trabecular meshwork
cells of humans and mice in vivo [40]. Treatment with the glucocorticoid, dexamethasone,
stimulated GPR158 expression in TM-1 cells and primary trabecular meshwork cells in
culture. In turn, when ectopically overexpressed in these cells, GPR158 itself stimulated cell
proliferation and knockdown of endogenously expressed GPR158 inhibited cell prolifera-
tion [39]. Similar effects were demonstrated in prostate cancer cell lines [41]. Significantly,
GPR158 overexpression increased survival of TM-1 cells subjected to oxidative stress, a
type of stress that has been linked to the pathophysiology of POAG [39]. However, loss of
Gpr158 in knockout (KO) mice (on the C57Bl/6 background) conferred protection against
the ocular hypertension that we found to develop as these mice age [40]. These studies
suggested that GPR158 can have both protective and pathological effects on the trabecular
meshwork, impacting development of ocular hypertension.

GPCRs discovered via classic biochemical approaches typically couple with het-
erotrimeric G proteins upon binding of an extracellular activating ligand, thus initiat-
ing intracellular signaling. In contrast, so-called “orphan” GPCRs identified via human
genome sequencing often exhibit other activities [42,43]. This is the case for GPR158,
which was shown to act as a scaffold protein for the plasma membrane recruitment of
GTPase-activating protein RGS7 via binding of the unconventional G protein GNB5. There
RGS7 interacts with GPCRs that bind conventional G proteins of the Galpha (i/o) class,
accelerating their deactivation, thus enhancing cAMP production [44]. Consistent with
this mechanism, we showed that GPR158 overexpression in cultured trabecular meshwork
cell enhanced cAMP production in response to the acute stress hormone epinephrine, a
conventional GPCR ligand. Furthermore, the IOP-lowering effect of epinephrine, which
signals via adrenergic receptors, was negated in Gpr158 KO mice [40].

An increase in GPR158 expression, as stimulated by glucocorticoids, would be expected
to affect the activity of pathways regulated by this GPCR. The goal of this study was to
identify affected pathways that might either be protective or contribute to pathology. We
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first profiled gene expression changes due to GPR158 overexpression in the immortalized
TM-1 cell line by microarray screening. Then, we conducted pathway analysis to identify
predicted upstream regulators of affected gene sets and we analyzed selected genes in
each set more closely. Finally, we conducted functional studies to determine the possible
significance of the selected pathways to development of ocular hypertension.

2. Results
2.1. Profiling of GPR158-Regulated Gene Expression

To investigate pathways regulated by GPR158 overexpression in trabecular mesh-
work cells, we performed microarray-based gene expression profiling using a lentivirus-
transformed cell culture model. To create the model, TM−1 cells were infected with a
lentiviral construct in which GPR158 was placed under control of a doxycycline-inducible
promoter element; stably transduced clones were selected for use in experiments. Using
this approach, the dose of GPR158 protein received by the cell can be controlled by the
concentration of doxycycline used to treat the cells, as well as the duration of treatment.

A schematic outlining the experimental design is shown in Figure 1A. GPR158 overex-
pression was induced with doxycycline at 100 ng/mL or 500 ng/mL for 24, 72 or 96 h. A
TM−1 cell line stably transduced with empty lentiviral vector, and treated similarly with
doxycycline, was also profiled to ensure observed changes in gene expression were not due
to doxycycline alone.
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Figure 1. Profiling of GPR158−induced gene expression in TM−1 cells. (A) Experimental and
analytical design for the GPR158−regulated pathway analysis utilizing the paired lenti-GPR158
TM−1 and lenti-vector TM−1 cell lines. (B) Immunoblot documenting GPR158 protein levels
induced in the two experiments.

Elevation of the GPR158 protein level was documented in each experiment by im-
munoblotting, as shown in Figure 1B. From this analysis, it can be seen that the 100 ng/mL
and 500 ng/mL doxycycline concentrations induced GPR158 protein accumulation to ap-
proximately the same level; however, cells were exposed to this level of protein for different
lengths of time in the different experiments.

Following expression profiling, the genes that were differentially expressed in response
to GPR158 overexpression were identified by comparing microarray gene expression values
for vehicle-treated lenti-GPR158 to doxycycline-treated lenti-GPR158.

Next, we imported the microarray data into the Ingenuity Pathway Analysis (IPA)
software. Top upregulated and downregulated genes, with fold change in expression, are
shown in Table S1. We next used IPA’s upstream regulator tool, which identifies gene sets
from the total differentially expressed genes that are known to be controlled by specific
proteins or small molecules (“upstream regulators”). We selected five stress-regulated
pathways for follow-up based on their relevance to ocular hypertension and previous
trabecular meshwork cell culture findings; these are listed in Table 1.



Stresses 2023, 3 632

Table 1. Selected upstream stress regulators identified by IPA.

GPR158 Dose Exp 1 Exp 2A Exp 2B
Doxycycline Low High High
Duration 72 h 24 h 96 h

IPA Top Upstream Regulators

p = 2.71 × 10−9 p = 4.55 × 10−17 p = 1.62 × 10−6
Dexamethasone activated

p = 1.19 × 10−9 p = 1.02 × 10−23 p = 2.54 × 10−16
TGFB1 inhibited

p = 1.09 × 10−5
XBP1 inhibited

p = 5.46 × 10−6
ATF4

p = 1.13 × 10−5 p = 4.84 × 10−18 p = 3.41 × 10−15
TP53 inhibited activated

The p-value indicates the overlap of GPR158-regulated gene sets with those regulated by the IPA-identified
“upstream regulator”. If the pathway is predicted by IPA to be activated or inhibited, this is indicated.

Next, we sought to validate selected differentially expressed genes and IPA pathways
identified. Representative results are shown in Figure 2. First, lenti-GPR158 TM-1 cells were
treated to achieve the three GPR158 doses used for microarray analysis, then the change
in gene expression was quantified by qPCR for select genes and fold change compared
to the microarray result (Figure 2A). In addition, the paired TM-1 cell lines (lenti-vector
and lenti-GPR158) were treated with doxycycline at 500 ng/mL over a time course of
24–96 h, then the accumulation of protein products of select genes was evaluated by
immunoblotting (Figure 2B).

COL10A1 was one of the genes identified by microarray as most highly upregulated at
the moderate GPR158 dose (Table S1); it was also upregulated at the highest dose, but its
expression was not significantly affected at the lowest dose. This finding was validated by
qPCR (Figure 2A) and immunoblotting (Figure 2B). CA12 was one of the top downregulated
genes at the lowest dose of GPR158 (Supplementary Materials Table S1), and was also down-
regulated at moderate and high doses. This finding was validated by qPCR (Figure 2A).
SLC8A2 was one of the genes identified by microarray as most highly upregulated at the
moderate GPR158 dose. This finding was validated by immunoblotting (Figure 2B).

Expression of the gene encoding upstream regulator TGFB1 was not observed to be
changed by microarray analysis. However, expression of TGFB2, encoding a cytokine with
similar activity whose expression changes in the trabecular meshwork from eyes with
ocular hypertension and glaucoma [22–27], was downregulated at the moderate GPR158
dose (Figure 2A). This validated the microarray result. It was also consistent with the IPA
prediction of TGFB1 pathway inhibition (Table 1), since one would expect downregulation
of the upstream regulator.
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Figure 2. Validation of microarray and IPA upstream regulator results. (A) qPCR validation of
microarray and IPA data for selected genes using the lenti-GPR158 TM−1 cell line. N = 3. (B) Im-
munoblot validation of microarray and IPA data for selected genes using the lenti-GPR158 TM−1
cell line. (C) qPCR validation of microarray and IPA data for TGFB2 using two primary cell stains,
TM137 and TM200. Cells were transiently transfected with a GPR158 expression vector or empty
vector control. After 48 h, RNA was extracted for qPCR. Student t-test; n = 3; ** p < 0.01. For TM200,
p = 0.0064.

We also sought to validate the observed GPR158-induced decrease in TGFB2 ex-
pression in primary trabecular meshwork cells in culture. For this, GPR158 was overex-
pressed by transient transfection in two different primary cells strains: TM137 and TM200
(Figure 2C). TGFB2 mRNA was decreased by transient GPR158 overexpression in both
cell strains; the decrease was statistically significant in TM200 cells. Differences between
primary cell lines likely reflect genetic differences among individuals.

Expression of the gene encoding the upstream regulator, TP53, was unchanged by
GPR158 overexpression as determined by qPCR (Figure 2A); however, the protein level
was clearly increased as determined by immunoblotting (Figure 2B). This is consistent with
the known mechanism of TP53 pathway activation; TP53 protein is stabilized in response
to cellular stress [45].

2.2. IPA Upstream Stress Regulator Analysis

In our next analyses, we looked more closely at the gene sets associated with the five
selected upstream stress regulators. Tables 2–4 list differentially expressed genes that IPA
includes as part of the selected gene sets, showing fold change in gene expression (+ or −)
due to overexpression of GPR158, as observed in microarray experiments 1 and 2 (Figure 1).
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Table 2. Selected genes from IPA “top upstream regulator” findings: dexamethasone regulated,
TGFB1 regulated.

Fold Change in Gene Expression
Gene Exp 1

Low, 72 h
Exp 2A

High, 24 h
Exp 2B

High, 96 h

Change
Direction
Predicted

Change
Direction
Observed

Dexamethasone regulated
Acute

AKR1C1/C2 −1.302 −1.991 −1.503 up down
AKR1C3 −1.443 −1.625 up down
AKR1C4 * −1.313 −2.206 −1.576 up * down
CA12 ** −1.317 −1.727 −1.362 up down
CHI3L1 −1.370 −1.571 up down

Extracellular matrix
ADAMTS1 −1.229 up down
COL1A1 −1.250 up down
COL4A1 −1.276 −1.256 up down
COL4A5 +1.256 up up
COL10A1 +1.686 +3.183 down up
LAMA4 −1.218 −1.218 −1.212 up down
LAMA5 −1.212 −1.394 +1.220 up regulates
VCAN −1.235 −1.570 −1.786 down down

Growth factors and matricellular proteins
CTGF −1.144 −1.320 up down
CYR61 −1.211 −1.292 +1.315 regulates regulates
GDF15 +1.354 +1.374 down up
TGFB2 −1.443 up down
THBS1 −1.242 −1.363 +1.249 up regulates
WNT5A −1.264 up down
WNT5B *** −1.212 −1.376 --- down

TGFB1 regulated
Extracellular matrix

COL1A1 −1.250 up down
COL3A1 −1.594 up down
COL4A1 −1.276 −1.256 up down
COL5A1 −1.254 up down
COL6A3 −1.539 up down
VCAN −1.570 −1.786 down down

Growth factors and matricellular proteins
BMP4 −1.212 −1.382 down down
DACT3 **** +1.457 +1.228 --- up
DKK3 +1.262 up up
GDF15 +1.354 +1.374 up up
THBS1 −1.242 −1.363 +1.249 up regulates

Shown are differentially expressed genes with the fold change in gene expression (+ or −) in each of the
experiments. If a table cell is gray, the change in gene expression was not statistically significant. The direction of
change in dexamethasone-induced gene expression predicted by IPA and actual change in direction observed
is indicated. * AKR1C4 downregulated by dexamethasone according to IPA, but upregulated in TM-1 cells
by dexamethasone and other glucocorticoids according to publications cited in the text; ** not identified as
dexamethasone regulated by IPA, but upregulated in TM-1 cells by dexamethasone and other glucocorticoids, as
cited in the text; *** not identified as dexamethasone regulated by IPA; **** not identified as TGFB1 regulated by
IPA, but is a known negative regulator of TGF-beta signaling.
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Table 3. Selected calcification-related genes regulated by GPR158 overexpression.

Fold Change in Gene Expression
Gene Exp 1

Low, 72 h
Exp 2A

High, 24 h
Exp 2B

High, 96 h

Change
Direction
Predicted

Change
Direction
Observed

Calcification related
ACTG2 −1.204 −1.414 up down
ALPL +1.340 up up
ALPP +1.578 up up
BGLAP --- ---
BMP2 up ---
BMP4 −1.212 −1.382 up down
COL1A1 −1.250 up down
COL10A1 +1.686 +3.183 up up
ECM1 +1.319 up up
MGP −1.221 down down
OSTF1 +1.203 down up
SLC8A2 +2.174 +1.777 down up
TNFRSF11B −1.215 down down
WNT5A −1.264 up down
WNT5B −1.212 −1.376 up down

Shown are differentially expressed genes with the fold change in gene expression (+ or −) in each of the
experiments. If a table cell is gray, the change in gene expression was not statistically significant. The direction of
change in dexamethasone-induced gene expression predicted by IPA and actual change in direction observed
is indicated.

Table 4. Selected genes from IPA “upstream regulator” findings: TP53 regulated.

Fold Change in Gene Expression
Gene Exp 1

Low, 72 h
Exp 2A

High, 24 h
Exp 2B

High, 96 h

Change
Direction
Predicted

Change
Direction
Observed

TP53-regulated
Cell cycle progression

CCNA1 ***** −1.956 --- down
CCNA2 −1.368 down down
CCNB2 −1.269 regulates down
CCND1 −1.292 regulates down
CCNE1 −1.258 regulates down
CDC25C −1.371 down down
MYC −1.707 −1.268 down down

Cell cycle arrest
BRSK1 +1.475 +1.335 up up
CDC42EP5 +1.708 +1.547 up up
CDKN1A −1.186 +1.264 up up
GAS1 −1.516 −1.513 regulates down
KLF6 −1.818 up down
MAPRE3 −1.357 +1.219 up regulates
SIRT4 +1.433 +1.306 up up
TP53 up ---
TXNIP −1.427 +9.300 up regulates

Mitosis
CDC20 −1.255 down down
CENPF −2.203 down down
CEP55 −1.236 down down
AURKA −1.259 down down
PEG10 −1.235 −1.410 down down

Shown are differentially expressed genes with the fold change in gene expression (+ or −) in each of the
experiments. If a table cell is gray, the change in gene expression was not statistically significant. The direction of
change in dexamethasone-induced gene expression predicted by IPA and actual change in direction observed is
indicated. ***** Not identified as TP53 regulated by IPA.



Stresses 2023, 3 636

2.2.1. Upstream Stress Regulators: Dexamethasone and TGFB1 (Fibrosis)

As noted in the Introduction, GPR158 was identified in a screen for genes associated
with SIOH, and TGFB2 has been implicated as a regulator of the pathological fibrotic re-
sponse that characterizes open-angle forms of ocular hypertension, including SIOH. TGFB1
is a cytokine with similar activity as TGFB2, both members of the TGF-beta superfamily.
For these reasons, we considered the IPA-identified upstream regulators dexamethasone
and TGFB1 as highly significant. Table 2 compiles examples of differentially expressed
genes from the dexamethasone and TGFB1 upstream regulator gene sets, with the fold
change in gene expression (+ or −) observed in each of the experiments. If a table cell is
gray, the change in gene expression was not statistically significant.

The “acute” subcategory for dexamethasone in Table 2 compiles differentially ex-
pressed genes with immediate effects on IOP. This includes genes encoding four members
of the aldo-keto reductase superfamily (AKR1C1–4). The IOP-lowering drug, bimato-
prost, is a structural analogue of the AKR1C3 product prostaglandin F2alpha, and inhibits
AKR1C3 activity in raising IOP [46]. Other differentially expressed included in this category
are CHI3L1, encoding a trabecular meshwork cell-secreted protein found at high levels in
the aqueous humor [47], and CA12, encoding a carbonic anhydrase involved in aqueous
humor production, overexpression of which has been associated with elevated IOP in
glaucoma [48]. These genes are predicted by IPA to be upregulated by dexamethasone and
their upregulation has been documented specifically in trabecular meshwork cell cultures
treated with glucocorticoids [49–53]. Significantly, these genes were all downregulated by
GPR158, at all doses.

A second subcategory in Table 2 compiles differentially expressed genes encoding
extracellular matrix. The lists includes genes encoding seven collagen subtypes and two
laminins, as well as VCAN (versican), an important component of aqueous outflow re-
sistance in the trabecular meshwork [54]. The gene encoding ADAMTS1 was also on
the dexamethasone list. Members of the metzincin superfamily of extracellular matrix-
degrading proteinases, ADAM and ADAMTS, have been implicated in regulation of
aqueous outflow [17]. Significantly however, essentially all these differentially expressed
genes were downregulated by GPR158 overexpression. There were two exceptions: genes
encoding the collagen subtypes COL4A5 and COL10A1 were both upregulated at the
higher GPR158 dose.

A third subcategory in Table 2 compiles differentially expressed genes encoding
growth factors and matricellular proteins, i.e., extracellular matrix proteins that play reg-
ulatory roles to control extracellular matrix deposition. Several have been specifically
implicated in ocular hypertension. This includes genes encoding TGF-beta superfamily
member TGFB2 [22,55,56], the matricellular protein THBS1 [57], and growth factor WNT5A
and its inhibitor DKK [58]. As a group, these genes are predicted by IPA to be upregulated
by dexamethasone and TGFB1. However, they were essentially all downregulated by
GPR158 (DKK was correspondingly upregulated). There were two exceptions: The gene
encoding TGF-beta superfamily member GDF15 was upregulated at low and high GPR158
doses, and the gene encoding matricellular protein THBS1 was upregulated at the highest
dose of GPR158.

As noted in the Introduction, glucocorticoid regulation of genes involved in bone
ossification has been associated with pathological calcification of trabecular meshwork,
and this could contribute to tissue stiffness. As we examined dexamethasone and TGFB1-
regulated gene sets (Table 2), we noted a number of ossification-associated genes were
present, in particular, two of the most highly upregulated genes: COL10A1 and SLC8A2
(Table S1). We then went back to the IPA results and observed that the combined IPA for
all three experiments identified a “Top Tox Function” as “Increased Levels of Alkaline
Phosphatase” with a p-value of 4.07 × 10−3 to 4.07 × 10−3. We then turned to the previously
published microarray profile to make comparisons [28]. Table 3 compiles genes that were
found to be differentially expressed when trabecular meshwork cells are treated with
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glucocorticoids, that are associated with calcification, and that were also differentially
expressed by GPR158 overexpression in the current study.

Only approximately half of the genes listed in Table 3 were regulated in the direction
predicted to stimulate calcification. The activity of alkaline phosphatase, a key regulator of
soft tissue calcification, is increased in trabecular meshwork cells treated with dexametha-
sone or TGFB2 in culture [59,60]. In agreement with this, ALPL and ALPP, both of which
encode alkaline phosphatases, were upregulated by GPR158 overexpression (Table 3) as
predicted by the IPA. Stimulated expression of two of the most highly induced genes in this
analysis, COL10A1 and SLC8A2, is also documented here at the protein level (Figure 2D).
BGLAP is a protein hormone that is highly expressed during the last stages of bone for-
mation and it has been reported to be expressed at low levels by cells of the trabecular
meshwork [28]. We observed expression of the BGLAP gene here, but this was not altered
by GPR158 overexpression.

2.2.2. Upstream Stress Regulators: XBP1 and ATF4 (UPR)

As noted in the Introduction, accumulating evidence implicates UPR activation as a
common pathogenetic mechanism for ocular hypertension leading to POAG and in SIOH.
The schematic in Figure 3A summarizes the steps in UPR activation. Normally, UPR
activation protects the cell. However, if ER stress continues unresolved, programmed cell
death is orchestrated by induced expression of DDIT3. This is thought to contribute to the
pathology of ocular hypertension that ultimately leads to POAG.

UPR pathway components ATF4 and XBP1 were among the IPA top upstream regula-
tors (Table 1). HSPA5 and DDIT3 were among the top downregulated genes (Table S1). In
our next set of experiments, we evaluated the effects of GPR158 overexpression at low dose
in TM-1 cells and after transient transfection into our primary cell lines. Representative
results are shown in Figure 3B–D.
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Figure 3. GPR158 overexpression regulates the UPR in trabecular meshwork cells. (A) Schematic
of the UPR. HSPA5 (also known as GRP78 or BiP) normally maintains UPR sensor proteins ATF6,
ERN1 and EIF2AK3 in an inactive state. However, when misfolded proteins accumulate, the sensors
are released and activated, resulting in production of second messengers: proteolytically cleaved
ATF6 (cATF6), alternatively spliced XBP1 (sXBP1), and phosphorylated EIFS2 (EIFS2-P). Signaling
by these second messengers results in increased production of molecular chaperones, activation of
ER-associated protein degradation (ERAD), and a reduction in protein translation, thus helping to
restore homeostasis. However, when ER stress is prolonged (as represented by the hour glass icon),
phosphorylated EIFS2 leads to induced expression of DDIT3 (also known as CHOP), which causes
cell death (reviewed in [61,62]). (B) GPR158 expression was induced by exposing lenti-GPR158 TM-1
cells (GPR158) or lenti-vector TM-1 cells (Control) to 100 ng/mL doxycycline for 72 h. Alternatively,
GPR158 expression was induced by transient transduction with a GPR158 expression vector in
primary cell strains (C) TM137 or (D) TM200, followed by 24 h of incubation. At the experimental
endpoint, RNA was extracted and qPCR was performed to test the mRNA expression level for HSPA5,
sXBP1, ATF4, and DDIT3. n = 3–6. Statistical significance was determined by ANOVA; ** p < 0.01;
**** p < 0.0001.

In TM-1 cells (Figure 3B), we found that HSPA5 mRNA was upregulated at the lowest
dose of GPR158, the opposite of the result obtained at the highest GPR158 dose (Table S1).
However, expression of other markers was similar at both doses. Thus, the spliced form of
XBP1 mRNA (sXBP1) was upregulated, and both ATF4 and DDIT3 mRNAs were down-
regulated. When GPR158 was transiently transfected into the TM137 primary trabecular
meshwork cell line (Figure 3C), HSPA5 mRNA was decreased, with no effect on the other
markers. In contrast, transient transfection of GPR158 into TM200 cell increased mRNA for
both HSPA5 and ATF4, with no effect on the other markers (Figure 3C). As noted previously
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(Figure 2), differences between primary cell lines likely reflect known genetic differences
among individuals.

These results indicate that GPR158 overexpression differentially regulates UPR marker
expression at low and high doses in TM-1 cells, as well as in primary cell lines. In all
cases, however, a protective effect is predicted because DDIT3 expression is either reduced
or unaffected.

2.2.3. Upstream Stress Regulator: TP53

As noted in the Introduction, we previously observed that transient transfection
with GPR158 stimulates cell proliferation in trabecular meshwork and prostate cancer
cells. However, in the lentivirus stably transformed model, low-dose GPR158 (100 ng/mL
doxycycline) stimulates cell proliferation, high-dose GPR158 (500 ng/mL doxycycline)
reverses this. The tumor suppressor TP53 arrests cell replication by holding the cell cycle at
the G1/S regulation point through its action as a transcription factor when activated by a
variety of cell stresses [45]. This suggested TP53 as a candidate mediator of the observed
reversal of cell proliferation, and was responsible for our interest in this pathway.

Table 4 lists selected genes regulated by GPR158 overexpression that overlap with
the TP53-regulated gene set. The first subcategory compiles genes encoding positive cell
cycle regulators including five cyclins, as well as CDC25C, encoding a protein that directs
dephosphorylation of cyclin B-bound CDC2 and triggers entry into mitosis. Expression of
these genes was not activated, but this is not inconsistent with cell proliferation as cyclin
activity is regulated at the protein level [63], similarly to TP53 [45]. This category also in-
cludes the gene encoding the cell cycle-regulating transcription factor MYC. TP53-mediated
downregulation of MYC expression is essential for cell cycle arrest [64]. At the highest
dose of GPR158, all but one gene was significantly downregulated. A second subcategory
encodes genes that cause cell cycle arrest. These genes were similarly upregulated at higher
GPR158 doses. The last subcategory compiles examples of genes whose protein products
are involved with the mechanics of chromosomal replication and mitosis. These genes were
similarly regulated as the other categories.

These findings are consistent with the idea that activation of the TP53 pathway is
responsible for inhibition of cell proliferation at high doses of GPR158 [41].

2.3. Functional Studies

Our previous observation that GPR158 expression is induced by dexamethasone (as
noted in the Introduction), and our observation here, that fibrosis-associated genes regu-
lated by dexamethasone are downregulated by GPR158 overexpression, suggested that
GPR158 overexpression might reverse the fibrosis-inducing effects of dexamethasone. We
investigated this hypothesis using our lentivirus-transduced TM-1 cell model. Representa-
tive results are shown in Figure 4A. The fibrotic response due to dexamethasone treatment
of TM cells is specifically characterized by deposition of the fibronectin protein FN1. Dex-
amethasone treatment induced expression of FN1 to a significant level, however GPR158
overexpression did not significantly reverse this.

We also followed up on our finding here that GPR158 overexpression regulates genes
associated with calcification. To detect any calcification, we performed alizarin red staining
on lenti-GPR158 TM-1 cell cultures after delivering the same three GPR158 doses used in
our microarray experiments. However, no calcium staining was observed (data not shown).

To investigate effects of GPR158 deficiency on SIOH, we utilized Gpr158 KO mice. We
treated these mice with glucocorticoids in two ways: first, by application of dexamethasone
eyedrops and, second, by injection of dexamethasone loaded nanoparticles. Then, we also
tried both eye drops and nanoparticles together. Results are shown in Figure 4B. In both
KO mice and wild-type littermates, IOP increased with dexamethasone treatment. Over
the entire time course, the IOP for Gpr158 KO mice was typically slightly higher than for
wild-type littermate mice. However, it was only at the 3 day time point in the experiment
that utilized treatment with Dex-NPs that this difference was statistically significant. Thus,
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only minimal protection against dexamethasone-induced ocular hypertension was afforded
by loss of Gpr158 in KO mice

Stresses 2023, 3, FOR PEER REVIEW    12 
 

 

Figure 4. Assessment of the effects of GPR158 on the dexamethasone-induced fibrotic response and 

on development of SIOH. (A) Cell culture model. (Left Panel) GPR158 expression was induced by 

exposing the lenti-GPR158 TM-1 cell line to 100 ng/mL doxycycline for 6 h. The lenti-vector TM-1 

cell  line was also exposed  to doxycycline  for comparison. After  this, cells were  left untreated or 

treated with dexamethasone  (250 nM)  for 72 h. Then, mRNA was extracted and qPCR was per-

formed to compare accumulated mRNA for specific genes. (Right Panel) Cell culture model exper-

imental endpoint results. Results of qPCR are shown. n = 3. Statistical significance was determined 

by ANOVA; ns = non-significant; * p < 0.05; ** p < 0.01. (B) Mouse model. Eyes of GPR158 KO mice 

or their wild-type (WT) littermates were treated by periocular injections of Dex-loaded nanoparti-

cles (Dex-NPs) twice a week, and/or topical delivery of dexamethasone (Dex) eye drops, 3 times per 

day, for 5-9 weeks. IOP was measured at the end of each week. In some experiments, IOP was also 

measured one week after Dex treatment was discontinued (After). (Left Panel) Dex-NPs treatment. 

(Middle Panel) Dex eye drop treatment. (Right Panel) Dex-NPs and Dex eye drop treatment. For 

all groups, n = 6; significance of IOP difference between KO and WT at each time point was tested 

by two-way ANOVA, with post hoc Bonferroni test. The adjusted p-value for the significant point in 

the left panel (at time point 3) is 0.0203. 

To investigate effects of GPR158 deficiency on SIOH, we utilized Gpr158 KO mice. 

We treated these mice with glucocorticoids in two ways: first, by application of dexame-

thasone eyedrops and, second, by injection of dexamethasone loaded nanoparticles. Then, 

we also tried both eye drops and nanoparticles together. Results are shown in Figure 4B. 

In both KO mice and wild-type littermates, IOP increased with dexamethasone treatment. 

Over the entire time course, the IOP for Gpr158 KO mice was typically slightly higher than 

for wild-type littermate mice. However, it was only at the 3 day time point in the experi-

ment that utilized treatment with Dex-NPs that this difference was statistically significant. 

Thus, only minimal protection against dexamethasone-induced ocular hypertension was 

afforded by loss of Gpr158 in KO mice 

   

Figure 4. Assessment of the effects of GPR158 on the dexamethasone-induced fibrotic response and
on development of SIOH. (A) Cell culture model. (Left Panel) GPR158 expression was induced by
exposing the lenti-GPR158 TM-1 cell line to 100 ng/mL doxycycline for 6 h. The lenti-vector TM-1
cell line was also exposed to doxycycline for comparison. After this, cells were left untreated or
treated with dexamethasone (250 nM) for 72 h. Then, mRNA was extracted and qPCR was performed
to compare accumulated mRNA for specific genes. (Right Panel) Cell culture model experimental
endpoint results. Results of qPCR are shown. n = 3. Statistical significance was determined by
ANOVA; ns = non-significant; * p < 0.05; ** p < 0.01. (B) Mouse model. Eyes of GPR158 KO mice or
their wild-type (WT) littermates were treated by periocular injections of Dex-loaded nanoparticles
(Dex-NPs) twice a week, and/or topical delivery of dexamethasone (Dex) eye drops, 3 times per
day, for 5-9 weeks. IOP was measured at the end of each week. In some experiments, IOP was also
measured one week after Dex treatment was discontinued (After). (Left Panel) Dex-NPs treatment.
(Middle Panel) Dex eye drop treatment. (Right Panel) Dex-NPs and Dex eye drop treatment. For all
groups, n = 6; significance of IOP difference between KO and WT at each time point was tested by
two-way ANOVA, with post hoc Bonferroni test. The adjusted p-value for the significant point in the
left panel (at time point 3) is 0.0203.

2.4. Upstream GPCR Regulator ADRB1 and Other Genes Linked to GPCR Signaling

As noted in the Introduction, we previously showed that the IOP-lowering effect
of epinephrine, which signals via adrenergic receptors, was negated in Gpr158 KO mice.
This led to our interest in one final IPA-identified upstream regulator, the beta-adrenergic
receptor ADRB1. The IPA predicted the pathway regulated by ADRB1 to be affected by
GPR158 overexpression at p = 3.87 × 10−7.

We also identified individual genes regulated by GPR158 overexpression that are
linked to both GPR158 signaling specifically, and GPCR signaling in general. These are
listed in Table 5. GNB5, encoding the unconventional G protein that serves as the obligate
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partner of the RGS7 GTPase, was upregulated. GPR158 recruits RGS7 to the plasma
membrane via binding of GNB5, thus placing it in position to interact with GPCRs that
bind conventional heterotrimeric G proteins of the Galpha (i/o) family to attenuate their
signaling [44]. The upregulated GNG7 encodes a G protein of the Galpha (i/o) family.
GNG7 has been shown to interact with GNB5 [65]. RGS7 was expressed by TM-1 cells, but
its expression level was not changed by GPR158 overexpression. However, RGS4, another
GTPase, was one of the top downregulated genes (Table S1).

Table 5. GPR158-regulated genes involved in GPR158 and other GPCR signaling.

Fold Change in Gene Expression
Gene Exp 1

Low, 72 h
Exp 2A

High, 24 h
Exp 2B

High, 96 h
Function

GPCR signaling
GNB5 +1.281 G protein
GNG7 +1.360 +1.26 G protein

RGS4 −2.778 −2.21 GTPase
activating

PLCG1 −1.387 Phospholipase C
PLCH2 +1.265 Phospholipase C

Shown are differentially expressed genes with the fold change in gene expression (+ or −) in each of the
experiments. If a table cell is gray, the change in gene expression was not statistically significant.

Additionally changed in expression were two phospholipase C genes, the protein
products of which are activated by G proteins to generate the second messenger inositol
1,4,5-trisphosphate. PLCH2 was one of the top upregulated genes and PLCG1 was one of
the top downregulated genes (Table S1).

These findings identify genes affected by GPR158 overexpression that might take part
in homeostatic IOP regulation.

3. Discussion

Physiological homeostasis is maintained through a fine regulation of the many steps
involved in the function of neuroendocrine axes. The hypothalamic–pituitary–adrenal axis
is activated by stress, leading to a production of glucocorticoid stress hormones by the
adrenal glands, as well as the more rapidly acting catecholamine stress hormones, such as
epinephrine. Epinephrine reduces IOP, but glucocorticoids can cause ocular hypertension
in susceptible individuals [38]. The pathophysiology of ocular hypertension has also been
linked to cellular stress responses including fibrosis [22–27], calcification [28], and UPR
activation [29–34]. In a previous pharmacogenomic screen for genes associated with risk
for ocular hypertension due to treatment with pharmacologic forms of glucocorticoids in
the eye, we identified the novel GPCR, GPR158 [38,39].

GPR158 is most highly expressed in neuronal cells, including in the brain [40,66–69], in
the retina of the eye [40,70], and in prostate cancer cells that have undergone neuroendocrine
differentiation [41]. However, the gene is also expressed at lower levels in non-neuronal tissues,
including prostate cancer epithelial cells [41] and the trabecular meshwork cells of the eye’s
aqueous outflow pathways [40]. We previously found that treatment with glucocorticoids in-
duces expression of GPR158 in prostate cancer [41] and trabecular meshwork cells in culture [39].
Significantly, GPR158 overexpression increased survival of trabecular meshwork cells subjected
to oxidative stress [39], a type of stress linked to the pathophysiology of POAG. Conversely,
lack of Gpr158 in knockout (KO) mice conferred protection against the elevation of IOP that
occurred (in the C57Bl/6 inbred strain of mice used) as they aged [40]. These studies suggested
that GPR158 can have both protective and pathological effects on the trabecular meshwork,
thus, impacting development of ocular hypertension.

To identify pathways regulated by GPR158 overexpression in trabecular meshwork
cells, we performed microarray profiling of gene expression changes due to GPR158 overex-
pression, then conducted pathway analysis. We identified four upstream stress regulators
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relevant to ocular hypertension: dexamethasone, TGFB1, and the UPR components ATF4
and XPB1. Key genes in these pathways were downregulated by GPR158 overexpression
suggesting mechanisms that might confer the previously observed cytoprotection. Ele-
vated IOP leading to both POAG and SIOH has been linked to fibrosis in the trabecular
meshwork [2–4,6,13–21], as regulated by TGFB2 [22–27]. In turn, fibrosis has been linked
to UPR activation [29–34]. ER stress occurs when protein folding capacity is compromised,
either by an excessive load of translated proteins or a defect in molecular chaperones. The
cell responds by activation of the UPR, a complex cellular process that alleviates the protein
load of the ER, while increasing the expression of molecular chaperones, thus protecting
cells (reviewed in [61,62]). A similar mechanism may be responsible for UPR activation by
GPR158 overexpression. GPCRs are integral membrane proteins that traverse the plasma
membrane seven times. This structure makes the folding of GPCRs in the ER difficult and
complex. Indeed, many wild-type GPCRs are not folded optimally, and defects in folding
are the most common cause of genetic diseases due to GPCR mutations [71]. Depending on
the acute or chronic nature of the stress, UPR activation might be cytoprotective or it might
lead to cell death.

A fifth upstream stress regulator, TP53, was also identified. TP53 is a tumor suppressor
that arrests cell replication by holding the cell cycle at the G1/S regulation point, when
activated by a variety of cell stresses, through its action as a transcription factor [45]. The set
of GPR158-regulated genes linked to TP53 was of interest because of our prior observations
on the effects of GPR158 on cell proliferation. We previously showed that dexamethasone
treatment stimulates GPR158 expression in trabecular meshwork cells. In turn, transient
transfection with a GPR158 expression vector also stimulates cell proliferation. Conversely,
knockdown of endogenously expressed GPR158 inhibits cell proliferation [39]. Similar
effects of GPR158 on cell proliferation were demonstrated in prostate cancer cell lines [41];
however, high-dose GPR158, as delivered via a doxycycline-inducible system similar to
the one used in the current study, reverses this [41]. Our findings are consistent with the
idea that activation of the TP53 pathway is responsible for the observed inhibition of cell
proliferation at high doses of GPR158 [41].

Activation of TP53 can occur in response to a number of cellular stresses, including
DNA damage [72]. Under normal conditions, the TP53 level is maintained at a low state by
virtue of the extremely short half-life of the polypeptide. Activation of TP53 in response to
DNA damage is associated with a rapid increase in its level. Functioning as a transcription
factor, TP53 then transactivates a number of genes whose products trigger cell-cycle arrest,
apoptosis, or DNA repair. When damage is not too severe, the cell cycle pause provides
cells an opportunity to repair themselves; however, when damage is severe, cell death
programs are activated [73].

We previously showed that, once newly synthesized by cultured cells, GPR158 traffics
to the plasma membrane similar to other GPCRs; however, it is then rapidly endocytosed
and translocates to the nucleus [39]. Mutation of the nuclear localization signal abrogates
the enhancement of cell proliferation in both trabecular meshwork cells [39] and prostate
cancer cell lines [41]. We conjecture that, when present at high doses, GPR158 in the nucleus
can cause DNA damage, thus activating the TP53 pathway. As with UPR activation, this
would be expected to have a protective effect on cell survival if the damage is not too severe
or prolonged.

Identification of these stress pathways was encouraging, but we found that the effect
of changing pathway activity by GPR158 overexpression is small. GPR158 overexpression
did not significantly inhibit the fibrotic response to dexamethasone, or affect calcification,
and loss of Gpr158 in KO mice only minimally protected against SIOH. The latter results
contrast with our previous finding that lack of Gpr158 in KO mice conferred protection
against the elevation of IOP that occurred as mice aged [40]. One possible explanation
for this different result is that the SIOH model is an acute stress, but the aging model is a
chronic stress, with more time for effects of GPR158 to manifest.
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The sixth upstream regulator, ADRB1, may be the most significant. ADRB1 Is a beta
adrenergic receptor subtype of GPCR family A. Drugs that enhance alpha adrenergic
receptor activity (alpha agonists) or antagonize beta adrenergic receptor activity (beta
blockers) are used clinically to lower IOP (reviewed in [74]). The acute stress hormone,
epinephrine, is one of these drugs [75,76]. Epinephrine exerts its IOP-lowering effect
through ADRA2A, which couples with Galpha(s) to stimulate adenyl cyclase and cAMP
accumulation [77–81]. Trabecular meshwork cells also express ADRB2, which couples
with Galpha (i/o) to inhibit adenyl cyclase; however, the positive IOP-lowering effect of
ADRA2A activity appears to dominate [77–81].

GPR158 interacts with conventional GPCRs that bind G proteins of the Galpha (i/o)
class, such as beta adrenergic receptors, accelerating their deactivation via RGS7 to enhance
cAMP production [44]. Consistent with these mechanisms, we showed that GPR158
overexpression in cultured trabecular meshwork cells enhanced cAMP accumulation in
response to epinephrine and the IOP-lowering effect of epinephrine was negated in Gpr158
KO mice [40]. These results suggest that adrenergic receptors partner with GPR158 to
maintain IOP homeostasis. Significantly, we also found several genes were regulated
by GPR158 overexpression encoding proteins of the envisioned partnership between the
beta-adrenergic receptor and GPR158.

Additionally changed in response to GPR158 overexpression was expression of
two genes encoding different phospholipase C isoforms: PLCH2 and PLCG1. PLCG1
was one of the top downregulated genes, and PLCH2 was one of the top upregulated
genes. Phospholipase C is activated by G proteins of the Gq/11 family to generate the
second messenger inositol 1,4,5-trisphosphate. This is intriguing in view of evidence
suggesting that GPR158 serves as a conventional GPCR receptor for BGLAP, a protein
hormone that regulates bone remodeling and energy metabolism [69]. Biotin-labeled
BGLAP bound a complex containing Gpr158 and Gq. Consistent with the presence of
Gq in this complex, BGLAP increased the production of inositol 1,4,5-trisphosphate
significantly more in wild-type than hippocampal neurons from Gpr158 KO mice and
failed to increase in cAMP production. It has been shown that BGLAP is expressed
by trabecular meshwork cells [28]; we confirmed this here, but found the level was
unchanged by GPR158 overexpression. PLCH2 has been previously shown to be highly
expressed in neuronal cells of the brain [82,83] and the retina [84,85]. Future studies will
be needed to determine whether PLCH2 plays a role in GPR158 signaling.

In summary, we identified five upstream stress regulators that control gene sets
modulated by GPR158 overexpression, and we argue that regulation of each of these
pathways might contribute in some small way to the previously observed effects of GPR158
on ocular hypertension. Potentially of greater significance, we report new evidence to
support previous findings that GPR158 modulates adrenergic receptor signaling, essential
to the homeostatic maintenance of IOP. This and the GPR158 and GPCR pathway genes
identified as differentially regulated by GPR158 warrant follow-up in future studies. Very
recently, GPR158 was deorphanized [86]. It was found that the amino acid glycine directly
binds to a Cache domain of GPR158, and this inhibits the activity of the associated RGS7-
GB5, inhibiting production of cAMP. The two systems likely overlap and are involved in
autotuning and homeostatic feedback. Identification of an activating ligand provides an
opportunity for development of drugs that target GPR158 to control IOP in glaucoma.

4. Materials and Methods
4.1. Antibodies

Primary antibodies used for immunolocalization or immunoblotting are shown in
Table 6. The antibody specific for human GPR158 was raised against AAs 24–74 of the hu-
man GPR158 extracellular domain. Its use for immunohistochemistry, immunolocalization
and immunoblot analysis in human and mouse cells and tissues has been described in
several publications from our labs [39,41,44,70,87].
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Table 6. Primary antibodies used for immunolocalization and immunoblotting.

Antigen Where Purchased Catalogue Number Species

GPR158 Sigma-Aldrich Corporation,
St Louis, MO, USA Cat# HPA013185 Rabbit

MYOC Santa Cruz Biotechnology,
Santa Cruz, CA, USA Cat# sc-137233 Mouse

TP53 Cell Signaling Technology,
Danvers, MA, USA Cat# IC12 Mouse

COL10A1 Invitrogen, Waltham, MA, USA Cat# PA5-49198 Rabbit

SLCA8 Origene Technologies, Rockville,
MD, USA Cat# TA328916 Rabbit

HSPA5 (GRP78/BiP) Abcam, Cambridge, UK Cat# ab212054 Mouse

ATF4 Cell Signaling Technology,
Danvers, MA, USA Cat# 11815 Rabbit

DDIT3 (CHOP) Cell Signaling Technology,
Danvers, MA, USA Cat# 5554 Rabbit

ACTB Abcam, Cambridge, UK Cat# ab6276 Mouse

GAPDH Cell Signaling Technology,
Danvers, MA, USA Cat# 97166 Mouse

4.2. Immortalized Trabecular Meshwork Cell Line and Lentivirus-Transformed GPR158
Overexpression Model

An SV40 large T-antigen immortalized human trabecular meshwork cell line, TM-1 [88],
was generously donated by Dr. Donna Peters (University of Wisconsin, Madison, WI,
USA). The line was created in the laboratory of the late Dr. Jon Polansky from trabecular
meshwork cells obtained from a 30-year-old non-glaucomatous individual, as previously
described [88]. The original parental trabecular meshwork cells were characterized as
previously described [89,90] and shown along with the TM-1 cells to upregulate MYOC
in response to dexamethasone [88,91]. Cells were grown in low-glucose Dulbecco’s modi-
fied Eagle’s medium containing 10% FBS (Atlanta Biologicals, Inc., Norcross, GA, USA),
2 mM L-glutamine, 2.5 ug/mL amphotericin B, and 25 ug/mL gentamicin, as previously
described [88].

To create the inducible GPR158 overexpression model, TM-1 cells were transduced
with a lentiviral vector containing GPR158, in which expression is driven by a doxycycline-
inducible promoter (pSlik-Hygro, Addgene, Cambridge, MA, USA), as previously de-
scribed [41]. A stably transduced cell line was selected and named lenti-GPR158 TM-1.
GPR158 transgene expression is leaky, thus the lenti-GPR158 TM-1 cell line, untreated
with doxycycline, is not a perfect negative control. For this reason, a matching nega-
tive control cell line, stably transduced with empty vector, was also created and named
lenti-vector TM-1.

4.3. Human Trabecular Meshwork Primary Cell Strains and Transient Transfection

Primary human TM cells were used for validation of data obtained with the immortal-
ized TM-1 cell line. Cells were isolated from whole eyes that were obtained from Miracles in
Sight Eye Bank (Winston Salem, NC, USA) and distributed to us by BioSight Biorepository
at Duke University under exempt IRB #113746. Primary cell strain TM137 was from a
60 years old white male donor; primary cell strain TM200 was from a 68 years old white
female donor. Neither donor eye was glaucomatous. Cells were isolated, characterized and
cultured as described [92,93], according to consensus guidelines [94]. Cells were cultured
in low-glucose Dulbecco’s modified Eagle’s medium containing 10% FBS (Gibco BRL, New
York, NY, USA), 2 mM L-glutamine, 2.5 ug/mL amphotericin B, and 25 ug/mL gentamicin,
as described [88]. Cells between passages 5 and 7, were transiently transfected with a
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GPR158 expression construct, previously described [39], or empty vector (control) for 48 h
using Lipofectamine 3000 Transfection Reagent (Life Technologies, Grand Island, NY, USA).

4.4. Microarray-Based Gene Expression Profiling

For induction of GPR158 expression, cells of the lenti-GPR158 TM-1 cell line and
lenti-vector TM-1 cell line were seeded at 105/mL in the wells of 6-well plates. Cells were
maintained in reduced serum (2.5%) for the experimental time periods. Two experiments
were performed. In the first experiment, cells were treated with doxycycline at 100 ng/mL
for 72 h (n = 3). A parallel set of lenti-vector cell cultures was also left untreated for the same
period as a negative control. In the second experiment, cells were treated with doxycycline
at 500 ng/mL for 24 h or 96 h (n = 3), also using the lenti-vector cell line as a negative
control. We have previously described use of the 100 ng/mL and 500 ng/mL treatments
in a similar lentiviral-transformed prostate cancer cell model [41]. In each experiment,
GPR158 induction was quantified for each GPR158 dose by immunoblotting.

Total RNA was extracted from each culture plate well using Aurum (Bio-Rad, Her-
cules, CA, USA) quantified by Nanodrop (ND-1000, Thermo Scientific Inc., Rockford,
IL, USA), and sent to the UCLA Neuroscience Core (Los Angeles, CA, USA) for gene
expression microarray screening. Gene expression profiling on each individual sample
was performed using the BeadChip™ platform (Illumina, San Diego, CA, USA) Human
HT-12 v4.0. Cyanine-3-labelled cRNA was hybridized on Agilent SurePrint G3 Human GE
8 × 60K Microarray v2. Arrays were scanned with an Agilent DNA Microarray Scanner at
a 3-µm scan resolution, image data were processed with Agilent Feature Extraction 11.0.1.1,
and processed signals were quantile normalized with Agilent GeneSpring 12.0.

Quantile normalized intensities were imported into Partek® Genomics Suite® software,
version 6.6 Copyright ©; 2016 (Partek Inc., St. Louis, MO, USA) for differential expression
analysis. The normalized expression intensities for all probes were subjected to a two-way
analysis of variance analysis (ANOVA, San Francisco, CA, USA). Differentially expressed
genes were selected using criteria p-value (or FDR using the Benjamini–Hochberg method)
<0.05 and fold change ≥ 1.2.

4.5. Ingenuity Pathway Analysis

Pathway analysis was performed using Ingenuity Pathway Analysis (IPA) software
(Qiagen, Mountain View, CA, USA; http://www.ingenuity.com accessed on 18 July 2023)
to identify biological functions and disease categories that are enriched among the differen-
tially expressed genes identified by microarray. The IPA upstream regulator tool was used
to predict signal transduction pathways affected.

4.6. Quantitative Polymerase Chain Reaction (qPCR)

For gene expression analysis, RNA was isolated using GeneJET RNA Purification Kit
(Thermo Fisher Scientific) following the manufacturer’s instructions. DNA contamination
was removed from columns with PureLink® DNase Set (Invitrogen, Carlsbad, CA, USA).
Reverse transcription was performed with High Capacity Reverse Transcription Kit (Ap-
plied Biosystems, Foster City, CA, USA) to synthesize the first-strand cDNA from 1 µg of
total RNA.

The qPCR reaction was performed using SYBR® Green reagents (iTaq Universal
SYBR Green Supermix; Bio-Rad, Hercules, CA, USA) with specific primers (Table 7). The
following parameters were used: 30 s at 95 ◦C, followed by 40 cycles of 5 s at 95 ◦C and
30 s at 60 ◦C. All samples were normalized to RNA levels of the housekeeping gene ACTB
(Table 7). The comparative CT method was used for relative quantitation [95], selecting the
relative amount in control cells as the calibrator.

http://www.ingenuity.com
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Table 7. Primer sequences for qPCR.

Gene Primer Sequence

TGFB2 Forward: GCGACGAAGAGTACTACGCC
Reverse: TGGCATCAAGGTACCCACAG

COL10A1 Forward: CAAGGCACCATCTCCAGG AA
Reverse: AAAGGGTAT TTGTGGCAGCATATT

CA12 Forward: ACTGCGGCAGGACTGAGTCT
Reverse: CACAATACAGATGCCAAGAATGC

TP53 Forward: TTTTCCCCTCCCATGTGCTC
Reverse: TGGACGGTGGCTCTAGACTT

FN1 Forward: AGCGGACCTACCTAGGCAAT
Reverse: GGTTTGCGATGGTACAGCTT

HSPA5 Forward: CCAAGAGAGGGTTCTTGAATCTCG
Reverse: ATGGGCCAGCCTGGATATACAACA

sXBP1 Forward: CTGAGTCCGAATCAGGTGCAG
Reverse: ATCCATGGGGAGATGTTCTGG

ATF4 Forward: CAGCACAGCCCCTCTACCA
Reverse: GCCCGCCTTAGCCTTGTC

DDIT3 Forward: AGAACCAGGAAACGGAAACAGA
Reverse: TCTCCTTCATGCGCTGCTTT

ACTB Forward: GTCATTCCAAATATGAGATGCGT
Reverse: GCTATCACCTCCCCTGTGTG

4.7. Immunoblotting

Cells were lysed by suspension in 200 µL of RIPA (radioimmunoprecipitation assay)
lysis buffer containing Tris 50 mM, NaCl 150 mM, SDS 0.1%, sodium deoxycholate 0.5%,
NP-40 1% and protease inhibitors cocktail. After 20 min, the lysates were centrifuged
at 10,000× g for 10 min and supernatants were collected. Proteins in the extracts were
separated by SDS-PAGE. Samples were prepared without boiling (which causes aggregation
of GPR158); however, samples were reduced with beta-mercaptoethanol. Equal protein
was loaded into each well based on bicinchoninic acid (BCA) assay (Thermo Scientific,
Rockford, IL, USA).

Proteins separated by SDS-PAGE were transferred to polyvinylidene difluoride (PVDF)
membranes. Membranes were probed with primary antibody overnight at 4 ◦C with gentle
shaking, following the manufacturer’s instructions. Protein loading equivalence was
monitored by probing of the membrane with antibody to the housekeeping gene ACTB.
All the primary antibodies for immunoblot analysis were used at 1:1000 dilution, except
ACTB, which was used at 1:4000 dilution.

Following incubation with primary antibodies, the membranes were then incubated for
1 h with secondary antibody–horseradish peroxidase conjugates (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) at a dilution of 1:10,000. Specific signals were developed for 1 min
using the enhanced chemiluminescence (ECL) kit components 1 and 2 (GE Healthcare
UK Limited, Buckinghamshire, UK). Chemiluminescence was visualized by exposure of
photographic film (LAS-4000; Fujifilm, Tokyo, Japan).

4.8. Calcification Assay

Transgene expression in lenti-GPR158 TM-1 cells was induced by treatment with
doxycycline at 100 or 500 ng/mL for 3-5 days. Alizarin red staining for calcification was
then performed according to a published method previously used to detect calcification
in cultured trabecular meshwork cells treated with dexamethasone [96]. Briefly, cells
were fixed in cold 100% methanol, then washed and exposed to fresh 1.5% alizarin red
(pH 4.2; Sigma-Aldrich, St. Louis, MO, USA) for 5 min (red-orange shows positive staining).
Subsequently, cells were washed again and photographed with a microscope-mounted
digital camera (Nikon Eclipse Nikon, Melville, NY, USA).
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4.9. Mouse Model of Steroid-Induced Ocular Hypertension

All studies were carried out in accordance with the Association for Research in Vi-
sion and Ophthalmology (ARVO, Rockville, MD, USA) statement for the Use of Animals
in Ophthalmic and Vision Research and the recommendations of the NIH Guide for the
Care and Use of Laboratory Animals. All procedures were approved by the Institutional
Animal Care and Use Committee of Tufts University/Tufts Medical Center (protocol
number B2019-39).

Gpr158 KO mice (Gpr158tm1(KOMP)Vlcg) were originally purchased from the University
of California Davis Knockout Mouse Project (KOMP) Repository. Data on the KOMP web-
site indicate that homozygotes for the KO allele are viable and anatomically normal. Mice
were backcrossed onto the C57/Bl6J background for at least 4 generations at The Scripps
Research Institute (Jupiter, FL, USA). Heterozygous Gpr158−/+ pairs were imported to
Tufts Medical Center (Boston, MA, USA), then bred to generate sufficient homozygous
knockout mice (Gpr158−/−) and wild-type littermates (Gpr158+/+) for experiments. Lit-
termates were used exclusively for all comparisons. Males were also used exclusively
because glucocorticoid treatment exhibits sex-specific differences [97]. Mice were housed
on a 12-h light–dark cycle with food and water available ad libitum.

In humans, there is considerable inter-individual variability in glucocorticoid re-
sponse [38]; however, mice bred onto the inbred C57Bl/6 background uniformly develop
ocular hypertension when treated with glucocorticoids (e.g., [33]). To create glucocorticoid-
induced ocular hypertension, dexamethasone was delivered to eyes of 4–6 month old mice
in three different ways: (1) as eye drops, (2) as loaded nanoparticles (Dex-NPs), (3) as both
eye drops and nanoparticles.

For eye drop delivery, dexamethasone phosphate (0.1% in PBS) or vehicle (∼20 µL)
were delivered 3 times per day, as previously described [33]. For nanoparticle delivery, Dex-
NPs (containing ∼23 µg of dexamethasone) or unloaded NPs were injected periocularly,
2 times per week, as previously described [98]. Dexamethasone delivery was performed
for 5–9 weeks.

Intraocular pressure measurement was performed in anesthetized mice by rebound
tonometry using the TonoLab (Icare, Revenio Group, Vantaa, Finland) [99]. Each recorded
IOP was the average of six measurements, giving a total of 36 rebounds from the same
eye per recorded intraocular pressure value. IOP was measured at the end of each week.
In some experiments, IOP was also measured one week after dexamethasone treatment
was discontinued.

4.10. Statistical Analysis and Reproducibility

All experiments were repeated at least twice, and usually three times. All cells, tissues,
and animals were randomly assigned to the experimental groups. All data are shown as
the means ± standard deviation (SD). For the calculation of p values, all technical replicates
from all biological replicates were used. All cell culture assays were performed with at least
n = 3 biological replicates. The number of animals needed per experimental group was
estimated as n = 6 biological replicates. Statistical analysis was performed using GraphPad
Prism 7 (GraphPad Software, San Diego, CA, USA). The Student t-test or the Mann–Whitney
U test was used attending to normality of the data distribution as determined by using the
D’Agostino and Pearson normality test. Analysis of Variance (ANOVA, San Francisco, CA,
USA) with Bonferroni’s post hoc test was applied for comparison of multiple samples. A
p-value ≥ 0.05 was treated as significant.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/stresses3030044/s1, Table S1: Top genes upregulated or down-
regulated by GPR158 overexpression.

https://www.mdpi.com/article/10.3390/stresses3030044/s1
https://www.mdpi.com/article/10.3390/stresses3030044/s1
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