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Chapter 7

GENERAL DISCUSSION

Atherosclerotic cardiovascular disease (ASCVD) remains a leading cause of death
worldwide despite the great advances in understanding the pathophysiology and
risk factors of the disease. This, all together, has made the development of effective
evidence-based therapies and preventive measures possible. Making biological
sense out of the wealth of statistical associations emerging from human genetic
data currently available on plasma lipids and atherosclerosis, even promises the
realization of personalized diagnosis and tailored treatments to further alleviate
this burden in the future. Aiming to contribute to this general goal, we have studied
here the molecular mechanisms and biological function of two novel genes that have
been proposed to be implicated in plasma lipid metabolism: STAP1 and GPR146. Using
acombination of experimental approaches, including in vitro systems, mouse models,
as well human genetic data, we have shed new light on functions of these proteins on
plasma lipids and atherosclerosis development and provided clues to guide further
research efforts. In this section, we summarize our findings and place them in the
larger context of the cardiovascular research field.

STAP1 does not regulate plasma LDL-c in mice or humans

Emerging from studying families with unexplained autosomal dominant
hypercholesterolemia or familial hypercholesterolemia (FH), STAP1 was proposed
in 2014 to be a novel FH gene but without experimental evidence of the underlying
biological mechanisms (1). The fact that STAP1 is mainly expressed in B cells was
puzzling and suggested a novel regulatory pathway connecting immune cell function
with lipid regulation in patients with FH, an attractive hypothetical scenario to
expand the notion of ASCVD as an inflammatory as well as lipid-driven disease
(2—4). This identification of defective STAP1 as a novel cause of hypercholesterolemia
generated significant interest in the FH research field, as illustrated by the following
subsequent instances:

1. STAP1became annotated as the familial hypercholesterolemia locus 4 (FH4) in
subsequent opinion articles, which ‘essentially informally certified its role in the
disease for the scientific community’ (5,6).

2. STAP1was added to the updated lists of FH causal genes in scientific reviews (7).

3. STAP1 was included in FH targeted sequencing panels for molecular patient

diagnosis and research purposes (8,9), as it was expected that the expanded
screening for STAP1 variants in FH patients and healthy individuals would
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eventually lead to the identification of additional loss of function variants to
confirm its nomination as causal FH gene (6).

In spite of this initial enthusiasm, follow up clinical studies failed to validate a role
for STAP1in FH (10—13). However, these studies focused on only a few patients while
they did not present experimental evidence to allow drawing firm conclusions. In
fact, experimental approaches were absent from the literature until the publication of
investigations described in Chapter 2. Here, we present our work on the development
and use models to study the molecular mechanisms underlying the association
between STAP1 and FH. The lack of positive findings with Stap1~- mice and Ldlr/-
mice transplanted with Stap17/-bone marrow, prompted us to contact our colleagues
in Amsterdam to study the discrepancy of our study outcome. Our colleagues
subsequently invited the subjects of their initial study for a blood withdrawal to
measure plasma lipids for a second time. In this effort, they did not find statistically
significant differences in levels of plasma TC or LDL-c between carriers of STAP1
gene variants and controls. These findings combined with our animal studies show
that STAP1 does not contribute to LDL-c regulation and should be delisted as an FH
candidate gene. Our findings on Stap1~- mice have also been independently validated
in a murine knockout model, developed by targeted homologous recombination
of embryonic stem cells (instead of CRISPR/Cas9 technology used by us) and
after a longer diet challenge with Western-type diet (14). In an editorial comment
accompanying the publication of our study, Hegele and coauthors (2020) remarked
that this work was “the final nail in the coffin for STAP1 as a causative gene for FH”(6) .

In the same editorial the authors proposed the removal of STAP1 from FH sequencing
panels and underscored the need of stringent supportive evidence for the endorsement
of future emerging FH genes. This includes providing strong statistical data,
evolutionary conservation based on predictive bioinformatic tools, expression and
structural modeling, and functional/experimental assessments in vitro, ex vivo, and
invivo (6), in accordance to the proposed analogous principles of the Koch postulates
for genetics (15,16).
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Table 1. Comparison between the original Koch postulates and the analogous principles
proposed to demonstrate causality in genetics, as proposed by Marian (2014) (15)

Original Koch postulates

The microorganism must be found in
diseased but not healthy individuals

The microorganism must be cultured
from the diseased individual

Inoculation of a healthy individual
with the cultured microorganism must
recapitulated the disease

. The microorganism must be re-
isolated from the inoculated, diseased
individual and matched to the original

The analogous components of the
Koch’s postulates for establishing
causality in genetics (extracted from
Marian, 2014)

Causal variants must be found and
enriched in the families or subjects with
the phenotype

The candidate causal variants must be
functional and pathogenic (novel or rare,
conserved, and protein-altering).

The introduction of the variants into

an experimental model should cause a
phenotype that resembles the phenotype
in humans.

The removal (deletion or silencing) of the
candidate causal variants should reverse
the phenotype.

microorganism.

In retrospect, it has become clear that the inclusion of STAP1 in the family of FH genes
in 2014 precipitated due to the lack of key evidence to support the original association
reported in 2021. Had that study included the experimental work provided in Chapter
2, the conclusion of the study would have been different, preventing the follow up
6 years of research efforts to demonstrate that STAP1 does not meet the scientific
criteria as a genetic disease causal gene (15,16). It is also likely that many research
efforts lacking support for STAP1 as an FH gene, did take place but were not published
due to the prevailing publication bias in favor of positive results (17—-19). This situation
isaggravated as the original publication was published in a high-profile journal. Our
work with STAP1 is an example that this practice needs attention, and it is also our
hope that our study contributes to prevent similar situations in the future.

Although the lipoprotein field had relied on family studies for years as a major tool to
discover new lipid and lipoprotein regulators, other recent genetic approaches have
emerged in use, of which Genome Wide Association Studies (GWAS) have drawn most
attention. Several major studies were published between 2008 and 2018 which were
brought to the lipoprotein community a “treasure trove” of more than 150 annotated
genes and loci, many of which had previously unidentified links to plasma lipid
regulation. These studies inspired a wave of efforts to validate the biological relevance
of these hits and searches for new potential therapeutic opportunities (20). Despite
large and ongoing efforts, only very few novel GWAS hits have fulfilled the analogous
Koch principles to demonstrate causality for their associated plasma lipid phenotypes,
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such as GALNT?2 (21), SORT1 (22), and TTC39B (23). In 2013, GPR146 appeared for the first
time on these lists (24). In other cases, such as ABCA6 (25), attempts the work on in
vivo models did not lead to validation of the GWAS hit (26), highlighting the absolute
necessity of experimental confirmation for genetic associations.

Orphan G-protein-coupled receptor 146, GPR146, influences plasma total cho-
lesterol mainly through its effects on HDL-c

GPR146 belongs to the list of novel GWAS hits reported in 2013 by Willer et al., (2013),
making entrance into the lipid research field with the promise that elucidation of
its statistical association with total plasma cholesterol levels could shed light on
novel regulatory pathways. This was accomplished by an experimental animal
study published six years later describing that hepatic GPR146 expression modulates
the VLDL production and SREBP2 pathway via ERK1/2 signaling (27). It was also
shown that GPR146 deficiency reduces plasma lipid levels and protects against
atherosclerosis independent of the LDL receptor.

While the initial GWAS showed that a common genetic GPR146 variant was associated
with total cholesterol levels, a later study showed that this SNP is a causal variant
which increases GPR146 mRNA expression (27,28). Later larger GWAS showed
that the association of this same SNP (rs1997243) with HDL-c was stronger than
its associations with LDL-c levels. In other words, increased GPR146 expression is
associated with elevated LDL-c and HDL-c levels. This observation is quite unusual
as changes in LDL-c are normally not accompanied by changes in HDL-c or vice versa
(29).

In Chapter 4, we show that in humans, a second SNP (rs2362529), negatively affecting
GPR146 at the mRNA level and, opposite to the previously reported SNP, is instead
associated with lower LDL-c and HDL-c. These relationships were found to be gene-
dose dependent, suggesting the involvement of a biological relationship. Gpr146--
mice also display reduced HDL-c, which has thus far been left unexplained. Research
in this direction is warranted to improve our understanding of the regulation of
the bad (LDL) and good (HDL) cholesterol but also because reductions in HDL-c are
unwanted (30—34) although it may not pose a threat for the development of GPR146
inhibitors (35). Recent advances in the HDL field have emphasized that HDL function
may be a better predictor of ASCVD risk than the cholesterol content reflected by
HDL-c plasma levels (36). This may indeed be true when considering that ANGPTL3
loss-of-function mutations have been shown to be associated with reductions in both
LDL-c and HDL-c while also protecting against CVD (33,37-39).
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To study the role of GRP146 in HDL metabolism, we tested the hypothesis that SR-B1,
the main HDL receptor, may be involved in explaining the lower HDL-c phenotype in
humans as well as mouse models (Chapter 5). Carriers of common variants affecting
GPR146 expression levels showed changes in HDL-c without affecting triglycerides,
which is similar to what has been reported for carriers of mutations in SCARBA1,
encoding for SR-B1 (40—-42). Moreover, we found an inverse and consistent correlation
between GPR146 expression and SR-B1 protein levels in cellular as well as animal
studies. To study a possibly causal contribution of SR-B1 to reduced HDL-c levels
in Gpr1467- mice, we overexpressed the PDZ1 domain of PDZK1, which is known to
block SR-B1 protein function and trigger a phenotype similar to the one observed in
Scarb1- mice (43). The results led to the conclusion that SR-B1 may not be the main
driver of the low HDL-c phenotype in mice and other molecular players remain to
be uncovered.

It is, however, necessary to confirm the robustness of these findings with a better
experimental set-up. Although overexpression of PDZ1 significantly reduced SR-B1
protein levels in the liver of treated mice as well as its intracellular mislocalization
(43), itis unclear whether the remaining SR-B1 protein could have differential activity
in Gpr1467-mice compared to Gpr146**, which could explain the persisting differences
between genotypes. It has also been reported that as a scaffold protein, PDKZ1is also
involved in the plasma membrane expression of other G-protein coupled receptors
(GPCR), thus potentially introducing direct or indirect bystander effects in our
experimental system (44). It would be better to backcross Gpri46~- mice to Scarbi™
mice, mimicking the study of Yu et al (2019) to demonstrate that the hypolipidemic
phenotype of Gpr146-- mice is independent of the LDLR. Alternatively, simultaneous
somatic gene editing of the Scarbz and Gpr146 genes could be an eligible set up to test
our hypothesis. Last but not least, functional assays such as selective HDL cholesterol
uptake assays (45), will allow to compare SR-B1 activity between genotypes and offer
increased insight into the contribution of SR-B1 to changes in HDL-c in Gpr146~- mice.

Alternative to SR-B1, we also propose additional candidates for further exploration.
Using targeted mass-spectrometry-based proteomics, we found significant
reductions in other HDL-c related proteins in the plasma of Gpr146~-mice, including
ApoA-I, ApoE, phospholipid transfer protein (PLTP), ANGPTL3, ApoC-III, lecithin:
cholesterol acyltransferase (LCAT) and endothelial lipase (EL; Figure 1), all well-
known regulators of HDL-c plasma levels in mice and humans (46—49). However,
as with SR-B1, we have at this point only observational data and actual functional
contributions needs to be addressed. As summarized in Table 2, the effects of the loss
of PLTP, ApoC-III, LCAT and EL in mouse models on plasma lipids is different from

216

General Discussion

Gpri1467- (46,49,50). The plasma reductions for these proteins shown in Figure 1 is
probably a consequence of an overall decrease in HDL particles in Gpri1467-mice. On
the other hand, the loss of ApoA-I (48) and ANGPTL3 (Fujimoto et al., 2006; Wang et
al., 2015) appear to mimic the loss of GPR146 (Table 2).
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Figure 1. Plasma proteins found to be reduced in chow fed male Gpr146~- mice compared to
controls, as measured with targeted mass-spectrometry based proteomics.

Table 2. Comparison of the expected phenotypes observed in knockout mouse models
compared to Gpri467/- for known regulators of HDL-c found decreased in the plasma of
Gpri1467-mouse

Gene Plasma lipid profile in Compatible with Gpr1467- mouse  References
knockout mouse phenotype
(VHDL, YLDL-c TG)
APOA1 VHDL, YLDL-c VTG Yes (48)
PLTP VHDL, *LDL-c MTG No (50)
ANGPTL3 VHDL, YLDL-c vTG Yes (47, 51)
Vv VLDL production

APOC-IIL <>HDLVLDL-c VTG No (52)
LCAT YHDL, YLDL-c *TG No (49)
LIPC AHDL, *LDL-c TG No (46)

<> no change vDecrease tncrease
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Of these candidates, ANGPTL3 is of special interest as it shares three important
similarities with GPR146: 1) its mechanism of action has been shown to be independent
of the LDL receptor (37,51,53), which is also reported for GPR146 (27), and 2) a recent
Mendelian randomization analysis shows that loss of ANGPTL3 is also associated
with reduced CRP levels (54), similar to what we observed in our study of common
GPR146 variants in Chapter 4.

ANGTPL3 inhibitors have proven to be successful in reducing atherogenic plasma
lipids in clinical trials (51,53,55,56) while ANGPTL3 genetic efficiency is associated
with protection from ASCVD (39,57). If GPR146 is causally associated with ANGPTL3
plasma levels, GPR146 antagonism using small molecules could constitute a new
means to reduce ANGPTL3. Apart from these pharmaceutical considerations, further
exploring the association between GPR146 and ANGPTL3 may provide new scientific
insight.

Despite the similarities between loss of GPR146 and ANGPTL3, there is one remarkable
difference: ANGPTL3 deficiency is also associated with a marked reduction in plasma
triglycerides in humans (22,47,58,59) while for GPR146, this is observed in mice but
genetic variation in GPR146 has thus far not been shown to affect plasma triglycerides
(27,28).

Another recent promising lipid-lowering drug that may offer clues to better
understand the role of GPR146 in lipid metabolism is bempedoic acid because the
effects on plasma lipids are similar to those observed in Gpr146~- mice (28). Bempedoic
acid is an inhibitor of the ATP-citrate lyase (ACL), blocking the lipid biosynthesis
pathway upstream of HMG-CoA reductase (the target of statins), and reducing LDL-c
and atherosclerosis in experimental settings (60—62) as well as recent clinical trials
(63,64). Similar to the phenotype of carriers of the possibly functional GPR146-p.
Pro62Leu mutation, bempedoic acid reduces not only LDL-c but also on HDL-c and
CRP (65). In addition, studies in Ldlr/-mice and Yucatan miniature pigs indicate that
its effect is independent of the LDLR pathway (60,62) while it also shows decreased
activation of pERK1/2 (60). In addition, both bempedoic acid and GPR146 inactivation
are known to have effects on cholesterol synthesis genes (27,60). These data suggest
that interventions in the cholesterol synthesis pathway can have more complex
consequences than boosting the SREBP2 pathway and increasing LDL receptor
protein as currently assumed. Studying the lipid-lowering mechanisms of GPR146 and
bempedoic acid in Ldlr/- models may help elucidating complementary mechanisms. In
addition, it would be interesting to compare the response to bempedoic acid treatment
between Gpri46~- mice and controls, and to also compare the effects of common
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variants in the ACLY and GPR146 genes in plasma lipid traits and the risk of ASCVD
to see if how much their effects are similar in magnitude and direction, following a
Mendelian Randomization approach (66).

An experimental system to test the functional impact of rare genetic variants in
GPR146

To increase our understanding of the function of GPR146 in humans, we sequenced
the GPR146 gene in subjects with the highest and lowest LDL-c for their age and
gender in two general population studies as described in Chapter 4. The p.Pro62Leu
variant emerged as an interesting variant taken an expected impact of a loss of a
proline residue that has been shown to be evolutionary conserved across species,
and it is predicted to be damaging based on different established algorithms. We
later found that this variation is present in approximately 1 in a 1000 in the general
population, which made more extensive studies possible. The association of this
variant with changes in lipid levels are considerably stronger compared to a common
variant (rs2362529) associated with lower GPR146 expression. These findings led us
to hypothesize that the p.Pro62Leu variant confers loss-of-function, which we have
tried to validate in in vitro experiments.

We were, however, not able to identify significant differences between wild-type
and mutant p.Pro62Leu GPR146 on ERK1/2 activation and were confronted with
technical shortcomings of our experimental set up. First, we observed that regular
GPR146 overexpression caused cell death after a few days of culture, which made it
impossible to establish a stable overexpression cell line. This indicated the need of an
inducible/titratable system to offer more control on the timing and levels of GPR146
overexpression. Although not discussed in Chapter 4, we attempted to do this using
the fU-tetO-gateway lentiviral system, which is inducible with doxycycline. However,
in our hands, this system showed large variability between experiments and proved
to be not sensitive enough to assess the functionality of the p.Pro62Leu variant based
on ERK activation. This system also lacked a selection marker and thus did not allow
to generate a stable cell line. We speculate that this could have contributed to the
large variability observed between experiments, which could be addressed thought
e.g., implementing a FACS selection cassette or an antibiotic marker independent of
an inducible GPR146 expression. This way we could generate a more homogeneous
and controlled system. But even with a trustworthy overexpression system in place,
the actual readout of GPR146 activation may also need revisiting. Although pERK
activation through western blotting has been the focus of our studies thus far, it
would be useful to implement an assay that allows for better quantitative results. It
would in this regard good to test assays based on Ca2+ release, CAMP or B-arrestin,
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as generally performed for GCPRs (67). Such a tool will not only help the envisioned
functional studies (testing GPR146 variants) but also help us to decipher how
activation of this receptor affects metabolism.

To overcome inherent problems with in vitro models, we also studied the impact of
the p.Pro62Leu variant in vivo (Chapter 4). Unfortunately, overexpression of human
GPR146 or its mutant form p.Pro62Leu in Gpri467 mice did not induce changes in
plasma lipids. This could be due to species-specific differences or protein folding
problems related to overexpressing of G-protein coupled receptors in vivo. It would
not be the first time when overexpression of a human homolog protein fails to
rescue a mouse phenotype (68,69). In this light, there are ongoing efforts to develop
a Gpri146-p.Pro62Leu knock-in mouse model.

Deorphanization of GPR146

Finding the endogenous ligand of GPR146 will be instrumental to understand its
physiological role in lipid metabolism and provide insight into its potential as a
drug target. The first published study attempting to elucidate this, reported that
Proinsulin C-peptide was likely the endogenous ligand of GPR146 (70). However, a
recent study could not validate this interaction in CHO-K1 cells expressing human
GPR146 stimulated over a wide range of concentrations of C-peptide. In fact, these
investigators did not show any of the expected intracellular responses with ligand
binding which was based on multiple readouts, including dynamic mass redistribution
and GPCR B-arrestin assays, as well as with fluorescence confocal microscopy (71).
Thus, in the public domain, GPR146 remains an orphan GPCR, which limits the
development of tools and assays to understand its function in health and disease.

In Chapter 4, we show that no pERK1/2 activation is observed in cells overexpressing
GPR146 when these are starved and only show a difference after stimulation with FCS
following starvation. In other words, it seems that FCS contains the natural ligand(s)
necessary to activate GPR146 and trigger ERK1/2 signaling. Apparently, in plasma
from fasted-refed mice, GPR146 activators are also more abundantly or exclusively
present compared to the fed state. It is possible, that these compounds are present
in the food, but it could also concern an intrinsic component related to the refeeding
response that is produced by the mice as e.g., insulin. While the C-peptide, a protein
domain of insulin, has been discarded as the ligand of GPR146 (71), it is possible that
insulin signaling is linked to GPR146 via the ERK1/2 pathway (72). Tests with plasma
of starved or fasted mice could be an interesting option to test this hypothesis. One
could alternatively explore whether the phenotype of Gpri146~- mice is dependent on
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insulin signaling through blunting insulin production with streptozotocin followed
by insulin administration (73).

GPR146 downregulation as novel lipid lowering approach and its effect on ath-
erosclerosis development

The finding that the effects of GPR146 are independent of (27) is of potential relevance
to patients with homozygous FH with a complete lack of LDL receptor activity. This
especially relevant because registered drugs such as statins and PCSK9 inhibitors
are dependent on LDL receptor function. While the development of small molecule
inhibitors for GPR146 has not been reported so far, inhibition of GPR146 in only liver
is also feasible with RNAi and antisense oligonucleotide (ASO) technologies, which
have been already shown successful results inhibiting hepatic expression of PCSK9,
ANGPTL3 and Lp(a) (Chaudhary et al., 2017; Gaudet et al., 2020; Graham et al., 2017;
Tsimikas et al., 2020). Furthermore, newer chemical modification even allow oral
formulation instead of subcutaneous delivery of antisense oligonucleotide (77) and
even CRISPR based editing targeting with promising results in primates (78,79).

In Chapter 6, we set out to study the atheroprotective effects of liver-specific loss
of GPR146 with a shRNA approach in a murine model with intact LDL receptor
function and resembling the human lipoprotein profile: the apoE*3-Leiden-CETP
mouse model. With this study we aimed to demonstrate the feasibility of hepatic
downregulation of GPR146 to reduced atherosclerosis. Although our experimental
model recapitulated the reduction in total cholesterol and triglycerides as seen in
whole body knockout mice, we did not find differences in plaque size or severity
compared to controls. This may be related to the fact that the shRNA tool used did not
sustain downregulation of the GPR146 for the duration of the experiment but it is also
possible that the high dose of AAV8-shRNA used together with a strong promoter may
have led to hepatotoxic effects (80). This might have also triggered systemic or hepatic
inflammatory pathways that cancelled out the beneficial effect of a lower cholesterol
exposure. Since the U6 promoter is known to not be fully liver specific (81), it also
possible that GPR146 downregulation outside the liver might have pro-atherogenic
effects. Since GPR146 is ubiquitously expressed, downregulation in the endothelium
may have detrimental effects on vascular function. With the technical constrains
of our experiment, it remains to be established whether hepatic downregulation of
GPR146 will protect against atherosclerosis.

Final remarks on GPR146 and its molecular mechanisms of action

From our observations with Gpr146~- mice and based on the work from Yu et al (2019),
we would like to highlight that GPR146 seems to enhance ERK1/2 signaling only
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after 6h refeeding after a 16h fast. It is puzzling that ad libitum fed Gpri46~-mice
exhibit a hypocholesterolemic phenotype and that no differences in gene expression
of cholesterol synthesis genes are observed in the fasted state (unpublished data
from our lab and confirmed by personal communication with Dr. Haojie Yu).
Artificial, prolonged fasting and refeeding known to induce a “enzyme overshoot”,
is arecognized as a means to dramatically stimulate fatty acid (82) and cholesterol
synthesis pathways (83,84), which increases chances to find small differences in gene
expression. The gene expression changes affecting cholesterol synthesis genes in
Gpri1467- mice, undetectable in the postprandial state, may still drive the phenotype
in ad libitum fed mice based on the proposed mechanistic model for GPR146 proposed
by Yu et. al (2019). However, in our opinion, inhibition of ERK1/2/SREBP2 pathway
under fasting-refeeding conditions is insufficient to clarify the lipoprotein profile
of Gpr146~- mice. It also remains poorly understood how this mechanism, acting at
the level of cholesterol synthesis and via de SREPB2 pathway can work independently
of the LDL receptor. In addition, our studies suggest that another main lipoprotein
receptor, SR-B1 is unlikely to explain the effects on HDL-c. A remarkably message
emerges from the data obtained thus far: GPR146 modulation of plasma lipids
seems to be independent of the known major molecular determinants of plasma
concentrations of LDL-c and HDL-c, i.e., LDLR and SR-B1, which highlights our
incomplete understanding of plasma lipid homeostasis. What seems clear is that the
mechanisms underlying the phenotypes observed upon loss of GPR146 are responsive
to a signal coming from one single plasma membrane GPCR leading to a peculiar
plasma lipid phenotype, which seems to induce a rearrangement of the plasma
cholesterol steady-state without hepatic side effects. As discussed above, comparative
analysis of GPR146, ANGPTL3 and ACLY may be warranted. It is also possible that
GPR146 mediates its effects through multiple pathways in the fed and feeding states.

The GPR146-associated plasma lipid phenotypes studied in mice thus far are of a
relatively small magnitude (e.g. 20% difference in total cholesterol with WT mice),
which leaves space for questioning the potential of this target and the availability
of promising lipid-lowering drugs targets already available or under development
(85). While this is true for general dyslipidemia, FH caused by complete impairment
of LDL receptor function continues to hold the unmet medical need for affordable
drugs acting independently of the LDLR in spite of recent developments (86).
Although ANGPTL3 inhibitors have been recently approved by the Food and Drug
Administration in the US to treat these FH patients, the estimated cost of $450,000 per
year on average per patient (87) indicates a need for more affordable alternatives.
In this regard, small molecule inhibitors of GPR146 may be welcomed as a possible
cheaper alternative. Although we have only started the unraveling of the mechanisms
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by which GPR146 acts, this does not stop pharmaceutical companies to start exploring
GPR146 antagonism (Alnylam Pharmaceuticals filed a patent to silence GPR146
through RNAi; Patent Application Number US2021019987).

On the other hand, further characterization of Gpri467- mice performed by the
International Mouse Phenotyping Consortium (www.mousephenotype.org) already
warns of possible safety concerns of GPR146 inhibition at the level of red blood
cells and platelets, among others (88), which will require close examination and
understanding to clarify the true potential for the development of GPR146 inhibitors
in humans. Our work on common and rare variants affecting GPR146 gene expression
can already offer initial tools to explore whether these extra hepatic phenotypes could
also be a concern in humans.

Final considerations and future perspectives

In the new age of omics data and precision medicine, is there still space and need
for the “one gene at the time” style of research followed in this thesis? It is time
consuming, costly, risky, and inefficient. However, it drives translational advances to
enable more effective prevention and/or treatment of disease as one of the ultimate
goals of genetic research (89). Diving into the biological mechanisms remains
an unavoidable task for the lists of new genetic targets. Unfortunately, current
prioritization tools have very limited strengths, and there are no viable systems
available to comprehensively assess the effects of genetic variants on the human
health and disease. It thus remains a challenge to make biological sense of genome-
wide significant p-values. GWAS are an effective means to discover potential new
drug targets, but this in our view the start of the hard experimental work starts. Only
after delivering molecular understanding of how candidate genes affect metabolism,
regulatory agencies will allow the testing of new drugs in the clinic (90,91). It is in
this regard of note that, to our knowledge, no new lipid-lowering therapies are being
explored through GWAS findings.

On the other hand, given the multiple existing and upcoming drug targets to tackle
cardiovascular disease, one can question whether we should continue studies into
“lower-level” candidates, meaning genes for which the common variants known
show only small effects sizes in the general population. The answer can always be yes,
not only out of basic scientific interest and the desire to better understand cellular and
physiological function of unknown genes but also to drive the health improvements of
the future, for example, by enabling more personalized diagnosis and treatments (92).
In depth insight will hopefully help for better diagnosis and stratification of patients
to optimize care. Good knowledge of molecular of cellular mechanisms may not seem
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mandatory, but it can provide a basis for fast pharmaceutical and medical progress. A
good example of this is PCSK9, a target that was long studied before acknowledging
its effects on plasma lipids. This a priori insight greatly facilitated the major advances
to generate effective inhibitors (93—96) to treat patients at very high risk of ASCVD.
Whether a similar tail would be told for GPR146 in the future, remain to be uncovered.
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