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Introduction

Elevated plasma cholesterol is a significant risk factor for athero-
sclerotic cardiovascular disease. In women, the risk of developing
high cholesterol and atherosclerosis typically increases with age
and particularly after menopause (1), when the inhibitory effects
of estrogen on atherogenesis decline (2). However, the choles-
terol regulations underlying this phenomenon remain unclear,
as recently shown by counterintuitive associations between
LDL cholesterol and cardiovascular risk in the UK Biobank (3).
Although advancements in drug therapies and lifestyle interven-
tions have demonstrated efficacy, the identification of genetic
and epigenetic factors regulating cholesterol is still ongoing to
increase our mechanistic understanding and better predict and
manage elevated cholesterol.

Despite its involvement in virtually every nutrient’s metabo-
lism, the glucocorticoid receptor (GR) remains a poorly defined
nuclear factor in cholesterol homeostasis. The GR is a ligand-
activated nuclear transcription factor that exerts multifaceted effects
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Elevated cholesterol poses cardiovascular risks. The glucocorticoid receptor (GR) harbors a still undefined role in cholesterol
regulation. Here, we report that a coding SNP in the gene encoding the GR, rs6190, is associated with increased cholesterol

in women according to UK Biobank and All of Us (NIH) datasets. In SNP-genocopying mice, we found that the SNP enhanced
hepatic GR activity to transactivate Pcsk9 and Bhlhe40, negative regulators of LDL and HDL receptors, respectively. In

mice, the SNP was sufficient to elevate circulating cholesterol across all lipoprotein fractions and the risk and severity of
atherosclerotic lesions on the proatherogenic RAPOE*2/*2 background. The SNP effect on atherosclerosis was blocked by

in vivo liver knockdown of Pcsk9 and Bhlhe40. Also, corticosterone and testosterone were protective against the mutant

GR program in cholesterol and atherosclerosis in male mice, while the SNP effect was additive to estrogen loss in females.
Remarkably, we found that the mutant GR program was conserved in human hepatocyte-like cells using CRISPR-engineered,
SNP-genocopying human induced pluripotent stem cells. Taken together, our study leverages a nonrare human variant to
uncover a GR-dependent mechanism contributing to atherogenic risk, particularly in women.

on nutrient metabolism (4, 5) by transactivating or transrepressing
large gene programs in a tissue-specific manner (6). Although it is
traditionally recognized for its role in immune regulation, GR pro-
foundly influences metabolic processes, including glucose and lipid
metabolism (7). Previous studies employing GR knockdown in liv-
er and adipose tissue have shown promising outcomes in mitigat-
ing hypercholesterolemia and associated metabolic abnormalities
in obese diabetic mice (8). Retrospective studies involving patho-
morphological data obtained from human autopsies have provided
insights into potential relationships between glucocorticoid treat-
ments and atherogenesis (9—-12). However, the direct link between
the hepatic GR and regulation of cholesterol levels remains elusive.
Indeed, although the glucocorticoid/GR axis has been implicated
in apolipoprotein expression (13) and cholesterol efflux in mac-
rophages (14, 15), the epigenetic and transcriptional mechanisms
enabled by the GR in hepatocyte-autonomous cholesterol uptake
remain poorly defined.

Previously, several genetic variants in the GR gene (NR3CI;
OMIM #138040) have been described in the human population.
These genetic variants can affect the transcriptional activity of
the GR and its downstream target genes, potentially influencing
nutrient regulation (16-19). Epidemiological studies have provid-
ed evidence of an association between specific GR polymorphisms
and variation in lipid profiles (16, 20, 21). Notably, the 7s6790
(c.68G>A; p.R23K) coding SNP — also known as E22R/E23K
due its complete linkage to the silent p.E22E 756189 SNP — is a
genetic variant in codon 23 that results in an amino acid change
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from arginine (R) to lysine (K) in the N-terminus of the GR protein
(22). This mutation has been linked to alterations in several param-
eters of metabolic homeostasis in humans, including cholesterol
(18). However, the precise molecular mechanisms through which
this polymorphism skews GR activity to perturb cholesterol remain
poorly characterized.

In this study, we harnessed the human 756790 SNP to identify a
direct GR-mediated program governing hepatic cholesterol regulation
and its association with atherogenic risk. We found that this low-fre-
quency coding SNP correlated with increased levels of cholesterol in
women from UK Biobank and All of Us (NIH) cohorts, and it pro-
moted cholesterol and atherosclerosis in transgenic mice according to
the number of SNP alleles (homo>hetero>reference). Our transcrip-
tomic and epigenetic datasets revealed that the mutant GR perturbed
cholesterol levels through transactivation of Pcsk9 and Bhilhe40, nega-
tive regulators of LDL and HDL receptors in the liver. Our study iden-
tifies 156190 as a potential risk factor for atherosclerosis, particularly
in women, and reports unanticipated mechanisms through which the
hepatic GR affects cholesterol levels in the circulation.

Results

756190 SNP increases plasma cholesterol levels in women according to
allele zygosity. To investigate the influence of the rs6190 variant
on cholesterol regulation, we probed the large adult cohort from
the UK Biobank, comprising 485,895 people aged 40-70 years.
In this cohort, the GR rs6190 variant (NR3CI gene, transcript
ENST00000231509.3 (-strand); c.68G>A; p.R23K) exhibited a
minor allele frequency of 2.75% (25,944 heterozygous, 413 homo-
zygous individuals), categorizing it as a low-frequency variant (22).
We screened the quantitated parameters from the NMR metabo-
lomics dataset within the UK Biobank dataset (120,536 individu-
als comprising 65,156 women and 55,380 men; same age range as
general dataset, 40-70 years) for rs6190 associations disaggregated
by sex. All analyses were adjusted for age, BMI, top 10 principal
components, and genotype information for 12 commonly refer-
enced hypercholesterolemia-associated SNPs within PCSK9, CEL-
SR2, APOB, ABCGS, SLC22A41, HFE, MYLIP, ST3GAL4, NYNRIN,
LDLR, and APOE genes (23). Importantly, none of these 12 classi-
cal variants were in the neighborhood of rs6190 and did not show
significant pairwise linkage disequilibrium effect (* < 0.001) at
the genomic level. Although no associations were significant after
multiple tests in men, rs6190 SNP was significantly associated with
many cholesterol parameters in women, accounting for 23 out of
33 total plasma parameters with a significant rs6190 effect (adjusted
P <0.005) (Figure 1A).

‘We then stratified total, LDL, and HDL cholesterol values from
women according to SNP zygosity. We are defining here homozy-
gous carriers of the reference allele (control population) as GR™*
heterozygous SNP carriers as GR*/ALT and homozygous SNP car-
riers as GRALT/AT, We performed linear regressions with a mixed
model correcting for age, BMI, diabetic status, and triacylglycerols.
In parallel, we also compared median confidence intervals across
156190 genotypes. Remarkably, total, LDL, and HDL cholesterol
showed a modest but significant elevation of median levels accord-
ing to the number of SNP alleles in women (Figure 1B). The zygos-
ity-dependent trends were not significant in men (Supplemental
Figure 1A; supplemental material available online with this article;
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on cholesterol, we probed the total UK Biobank dataset for hyper-
cholesterolemia and cardiovascular disease mortality odds ratios.
In alignment with the trends in cholesterol, GRAM/ALT women dis-
played an increased odds ratio of 1.34 (95% CI: 1.02-1.76; P =
0.0092) for hypercholesterolemia (total cholesterol >240 mg/dL)
and 2.37 (95% CI: 1.05-5.9; P = 0.01) for death due to cardiovas-
cular diseases, compared with GR*"* women (Figure 1, C and D).

To probe these rs6190 correlations in a more genetically diverse
human dataset, we queried the All of Us dataset, where we found
the SNP at a variable minor allele frequency ranging from low fre-
quency to rare across ancestries: African/African American, 0.49%;
American Admixed/Latino, 0.84%; East Asian, 0.061%; European,
2.67%; Middle Eastern, 1.43%; and South Asian, 1.49%. In the All
of Us subset of 245,385 individuals with rs6190 genotype annotation
encompassing all ancestries and ages, we repeated the linear regres-
sions corrected for age, BMI, diabetes, triacylglycerols, and the medi-
an comparisons. The analyses in the All of Us dataset confirmed a
significant correlation between rs6190 zygosity and total, LDL, and
HDL cholesterol levels in women (Figure 1E), whereas correlations
were not significant once again in men (Supplemental Figure 1B).

Because NR3C1I variants did not come up as top hits for choles-
terol in GWAS studies so far, we counter-verified whether targeted
regressions for total cholesterol could “unmask” potential correla-
tions of NR3CI variants not associated with cholesterol through
previous GWAS studies. We extracted 38 NR3CI locus variants
with GWAS significant hits (<5 X 107%) from the current European
Bioinformatics Institute (EBI) GWAS catalog and ran linear regres-
sions — aggregated for ancestry but disaggregated for sex — for total
cholesterol in the A/l of Us dataset (Supplemental Table 1). All 38
variants were noncoding and in weak-to-negligible linkage disequi-
librium (LD) range with rs6190 (LD, #* < 0.15). None of the 38 vari-
ants had a significant reported GWAS hit for cholesterol. However,
our regressions showed 24 variants with correlations (adjusted P <
0.05; 20 direct; 4 inverse) with total cholesterol according to zygosity.
Intriguingly, those correlations were significant only in women and
not in men for all 24 variants, analogous to our findings with rs6190.

Taken together, our findings highlight the association of the
rs6190 SNP with modest but significant elevations of cholesterol in
women from the UK Biobank and the A/ of Us cohorts.

The rs6190 SNP is sufficient to increase plasma cholesterol and pro-
motes GR transactivation of Pcsk9 and Bhihe40 in mice. To elucidate the
extent to which the mutant GR promotes cholesterol elevation, we
introduced a genocopy of the rs6190 SNP into the endogenous Nr3cl
(GR gene) locus on the C57BL/6J background. The murine ortholog
of the human GR-R23K mutation is GR-R24K due to an addition-
al amino acid in position 10. Employing CRISPR-mediated knockin
recombination, the murine GR gene was targeted at the orthologous
codon 24, resulting in C>T mutation in the forward strand (c.71G>A
mutation in the codon, reverse strand), leading to a p.R24K amino
acid substitution (Supplemental Figure 2A). In concordance with
human carriers, we define here homozygous mice for WT allele as
GR* (control), heterozygous SNP mice as GR*"ALT and homo-
zygous SNP mice as GRALTALT, In female littermate mice under nor-
mal chow conditions, total plasma cholesterol increased according
to SNP zygosity in both fasted and fed states (Figure 2A). Using the
standard fast-performance liquid chromatography (FPLC) method,
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UK Biobank plasma NMR metabolomics (2, N = 65156; age 40-70 y.0.)
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Figure 1. rs6190 correlates with cholesterol increase in women from the UK Biobank and All of US datasets. (A) Unbiased ranking of UK Biobank plasma
NMR parameters for significant rs6190 effect in women. Cholesterol-related parameters are highlighted in text and red bars. P values were adjusted

for age, BMI, and canonical hypercholesterolemia-associated SNPs. (B) Linear regressions (blue lines; shaded area represents 95% Cl; corrected for age,
diabetes, triacylglycerols) and median Cl (Kruskal-Wallis test) show zygosity-dependent trends in elevation of total, LDL, and HDL cholesterol in women.
(C and D) Compared with noncarriers, homozygous SNP carriers showed increased odds ratio for hypercholesterolemia and cardiovascular disease deaths
according to ICD10 codes; o test. (E) Linear regressions and median comparisons correlated rs6190 genotype with cholesterol elevation in women from the

All of Us dataset, including all ancestries and ages. *P < 0.05; **P < 0.01.

we found that the GR SNP elicited an increase in cholesterol levels
across all lipoprotein fractions — VLDL, LDL, and HDL cholester-
ol — according to SNP allele number, in conditions of either regular
chow or a 16-week Western diet in female mice (Figure 2B) but not
male mice (Supplemental Figure 2B). This sex-specific effect in mice
paralleled the correlations within human datasets and prompted us to
focus on female mice for the bulk of our histological, physiological,
and mechanistic analyses. After Western diet exposure, in 3 out of 5
analyzed GRAL/ALT female mice, we found histological evidence of
immature plaque formation in the aortic root (Supplemental Figure
2C), a remarkable finding in the absence of proatherogenic genetic
backgrounds. Our findings provide evidence that, in homogeneous
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genetic settings, the SNP is sufficient to modestly but significantly ele-
vate total, LDL, and HDL cholesterol in female mice according to an
incomplete dominance model (i.e., commensurate to SNP zygosity).

We then focused our mechanistic analyses on GR™* versus
GRALT/ALT iver comparisons, considering the primary role of this
organ in cholesterol regulation (24). In line with Genotype-Tissue
Expression (GTEx) (25) predictions on rs6190 as a nonsignificant
expression quantitative trait locus for overall NR3CI expression
levels in the liver, overall GR protein levels in the liver or prima-
ry hepatocytes did not change between GR™*f versus GRALT/ALT
mice (Supplemental Figure 2D). We also checked in other meta-
bolic tissues of primary relevance for lipidemia and cardiovascular
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Figure 2. The rs6190 SNP is sufficient to increase cholesterol and skew the liver GR to a gene program repressing liver cholesterol uptake in mice. (A)
Zygosity-dependent increases in cholesterol in both fed and fasted states in littermate control versus SNP-carrier mice. (B) Analogous trends with regular
and Western diets, as assayed through FPLC distribution of cholesterol across lipoprotein fractions (arrows highlight increases in LDL and HDL cholester-
ol). (C) RNA-Seq and ChIP-Seq overlay in liver tissue identified Pcks9 and Bhlhe40 as putative transactivation targets of the mutant GR. (D and E) ChIP-Seq
and RNA-Seq, as well as validation Western blot values for PCSK9, BHLHE40, and their putative targets LDLR and SR-B1. (F) Uptake of LDL and HDL parti-
cles (traced by red fluorescence) was lower in GRAAT than GR™ primary hepatocytes. n = 3-10 females/group, 3-6 months; A: 1-way ANOVA and Sidak’s
test; D-F: Welch's t test; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

health (i.e., adipose tissue and kidney) and found no SNP effects  lowed by mass spectrometry (IP-MS) in GR*"*f versus GRAM/ALT
on overall GR protein levels (Supplemental Figure 2D). Given that  liver tissues. IP-MS in the liver identified Hsp90 among top hits for
the N-terminus is important for cofactor binding and therefore epi-  decreased interaction with the mutant GR compared with the WT
genetic activity of the GR (26), we tested whether the mutant GR ~ GR. Co-IP in tissue extracts confirmed decreased GR-Hsp90 inter-
had significant changes in interactome by performing GR IP fol-  action in not only the liver, but also other metabolically active tis-
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sues like adipose and kidney (Supplemental Figure 3A). Hsp90 is a
cytoplasmic docker for the GR, and we therefore asked whether the
decreased interaction of the mutant GR with Hsp90 corresponded
to increased levels of GR nuclear translocation. We tested this in
vivo in GR™"*f versus GRAL/ALT mice at 30 minutes after a single
i.p. 1 mg/kg dexamethasone (GR activator) or vehicle pulse, com-
paring nuclear and cytoplasmic fractions from liver, adipose, and
kidney tissues. The mutant GR showed increased nuclear/cytoplas-
mic signal enrichment compared with the WT GR in both control
and GR-activated states (Supplemental Figure 3B), supporting an
increased propensity to nuclear translocation by the mutant GR.
The changes in liver tissue were recapitulated in primary GR=/ref
versus GRAM/ALT hepatocytes in vitro for both Hsp90 interaction
and nuclear translocation at 30 minutes after 1 pM dexamethasone
or vehicle (Supplemental Figure 3C). Also, in primary hepatocytes
from GR*"f versus GR™"ALT versus GRAM/ALT mice, the mutant
GR showed an increased epigenetic activity both at baseline and
after dexamethasone stimulation, assayed through a luciferase
reporter of direct GR-driven transactivation (Supplemental Figure
3C). Because these data pointed to an SNP-dependent change in
GR epigenetic activity, we conducted RNA-Seq and GR ChIP-Seq
in the liver to identify potential differential targets of GR transacti-
vation based on the GR SNP genotype. The liver GR ChIP-Seq was
validated by enrichment for the canonical glucocorticoid receptor
element (GRE) motif in unbiased motif analysis (Supplemental
Figure 3D). Compared with the control GR, the increased epig-
enomic activity of the mutant GR was evidenced by increased GR
signal on GRE sites genome-wide and on the Fkbp5 promoter, a
canonical marker for GR activity (27, 28) (Supplemental Figure
3, E and F). No statistical differences were noted in overall peak
number or genomic peak distribution, which clustered preferential-
ly in proximal promoter regions for both genotypes (Supplemen-
tal Figure 3, G and H), suggesting that the mutant GR showed an
increased activity on “normal” GR sites, rather than a profound
redistribution/acquisition of GR peaks. Liver RNA-Seq revealed
368 genes with differential expression by the mutant GR (Supple-
mental Figure 3I). The overlay of both datasets unveiled 236 genes
exhibiting both differential expression and a gain of mutant GR
signal on their promoters (Figure 2C). Gene ontology (GO) anal-
ysis revealed a significant enrichment for cholesterol metabolism.
Notably, within this pathway, proprotein convertase subtilisin/kex-
in type 9 (Pcsk9) was the highest hit. The increased transactivation
of Pcsk9 in the liver by the mutant GR was validated at mRNA
and protein levels (Figure 2, D and E). Besides indirect and direct
inhibition of VLDL cholesterol clearance (29, 30), PCSK9 plays a
pivotal role in increasing circulating LDL cholesterol by promot-
ing the degradation of the main LDL cholesterol receptor, LDLR,
at the protein level (31, 32). Accordingly, the gain in PCSKO9 lev-
els correlated with a reduction in protein but not mRNA levels of
LDLR in GRAMWALT compared with GR™"™ liver tissues (Figure 2,
D and E). Additionally, within the “rhythmic process” pathway
from the ChIP-Seq/RNA-Seq overlay, the top hit for mutant GR
transactivation was Bhlhe40 (Figure 2C), a transcriptional repressor
involved in many processes, including circadian clock homeostasis
(33, 34). Using an ENCODE-mining platform for transcription fac-
tor target prediction (35), we screened for putative Bhlhe40 targets in
the promoters of downregulated genes in mutant versus WT livers.
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This analysis revealed scavenger receptor class B type I (SR-B1),
encoded by Scarbl, as a unique hypothetical target of BHLHE40
from our RNA-Seq datasets. SR-B1 is the main receptor for reverse
HDL cholesterol transport in the liver (36). Consistent with our
prediction, Bhlhe40 upregulation correlated with SR-B1 downreg-
ulation at both mRNA and protein levels in GRAM/ALT compared
with GR™*f liver tissues (Figure 2, D and E). Additionally, to con-
firm the in silico prediction of SR-B1 transcriptional repression by
BHLHEA40, we compared Scarb! expression and SR-B1 protein lev-
els in liver tissues from Bhilhe40™" (37) (Bhlhe40-KO) versus their
WT littermate controls (Bhlhe40-W'T). As hypothesized, SR-B1 was
upregulated in the Bhlhe40-KO livers compared with WT controls
(Supplemental Figure 3J). We then asked the extent to which the
mutant GR effect on LDLR and SR-B1 downregulation was bio-
logically significant on hepatocyte biology. We probed fluorescent-
ly labeled LDL and HDL uptake assays in primary hepatocytes to
assess this propensity in the absence of body-wide confounders. In
line with the LDLR and SR-B1 changes, the GRAM/ALT hepatocytes
showed decreased LDL and HDL uptake in vitro compared with
GR™"*f control hepatocytes (Figure 2F). Collectively, our findings
support a mechanism for the rs6190 SNP effect on cholesterol
through which the SNP skews the hepatic GR epigenetic activity
and promotes transactivation of Pcsk9 and Bhlhe40, which in turn
decreases LDL and HDL cholesterol uptake in liver by repressing
LDLR and SR-B1 levels, respectively.

CRISPR-engineered human induced pluripotent stem cell-derived
hepatocytes confirm the mouse-to-human relevance for the SNP mechanism.
In tandem with our murine mouse studies, we questioned whether
the molecular SNP mechanism identified was translatable to human
hepatocytes. We therefore generated SNP heterozygous and homo-
zygous lines from the same parental GR™" human induced plu-
ripotent stem cell (hiPSC) line through a CRISPR-knockin system.
Individual founding clones of isogenic GR™* (control), GRr/ALT
(het), and GRAM/ALT (homo) hiPSCs were verified through Sanger
sequencing and quality-controlled for pluripotency marker expres-
sion (Figure 3A and Supplemental Figure 4A). Despite no differenc-
es in pluripotency markers, the SNP significantly skewed the GR to a
higher rate of glucocorticoid-driven GR translocation in hiPSCs, as
shown by serial imaging after a dexamethasone pulse (Supplemental
Figure 4B) and consistent with our previous findings with the mutant
GR in murine hepatocyte luciferase assay and liver ChIP-Seq.

To investigate whether the SNP-mediated molecular mech-
anism was conserved in human hepatocytes, we subjected the
isogenic lines of hiPSCs to a 23-day differentiation protocol to
generate mature hepatocyte-like cells (38). Given the well-estab-
lished role of GR as a regulator of hepatocyte differentiation and
maturation (39-41), we sought to investigate whether the presence
of the GR SNP influenced the differentiation process. To address
this, we examined the expression profiles of differentiation markers
at multiple time points during the differentiation process: NANOG
and OCT4 at the pluripotent stage (42); SOX17 and FOXA2 at the
definitive endoderm stage (43); AFP and HNF1A at the immature
hepatocyte stage (44); and ALB and CY18, morphology, and albu-
min secretion at the mature hepatocyte stage (45). We did not
detect any SNP-driven significant alterations in the in vitro mat-
uration process of hiPSC-derived hepatocytes (Supplemental Fig-
ure 4, C and D). However, the hiPSC-derived hepatocytes repro-

:


https://doi.org/10.1172/JCI190180
https://www.jci.org/articles/view/190180#sd
https://www.jci.org/articles/view/190180#sd
https://www.jci.org/articles/view/190180#sd
https://www.jci.org/articles/view/190180#sd
https://www.jci.org/articles/view/190180#sd
https://www.jci.org/articles/view/190180#sd
https://www.jci.org/articles/view/190180#sd
https://www.jci.org/articles/view/190180#sd
https://www.jci.org/articles/view/190180#sd
https://www.jci.org/articles/view/190180#sd
https://www.jci.org/articles/view/190180#sd
https://www.jci.org/articles/view/190180#sd
https://www.jci.org/articles/view/190180#sd
https://www.jci.org/articles/view/190180#sd
https://www.jci.org/articles/view/190180#sd
https://www.jci.org/articles/view/190180#sd
https://www.jci.org/articles/view/190180#sd
https://www.jci.org/articles/view/190180#sd
https://www.jci.org/articles/view/190180#sd

RESEARCH ARTICLE

rs6190 genotype | | GR™"'(C/C; control)

["] GR™™T (C/IT: heterozygous)

The Journal of Clinical Investigation

B GRAAT(T/T: homozygous)

A
NR3C1 codon 23 - GR/nuclei Dexamethasone
(reverse strand) | Human iPSCs | Hepstocytes | Vehicle 20 min 40 min 60 min 120 min
. alcle P . ° : j
O] O
o alalc =
5 G 5
< g
o 4
I 5
A|A|G ]
‘AA
hiPSC-derived hepatocytes
C D refiref ref/ALT
Nuclear GR enrichment after dexamethasone we [ GRe=r|[GReAT] EREN
o qPCR LDLR S 5 5823 -
= 157 Kokk NS SR-B1 " e e s s o e s
© GAPDH s s s s e o 8 8 e
S P ** NS
® 10 *k 1 PCSK9 BHLHE40
‘é i Tk e ,ﬂ| 20 ;‘,i‘ LDLR/GAPDH SR-B1/GAPDH
g Rk 20 fotald ’ *kkk *k
e s 15 o 5 1.5 kkkk o 1.5, kkkk
9 NS 3 15 3 3
3 57 x 1.0 & x
© O 10 O O
2 NS 2 05 e ke
g |_| © 0.5 : o o
c
hd 0_ T T T 00 T T 00 T T
o Vehicle 20 min 40 min 60 min 120 min
Ei HDL uptake F
® ] et
= < *kkk
5 - .
O Q9 *kkk
5] Fkk .
| g 061 £ 40-
g Y— o —
= g o Ll °
g : 2 04 % 2 0 § 304
s < Thans [o] >
i & = - S 20+
= : =] ° : —
S 1 0.21 T )
g a W — 104
e e =4 0.0 T T < oA

Figure 3. The SNP molecular effects are replicated in hiPSC-derived hepatocytes. (A) Sanger sequencing of SNP genotype and bright-field representative
images for isogenic hiPSCs and derived hepatocytes with no, 1, or 2 rs6190 SNP alleles. (B and C) Rate of GR nuclear signal enrichment in hiPSC-hepato-
cytes increased between 20 and 60 minutes after dexamethasone addition according to SNP zygosity. (D) Zygosity-dependent effects on PCSK9 and BHL-
HE40 upregulation at the hepatocyte level, as well as on protein level downregulation for LDLR and SR-B1. (E and F) SNP zygosity replicated the effects on
HDL and LDL fluorescent particle uptake in hiPSC-hepatocytes. Scale bars: 100 um. Each dot represents an independent differentiation replicate; n = 3-6/
group. B: 2-way ANOVA and Sidak’s test; C-E: 1-way ANOVA and Sidak’s test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

duced the zygosity-dependent increase in GR nuclear translocation
(Figure 3, B and C) and the SNP-mediated effects on PCSK9 and
BHLHEA40 transactivation, as well as posttranslational repression of
LDLR and SR-B1 (Figure 3D). Furthermore, the GRAL/ALT hiPSC-
derived hepatocytes displayed decreased uptake of HDL and LDL
cholesterol compared with GR*/*f control cells (Figure 3, E and
F). Taken together, our hiPSC-derived hepatocyte data confirmed

;

that the molecular SNP mechanism is conserved in human cells
and appears autonomous to hepatocytes in the absence of in vivo
body-wide physiology.

756190 GR SNP promotes atherosclerosis in vivo. Despite our
results so far linking the mutant GR to cholesterol regulation, the
extent to which the overall SNP-enabled program significantly
affects atherosclerosis in vivo remains unknown. To evaluate the
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extent to which the rs6190 SNP contributes to atherogenic risk in
vivo in conditions of genetic homogeneity, we crossed our mutant
SNP mice with the atherogenic background characterized by
homozygous expression of the human APOE*2 variant (46, 47).
The hAPOE*2/*2 mice are well-established transgenic mice known
for their susceptibility to atherosclerosis while maintaining choles-
terol distribution across all 3 major lipoprotein compartments (47,
48), unlike other atherogenic backgrounds like 4poE-KO. We also
excluded the Ldl-KO background as a direct genetic confounder
of our LDLR-involving hypothesis.

For these analyses, we focused on GRAM/ALT versus GRr«/ref
female mice. On the 7APOE*2/*2 background and regular chow
diet, GRAM/ALT mice exhibited elevated levels of VLDL, LDL, and
HDL cholesterol in the FPLC curves compared with control litter-
mates, and this was reinforced even more after 16 weeks of West-
ern diet exposure (Figure 4A). We focused on mice exposed to the
Western diet for atherosclerotic plaque analyses. Compared with
GRre/=f GRALT/ALT mice exhibited a significant increase in athero-
sclerotic plaque incidence as quantitated through overall plaque/
total aorta area ratio in en face whole-aorta staining and imaging
(Figure 4B). Furthermore, histological analysis of the aortic root
cross-sections and Oil Red O staining revealed a significant increase
in atherosclerotic lesion size (plaque/lumen ratio) and lipid accu-
mulation in GRAM/ALT versus GR™/* mice (Figure 4B). Finally,
considering our hypothesis of Pcsk9 and Bhihe40 as mechanistic
mediators of the SNP effect, we tested the effect of in vivo knock-
down of these genes on the SNP-mediated effect on cholesterol and
atherosclerosis through AAVS vectors. For Pcsk9 knockdown, we
used a previously reported AAV vector (49) and confirmed its max
knockdown effect in the liver in vivo in Apo*2/*2 mice on a West-
ern diet with a 1 x 103 vg/mouse dose (Supplemental Figure 5A).
For Bhlhe40, we combined 2 AAVs with different shRNAs under the
U6 promoter, as they showed synergistic effect on Bhlhe40 knock-
down in Apo*2/*2 livers (Supplemental Figure 5B). At 2 months
of age, GRAM/ALT yersus GR™* female mice on the ApoE*2/*2
background were injected retro-orbitally with 3 X 10'* vg/mouse
AAV-scramble or 3 x 10'2 vg/mouse/vector AAV-antiPcsk9 (1 vec-
tor) plus AAV-antiBhlhe40 (2 vectors) immediately before starting
the 16-week Western diet exposure. At the endpoint, we validated
knockdown of PCSK9 and BHLH40 and consistent increases in
LDLR and SR-B1 (Figure 4C), and then focused on FPLC cho-
lesterol curves and atherosclerotic plaques as readouts. Compared
with scramble, the knockdown vectors reduced the cholesterol lev-
els across lipoprotein fractions in GRAMT/AMT mice to GR*/~-]ike
levels (Figure 4D) and blunted the SNP-mediated effect on plaque
incidence (Figure 4E) and severity (Figure 4F). We also noted that
the knockdown vectors reduced VLDL cholesterol and plaque
incidence but not histological plaque severity in GR*"* mice com-
pared with scramble. Taken together, our findings demonstrate that
the rs6190 SNP promotes hypercholesterolemia and atherosclerosis
in vivo through upregulation of Pcsk9 and Bhlhe40 in liver.

Determinants of sexual dimorphism in the SNP effect. Our analyses
in human datasets and mice pointed at sexual dimorphism in the
rs6190 SNP effect on cholesterol regulation: significant in wom-
en and female mice, while not significant in men and male mice.
‘We sought to test the hormonal determinants of this dimorphism
and tested 2 complementary hypotheses in our mutant and control
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mice: (a) lower corticosterone-driven activation of the mutant GR
program in males versus females, and (b) protective effect of tes-
tosterone against the “default” SNP effect on cholesterol. For the
first question, we measured peak serum corticosterone at zeitgeber
time 16 (ZT16) through ELISA and found modestly but significant-
ly lower corticosterone in males compared with females regardless
of SNP genotypes (Figure 5A), in line with prior sex comparisons
for murine corticosterone (50). We reasoned that the lower corticos-
terone in males could reduce the magnitude of the mutant GR-driv-
en transactivation program in the liver and therefore measured the
protein levels of the identified cascade (increased PCSK9 and BHL-
HE40, decreased LDLR and SR-B1) in liver tissues across sexes
and genotypes in head-to-head comparisons. The magnitude of the
SNP effect on each protein change (GRAM/ALT versus GR™/*f) was
indeed smaller in males than females (Figure 5B). Albeit modest,
the molecular SNP effect was still significant in male livers, con-
sistent with the intrinsic changes induced by the SNP in the GR
transactivation program per se (Figure 5B). For the second question,
we challenged mutant and control littermate males on either nor-
mal (WT background plus regular chow) or atherogenic conditions
(hAPOE*2/*2 background plus Western diet) with bilateral orchi-
ectomy (ORX). As a parallel experimental counterpart and to gain
insight into the extent to which the SNP effect is potentially additive
to menopause in women, we also challenged female littermates to
bilateral ovariectomy (OVX). Sham surgeries were used as controls
in both sexes. We confirmed the expected testosterone depletion
with ORX and estradiol depletion with OVX through serum ELISA
at 2 weeks after surgery in WT mice on regular chow (Figure 5C).
‘We profiled cholesterol across lipoprotein fractions through FPLC,
as this was a significant SNP effect in female mice in both normal
and atherogenic conditions. In male mice at 4 months after surgery,
the SNP effect was not present in sham-operated mice (no difference
in GRAL/ALT yersus GR™™f) | whereas it was present and significant
in ORX mice (increased cholesterol across fractions in GRALMT/ALT
versus GR*/*f; pink arrows) in both normal and atherogenic condi-
tions (Figure 5D). ORX per se increased overall cholesterol levels,
in line with prior studies in Ld/-KO mice (51). In female mice at 4
months after surgery, the SNP effect was recapitulated in sham-op-
erated mice and additive to the OVX-driven increase in cholesterol
across fractions (red and pink arrows; Figure 5D). Also, in this case,
OVX increased cholesterol levels per se compared with the sham
group, in line with prior reports (52). We also analyzed plaque inci-
dence as Oil Red O-based plaque/aorta surface ratio in en face aor-
tas in atherogenic conditions. In males, the SNP effect was present
only after ORX (pink arrows), while in females the SNP effect was
recapitulated in the sham group and additive to OVX (red and pink
arrows; Figure 5E). Finally, we counter-tested the overall endocrino-
logical logic behind our sexual dimorphism hypothesis in our hiP-
SC-derived hepatocytes. Our GRAM/ALT and GR*/rf hiPSCs were
all derived from the parental hiPSC line 72.3, which is a male cell
line generated by the Cincinnati Children’s Hospital Medical Center
(CCHMC) Pluripotent Stem Cell Facility from a male donor’s fore-
skin (CCHMCIi001-A cell line on Cellosaurus) with a normal human
male karyotype shown in the original publication describing this line
(53). We also reconfirmed the male cellular sex in hiPSC hepato-
cytes by verifying higher expression of androgen over estrogen
receptor by qPCR (AR, ESRI genes; Figure 5F). Considering these
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Figure 4. The SNP promotes atherosclerosis in vivo. (A) FPLC curves show the additive effect of SNP genotype on the hAPOE*2/*2-driven hypercholester-
olemia across lipoprotein fractions in both normal and Western diets (arrows). (B) Compared with GR™" mice, GR*"A'" mice on the hAPOE*2/*2 background
showed higher incidence (as quantitated from en face analyses) and severity (as quantitated through Oil Red O staining in aortic root sections) of atherosclerotic
plagues. (C) Western blot validation of target knockdown in liver. (D-F) AAV-mediated knockdown of Pcsk3 and Bhlhe40 in adult mice blunted the SNP effect
on VLDL, LDL, and HDL cholesterol (FPLC), plague incidence in en face aorta assays, and histological severity of aortic root plagues. Scale bars: 500 um. n = 4-7
females/group, 6 months; B: Welch's t test; E and F: 2-way ANOVA and Sidak’s test; *P < 0.05; **P < 0.01; ****P < 0,0001.

cells are grown and differentiated as naive to sex hormones in vitro,
we asked whether androgen receptor (AR) agonism could oppose
the SNP effect in vitro. We focused on HDL and LDL uptake, both
of which were significantly affected by the SNP effect in our prior

:

findings in hiPSC-hepatocytes at baseline (i.e., in the absence of spe-
cific challenges). We tested HDL and LDL uptake at 24 hours after
exposure to 100 nM Cl-4AS1, a steroidal AR agonist (54); or 100
nM B-estradiol; or vehicle. The SNP-driven loss of HDL and LDL
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Figure 5. Hormonal determinants of sexual dimorphism in the SNP effect. (A) Serum corticosterone at its typical peak circadian time in mice ZT16 was
assessed by ELISA and was higher in females than males of both control and mutant genotypes. (B) Western blot analyses in liver tissue showed that
the molecular SNP effect on the identified protein cascade (increased PCSK9 and BHLHE40, decreased LDLR and SR-B1) was present in males, but the
effect magnitude was significantly higher in females. (C) Experimental plan for gonadectomy experiment with ELISA-based validation of serum testos-
terone or estradiol depletion in WT mice on regular chow at 2 weeks after surgery. (D) In male mice, orchiectomy unmasked the SNP effect on increased
cholesterol across lipoprotein fractions in either normal (WT background with regular chow) or proatherogenic (hAPOE*2/*2 background with Western
diet) conditions (pink arrows). In females, the SNP effect was recapitulated in sham mice (red arrows) and maintained after ovariectomy (red arrows).
Scales of y axes are different between normal and atherogenic conditions to adapt to the different cholesterol levels. (E) In atherogenic conditions,
orchiectomy unmasked the SNP effect on male plaque/aorta surface ratio (pink arrows); in females the SNP effect was additive to the ovariectomy
effect on the aorta plague profile (red and pink arrows). (F) Male hiPSC-hepatocytes showed higher mRNA expression of the AR than the ER per gPCR.
The hepatocyte-autonomous protective effect of the AR agonist CI-4AS1on HDL or LDL uptake was modest but significant in vitro in both control and
mutant genotypes. We did not detect significant changes induced by estradiol. Scale bars: 100 um. n = 3-5/sex/group; 2-way ANOVA and Sidak’s test;
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. bg, background; CL-4, CL-4AS1, AR agonist; estrad, f-estradiol.
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uptake was recapitulated in the vehicle-treated hepatocytes (lower
in GRAM/ALT and GR™f), yet CI-4AS1 increased uptake of both
particle types in both genotypes compared with vehicle, confirming
the notion that the effects of AR agonism are independent from the
genotype-driven effects in hepatocytes at the molecular level. We did
not find significant changes with B-estradiol in these acute settings.
Taken together, these results indicate that lower corticosterone and
testosterone protect males from the SNP-driven elevation of choles-
terol and atherosclerosis and that SNP effect is additive to estrogen
loss in females.

Discussion

The GR is well known for its involvement in orchestrating large
gene programs and modulating hepatic lipid and glucose metab-
olism. However, the precise mechanisms by which hepatic GR
governs cholesterol regulation remain elusive. Despite the well-es-
tablished association between chronic glucocorticoid exposure
and hypercholesterolemia with concomitant metabolic stress (55),
a direct link between GR and atherosclerosis remains unclear.
In this study, we leveraged a naturally occurring human muta-
tion, the rs6190 SNP, to unveil a direct GR-mediated program
governing hepatic cholesterol regulation and its consequential
implication for atherogenic risk. We focused here on the hepat-
ic transactivation targets of the mutant GR based on ChIP-Seq/
RNA-Seq overlay, and consequently validated Pcsk9 and Bhihe40
as mediators of the SNP effect on LDLR and SR-B1 levels in the
liver, as well as on overall cholesterol levels and atherosclerosis
in the ZAPOE*2/*2 background. We recognize that our study did
not address potential mutant GR effects on apolipoproteins (e.g.,
ApoE itself) or macrophages, both critical determinants of ath-
erosclerosis and in turn regulated by glucocorticoids and/or GR
(13, 14). Although they are beyond the focus of the present study,
these are compelling questions to address to expand significance
of our findings for overall hypercholesterolemia and atherosclero-
sis risk in SNP carriers.

Our mixed-model regressions in the UK Biobank and the All
of Us datasets have unveiled an unexpected association between
the rs6190 SNP and modest but significant elevations of total,
LDL, and HDL cholesterol in women. Importantly, the impact of
the rs6190 genetic variant demonstrated an additive effect based
on SNP zygosity (i.e., according to the number of “risk” alleles).
Additionally, in the UK Biobank, the rs6190 SNP correlated with
increased odds ratio for hypercholesterolemia and cardiovascu-
lar-related mortality. It was compelling to find analogous correla-
tions in 2 cohorts that are quite different with regard to genetic
ancestry composition. In the All of Us cohort, the highest minor
allele frequency for the SNP was in individuals with European
ancestry and closely matched the minor allele frequency of the UK
Biobank, where “white British ancestry” accounts for almost 90%
of the cohort (56). Beyond SNP correlations in human datasets,
we sought to gain the mechanistic insight in mice and hiPSCs of
the extent to which the rs6190 SNP is sufficient to regulate choles-
terol. Our findings in murine liver and hiPSC-derived hepatocytes
showed the SNP is indeed sufficient to elevate cholesterol and pro-
mote atherosclerosis through a specific change in the GR activity.
In principle, this is @ mechanism of SNP action that is indepen-
dent from the genomic context, and future studies will be needed
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to articulate the genetic modifiers that potentiate or contrast this
mechanism across ancestries in the human population. Variants in
the NR3CI gene are generally not significant enough to associate
with cholesterol changes in GWAS studies with a typical P value
threshold of 5 x 107, Indeed, variants like rs6190 are low frequency
or rare and have modest effects on complex metabolic traits. Our
study combined candidate variant analyses with rigorous mecha-
nistic dissection in mice and hiPSCs to “unmask” the rs6190 role in
GR biology and cholesterol regulation. It will be intriguing in the
future to use analogous study settings to delve into the noncoding
variants we found associated with total cholesterol in the A/ of Us
dataset and to dissect whether they influence the rs6190 SNP effect
as genetic modifiers or in haplotypes.

Given the well-established role of GR as a potent transcription
factor, we examined the potential alterations in the epigenetic activ-
ity of GR induced by the rs6190 mutation. At the molecular level,
our findings revealed that the mutant GR exhibited increased epi-
genetic activity and nuclear translocation, leading to the differen-
tial expression of 236 genes, including key regulators of cholesterol
metabolism. Notably, the mutant GR upregulated Pcsk9, a key regu-
lator of VLDL receptor and LDLR degradation, and Bhlhe40, a cir-
cadian transcriptional repressor that is implicated in SR-B1 control.
At present, additional experiments are required to ascertain the
extent to which the increase in cholesterol is independent of gener-
al changes in lipidemia. However, we emphasize that our regression
analyses in women from the UK Biobank dataset took into account
triacylglycerols as a covariate and still found a significant zygos-
ity-dependent effect on total and LDL cholesterol. We also wish
to note that the knockdown experiment with Pcsk9 and Bhlhe40
in SNP-bearing atherogenic mice blunted but did not completely
remove the SNP effect on hypercholesterolemia and plaques. This
suggests additional pathways elicited by rs6190 in atherosclerosis
risk regulation that future studies will have to dissect.

To confirm the conservation of the SNP-mediated mechanism,
we utilized isogenic hiPSC-derived hepatocytes carrying the rs6190
SNP. These hiPSC-derived hepatocytes exhibited increased expres-
sion of PCSK9 and BHLHEA40, consistent with murine model find-
ings. Moreover, these hepatocytes demonstrated reduced uptake of
HDL and LDL cholesterol, providing direct evidence that the SNP
influences cholesterol regulation and this mechanism is conserved
in human cells. Although the rs6190 SNP is described in ClinVar as
associated with “glucocorticoid resistance,” our analyses in hiPSCs
and hiPSC-derived hepatocytes revealed that the mutant GR is more
susceptible to glucocorticoid-induced activation than the reference
GR isoform. This observation suggests that the SNP may confer
increased “glucocorticoid sensitivity” in addition to its effects on
cholesterol regulation. The evidence in support of “glucocorticoid
resistance” is mostly limited to one study, where targeted limited
analyses found that rs6190 decreased dexamethasone-driven acti-
vation of GILZa in immune cells (57). However, several subsequent
studies have failed to find correlation between rs6190 and reduced
sensitivity to glucocorticoids, including the seminal study that first
discovered the rs6190 polymorphism (22, 27, 55, 58-61). Further in
vitro experiments are warranted to investigate the extent to which
the mutant GR activates the identified glucocorticoid response ele-
ments dependently or independently from other key nuclear factors
for cholesterol regulation.
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Finally, our results with corticosterone and gonadectomies in
vivo indicate that the sexual dimorphism in the rs6190 effect on
cholesterol and atherosclerosis elevation (higher in women and
female mice than in men and male mice) results from the interac-
tion between a sex-independent molecular program and a sex-spe-
cific endocrinological effect. The SNP effect on the mutant GR
transactivation program is sex-independent, as shown by target
liver protein changes in both sexes in mice. However, the “con-
version” of this program into actual changes in cholesterol and
atherosclerosis depends on the superimposed endocrinological
signals of corticosterone and sex hormones. Corticosterone is
typically higher in female mice compared with male mice with-
out specific stress challenges (50), and this could find a parallel in
humans, as shown by an observational study with salivary cortisol
in 1,671 people that reported higher levels of morning cortisol and
delta cortisol (morning—evening cortisol) for women than men
in the absence of known specific stressors (62). In our mice, the
higher corticosterone in females was additive to the SNP-based
change in the liver GR transactivation program compared with
males. This finding opens the idea of corticosterone as potential
“dimorphic pressure” to consider in the case of sex-different GR
processes beyond cholesterol. With regard to cholesterol, our
findings with gonadectomies are consistent with the reported pro-
tective effects of testosterone (51) and estrogens (52) in atheroscle-
rosis. In the rs6190 case, testosterone appeared to work “against”
the SNP program and indeed testosterone removal through ORX
“unmasked” the SNP effect on cholesterol and atherosclerosis in
male mice in vivo. Accordingly, a testosterone-mimic (CI-4AS1)
partially rescued the HDL-LDL uptake defect in male hiPSC-he-
patocytes. We used male hiPSC-hepatocytes because all our
SNP-mutant lines were CRISPR-derived from the same parental
male line. Nonetheless, as hiPSC-hepatocytes are grown and dif-
ferentiated outside the typical physiological sexual development
of a body, the cells recapitulated the SNP-driven GR transactiva-
tion cascade at the molecular level in vitro. Future comparisons
with male and female hiPSC lines — ideally from different genetic
backgrounds — are required to resolve the extent to which chro-
mosomal sex impacts the effects of rs6190 in pluripotent and dif-
ferentiated states. Our findings with corticosterone and testoster-
one are consistent with the seminal finding of a cholesterol signal
for rs6190 in women but not men of both the UK Biobank and
All of Us cohorts. They are also consistent with a previous study
that found a significant association between rs6190 and sexually
dimorphic cholesterol changes in a small cohort with heterozy-
gous SNP carriers (18). We also found that estrogen loss through
OVX is additive to the SNP effect on cholesterol and plaque inci-
dence in female mice. This finding suggests that the SNP genotype
could interact with menopause as additive atherosclerosis risk in
older women, but specific studies are required to disentangle that
interaction from social determinants of health and other complex
variables like genetic ancestry, aging-related comorbidities, hor-
monal interventions/variations, and lifestyle.

Limitations of this study. Besides specific limitations and consid-
erations reported above for specific results, in this study we have
not formally assessed the impact of the single amino acid change
(R>K) on the N-terminus structure or the overall conformation
of the GR. Moreover, based on the initial cholesterol signal in the
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human datasets, we focused on liver GR and cholesterol. Howev-
er, the SNP is expected to affect the GR in virtually every tissue,
and additional studies are required to dissect the extent and mech-
anisms of rs6190-driven changes in the physiological GR action in
other tissues. Lastly, while focusing on the upstream genetic, epi-
genetic, and molecular mechanisms related to cholesterol regula-
tion by the GR, we recognize that our study did not address the
translational question of whether rs6190 affects the efficacy of the
current strategies for lowering cholesterol.

Conclusions and overall impact. In conclusion, our study leverages
the rs6190 SNP as a genetic linchpin to advance our understanding of
the GR-driven regulation of cholesterol through genetic and epigene-
tic mechanisms. Our data support early and proactive monitoring for
cholesterol in carriers of this nonrare variant, particularly in women.

Methods

Methods for circulating cholesterol, hormones, RNA-Seq, ChIP-Seq,
Western blot, hiPSC maintenance, albumin, hepatocyte isolation,
immunostaining, nuclear/cytoplasmic fractions, and co-IP are avail-
able in the supplemental materials.

Sex as a biological variable. Our seminal screening of UK Biobank
NMR metabolomics datasets was disaggregated by sex, considering the
known outsized role of sexual dimorphism on virtually all listed met-
abolic parameters. Subsequent correlations and zygosity stratifications
were also then performed as disaggregated by sex, and data from both
sexes are reported. In mice, analyses were also performed as disaggre-
gated by sex, and data from both males and females are presented. For
hiPSC-based experiments, only male cells were used because all our
control and mutant cell lines were derived from the seminal male hiPSC
line CCHMCIi001-A (RRID: CVCL_A1BW). Despite this limitation,
these cells were able to model in vitro the molecular SNP effect on the
GR transactivation cascade.

Animals and diet. Mice used in this study were maintained in a
pathogen-free facility in accordance with the American Veterinary
Medical Association and under a protocol fully approved by the
TACUC at CCHMC (2023-0002). Euthanasia of the mice was carried
out in accordance with ethical guidelines. Carbon dioxide inhalation
was utilized as the initial method for euthanasia, followed by cervical
dislocation and removal of the liver tissue.

All animals were maintained in a temperature-controlled envi-
ronment with a 12-hour light/12-hour dark cycle. For the fasting
group, mice were subjected to an 18-hour starvation period. Mutant
GR mice were generated using CRISPR/Cas9 genome editing in
the zygote by genocopying the rs6190 SNP in the endogenous Nr3c/
locus on the C57BL/6J background. For gRNA, primers were CCAG-
CAGTTTGCTTGGCCGGGGGagg; ssODN to introduce SNP and
5 silent mutations to introduce BamHI site and avoid CRISPR recut:
CTGGTAGAGACGAAGTCCCCAGCAGTTTGCTTGGCAGAG-
GCAAGGGATCCGTGATGGACTTGTATAAAACCCTG. Correct
SNP insertion without frameshift or deletions was verified through
sequencing using the primers Fw-TGTACATTTAGCGAGTGG-
CAGGAT and Rev-ACGACTCGGAAAACTTTTTAGTTC. Routine
genotyping during colony maintenance was performed through PCR
with the same primers followed by BamHI digestion, yielding a 474 bp
band for the WT allele and 140 plus 334 bp bands for the SNP allele.
This genetic modification was performed by the Transgenic Animal
and Genome Editing Core Facility at CCHMC. To ensure genetic
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background homogeneity and control for potential confounding vari-
ables, the colonies were maintained through heterozygous matings.
This approach allowed us to compare 3 distinct groups of mice as lit-
termates: GR™"*f (control WT), GR*"ALT (heterozygous SNP carriers),
and GRAM/ALT (homozygous SNP carriers). The age of mice for each
experiment is specified in the figures and Results. As the primary athero-
genic model, Z4POE*2/*2 homozygous mice were originally obtained
from Nobuyo Maeda’s laboratory at the University of North Carolina,
Chapel Hill (47) and maintained as a breeding colony in-house. These
mice were crossed with the R24K mutant mice. To induce hypercholes-
terolemia and atherosclerosis, R24K mice crossed on an #4POE*2/*2
background were subjected to a cholate-free Western diet, which con-
tained 21% fat and 0.2% cholesterol, for 16 weeks.

At 1 month of age, both male and female GR™"f and GRAM/ALT
mice underwent either gonadectomy or sham operations. Anesthesia
was induced and maintained with 2% isoflurane. For OVX and ORX,
a midline incision was made to access and remove ovaries or testicles,
respectively. Sham-operated animals underwent identical surgical pro-
cedures without gonadal removal. Blood samples were collected from
tail vein sampling for serum isolation and hormone analyses at 2 weeks
after surgery. R24K mice on the WT C57BL/6J background were fed
with a normal chow diet; R24K mice on 24 POE*2/*2background were
administered a Western diet. Sixteen weeks after surgery, mice were
fasted overnight and euthanized at ZT4 to control for circadian and
feeding variables.

For systemic AAV experiments, WT and homozygous SNP-mu-
tant littermate mice on an Z4POE*2/*2 background were injected ret-
ro-orbitally while under inhaled isoflurane anesthesia with either 3 X
101 vg/mouse of AAV8-scramble shRNA or 1 x 10" vg/mouse for
each of the knockdown combination vectors, that is, 1 AAV8-antiPc-
sk9 (49) and 2 AAVS8-Bhlhe40shRNA vectors (Vector Builder vectors
VB010000-0023jze, VB230421-1310pka, VB230421-1312ydp; Addgene
plasmid 163025; scramble shRNA sequence: CCTAAGGTTAAGTC-
GCCCTCG,; anti-Bhlhe40 shRNA sequences: GCGAGGTTACAGT-
GTTTATAT, GTAGTGGTTTGGGCAAATTTC). All AAVS injec-
tions were diluted in sterile PBS. To prepare and isolate AAV virions,
we followed the procedures we previously reported (63, 64).

Lipoprotein analysis. For lipoprotein separation through FPLC, fresh
plasma samples were pooled, totaling 250 pL, obtained from at least
5 mice per group. Each group’s pooled plasma underwent FPLC gel
filtration, utilizing a tandem arrangement of 2 Superose 6 columns (GE
Healthcare). The elution process entailed the collection of fractions in
0.5 mL increments, maintaining a steady flow rate of 0.5 mL/min. This
procedure yielded a total of 51 distinct fractions, each of which was
subjected to quantification of total triglyceride and cholesterol levels
using the Infinity Triglyceride and Cholesterol kits (Thermo Fisher Sci-
entific, catalog TR22421 and catalog TR13421).

Atherosclerotic lesion analysis. Mice under anesthesia were subject-
ed to a perfusion procedure using a 10% formalin solution in buffered
saline for 5 minutes. After this perfusion, the hearts were carefully
dissected to harvest aortic roots. These harvested tissues were subse-
quently preserved in 10% buffered formalin solution. To assess the
distribution of atherosclerosis, en face whole-aorta lesion staining was
performed with Oil Red O for 30 minutes, followed by two 1x PBS
washes. The aortic root of the heart was embedded in OCT compound
for the preparation of frozen sections. Cross-cryosections of the aortic
roots, measuring 7 um in thickness and encompassing the aortic valve
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region, were stained with H&E, Oil Red O, and trichrome according to
our established protocols. Images were obtained using a ZEISS Axio
Imager.A2 microscope, and histological analyses were performed using
Imagel] software (NIH).

hiPSC-derived hepatocyte-like cell differentiation in vitro. Human iPSC
lines were CRISPR/Cas9 engineered for the SNP knockin by the
Transgenic Animal and Genome Editing Core Facility and the hiP-
SC facility at CCHMC from the founder hiPSC line 72.3 (CCHM-
Ci001-A cell line on Cellosaurus). For gRNA, primers were GCAGT-
GTGCTTGCTCAGGAGagg; ssODN to introduce SNP and 3 silent
mutations to avoid CRISPR recut: AAGCGACAGCCAGTGAG-
GGTGAAGACGCAGAAACCTTCACAGTAGCTCCTCCTCT-
TAGGGTTTTATAGAAGTCCATCACATCTCCCtTCTCtTGgG-
CAAGCACACTGCTGGGGTTTTCTTCTCTACCAGGAGT. SNP
genotype was verified through Sanger sequencing using the PCR prim-
ers Fw-GCTGCCTCTTACTAATCGGATCAG and Rev-AGTCTTC-
GCTGCTTGGAGTCTG. When human iPSCs reached a confluency
of approximately 95%, they were passaged with Accutase Cell Dissoci-
ation Reagent (07920, StemCell Technologies) and resuspended as sin-
gle cells in mTesR1 medium with 10 pM Y-27632 (Tocris Bioscience).
The cells were seeded in 6-well plates precoated with Cultrex diluted in
ice-cold DMEM/F12 (Thermo Fisher Scientific). After 24 hours, the
cells were washed with room temperature DMEM/F12 and switched to
RPMI 1640 (11875093, Thermo Fisher Scientific) with B27 supplement
Minus Insulin (A1895601, Thermo Fisher Scientific), along with 100
ng/mL Activin A (120-14P, PeproTech) and 3 uM CHIR99021 (4423,
Tocris Bioscience). After 24 hours of treatment, CHIR99021 was with-
drawn, and the cells were treated with RPMI 1690/B27 Minus Insulin
basal medium with 100 ng/mL Activin A for another 48 hours and
renewed every day to generate definitive endoderm cells. The differenti-
ated endoderm cells were further treated with RPMI 1640/B27 Minus
Insulin along with 10 ng/mL basic FGF (3100-18B, PeproTech) and 20
ng/mL bone morphogenic factor 4 (120-05ET, PeproTech). The media
was replaced every day for the next 5 days to generate hepatic progen-
itor cells. Next, the hepatic progenitors were further differentiated into
immature hepatocytes by replacing the media with RPMI/B27 Minus
Insulin, 20 ng/mL hepatocyte growth factor (100-39, PeproTech), and
0.5% DMSO. The media was replaced every day for the next 5 days. To
promote maturation of immature hepatocytes, the media was replaced
with HCM Hepatocyte Culture Medium BulletKit (CC-3198, Lonza)
except EGF, 10 ng/mL HGF, 20 ng/mL Oncostatin M (300-10T,
PeproTech), 100 nM dexamethasone (D2915, Sigma-Aldrich), and
0.5% DMSO for another 5 days with a media change every day.

For the GR translocation assay and analysis, hiPSCs were exposed
to either a vehicle control or 1 M dexamethasone for various time inter-
vals (20, 40, 60, and 120 minutes). Subsequently, an immunofluores-
cence assay was performed. To evaluate GR translocation in hiPSC-de-
rived mature hepatocyte-like cells, the maturation medium containing
100 nM dexamethasone was removed, and the cells were cultured in
hepatocyte maintenance medium without dexamethasone for 24 hours.
The following day, mature hepatocyte-like cells were treated with either
vehicle control or 1 uM dexamethasone for the aforementioned time
intervals. Immunofluorescent staining was performed using GR (sc-
393232, 1:200, Santa Cruz Biotechnology) and Alexa Fluor 488 Affini-
Pure Donkey Anti-Mouse IgG (H+L) (102650-156, 1:300, VWR). The
analysis of GR translocation was carried out using ImageJ software on
5-6 images per sample acquired from a Nikon Eclipse Ti-U microscope.
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Fluorometric HDL and LDL uptake assay and quantitation. First, 3 X
10* to 4 x 10* cells/well were plated in 96-well white clear-bottom cell
culture plates and cultured in media overnight in a 37°C incubator. The
next day, the cells were washed with assay buffer provided in the kit (see
below). For fluorometric HDL (ab204717, Abcam) and LDL (770230-9,
Kalen Biomedical) staining and quantitation, we followed the manu-
facturer’s instructions, protected samples from light, and measured the
fluorescence in a microplate reader. For hormone treatment experi-
ments, iPSCs were differentiated into hepatocytes in 96-well plates. At
the end of the differentiation process, cells were treated with vehicle,
100 nM testosterone, or 100 nM estradiol for 24 hours. Subsequently,
cells were washed with assay buffer, and HDL and LDL uptake assays
were performed as described above. All the procedures were conduct-
ed in accordance with the manufacturer’s instructions to ensure assay
integrity and reproducibility.

UK Biobank and All of Us analyses. Our analyses were conduct-
ed under the UK Biobank application number 65846 and All of Us
workspace number aou-rw-0fb52975. We constructed an rs6190 geno-
type-stratified cohort, excluding participants if they withdrew consent.
All available values for the tested parameters were collected per geno-
type group. The following were the UK Biobank, unique data identifier,
and related parameters for age: 21001-0.0; BMI: 21001-0.0; glycemia
(mM): 30740-0.0; triglycerides (mM): 30870-0.0; total cholesterol:
23400; ICD10 causes of death: primary 40001, secondary 40002. For
initial discovery using the NMR metabolomics datasets, quantitative
linear regression and conditional analyses were performed using an
additive genetic model adjusting for 10 principal components, sex, and
age. In conditional analyses, the 12 established SNP dosage effects were
also included as additional covariates. Regression analyses were per-
formed using the second generation of PLINK (65). Before analyses,
a series of standard quality control measures were applied: sample call
rates, sample relatedness, sex inconsistency, and marker quality, that is,
marker call rate, minor allele frequency (MAF), and Hardy-Weinberg
equilibrium (HWE). Analyses were limited to participants with call
rates greater than 98%, SNPs with call rates greater than 99%, SNPs
with MAF greater than 1%, and HWE P values greater than 0.0001.
For independent association confirmation studies, multiple linear
regression analysis was carried out using R 4.3.2 (R Core Team, 2023)
to explore the association of total, clinical LDL, and HDL cholesterol
versus separate sex (males/females) and correcting for BMI, glycemia,
and triglycerides.

IP with bead-antibody conjugation and LC-MS/MS analysis. 1P of
proteins, minimizing contamination from antibody heavy and light
chains, was performed using the Pierce Co-IP Kit (26149, Invitrogen).
Briefly, 10-75 pg of antibody (anti-GR, Santa Cruz Biotechnology,
catalog SC- 393232) was conjugated to the AminoLink Plus Coupling
Resin using a coupling buffer containing sodium cyanoborohydride
as the conjugation reagent. The reaction was carried out in a 1.5 mL
Eppendorf tube using a thermomixer at room temperature for 2 hours.
Simultaneously, protein extracts were precleared with control agarose
resins for 1 hour. After preclearing, the resin was washed with a series
of quenching and wash buffers. The eluted precleared protein extracts
were then incubated with the antibody-conjugated AminoLink resin
overnight at 4°C. The next day, the resin was washed with wash buffer,
and the bound proteins were eluted using 50 pL of elution buffer. The
eluted protein samples were analyzed via SDS-PAGE, silver staining,
and Western blot to confirm the presence of antibody-free IP proteins.
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Once validated, the samples were submitted to the LC-MS/MS protein
core at University of Cincinnati Proteomics Laboratory. For LC-MS/
MS analysis, protein samples were dried using a SpeedVac and resus-
pended in 35 pL of 1x elution buffer. The samples were loaded and ran
for 1.5 cm into an Invitrogen 4%—12% Bis-Tris gel using MOPS buftfer,
with molecular weight marker lanes included for reference. Gel sec-
tions were excised, reduced with DTT, alkylated with iodoacetamide,
and digested overnight with trypsin. The resulting peptides were
extracted, dried using a SpeedVac, and resuspended in 0.1% formic
acid. A total of 500 ng to 2 g of each sample was analyzed by nano
LC-MS/MS using an Orbitrap Eclipse mass spectrometer. The data
were searched against a combined database of contaminants and the
SwissProt Mus musculus database using Proteome Discoverer version
3.0 with the Sequest HT search algorithm (Thermo Fisher Scientific).

Statistics. Unless otherwise noted, statistical analyses were per-
formed using GraphPad Prism software v8.4.1. The Pearson-D’Agos-
tino normality test was used to assess data distribution normality.
When comparing the 2 groups, a 2-tailed Student’s ¢ test with Welch’s
correction (unequal variances) was used. When comparing 3 groups of
data from 1 variable, 1-way ANOVA with Sidék’s multiple-comparison
test was used. When comparing data groups for more than 1 related
variable, 2-way ANOVA was used. For ANOVA and ¢ test analyses, a
P value less than 0.05 was considered significant. When the number
of data points was less than 10, data were presented as single values
(dot plots, histograms). Tukey distribution bars were used to empha-
size data range distribution in analyses pooling larger data point sets
per group (typically more than 10 data points). Analyses pooling data
points over time were presented as line plots connecting medians of
box plots showing distribution of all data per time points. Random-
ization and blinding practices were followed for all experiments. All
the data from all animal cohorts and cell clone replicates are reported,
whether outlier or not.

Study approval. Mice were housed in a pathogen-free facility in
accordance with the American Veterinary Medical Association and
under protocols fully approved by the TACUC at CCHMC (2022-0020,
2023-0002). UK Biobank and All of Us analyses were conducted under
the UK Biobank application number 65846 and All of Us workspace
number aou-rw-0fb52975.

Data availability. RNA-Seq and ChIP-Seq datasets reported here
are available in the NCBI’s Gene Expression Omnibus (GEO) database
under accession numbers GSE280494 and GSE280572. Ddata for all
charts presented here are available in the Supporting Data Values file.
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