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Supplementary Figure 1 1 
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Supplementary Figure 1. Related to Figure 1. Additional data from UK Biobank and All Of Us datasets. 3 
Zygosity-dependent correlations of rs6190 with total, LDL and HDL cholesterol were not significant in men from 4 
either UK Biobank (A) or All of Us (B) datasets. Linear regressions were corrected for age, diabetes, 5 
triacylglycerols; median intervals were compared through Kruskal-Wallis test. 6 
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Supplementary Figure 2 15 

 16 

Supplementary Figure 2. Related to Figure 2. Additional analyses related to mutant GR effects in murine 17 
liver. (A) Diagram highlighting the human-mouse GR sequence orthology and the SNP genocopy introduced 18 
through CRISPR-Cas9. (B) Differently than in female mice, male mice blunted the SNP effect on cholesterol 19 
elevation according to SNP zygosity, according to FPLC cholesterol levels across lipoprotein fractions. (C) In 3 20 
out of 5 female mice analyzed from the parental WT genetic background after Western diet exposure, emerging 21 
immature plaques were noted in the aortic roots (arrows; insets: high magnification). (D) Analysis of GTEX 22 
database and GR protein levels in livers, primary hepatocytes, white adipose tissue (ventral fat pad) or kidney 23 
of GRref/ref vs GRALT/ALT mice revealed no sizable effect of rs6190 on hepatic GR expression and protein levels. 24 
Scale bars, 100 μm. N=3-6/group, ♂ in B, ♀ in C-D, 6mo; D: Welch’s t-test; ns, not significant. 25 
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Supplementary Figure 3 30 

 31 
Supplementary Figure 3. Related to Figure 2. Additional analyses related to mutant GR epigenetic 32 
regulation. (A) IP-MS in liver identified Hsp90 among top hits for decreased interaction with the mutant GR 33 
compared to the WT GR. CoIP in tissue extracts confirmed decreased GR-Hsp90 interaction in not only liver, but 34 
also other metabolically active tissues like adipose and kidney. (B) At 30min after one i.p. 1mg/kg 35 
dexamethasone (dex) or vehicle (veh), the mutant GR showed increased nuclear/cytoplasmic signal enrichment 36 
compared to WT GR in liver, adipose and kidney. H3, nuclear marker; Gapdh, cytoplasmic marker. (C) Primary 37 
hepatocytes recapitulated the mutant vs WT GR differences in Hsp90 interaction and nuclear enrichment. 38 
Moreover, the SNP increased basal and steroid-driven GR activity on a GRE luciferase reporter transfected in 39 
primary hepatocytes according to SNP zygosity. (D) Unbiased motif analysis validated ChIP-seq datasets 40 
through enrichment for GRE motif (arrows). (E) Mutant GR showed increased GR occupancy genome-wide on 41 
GRE motifs (arrow). (F) Representative peak traces for a canonical marker of GR epigenetic activity, the Fkbp5 42 
distal promoter, showed increased GR occupancy on canonical GR sites (arrows). (G-H) Total number of peaks 43 
did not significantly increase for the mutant GR compared to the control GR, and the relative distribution of peaks 44 
into gene loci regions did not change. (I) Volcano plot of SNP-dependent differentially expressed genes in liver 45 
per RNA-seq datasets. (J) Compared to Bhlhe40-WT littermates, Bhlhe40-KO livers showed upregulation of SR-46 
B1 levels at mRNA (Scarb1, gene name for SR-B1), supporting the notion of Bhlhe40 as transcriptional repressor 47 
of SR-B1 in liver. N=3-5/group, ♂ in B, ♀ in C-L, 6mo; D, E, J: 2w ANOVA + Sidak; I, L: Welch’s t-test; *, P<0.05; 48 
**, P<0.01; ***, P<0.001; ****, P<0.0001. 49 
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Supplementary Figure 4 50 

 51 
Supplementary Figure 4. Related to Figure 3. Additional analyses related to SNP-mutant hiPSCs. (A) 52 
Pluripotency marker validation of isogenic hiPSC lines with CRISPR-knock-in engineering of a SNP genocopy 53 
in the endogenous NR3C1 gene locus. (B) The SNP promoted GR translocation at the undifferentiated hiPSC 54 
stage. (C) The SNP genotype did not impact the overall progression of differentiating hiPSCs across the stages 55 
of hepatocyte differentiation: hiPSC, pluripotent; DE, definitive endoderm; IMH, immature hepatocytes; MH, 56 
mature hepatocytes. (D) Albumin production (staining) and secretion (ELISA) confirmed hepatocyte maturation 57 
comparable across SNP genotypes. Scale bars, 100 μm. Each dot represents an independent differentiation 58 
replicate; N=3/group. 2w ANOVA + Sidak; *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001. 59 
 60 
 61 
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Supplementary Figure 5 63 
 64 

 65 
 66 
Supplementary Figure 5 – Preliminary validations of dosage and combinations for AAV8-mediated 67 
knockdowns in vivo. (A) 10^13vg/mouse maximized Pcsk9 knockdown in liver with AAV8-antiPcsk9 compared 68 
to scramble. (B) Combination of both AAV8-antiBhlhe40 shRNA vectors was synergistic in maximizing Bhlhe40 69 
knockdown in liver compared to scramble. N=5♀/group, 6mo; 1w ANOVA + Sidak; *, P<0.05; **, P<0.01; ***, 70 
P<0.001; ****, P<0.0001. 71 
  72 
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Supplementary Table 1 73 
 74 

 75 
 76 
Supplementary Table 1 – Additional analyses in NR3C1-related variants - We extracted 38 NR3C1 locus 77 

variants with GWAS significant hits (<5 × 10−8) from the current EBI GWAS catalog and ran linear regressions 78 

- aggregated for ancestry but disaggregated for sex - for total cholesterol in the All of Us dataset. All 38 variants 79 

were non-coding and in weak-to-negligible LD range with rs6190 (LD, r2<0.15). None of the 38 variants had a 80 

significant reported GWAS hit for cholesterol. However, our regressions showed 24 variants with correlations 81 

(adj p-val <0.05; 20, direct; 4, inverse) with total cholesterol according to zygosity. Intriguingly, those correlations 82 

were significant only in women and not in men for all 24 variants, analogous to our findings with rs6190.  83 
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Supplementary Methods 84 

Assays for circulating cholesterol, estradiol and testosterone 85 

Blood samples were procured from ~3-month-old mice and collected in EDTA-treated tubes using cardiac 86 

puncture method following an overnight fasting. The blood samples were maintained on ice and subjected to 87 

centrifugation at 2500 x g for 10 mins to isolate plasma. Following the centrifugation step, the obtained plasma 88 

was immediately transferred into a clean microcentrifuge tube for plasma lipid measurements. The plasma levels 89 

of total cholesterol (TC) were measured using InfinityTM Cholesterol kit (Cat #TR13421, Thermo Fisher Scientific) 90 

and InfinityTM Triglyceride kit (Cat # TR22421, Thermo Fisher Scientific). The concentrations of estradiol (Cat # 91 

501890, Cayman Chemicals) and testosterone (Cat #582701, Cayman Chemicals) in serum were measured 92 

according to the manufacturer’s protocols for each kit.  93 

RNA extraction and RT-qPCR 94 

Total RNA was extracted from cryo-pulverized liver tissues and hiPSC-derived hepatocyte-like cells using Trizol 95 

(Cat #15596026, Thermo Fisher Scientific) and 1 ug RNA was reverse-transcribed using SuperScriptTM IV 96 

VILOTM Master Mix (Cat #11756050, Thermo Fisher Scientific). RT-qPCRs were conducted in three replicates 97 

using 1X SYBR Green Fast qPCR machine (Bio-Rad, Hercules, CA; thermal profile: 95C, 15 sec; 60C, 30sec; 98 

40x; melting curve). The 2-∆∆CT method was used to calculate relative gene expression. GAPDH was used as 99 

the internal control. Primers were selected among validated primer sets from MGH PrimerBank: 100 

Gene Name Forward sequence Reverse Sequence 

Mouse Pcsk9 GAGACCCAGAGGCTACAGATT 

 

AATGTACTCCACATGGGGCAA 

 

Mouse Bhlhe40 ACGGAGACCTGTCAGGGATG GGCAGTTTGTAAGTTTCCTTGC 

 

Mouse Scarb1 TTTGGAGTGGTAGTAAAAAGGGC 

 

TGACATCAGGGACTCAGAGTAG 

 

Mouse Ldlr TGACTCAGACGAACAAGGCTG 

 

ATCTAGGCAATCTCGGTCTCC 

 

Mouse Gapdh GTATGACTCCACTCACGGCAAA 

 

GGTCTCGCTCCTGGAAGATG 

 

Human OCT4 AGCGAACCAGTATCGAGAAC TTACAGAACCACACTCGGAC 
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 101 

Western blotting 102 

Protein analyses in liver were performed on ∼ 25 ug total lysates. Cyro-pulverized liver tissue was incubated in 103 

RIPA buffer (Cat #89900Thermo Fisher Scientific) supplemented with 1x protease/phosphatase inhibitor (Cat 104 

#78440, Thermo Fisher Scientific) for 30 mins and sonicated for 10 secs twice. The samples were then 105 

centrifuged at 12,000 rpm for 10 mins at 4oC. Supernatant containing the protein is transferred into a new tube 106 

and used as a total lysate. For total cell lysates from culture cells, cells were harvested and resuspended in RIPA 107 

buffer containing 1x protease and phosphatase inhibitors. Lysates were incubated for 30 mins and centrifuged 108 

at 12,000 rpm for 10 mins at 4oC. The supernatant was used as a total cell lysate. The protein concentrations of 109 

the supernatants were determined using the Pierce BCA Protein Assay kit (Cat #23225, Thermo Fisher 110 

Scientific). Equal amounts of protein were separated using SDS-PAGE and transferred to a PVDF membrane 111 

(Cat #1620177, BioRad). Membranes were blocked in 3% milk in TBST for 1 hour at room temperature and then 112 

incubated overnight at 4oC with primary antibodies: PCSK9 (Cat #A7860, 1:1000, ABclonal), BHLHE40 (Cat 113 

#17895-1-AP, 1:1000, Proteintech), SR-B1 (Cat  #A0827, 1:1000, ABclonal), LDLR (Cat #A14996, 1:1000, 114 

Human NANOG CTCCAACATCCTGAACCTCAGC CGTCACACCATTGCTATTCTTCG 

Human SOX17 TATTTTGTCTGCCACTTGAACAGT TTGGGACACATTCAAAGCTAGTTA 

Human FOXA2 GCATTCCCAATCTTGACACGGTGA GCCCTTGCAGCCAGAATACACATT 

Human NESTIN CTGCTACCCTTGAGACACCTG GGGCTCTGATCTCTGCATCTAC 

Human PAX6 AACGATAACATACCAAGCGTGT GGTCTGCCCGTTCAACATC 

Human TBX6 GTGTCTTTCCATCGTGTCAAGC TATGCGGGGTTGGTACTTGTG 

Human MIXL1 GGCGTCAGAGTGGGAAATCC GGCAGGCAGTTCACATCTACC 

Human ALB CCCCAAGTGTCAACTCCA GTTCAGGACCACGGATAG 

Human AFP ACTGAATCCAGAACACTGCA TGCAGTCAATGCATCTTTCA 

Human HNF1A ACATGGACATGGCCGACTAC CGTTGAGGTTGGTGCCTTCT 

Human CY18 GCTGGAAGATGGCGAGGACTTT TGGTCTCAGACACCACTTTGCC 

Human PCSK9 GACACCAGCATACAGAGTGACC GTGCCATGACTGTCACACTTGC 

Human BHLHE40 TAAAGCGGAGCGAGGACAGCAA GATGTTCGGGTAGGAGATCCTTC 

Human SCARB1 GGTCCAGAACATCAGCAGGATC GCCACATTTGCCCAGAAGTTCC 

Human LDLR GAATCTACTGGTCTGACCTGTCC GGTCCAGTAGATGTTGCTGTGG 

Human GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA 
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ABclonal), GR (Cat #SC-393232, 1:1000, Santa-Cruz), and GAPDH (Cat# 10494-1-AP, 1:1000, Proteintech), 115 

followed by incubation with anti-rabbit or anti-mouse IgG, HRP-conjugated secondary antibody (Cat #7074 and 116 

#7076, 1:5000, Cell Signaling) for 1 hour at room temperature for HRP-based signal development through Pierce 117 

Enhanced Chemiluminescent western blotting substrate (Cat #32106, Thermo Fisher Scientific); or incubation 118 

with anti-rabbit IgG (H+L) Dylight 680 Conjugate (Cat # 5366S, Cell Signaling) and anti-mouse IgG (H+L) Dylight 119 

800 4x PEG Conjugate (Cat# 5257S, Cell signaling) for 1.5 hours at room temperature for multiplexed infrared 120 

fluorescent detection of bands at a Licor Odyssey CLx imaging system (Cat# 9140, LI-COR). Quantitation of 121 

signal was carried on protein bands generated from same samples through either stripping, or multiplexing, or 122 

parallel staining on cuts from same membranes. Overall protein level quantitations were based on protein signal 123 

ratio to GAPDH; CoIP quantitations were based on protein signal ratio to interactor; nuclear/cytoplasmic ratio 124 

was calculated based on protein signal ratios vs H3 (nuclear) and vs GAPDH (cytoplasmic). 125 

RNA sequencing sample preparation and analysis 126 

RNA-seq was conducted on RNA extracted from the liver tissue of wild-type versus R24K homozygous mice. 127 

Each liver was immediately snap frozen in 1 ml TRIsure (Bioline, BIO-38033) using liquid Nitrogen. RNAs from 128 

each heart were extracted individually and re-purified using the RNeasy Mini Kit (Cat #74104, Qiagen).  RNA-129 

seq was performed at the DNA core (CCHMC). 150 ng – 300 ng of total RNA determined by Qubit (Invitrogen) 130 

high-sensitivity spectrofluorometric measurement was poly-A selected and reverse transcribed using Illumina’s 131 

TruSeq stranded mRNA library preparation kit (Cat #20020595, Illumina, San Diego, CA). Each sample was 132 

fitted with one of 96 adapters containing a different 8 base molecular barcode for high level multiplexing. After 133 

15 cycles of PCR amplification, completed libraries were sequenced on an Illumina NovaSeqTM 6000, 134 

generating 20 million or more high quality 100 base long paired end reads per sample. A quality control check 135 

on the fastq files was performed using FastQC. Upon passing basic quality metrics, the reads were trimmed to 136 

remove adapters and low-quality reads using default parameters in Trimmomatic [Version 0.33]. The trimmed 137 

reads were then mapped to mm10 reference genome using default parameters with strandness (R for single-138 

end and RF for paired-end) option in Hisat2 [Version 2.0.5]. Next, the transcript/gene abundance was determined 139 

using kallisto [Version 0.43.1]. We first created a transcriptome index in kallisto using Ensembl cDNA sequences 140 

for the reference genome. This index was then used to quantify transcript abundance in raw counts and counts 141 

per million (CPM). Differential expression (DE genes, FDR<0.05) was quantitated through DESeq2. PCA was 142 

conducted using ClustVis. Gene ontology pathway enrichment was conducted using the Gene Ontology analysis 143 

tool. 144 

Chromatin immunoprecipitation sequencing 145 

Whole livers were cryopowdered using a liquid nitrogen-cooled RETSCH CryoMill. The cryopowdered tissue was 146 

then fixed in 10 ml of 1% paraformaldehyde (PFA) for 30 mins at room temperature with gently nutation. Fixation 147 

was quenched 1ml of 1.375 M glycine (Cat # BP381-5, Thermo Fisher Scientific) with gentle nutation for 5 min 148 

at room temperature. After centrifugation at 3000g for 5 mins at 4oC, the pellet was resuspended in cell lysis 149 
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buffer as per reported conditions, supplementing the cell lysis buffer with cytochalasin B (3 ug/ml) and rotating 150 

for 10 min at 4oC. Nuclei were pelleted at 300g for 10 min at 4oC and subsequently processed following the 151 

reported protocol with the adjustment of adding cytochalasin B (3ug/ml) into all solutions for chromatin 152 

preparation and sonication, antibody incubation, and wash steps. Chromatin was then sonicated for 15 cycles 153 

(30s, high power, 30s pause, and 500 µl volume) in a water bath sonicator set at 4oC (Bioruptor 300. Diagenode, 154 

Denville, NJ). After centrifuging at 10,000g for 10 min at 4oC, sheared chromatin was checked on agarose gel 155 

for a shear band comprised between 150 and 600 bp. Two micrograms of chromatin were kept for pooled input 156 

controls, whereas 50 ug of chromatin was used for each pull-down reaction in a final volume of 2ml rotating at 157 

4oC overnight. Rabbit polyclonal anti-GR (Cat # A2164, 1:100, ABclonal) was used as a primary antibody. 158 

Chromatin complexes were precipitated with 100 µl of Sheep Dynabead M-280 (Cat #11204, Thermo Fisher). 159 

After washing and elution, samples were treated with proteinase K (Cat #19131, Qiagen) at 55oC, cross-linking 160 

was reversed through overnight incubation at 65oC. DNA was purified using a MinElute purification kit (Cat 161 

#28004, Qiagen) and quantified using Qubit reader and reagents. Library preparation and sequencing were 162 

conducted at the NU Genomics Core, using TrueSeq ChIP-seq library prep (with size exclusion) on 10 ng of 163 

chromatin per ChIP sample or pooled inputs and HiSeq 50-bp single-read sequencing (60 million read coverage 164 

per sample). Peak analysis was conducted using HOMER software (v4.10) after aligning fastq files to the mm10 165 

mouse genome using bowtie2. PCA was conducted using ClustVis. Heatmaps of peak density were imaged with 166 

TreeView3. Peak tracks were imaged through WashU epigenome browser. Gene ontology pathway enrichment 167 

was conducted using the gen ontology analysis tool. 168 

Human iPSC cell line and maintenance 169 

Human iPSC line 72_3 with CRISPR knock-in for R23K in the Nr3c1 gene locus to generate heterozygous and 170 

homozygous for GR SNP were obtained from CCHM Pluripotent Stem Cell Facility (PSCF). The hiPSCs were 171 

maintained in feeder-free conditions using mTeSR1 medium (Cat #85850, StemCell Technologies) in a 172 

humidified incubator at 37oC, 5% CO2. Human iPSCs were plated on six-well plates pre-coated with Cultrex 173 

obtained from the CCHMC PSCF. The isogenic cell lines were tested and confirmed mycoplasma-free during 174 

maintenance and before differentiation process. For maintenance of hiPSC, the cells at 70% confluency were 175 

passaged using Gentle Cell Dissociation Reagent (GCDR) (Cat #100-0485, StemCell Technologies) into medium 176 

clumps. The colonies were resuspended in mTeSRTM1 medium with 10 µM Y-27632 (PSCF, CCHMC) and 177 

passaged at split ratios ranging from 1:6 to 1:9 as appropriate. 178 

Human Albumin ELISA 179 

Cell supernatant containing the cell culture media from mature hiPSC-hepatocytes was collected and centrifuged 180 

at 2000 x g for 10 mins to remove debris. Centrifuged samples were diluted 1:5 in Sample Diluent NS provided 181 

in the kit (Cat # ab179887, Abcam) and assayed according to the manufacturer’s instructions.   182 

Isolation of Primary mouse hepatocytes 183 
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Primary hepatocytes were isolated from GRref/ref (control), GRref/ALT (het), and GRALT/ALT (homo) mice with 184 

collagenase perfusion method.  The mice were anesthetized, and the inferior vena cava (IVC) was cannulated 185 

with a 24-gauge needle. HBSS – (Cat #14175095, Thermo Fisher Scientific) containing 0.5 mM EDTA (Cat # 186 

AM9260G, Thermo Fisher Scientific) was perfused to chelate calcium. Next, HBSS + (Cat #14025092, Thermo 187 

Fisher Scientific) containing 0.3 mg/ml collagenase X (Cat #035-17861, FUJUFILM Wako Chemicals) was 188 

perfused to dissociate extracellular matrix of the liver. After the liver dissection, cells were filtered with 100 µm 189 

mesh cell strainer (Cat #08-771-19, Fisher Scientific), and the hepatocytes were purified by 40% Percoll (Cat # 190 

P1644, Sigma) gradient centrifugation method. Hepatocytes were suspended in William’s E medium (Cat 191 

#12551032, Thermo Fisher Scientific) supplemented with 10% FBS (Cat # S11150, R&D systems) and 1x Anti-192 

Anti (Cat #15240062, Thermo Fisher Scientific) for overnight and then replaced the next day with fresh medium. 193 

Immunostaining and image analysis 194 

Cells plated on cultrex-coated dishes containing sterile cover glasses were washed gently with 1x DPBS and 195 

fixed with Fixation solution (2% formaldehyde in 1x PBS) for 15 mins at room temperature. The cells were 196 

washed 3 times with 1x DPBS and treated with permeabilization reagent (1% triton X-100 in 1x DPBS) at 37oC 197 

for 30 mins and then at room temperature for 10 mins. Next, the cells were blocked with blocking buffer (10% 198 

normal donkey serum in 1x DPBS) for 1 hour at room temperature and stained with primary antibodies: Nanog 199 

(Cat #D73G4, 1:200, Cell Signaling), OCT4 (Cat #A7920, 1:200, ABclonal), and Albumin (Cat #A1363, 1:200, 200 

ABclonal) diluted in 10% Donkey serum in 1x DPBS overnight. Next day, the cells were washed twice with 1x 201 

DPBS and stained with secondary antibodies: Alexa Fluor® 594 AffiniPure Donkey Anti-Rabbit IgG (H+L) (Cat 202 

#102649-732, 1:300, VWR), and Alexa Fluor® 488 AffiniPure Donkey Anti-Rabbit IgG (H+L) (Cat #102649-726, 203 

1:300, VWR) diluted in 10% Donkey serum in 1x DPBS for 1 hour at room temperature. Cells were washed three 204 

times in 1x DPBS. The coverslips were mounted on slides and imaged with Nikon Eclipse Ti – U microscope.  205 

Nuclear and cytoplasmic protein isolation 206 

The separation of nuclear and cytoplasmic proteins was performed using the NE-PER Nuclear and Cytoplasmic 207 

Extraction Kit (Invitrogen #78835). Briefly, 100 mg of skeletal muscle tissue was homogenized, and 1 mL of ice-208 

cold CERI solution was added. The sample was vortexed vigorously for 15 seconds at high speed. Following a 209 

10-minute incubation on ice, 55 µL of ice-cold CERII solution was added, vortexed, incubated for 1 minute, and 210 

then centrifuged at 16,000g for 5 minutes. The supernatant, containing the cytoplasmic fraction, was carefully 211 

transferred to a new 1.5 mL Eppendorf tube. The remaining pellet was resuspended in 500 µL of ice-cold NER 212 

solution and placed on ice for 40 minutes, with vortexing every 10 minutes for 1 second. After the incubation, the 213 

sample was centrifuged at 16,000g for 10 minutes. The resulting supernatant, containing the nuclear fraction, 214 

was transferred to a new 1.5 mL Eppendorf tube and stored at -80°C until further analysis. 215 

Co-Immunoprecipitation (Co-IP) Protocol 216 

The Co-immunoprecipitation (Co-IP) protocol involves capturing protein complexes using an antibody specific to 217 

one of the complex members, coupling the antibody to magnetic beads, isolating and eluting the complex, and 218 



 12 

verifying the components via western blot analysis. The Universal Magnetic Co-IP Kit (Active Motif, 54002, 219 

Carlsbad, CA, USA) was used along with 2 µg of each antibody, i.e. anti-GR (Santa Cruz, cat # SC- 393232), or 220 

anti-HSP90 (Abclonal, cat# A5027), or untargeted IgG (Vector Laboratories, cat# I-1000-5) as negative control, 221 

to pull down the protein complex. A total protein extract of 800 µg was prepared in a final volume of 500 µL using 222 

the complete Co-IP/Wash buffer. The extract was incubated overnight at 4°C on a rotator with the specific 223 

antibodies and IgG control. Following incubation, Protein G magnetic beads (Invitrogen #80105G) were added 224 

to the mixture and incubated at room temperature for 1 hour. The magnetic beads were then separated using a 225 

magnetic separator, and the supernatant was discarded. The beads, containing the captured protein complexes, 226 

were washed three times with IP wash buffer. For elution, the beads were resuspended in 50 µL of 2X loading 227 

dye and heated at 100°C for 5 minutes. The protein complexes were then separated from the beads using a 228 

magnetic stand, and the eluted proteins were transferred to a new tube. Finally, the samples were loaded onto 229 

a 10% SDS-PAGE gel, with 20 µL of each sample per lane, for further analysis. 230 


