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Abstract

Context

Approximately 20-40% of clinically-defined familialypercholesterolemia cases do not show a
causative mutation in candidate genes (mutatiominegFH), and some of them may have a
polygenic origin.

Objective

The aim of this work was to study the prevalencABEG5/G8 genetic variants in mutation-
negative FH, as defects in these genes relatedstimal hyperabsorption of cholesterol and
thusABCG5/G8 variants could explain in part the mechanism gfdrgholesterolemia.

Design, Setting and patients:

We sequenced thiBCG5/G8 genes in 214 mutation-negative FH and 97 cont&istogate
markers of cholesterol absorptior{€holestanolp-sitosterol, campesterol, stigmasterol and
sitostanol) were quantified by high performanceiligchromatography tandem mass
spectrometry in both studied groups.

Results

We found 8 mutation-negative FH patients (3.73%&i pathogenic mutation ABCG5/G8
genes. We observed significantly higher concemtnatif surrogate markers of cholesterol
absorption in mutation-negative FH than in contrbisaddition, we found significantly higher
concentrations of cholesterol absorption markerautation-negative FH witABCG5/G8
defects than in mutation-negatiABCG5/G8 negative FH. A gene score reflecting the number
of common single nucleotide variants associatet iypercholesterolemia was significantly
higher in cases than in controfs=(032). Subjects with a gene score above the mean had
significantly higher &-cholestanol and stigmasterol than those with &tayene score.
Conclusions

Mutation-negative FH subjects accumulate an exskssre and common gene variations in

ABCG5/G8 genes. This variation is associated with increasedtinal absorption of
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cholesterol, as determined by surrogate makergestigg that thedeci contribute to
hypercholesterolemia by enhancing intestinal chetesabsorption.

Abbreviations

GH: genetic hypercholesterolemias

FH: Familial hypercholesterolemia

TC: Total cholesterol

TG: triglyceride

LDLc: Low density lipoprotein cholesterol

SNVs single nucleotide variations

CHD: cardiovascular disease

Mutation-negative FH: Familial hypercholesterolemitghout mutation in candidate genes
HDLc: High density lipoprotein cholesterol

HPLC-MS/MS: high performance liquid chromatograpagdem mass spectrometry
BMI: Body mass index

Apo: Apolipoprotein

MiRNAS: microRNAs
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I ntroduction
Genetic hypercholesterolemias (GH) are a heteragengroup of lipid disorders caused
by monogenic and polygenic defects and charactkébyevery high plasma
concentrations of total cholesterol (TC) due to@ased low-density lipoprotein
cholesterol (LDL-C) and high risk of premature awaoy heart disease (CHD). Familial
hypercholesterolemia (FH) is the most common moneg8H [1], with autosomal
codominant transmission and with a current estichptevalence of about 1:200-250 in
the general population [2, 3]. FH is caused by tnta inLDLR, the gene coding fahe
LDL receptor;APOB, coding forapolipoprotein (apo) BPCSK9 [4, 5], which codes for
the enzymeproprotein convertase subtilisin/kexin type 9ABROE genes [6]. In addition,
a rare recessive form of FH is also caused by moutatn theLDLRAP1 gene [7].
However, a causative mutation in candidate genestifound in approximately 20-40%
of clinically defined FH cases [8], suggesting ttigre are either other as yet unidentified
genetic causativieci or these cases represent severe polygenic hypestdrolemia.
Actually, affected subjects with clinical FH buttiout mutations in candidate genes,
accumulate some common single nucleotide varia(i8hi/s) with a small LDL-C
raising effect [9] that do not fully explain theghiLDL-C phenotype of these subjects.
Different GWAS have shown that at least one hedbbci are associated with
LDL-C concentration in the population [10, 11]. Qufehesdoci is ABCG5/GS; this
gene complex encodes the proteins ABCG5 and AB@GRh form a heterodimer
conveyor located in the membrane of enterocyteshapdtocytes. It has been shown that
ABCGb5/G8 limits the intestinal absorption of chaérsl and phytosterols and promotes
their hepatobiliary secretiorSevere functional mutations ABCG5/G8 cause
sitosterolemia, a rare autosomal disorder chaiaetkby an increase of phytosterols in
blood, up to 30 times greater than normal [12Rddition, studies have shown that
ABCG5/G8 variationis associated with cholesterol and non-cholesstsobl plasma
levels [13-17]. However, the contribution ABCG5/G8 loci variation to mutation-

negative FH has not been previously examined.
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Considering that mutation-negative FH subjects lysbave higher non-
cholesterol sterol concentrations than other tyji&3H [18], probably due to intestinal
sterol hyperabsorption, we hypothesized that gewnatiiations inABCG5/G8 are
involved in some forms of mutation-negative FH. Elerthe aim of this study was to
analyze common and rare mutation@&BCG5/G8 in a large cohort of mutation-negative
FH and assess their association with non-choldstemwls and LDL-C, to establish the
genetic contribution of thedeci in this type of GH.

Material and Methods

Subjects

Unrelated subjects (n = 214) 18-79 years of age avitlinical diagnosis of non-FH GH:
LDL-C above the 95th percentile of the Spanish patmn [19], triglycerides (TG)
below 200 mg/dL, and familial presentation (at temg first-degree relative with the
same phenotype) from the Lipid Clinics at Hosplitalversitario Miguel Servet,
Zaragoza and Hospital Clinic, Barcelona were setkefr this study. In all subjects, the
absence of a pathogenic mutatioh.DLR, APOB andPCSK9 genes was confirmed by
the Lipochip ® platform [20]. Exclusion criteria veethe presence of a@d/e2 genotype
or the p.(Leul67del) mutation in tA€OE gene. Exclusion criteria were secondary
causes of hypercholesterolemia including obesibglytmass index >30 kg/m2), poorly
controlled type-2 diabetes (HbAlc >8%), renal diseaith glomerular filtration rate <30
ml/min and/or macroalbuminuria, liver diseases (&L3times upper normal limit),
hypothyroidism (TSH >6 mIU/L), pregnancy, autoimreutiseases and treatment with
protease inhibitors. Assessment of cardiovascidkifactors, personal and family history
of cardiovascular disease, intake of drugs affgatitestinal or lipid metabolism, and
anthropometric measurements were performed inaatigipants. The normolipemic
group (n= 97) consisted of healthy, unrelated nehv@omen volunteers aged 18—79
years, who underwent a medical examination at theplial Miguel Servet of Zaragoza.
Exclusion criteria for control subjects were pedar parental history of premature

cardiovascular disease or dyslipidemia, currenteaitiness, or use of drugs that might
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influence glucose or lipid metabolism. All subjesigned an informed consent to a
protocol previously approved by our local ethiceadittee (Comité Etico de
Investigacién Clinica of Aragon, Zaragoza, and ogpital Clinic, Barcelona, Spain).

Clinical and laboratory determinations

Cases and controls were assessed for personahmaithf history of cardiovascular
disease, medication use and cardiovascular risaradEEDTA plasma and serum samples
were collected after 10-12 hours of fasting inpalfticipants after at least 6 weeks
without lipid-lowering drugs in subjects withoutigar cardiovascular disease. TG levels
were determined by standard enzymatic methods.-tigisity lipoprotein cholesterol
(HDL-C) was measured directly by an enzymatic rieaaising cholesterol oxidase
(UniCel DxC 800; Beckman Coulter, Inc., Brea, C/SA). Lipoprotein(a), apo Al, apo

B and C-reactive protein were determined by IMMAREetic nephelometry (Beckman-
Coulter, Inc.). In patients with prior cardiovasmutlisease, baseline lipid values were
obtained from medical records.

Genetic analysis

Whole blood genomic DNA was isolated by using staddnethods. Promoters, coding regions
and intron-exon boundaries ABCG5 (NM_022436) andABCGS8 (NM_022437)were

amplified by PCR and purified by ExoSap-IT (USBmplified fragments were sequenced by
the Sanger method using the BigDye 3.1 sequendiri@pplied Biosystems) in an automated
ABI 3500xL sequencer (Applied Biosystems). DNA seages were analyzed using
VariantReporte™ software (Applied BiosystemsAPOE genotypes were determined by DNA
sequencing of exon 4 as previously described [21].

To evaluate the pathogenicity of new identified efenvariants, we used PolyPhen-2 [22]
and Mutation Taster [23]. The effect of variantpotential splicing sites was predicted

with NetGene2 [24] and NNSplice [25]. We refer tmrsynonymous variants as

sequence variations causing amino acid substisi{imissense variants) or introducing a
premature stop codon (nonsense variants). Intr@ariants were considered when they

were located in intron-exon boundaries.
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In order to compare the frequency of identifiedasats in the general population
we have compiled the allele frequencies of thetifled variants from the 1000 Genomes
Project [26] and ExAc Browser Data [27].

Mutations were defined as genetic variants wiiteguency lower than 1% in the
general population. A mutation was defined as mgh when it was not present in
controls and bioinformatic analysis prediction defi it as “damaging” (Polyphen-2) or
“disease causal” (MutationTaster). Single Nuclemfblymorphism (SNP), was defined
as genetic variants with a frequency higher thanri®e general population.

Gene score

A gene score using the sum of the risk alleles Bfg2netic variants with allelic
frequencies statistically different between cased eontrolswas calculated for each
subject.

Determination of serum sterols

Serum concentrations of cholesteral;holestanolp-sitosterol, campesterol,
stigmasterol, sitostanol, desmosterol and landsteze quantify by high performance
liquid chromatography tandem mass spectrometry ERMS/MS) in 206 non-FH GH
subjects without lipid-lowering drugs and 97 cotgraccording to the method previously
described [28]. In 8 subjects non-cholesterol stes@re not quantified because 7 had
prior CHD and one had not provided a serum sanijdéa were expressed as mg/dL, as
well as normalized to total cholesterol. BrieflpQluL of serum were transferred to
screw-capped vials, and 6 pl of deuterium-labetéernal standard, [2H6] cholesterol-
26,26,26,27,27,27 (7.9 mM) for non-cholesteroldtgrand [2H7] cholesterol-
25,26,26,26,27,27,27 for cholesterol, were adddkhl#e hydrolysis was performed for
20 min at 60°C in an ultrasound bath, followed tpable extraction with 3 ul of
hexane. The extract was loaded onto the solid-pietsaction cartridge (1 mg,
Discovery DSC-18, Supelco, Spain), which was prditmmned with 400 pl of methanol

and gravity eluted. The non-cholesterol sterols@ralesterol were desorbed with 1.4 pL
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of 2-propanol by gravity, and 40 pL of the finalxture was injected into the HPLC-
MS/MS system.

Statistical Analyses

Analyses were performed using SPSS version 20.124Gb, llinois, USA). The nominal
level for significance wap< 0.05. Normal distribution of variables was analyby the
Kolmogorov—Smirnov test. Quantitative variableshmbrmal distribution were
expressed as mean * standard deviation and welsgadavith Student t-test. Variables
with a skewed distribution were expressed as mediad interquartile ranges and were
analyzed with the Mann-Whitney U test. Qualitatwegiables were expressed as a

percentage and were analyzed by Chi-square test.



197  Results

198 The main clinical and biochemical characteristitte two groups: 214 mutation-negative FH
199 patients and 97 normolipemic controls are preseinté@dble 1. By study design, compared to
200 normolipidemic controls, mutation-negative FH papants had significantly higher values of
201 total cholesteroal, triglycerides, HDL-C, LDL-C, bprotein(a), and apo B, as well as a higher
202 prevalence of hypertension and cardiovascular sesédo differences in age, body mass index
203  (BMI) or APOE genotype variability were found between patiemis eontrols.

204 Non-cholesterol sterol-to-TC ratios are presenteflable 2. G-cholestanol,

205 stigmasterol and sitostanol ratios were signifigahigher in cases than in controfs=(023,

206  p<.001 and p=.003, respectively). The sum of all cholesterol abgorpsurrogate markers and
207  phytosterols was also significantly higher in muatatnegative FH than in controlp< .028).

208 The frequency of SNV ABCG5/G8 genes found in mutation-negative FH was

209 compared to the frequency in controls, in the 1G@domes Project and ExAc Browser Data.
210 Appendix table 1 shows the 29 SNVs identified whadlelic frequencies were significantly
211 different from those identified in controls or dabed in the 1000 Genomes Project or in the
212  ExAc Browser Data. They include 27 SNPs and twoatmons: p.(Gly269Arg) iBCG5 and
213  p.(Gly512Arg) inABCGS.

214 Table 3 shows the clinical characterization ofgra8 carrying pathogenic mutations
215 identified by sequencing iIABCG5 andABCGS. A total of eight patients out of 214 (3.73%)
216  were carriers of 6 pathogenic mutations: p.(Asn®rg.(Gly288Arg), p.(Arg198GIn),

217  p.(Gly269Arg), and p.(Asn285Ser) ABCG5 and p.(Gly512Arg) irABCGS8. One of them is
218 described for the first time in this work: p.(Asi®ser) inABCG5. None of these pathogenic
219 mutations were present in controls. Appendix t@&xows bioinformatic analysis of six

220 pathogenic mutations.

221 Subjects with mutation-negative FH with pathogenigations inrABCG5/G8 genes

222 had significantly higher non-cholesterol sterolfiG-ratios (o-cholestanolp-sitosterol,

223  campesterol, and stigmasterol) and cholesterolrptisn than subjects without mutation in

224  ABCG5/G8 genes|f=.042, p=.045, p=.034, p=.047 andp=.030, respectively). TC
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concentrations did not show significant differenbesveen the groups (Table 4). There were no
differences in desmosterol and lanosterol, chalekssynthesis markers, between both groups
(Supplemental Table 3). In one out of eight patievith mutation-negative FH with pathogenic
mutation iNABCG5/G8 genes, cholesterol absorption markers were netméted because
serum without lipid lowering drugs was not avaitabl

Among the 27 common genetic variants with signiftbadifferent frequencies between
cases, 1000 Genomes Project and ExAc Browser Daltac.*380T>G, located in the 3" UTR
of ABCG5 gene was associated with statistically signifiadifierences in non-cholesterol sterol
to TC ratios (b-cholestanolp-sitosterol, stigmasterol and campesterol) andesteiol
absorption. T allele carriers had higher intestaiailesterol absorption than subjects carrying
the G allele p=.011, p=.00, p=.002, p=.022 andp=.002, respectively), but TC concentrations
were not significantly different between genotyfEable 5).

A gene score reflecting the total number of ridilas at the 27 SNVs associated with
hypercholesterolemia was significantly higher isesathan controlgp£.032). Subjects with
scores above the mean (>33 points) had signifigcduidgher non-cholesterol sterol to TC ratios
(5a-cholestanol and stigmasterol) than subjects vaghldwest scorepE.034 andp=.029,
respectively). Cholesterol absorption was non-§icgnitly higher in subjects with the highest

score compared to those with the lowest sqored{7) (Table 6).

10



244  Discussion

245  This study shows th®BCG5/G8 gene variation would play a role in the pathogeneks

246  genetic hypercholesterolemia unrelated iR, APOB, PCSK9 andAPOE genes. As

247  previously reported [29], subjects with GH unretbte common genetic defects disclose higher
248  surrogate markers of intestinal cholesterol abgmmghan controls. There are, however, three
249  novel findings that can be highlighted from thisriwo

250 First, ABCG5/G8 genetic variation contributes to GH through raahpgenic mutations
251  with large effects and with common variants withefireffects. Patients with rakBCG5/G8

252  pathogenic mutations disclose approximately twigeserum concentrations of surrogate

253  markers of intestinal cholesterol absorption thesé not carrying mutations. However, the
254  percentage of common mutation-negative FH subpsotying these rare pathogenic

255  ABCGH/G8 mutations is low, approximately 4%. We did notfiainy pathogenic mutation in
256 the control group; hence we could consider thagehmajor defects are involved in the high
257 LDL-C phenotype in these patients. However, we rtalgt into account that there could be
258 other SNVs in other genes, which could explain pathe phenotype of these subjects, and the
259  number of normolipemic controls in not high enotglexclude completely their presence in
260 the normolipemic population. We found 8 patientsyéag six pathogenic mutations. Five

261  mutations were iIMBCG5 and one mutation was ABCGS8. The mutations p.(Arg198Gin),

262  p.(Gly269Arg), p.(Asn296Ser) and p.(Gly288Arg) iBBG5are located in the cytosolic N-
263  terminal region, prior to the first transmembraendin. In this N-terminal region of ABCG5,
264  one mutation causing sitosterolaemia has beenquslyi described [30]. The mutation

265 p.(Asn578Ser) in ABCGS5 is located in the extradalidomain, and this position seems to
266 interact with the amino acid Arg419. The mutatipn@rg419Pro) and p.(Arg419His) at the
267 same residue have been shown to cause sitosteralaéme mutation p.(Gly512Arg) iABCG8
268 is located in the transmembraméelix domain; a close mutation in this domain,

269  p.(Leu501Pro), also causes sitosterolaemia [31].

270 Second, our results show that mutation-negativesitbjlects accumulate risk alleles of

271  ABCG5/G8 with small effects on non-cholesterol sterols,gasging that, in most of these GH

11



272  cases, the contribution 8BCG5/G8 genetic variation has a limited effect within dygenic

273  background, as occurs in other genetic dyslipiderfid]. Among common SNVs frequently
274  found in mutation-negative FH, only one SNVs in BRJshowed significant variations in non-
275 cholesterol sterols by itself. Variants in 3"UTR/@deen previously involved in the

276  pathogenesis of some mutation-negative FH. An itapbmechanism of post-transcriptional
277  regulation linked to the 3"UTR implicates the bmgliof microRNAs (miRNAs), small non-
278  protein coding RNAs that regulate gene expresditimeapost-transcriptional level. [33]. The
279  frequency of the ¢.*380T>G variant ABCGS5, located in 3"UTR, is significantly lower in

280 mutation-negative FH than in controls, and T altzleriers had higher intestinal cholesterol
281 absorption than subjects carrying the G allele. @H@80T>G variant has been previously
282  associated with sitosterolaemia [34]. The mir-494 miRNA, which has been previously

283  associated with this variant [35]. Bioinformaticadysis of this variant showed that T allele
284  carriers disclose mir-494, which is not preseriallele carries. For this reason, we propose
285 that mir-494 could regulate the absorption of nbolesterol sterols and could explain in part
286 the pathogenesis of the hypercholesterolemia setBabjects.

287 Finally, our study supports the multifactorial oni@f most mutation-negative FH, in
288  whom intestinal hyperabsorption of sterols playsimaor role that does not fully explain the
289 etiology of these hypercholesterolemias, and wiftleretnt contributions among subjects

290 depending on the number of risk alleles they carhpse subjects that accumulate many risk
291 alleles ofABCG5/G8 show a clearer hyperabsorption mechanism thataglain some of the
292 LDL-C variation. We have recently analyzed a groftimutation-negative FH families with
293 hyperabsorption in the proband. The cosegregatiatysis showed a substantial contribution of
294  hyperabsorption on the LDL-C concentration, althougth high variation among the families
295  [29].

296 An interesting issue is the potential relationdbepwveenABCG5/G8 gene variation and
297 CHD risk. The C allele of the ¢.1199C>A, p.(Thr4@8).variant inABCG8 has been

298  previously associated with CHD [36]. In our stuthg frequency of this risk allele variant was

299  significantly higher in mutation-negative FH suligethan in the 1000 Genomes Project,

12
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suggesting that the association with CHD previousported could be mediated by its effect on
LDL-C. However, the association of plasma phytadtewith CHD has not been clearly
established [37]. Actually, none of 8 subjects vgitvere pathogenic mutationsABCG5/G8 in
our study had CHD. Further studies are requiregstablish the potential association of
ABCG5/G8 variation and atherosclerosis.

Our study has limitations: We have not performattfional studies of the ABCG5/ABCG8
variants detected, but due to their large numbeir #nalysis would require a different
approach. We have analyzed surrogate markerstistinal cholesterol absorption; although
very well validated; they have some limitationsg amay be influenced by diet, sex, age, BMI,
andAPOE genotype. However, the differences in non-choletsterols between mutation-
negative FH subjects and controls and betweenrpatgth and without pathogenic

ABCG5/G8 mutations were not modified by any of these conéing factors. Subjects with
hyperabsorption-associaté@8CG5/G8 mutations had no higher LDL cholesterol
concentrations than the other hypercholesterolsoipects of genetic cause. Our interpretation
is that hypercholesterolemias with hyperabsorptiomot present a more severe phenotype than
those other genetic forms not associated withrtt@shanism and by the moment of unknown
origin.

In conclusion, the sequencing analysis of a largemof subjects with genetic
hypercholesterolemia and no pathogenic mutatiktbbR, APOB, PCSK9 or APOE genes,
shows that they accumulate an excess of rare anthoa gene variations KBCG5/G8 genes.
This variation is associated with surrogate markéracreased intestinal cholesterol
absorption, suggesting that thése contribute to their hypercholesterolemia by rajsin
intestinal cholesterol absorption.
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Table 1. Clinical and biochemical characteristitsantrols and mutation-negative FH.

Mutation-negative

Controls
(n=97) i P
(n=214)
Age, years 445+ 17.3 47.x12.4 0.135
Men, n (%) 37 (38.1) 112 (47.6) 0.020
Body mass index, kg/m 25.3+ 4.59 24.5+ 2.69 0.149
Total cholesterol by HPLC
MS/MS, maldL 201 +45.3 302 +59.8 <0.001
Triglycerides, mg/dL 75.0 (49.0-103) 112 (86.0-157 <0.001
LDL cholesterol, mg/dL 122 (114-146) 224 (205-244) <0.001
HDL cholesterol, mg/dL 53.0 (45.0-64.3) 55.0 (48810) 0.042
Lipoprotein(a), mg/dL 15.7 (7.26-30.6) 44.3 (1689 <0.001
Apolipoprotein B, mg/dL 98.& 20.0 154 + 32.3 <0.001
Apolipoprotein A1, mg/dL 157 (138-177) 157 (137-180 0.503
Glucose, mg/dL 85.5 (79.0-92.0) 87.0 (82.0-96.( 160.
Hypertension, n (%) 6 (6.38) 32 (15.0) 0.035
Diabetes, n (%) 0 (0) 1(0.47) 0.509
Cardiovascular disease, n (%) 0 (0) 7(3.27) 0.073
Non smoker 53 (54.6) 100 (46.7)
Tobacco, n
%) Current smoker 22 (22.7) 61 (28.5) 0.330
Former smoker 22 (22.7) 53 (24.8)
E2/E3 10 (10.3) 14 (6.54)
APOE E3/E3 69 (71.1) 136 (63.5)
genotype, E4/E3 15 (15.5) 57 (26.6) 0.107
n (%) E4/E4 1(1.03) 6 (2.8)
E4/E2 2 (2.06) 1 (0.46)

Quantitative variables are expressed as meansdathdeviations, except for variables not

following normal distribution that are expressedraslians (interquartile ranges). Qualitative

variables were expressed as %. phalue was calculated by Student's t test or Marmitivey

U and Chi-square, as appropriate.

HPLC-MS/MS high performance liquid chromatography tandem rspsstrometry




Table 2. Non-cholesterol sterols in controls andation-negative FH.

Mutation-negative

Non-cholesterol sterol ratios to Controls

FH p
cholesterol £0° (n=97)

(n=206)
5a-cholestanol 2.06 (1.57-2.47) 2.11 (1.66-2.89) 8.02
B-sitosterol 1.60 (0.985-2.05) 1.84 (1.33-2.74) €0.0
Campesterol 0.935 (0.703-1.22) 0.939 (0.699-1.33) .43®
Stigmasterol 0.102 (0.064-0.148) 0.171 (0.097-0.291 <0.001
Sitostanol 0.076 (0.040-0.154) 0.046 (0.027-0.107) 0.008

Cholesterol absorption

4.88 (3.70-6.10)

5.24 (4.14-7.34) 0.028

*Cholesterol absorption denotes the sum of stetiolsréo cholesterol xT®f 5a-cholestanolp-

sitosterol, campesterol, stigmasterol and sito$tano

Quantitative variables with not following normakttibution were expressed as median

(interquartile range). The value was calculated by Mann-Whitney U.




Table 3. Clinical characteristics of patients cagypathogenic mutations ABCG5/G8 genes.

_ Predicted Apo B, Nor
Nucleotide _ _ Age BMI TC TG* APOE
Gene aminoacid Sex mg/dL
change (years) (kg/n?) | mg/dL | mg/dL Genotype
change C
rs146534033 49 w 19.8 308 149 157 €3/e3
p.(Asn578Ser)
c.1733A>G 49 w 25.5 312 180 118 e3led
rs139264483
p.(Gly288Cys) 56 M 25.4 263 166 123 e3led
€.862G>T
ABCG5 | rs141828689 58 w 25.0 316 156 136 €2/e3
p.(Arg198Gin)
c.593G>A 48 M 26.7 315 211 153 €3/e3
rs552803459
p.(Gly269Arg) 46 w 26.4 362 104 130 €3/e3
€.805G>A
c. 887A>G p.(Asn296Ser 48 M 22.9 309 10p 159  €3/e3
rs376069170
ABCGS8 p.(Gly512Arg) 51 M 25.0 272 189 109 €3/e3
C.1534G>A

BMI: Body mass index. TC: Total cholesterol. TGglyceride. ApoB: Apolipoprotein B. M:
Men. W: Woman
Quantitative variables are expressed as meanspefar variables not following normal

distribution that are expressed as medians*.



Table 4. Lipids and non-cholesterol sterols in riatanegative FH subjects with mutation in

ABCG5/G8 genes and in mutation-negative FH without mutatiolABCG5/G8 genes.

Mutation-negative FH| Mutation-negative
with ABCG5/G8 FH without
mutatiort ABCG5/G8 mutation P
(n=7) (n=199)
Age (years) 49.9 + 3.89 46.9 +12.5 0.1171
Sex, men, n (%) 4 (50%) 108 (52.4%) 0.893
Body Mass Index, Kg/m 245+ 2.39 245+2.72 0.946
Cholesterol by HPLC MS/MS, mg/dL 296 £ 83.2 290116 0.820
Triglycerides, mg/dL 157 £ 38.6 120 £49.8 0.039
LDL cholesterol, mg/dL 229 (206-243) 223 (205-244)| 0.760
HDL cholesterol, mg/dL 47 (43.3-50.8) 56.0 (48.0658 0.015
Apolipoprotein B, mg/dL 158 £25.9 154 £ 32.6 0.775
5a-cholestanol-to-TC x 10 3.13 (2.05-8.59) 2.11 (1.66-2.86) 0.04p
B-sitosterol-to-TC x 19 3.03 (1.86-11.5) 1.84 (1.33-2.72) 0.04b5
Campesterol-to-TC x £0 1.64 (0.907-4.94) 0.938 (0.691-1.32) 0.034
Stigmasterol-to-TC x 10 0.447 (0.167-0.819) 0.167 (0.097-2.89) 0.047
Sitostanol-to-TC x 10 0.084 (0.057-0.314) 0.046 (0.027-0.10[) 0.088
Cholesterol absorption 7.97 (5.48-21.3) 5.14 (4.13-7.15) 0.03p

*Referred to patients described in detail in Table 3

'Cholesterol absorption denotes the sum ratiosatesterol x18of 5a-cholestanolp-

sitosterol, campesterol, stigmasterol and sito$tano

Quantitative variables are expressed as mean dathualeviation, except for variables not

following normal distribution that are expressedvalian (interquartile range). Thevalue

was calculated by Student's t test or Mann-Whitdegs appropriate.



Table 5Non-cholesterol sterols in mutation-negative FHjasctis with the rs2278356 variant

and in mutation-negative FH without the rs22783&6ant. .

Mutation-negative FH

Mutation-negative FH

rs2278356 , ) without variant
with variant ¢.*380T>G p
c.*380T>G c.*380T>G
(n=97)
(n=109)
Cholesterol by HPLC MS/MS, mg/dL 292 £62.8 290116 0.838
Triglycerides, mg/dL 118 +46.8 124 +52.8 0.317
LDL cholesterol, mg/dL 218 (205-239) 230 (206-250) 0.021
HDL cholesterol, mg/dL 56.0 (48.5-67.0) 55.0 (4680) 0.459
Apolipoprotein B, mg/dL 151 £ 33.6 157 +£31.3 0.176
5a-cholestanol to TC x 0 2.07 (1.69-2.82) 2.37 (1.68-3.41) 0.011
B-sitosterol to TC x 10 1.68 (1.26-2.40) 2.28 (1.42-3.40) 0.001
Campesterol to TC x £0 0.831 (0.642-1.31) 1.16 (0.757-1.64) 0.002
Stigmasterol to TC x 0 0.142 (0.082-0.278) 0.179 (0.097- 0.329 0.022
Sitostanol to TC x 10 0.043 (0.025-0.088) 0.052 (0.027-0.116 0.420
Cholesterol absorptidn 4.66 (4.03-6.44) 6.12 (4.34-8.32) 0.002

'Cholesterol absorption denotes the sum ratiosatesterol x16of 5a-cholestanolp-

sitosterol, campesterol, stigmasterol and sito$tano

Quantitative variables are expressed as mean dathualeviation, except for variables not

following normal distribution that were expressadaedian (interquartile range). lif5

cholestanol to TC x T, In(B-sitosterol to TC x 13), In(campesterol to TC x I

In(stigmasterol to TC x 1) In(sitostanol to TC x T and In(cholesterol absorption) were used

to calculatep for trend adjusted by confusing factors: body madex, sex and age.




Table 6. Non-cholesterol sterols in mutation-negakH according to SNV gene score.

Mutation-negative FH Mutation-negative FH
with lower gene score with higher gene scor p
(n = 100) (n =106)
Cholesterol by HPLC
MSIMS, mg/dL 282 +62.5 298 + 60.3 0.074

Triglycerides, mg/dL 121 +48.6 121 +51.3 0.967

LDL cholesterol, mg/dL 225 (204-245) 224 (205-241) 0.586

HDL cholesterol, mg/dL 58.5 (48.0-69.0) 55.0 (46700) 0.420
Apolipoprotein B, mg/dL 153 + 34.7 155+ 30.5 0.659
50-cholestanol to TC x f0|  2.036 (1.65-2.82) 2.33 (1.78- 3.38) 0.034
B-sitosterol to TC x 10 1.86 (1.31- 2.67) 1.89 (1.40-3.01) 0.149
Campesterol to TC x £0 0.938 (0.643-1.38) 0.972 (0.761-1.56 0.068
Stigmasterol to TC x 0 0.129 (0.078-0.271) 0.192 (0.101-0.321) 0.029
Sitostanol to TC x 10 0.050 (0.032- 0.097) 0.042 (0.027-1.04 0.953

Cholesterol absorption* 4.99 (3.97-7.06) 5.58 (481%7) 0.077

*Cholesterol absorption denotes the sum ratiohitdesterol x10of So-cholestanol-

sitosterol, campesterol, stigmasterol and sitogtano

Quantitative variables not following normal distriton were expressed as median (interquartile

range). In(&-cholestanol to TC x ) In(B-sitosterol to TC x 13), In(campesterol to TC x 10

In(stigmasterol to TC x 1) In(sitostanol to TC x T and In(cholesterol absorption) were used

to calculatep for trend adjusted by confusing factors: body madex, sex and age.



Phytosterols as markers of intestinal cholesterol absorption are elevated in FH-

The present study demonstrates an increase in ABCG5/G8 mutations in FH-

Subjects with mutations in ABCG5/G8 have increased plasma phytosterols

We show for the first time that ABCG5/G8 isinvolved in the etiopathogenesis of FH-



Supplemental Table 1. Allele frequencies of genetic variants with allelic frequencies significantly different in mutation-negative FH from those identified in

controls or described in the 1000 Genomes Project.

. Predicted - . Frequency in Frequency in the .
Gene Nucleotide aminoacid Bioi nforrr_1at|c mutation- Frequency ot 1000 Genomes P2 Frequency in p3
change Anaysis ; in controls . ExAc
change negative FH popul ation
28?122633 p.(Arg50Cys) Damaging 0.047 0.067 0.243 0.076 0.0457 0.066 0.1094
rs9789463 .
¢.502-395T>G - Benign 0.210 0.242 0.378 0.347 <0.001 0.224 0.665
rs4549146 :
c.339A>G p.(Va1l3val) Benign 0.276 0.351 0.062 0.422 <0.001 0.4319 <0.001
rs4557032 .
¢.502-192C>T - Benign 0.259 0.273 0.717 0.344 0.0017 - -
rs114938914 :
c.502-256G>A - Benign 0.040 0.062 0.225 0.077 0.0099 0.1416 0.007
ABCGS | 'O920BY | (Gly260arg) | Damaging 0.005 0000 | 0339 0.000 0.0296 <0.001 <0.001
rs4148187 :
c.1324+164C>T - Benign 0.264 0.253 0.761 0.334 0.0093 - -
rs200839584 .
c1570G>A p.(Val524lle) Benign 0.005 0.000 0.339 0.000 0.0296 <0.001 <0.001
rs150002815 | p.(asadoLys) | Benign 0.012 0000 | 0129 0.000 00006 | <0001 <0.001
rs2278356 .
rs2278357 - Benign 0.092 0.124 0.226 0.157 0.0011 - -

C.*416G>A




ABCGS8

rs3806471

C19TA - Benign 0.237 0227 | 0.7791 0.297 0.0204 0.417 <0.001
riﬁ%‘,‘ff? - Benign 0.050 0.050 | 0.9390 0.000 0.0296 0.000 <0.001
rscl.éggg% p.(Asp19Asn) Benign 0.042 009 | 0.0082 0.080 0.0107 0.077 0.007
Cfgj%;‘féii\ - Benign 0.291 0.273 | 0.6476 0.371 0.0038 0.388 <0.001
fg‘j_“fgi? - Benign 0.275 0.278 | 0.9243 0.372 <0.001 0.386 <0.001
ﬁéﬁilé p.(Tyr54Cys) Benign 0.279 0273 | 0.8741 0.371 <0.001 0.387 <0.001

c. {g;‘ii?,ﬁéic - Benign 0.296 0.278 | 0.6576 0.372 0.0058 . )
C_gllﬂ%fc - Benign 0.322 0.412 | 0.0280 0.461 <0.001 0.561 <0.001

C_rSéiﬁ%gofA - Benign 0.002 0.000 | 0.4494 0.032 0.0057 - )
rﬁl,%%ﬁéﬂ\o p.(Gly512Arg) gﬁgg% 0.002 0.000 0.4494 0.000 0.0025 0.000 <0.001

gﬁ;‘%ﬁ; p.(Thr400Lys) Benign 0.033 0.000 | 0.0105 0.201 <0.001 0.2146 <0.001
c {iﬁ?ﬁie - Benign 0.068 0.093 | 0.2811 0.107 0.0209 . )

C. fﬁfﬁgﬁi& - Benign 0.052 0.124 | 0.0015 0.090 0.0128 . )
rffsﬂ;léf%‘s p.(Met615lle) Benign 0.050 0.000 | 0.3403 0.000 0.030 0.000 <0.001
Cfig?géﬁi% - Benign 0.023 0.000 | 0.0314 0.016 0.2072 - )

rsA953027 - Benign 0.289 0117 | <0.001 0.247 0.0956 . )

€.1412-152A>G




rs10709506

.1411+90del A - Benign 0.132 0.240 0.0009 0.153 0.3054 - -
rs28517482 .
c1412-8C>T - Benign 0.343 0.196 0.0002 0.397 0.0548 0.599 <0.001

The p value was calculated by Chi-square test, by comparing mutant versus wild-type all€elic frequencies between mutation-negative FH and controls (pY),

between mutation-negative FH and 1000 Genomes Project (p?) and between mutation-negative FH and ExAc Browser Data (p?).




Supplemental Table 2. Bioinformatic Analysis of pathogenic mutations

i Bioinformatic Analysis Frequency
Gene Nucleotide a?n?gclgg?j Y Mutation inthe 1000 | Fregquency
change change SIFT PredictSNP2* | Polyphen-2 taster Genomes | inthe EXAc
9 (score) (probability) (score) (probability) population
, Probably Disease
rs146534033 Tolerated Damaging . :
C1733ASG p.(Asn578Ser) (0.10) (87%) Dé:lc;ngagél1 glg ((:gugﬂ 898 0.000 <0.001
. , Probably Disease
rs139264483 Damaging Damaging . .
. 862G>T p.(Gly288Cys) (0.00) (87%) D?(;n;\gé ;19 ((:gug')slg gg] 0.000 <0.001
) : Probably Disease
ABCGS | "SIHI8Z8059 1 5 (Arg198Gin) D"’(‘g‘ggz')”g D?’gao%”g Damaging |  causing 000399 | 0.0023
' ' (2.000) (0.999)
. : Probably Disease
rs552803459 Damaging Damaging . .
.805G>A p.(Gly269Arg) (0.00) (87%) D?{nggé ;19 ((:gusia r;g); 0.000 <0.001
Damagin Possibly Disease
c. 887A>G | p.(Asn296Ser) © g%) 9 damaging causing - -
' (0.635) (0.999)
, Possibly Disease
ABCGS rﬁg&‘gﬂo p.(Gly512Arg) T‘(’(')eg)ed D?’gao%”g damaging | causing 0.000 0.000
' ' (0.682) (0.997)

*PredictSNP2 used CADD, DANN, FATHMM and FunSeg2 as bioinformatic predictors.




Supplementa Table 3. Cholesterol synthesis markersin mutation-negative FH subjects with
mutation in ABCG5/G8 genes and in mutation-negative FH without mutations in ABCG5/G8

genes.
M utation-negative FH Mutation-negative
with ABCG5/G8 FH without
mutation* ABCG5/G8 mutation P
(n=7) (n=199)
Lanosterol-to-TC x 10° 0.11 (0.05-0.31) 0.11 (0.07-0.16) 0.961
Desmosterol -to-TC x 10° 2.18(0.89-6.12) 2.24 (1.73-2.91) 0.940

*Referred to patients described in detail in Table 3.

Lanosterol and demosterol are expressed as ratios to cholesterol x 10°
Variables are expressed as median (interquartile range). The p value was cal culated by Mann-

Whitney U.




