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Stefanucci et al. show that a 17-bp loss-of-function variant in the open reading
frame of SMIM1 is associated with excess weight and other traits (dyslipidemia and
insulin resistance) resembling metabolic syndrome. This is due to reduced energy
expenditure, a major risk factor for obesity.
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SUMMARY

Background: Obesity rates have nearly tripled in the past 50 years, and
by 2030 more than 1 billion individuals worldwide are projected to be
obese. This creates a significant economic strain due to the associated
non-communicable diseases. The root cause is an energy expenditure
imbalance, owing to an interplay of lifestyle, environmental, and ge-
netic factors. Obesity has a polygenic genetic architecture; however,
single genetic variants with large effect size are etiological in a minority
of cases. These variants allowed the discovery of novel genes and
biology relevant to weight regulation and ultimately led to the develop-
ment of novel specific treatments.

Methods: \We used a case-control approach to determine metabolic
differences between individuals homozygous for a loss-of-function ge-
netic variant in the small integral membrane protein 1 (SMIM1) and the
general population, leveraging data from five cohorts. Metabolic
characterization of SMIM1~/~ individuals was performed using plasma
biochemistry, calorimetric chamber, and DXA scan.

Findings: We found that individuals homozygous for a loss-of-function
genetic variant in SMIM1 gene, underlying the blood group Vel, display
excess body weight, dyslipidemia, altered leptin to adiponectin ratio,
increased liver enzymes, and lower thyroid hormone levels. This was
accompanied by a reduction in resting energy expenditure.
Conclusion: This research identified a novel genetic predisposition to
being overweight or obese. It highlights the need to investigate the ge-
netic causes of obesity to select the most appropriate treatment given
the large cost disparity between them.

Funding: This work was funded by the National Institute of Health
Research, British Heart Foundation, and NHS Blood and Transplant.

INTRODUCTION

In 2013, we described a 17-bp deletion in SMIM1 (rs566629828) that, in homozygos-
ity, results in the absence of this protein from all tissues (hereafter SMIM1~/7) and

4')

o

CONTEXT AND SIGNIFICANCE
Stefanucci et al. investigate the
effects on human health of a
17-nucleotide deletion in the
SMIM1 gene, known so far for
encoding the antigen of the Vel
blood group. In the article, the
authors show, using large
population cohorts, such as the
UK Biobank, that the absence of
SMIM1 is linked to excess weight,
dyslipidemia, and related traits.
The metabolic characterization of
SMIM 1=~ individuals points
toward reduced energy
expenditure as the main
contributor to weight gain.
Further research to understand
the molecular mechanisms behind
SMIM1-associated phenotypes
might unlock new treatments for
obesity and related conditions.
This work highlights the
importance of genetic and
molecular insights in tackling
metabolic disorders and
improving public health.
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underlies Vel-negative blood group (Figure S1)."? Over the last decade, this variant
has been associated with several blood traits® and, because other blood groups
have been shown to be associated with different pathologies,” we explored the
impact of the absence of SMIM1 on human health leveraging meticulously character-
ized phenotypic population biobanks. We analyzed UK Biobank (UKB) data to deter-
mine if the loss-of-function (LoF) variant in SMIM 1 was associated with any additional
traits other than the known blood ones. In the 488,376 participants, we identified
104 individuals with SMIM1~/~ genotype, 90 being unrelated and of European
ancestry’ (46 females and 44 males; STAR Methods, Figure S2, and Table S1),
corroborating the previously reported minor allele frequency (MAF = 0.0147) for
rs566629828 deletion in this ancestry’ and thus estimating the number of
SMIM1~'~ individuals at around 200,000 worldwide. The 17-bp deletion is in high
linkage disequilibrium (D’ 0.98) with the major (A) allele of rs1175550 (MAF =
0.78), indicating that the deletion arose on the A allele. rs1175550 is a strong
sentinel expression quantitative trait locus (eQTL) for SMIM1 in the blood® (www.
eqtlgen.org) and associated with red cell traits independently of rs566629828
(Figure S1).

RESULTS

We found that SMIM1~/~ participants have excess weight (linear regression,
Figures 1A and S2; Table S1). This analysis indicated an autosomal recessive effect;
therefore, we considered only SMIM1** and SMIM1~/~ individuals for the subse-
quent analyses. SMIM1~/~ showed further association with body mass index (BMI)
(E = 0.27 FDR = 2.79e—2), waist circumference (E = 0.27 FDR = 9.92e-3), and
both arms fat mass (left: 8 = 0.26 FDR = 3.18e—2; right: 8 = 0.26 FDR = 3.5e—2;
Figures 1B and 1C; Table S1). For weight, these differences equate to an average ex-
tra 4.6 kg in females and 2.4 kg in males (Table S1). In the UKB cohort, 26 out of the
90 SMIM1~/~ individuals (28.8%; 15 females and 11 males), have a BMI > 30 kg/mz, a
higher percentage than the rest of the cohort (Fisher’s exact test odds ratio [OR] =
1.27; p = 1.8e—1). Analysis of UKB plasma biochemistry assay results showed that
SMIM1~'~ participants had greater levels of triglycerides (8 = 0.3 FDR = 1.07e—2;
Figures 1B and 1C). Furthermore, they exhibited greater average levels of liver en-
zymes with B for alanine and aspartate aminotransferase of 0.50 and 0.43, and for
gamma-glutamyl transferase of 0.35 (FDR = 4.10e—06, 1.60e—04, and 2.49e—03,
respectively), as well as increased urate levels (E = 0.35, FDR = 3.54e-04;
Figures 1B and 1C; Table S1). Adjusting for the effect of BMI, removed the associa-
tions with body composition features, indicating that the higher BMI was responsible
for these associations. In contrast, the associations with triglycerides, liver enzymes,
and urate levels were only attenuated (Figure 1C; Table S1), suggesting that these
effects were not solely dependent on BMIL. Interestingly, we also identified sex-spe-
cific effects. SMIM1~'~ female UKB participants exhibit greater average fat-free
mass in arms and legs (right arm 8 = 0.39, FDR = 2.39e—02; right leg 8 = 0.33,
FDR = 6.01e—02; Table S1) and lower average sex hormone binding globulin
(SHBQG) levels (E = —0.41, FDR = 2.93e—2). Additional sex-specific differences
were noted and are presented in Table S1. Importantly, (1) none of the above asso-
ciations were detected in carriers of the 17-bp deletion in SMIM1, (2) none of the
above associations were detected for the common eQTL variant rs1175550, sug-
gesting that the metabolic differences were unlikely to be mediated by
rs1175550-associated variation in the expression of SMIMT in red cells,® (3) even
when we observed differences between SMIM17/* and SMIM1~/~ individuals, the
mean values for the two groups were within the normal ranges for each measure-
ment, and (4) no association was found between SMIM1~/~ and fasting glucose
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levels in the Meta-Analyses of Glucose and Insulin-related traits Consortium
(MAGIC) results.”

To further investigate these findings, we made home visits to obtain blood samples
and health data from 25 British SMIM 1™/~ individuals (12 females, 13 males; not UKB
participants; Figure S2) for an extensive survey of metabolism-relevant analytes, with
results being compared with 180 individuals (100 females, 80 males) who carried at
least one reference allele for variant rs566629828; both groups were members of the
National Institute for Health and Care Research BioResource (NIHR-NBR) (all values
in Table S2). We observed the same trend for SMIM1~'~ individuals to be heavier
but, possibly due to the small sample size, the significance threshold was not
reached (Table S3). We replicated the associations between SMIM1~/~ for increased
average levels for alanine aminotransferase and aspartate transaminase, with the
same order of magnitude as observed in UKB (Figure 2; Table S3). We also found
associations between SMIM1~/~ and increased leptin to adiponectin ratio (LAR)
(8 = 0.53, FDR = 2.58¢—02), and an increase in free fatty acids (8 =1.18, FDR =
1.43e—06), two indices of increased fat mass and insulin resistance (Figures 2A
and 2B)."%"" LAR (a marker for obesity and metabolic state'?®) increase was deter-
mined by an increase in leptin (E = 0.38) and a reduction in adiponectin (E =-0.37),
albeit with p values slightly above the defined significance level (0.06 and 0.09,
respectively).

Moreover, we found that SMIM1~'~ individuals have lower average levels of total
triiodothyronine (T3) and thyroxine (T4) (T3: 23\ = —0.86, FDR = 9.87e—04; T4:
3 =-0.74, FDR = 2.84e—03; Figures 2A and 2B), whereas the levels of thyroid-stim-
ulating hormone (TSH), albeit skewed toward the bottom of the normal distribution,
were not different (Table S3).

The above findings prompted us to invite 12 SMIM1~/~ individuals belonging to the
NIHR-NBR cohort for a 2-day metabolic assessment (Figure S2). We measured the ef-
fect of the absence of SMIM1 on resting energy expenditure (REE) (a marker of whole-
body metabolic activity) by indirect calorimetry and body mass composition by dual-
energy X-ray absorptiometry (DXA), using a well-established protocol (STAR
Methods)."* These studies showed that SMIM1~/~ individuals had a lower REE
adjusted for lean mass (Figures 2C and x axis; Wilcoxon rank-sum test; p =
2.16e—04, Table S4), while there were no differences in average lean mass compared
with 310 unselected controls (Table S4). Average free T3, but not free T4, measure-
ments were lower in the 12 SMIM1~'~ than in the control group (Tables S2 and S3).
Lower circulating total thyroid hormones in SMIM1~/~ individuals are not due to
reduction in thyroid hormone binding globulin and thyroglobulin levels are not
elevated, making thyroid dyshormonogenesis an unlikely cause of their altered thyroid
status (Table S2). The anthropometric differences observed in the 90 SMIM1~/~ UKB
participants were reflected in abnormal body composition visualized by DXA scans
(Figure 2D). Because of the effect on REE, T3, and T4 levels, we explored the possible
involvement of SMIMT in the hypothalamic-pituitary-thyroid axis.'” To gain insight into
the possible molecular mechanism(s), we analyzed the single-cell RNA sequencing
data in studies that dissected the transcript levels of these tissues in multiple organ-
isms. In the mouse hypothalamus% (GSE113576), Smim1 was expressed at low levels
in mature oligodendrocytes and some, but not all, inhibitory neurons (Figure S3A). Its
expression was largely non-overlapping with that of the thyrotropin-releasing hor-
mone (Figure S3B). In the human anterior pituitary gland'’ (GSE142653), SMIM1
was expressed in corticotropes, gonadotropes, and somatotropes (Figure S3C), while
in human thyroid organoids and mouse thyroid'® (GSE163818) low-level expression
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Figure 1. Differences between SMIM1*/* and SMIM1~/~ individuals in the UKB cohort

(A) Boxplots for UKB participants’ weight (kg) grouped according to their genotype. Sex-stratified data are shown for the three genotype groups, with
females on the left and males on the right, respectively. Boxplot whiskers indicate the 95% confidence interval.

(B) Boxplots for BMI, waist circumference, and levels of triglycerides (TG), alanine aminotransferase (ALT), aspartate transaminase (AST), gamma-
glutamyl transferase (GGT), and urate. Boxplot whiskers indicate the 95% confidence interval.

(C) Forest plot illustrating the effect size (E; percentage of standard deviation) of SMIM1*"* (blue) versus SMIM1~/~ (red) for each trait. Bold characters
highlight the measurements that are shown in (B). Effect sizes corrected for BMI are shown in yellow, and the non-corrected ones are in dark gray; B is
represented by the dots and the 95% confidence intervals by the horizontal lines.
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Figure 2. Differences between SMIM1*'* and SMIM1~/~ individuals in the NIHR-NBR cohort and DXA body scan

(A) Boxplots for free fatty acids (FFA), alanine aminotransferase (ALT), aspartate transaminase (AST), ferritin, leptin to adiponectin ratio (LAR), total
triiodothyronine (T3), and total thyroxine (T4). Boxplot whiskers indicate the 95% confidence interval.

(B) Forest plotillustrating the effect size (E; percentage of standard deviation) of SMIM1*"* versus SMIM1~/~ for each trait. Effect sizes corrected for BMI
and non-corrected ones are in yellow and dark gray, respectively. 8 is represented by the dots and the 95% confidence intervals by the horizontal lines.
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Figure 2. Continued

(C) Scatterplot of Zscores for resting energy expenditure (REE) (x axis) and lean mass (LM) (y axis). SMIM1* individuals, light blue; SMIM1~/~ individuals,
pink. The three SMIM1~'~ individuals shown in (D) are indicated by the pink dots with a black circumference.

(D) Representative DXA scans showing fat volume and distribution in three SMIM 1" participants from the control group (top row, light blue borders) and
three participants from the SMIM1~/~ group (bottom row, pink borders).

was detected mainly in thyrocytes and in, as yet, uncharacterized Flt1-positive cells
(Figure S3C). These analyses indicate that SMIM1T could play one or more roles in
the hypothalamic-pituitary-thyroid axis.

The associations between the genotype at rs566629828 and phenotypes observed in
the UKB and NIHR-NBR cohort were orthogonally validated in 73 Danish SMIM1~/~
individuals from the Danish Blood Donor S’cudyw9 (DBDS) (blood donor, 25 females,
18 males, and 645 controls), and the Copenhagen Hospital Biobank?® (CHB) (hospital-
ized or outpatients, 12 females,18 males, and 450 matched controls). Weight data,
available only for the DBDS participants, showed, upon bootstrapping analysis
(STAR Methods; controls matched by age, sex, and smoking status), consistent direc-
tionality for female SMIM1~~ individuals. However, the low number of Danish
SMIM1~/~ individuals and a less evident effect on weight in males (Figure 1B) limited
the statistical power to detect differences. A meta-analysis combination of SMIM1~/~
individuals from the Million Veteran Program (MVP) and the cohorts described above
yielded the same directionality of effect (Figure S4). Interestingly, 20 of the 73 (27%)
SMIM1~'~ individuals in the Danish cohorts were diagnosed with lipoprotein meta-
bolism disorders versus 13% in the controls (OR = 4.07, FDR = 2.09e—04). A review
of all prescriptions in both cohorts showed greater use of statins in individuals lacking
SMIMT1 versus controls (OR = 2.36, FDR = 2.22e—02; Table S5), indicating a higher
number of individuals considered predisposed to cardiovascular events. An explor-
atory analysis of hospital episode statistics revealed an increased risk for cerebral
events, with 5 cerebral bleeds and 5 thrombotic strokes in the 65 SMIM1~"~ UKB par-
ticipants for whom hospital event statistics were available (OR = 5.53 and 3.46, FDR =
6.88e—04 and 2.32e—02, respectively; Table Sé).

DISCUSSION

In summary, our analysis identified a novel autosomal recessive effect for a LoF dele-
tion (i.e., rs566629828) in SMIM1, a protein of yet unknown function(s), up until now
only known as the antigen underlying the Vel blood group. This variant is present in
at least 200,000 individuals worldwide (1 in 5,000 individuals in Great Britain and
higher frequency in the Scandinavian countries [this article and Storry et al.”] and
extremely low frequency in other ancestries). We have shown that SMIM1~/~ individ-
uals (Vel-negative blood group) exhibit a combination of metabolic features,
including excess fat mass, inflammation, altered liver function, triglycerides, and
altered lipoprotein metabolism. These features are due, at least in part, to reduced
energy expenditure, a major risk factor in obesity.”'*? In the most extreme cases,
these effects could lead to an increased risk of insulin resistance and metabolic syn-
drome onset, accompanied by an increased susceptibility to cardiovascular disease,
as supported by drug prescription and electronic hospital records analyses. These
indicated that SMIM1~~ individuals have a higher likelihood of being prescribed
statins and may be more prone to cerebral bleeds and thrombotic stroke. The effect
on fat mass, and associated traits, is likely secondary, as suggested by its depen-
dence on BMI, while we foresee a direct effect of SMIM1T on dyslipidemia and liver
function as these parameters continue to hold significance even after BMI correc-
tion. The associated phenotypes also show sexual dimorphism in their presentation.
While the weight differences between the sexes likely reflect the different

1088 Med 5, 1083-1095, September 13, 2024
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distribution of this tissue between males and females,”” association with traits such
as urate and gamma-glutamyl transferase were driven by a stronger effect in one sex;
whereas others, such as SHBG, were found only in females. Altogether, the observed
metabolic phenotype, the increased risk for cardiovascular events, and the expres-
sion pattern of SMIM1 are compatible with the fact that its absence results in a state
of mild hypothyroidism.

The minor allele frequency of rs566629828 is at the lower end of common variations
(MAF = 0.0147) and has one of the largest effects on weight (E = 0.22) and BMI
(8 = 0.27) reported so far, with the exception of extremely rare variants directly impli-
cated in lipid metabolism.?* For comparison, genetic variants in other well-charac-
terized genes associated with obesity, i.e., PCSK1 and MC4R, have comparable
effect sizes in the general population. In particular, MC4R became a drug target

for weight control in severe forms of genetically caused obesity.?*2¢

The rapidly growing amount of genomic data available, including blood donors typed
by arrays,”’ means that more and more SMIM1~/~ individuals will be identified as part
of the incidental findings. Those who received a test early in life should be advised to
monitor their energy intake, while individuals already overweight or obese, could be
treated with a levothyroxine supplementation, an extremely cost-effective option
compared with the most recent recommendations for the treatment of obesity.”**?
While the effects have been replicated in independent cohorts, documenting central
hypothyroidism with normal TSH, but low free thyroid hormone, measurements in a
larger number of SMIM1~/~ individuals will be necessary, before advocating a clinical
trial of levothyroxine treatment as a potential therapeutic intervention.

Limitations of the study

The analyses we presented here are limited by the infrequency of SMIM 1™/~ individ-
uals. To obtain sufficient statistical power, we had to use cohorts collected with
different aims and with only a partial set of overlapping measurements. Differences
in cohort composition and lifestyle might confound the observed effects on meta-
bolism, and these biases could still influence the meta-analysis results. To limit con-
founding effects, controls were selected within the same cohort. This is exemplified
in the meta-analysis (Figure S4), where only four SMIM1~/~ individuals in the MVP
cohort are female. We believe that the deep phenotype characterization of the re-
called individuals and their consistency with the effect observed in the population
helped to overcome this limitation. Future studies should investigate the function
of this small transmembrane protein to identify the mechanisms by which it affects

metabolism, as this could pave the way to novel therapeutic opportunities.”
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Biological samples

Vel-negative blood samples
NIHR-NBR cohort

NIHR Clinical Research Facility
This article

https://www.cambridgecrf.nihr.ac.uk/
https://bioresource.nihr.ac.uk/

Critical commercial assays

Atellica IM Free Thyroxine lite reagent
Immulite 2000 TBG assay

Total cholesterol

High-density lipoprotein

Aspartate aminotransferase

Alanine transaminase

High-sensitivity C-reactive protein
Free Fatty Acids

Thyroid-stimulating hormone

Total T3

Total T4

Free T4

Ferritin

Leptin (Not a commercially available assay)

Adiponectin (Not a commercially available assay)

Siemens Healthineers
Siemens Healthineers
Siemens Healthineers
Siemens Healthineers
Siemens Healthineers
Siemens Healthineers
Siemens Healthineers
Sigma Aldrich (Roche)
DiaSorin
DiaSorin
DiaSorin
DiaSorin
DiaSorin
DELFIA®

DELFIA®

10995589
L2KTB2
DF 27

DF 48B
DF 41A
DF 143
RF 434
11383 175 001
311211
311311
311411
311611
313551

https://www.perkinelmer.com/uk/lab-products-
and-services/application-support-knowledgebase/
delfia/delfia-products-catalog.html
https://www.perkinelmer.com/uk/lab-products-
and-services/application-support-knowledgebase/
delfia/delfia-products-catalog.html

Deposited data

NIHR-NBR cohort metabolites - raw data

NIHR-NBR cohort resting energy
expenditure - raw data

UK Biobank

Million Veteran Program
Danish Blood Donor Study
Copenhagen Hospital Biobank

Mouse hypothalamus
Human fetal pituitary
Mouse pituitary
Mouse pituitary

This article, and Zenodo
This article, and Zenodo

Downey et al.**

Gaziano et al.**

Hansen et al.'?

Serensen et al.?®

Moffitt et al.’
Zhang et al."’
Cheung et al.”
Ho et al.”

https://zenodo.org/records/10685501
https://zenodo.org/records/10685501

https://www.ukbiobank.ac.uk/
https://www.research.va.gov/mvp/
https://bloddonor.dk/

https://www.regionh.dk/blodbanken/afdelingen/
enheder-paa-rigshospitalet/Sider/biobank.aspx

GEO: GSE113576
GEO: GSE142653
GEO: GSE120410
GEO: GSE146619

Rat pituitary Fletcher et al.>” GEO: GSE132224
Mouse thyroid organoids Romitti et al.'® GEO: GSE163818
Oligonucleotides

Primer: SMIM1 deletion This article N/A

Forward: ACAGCCTGGCCACCTGTCTTG
Reverse: CTGCGGCAGCGTGAGGC

Software and algorithms

R 4.0.5

Tidyverse 1.3.1

meta 5.2-0

Seurat (version 4.0.0)
biomaRt (version 2.46.3)

RNOmni

metafor 3.0-2
GE Lunar iDXA - Encore version 18
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R Core Team
RStudio Team

Schwarzer et a
I 33

|54

Haoeta

Durinck et al.>®
McCaw et al.*®

Viechtbauer et al.*’
GE Healthcare

https://www.r-project.org/
https://tidyverse.tidyverse.org
N/A
https://satijalab.org/seurat/

https://bioconductor.org/packages/
release/bioc/html/biomaRt.html

https://cran.r-project.org/web/packages/
RNOmni/index.html

https://github.com/wviechtb/metafor
210500GA
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https://www.cambridgecrf.nihr.ac.uk/
https://bioresource.nihr.ac.uk/
https://www.perkinelmer.com/uk/lab-products-and-services/application-support-knowledgebase/delfia/delfia-products-catalog.html
https://www.perkinelmer.com/uk/lab-products-and-services/application-support-knowledgebase/delfia/delfia-products-catalog.html
https://www.perkinelmer.com/uk/lab-products-and-services/application-support-knowledgebase/delfia/delfia-products-catalog.html
https://www.perkinelmer.com/uk/lab-products-and-services/application-support-knowledgebase/delfia/delfia-products-catalog.html
https://www.perkinelmer.com/uk/lab-products-and-services/application-support-knowledgebase/delfia/delfia-products-catalog.html
https://www.perkinelmer.com/uk/lab-products-and-services/application-support-knowledgebase/delfia/delfia-products-catalog.html
https://zenodo.org/records/10685501
https://zenodo.org/records/10685501
https://www.ukbiobank.ac.uk/
https://www.research.va.gov/mvp/
https://bloddonor.dk/
https://www.regionh.dk/blodbanken/afdelingen/enheder-paa-rigshospitalet/Sider/biobank.aspx
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

GE Lunar Prodigy - Encore version 16 GE Healthcare N/A

Gas Exchange Measurement GEMNutrition Ltd, Daresburysbury 17040-181

PLINK v1.9 PLINK working group https://www.cog-genomics.org/plink/1.9/
Other

Dimension EXL Siemens Healthineers https://www.siemens-healthineers.com/
Liaison XL DiaSorin https://int.diasorin.com/en

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Mattia Frontini (m.frontini@exeter.ac.uk).

Materials availability
This study did not generate new unique reagents.

Data and code availability

Participants’ phenotypes and SMIM1 locus genotypes are accessible via the relevant
cohort environments: UK Biobank (https://www.ukbiobank.ac.uk/) and MVP (https://
www.mvp.va.gov/pwa/discover-mvp-data). Access to these cohorts requires an
active project application. All the data generated for this study are available in an
anonymized version in supplementary tables or in the Zenodo repository at:
https://zenodo.org/records/106855071. The code used to analyze the cohorts is
available at https://github.com/stefanucci-luca/vel_ko_analysis. Any additional in-
formation required to reanalyze the data reported in this paper is available from
the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

A total of 248 SMIM1~/~ unrelated European individuals (105 females, 143 males)
from four different cohorts, described below were included in the study. For an over-
view of the cohorts, see Figure S2. Details about the recall by genotype study and
the individual cohorts are reported below in the relevant sections.

UK Biobank (UKB) cohort

The UKB analyses have been conducted under application number 13745. This
cohort consists of 502,682 participants, aged between 40 and 69 years of age on
enrollment, recruited at 22 assessment centers across the UK between 2006 and
2010.7%37 DNA samples were taken from participants and genotyped using the
UK Biobank Axiom Array on the GeneTitan (Affymetrix, Santa Clara, CA). Genotype
calling and quality control of the UKB dataset have been extensively documented
elsewhere.”

The UKB Axiom Array contains DNA probes for direct genotyping of the variant un-
derlying the 17-bp deletion in SMIM1 (NC_000001.11:9.3775437_3775453del,
rs566629828). The specific DNA probes used (Probeset ID: AX-86577342, Variant
ID: Affx-80267180) for detection of the deletion have shown high specificity and
the rare variant can be reliably called.?’ For this study, only directly measured geno-
types for variant rs566629828 were used to identify UKB participants homozygous
for the 17-bp deletion in SMIM1, as opposed to imputed genotypes. Additionally,
manual inspection of genotype call plots for the deletion probeset (AX-86577342)
was performed for each of the 106 genotyping batches of 4,700 UKB samples.
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rs566629828 is in Hardy-Weinberg equilibrium (X? test, p-value = 0.92) with an
allele distribution, in UKB, of +/+ = 396559, +/— = 11849, —/— = 90 and a
theoretical expected distribution of +/+ = 396558, +/— = 11852, —/— = 89. The link-
age disequilibrium score D’ value between variants rs1175550 and rs566629828 was
calculated using PLINK software.*” The clinical phenotypes have been defined ac-
cording to the Hospital Episode Statistics (HES) recorded for the majority of UKB
participants. The list of ICD-10 codes and fields used to select the cases and traits
is in Table S7.

NIHR-NBR cohort

All NIHR-NBR participants for this study were recruited under approval 12/EE/0040
by the Research Ethics Committee East of England. Initially, the SMIM1~/~ individ-
uals were identified by the testing approach outlined in an earlier publication.” In
short, the red cells of a small portion of the 1.4 million donations collected annually
are tested by haemagglutination for the presence of the Vel blood group antigen
with a specific typing reagent. Individuals with a negative result and part of the
NIHR-NBR underwent a confirmatory polymerase chain reaction test for the 17-bp
deletion. Of these, 25 participated in this study by providing samples and relevant
health information obtained during a home visit. Twelve of the 25 attended the
NIHR Clinical Research Facility at Cambridge University Hospitals (Cambridge,
UK) for a 2-day metabolic assessment, no exclusion criteria were applied. The mea-
surement results of the SMIM1~/~ individuals were compared with the results ob-
tained for 180 NIHR-NBR participants (100 females, 80 males) with a reference/refer-
ence or reference/alternate genotype for variant rs566629828 as previously
determined by whole-genome sequencing.”’

Danish Blood Donor Study (DBDS) and Copenhagen Hospital biobank (CHB)
cohorts

The CHB participants were recruited under the NVK-1708829, P-2019-93 approval
and the DBDS participants were recruited under the 1-10-72-95-13, NVK-
1700407, P-2019-99 approval. The CHB participants have been enrolled at the Co-
penhagen University Hospital and general hospitals in the region of greater Copen-
hagen. Inclusion in the study is limited to patients attending to these hospitals and
from whom a blood sample is drawn for ABO and D grouping and/or red cell anti-
body screening. The cohort is therefore strongly skewed toward patients with med-
ical conditions associated with a high likelihood of requiring transfusion (e.g., sur-
gery, chemotherapy and pregnancy).”” The DBDS cohort of Danish blood donors
is in demographics similar to the NIHR-NBR cohort from whom 25 British
SMIM 1™~ individuals were drawn."?*?

The DNA samples from the 90,000 DBDS and 90,700 CHB participants were gen-
otyped at deCODE Genetics (Reykjavik, Iceland) using the Infinium Global
Screening Array (Probeset ID: GSA-24v1-0_C2, v1.0). Imputation of the 17-bp dele-
tion rs566629828 was performed by deCODE Genetics using their North European
sequencing panel of 15,576 individuals (including 8,429 Danes) as reference. Based
on these two imputed datasets, 49 and 34 individuals were identified in DBDS and
CHB, with a high likelihood of being homozygous for the 17-bp deletion in SMIM1,
respectively. The DBDS and CHB participant and genotyping data are linked to the
Danish Laboratory Database (DLD), the Danish National Patient Registry”® (NPR)
and the Danish Prescription Database™ (DPD). These linked databases were
used for the association analysis performed for this study.
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Million Veteran Program (MVP) cohort

The design of MVP has been previously described.** Veterans were recruited from
over 60 Veterans Health Administration medical centers nationwide since 2011. A
unique feature of MVP is the linkage of a large biobank to an extensive, national,
database from 2003 onward that integrates multiple elements such as diagnosis co-
des, procedure codes, laboratory values, and imaging reports, which permits
detailed phenotyping of this large cohort. MVP has received ethical and study pro-
tocol approval by the Veterans Affairs Central Institutional Review Board in accor-
dance with the principles outlined in the Declaration of Helsinki.

DNA extracted from participants’ blood was genotyped using a customized Affyme-
trix Axiom biobank array, the MVP 1.0 Genotyping Array. The array was enriched for
both common and rare genetic variants of clinical significance in different ethnic
backgrounds. Quality-control procedures used to assign ancestry, remove low-qual-
ity samples and variants, and perform genotype imputation were previously
described.”> We excluded: duplicate samples, samples with more heterozygosity
than expected, an excess (>2.5%) of missing genotype calls, or discordance be-
tween genetically inferred sex and phenotypic gender.”® In addition, one individual
from each pair of related individuals (more than second-degree relatedness as
measured by the KING software were removed.*® SNP rs566629828 (SMIM1) was
directly genotyped on the MVP array. The MVP participants were assigned to mutu-
ally exclusive racial/ethnic groups using HARE (Harmonized Ancestry and Race/
Ethnicity), a machine-learning algorithm that integrates genetically inferred ancestry
with self-identified race/ethnicity.”” The present study included non-Hispanic Euro-
pean Americans with both genotypic and phenotypic data for genetic association
analyses. The details of the genetic association study of BMI in the MVP were previ-
ously described.*®

METHOD DETAILS

Confirmation of rs566629828 genotype status

Considering the limited accuracy of imputation to determine the genotype of low-
frequency variants, and particularly of indels,”” the genotype at rs566629828 was
confirmed by an orthogonal test” using DNA extracted from 49 DBDS and 34 CHB
blood samples, which were retrieved from the respective sample repositories. In
short, DNA was amplified by primers flanking the 17-bp deletion in SMIM1 exon 3
(Figure S1). The amplicons were resolved by agarose gel electrophoresis and visual
inspection of the amplicon length (reference and alternate alleles being 178bp and
161bp in length, respectively). Discordant results between the genotype inferred by
imputation and the PCR-genotyping test results were observed for 10 DNA samples
(DBDS, n = 6; CHB, n = 4). These ambiguities were resolved by Sanger sequencing of
the SMIM1 coding exons 3 and 4 confirming that all 10 discordances were caused by
erroneous imputation results. All together 43 and 30 confirmed SMIM1~"~ individ-
uals were identified in the DBDS and CHB cohorts, respectively (Figure S2). Controls
are drawn from the same cohorts in a ratio of 15:1, gender and age-matched (DBDS,
n = 645; CHB, n = 450). The genotype of the controls was imputed and it was either
reference/reference or reference/alternate for the variant rs566629828.

Metabolic characterization

The Cambridge Central East of England Research Ethics Committee approved the
study protocol for participants’ metabolic characterization (06/Q0108/84). NIHR-
NBR participants were asked to refrain from exercise, consume alcohol and caffeine
for 24 h before arrival. Each of the 12 participants arrived at the NIHR Clinical
Research Facility at Cambridge University Hospitals at 14:00 h on day 0 and
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remained until noon on day 1. Resting energy expenditure was measured upon
waking after an overnight fast by indirect calorimetry (GEM Nutrition) using a venti-
lated hood. Gas analysis exchange measurements were converted into energy
equivalents using calculations by Elia and Livesey.”® The procedure and precision
values of the indirect calorimetry method have been previously described.”
Whole-body fat, lean and bone mass body composition measurements were per-
formed by Dual Energy X-ray Absorptiometry (DXA). For the volunteers homozygous
for the 17-bp deletion in SMIM1, GE Lunar iDXA (Encore version 18) was used for fat
mass, lean mass and bone mineral content (BMC) measurements. For the controls,
there was a combination of GE Lunar iDXA measurements and GE Lunar Prodigy
measurements (Encore version 16). Therefore, all relevant measurements were con-
verted by cross-calibration equations” to comparable iDXA values before collating
and using regression modeling. Lean mass and resting energy expenditure Z scores
were derived by multiple regression modeling.'* The coefficients were updated in
line with an upgrade in DXA scanner (resting energy expenditure (kJ/min) = age;
—0.015, fat mass (kg); 0.019, lean mass (kg); 0.063, intercept; 1.580, lean mass
(kg) = gender (0; male, 1; female); —6.272, height2 (m2); 6.684, bone mass (kg);
10.458, fat mass (kg); 0.166, intercept; 0.888).

Single-cell RNA-seq analyses
We analyzed single-cell RNA-sequencing data from the following sources:

Mouse hypothalamus (GSE1 13576)'¢

Human fetal pituitary (GSE142653)"” human in Figure S3E.
Mouse pituitary (GSE120410)>* mouse in Figure S3E.
Mouse pituitary (GSE146619)>* mouse in Figure S3E.

Rat pituitary (GSE132224)°° rat in Figure S3E.

Mouse thyroid organoids (GSE163818)"®

Normalization, visualization, and standard processing of datasets was done through
Seurat.”® For label transfer of mouse and rat pituitary datasets from the human pitu-
itary reference: mouse and rat genes were first converted to their human homologs
(as obtained via BioMart®®), and ambiguously annotated genes were filtered out,
prior to cross-species integration.

QUANTIFICATION AND STATISTICAL ANALYSIS

Linear regression was performed to estimate the effect of continuous variables. The
statistical model used as covariates age, sex and BMI. Sex and BMI were removed
from the equation when considering sex-stratified data or the effect of the variant
on BMI, respectively. Similarly, for categorical variables, the explanatory effect of
variant rs566629828 was estimated by logistic regression. For continuous traits, in-
verse normal transformation (R package RNOmni) was adopted to normalize the
measurements.* In the Danish cohorts, the logistic regression analysis was per-
formed with the response variable defined as the presence of an abnormal Nomen-
clature for Properties and Units (NPU)-code measurement in the DLD dataset, pres-
ence of a given ICD10/ICD8 record in the NPR dataset, or presence of a specific
prescription in the DPD dataset. The explaining variables used were variant
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rs566629828 genotype, age of the individuals, genetically inferred sex of the indi-
viduals (unless cohort was sex-stratified), and in case of mixed cohort analysis, the
cohort of a given individual (DBDS/CHB). Since weight data does not follow a normal
distribution, a Wilcoxon signed-rank test was used to assess differences in mean
weight-based on variant rs566629828 genotype after sex stratification. Bootstrap-
ping was used to assess directionality in mean weights based on the rs566629828
genotype. For each SMIM1~/~ DBDS case, 100 alternate age, sex and smoking sta-
tus-matched control groups were selected at random. The mean weight of each of
these 100 alternate control groups was compared to the case group’s mean weight.
Directionality of the difference in mean weights was then assessed for each sex sepa-
rately. Statistical tests have p values corrected with Benjamini-Hochberg procedure
with alpha set at 0.05. The meta-analysis pooling across the cohorts was performed
with inverse variance and the R package meta (version 5.2-0).
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