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physiology. They found that 1 in 5 rare

protein-coding HNF1A variants in the

general population actually increase

HNF1A activity, leading to a lower risk of

type 2 diabetes but elevated atherogenic

lipoproteins.
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SUMMARY
Loss-of-function mutations in hepatocyte nuclear factor 1A (HNF1A) are known to cause rare forms of dia-
betes and alter hepatic physiology through unclear mechanisms. In the general population, 1:100 individuals
carry a rare, protein-coding HNF1A variant, most of unknown functional consequence. To characterize the
full allelic series, we performed deepmutational scanning of 11,970 protein-coding HNF1A variants in human
hepatocytes and clinical correlation with 553,246 exome-sequenced individuals. Surprisingly, we found that
�1:5 rare protein-coding HNF1A variants in the general population cause molecular gain of function (GOF),
increasing the transcriptional activity of HNF1A by up to 50% and conferring protection from type 2 diabetes
(odds ratio [OR] = 0.77, p = 0.007). Increased hepatic expression of HNF1A promoted a pro-atherogenic
serum profile mediated in part by enhanced transcription of risk genes including ANGPTL3 and PCSK9. In
summary,�1:300 individuals carry a GOF variant inHNF1A that protects carriers from diabetes but enhances
hepatic secretion of atherogenic lipoproteins.
INTRODUCTION

Hepatocyte nuclear factor 1 alpha (HNF1A) is a lineage-deter-

mining transcription factor expressed in several tissues including

the liver and pancreas.1 Rare, complete loss-of-function (LOF)

mutations in HNF1A have been shown to cause an autosomal

dominant monogenic form of diabetes (MODY3)2,3 through defi-

ciencies in pancreatic insulin secretion via a haploinsufficient ge-

netic mechanism.4 Patients with MODY3 have been observed to
This is an open access article under the CC BY-N
carry altered levels of serum lipoproteins5 and lower levels of

the inflammatory marker high-sensitivity C-reactive protein

(hsCRP)6 than matched patients with type 2 diabetes (T2D), sug-

gesting a potential liver-mediated functional role for HNF1A in

metabolic disease pathogenesis. However, diabetes itself,

through underlying insulin resistance or elevated blood glucose,

can dysregulate serum lipids7 and systemic inflammation,8 and

thus these observations in diabetic individuals with MODY3

cannot evidentiate HNF1A as a direct hepatic regulator of serum
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lipids or inflammation. Murine LOF studies have implicated

HNF1A in bile acid secretion and cholesterol metabolism but

are also confounded by a diabetic phenotype.9 Population-

based genetic association studies have corroborated associa-

tions between HNF1A and T2D,10 serum lipoproteins,11 and

hsCRP12 but do not provide insight into mechanism, as most

of the associated variants (SNPs) are either non-coding or

have minimal experimentally observable consequences on pro-

tein function.13 Finally, common HNF1A SNPs have been asso-

ciated with coronary artery disease (CAD) risk,14,15 but these

SNPs are also associated with T2D and serum lipids, both of

which are known, independent CAD mediators.16,17 Thus, the

relationship between HNF1A function, these risk factors, and

the specific mechanisms of disease pathogenesis remains

unclear.

Characterization of an allelic series of functional variants for

the hepatic functions of HNF1A with clinical correlation would

enable a mechanistic understanding of the complex role for

HNF1A in driving metabolic disease in multiple tissues including

the pancreas (via diabetes) and liver (serum lipids) with their

respective directions of effect. In the past few years, dozens of

novel protein-coding alleles in HNF1A have been identified

from population-based exome sequencing.18 These variants

are individually rare (minor allele frequency [MAF] < 0.001) and

are mostly of unknown functional consequence but, in aggre-

gate, are carried by over 1% of the population. Themuch greater

allelic diversity of rare variants presents an opportunity to dissect

the role of HNF1A in metabolic disease, if these variants could be

functionally annotated at scale.

To address this gap in knowledge, we examined the full allelic

series of protein-coding variants in HNF1A using deep muta-

tional scanning, a high-throughput approach that has been

successfully utilized to characterize protein-coding variants in

clinically important genes.19–21 All possible single amino acid

substitutions in HNF1A were tested for transcriptional

activity in human hepatocytes. These comprehensive data

were intersected with carriers of rare protein-coding variants

(MAF < 0.001) identified from among 553,246 sequenced individ-

uals in order to relate variant to function to phenotype for meta-

bolic disease-associated factors and disease outcomes

including T2D and CAD.We discover gain-of-function (GOF) var-

iants that, while conferring protection from T2D, promote pro-in-

flammatory/thrombogenic gene expression and an atherogenic

lipid profile through liver specific enhancement of HNF1A target

genes.

RESULTS

Identification of GOF substitutions from comprehensive
functional testing of 11,970 HNF1A amino acid variants
in human hepatocytes
To comprehensively assess the hepatic function of protein-cod-

ing variants inHNF1A, we synthesized a cDNA library comprised

of all possible single amino acid permutations of HNF1A (630

amino acid protein 3 19 amino acid changes = 11,970;

Table S1) such that each transgene encoded a single amino

acid substitution. The library was introduced into a human hepa-

tocyte cell line previously engineered to lack endogenous
2 Cell Genomics 3, 100339, July 12, 2023
HNF1A and at a dilutionmaximizing the number of cells receiving

only a single copy of HNF1A transgene. The HNF1A transgenes

were induced for 6 days via a doxycycline-inducible promoter,

and cells were sorted via fluorescence-activated cell sorting

(FACS) based on their protein expression level of TM4SF4, a

cell surface protein shown to be a direct transcriptional target

of HNF1A in pancreas and liver22,23 (Figure 1A). The population

of cells bearing HNF1A transgenes was partitioned into two

bins separated by a 10-fold expression intensity difference in

TM4SF4: TM4SF4low and TM4SF4high (Figures 1A and S1). To

recover and quantify the HNF1A variants in each TM4SF4

expression bin, HNF1A transgenes from the TM4SF4low and

TM4SF4high cells were sequenced by targeted next-generation

sequencing. Raw function scores were generated for each

amino acid substitution at each site in HNF1A by determining

the frequency of appearance of each variant in the TM4SF4low

and TM4SF4high bins as we and others have previously

done.20,24 Over 99% of the originally designed variants were

recovered in sufficient quantity from the pooled screen to be as-

signed a function score (Figure S2; Table S2).

The raw function scores for all protein-coding HNF1A variants

were compared with the known sequence:function relationships

of HNF1A. First, the function scores were averaged (mean) at

each of the 631 amino acid positions along HNF1A to obtain a

‘‘mutation tolerance’’ score representing the effect on function

of substituting any non-wild-type (WT) amino acid at that posi-

tion, i.e., low ‘‘mutation tolerance’’ represents a functionally

important residue (Figure 1B). Several clusters of amino acids

along the primary sequence exhibiting low mutation tolerance

scores were observed and colocalized with known domains crit-

ical for HNF1A molecular function including the dimerization

domain and the DNA-binding domain.25,26 The mutation toler-

ance scores were also overlaid onto the HNF1A DNA-binding

domain crystal structure to evaluate the relationship between

function and higher-order structure (Figure 1C). Within the extent

of the available crystal structure, the amino acid residues

comprising the alpha helices in the DNA-binding domain that

directly contact the DNA double helix exhibit the lowest mutation

tolerance scores, consistent with a high degree of functional

conservation (Figure 1C).

Taking a conservative approach to minimize the effect of

extreme values, the raw individual variant scores were added

to the mutation tolerance score at that amino acid position (Fig-

ure 1B) and rescaled to the mean and standard deviation (SD) of

the distribution of synonymous variants to provide an intuitive

interpretation to the function scores (Figure 1D). Of the 11,970

variants tested, 2,190 fell into the putative LOF category

(score < �1 SD), 6,952 fell into the neutral category (�1 SD %

score % 1 SD), and, surprisingly, 2,740 fell into a putative GOF

(score > 1 SD) category, indicating that those amino acid substi-

tutions increased the transcriptional activity of HNF1A overWT in

our assay, a finding not previously reported in over two decades

of HNF1A functional variant characterization.2 As expected, var-

iants categorized as putative LOF by our experiments occurred

at codons that were more evolutionarily conserved in mamma-

lian genomic sequences27 than those classified as neutral

(p < 10�6 Wilcoxon rank-sum test; Figure S3). Variants catego-

rized as putative GOF, however, could not be distinguished
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Figure 1. Identification of GOF variants from comprehensive functional testing of 11,970 HNF1A variants in human hepatocytes

(A) A library of 11,970 HNF1A constructs was synthesized, with each construct encoding a single amino acid substitution. The construct library was introduced

into HUH7 hepatocytes (deleted for endogenous HNF1A) at a dilution of one construct per cell. The resulting polyclonal population of HUH7 hepatocytes was

separated via FACS according to the expression of the known HNF1A transcriptional target TM4SF4 and sorted into low (�) and high (+) bins of HNF1A activity.

Activity cutoffs were established through flow cytometry experiments of HNF1A KO cells (dashed red line) andWT cells (dashed green line). Each bin of cells was

sequenced at the transgenic HNF1A locus to identify and tabulate the introduced variants. Each HNF1A variant was assigned a function score based on its

abundance in the low and high TM4SF4 expression bins.

(B) Heatmap of 11,970HNF1A variant function scores, arranged according to the primary amino acid sequence (rows). Function scores lower thanWT are shaded

red, and function scores greater thanWT are shaded blue. Function scores averaged (mean) at each amino acid position are plotted to the right, showing the level

of tolerance for any amino acid substitution away from WT at each position.

(C) Mutation tolerance scores as described in (B) overlaid on the crystalized protein structure of HNF1A DNA-binding domain (PF04814). Positions intolerant of

amino acid changes (i.e., lower function scores) are shaded red. Helices that make direct contacts with the DNA are the most intolerant of mutations.

(D) (Left panel) HNF1A function scores ranked for all 11,970 amino acid variants tested, and ClinVar-annotated pathogenic variants (n = 29) are highlighted in red.

(Right panel) Function bins correspond to variants with function scores above (GOF), within (neutral), or below (LOF) ± 1 Z-score of the synonymous distribution,

shown with the total number of variants per bin. Overlaid are the function score distributions of the 613 synonymous HNF1A variants tested (purple) and the 29

ClinVar pathogenic variants (red).
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from neutral variants on the basis of evolutionary conservation,

suggesting that they would be poorly annotated by computa-

tional prediction algorithms leveraging conservation met-

rics.28,29 To further benchmark our experiments, we extracted

the function scores of pathogenic human HNF1A variants from

ClinVar,30 a curated database of clinically significant human ge-

netic variants (Figure 1D; Table S3), finding that the majority, but

not all (n = 21/29), would be classified as LOF by our data. Thus,

to explicitly quantify on a per-variant basis the confidence of

LOF/GOF, a posterior error probability31 (PEP) was computed

for every variant based on where its function score fell in the dis-

tribution of function scores for synonymous vs. non-synonymous

variants (Figure 1D; Table S2).

GOF HNF1A variants are carried in the general
population and increase transcriptional activity in
multiple cellular contexts
To evaluate the human relevance of our deep mutational scan

and assess if these putative GOF variants are present in people,

we intersected our comprehensive dataset of HNF1A function

scores with HNF1A protein-coding variants in the UK Biobank,

a population-based cohort containing 454,756 exome-

sequenced individuals.32,33 From the exome sequences, we ex-

tracted all HNF1A variants and identified 4,302 individuals who

carried a protein-coding variant with a MAF less than 0.001

(�1:100 individuals; Table S4). Of the 444 unique protein-coding

variants identified, 335 (75%) were absent from ClinVar.30 The

distribution of HNF1A function scores in the UK Biobank peaked

at the same level as the distribution of synonymous variants (Fig-

ure 2A), consistent with prior observations that most protein-

coding variants are not functional.34 The distribution of function

scores in the UK Biobank also notably lacked the lowest-scoring

pathogenic/MODY3 variants, as would be expected for a gener-

ally healthy population-based cohort32 and with the estimated

UK prevalence of MODY3 being �5 per 100,000.35 We did

observe a 22% prevalence of diagnosed diabetes among car-

riers of HNF1A frameshifting mutations (n = 62 carriers), which

exceeded the 8% prevalence of diabetes in the general UK Bio-

bank cohort. The presence of LOFHNF1A variants in population-

based cohorts has been described previously,36 but remarkably,

carriers of GOF variants have not previously been described in

the many studies functionally characterizing human genetic var-

iants in HNF1A.

To confirm and further characterize these putative GOF

HNF1A variants carried by humans in the general population,

we selected a series of high-scoring GOF variants that spanned

across the protein domains of HNF1A (Figure 2A). These seven

variants ranged in frequency from 3 carriers (p.L348F) to 421 car-

riers (p.T196A) in the 454,756 sampled exomes (Figure 2B). Each

variant was recreated, transfected, and assessed for transcrip-

tional activity using luciferase reporter assays as we37 and

others38 have previously performed in two separate experi-

mental contexts: (1) HeLa cells using the rat albumin promoter

(Figure 2C) and (2) MIN6 insulinoma cells using the HNF4A-P2

promoter (Figure 2D). In HeLa cells, all selected variants showed

significant increases in transcriptional activity over WT (ranging

from 30% to 70%), whereas in MIN6 cells, the measured in-

crease in transactivation was attenuated with only three of the
4 Cell Genomics 3, 100339, July 12, 2023
tested variants exceeding the nominal threshold of significance.

Notably, the background activity of HNF1A in HeLa cells was nil,

whereas in MIN6 cells, it approached 50% of WT. Given that

GOFwas observed in two independent HNF1A-free cellular con-

texts (i.e., HeLa and HUH7 HNF1A-null cells), the attenuation in

signal in the MIN6 cell system likely reflected decreased sensi-

tivity in measuring increased HNF1A transcription in the setting

of pre-existing high levels of endogenous HNF1A activity.

To assess the functional consequence of GOFHNF1A in hepa-

tocytes, we developed a secretion assay for ANGPTL3, an

emerging cardiovascular disease risk factor39 that encodes a

hepatically secreted regulator of serum lipids40 whose gene is

bound by HNF1A41 (Figure S4). After confirming that HNF1A

functionally regulates production of ANGPTL3 from cultured he-

patocytes (Figure S4B), we evaluated ANGPTL3 secretion in

HNF1A-null hepatocytes and performed reconstitution experi-

ments with WT and the identified GOF HNF1A variants. The

p.L348F, p.T196A, and p.T515M variants, but not the p.P291Q

variant, increased ANGPTL3 secretion when transfected into

HNF1A-null HUH7 hepatocytes compared with WT (Figure 2E).

Taken together, these cell culture experiments demonstrate

that GOF HNF1A variants increase transcriptional activity in

both pancreatic and hepatic cellular contexts.

HNF1A GOF variant carriers in the population are
protected from T2D but show elevated levels of serum
atherogenic risk factors
We examined the relationship between HNF1A function and T2D

in carriers of rare protein-coding HNF1A variants ascertained

from the UK Biobank and found an inverse association between

HNF1A function and T2D risk in the full multi-ancestry cohort

(odds ratio [OR] = 0.59 per SD increase in HNF1A function,

95% confidence interval [CI] = [0.48–0.72], p = 6 3 10�7, n =

4,341, logistic mixed-effects regression) (Figure 3A; Table S5).

A similar association was obtained when restricting to European

ancestry HNF1A rare variant carriers (OR = 0.56 per SD increase

in HNF1A function, 95% CI = [0.43–0.73], p = 1.2 3 10�5, n =

3,095, logistic mixed-effects regression). These analyses

included the 421carriers of thep.T196Avariant (Figure 2B).Given

the previously known associations between LOF variants in

HNF1A and diabetes,2,36,42 we performed a categorical analysis

binning the HNF1A variants by function (GOF, neutral, LOF) and

separately examined their associationwithT2D risk in theUKBio-

bank and in an independent, multi-ancestry T2D case:control

cohort (AMP-T2D43; 20,791 cases, 24,440 controls) to disen-

tangle the effect of GOF variants from the known relationship of

LOF variants and increased risk of T2D (Figure 3B). In the meta-

analysis, LOF variant carriers compared with neutral variant car-

riers had an increased risk of T2D as expected from prior studies

(OR = 1.9, 95% CI = [1.41–2.63], p = 4.1 3 10�5, logistic regres-

sion). Remarkably, GOF variant carrierswere protected fromT2D

(UK Biobank GOF carriers: n = 1,469, OR = 0.75, 95%CI = [0.59–

0.95], p = 0.017, logistic regression), a signal that was strength-

ened when analyzed in combination with the AMP-T2D cohort

(OR = 0.76, 95% CI = [0.62–0.93], p = 0.007, logistic regression;

Figure 3B), evidentiating that genetically determined increases

in HNF1A function have clinical consequences in humans. The

association signal for GOF variants conferring protection from
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Figure 2. GOF HNF1A variants are carried in the general population and increase transcriptional activity in multiple cellular contexts

(A) (Left panel) Selected human HNF1A variants with function scores greater than WT highlighted in blue among the full distribution of all 11,970 amino acid

variants tested. The shaded purple box represents ± 1 Z-score of the distribution of 613 synonymous HNF1A variants tested. (Right panel) The distributions of

function scores of rare protein-coding HNF1A variants (n = 444) identified from 454,756 sequenced individuals in the UK Biobank (UKB) and of the 613 syn-

onymous variants. An upper tail of function-increasing variants in UKB individuals is highlighted in blue (n = 94 unique variants in 1,469 individuals).

(B) Location of top-scoring variants selected for validation along the HNF1A protein primary amino acid sequencewith number of human variant carriers identified

in 454,756 exome sequences from the UKB.

(C) Putative GOF variants were individually recreated and tested for transcriptional activation using luciferase reporters in HeLa cells (which lack endogenous

HNF1A activity) on the rat albumin promoter. Activity measurements are shown as percentages ofWTHNF1A activity ±SEM; n = 3. Basal promoter activity in cells

is measured by transfection of vectors lacking the HNF1A transgene (empty) (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, linear mixed model).

(D) The same variants described in (B) were tested for transcriptional activity in mouse insulinoma MIN6 cells on the HNF4A-P2 promoter.

(E) GOFHNF1A variant constructs were transfected into HNF1A-deleted HUH7 hepatocytes, and ANGPTL3 levels weremeasured by ELISA 48 h post-confluency

(n = 3 per variant). Transfection with HNF1A p.L348F, p.T196A, and p.T515M increases ANGPTL3 secretion compared with WT (***p < 0.0005,**p < 0.005,

*p < 0.05, linear mixed model).
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Figure 3. HNF1A GOF variant carriers in the population are protected from T2D but show elevated levels of serum atherogenic risk factors

Shape and fill indicate the ancestry and T2D status, respectively, of individuals included in each analysis. All phenotypes are adjusted for age, age2, sex, and the

first 10 principal components of ancestry. T2D, type 2 diabetes; SD, standard deviation; LOF, loss of function; GOF, gain of function; CRP, C-reactive protein;

LDL, low-density lipoprotein cholesterol; ApoB, apolipoprotein B; GGT, gamma-glutamyl transferase; TC, total cholesterol; TG, triglycerides; ApoA-I, apolipo-

protein A-I; HDL, high-density lipoprotein cholesterol; HbA1c, glycated hemoglobin.

(A) Association of HNF1A function score and T2D risk using logistic regression in the UKB HNF1A rare protein-coding variant carriers identified among the

454,756 exome-sequenced individuals. Odds ratios and the 95% confidence interval are shown.

(B) Association of LOF andGOF HNF1A variants with T2D in the UKB and AMP-T2D (n = 20,791 cases, 24,440 controls) using logistic regression. Odds ratios and

the 95% confidence interval are shown, and fixed effects inverse-variance meta-analysis was used to combine the results.

(C) Association of functional HNF1A variants with cardiovascular disease risk factors in the UKB rare variant carriers (European n = 3,089, multi-ancestry n =

4,302, linear mixed-effects regression). Effect size and the 95% confidence interval are shown for each phenotype.

(D) Association of liver-specific predicted HNF1A gene expression with disease risk factors tested in (C) among all UKB European genotyped individuals (n =

407,227, filled squares) and non-T2D European genotyped individuals (n = 376,043, open squares).
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T2D was consistent over progressively increasing function score

thresholds, although at the most stringent thresholds, we

observed a loss of statistical power due to a steep decrease in

the number of GOF variant carriers (Figure S5; Table S6). Further-

more, correction for independent common protein-coding

HNF1A variants I27L (rs1169288) and A98V (rs1800574), which

have been associated with increased risk of T2D,44 had minimal

impact on these associations (Table S6).

Given that individuals who carry pathogenic/MODY3 variants

demonstrate alterations in hepatically secreted factors including

hsCRP and lipoprotein profiles, we quantitatively examined the

available biomarkers including hsCRP,17 lipoprotein levels,45

liver enzymes,46 and glycemic traits47 in HNF1A rare variant car-

riers in the UK Biobank by regressing the normalized values for

each measurement against the HNF1A function scores of the

variant carriers (Figure 3C). A positive relationship was identified

between HNF1A function and serum hsCRP, gamma glutamyl-

transferase (GGT), serum low-density lipoprotein (LDL) choles-

terol, and apolipoprotein B (ApoB), while an inverse relationship

was identified between HNF1A function and serum high-density

lipoprotein (HDL) cholesterol and ApoA-I. After excluding car-

riers with diagnosed diabetes, we examined the relationship

between HNF1A function and glycemia, finding an inverse rela-

tionship between HNF1A function and glycosylated hemoglobin

(HbA1c; Figure 3C). These findings were robust to correction for

multiple hypothesis testing (Table S5) and suggest that genetic

variants that increase HNF1A protein function increase serum

hsCRP and GGT and promote an atherogenic lipoprotein profile

by raising serum ApoB/LDL cholesterol levels and lowering

ApoA-I/HDL cholesterol. However, in concordance with confer-

ring protection from T2D, HNF1A function-increasing variants

also decrease blood glucose in non-diabetic individuals.

In light of these observed pleiotropic and opposing effects of

GOF in HNF1A on T2D and inflammatory/atherogenic factors,

we examined the relationship between GOF HNF1A variants

and CAD events in the UK Biobank and a cohort of individuals

exome sequenced for early-onset myocardial infarction

(MIGen48; 24,337 cases, 28,922 controls). We observed no

decrease in CAD risk in GOF HNF1A variant carriers (OR =

1.15, 95% CI = [0.93–1.43], p = 0.21, logistic regression), sug-

gesting that either the observed increase in hepatic pro-athero-

genic factors is counterbalanced by the protection from T2D or

that the analysis lacked statistical power due to the limited num-

ber of CAD cases available. Notably, our combined CAD cohort

analysis had over 90% power to detect a decrease in risk of

similar magnitude (�25%) as observed with T2D and GOF

variant carriers at the nominal type 1 error rate (a = 0.05), but a

smaller effect size may not have risen to the level of statistical

significance (Table S5).

To evaluate if these findings were the result of perturbed

HNF1A activity in the liver, we turned to liver-specific HNF1A

gene expression, reasoning that increasing the levels of intra-

cellular HNF1A would produce a similar clinical effect as

increasing intrinsic HNF1A protein function. To quantify the her-

itable component of HNF1A gene expression, we selected

common, non-coding SNPs identified in European liver sam-

ples from the Genotype-Tissue Expression (GTEx) Project49,50

as expression quantitative trait loci (eQTLs) for HNF1A and
combined them to produce a liver HNF1A gene expression

score. After removing the carriers of rare protein-coding

HNF1A variants shown in Figures 3A–3C, we assigned liver-

specific HNF1A expression scores to the remaining 407,227

European individuals using established methods (Functional

Summary-based Imputation [FUSION]).51 These liver-specific

HNF1A expression scores were then regressed against the

same clinical phenotypes as the rare, protein-coding variant

analysis (Figure 3C). This method confirmed that increased

HNF1A gene expression encoded by liver eQTLs conferred

increased levels of hsCRP (p < 10�46, linear model; Figure 3D)

as would be expected given the known biology of CRP being

synthesized and secreted by hepatocytes.52 Similarly, serum

GGT and LDL cholesterol were associated with increased

liver-specific HNF1A expression scores, whereas HDL and

ApoA-I showed a nominal inverse association. Notably, glyce-

mia measured by HbA1c (p = 0.09, linear model) did not asso-

ciate with liver-specific HNF1A expression as would be ex-

pected from the known pancreatic role of HNF1A in

regulating blood glucose.53

To evaluate if these associations were being driven by or

distinct from T2D, we repeated the above analyses excluding

all 41,923 individuals (including 539 carriers of rare-protein

coding variants) with diabetes from the UK Biobank population

and recomputed the regression (Figures 3C and 3D; Table S5)

of clinical measurements against HNF1A function/expression.

With regard to liver-specific HNF1A gene expression (n =

376,043 samples without T2D), the analyses were well powered

and showed similar effect size, directionality, and significance

of all quantitative trait associations, suggesting a causal

relationship with HNF1A that is independent of T2D (Figure 3D).

Effect sizes in the rare, protein-coding variant analysis also re-

mained directionally consistent, but several associations no

longer passed the nominal threshold of statistical significance,

likely due to a loss of power (n = 3,802 rare-protein coding

variant carriers without T2D; Table S5). In summary, our data

indicate that increased hepatic function/expression of HNF1A

increases serum hsCRP, GGT, and LDL while decreasing

HDL/ApoA-I independently of its effects on T2D and that

increased HNF1A function decreases blood glucose but not

through the liver.

HNF1A transcriptionally regulates complement
activation, coagulation, and pro-atherogenic gene
expression programs in hepatocytes
To understand the molecular mechanisms by which functional

genetic variants in HNF1A regulate serum lipids, we deleted

HNF1A in human hepatocytes using CRISPR-Cas9 and tran-

scriptionally profiled the resulting cells using mRNA sequencing

(Figure 4A; Table S7). Experiments were carried out in both

HUH7 and Hep3B cell lines to mitigate confounding cell line ar-

tifacts. Many of the top differentially expressed genes are known

transcriptional targets of HNF1A including FABP1,41 FGB,54 and

TM4SF4.23 To examine which molecular pathways were per-

turbed by the loss ofHNF1A, we performed gene set enrichment

analysis (GSEA)55,56 on the full list of differentially expressed

genes in WT and HNF1A knockout (KO) cells (Figures 4B and

S6; Table S8). The GSEA showed that HNF1A-null cells
Cell Genomics 3, 100339, July 12, 2023 7
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Figure 4. HNF1A transcriptionally regulates complement activation, coagulation, and pro-atherogenic gene expression programs in he-

patocytes

(A) Differentially expressed genes betweenWT and HNF1A KO HUH7 and Hep3B cell lines quantified by mRNA sequencing (n = 3 per group). The dotted red line

indicates an adjusted p value threshold of 0.05, with genes falling above the line meeting a global significance threshold for differential expression.

(B) Gene set enrichment analysis (GSEA) was performed onmRNA sequencing data shown in (A) to identify pathways altered by deletion of HNF1A (HNF1AKO vs.

WT). Significant genesets in at least one cell line are shown. The effect of GOF in HNF1A on these pathways was examined by complementing HNF1A KO HUH7

cells withWT HNF1A and the GOF p.T196A variant (n = 3 per group), followed bymRNA sequencing, differential expression, and GSEA (HNF1A p.T196A vs. WT).

Downregulated pathways (negative normalized enrichment scores) are shaded yellow, and upregulated pathways are shaded blue. Size represents the -log10(p

value), and significantly enriched pathways (p < 0.05) are outlined in red.

(C) HNF1A was reintroduced via doxycycline-inducible transgenes into HNF1A KO hepatocyte cell lines and global gene expression was measured (TPM,

transcripts per million; n = 3 per group). In a dose-dependent fashion, HNF1A regulates genes involved in oxidative stress and lipid regulation pathways. Sig-

nificance levels from regressing TPM on HNF1A levels are shown for each gene and cell type if significant (***p < 10�6, **p < 10�3, *p < 0.05, linear model). GGT1,

gamma glutamyltransferase 1; PCSK9, proprotein convertase subtilisin/kexin type 9; APOA1, apolipoprotein A1; APOB, apolipoprotein B.
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downregulated multiple lipid metabolism pathways including

‘‘fatty acid metabolism’’ (MsigDB: M5935), ‘‘cholesterol homeo-

stasis’’ (MsigDB: M5892), and ‘‘bile acid metabolism’’ (MsigDB:

5948), consistent with previous findings from murine Hnf1a LOF

models.9 Additionally, pathways for ‘‘coagulation’’ (MsigDB:

M5946) and ‘‘complement’’ (MsigDB: M5921) were also signifi-

cantly downregulated in the absence of HNF1A, and a more

refined examination of subpathways underlying these further

showed a downregulation in ‘‘platelet activation’’ (MsigDB:

M10857) and ‘‘wound healing’’ (MsigDB: M12074).
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To evaluate global transcriptional changes from HNF1A GOF

variants, we assessed the global transcriptional effects of ex-

pressing HNF1A WT and the most commonly found human

GOF variant HNF1A p.T196A (Figure 2B). We performed short-

term complementation experiments, expressing HNF1A WT

and p.T196A in HNF1A-null HUH7 cells for 18 h from in-vitro-

transcribed mRNA at levels similar to endogenous HNF1A in

WT HUH7 cells (Figure S7). GSEA of genes differentially ex-

pressed between the HNF1A WT- and p.T196A variant-comple-

mented cells (Table S9) showed that relative to WT, the p.T196A
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variant more strongly upregulated several of the lipidmetabolism

and coagulation/complement activation pathways that were

downregulated in HNF1A KO cells (Figure 4B; Table S8), sup-

porting a molecular mechanism of GOF that spans multiple tran-

scriptional pathways.

To validate specific effector genes that could explain the

observed inflammatory, oxidative stress, and atherogenic serum

lipoprotein gene expression profiles in HNF1A variant carriers,

we performed independent experiments evaluating HNF1A:ef-

fector gene dose responsiveness. Doxycycline-inducible

HNF1A transgenes were introduced into HNF1A-null cells and

exposed to varying doses of doxycycline to evaluate HNF1A:

gene dose-response curves, quantified by regressing gene tran-

scripts per million (TPM) onto HNF1A dose (Figure 4C). The most

straightforward example was for serum GGT, a marker of oxida-

tive stress,57 which is hepatically secreted and positively regu-

lated by HNF1A (GGT1 p < 10�3, linear model, HUH7; Figure 4C)

and whose serum values are positively correlated with geneti-

cally mediated increases in HNF1A function/liver-specific gene

expression (Figures 3C and 3D). Effector genes that could ac-

count for the serum lipoprotein profile associated with GOF in

HNF1A and showed dose response included the LDL receptor

recycling regulator proprotein convertase subtilisin/kexin type

958 (PCSK9 p < 10�6, linear model, HUH7) and ApoA1, the major

lipoprotein component of HDL (APOA1 p < 10�6, linear model,

Hep3B). Conversely, a negative HNF1A:gene expression dose

response was observed for ApoB, the major lipoprotein compo-

nent of LDL (APOB p < 10�3, linear model; HUH7), suggesting

that the positive correlation observed between serum ApoB

levels with genetically mediated increases in HNF1A function/

expression (Figures 3C and 3D) is not a hepatocyte cell-autono-

mous effect of HNF1A.

To corroborate direct transcriptional regulation of these genes

by HNF1A, we identified HNF1A consensus bindingmotifs within

a 5 kb genomic window of the transcription start sites (TSSs) and

overlaid these with HNF1A ChIP-seq data from HepG2 cells

made available through the ENCODE project.59 The PCSK9

and GGT1 loci showed ChIP-seq peaks coincident with high-

scoring HNF1A consensus motifs near the TSS (Table S10),

strongly supporting direct transcriptional regulation. The

APOA1 and APOB loci showed more modest evidence of direct

regulation having only ChIP-seq peaks near the TSS but lacking

HNF1A consensus motifs.

DISCUSSION

In this study, we combine massively parallel functional charac-

terization and saturation mutagenesis with genetic and clinical

data from almost 600,000 individuals to evaluate a full allelic se-

ries of protein-coding variants in HNF1A and their impact on hu-

man health. By correlating variant, cellular function, and clinical

phenotype in thousands of individuals, we find that the general

human population contains carriers of GOF variants that in-

crease the transcriptional activity of HNF1A by 30%–50%. These

GOF variants have both beneficial and pathological clinical con-

sequences in the people who carry them through pleiotropic ac-

tions in the pancreas and liver, respectively. While GOF variants

confer a �30% decrease in T2D risk they, likely through liver-
specific transcriptional effects, promote an atherogenic lipid

profile (increased serum ApoB/LDL and decreased ApoA-I/

HDL). Lastly, we demonstrate that the hepatic transcriptional

regulation of key effector genes by HNF1A, including APOA1,

ANGPTL3, and PCSK9, mediates at least part of the pro-athero-

genic lipid profile observed in GOF variant carriers.

Here, we present a description of function-increasing genetic

variants in HNF1A and their presence in the human population,

an unexpected finding given that thousands of individuals have

undergoneHNF1A gene sequencing and dozens of protein-cod-

ing variants have been functionally characterized over the past

two decades.60,61 We note that in contrast to LOF variants,

GOF HNF1A variants showed no evidence of being under evolu-

tionary constraint (Figure S3) and thus would escape discovery

by computational prediction programs28,29 that rely on evolu-

tionary conservation, highlighting the importance of taking an

experimental approach to pathogenicity prediction at clinically

important genes. In retrospect, some variants we have demon-

strated as GOF have been previously identified and experimen-

tally tested showing transactivation signals greater than WT38

but due to inconsistent results across different experiments or

labs were labeled WT-like. For example, the p.T196A variant

showed activity greater than WT in transformed COS-7 monkey

fibroblasts but not in mouse insulinoma cells,38 whereas in a

recent study,62 p.P291Q and p.T196A showed increased tran-

scriptional activity over WT in both HeLa and rat insulinoma cells

but at only one of two expert labs testing the same variants. In

our own experiments, we were able to most clearly resolve var-

iants with function greater than WT in cell systems without

endogenous HNF1A (HUH7 KO and HeLa cells; Figure 2C) using

the standard transactivation assays, but the signal was more

challenging to identify in MIN6 cells with a high level of basal

HNF1A activity (Figure 2D). The variable function of GOF variants

in MIN6 cells could also be attributed to differences in HNF1A

function in human hepatocytes (in which GOF was called) vs.

the mouse beta cells from which MIN6 are derived. Moreover,

such GOF variants, by virtue of conferring protection from dia-

betes, were less likely to be identified in previous studies that

selected diabetic individuals for sequencing. By functionally

characterizing all possible missense variants in a single experi-

ment, our study revealed the full spectrum of possible functional

variation including both loss and gain. We further benefited from

ascertainment of HNF1A variants in the UK Biobank, a general

population-based cohort not enriched for diabetes and therefore

not depleted of GOF HNF1A variant carriers. In the context of

another recent study that identified GOF variant carriers in

MC4R in the UK Biobank,63 our study highlights the potential

for discovering novel genetic mechanisms of disease by con-

ducting large scale functional variant characterization and clin-

ical correlation in population-based cohorts.

Through the identification of a full allelic series of HNF1A var-

iants, our study advances previously reported genetic associa-

tions between HNF1A, clinical biomarkers and T2D42 by

providing tissue-specific, mechanistic insights and unexpected

directional relationships. In the general population our data sup-

port that GOF in HNF1A reduces T2D risk and glycemia through

enhanced beta cell function, which complements the

mechanisms by which LOF HNF1A variants are known to cause
Cell Genomics 3, 100339, July 12, 2023 9
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Figure 5. Graphical summary of proposed mechanism through which GOF in HNF1A decreases diabetes risk through pancreas-specific

mechanisms but increases the hepatic secretion of atherogenic risk factors

Carriers of GOF variants in HNF1A have reduced T2D risk and HbA1c through enhanced beta cell function but have increases in CRP andGGT and present a pro-

atherogenic profile (suppression of ApoA-I/HDL levels and increased hepatic secretion of ANGPTL3 and ApoB/LDL levels through increased transcription of

PCSK9). Red arrows indicate metabolically harmful outcomes, and blue arrows represent metabolically beneficial outcomes. GOF, gain of function; CRP,

C-reactive protein; GGT, gamma-glutamyl transferase; ApoA-I, apolipoprotein A-I; HDL, high-density lipoprotein cholesterol; ANGPTL3, angiopoietin like 3; TG,

triglycerides; PCSK9, proprotein convertase subtilisin/kexin type 9; ApoB, apolipoprotein B; LDL, low-density lipoprotein cholesterol; HbA1c, glycated hemo-

globin.
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T2D/MODY3.3,36 In the liver, however, we find that GOF in

HNF1A is metabolically pathogenic, causing increases in hepati-

cally derived lipoprotein risk factors, which have been shown

causal for CAD as well as increases in correlative, if not directly

causal, factors such as hsCRP and GGT.16,17,46,64,65 Despite a

significant decrease in diabetes risk in GOF variant carriers, we

found no signal for protection from CAD risk in GOF variant car-

riers and propose that the increase in hepatic pro-atherogenic

factors is counterbalanced by the decrease in T2D risk (Figure 5).

Furthermore, the identified genetic associations betweenGOF in

HNF1A, T2D, and atherogenic lipoproteins remained robust

upon correction for common HNF1A protein-coding variants as

well as the heritable component of hepatic HNF1A gene expres-

sion (Table S6). An important medical implication of these find-

ings is that HNF1A ‘‘replacement’’ gene therapy for patients

with HNF1A MODY, which is technically feasible through

mRNA therapeutics,66 should be approached with caution, as

hepatic increases in HNF1A would be clinically undesirable.

On the other hand, liver-specific inhibition of HNF1A could be

therapeutically attractive. At the molecular level, our data sug-

gest that the suppression of ApoA-I/HDL levels by HNF1A is

likely cell autonomous, as it occurred in cultured hepatocytes.
10 Cell Genomics 3, 100339, July 12, 2023
Similarly, we find that HNF1A and GOF-causing variants in-

crease hepatocyte secretion of ANGPTL3 (Figure 2E), an

emerging cardiovascular risk factor that inhibits endothelial

lipase resulting in decreased clearance of triglyceride-rich lipo-

proteins.67 Although we did not find significantly increased

serum triglyceride levels in HNF1A GOF variant carriers (Fig-

ure 3C), ANGPTL3 has been proposed to promote atheroscle-

rosis independent of triglycerides by increasing inflammation

and angiogenesis and inhibiting reverse cholesterol transport.68

Additionally, we propose that the increase in serum LDL choles-

terol in carriers of rare HNF1A GOF variants is at least partially

mediated by a direct transcriptional activation by HNF1A of

PCSK9 (Figures 4 and 5), a hepatic protease that regulates he-

patic uptake of LDL69,70 and is a pharmacological target for

lipid-lowering therapies.71–73 The lack of an HNF1A motif at the

APOB promoter as well as the lack of positive HNF1A-APOB

dose:response (Figure 4C) in cultured hepatocytes suggests

the increase in serum ApoB levels from genetically mediated in-

crease in HNF1A function/expression is indirect and is driven

predominantly by increased serum LDL persistence from

reduced LDLR recycling that would be caused by increasing

PCSK9 transcription74 (Figure 5). Concordantly, prior studies
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have found that liver-specific HNF1A inhibition decreases

PCSK9 levels, increases LDLR persistence, and results in

decreased serum total and LDL cholesterol.75,76 Intriguingly a

recent phase 1 trial of a non-statin lipid-lowering compound

was demonstrated to prevent the dimerization and transactiva-

tion of HNF1A at its transcriptional targets, ANGPTL3 and

PCSK9, resulting in lowered serum triglycerides and LDL choles-

terol, respectively.77 Our study predicts that GOF variant carriers

in HNF1A would be highly responsive to this novel lipid-lowering

compound. Furthermore, by virtue of having increased PCSK9

expression, HNF1A GOF carriers would also define a subpopu-

lation that may respond to PCSK9 inhibitors more favorably for

LDL reduction than conventional statin medications, which are

known to increase levels of PCSK9.78

In summary, we find that �1:300 (Table S4) individuals in the

general population carry GOF variants in HNF1A that are not

identifiable by computational prediction tools and pleiotropically

decrease diabetes risk while increasing hepatic secretion of

atherogenic lipids. In an era of rapidly deployable gene ther-

apy,79 understanding the clinical consequences of increasing

or decreasing gene function in humans bottlenecks therapeutic

development. As biobanks continue to grow in size and pheno-

typic complexity, this study demonstrates the utility of compre-

hensive functional characterization to distill novel mechanisms

of disease and identify adverse effects prior to undertaking

drug development and putting clinical trial participants at risk.

Limitations of the study
Limitations of our study include the precision of HNF1A func-

tion scores generated in our massively parallel assay and the

cell models utilized to elucidate molecular mechanisms. Specif-

ically, the use of TM4SF4 as the readout for HNF1A function

would not capture the complexity of HNF1A transactivation

functions across all of its targets. While our observation of a

class of amino acid substitutions that increase the transcrip-

tional activity of HNF1A (Figures 1D and 2A) is strongly sup-

ported by experimental validation in multiple independent ex-

periments (Figures 2C–2E and 4B), the precise level of

increase in function conferred by any particular variant contains

biological (different cellular contexts) and experimental (per-

formed in different labs) uncertainties that limit their interpreta-

tion. For example, the top-scoring GOF variant p.P291Q (Fig-

ure 2A) replicated in HeLa cells (Figure 2C) but did not show

increase over WT in MIN6 cells (Figure 2D) or ANGPTL3 secre-

tion (Figure 2E) assays. Conversely, p.T196A was the lowest

scoring of the selected GOF variants but showed higher func-

tion than other variants in subsequent assays. Thus, we would

caution against utilizing these function scores directly to pro-

vide an individualized risk estimate to a person carrying a pro-

tein-coding HNF1A variant. If used as a standalone classifier for

GOF/LOF, our function scores would meet the 90% probability

standard for clinical variant interpretation80 for only 43 variants

(Table S2). Additionally, due to the design of our deep muta-

tional scan, effects of splice variants are not detectable, and

functional interpretation of such variants should be approached

with caution. Furthermore, our mechanistic evaluation in multi-

ple human hepatocyte cell lines could miss important regulato-

ry mechanisms due to the limitations of in vitro cell culture
models. For example, our cellular data did not identify direct

regulation of CRP by HNF1A as it is poorly expressed and lacks

evidence for binding in the publicly available HNF1A ChIP

sequencing (ChIP-seq) data59 (Table S10), but previous investi-

gators have reported HNF1A binding at the CRP promoter,81–83

supporting a direct regulation.
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Critical commercial assays

QIAamp DNA Mini Kit Qiagen Cat#51304

Nextera XT DNA Library Prep Illumina Cat#FC-131-1096
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Deposited data

HNF1A function scores This paper (Table S2) https://medschool.ucsd.edu/som/
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research/labs/majithia/data/

Pages/default.aspx

Experimental models: Cell lines

HUH7 JCRB JCRB0403

Hep3B ATCC HB-8064

Oligonucleotides

HNF1A KO sgRNA

(CTGTCCCAACACCTCAACAA)

This paper N/A

Primers and sequences

for functional testing, see Table S11

This paper N/A

Software and algorithms

ORFcall Majithia et al.20 https://github.com/tedsharpe/ORFCall

R statistical software v3.5.1 N/A http://www.R-project.org/

lme4 v1.1-17, lmerTest v3.1-2 N/A https://github.com/lme4/lme4

SnpEff v4.3 Cingolani et al.84 https://pcingola.github.io/SnpEff/se_introduction/
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fGSEA v1.8.0 Subramanian et al.55;

Mootha et al.56
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Lead contact
Further information and requests should be directed to and will be fulfilled by the lead contact, Amit Majithia (amajithia@ucsd.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d Function scores for HNF1Amissense variants found in Table S2 can be queried interactively via our custom data portal found at

https://medschool.ucsd.edu/som/medicine/divisions/endocrinology/research/labs/majithia/data/Pages/default.aspx. All UK

Biobank data used in this study are accessible through application to UK Biobank.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell line generation
HUH7 and Hep3B cells were cultured in DMEM (Life Technologies #11995065) supplemented with 10% FBS (Sigma #F2442) and

L-Glutamine and antibiotics (Omega PG-30). Polyclonal HNF1A-null cells were generated by introducing the endonuclease Cas9

and sgRNA (CTGTCCCAACACCTCAACAA) targeting exon 2 of human HNF1A into cells by lentiviral transduction as we have previ-

ously described.20

UK Biobank cohort
The UK Biobank is a prospective cohort study with genotypic and phenotypic data that enrolled approximately 500,000 individuals

aged 40–69 from across the United Kingdom.32 The UK Biobank study was approved by the Research Ethics Committee and

informed consent was obtained from all participants. Analysis of UK Biobank data was conducted under application numbers

51436 and 26041.

METHOD DETAILS

Synthesis of all possible HNF1A amino acid variants
Human HNF1A cDNA (CCDS9209.1) was recoded by selecting alternative codons to eliminate the CRISPR/CAS9 binding site and

optimize expression (Table S11). This cDNA corresponds to the longest amino acid coding sequence of HNF1A expressed in the liver

and also the most abundant.50 Constructs encoding all 19 alternative amino acids at each position were synthesized (Twist Biosci-

ence, Table S1). An additional 613 constructs encoding synonymous variants spread across the coding sequence were also synthe-

sized and included. The HNF1A construct library described above was cloned into a lenti-viral expression vector by simple restriction

cloning, sequence verified for quality and completeness (Figure S2), and transfected into a packaging cell line to produce pooled

lenti-virus.20

Pooled experimental assay of 11,970 HNF1A variants
The lentiviral library of HNF1A amino acid variants was introduced into HUH7 HNF1A-null cells under a doxycycline responsive pro-

moter to enable controlled protein expression.87 To minimize doubly infected cells, 1.23 107 viral particles were combined with 43

107 cells after which uninfected cells were eliminated by selection with 4 mg/mL puromycin. At least 107 cells were infected to ensure

that each HNF1A variant was independently represented in 1000 cells. The resulting polyclonal population of HUH7 hepatocytes

(each cell containing a different HNF1A variant) was stimulated with doxycycline (5 mg/mL) for 6 days and then immuno-stained

for TM4SF4 (R&D systems FAB7998A). Stained cells were sorted using FACS (FACS Aria II and BD Influx) into two equal bins:

high expression and low expression bins based on TM4SF4 expression with a 10-fold expression intensity difference between

each bin (Figure 1A). Control experiments with HNF1A-null and WT cells were performed to identify the TM4SF4 expression distri-

butions of cells with and without HNF1A (Figure 1A dashed red and dashed green lines and Figure S1). These distributions helped to

establish TM4SF4 expression cutoffs for the FACS sorting. Three independent sorting experiments were performed, sorting

�500,000 cells per bin per replicate. To re-identify and quantitate the HNF1A variants in the TM4SF4 ‘high’ and ‘low’ bins, genomic

DNA (gDNA) was extracted (Qiagen #51304) from each sample of 500,000 cells and the integrated proviral HNF1A transgenes recov-

ered by PCR. Each sample of purified gDNAwas split into 14 separate 100 mL PCR reactions (�400ng gDNA per reaction) and ampli-

fied using Herculase II (Agilent #600675) according to the manufacturer protocol using a Tm of 57�C (see Table S11 for primer se-

quences). All 14 PCR reactions per sample were pooled together, and the transgenes were purified (Qiagen #28104) and

prepared for sequencing (Illumina Nextera #FC-131-1096) according to the manufacturer’s protocol. The six samples were pooled

and sequenced to obtain approximately 350 million paired-end 100-base reads (Illumina NovaSeq) resulting in a 12x base coverage

assuming a target size of 6 3 109 bp (2000 bp transgene x 12,000 variants x 250 observations per variant). Raw sequencing reads

were aligned to the reference HNF1A recoded cDNA sequence (Table S11) using ORFCall (https://github.com/tedsharpe/ORFCall)20

and the number of occurrences of each amino acid at each position along the coding region were counted and tabulated.

Calculation of function scores
We constructed a likelihood function based on the log odds of an amino acid variant being in the fraction with high or low TM4SF4.

The log odds for each amino acid variant was estimated by maximizing a likelihood function based on the observed counts of each

amino acid variant in the fractions with high and low TM4SF4 normalized to the total read depth at that amino acid position. Data were

combined across experimental replicates. To avoid spuriously high or low log-odds estimates for any given variant, we constrained

the log-odds estimate with a Gaussian prior whose parameters were estimated from data combined across all variants. These pro-

cedures were analogous to those we have previously described.20 Variants which had total counts across all replicates and bins less

than the known low count variants from the original library design were not assigned a function score (125 variants). A mutation toler-

ance scorewas calculated for each of the 631 amino acid positions alongHNF1A by taking themean of all assigned function scores at

that position.
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To calculate the posterior error probability (PEP) that any particular variant was not neutral, we computed the probability that it

belonged to the synonymous function score distribution instead of the nonsynonymous distribution using the formula

PEP_nonWT = Psynonymous/(Psynonymous + Pnonsynonymous).
31 The probability density functions for Psynonymous and Pnonsynonymous

were generated by linearly interpolating the distribution of function scores (‘‘combined_function_score’’ Table S2) for synonymous

and nonsynonymous variants using an interpolation function as instantiated in R v3.5.1.

Genetic data
For all exome sequenced cohorts, variants within the genomic coordinates of HNF1A (chr12:120,977,683-121,002,512, GRCh38)

were extracted, and variant annotation was performed using SnpEff v4.3.84 Nomenclature used for missense variants is for the ca-

nonical HNF1A transcript ENST00000257555.10; protein ENSP00000257555.4. Disruptive variants (i.e. splice region variants, stop

gained variants, or frameshift variants) were assigned the function score equal to the lowest known pathogenic variant functional

score, homozygous carriers of rare HNF1A protein-coding variants (n = 5) were removed from all analyses, and compound hetero-

zygotes (n = 39) were included twice as single variant carriers.

Metabolic biomarkers and clinical phenotypes
Clinical measurements from all 502,489 UK Biobank participants were log transformed, if not normally distributed (Table S5) and re-

sidualized adjusting for age, age2 and sex, then normalized using a rank based inverse normal transformation.88 Diabetes mellitus

designation was based on a compilation of self-report or ICD-10 codes of E11 in hospitalization or primary care records.89,90

Functional validation of GOF HNF1A variants
Each GOF variant selected for validation (Figure 2A) was recreated as a transgene based on the native sequence of the cDNA

(CCDS9209.1) with the exact human carrier nucleotide change observed in the UK Biobank (Table S11). The constructed variants

were tested for transactivation potential in HeLa cells as we have previously published37 using the rat albumin promoter. All trans-

activation experiments included three parallels performed on three independent experimental days (nine readings in total).

Transcriptional activity of the HNF1A GOF variants was also tested in MIN6 cells using the HNF4aP2 promoter.38 Cells were co-

transfected with a DNA mixture consisting of 10 ng of pGL-Luc and pGL4.75, and 10 ng of variant or WT HNF1A. The level of the

transcription factor activity was evaluated by measuring firefly luciferase activity relative to renilla luciferase activity using the Dual

Luciferase Assay System (Promega #E1500), as described by the manufacturer.

Assessment of ANGPTL3 levels in cultured hepatocytes
HNF1A constructs (WT, p.T260M, and p.P447L) were introduced into WT and HNF1A KO human HUH7 cells by lentiviral induction

under a doxycycline responsive promoter as above. Cells were stimulated with doxycycline (0, 0.5, 1, 5 mg/mL) for 5 days. Following

doxycycline incubation, the spent media was collected for ANGPTL3 ELISA analysis (R&D Systems #DANL 30) and the cells for pro-

tein quantification (RIPA buffer + protease inhibitor) according to the manufacturer’s protocol. GOF variant constructs were trans-

fected into HUH7 hepatocytes using TransIT-LT1 transfection reagent (Mirus Bio), puromycin selection was performed to remove

untransfected cells, and cells were incubated in fresh media for 24 h before harvest for ELISA and protein quantification as described

above.

Functional genomic analysis of HNF1A deleted hepatocytes and complementation with GOF variants
HNF1A-null HUH7 and Hep3b cells were generated as described above, and WT HNF1A was reintroduced using a doxycycline-

inducible promoter (0, 2, 5 mg/mL) in triplicate. mRNA was extracted (Qiagen #74104) and sequenced (Illumina TruSeq) according

to the manufacturers’ protocol to a depth of at least 30 million reads per sample. Raw reads were aligned using Kallisto

(v0.44.0)85 with default parameters to generate gene counts per cell. DESeq2 (R v3.5.1, package v1.22.1)86 was used to perform dif-

ferential expression analysis with effect sizes and p values obtained from the Wald test as instantiated within DESeq2. Gene set

enrichment analysis (GSEA)55,56 was conducted using the fgsea package with 10000 permutations (package v1.8.091) utilizing Hall-

mark gene sets92 and Gene Ontology biological process gene sets93,94 related to significantly enriched Hallmark gene sets (choles-

terol homeostasis, fatty acid metabolism, bile acid metabolism, coagulation, and complement activation). Significance was deter-

mined by a two-sided enrichment p value with Benjamini–Hochberg correction for multiple hypotheses as instantiated within the

fgsea software package.

Complementation of HNF1A-null HUH7 cells with mRNA encoding WT HNF1A or the GOF p.T196A variant was essentially per-

formed as described before,95 with modifications. Briefly, cDNA constructs were amplified from the expression plasmids described

above with primers that introduce a T7 promoter and AG as the first two transcribed nucleotides and that add a 179-nt-long poly(A)

tail to the 30 end. PCR products were phenol/chloroform-extracted and in vitro-transcribed with T7 RNA Polymerase HiScribe Mix

(NEB E2040S), CleanCap Reagent AG (Tri-Link N-7113) and 5-methoxyuridine triphosphate instead of UTP for 2 h at 37�C to

generate capped, polyadenylated mRNA. IVT mRNA was precipitated with 2.5 M LiCl final, washed twice with 80% EtOH and dis-

solved in water. For each construct, 106 HNF1A-null HUH7 cells were electroporated with 2 mg mRNA in 100 mL Buffer R with four

10-millisecond pulses at 1230 V using a Neon Transfection System (ThermoFisher MPK10025). Cells were cultured for 18 h in 5 mL

medium in 60 mm plates, and mRNA was extracted (Zymo R1050), sequenced (Illumina Stranded mRNA), and gene expression
e3 Cell Genomics 3, 100339, July 12, 2023
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analyzed as above. Expression of HNF1A was verified by Western blot, and EGFP mRNA was used as electroporation control. Dif-

ferential expression analysis between HNF1A-null HUH7 complemented with EGFP andWT HNF1A showed a profile of differentially

expressed genes similar to HNF1A-null vs. HNF1A WT cells (top genes in both experiments included FGB, FABP1, PCSK9, and

ANGPTL3; Tables S7 and S9).

HNF1A binding motifs were scored using JASPAR96 consensus matrix sequence matches 5000 bp before and after the genomic

coordinates of the transcriptional start site for each gene of interest. HNF1A HepG2 ChIP-seq bigWig signal p value and IDR ranked

peaks result files from both replicates were downloaded from ENCODE experiment ENCSR633HRJ.97

QUANTIFICATION AND STATISTICAL ANALYSIS

Genotype-function-phenotype association analyses
To examine the association between the full continuum of HNF1A function score and diabetes status in the UK Biobank, we per-

formed logistic mixed effects regression (lme4 v1.1-17, lmerTest v3.1-2) with variant identity as a random effect in order to account

for multiple carriers of the same variant, adjusting for age, age,2 sex, and the first 10 genetic principal components of ancestry

(computed by UK Biobank for multi-ancestry analyses (Field 22009) and computed for European ancestry participants as previously

described89). To account for related individuals, in the full multi-ancestry analysis we randomly removed one participant if a pair of

them had a genetic relationship equal or closer than a second-degree relative, and in the European analysis, related individuals were

identified and excluded as per Deaton et al.98 To examine the association between functional categories (i.e. GOF/LOF) and diabetes

or CAD status in the UK Biobank, we performed logistic regression (glm function, R stats v3.5.1) adjusting for covariates previously

mentioned. To test the effect of categorization threshold on T2D, GOF/LOF variants were re-categorized based on increasingly strin-

gent cutoffs defined according to the spread of synonymous variant distributions (+/� 1SD, 1.25, 1.5, 1.75, 2) and the effect on T2D

risk in HNF1A protein-coding variant carriers in the UK Biobank was recomputed for each recategorization threshold as above. To

assess the effect of common HNF1A protein-coding variation on the identified associations with T2D, we first identified all indepen-

dent HNF1A protein coding SNPs with MAF >0.01. Two such SNPs were identified, p.I27L (rs1169288) and p.A98V (rs1800574), and

incorporated as a covariates in the regressions of T2D on HNF1A function score/categorized HNF1A variants.

Analysis in the AMP-T2D-GENES study was conducted as previously described.43 Briefly, we conducted two burden tests – one

including gain of function variants and one including loss of function variants – using the EPACTS software package, regressing sam-

ple phenotype on genotype dosage. We conducted each test across all unrelated individuals pooled together and included principal

components of ancestry covariates (computed from common variants) as well as covariates for sample cohort of origin and

sequencing technology. The effect size and significance of the burden test was evaluated using the two-sided Firth logistic regres-

sion test. Meta-analysis for the UK Biobank and AMP-T2D cohorts was conducted using fixed-effect inverse-variance meta-analysis

as implemented by METAL.99

To test the association of rare HNF1A variants in the MIGen ExSeq dataset with the risk of coronary artery disease, a Firth logistic

regression was applied with sex and top 10 principal components of ancestry as covariates and cleaned to second-degree of rela-

tionship. The Firth logistic regression is a test robust to association testing in the context of low carrier counts or case-control imbal-

ance.100 For each person, the genetic score of the qualified rare variant carriers was coded as 1, and 0 otherwise. Meta-analysis for

the UK Biobank and MIGen ExSeq cohorts was conducted using fixed-effect inverse-variance meta-analysis as implemented by

METAL.99 Power calculations were performed using the Purcell et al.101 genetic power calculator with the following parameters:

high risk/marker allele frequency = cumulative GOF allele frequency = 0.002, a 5.4% prevalence of CAD in the UK Biobank, genotype

relative risk = GOF OR for T2D = 0.75, total number of CAD cases in MIGEN and UK Biobank = 49,666, D’ = 1, and control:cases

ratio = 9.44. Power is reported for a = 0.05.

Quantitative phenotype associations with function scores were performed within the UK Biobank using the normalized clinical

measurements described above and a linear mixed model with function score as a fixed effect, adjusting for 10 genetic principal

components of ancestry as described above, and with variant identity as a random effect in order to account for multiple carriers

of the same variant (lme4 v1.1-17, lmerTest v3.1-2).

To quantify liver specific HNF1A gene expression, the Functional Summary-based Imputation (FUSION) framework for generating

individual-level predicted gene expression51 was applied to UK Biobank genotyped individuals. First, to ensure that this analysis was

independent of our analysis of protein-coding variants, carriers of rare protein-coding HNF1A variants (n = 2,203) in the UK Biobank

were excluded. Next, all HNF1A (ENSG00000135100) expression reference weights computed in European liver RNA-sequenced

samples from the Genotype-Tissue Expression (GTEx) Project v8 were extracted from the FUSION archive (http://gusevlab.org/

projects/fusion/#gtex-v8-multi-tissue-expression) (n = 466 SNPs with precomputed expression weights, Table S12). These expres-

sion weights and their corresponding imputed genotypes in the UKBiobank European individuals (n = 407,227) were combined into a

predicted gene expression score for each individual by computing a linear combination across the HNF1A SNPs expression weights

and genotypes, then dividing by the number of non-missing SNPs as implemented in the Plink score utility.102 Phenotypes were

normalized as described above and regressed onto predicted HNF1A liver expression scores using a generalized linear model

(glm function, R stats v3.5.1) adjusting for 10 genetic principal components of ancestry. Regressions additionally included as a co-

variate individual level genotype of the common HNF1A variant rs1169288 (encoding p.I27L) which has previously been associated

with metabolic phenotypes15,103 and was significantly associated with the predicted HNF1A liver expression score (p < 2 3 10�16,
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linear model). To assess potential confounding of the HNF1A liver gene expression score with rare-variant phenotypic associations,

the models for T2D and quantitative trait regression on HNF1A function score were adjusted for each individual’s computed HNF1A

liver gene expression. This analysis was performed in the subset of UK Biobank European participants for whom liver eQTLs are

available.

P-values from the regression of categorical phenotypes against HNF1A category were adjusted for multiple comparisons using

Bonferroni correction for two categories (LOF and GOF), and all p values from the regression of quantitative traits against HNF1A

function score/liver expression score were adjusted using Bonferroni correction for six phenotype groups (C-reactive protein,

LDL/Apolipoprotein B, Cholesterol/Triglycerides, HDL/Apolipoprotein A, Gamma glutamyltransferase, and HbA1c).
e5 Cell Genomics 3, 100339, July 12, 2023
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Supplementary Figure 1. FACS sorting data for comprehensive functional testing of 11,970 HNF1A variants, 
Related to Figure 1
a) Forward scatter versus side scatter (FSC vs SSC) density plots describing cellular gating: the P1 gate eliminated cellular 
fragments and debris; the P2 and P3 gates eliminated cell doublets. b) Histograms of fluorescence intensity at 670 nm for 
HUH7 cell populations stained with APC-conjugated TM4SF4 antibody and unstained cells. 'Library' refers to HNF1A KO 
cells infected with the lentiviral plasmid library of 11,970 HNF1A variants. P4 and P5 show the gates for the TM4SF4 'low' 
and 'high' populations respectively c) Table showing the percentage of cells passing through gates shown in a) and b).
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Supplementary Figure 2. HNF1A variant library completeness and balance, Related to Figure 1
a) Sequencing of the synthesized HNF1A mutagenesis library. At each position along the HNF1A primary amino acid 
sequence the number of observed amino acids (out of 20 possible) is shown. Amino acid positions 221, 222, 605, and 606 
had low diversity. Overall the library was 99.1% percent complete, containing 11,858 of 11,970 possible variants. 
b) Observed counts of HNF1A protein-coding variants per amino acid position in the (left panel) original synthesized library 
and (right panel) counts recovered following introduction into hepatocytes following FACS sorting. c) Raw log two fold 
changes of HNF1A variants from TM4SF4high and TM4SF4low sorting bins across three independent sorting experiments. 
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Supplementary Figure 3. HNF1A LOF variants are more evolutionarily constrained compared to GOF and neutral 
variants, Related to Figure 1,2.
Genomic Evolutionary Rate Profiling (GERP) scores for HNF1A variants versus the deep mutational scan function scores. 
Unlike GOF and neutral variants, LOF variants were depleted of low GERP scores, indicating these variants have fewer 
substitutions than what is expected based on the neutral rate of evolution across the phylogeny and are thus more 
evolutionarily constrained. (**** p < 10-6, *** p < 2x10-3, Wilcoxon rank sum test)
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Supplementary Figure 4. HNF1A regulates the hepatic secretion of ANGPTL3, Related to Figure 2
a) Media from cultured WT and HNF1A deficient HUH7 hepatocytes was assessed for ANGPTL3 protein by ELISA 48 
hours post confluency (n=3 per group, **** p < 8.5 x 10-6, Student’s T-test). b) (top) Doxycycline-inducible WT and known 
LOF HNF1A mutant constructs were transduced into HNF1A deleted HUH7 hepatocytes and treated with doxycycline at the 
following concentrations: 0, 0.5, 1 and 5µg/mL (n=3 per group). ANGPTL3 secretion was measured in the media by ELISA 
normalized to total extracted protein. Both WT and mutant HNF1A transgenes express in a doxycycline dose dependent 
fashion, but the mutants fail to rescue ANGPTL3 secretion as WT(*** adjusted p < 1.0 x 10-7, Tukey pairwise multiple com-
parisons test). (bottom) The HNF1A band intensity was measured and plotted for each sample as a fraction of band intensity 
of endogenous GAPDH loading control.



Supplementary Figure 5: Sensitivity analysis of LOF/GOF thresholding on association with T2D, 
Related to Figure 3.
Association of LOF and GOF HNF1A variants with T2D in the UK Biobank at varying thresholds of variant categorization. 
Each value along the x-axis represents the standard deviation (SD) of the function score distribution of synonymous 
variants used to classify variants as LOF or GOF. Odds ratios and the 95% confidence interval for association with T2D 
are shown on the y-axis. The number of human carriers for LOF and GOF variants at each categorization threshold is 
indicated. All corresponding numerical values can be found in Supplementary Table 6.
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Supplementary Figure 6. Impact of HNF1A deletion on cholesterol metabolism, complement and coagulation 
pathways, Related to Figure 4 
Genes that were differentially expressed (adjusted p<0.05) following HNF1A deletion in human hepatocytes were overlaid 
on the a) KEGG cholesterol metabolism pathway (hsa04979) and b) KEGG complement and coagulation cascades 
(hsa04610), and colored according to their log2 fold change (down regulated = red, upregulated = blue). 
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Supplementary Figure 7. Western blot analysis for HNF1A variant protein expression levels, Related to 
Figure 4
(top) HNF1A immunoblot for HNF1A null HUH7 cells electroporated with WT, p.T196A, or eGFP mRNA as well as 
WT HUH7 cells. (bottom) The same samples were immunoblotted for GAPDH. The HNF1A null HUH7 cells 
electroporated with WT and p.T196A have HNF1A expression on par with WT HUH7 cells. 
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