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Rare coding variants



Back in 
2008…



Manolio et al, Nature 2009



Classes of genetic variation

family studies, and can be expected to vary across environments.
Narrow-sense heritability estimates in humans can be inflated if
family resemblance is influenced by non-additive genetic effects
(dominance and epistasis, or gene–gene interaction), shared familial
environments, and by correlations or interactions among genotypes
and environment36,37. However, heritabilities estimated from pedi-
gree studies in animals agree well with heritability estimated from
response to artificial selection, suggesting that estimates from family
studies are not necessarily inflated.

Teasing apart the contributions to heritability of environmental
factors shared among relatives will soon be possible because the
availability of genome-wide markers now provides empirical esti-
mates of identity-by-descent (IBD) allele sharing between pairs of rela-
tives. For example, full sibs share on average half their genetic com-
plement, but this proportion can vary—in one large study it ranged
from 0.37 to 0.62 (ref. 38). By relating phenotypic differences to the
observed IBD sharing fraction among sib pairs, marker data were used
to generate a heritability estimate of 0.8 for height38. This is remarkably
consistent with estimates using traditional methods but free of their
assumptions, suggesting that for height at least, heritability is not over-
estimated. Applying such estimation to distantly related or ‘unrelated’
individuals is now feasible using dense genomic scans39; given the num-
ber of people with dense genotyping data, heritability estimates could be
generated for a wide variety of traits free of potential confounding by
unmeasured shared environment.

Improving estimates of all contributors to heritability will facilitate
determination of the proportion of genetic variance that has been
explained. Despite imprecision in current estimates, it may still be
possible to know that ‘all the heritability’ has been explained by pre-
dicting phenotypes in a new set of individuals from trait-associated
markers, and correlating the predicted phenotypes with the actual
values. If the markers truly explain all the additive genetic variance,
the squared correlation between predicted and actual phenotype will
be equal to the heritability40. Population-based heritability estimates
thus provide a valuable metric for completeness of available genetic
risk information, but individualized disease prevention and treatment
will ultimately require identifying the variants accounting for risk in a
given individual rather than on a population basis.

Rare variants and unexplained heritability
Much of the speculation about missing heritability from GWAS has
focused on the possible contribution of variants of low minor allele
frequency (MAF), defined here as roughly 0.5% , MAF , 5%, or of
rare variants (MAF , 0.5%). Such variants are not sufficiently fre-
quent to be captured by current GWA genotyping arrays14,41, nor do
they carry sufficiently large effect sizes to be detected by classical
linkage analysis in family studies (Fig. 1). Once MAF falls below
0.5%, detection of associations becomes unlikely unless effect sizes
are very large, as in monogenic conditions. For modest effect sizes,
association testing may require composite tests of overall ‘mutational
load’, comparing frequencies of mutations of potentially similar
functional effect in cases and controls.

Low frequency variants could have substantial effect sizes (increas-
ing disease risk two- to threefold) without demonstrating clear
Mendelian segregation, and could contribute substantially to missing
heritability42. For example, 20 variants with risk allele frequency of 1%
and allelic odds ratio (or probability of an event occurring divided by
the probability of it not occurring, compared in people with versus
without the risk allele) of three would account for most familial
aggregation of type 2 diabetes. There are relatively few examples of
such variants contributing to complex traits, possibly owing to insuf-
ficiently large sample sizes or insufficiently comprehensive arrays.

The primary technology for the detection of rare SNPs is sequen-
cing, which may target regions of interest, or may examine the whole
genome. ‘Next-generation’ sequencing technologies, which process
millions of sequence reads in parallel, provide monumental increases
in speed and volume of generated data free of the cloning biases and

arduous sample preparation characteristic of capillary sequencing43.
Detection of associations with low frequency and rare variants will be
facilitated by the comprehensive catalogue of variants with
MAF $ 1% being generated by the 1,000 Genomes Project (http://
www.1000genomes.org/page.php), which will also identify many
variants at lower allele frequencies. The pilot effort of that program
has already identified more than 11 million new SNPs in initially low-
depth coverage of 172 individuals44.

Current mechanisms for using sequencing to identify rare variants
underlying or co-located with GWA-defined associations include
sequencing in genomic regions defined by strong and repeatedly repli-
cated associations with common variants, and sequencing a larger frac-
tion of the genome in people with extreme phenotypes. In the absence
of GWA-defined signals, sequencing candidate genes in subjects at the
extremes of a quantitative trait (such as lipid levels or the age at onset),
can identify other associated variants, both common and rare45,46. An
important finding from these studies is that much of the information is
provided by people at the extremes of trait distributions, who seem to be
more likely to carry loss-of-function alleles47.

Sample sizes used for the initial identification of DNA sequence
variants have generally been modest, and sample size requirements
increase essentially linearly with 1/MAF. Much larger samples are
needed for the identification of associations with variants than those
needed for the detection of the variants themselves. They also scale
roughly linearly with 1/MAF given a fixed odds ratio and fixed degree
of linkage disequilibrium with genotyped markers. Sample size for
association detection also scales approximately quadratically with
1/j(OR 2 1)j, and thus increases sharply as the odds ratio (OR)
declines. Sample size is even more strongly affected by small odds
ratios than by small MAF, so low frequency and rare variants will
need to have higher odds ratios to be detected.

Complicating matters further, numerous rare variants may be
detected in a gene or region but they may have disparate effects on
phenotype. Common variants have typically been analysed individu-
ally23,48, but with one or two carriers of each rare variant, pooling
them using specific criteria becomes attractive47,49,50. Pooling variants
of similar class increases the effective MAF of the class and reduces the
number of tests performed, but raises several other questions (Box 1).

Determining which of the multitude of variants carried by an
individual are responsible for a given phenotype represents a massive
task, especially if the causal alleles are relatively anonymous in terms
of known functional consequences. Because only a small proportion
will have obvious functional consequences for the resultant protein,
lesser evidence of association may suffice to implicate variants of this
sort. The best approaches for combining functional credibility and
statistical support in the evaluation of such variants remain to be
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Figure 1 | Feasibility of identifying genetic variants by risk allele frequency
and strength of genetic effect (odds ratio). Most emphasis and interest lies
in identifying associations with characteristics shown within diagonal dotted
lines. Adapted from ref. 42.
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GWAS: individual common variant associations



Rare variants: aggregate gene-level associations

Cirulli et al, Nature Communications, 2020



Bonnefond et al. Nature Genetics, 2012

Early successes from targeted sequencing



Early successes from targeted sequencing

Flannick et al. Nature Genetics, 2014

12 loss-of-function SLC30A8 mutations in 149,134 individuals 
Aggregate odds ratio: 0.34          p=1.7 x 10-6 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TRENDS in Endocrinology & Metabolism 

Figure 2. Schematic representation of the pancreatic b cell and the location of key components implicated by human genetics in diabetes pathogenesis. Solid arrows
indicate direct mechanisms of action and dotted arrows indicate mechanisms with intermediate events not displayed in the schematic. (A) Consensus model of glucose-
stimulated insulin secretion (GSIS), including several key proteins involved in Mendelian forms of diabetes. Proteins depicted: GCK (encoded by GCK), GLUT1/2/3 (SLC2A1/
2/3), insulin (INS), Kir6.2 (KCNJ11), SUR1 (ABCC8), and voltage-gated Ca2+ channels (CaVs), which represent both P/Q type and L-type channels ([71] for details). Briefly,
glucose enters the cell through one of the glucose transporters GLUT1/2/3 and is phosphorylated by GCK to form glucose-6-phosphate (G6P). In the mitochondria, aerobic
metabolism of glycolytic products results in the generation of ATP. Changes in the ATP:ADP ratio inactivates the ATP-sensitive potassium channel KATP, which consists of
four SUR1 and four Kir6.2 subunits. Closure of KATP in turn causes depolarization of the membrane opening voltage-gated Ca2+ channels. Finally, the influx of Ca2+ triggers
exocytosis of insulin granules. (B) Location and proposed role in b cell function of proteins encoded by genes discussed in this review. Proteins depicted: ANKRD15
(encoded by KANK1), CDK4/6 (CDK4 and CDK6), cyclin D2 (CCND2), KvLQT1 (KCNQ1), Mel-1B (MTNR1B), PAM (PAM), TBC1D30 (TBC1D30), ZnT-8 (SLC30A8), and the
transcription factors GATA-6 (GATA6), MNX1 (MNX1), Nkx-2.2 (NKX2-2), PDX-1 (PDX1), PTF1-p48 (PTF1A), and TCF4 (TCF7L2). See main text for details of individual genes.
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Are rare variants responsible for  
a significant fraction of disease heritability?
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under the weakly coupled model, rare variants explained <25% of 
heritability (Supplementary Fig. 15).

Prediction of results from future studies
Ongoing genetic studies of T2D are using new assay technologies such 
as (i) exome and whole-genome sequencing and (ii) genotyping via 
an exome array to study rare variants and those of intermediate fre-
quency in modest (thousands) and large (tens of thousands) samples, 
respectively. In coming years, it is predicted that sequencing will be 
performed in hundreds of thousands or even millions of people. It 
remains to be determined to what extent these ongoing and future 
studies will further constrain T2D genetic architecture.

We simulated high-coverage, whole-genome sequencing of 3,000 
and 10,000 individuals (sample sizes similar to those of studies 
actively being performed for T2D by the GoT2D and T2D-GENES 
consortia, respectively), as well as a study in which a large proportion 
of rare coding variants are genotyped using an ‘exome’ array in 20,000 

cases and 35,000 controls. In each study, we simulated single-variant 
association as well as gene-based association (Online Methods). To 
project studies that might be conducted in coming years, such as 
in the UK Biobank, we simulated complete genome sequencing of 
an unselected population cohort of 250,000 individuals (20,000 T2D 
cases and 230,000 controls).

We asked at what point disease models that are consistent with cur-
rently available data would diverge in future studies (Fig. 6). As exam-
ples, we focused on the two consistent models depicted in Figure 5c  
(moderately coupled) and Figure 5e (weakly coupled). For both mod-
els, whole-genome sequencing in 3,000 individuals would discover 
few signals not previously detected by GWAS. With 10,000 samples, 
the models diverged slightly: ~15 novel loci (representing ~6% of 
heritability) were predicted under the moderately coupled model, 
whereas ~5 loci (representing <1% of heritability) were predicted 
under the weakly coupled model. The most significant constraint, 
however, is predicted to come from large exome array studies: ~80 
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Figure 4 Genetic study results for T2D under different disease models. (a) Space of disease models tested, each varying in target size (vertical axis) 
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whether simulated results were too high or too low relative to empirical data (see Supplementary Fig. 17 for further detail). Dots in GWAS boxes  
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Agarwala, Flannick et al, Nature Genetics 2013
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Fuchsberger, Flannick, Teslovich, Mahajan, Gaulton, Agarwala et al, Nature 2016

Main finding: 
a polygenic, common variant model for T2D





Since 
then…

Flannick and Florez, Nature Reviews Genetics, 2016
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Civelek and Lusis, 2014

Problem: what are the genes?

• Usually only one 
(or a few) variants 
are causal 



Picture courtesy J. Engreitz

Grotz et al, Curr Diab Rep, 2017



Meanwhile, rare variants…

• When significant: direct links from disease to genes

• When variants inactivate protein: directional link with disease risk



More recent (45,000 sample) exome sequencing
• Three exome-wide significant gene-level associations

Flannick et al, Nature 2019



Explaining minimal heritability



But: many signals beyond
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Flannick et al, Nature 2019
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But: many signals beyond



Further support for this model



Beyond type 2 diabetes

• Study design: 
– Exome sequencing of 85,474 non-diabetic individuals

• UKBB exomes (n=40,151; 100% European)

• AMP-T2D exomes (n=45,323; 15.8% African American; 25.6% East 

Asian; 18.7% European; 18.0% Hispanic; and 22.2% South Asian)

– 24 quantitative traits

– Single variant analysis (mostly for common variants)

– Gene-level analysis (for rare variants)

Dornbos et al, Nature Genetics 2022
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HbA1C is commonly used in T2D diagnosis

Dornbos et al, Nature Genetics 2022
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Common variants and HbA1C

Wheeler et al. Nature Genetics, 2017

~150,000 
individuals


60 common 
variant 
associations

G6PD variant

11% of 
African-
Americans


0.81% 
reduction in 
HbA1c



Common variants and HbA1c

Wheeler et al. Nature Genetics, 2017

• Associations can be grouped into two classes
Associated 
with red blood 
cell traits

Associated 
with other 
glycemic traits



Different biological effects
• Glycemic associations, but not erythrocytic associations, predict 

future development of T2D

– ~2% of African-Americans could be misclassified due to G6PD variant

Wheeler et al. Nature Genetics, 2017
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HbA1C 6.4%

Evaluate via independent diagnosis

Carries variants  
with HbA1C effect -0.2%

How do these variants affect HbA1c diagnosis?



How do these variants affect HbA1c diagnosis?
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Expanding the model
• Significant associations in many sets of genes with known function 

on erythrocytic lifespan in mice

Dornbos et al, Nature Genetics 2022



Evidence for associations across many genes
• Compared to rare variants in genes involved in glycemia in mice, rare 

variants in erythrocytic genes are more likely to decrease HbA1c

Dornbos et al, Nature Genetics 2022



Putting this together in a polygenic score
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Filtering to true associations

Filtering to erythrocytic variants

Estimate variant effect size



Final model: 21,293 variants
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Model is highly polygenic
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Bonnefond et al, Nature Metabolism 2020

Many T2D patients carry pathogenic variants in MODY genes
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carried variants in the possibly pathogenic class. Although these fre-
quencies are a tenth of the rate observed in patients with MODY, they 
are at least an order of magnitude greater than the estimates of MODY 
prevalence in the general population22,58.

We asked whether these variant carriers had clinical features that 
are associated with MODY (Online Methods): diabetes diagnosis  
a25 years (proband or family members), lean (body mass index (BMI) 
<25) and family history of diabetes (at least two generations; typically 
early onset)13,20,59. One variant carrier in the JHS cohort and no car-
riers in the FHS cohort fit these criteria (although several noncarriers 
did; Online Methods). These results suggest that only a small minority 
of individuals carrying such mutations demonstrate clinical charac-
teristics that are consistent with MODY.

Despite not having signs of MODY, these variant carriers might 
nonetheless be at elevated risk for T2D or hyperglycemia. We  
calculated among these variant carriers the prevalence of diabetes 
(receiving medication for diabetes or fasting plasma glucose (FPG) 
levels >126 mg/dl) and impaired fasting glucose60 (IFG; FPG of  
100–126 mg/dl).

For carriers in the unselected cohorts, point estimates of risk 
for diabetes were not elevated relative to noncarriers (Fig. 2a and 
Supplementary Table 6). Carriers of low frequency nonsynonymous 
variants showed no trend toward increased risk (FHS, odds ratio  
(OR) = 1.1; JHS, OR = 0.9; P > 0.1), with HGMD MODY or putative 
pathogenic variants having similar effect size estimates. The major-
ity of variant carriers in these two classes (>90% of the FHS cohort 
and near 80% of the JHS cohort) did not develop diabetes, and only 
two of four carriers (50%) of variants in the most stringent putative 
pathogenic class developed diabetes (P = 0.049).

Furthermore, we did not observe a trend toward IFG in variant 
carriers (Fig. 2b and Supplementary Table 6), despite many of these 
individuals being middle aged (Supplementary Fig. 8) and subjected 
to long-term follow up14. Only 32% of HGMD MODY variant carriers 
and 31% of proposed pathogenic variant carriers had IFG or diabe-
tes (compared to ~35% of noncarriers). These results are consistent 

with previous reports showing a lack of association between PDX1 
variation and diabetes61, although they apply more broadly across all 
seven genes analyzed.

We performed several additional analyses to investigate the 
observed low penetrance of variants in the unselected cohorts. First, 
to further validate our bioinformatics criteria, we computed carrier 
frequencies in the extreme T2D cohort (Supplementary Tables 5 
and 7). Relative to the old obese controls, young lean cases with T2D 
carried a threefold excess of low frequency nonsynonymous variants 
(4.7% compared to 1.5%, OR = 3.2, P = 0.011) and an apparent excess 
of possibly pathogenic variants (four observations exclusive to cases,  
P = 0.04) or HGMD MODY variants (four case observations and 
one control observation). Absolute variant frequencies in the extreme 
cohort were not directly comparable to those in the unselected cohorts 
because of differences in ethnic composition. The relative frequen-
cies between cases and controls, however, validate the ability of the 
bioinformatics criteria to identify an enrichment of rare mutations in 
not only individuals with MODY but also those with T2D, provided 
that these individuals are preselected for phenotype rather than being 
drawn at random from the population.

We next investigated whether analyzing multiple genes at once 
might influence our results, as MODY clinical presentation varies 
with the gene affected and the observed mutation13,20. Whereas 64 
individuals carried possibly pathogenic or HGMD MODY variants 
in the four most commonly mutated MODY genes, only four carried 
variants in INS, PDX1 or NEUROD1. Thus, inclusion of these three 
additional genes had a minimal impact on our results (Supplementary 
Tables 8 and 9).

Next we analyzed variants specific to GCK, where mutations cause 
only mild and typically stable elevations in FPG (99–144 mg/dl 
compared to 72–108 mg/dl in normoglycemia)20,62. Although only 
two carriers of low frequency nonsynonymous GCK mutations 
met the criteria for diabetes, 67% (8/12) had FPG levels q99 mg/dl 
(compared to 35% of noncarriers, combined P = 0.054; Fig. 3a and 
Supplementary Table 10). Thus, individuals who carry GCK vari-
ants may display mild hyperglycemia. This result would need to be 
precisely communicated in the clinic, as GCK-MODY is typically 
treated by diet modification alone62 and does not show accelerated 
decline in beta-cell function63.

We then expanded the set of clinical readouts used in our analy-
sis of specific genes. For HNF1A variant carriers, we asked whether 
glucose tolerance is affected even if FPG remains within the  
euglycemic range, a possibility suggested because HNF1A-MODY  
can demonstrate elevated fasting 2-h blood glucose increments 
(q90 mg/dl) after an oral glucose tolerance test (OGTT)63,64, and 
the common HNF1A c.293C>T (p.Ala98Val) variant is associated  

Table 2 Variant counts in each of the seven sequenced genes
Gene Total HGMD Conserved Rare Damaging

GCK 13 3 9 9 4
HNF1A 27 12 17 19 11
HNF1B 17 4 12 9 6
HNF4A 23 6 12 20 6
INS 6 0 0 2 0
NEUROD1 11 0 8 9 3
PDX1 11 0 5 3 5
Total 108 25 63 71 35
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Figure 2 Phenotypic impact of variants in the 
unselected cohorts. (a,b) Shown are the fractions 
of variant carriers in the two unselected cohorts 
with diabetes (a) and IFG or diabetes (b). Separate 
fractions are given for each of the four defined 
variant classes, with the fraction of noncarriers 
with each phenotype shown as a reference. Error 
bars reflect 68% confidence intervals in the 
estimated fractions and were computed by the 
Clopper-Pearson method. The numbers of samples 
analyzed are listed in Supplementary Table 6. 
Fewer individuals had FPG measurements than 
diabetes measurements; thus, the number of 
analyzed individuals for these two phenotypes 
differs. Pos., possibly; put., putative.

Many damaging mutations in MODY genes are incompletely penetrant

Flannick, Beer et al, Nature Genetics 2013



Flannick et al, 2016

Rare and common forms of diabetes share genes
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The ProDiGY study of T2D in youth
• Incidence of ~3,700 cases/year and increasing, particularly ages 10-19

– 15% of new diabetes cases in whites, 46-86% in minorities

T1D

T2D



• SEARCH for Diabetes in Youth

– Longitudinal follow up to assess natural 

history and complication risk factors

– Active registry of youth diagnosed with 

diabetes at age < 20

• TODAY


– Clinical trial of ages 10-17 to compare 
treatment efficacy of Metformin vs 
Metformin+Lifestyle Intervention vs 
Metformin+Rosiglitazone 

– BMI above 85th percentile

• Both studies are multi-ethnic

Samples

Total Male Female

N 3,650 1,294 (35.4%) 2,356 (64.6%)

Current Age 15.2±3.0 15.1±3.1 15.4±2.8

Age at Onset 13.6±2.3 13.3±2.3 14.1±2.2

Ancestry Samples

African-American 1,491 (40.8%)

East-Asian 62 (1.7%)

European 757 (20.7%)

Hispanic 1,306 (35.9%)

NA 34 (0.9%)

Total 3,650



Analysis design

• Whole exome sequencing of 3,650 
youth-onset T2D cases


• Match to controls from AMP-T2D 
exomes 


– Total analysis of 3,005 cases and 9,777 
controls 


• Single variant analysis (mostly for 
common variants)


• Gene-level analysis (for rare variants)



Statistics are well-calibrated

Single variant results Gene-level results



Four exome-wide significant associations



Three exome-wide significant gene-level associations

• Additionally: 2.1% of cases carry a monogenic diabetes causing variant



Example association: HNF1A

M
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Total

MASK # Var CAF OR (95% CI) P

LofTee 6 0.00047 46.0 (1.76-1198) 9.55×10-5

16/16 6 0.00047 46.0 (1.76-1198) 9.55×10-5

11/11 21 0.0038 7.51 (3.92-14.4) 2.24×10-11

5/5 22 0.0039 6.77 (3.63-12.6) 7.59×10-11

5/5 + LofTee LC 1% 23 0.0040 7.01 (3.77-13.0) 2.41×10-11

5/5 + 1/5 1% 59 0.018 1.80 (1.41-2.31) 4.21×10-6

5/5 + 0/5 1% 63 0.019 1.82 (1.42-2.32) 2.70×10-6



Substantial enrichment in diabetes-relevant gene sets

• Gene sets defined by 
HPO terms

Three categories



Enrichments are due to many genes
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Tiers of candidate genes

• Tier 1: Exome-wide significant genes (MC4R, HNF1A, ATXN2L)


• Tier 2: among top 50 and causal for monogenic diabetes or T2D 
(GCK, SLC30A8, ABCC8, PAM)


• Tier 3: among the top 50 and in an enriched HPO gene set (RFX6, 
GHRL, HESX1, SIX3)


• Tier 4: p<0.05 and in a diabetes-relevant gene set (38 additional 
genes)



(relative to adult-onset T2D cases)

Both common and rare variants are enriched in ProDiGY



Both common and rare variants explain more heritability
(relative to adult-onset T2D cases)

Tier 1 Tier 2 Tier 3 Tier 4



Both common and rare variants explain more heritability
(relative to adult-onset T2D cases)

Tier 1 Tier 2 Tier 3 Tier 4



As a population, youth-onset T2D cases are 
enriched for all types of genetic risk factors

2.1% carry monogenic variants (MODY cases)

5.0-fold more rare variants than adult-onset cases

3.4-fold more common variants than adult-onset cases


skew towards common variants in absolute terms

skew towards rare variants relative to adult-onset T2D



What about individually?



Cases due to MODY mutations are phenotypically different



Start with cases “explained” by rare or common variants



• But, a substantial amount of heterogeneity across cases

No clear dividing line between cases due to rare vs. common variants



Cases due to rare vs. common variants are phenotypically different



Flannick et al, 2016

Model: allelic series are pervasive across genes and pathways



Rare disease Rare diseaseRare disease

Related complex disease

Model: allelic series are pervasive across genes and pathways



Monogenic DM LipodystrophyNeonatal DM

Youth-onset T2D

Adult-onset T2D

Model: allelic series are pervasive across genes and pathways



What’s next?
a b

=



Biological insights 
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TRENDS in Endocrinology & Metabolism 

Figure 2. Schematic representation of the pancreatic b cell and the location of key components implicated by human genetics in diabetes pathogenesis. Solid arrows
indicate direct mechanisms of action and dotted arrows indicate mechanisms with intermediate events not displayed in the schematic. (A) Consensus model of glucose-
stimulated insulin secretion (GSIS), including several key proteins involved in Mendelian forms of diabetes. Proteins depicted: GCK (encoded by GCK), GLUT1/2/3 (SLC2A1/
2/3), insulin (INS), Kir6.2 (KCNJ11), SUR1 (ABCC8), and voltage-gated Ca2+ channels (CaVs), which represent both P/Q type and L-type channels ([71] for details). Briefly,
glucose enters the cell through one of the glucose transporters GLUT1/2/3 and is phosphorylated by GCK to form glucose-6-phosphate (G6P). In the mitochondria, aerobic
metabolism of glycolytic products results in the generation of ATP. Changes in the ATP:ADP ratio inactivates the ATP-sensitive potassium channel KATP, which consists of
four SUR1 and four Kir6.2 subunits. Closure of KATP in turn causes depolarization of the membrane opening voltage-gated Ca2+ channels. Finally, the influx of Ca2+ triggers
exocytosis of insulin granules. (B) Location and proposed role in b cell function of proteins encoded by genes discussed in this review. Proteins depicted: ANKRD15
(encoded by KANK1), CDK4/6 (CDK4 and CDK6), cyclin D2 (CCND2), KvLQT1 (KCNQ1), Mel-1B (MTNR1B), PAM (PAM), TBC1D30 (TBC1D30), ZnT-8 (SLC30A8), and the
transcription factors GATA-6 (GATA6), MNX1 (MNX1), Nkx-2.2 (NKX2-2), PDX-1 (PDX1), PTF1-p48 (PTF1A), and TCF4 (TCF7L2). See main text for details of individual genes.
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Where will genetic associations lead us?

Associated locus

Forward genetics



Can we lead human genetics instead?

Genetics


Reverse genetics



Our organizing question
What does human genetic data tell us about a gene?

Genetics


^explicitly or implicitly





PTEN:  
rare p=0.048 

common p=0.007



Costanzo et al, Cell Metabolism, 2023
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3. Build ever more sophisticated models
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4. Extend beyond genes to pathways

McCarthy, Diabetologia, 2017 
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Udler et al, 2018
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We are always seeking collaborators 
and motivated new members! 

Contact flannick@broadinstitute.org or 
http://flannicklab.org
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