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ABSTRACT

Background: Functionally disruptive variants in the glucokinase gene (GCK) cause a form of mild non-progressive
hyperglycemia, which does not require pharmacological treatment. A substantial proportion of patients with
type 2 diabetes (T2D) carry GCK variants. We aimed to investigate whether carriers of rare GCK variants
diagnosed with T2D have a glycemic phenotype and treatment response consistent with GCK-diabetes.
Methods: Eight patients diagnosed with T2D from the Danish DD2 cohort who had previously undergone
sequencing of GCK participated. Clinical examinations at baseline included an oral glucose tolerance test and
continuous glucose monitoring. Carriers with a glycemic phenotype consistent with GCK-diabetes took part in a
three-month treatment withdrawal.

Results: Carriers of pathogenic and likely pathogenic variants had lower median fasting glucose and C-peptide
levels compared to carriers of variants of uncertain significance and benign variants (median fasting glucose: 7.3
(interquartile range: 0.4) mmol/1 vs. 9.5 (1.6) mmol/], p = 0.04; median fasting C-peptide 902 (85) pmol/1 vs.
1535 (295) pmol/l, p = 0.03). Four participants who discontinued metformin treatment and one diet-treated
participant were reevaluated after three months. There was no deterioration of HbAlc or fasting glucose (me-
dian baseline HbAlc: 49 (3) vs. 51 (6) mmol/mol after three months, p = 0.4; median baseline fasting glucose:
7.3 (0.4) mmol/1 vs. 7.0 (0.6) mmol/] after three months, p = 0.5). Participants did not consistently fulfill best
practice guidelines for GCK screening nor clinical criteria for monogenic diabetes.

Discussion: Carriers of pathogenic or likely pathogenic GCK variants identified by unselected screening in T2D
should be reported, as they have a glycemic phenotype and treatment response consistent with GCK-diabetes.
Variants of uncertain significance should be interpreted with care. Systematic genetic screening of patients with
common T2D receiving routine care can lead to the identification and precise care of patients with misclassified
GCK-diabetes who are not identifiable through common genetic screening criteria.

1. Introduction

maturity-onset diabetes of the young (MODY) type 2 or GCK-MODY is a
compelling example of the benefits of an accurate genetic diagnosis.

Identifying the subtype of monogenic diabetes caused by function- Loss-of-function variants in GCK cause a glucose-sensing defect with
ally disruptive variants in the glucokinase gene GCK also known as lifelong mildly and stably elevated plasma glucose values [1-3]. Fasting
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plasma glucose is elevated above normal levels in 98% of patients with
GCK-MODY, and plasma glucose increments during an oral glucose
tolerance test (OGTT) are usually <3 mmol/14, Glucose-lowering treat-
ment is not indicated in GCK-MODY as patients very rarely develop
diabetic complications [5,6] and glucose-lowering treatments do not
improve hyperglycemia [7,8]. Therefore, these patients are at risk of
overtreatment, including hypoglycemia, if the genetic cause of the dis-
ease is not diagnosed.

Best practice guidelines suggest screening for GCK variants in dia-
betes patients with persistent fasting hyperglycemia, stably and mildly
elevated glycated hemoglobin Alc (HbAlc) levels, and modest glucose
increments during an OGTT [9], while many referral criteria for genetic
testing rely on a “classic triad” of features consisting of 1) a young age at
diagnosis, 2) autosomal dominant inheritance, and 3) lack of dis-
tinguishing characteristics for other types of diabetes [10]. However, it
is estimated that almost 80% of monogenic diabetes cases do not have a
genetic diagnosis and are instead undiagnosed or classified as type 1
diabetes or type 2 diabetes (T2D) [11,12], and large case cohorts have
shown that a substantial number of patients diagnosed with clinical T2D
also carry potentially disease-causing variants in monogenic diabetes
genes [13-16]. In individuals diagnosed with T2D where a GCK variant
is identified by genetic screening, the following possibilities for the
impact of the variant on the phenotype must be considered. First, the
person could carry a functional GCK variant and be phenotypically
consistent with GCK-diabetes, and thus be misclassified as having T2D
when they in fact have monogenic diabetes and should be treated
accordingly. Second, the person could be an incidental carrier of a
benign GCK variant without relevance for the patient’s pathophysi-
ology, and the initial diagnosis of T2D would therefore be correct.
Finally, the person could be a carrier of a functional GCK variant while
also having other complicating pathophysiological features such as in-
sulin resistance and/or beta cell failure, which would lead to a pheno-
type inconsistent with GCK-diabetes. In this case, even if the person
could not be treated according to their genotype, the knowledge that
they carried a variant relevant to the pathophysiology could have im-
plications for monitoring, and screening in family members.

In this study, we aimed to characterize to what extent genetic ana-
lyses performed in the Danish DD2 cohort of patients with T2D could be
translated to clinical care.

2. Materials and methods
2.1. Study cohort and genetic characterization

Participants from the nationwide Danish DD2 cohort [17] of newly
diagnosed patients with T2D collected between 2010 and 2015 with
available DNA samples (n = 2855) underwent targeted sequencing using
a customized capture probe as previously described [18]. Variants were
annotated according to RefSeq NM_000162. Carriers of potentially
functional variants defined as nonsense, frame-shift, and missense var-
iants, and variants up to two nucleotides into intron/exon bounds with a
frequency < 0.1% in the Genome Aggregation Database [19] were
eligible to take part in the study. For variants in ClinVar, the ClinVar
classification was used, otherwise variants were manually classified as
pathogenic (P), likely pathogenic (LP), variant of uncertain significance
(VUS), likely benign (LB), or benign (B) according to the American
College of Medical Genetics Standards and Guidelines [16,20]. Char-
acteristics of carriers of P/LP variants at inclusion in DD2 have been
published previously [16]. Twenty-four variant carriers (0.8% of the
total cohort, see also Gjesing et al. [16]) were invited and eight partic-
ipated between March 2020 and October 2021 (see Fig. 1). Non-
participants were slightly older than participants (median participant
age 64 years, median non-participant age 73 years), and among those
that gave a reason for non-participation, the most commonly cited
reason was lack of interest and inconvenience.
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Fig. 1. Flow chart of patient inclusion. Of 2855 participants from the DD2
cohort, 24 were carriers of potentially functional GCK variants, defined as
nonsense, frame-shift, or missense variants, and variants up to two nucleotides
into intron/exon bounds with a frequency < 0.1% in GnomAD. Eight partici-
pants agreed to take part in a clinical examination, and five continued on to the
treatment discontinuation trial. B = benign variant carrier, FPG = fasting
plasma glucose, P/LP = pathogenic or likely pathogenic variant carrier, OGTT
= oral glucose tolerance test, PG = plasma glucose, VUS=Variant of Uncertain
Significance carrier. *One carrier of an LP variant was also a carrier of a VUS.

2.2. Clinical examination at baseline

Body weight, standing height, waist circumference (midpoint be-
tween iliac crest and lower rib), hip circumference, and seated blood
pressure were measured.

Participants self-reported age at diabetes diagnosis, use of any
medications, known presence of diabetic retinopathy or peripheral
neuropathy (yes/no if participant reported attending regular fundo-
scopy and podiatric assessment, unknown if participant did not report
regularly attending both), and family history of diabetes.

2.3. Biochemistry

HbA1c was measured in EDTA-stabilized full blood (Tosoh G8 HPLC
analyzer, Tosoh, Tokyo, Japan). Fasting plasma (p)-glucose, p-insulin, p-
C-peptide, p-total cholesterol, p-HDL-cholesterol, and p-triglycerides
were measured (Roche/Hitachi Cobas 6000 analyzer, Roche Di-
agnostics, Basel, Switzerland), and p-LDL-cholesterol was calculated
using the Friedewald formula [21]. A urine sample was collected for the
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measurement of urinary albumin/creatinine ratio (UACR) (Roche/
Hitachi Cobas 6000 analyzer, Roche Diagnostics, Basel, Switzerland).
Homeostatic model assessment (HOMA) was calculated as an estimate of
insulin resistance [22].

2.4. Categorical variables

BMI was divided into categories as follows: BMI < 18.5 kg/m? =
underweight, BMI > 18.5 and < 25 kg/m? = normal weight, BMI > 25
and < 30 kg/m? = overweight, BMI > 30 kg/m? = obese. Hypertension
was defined as current, self-reported use of antihypertensive medication
and/or mean blood pressure > 140/90 mmHg. Dyslipidemia was
defined as current, self-reported use of lipid-lowering medication and/or
fasting plasma triglycerides >1.7 mmol/] and/or serum HDL <1.2
mmol/] in female participants or < 1.0 mmol/] in male participants and/
or serum LDL >2.5 mmol/1.

2.5. Oral glucose tolerance test

Participants underwent a 75 g OGTT after an overnight fast. Any
glucose-lowering drugs were not taken in the 24 h preceding the ex-
amination. Blood for p-glucose, p-insulin and p-C-peptide measurement
was collected at timepoints —10, —5, 15, 30, 45, 60, 90, 120, 180 min
relative to the beginning of glucose ingestion. Glucose increments were
calculated as 1) mean fasting values to maximal value, and 2) mean
fasting value to 2-h value. The insulinogenic index (IGI) [23] was
calculated as a measure of beta cell function. Insulin sensitivity index
(ISI) was calculated according to the Matsuda method [24].

2.6. Mean glucose and glycemic variability

Participants were equipped with a Freestyle Libre Pro (Abbott, Chi-
cago, IL, USA) continuous glucose monitor (CGM) for up to 14 days.
Mean interstitial glucose and glycemic variability as expressed by the
coefficient of variance (CV) and mean amplitude of glycemic excursion
(MAGE) [25] were calculated from all available data after the first 24 h.

2.7. Treatment response

The subjects participated in withdrawal of glucose-lowering treat-
ment if glucose values were below 17 mmol/1 during the OGTT and FPG
below 10 mmol/1 (mean fasting and peak glucose for GCK-diabetes + ~
50% [4]). All treatment with glucose-lowering drugs was ceased and the
following glycemic parameters were evaluated after three months:
HbAlc, fasting p-glucose, CGM-derived mean interstitial glucose, fasting
insulin and C-peptide, and glycemic variability, as well as changes in
body composition, blood pressure, and lipid metabolism.

2.8. Data analysis

All calculations were performed in R v4.1.2. Scripts are available on
https://github.com/acthuesen/gck.

A priori power calculations showed that the study would need to
include 16 carriers to show a difference of 0.5 HbAlc % after treatment
discontinuation with 80% power [26]. Thus, with the included partici-
pants, the study had only ~36% power.

At baseline, carriers of P/LP variants, which are highly likely to be
disease-causing and considered reportable, were compared to the
remaining participants (carriers of VUS/B variants). P-values for dif-
ferences between groups were calculated as Wilcoxon rank sum test for
continuous data and Fisher’s exact test for count data. In the analysis of
treatment response, each included individual served as their own con-
trol. P-values for within-individual differences were calculated as Wil-
coxon signed rank test.
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2.9. Ethical approval

All participants gave written informed consent. The study was
approved by the Regional Ethical Committee of the Capital Region of
Denmark (H-18051923) and carried out in accordance with the Decla-
ration of Helsinki.

3. Results
3.1. Gene variant characteristics

Gene variant characteristics are shown in Table 1. Eight carriers of
eight rare GCK variants (P/LP: n = 4, VUS: n = 3, B: n = 1) took part in
the study (Table 1). The ¢.214G > C variation of the G72R variant and
C220Y variant were novel, while the other variants had either been
previously identified in patients with GCK-MODY [3] (one variant),
found in GnomAD [19] (two variants), or both (two variants). The
T342P variant has previously been described as a MODY variant [3] but
has since been confirmed as not pathogenic [27].

3.2. Clinical characteristics

Clinical characteristics of study participants stratified into carriers of
P/LP variants and VUS/B variants are shown in Table 2. Median age at
diagnosis was 34 years among carriers of P/LP variants, and 59 years
among carriers of VUS/B variants (p = 0.08). A first degree relative with
diabetes was reported in all P/LP carriers but only one VUS/B carrier (p
= 0.1). Two participants (both carriers of P/LP variants) had a family
history clearly indicative of autosomal dominant inheritance.

The distribution of overweight and obese carriers was identical in the
two groups (p = 1). The majority of carriers of VUS/B variants had
dyslipidemia (100%) and hypertension (75%) compared to 25% and
75% of carriers of P/LP variants (p = 1 and p = 0.5).

Two carriers of VUS/B variants were treated with combinations of
metformin or sulphonylurea, glucagon-like peptide 1 receptor agonists,
and sodium-glucose cotransporter-2 -inhibitors, five participants were
treated with metformin monotherapy (500 mg once daily n = 2, 1000
mg twice daily n = 3), and one P/LP carrier did not receive any me-
dicinal treatment, but had undergone gastric bypass surgery more than a
decade prior and was diet-treated. No participants were treated with
insulin. Carriers of P/LP variants had statistically significantly lower
FPG (median (IQR): 7.3 (0.4) vs. 9.5 (0.4) mmol/], p = 0.04), fasting C-
peptide (median (IQR): 902 (85) vs. 1535 (295) pmol/l, p = 0.03).
Similarly, P/LP carriers were less insulin resistant as expressed by
HOMA-IR (median (IQR): 3.5 (1.4) vs 8.2 (2.1), p = 0.03). During the
OGTT, P/LP carriers had lower maximal glucose increments (median
(IQR): 5.0 (1.3) vs. 8.4 (1.4) mmol/l, p = 0.03). Two P/LP carriers had
fasting to 2-h increments <3 mmol/I and two had increments <6 mmol/
1. Results were similar when removing the participant who had previ-
ously undergone gastric bypass surgery and was diet-treated from the
summary statistics.

3.3. Effects of treatment discontinuation

All participants with P/LP variants and one carrier of the VUS E120K
had fasting p-glucose <10 mmol/l and maximal p-glucose during the
OGTT <17 mmol/l. Four metformin-treated participants were asked to
discontinue metformin treatment. One participant who had previously
undergone gastric bypass surgery and was diet-treated was asked to
disregard dietary restrictions. After three months, the degree of hyper-
glycemia was largely identical to that at baseline as expressed by fasting
glucose and HbA1lc (median (IQR) fasting glucose at baseline: 7.3 (0.4)
vs. 7.0 (0.6) mmol/1 after three months; median (IQR) HbAlc at base-
line: 49 (3) vs. 51 (6) mmol/mol after three months)(see Table 3), and
both were within acceptable glycemic ranges for both T2D [28] and
GCK-MODY [29]. Fasting insulin and fasting C-peptide levels were non-


https://github.com/acthuesen/gck

A.C.B. Thuesen et al. Molecular Genetics and Metabolism Reports 35 (2023) 100972
Table 1

GCK variants in this study. Protein and nucleotide effect are annotated according to RefSeq NM_000162. Position called with human reference genome hgl19. Clas-
sification refers to the classification in ClinVar, if the variant is known, otherwise manually classified according to the ACMG Standards and Guidelines [20]. MAF is the
frequency in GnomAD. MAF = Minor Allele Frequency in the Genome Aggregation Database [19], MODY = Maturity Onset Diabetes of the Young, VUS = Variant of
Uncertain Significance.

Protein Effect Nucleotide Effect Position Classification MAF Previosuly seen in MODY?
p-D4AN c.10G > A 744228543 C_.T vus 0.00003 No
p.G72R c.214G > A 744192019 C.T Pathogenic 0.000004 Yes [3]
p.G72R c.214G > C 7_44192019.C_G Pathogenic 0 No
p-E120K c.358G > A 7.44191875_C.T vus 0.000004 No
p.C220Y €.659G > A 744189379 C_.T Likely Pathogenic 0 No
p.T228M c.683C > T 7_44187429 G A Pathogenic 0.000004 Yes [3]
p-G246A c.737G > C 7_44187375_C_G Vvus 0 Yes [30]
p.T342P c.1024A > C 7_44185325_.T G Benign 0.000008 Previously [3,27]
Table 2

Clinical characteristics of study participants, stratified into carriers of P/LP variants and VUS/B variants. Continuous variables are given as median (IQR) whereas
count variables are given as absolute counts. Dyslipidemia includes use of lipid-lowering medication and hypertension includes use of antihypertensive medication.
Combination therapies encompass combinations of metformin or sulphonylurea, glucagon-like peptide 1 receptor agonists, and sodium-glucose cotransporter-2
—inhibitors. B = Benign, BMI = Body Mass Index, CI = confidence interval, CV = Coefficient of Variance, HDL = high-density lipoprotein, HOMA-IR = Homeostasis
model assessment for insulin resistance, IGI = insulinogenic index, IQR = interquartile range, ISI = insulin sensitivity index, LDL = low-density lipoprotein, LP = likely
pathogenic, MAGE = Mean Amplitude of Glycemic Excursion, SD = standard deviation, VUS = Variant of Uncertain Significance, WHR = waist-to-hip ratio, P =
pathogenic. P-values were calculated using Wilcoxon rank sum test for continuous data, and Fisher’s exact test for counts. IQR was calculated as Q3-Q1.

P/LP carriers VUS/B carriers

Mean (95%CI) Median Mean (95%CI) Median P-
(IQR) (IQR) value

Counts Counts
Demographic, disease, and anthropometric characteristics
Sex (male/female) 0/4 2/2 0.4
Age /years 49.8 (20.8-78.7) 50.0 (30.8) 68.0 (55.6-80.4) 69.0 (11.5) 0.3
Age at diagnosis (years) 35.3 (11.4-59.1) 34 (18) 57.5 (44.9-70.1) 59 (12) 0.08
Diabetes duration (years) 14.5 (2.8-26.2) 12.5(5) 10.5 (9.6-11.4) 10.5 (1) 0.3
First degree relative with diabetes (yes/no) 4/0 1/3 0.1
Cu.rrenF diabetes treatment (diet/ metformin monotherapy/ combination therapy/ 1/3/0/0 0/2/2/0 04

insulin)

Diabetic retinopathy or peripheral neuropathy (yes/no/unknown) 0/2/2 0/3/1 1
BMI (kg/m?) 35.5 (17.6-53.3) 35.0 (15.1) 31.4 (19.2-43.6) 29.5 (6.2) 0.9
BMI category (normal weight/overweight/obese) 1/1/2 1/1/2 1
WHR 0.85 (0.60-1.11) 0.79 (0.11) 0.98 (0.84-1.13) 1.01 (0.11) 0.3
Lipids and cardiovascular health
Total cholesterol (mmol/1) 4.6 (3.8-5.8) 4.8 (0.5) 4.3 (2.4-6.2) 3.9(0.8) 0.7
LDL cholesterol (mmol/1) 2.7 (1.6-3.9) 2.7 (0.7) 2.5 (0.6-4.3) 2.5 (0.7) 0.9
HDL cholesterol (mmol/1) 1,4 (1.0-1.9) 1.4 (0.3) 1.0 (0.7-1.2) 0.9 (0.1) 0.06
Dyslipidemia (yes/no) 3/1 4/0 1
Systolic blood pressure (mmHg) 126 (103-148) 124 (19) 135 (118-152) 136 (15) 0.5
Diastolic blood pressure (mmHg) 80 (69-91) 80 (9) 84 (75-93) 82 (4) 0.7
Hypertension (yes/no) 1/3 3/1 0.5
Urinary albumin/creatinine ratio 10 (-7-27) 5.5 (6.5) 135 (-118-387) 84.5 (169.5) 0.06
Glycemic characteristics
Fasting glucose (mmol/1) 7.1 (6.1-8.0) 7.3 (0.4) 9.5 (6.5-12.4) 9.1 (1.6) 0.04
Fasting insulin (pmol/1) 86 (37-135) 75 (27) 158 (49-266) 141 (47) 0.06
Fasting C-peptide (pmol/1) 859 (659-1059) 902 (85) 1625 (1079-2171) 1535 (295) 0.03
HbAlc (mmol/mol) 49 (43-55) 49 (5) 56 (42-69) 56 (14) 0.3
HbAlc (%) 6.6 (6.1-7.2) 6.6 (0.4) 7.3 (6.0-8.5) 7.3(1.3) 0.3
Glucose increment (0—2h) (mmol/1) 3.1(-1.9-8.0) 3.9 (3.5) 5.9 (3.3-8.5) 6.0 (1.4) 0.2
Glucose increment (0-max) (mmol/1) 5.0 (3.8-6.3) 5.0 (1.3) 8.0 (5.5-10.6) 8.4(1.49 0.03
HOMA-IR 3.9 (1.5-6.4) 3.5(1.4) 9.0 (5.3-12.7) 8.2(2.1) 0.03
ISI 2.2 (1.5-2.9) 2.1 (0.5) 1.5 (0.4-2.7) 1.6 (0.5) 0.2

121.3 89.5
IGI (49.7-192.9) 126.1 (31.4) (~114.8-293.8) 33.2(68.1) 0.3
Mean interstitial glucose (mmol/1) 6.2 (5.5-7.0) 6.2 (0.73) 7.8 (5.7-9.9) 7.8 (1.29) 0.1
Tissue glucose CV% 18.1 (8.2-28.0) 15.9 (3.8) 20.4 (11.6-29.1) 19.8 (5.1) 0.5
MAGE (mmol/1) 2.3 (0.7-3.9) 1.9 (0.6) 3.4 (1.4-5.3) 3.8(1.1) 0.5

significantly higher at three months compared to baseline, largely
driven by one participant. Similarly, changes in weight, blood lipids, and
blood pressure were minor and not statistically significant. As a sensi-
tivity analysis, we removed the participant who had undergone gastric

bypass surgery and was diet-treated, which did not alter the results.
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Table 3
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Clinical characteristics of the five participants (all four carriers of P/LP variants and the carrier of the VUS E120K), four of which discontinued metformin treatment
(500 mg once daily in two participants, 1000 mg twice daily in two participants) and one who was diet-treated at baseline, after three months, and difference. All data
are given as median (IQR). The column difference refers to the summary of within-individual differences. BMI = body mass index, CI, confidence interval, CV =
coefficient of variance, HDL = high-density lipoprotein, HOMA-IR = Homeostasis model assessment for insulin resistance, IGI = insulinogenic index, IQR = inter-
quartile range, ISI = insulin sensitivity index, LDL = low-density lipoprotein, MAGE = mean amplitude of glycemic excursion, WHR = waist-to-hip ratio. P-values were

calculated using Wilcoxon signed rank test. IQR was calculated as Q3-Q1.

Baseline After three months without treatment Difference

Mean (95%CI) Median (IQR) Mean (95%CI) Median (IQR) Mean (95%CI) Median (IQR) P-value

33.3(19.7-46.8) 29.1 (16.5) 33.6 (20.7-46.5) 30.0 (14.9) 0.4 (—0.6-1.3) 0.06 (1.15) 0.6
WHR 0.85 (0.68-1.02) 0.81 (0.08) 0.87 (0.71-1.04) 0.87 (0.18) 0.02 (—0.08-0.12) 0.01 (0.05) 1
Total cholesterol (mmol/1) 4.4 (3.5-5.4) 4.8 (1) 4.3 (2.8-5.8) 4.2 (1.6) -0.1 (-1.5-1.2) —0.2(0.8) 1
LDL cholesterol (mmol/1) 2.7 (1.9-3.5) 2.5 (0.4) 2.6 (1.5-3.7) 2.7 (1.6) -0.1 (-1.2-1.0) -0.2 (0.5) 0.8
HDL cholesterol (mmol/1) 1.3 (0.9-1.8) 1.3 (0.3) 1.1 (0.6-1.5) 1.1 (0.5) —0.2 (-0.6-0.1) —0.1 (0.1) 0.06
Systolic blood pressure (mmHg) 129 (111-146) 132 (25) 125 (103-147) 124 (15) -4 (-16-9) -5(5) 0.6
Diastolic blood pressure (mmHg) 80 (73-88) 82 (7) 76 (64-89) 78 (10) -4 (-13-5) -5(8) 0.3
Urinary albumin/creatinine ratio 14 (—2-29) 6 (21) 31 (—36-99) 7 (11) 18 (—56-91) -2 (14) 0.9
Fasting glucose (mmol/1) 7.2 (6.5-7.9) 7.3 (0.4) 7.0 (6.1-8.0) 7.0 (0.6) —0.1 (-0.6-0.3) —0.3(0.2) 0.5
Fasting insulin (pmol/1) 120 (21-219) 82 (63) 135 (—54-325) 78 (38) 15 (—84-115) —7(48) 1
Fasting C-peptide (pmol/1) 1109 (401-1817) 911 (66) 1314 (44-2584) 934 (219) 205 (—368-778) 42 (209) 0.6
HOMA-IR 5.6 (0.7-10.6) 3.8 (3.0) 6.5 (—3.6-16.7) 3.5(1.9) 0.9 (—4.6-6.5) —0.3 (2.0) 1
HbA1lc (mmol/mol) 49 (45-53) 49 (3) 50 (46-55) 51 (6) 1.4 (-2.6-5.4) 14) 0.4
HbAlc (%) 6.6 (6.2-7.0) 6.6 (0.3) 6.8 (6.3-7.2) 6.8 (0.6) 0.1 (—0.2-0.5) 0.1 (0.4) 0.4
Mean interstitial glucose (mmol/1) 6.2 (5.7-6.7) 6.2 (0.7) 6.3 (5.7-7.0) 6.4 (0.5) 0.1 (—0.6-0.8) —0.15 (0.5) 1
Tissue glucose CV% 17.4 (10.4-24.4) 15.6 (1.7) 19.2 (11.3-27.0) 17.8 (2.2) 1.8 (-1.1-4.7) 1.7 (1.9) 0.2
MAGE (mmol/1) 2.2(1.0-3.3) 1.8 (0.2) 2.3 (1.1-3.4) 1.9 (0.3) 0.1 (0.0-0.2) 0.1(0.1) 0.06

3.4. Variant effect by classification

Of the eight participants included in the study, five (63%) could
discontinue treatment and were therefore considered to have a glycemic
phenotype consistent with GCK-diabetes. This was the case for all car-
riers of P/LP variants (four P/LP carriers successfully discontinued
treatment of four included P/LP carriers) and one carrier of a VUS (one
VUS carrier successfully discontinued treatment of three included VUS
carriers). The carrier of a benign variant was not consistent with GCK-
diabetes.

4. Discussion

In this study, we characterized a sampling of carriers of rare GCK
variants from a large Danish cohort of patients with T2D. We found that
carriers of P/LP variants had milder diabetes than carriers of VUS/B
variants. Furthermore, carriers of P/LP variants and one carrier of a VUS
could discontinue treatment safely and without deterioration of glyce-
mia over three months of observation. This indicates that patients with
T2D carrying functional GCK variants have misclassified type 2 diabetes
and could potentially benefit from being identified through expanded
genetic screening.

Our findings emphasize the importance of understanding the func-
tional consequence of identified variants. Eight GCK variant carriers
were included in the study, including carriers of three VUS. The D4N
variant is present in the pancreatic isoform exon 1a, which harbors very
few known disease-causing variants [3]. Consistently, our data did not
support the D4N variant as disease-causing. Similarly, the carrier of the
VUS G246A [30] variant did not have GCK-like diabetes. In contrast, the
carrier of the VUS E120K had stable and mild diabetes, consistent with
GCK-diabetes. This emphasizes a key challenge in the interpretation of
VUS, i.e. that the evidence on these variants is not sufficient to classify a
variant as P/LP or B/LB. As new evidence emerges, VUS may be
reclassified. As such, each VUS identified by genetic screening should be
carefully and individually evaluated with consideration of the pheno-
type, and care should be taken if a choice is made to report a VUS to a
referring clinician. In contrast, we find that all carriers of P/LP variants
were consistent with GCK-diabetes, re-emphasizing that variants clas-
sified as P/LP should always be considered reportable. We also report
two, to our knowledge, novel GCK variants; C220Y and the ¢.214G > C
variation of the known G72R variant which has previously been found in

MODY, both of which were consistent with GCK-causal variants.

While best practice guidelines recommend screening patients with
mild diabetes for GCK variants [9], many referral criteria for genetic
testing are still based on a triad of features associated with clinically-
defined MODY [10]. Referral criteria or algorithms are designed to
improve the likelihood of finding a true positive result to balance the
costs of genetic testing [31]. As sequencing becomes more affordable
[32,33] this balance may shift towards more testing. Scrutiny of genetic
testing strategies is increasingly important as ~0.6% of individuals with
the diagnosis T2D carry P/LP variants in GCK [13,16], an amount that
far exceeds previous estimates of the prevalence of GCK-MODY [11,12].

In this study, the “classic triad” of referral criteria for genetic
screening were of limited use in distinguishing carriers of P/LP variants
from carriers of VUS/B variants. While we did find differences in BMI
and the prevalence of dyslipidemia and hypertension between groups, it
is important to note that the age and sex distributions were different
between P/LP and VUS/B carriers which is likely to contribute to these
differences [34-36]. Overall, features associated with T2D such as
overweight/obesity and metabolic syndrome were near-ubiquitous
among both groups and the variation in the age of diagnosis was
large. The Exeter Diabetes App MODY probability calculator [31],
developed for the use in individuals with an age of diagnosis <35 years,
was only applicable to two individuals in this study, one of which had a
probability of 4.6% and one with a probability of 35.8%. This serves as a
reminder that age at diagnosis in GCK-MODY is dependent on when a
person’s blood sugar is first measured [37], and that a high age of
diagnosis or presence of features associated with T2D that are common
in the general population should not preclude genetic testing, particu-
larly in light of obesity becoming increasingly prevalent [38].

Five patients in this cohort had a glycemic phenotype consistent with
GCK-diabetes based on HbAlc, fasting p-glucose, and CGM measure-
ments, yet they did not fulfill the “classic triad” for clinically-defined
MODY [10]. In addition, two carriers of P/LP variants had glucose in-
crements exceeding the 4.6 mmol/l, which is the cut-off suggested by
best practice guidelines [9]. The genetic diagnosis coupled with glyce-
mic characterization in this study led to discontinuation of metformin in
four participants, while the fifth did not receive pharmacological
treatment at the outset but was diet-treated. We observed only minor
changes in HbAlc after metformin discontinuation. Studies of metfor-
min withdrawal in prediabetic subjects and normoglycemic, normal-
weight subjects with polycystic ovarian syndrome have shown that
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fasting and 2-h glucose levels increase after metformin discontinuation
and that the glucose disposal rate in a euglycemic hyperinsulinemic
clamp decreases [39,40]. The observed change in HbAlc in this study is
in line with changes seen in metformin treatment in prediabetic obese
subjects [41] or non-diabetic individuals with coronary artery disease
[42], and is well under the mean change in HbA1lc seen with metformin
treatment in T2D patients [43]. HbAlc was within reference range for
patients with GCK-MODY both at baseline and after three months [29].
Given that neither the “classic triad” nor best practice guidelines would
have identified all patients with a glycemic phenotype consistent with
GCK-diabetes in the present study, genetic screening of routine clinical
care patients with diabetes should be considered in order to capture
misdiagnosed patients with GCK-diabetes, benefitting patients who
receive a more precise diagnosis and may be able to discontinue un-
necessary treatment. Indeed, treatment for diabetes and related risk
factors has been found to decrease quality of life (QOL) [44], while
patients with GCK-MODY have been found to have a higher QOL than
patients with type 1 diabetes, regardless of whether they receive phar-
macological treatment or not [45]. Furthermore, family members can be
identified through screening cascades. Given the substantial cost of
treating diabetes [46], decreased medicalization of these patients also
holds potential societal gains.

Many clinical factors should be considered in the decision to dis-
continue treatment. Importantly, GCK variants do not protect against
other physiological states which may contribute to hyperglycemia e.g.
insulin resistance and/or beta cell failure [47,48]. While we observed
that carriers of P/LP variants were generally less insulin resistant than
carriers of VUS/B variants, the average ISI and HOMA-IR was still in the
insulin resistant range [24]. The follow-up time in this study is short,
and as such, the long-term clinical trajectory of these patients is not
known. In this respect, it is important to view the genetic
test—especially in an unselected patient—as an added piece of infor-
mation that the clinician can use in their collective assessment of a pa-
tient and not a final diagnosis. Factors such as insulin resistance, patient
age, and comorbidities should factor into clinical decisions, also in
carriers of P/LP variants. Similarly, given the increasing prevalence of
obesity and T2D [38,49], combination of T2D and GCK-diabetes in the
same patient may become more common in the future. It has been
suggested that treatment should be initiated if HbAlc rises above 60
mmol/mol®’. We show that glycemic variability as reflected in the OGTT
increments and MAGE from the CGM are lower in carriers of P/LP
variants than VUS/B carriers. Similarly, we have previously found that
the variability in HbAlc measurements is lower in P/LP variants than in
T2D patients [16]. More research is needed on whether e.g. glycemic
variability could contribute to early identification of T2D in GCK-dia-
betes and how to best treat and monitor these patients.

While this study explores the opportunities provided by expanded
genetic testing of unselected T2D patients, potential challenges related
to genetic testing must be considered, including cost-benefit consider-
ations [50] and—particularly if comprehensive analyses such as whole
genome or exome sequencing are performed—data handling, manage-
ment of incidental findings, as well as management of patient and
clinician education and expectations [32,33].

The present study is limited by the low number of included partici-
pants, heterogeneity in treatment regimens prior to discontinuation, and
lack of comparators. In particular, the study lacks statistical power and
as such, the P-values presented in Tables 2 and 3 should be interpreted
with care.

In conclusion, we showed that T2D carriers of GCK P/LP variants and
the VUS E120K in this study had a glycemic phenotype consistent with
GCK-diabetes and could discontinue treatment over three months of
observation. Neither the conventional triad of features associated with
monogenic diabetes nor best practice guidelines for GCK variant
screening identified all patients, making a case for systematic use of
genetic screening in patients with “common” T2D.
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