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A B S T R A C T   

Aims: We previously demonstrated that antennary fucosylated N-glycans on plasma proteins are regulated by 
HNF1A and can identify cases of Maturity-Onset Diabetes of the Young caused by HNF1A variants (HNF1A- 
MODY). Based on literature data, we further postulated that N-glycans with best diagnostic value mostly orig
inate from alpha-1-acid glycoprotein (AGP). In this study we analyzed fucosylation of AGP in subjects with 
HNF1A-MODY and other types of diabetes aiming to evaluate its diagnostic potential. 
Methods: A recently developed LC-MS method for AGP N-glycopeptide analysis was utilized in two independent 
cohorts: a) 466 subjects with different diabetes subtypes to test the fucosylation differences, b) 98 selected in
dividuals to test the discriminative potential for pathogenic HNF1A variants. 
Results: Our results showed significant reduction in AGP fucosylation associated to HNF1A-MODY when 
compared to other diabetes subtypes. Additionally, ROC curve analysis confirmed significant discriminatory 
potential of individual fucosylated AGP glycopeptides, where the best performing glycopeptide had an AUC of 
0.94 (95% CI 0.90–0.99). 
Conclusions: A glycopeptide based diagnostic tool would be beneficial for patient stratification by providing 
information about the functionality of HNF1A. It could assist the interpretation of DNA sequencing results and be 
a useful addition to the differential diagnostic process.   

1. Introduction 

Maturity-onset diabetes of the young caused by HNF1A variants 
(HNF1A-MODY) is the most common type of monogenic diabetes in 
adults. Monogenic diabetes, unlike more common diabetes types, is 
characterized by single gene disorder, usually resulting in functional 
defects of pancreatic beta-cells that cause moderate to severe hyper
glycaemia [1]. HNF1A-MODY is caused by pathogenic variants in 
HNF1A, a gene coding for a transcription factor present in many tissues, 
resulting in progressive beta-cell dysfunction and hyperglycemia. 

Typical features include young age of onset, autosomal dominant in
heritance, absence of autoimmunity and reduction in beta-cell insulin 
secretion [2]. 

Being a rare type of diabetes and having clinical similarities with 
other more common types, HNF1A-MODY is often misdiagnosed. Its 
clinical features overlap with both type 1 (T1DM) and type 2 (T2DM) 
diabetes, resulting in around 80% of MODY cases initially being incor
rectly diagnosed as T1DM or T2DM and therefore leading to significant 
delays in proper diagnosis and treatment [3,4]. 

The first-line treatment for HNF1A-MODY [5] is low dose of 
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sulfonylureas providing improved glycemic control and better quality of 
life compared to other treatments like insulin [6]. Furthermore, auto
somal dominant inheritance, along with high genetic penetrance result 
in high probability for family members to also be affected or at risk of 
developing MODY [7,8], further confirming the importance of correct 
and timely diagnosis. 

Confirmative diagnosis of MODY is direct sequencing of the genes 
related to suspected MODY type (e.g., HNF1A) but in some cases the 
genetic variant is difficult to interpret. If the encountered genetic variant 
is not previously characterized, further assessment of pathogenicity is 
needed, sometimes leading to inconclusive results and therefore 
inability to confirm or exclude MODY diagnosis [9]. 

N-glycosylation is a co- and post-translational modification of pro
teins, characterized by addition of oligosaccharide attachments, present 
on almost every plasma protein [10]. Changes in plasma protein N- 
glycosylation have been associated with various diabetes subtypes in 
many studies [11–15]. Our GWAS of the plasma protein N-glycome 
identified HNF1A as a key regulator of plasma protein fucosylation, a 
process of fucose addition to glycan structure, as a part of the N-glyco
sylation process [16]. Based on this finding, we further showed that N- 
glycans in individuals with HNF1A-MODY have reduced levels of plasma 
protein fucosylation compared to other types of diabetes or healthy 
controls [17]. Moreover, our previous studies confirmed plasma protein 
N-glycosylation to be not only a powerful differentiator of HNF1A- 
MODY from common forms of diabetes (the best performing N-glycan 
had an AUC of 0.90), but also associated with the predicted effect on 
function of the HNF1A variant being assessed. Thus we hypothesized 
that N-glycosylation was a further tool to identify pathogenic variants 
[18] and could therefore assist diagnostic decisions in cases of unclear 
HNF1A variant assessment results. Besides, with genetic testing not 
being readily available in some countries, there is additional value in 
development of non-genetic MODY diagnostic tools [3]. 

Plasma N-glycosylation analysis presents a cumulative analysis of all 
N-glycans present in a plasma sample of an individual. Even though 
directly measuring the functionality of HNF1A gene through total 
plasma N-glycome profiling represents a promising approach, it also has 
some drawbacks. Not all plasma proteins are expected to be equally 
affected by the downregulation of fucosylation as a result of HNF1A 
mutation even though all of them contribute to the measured plasma 
profile. More importantly, the abundance of individual glycan structures 
within the plasma glycoprofile is also dependent on the relative plasma 
concentration of glycoproteins carrying these glycans, consequently 
introducing variation and uncertainty into obtained measurements. 

Both studies that analyzed plasma N-glycosylation in HNF1A-MODY 
patients have found complex, triantennary N-glycans to be the most 
affected glycans in terms of fucosylation reduction in HNF1A-MODY 
patients and therefore the most informative structures for diagnostic 
differentiation. These glycan structures are known to predominantly 
originate from alpha-1-acid glycoprotein (AGP) [19], a heavily glyco
sylated acute phase plasma protein [20] suggesting its altered N- 
glycosylation in MODY patients. 

An AGP molecule has 5 glycosylation sites which can all carry 
different N-glycans [21]. Since two isoforms of AGP, differing in some 
glycosylation sites, are present in human plasma, a total of 8 glyco
peptides can be obtained by its tryptic digestion [22]. Recently we have 
developed and described a high-throughput method for site-specific N- 
glycosylation analysis of AGP [23]. 

We applied this method to characterize the changes in N-glycosyla
tion of AGP in HNF1A-MODY compared to other diabetes types (T1DM, 
T2DM, HNF4A-MODY). The aim was to identify specific glycosylation 
changes and individual glycopeptides differing in HNF1A-MODY sub
jects. Their ability to effectively discriminate subjects with HNF1A- 
MODY from other young adult-onset non-autoimmune diabetes sub
jects was also assessed. 

2. Subjects 

2.1. Participants with HNF1A-MODY, HNF4A-MODY, T1DM and T2DM 

In order to identify differently glycosylated AGP peptides and to test 
if the changes are unique to HNF1A-MODY, the analysis was performed 
on participants with various diabetes types. The cohort consisted of 466 
participants grouped by the type of diabetes. It included 109 with 
HNF1A-MODY, 17 with HNF4A-MODY, 69 with T1DM, and 271 with 
T2DM. The patients were recruited from Norway (Norwegian MODY 
registry), Slovakia (diabetes outpatient clinics throughout Slovakia), 
and Oxford, UK (Young Diabetes in Oxford (YDX) study). Participants 
with HNF1A- and HNF4A-MODY had diagnosis confirmed by 
sequencing in a certified diagnostic center, while participants with type 
1 and type 2 diabetes were not sequenced. Type 1 diabetes was diag
nosed based on C-peptide levels < 0.1 nmol/L, and/or positive glutamic 
acid decarboxylase (GAD) antibodies, with permanent insulin therapy 
from time of diagnosis. Individuals with type 2 diabetes were diagnosed 
before 45 years of age, had absent GAD antibodies, C-peptide > 0.2 
nmol/l, and were without requirement for permanent insulin within 3 
months of diagnosis. Misdiagnosed MODY cases potentially present in 
this group are not expected to confound the comparison due to low 
incidence of MODY in relation to type 2 diabetes. The study was 
approved by corresponding ethics committees and all participants gave 
written informed consent. 

2.2. Participants with young adult-onset non-autoimmune diabetes 

This cohort consisted of participants with young adult-onset non- 
autoimmune diabetes, a group with elevated risk for HNF1A-MODY. It 
was studied to additionally confirm observations from the first part of 
the study and to test the ability of AGP N-glycopeptides to discriminate 
subjects with HNF1A-MODY from other young adult-onset non-auto
immune diabetes subjects. The cohort included 98 individuals from UK 
and Croatia. The UK participants (N = 50) were recruited through the 
Young Diabetes in Oxford (YDX) study while Croatian participants (N =
48) were recruited through the Croatian National Diabetes Registry 
(CroDiab). The inclusion criteria were the following: diabetes diagnosis 
at < 45 years, age at sampling > 18 years, preserved endogenous insulin 
production (fasting C-peptide ≥ 0.2 nmol/L), and negative GAD anti
bodies. All the individuals from this cohort had HNF1A gene sequenced, 
identified allele variants systematically assessed [18] and aligned to the 
American College of Medical Genetics (ACMG) classification [24]. Pa
tients with rare variants classified as pathogenic or likely pathogenic 
(ACMG classification 1–2) were categorized as HNF1A-MODY and 
analyzed within damaging (D) group (N = 18) and patients with likely 
benign or benign rare variants (ACMG classification 4–5) were analyzed 
within benign (B) group (N = 9). Specific variants subjects in these two 
groups carried are listed in Supplemental table 1. Other clinical char
acterization data is available in Supplemental table 2. This sample set 
was selected from a larger cohort based on sequencing results in order to 
include HNF1A mutations, along with controls without rare variants (N 
= 71). The study was approved by corresponding ethics committees and 
all participants gave written informed consent. 

3. Materials and methods 

3.1. Analysis of AGP N-glycosylation 

Each sample underwent high-throughput and site-specific N-glyco
sylation analysis of AGP, as described previously [23]. The protocol was 
adapted for starting plasma volume of 20 µL instead of 50 µL. The only 
modifications - amounts of perchloric acid, RapiGest and TPCK-treated 
trypsin used in the protocol are listed below. 

Starting 20 µL of plasma was mixed with 80 µL of 0.75 M perchloric 
acid. After centrifugation, supernatant containing the “seromucoid” 
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fraction, in which AGP is the dominant protein, was collected. By 
addition of phosphotungistic acid, “seromucoid” fraction was precipi
tated and supernatant discarded after centrifugation. The precipitate 
was further solubilized by addition of NaOH. 

The solubilized precipitate was incubated with 2.5 µL of 1.5 % 
RapiGest to assist denaturation and later digestion. In order to break up 
disulfide bonds, cystine reduction with dithiothreitol and alkylation 
with iodoacetamide was performed. The pH was corrected by addition of 
ammonium bicarbonate after which the solution was incubated over
night with 0.8 µg of TPCK-treated trypsin to digest proteins. Afterwards 
the RapiGest was degraded by addition of HCl, and the obtained gly
copeptides were enriched by binding to previously conditioned HILIC 
beads, washed and then eluted in ultrapure water with 0.1% TFA. 
Finally, eluted glycopeptides were dried down in a vacuum concentrator 
and kept at − 20 ◦C until analysis. 

Dried glycopeptides were reconstituted in ultrapure water and 
separated on a nanoACQUITY ultra-performance liquid chromatography 
(UPLC) instrument (Waters), coupled to Compact mass spectrometer 
(Bruker Daltonics). LaCyTools (version 1.0.11.0.1b.9) was used for 
automated quantification of acquired MS data, based on previously MS/ 
MS confirmed glycopeptide structures. After the QC assessment, calcu
lated absolute signal intensities were normalized to cumulative signal 
intensity per glycosylation site for each sample. In this step the inevi
table variation of signal intensities between samples is removed from the 
final data and therefore sample comparison is made possible. 

Considering five glycosylation sites present on the AGP molecule, 
along with two AGP isoforms present in human plasma, the abbrevia
tions are used for naming individual AGP N-glycopeptides. The first 
Roman numeral presents corresponding glycosylation site, and the 
following Latin numeral presents contributing AGP isoform. The sepa
rated alphanumeric sequence describes the glycan composition by the 
number of different monosaccharide units present. The abbreviations 
are further explained in Supplemental Fig. 1. 

3.2. Statistical analysis 

To remove effect of variation in laboratory conditions during sample 
preparation and analysis, glycan data was batch corrected. Considering 
the non-normal distribution of the data, log-transformation was firstly 
performed. By applying the ComBat method (R package “sva”), the 
experimental noise was reduced, with sample plate defined within the 
model as the source of variation. The procedure was repeated for every 
glycopeptide, separately for each sample cohort. 

To compare the levels of fucosylated AGP glycopeptides between 
different patient groups, generalized linear regression model was used. 
Log-transformed normalized glycopeptide data was set as dependent 
variable. The independent variables were type of diabetes for the dia
betes type comparison cohort and HNF1A variant type along with sex for 
the second cohort. This was repeated for all analyzed fucosylated gly
copeptides. Obtained effect size represents natural logarithm of differ
ence in relative abundance of corresponding glycopeptide between 
selected patient groups. To control the false discovery rate, Benjamini- 
Hochberg method was applied, with adjusted p-value < 0.05 consid
ered as significant. 

Evaluation of discriminatory potential of fucosylated AGP glyco
peptides for HNF1A-MODY and T2DM was performed using receiver 
operating characteristic curve (ROC) and the area under the curve 
(AUC) (R package “pROC”). Logistic regression models were created for 
each analyzed fucosylated glycopeptide with disease set as dependent 
and normalized glycopeptide data as an independent variable. The best 
performing glycopeptides were selected based on AUC calculated from 
ROC curves. To test the discriminatory performance of model including 
multiple fucosylated glycopeptides as independent variables, regular
ized (elastic net) regression model was used (R package “glmnet”). 
Before the training and validation of the model, regularization param
eter alpha was tuned to 0.45 and lambda was selected based on minimal 
cross-validation prediction error rate. To evaluate the performance of 
the regularized logistic model, the 10-cross validation procedure was 
used, and AUC finally calculated. Comparison of AUCs between 

Fig. 1. Relative abundance of individual fucosylated AGP glycopeptides presented as boxplots and separated by diabetes type.  
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individual glycopeptide model and regularized logistic regression model 
was performed by bootstrap test with 2000 replicates (R package 
“pROC”). 

All data analysis and visualization were done using R programming 
language (version 3.6.3). 

4. Results and discussion 

Analysis of AGP N-glycosylation was performed on a glycopeptide 
level, thus providing site-specific information and allowing for a more 
comprehensive inspection. 

Alpha-1-acid glycoprotein N-glycosylation was compared in respect 
to different diabetes subtypes as well as to predicted pathogenicity of 
HNF1A variants, considering presence and phenotypic effects of muta
tions. In addition, discriminatory potential of AGP N-glycopeptides in 
terms of identifying presence of damaging HNF1A mutations was 
assessed. 

Considering the known association between HNF1A gene and fuco
sylation of plasma proteins as well as results of previous studies on 
plasma protein N-glycosylation, the most substantial effects were ex
pected in abundance of fucosylated AGP N-glycopeptides. Therefore, 
only fucosylated glycopeptides were compared between patients, while 
glycopeptides not carrying fucose were excluded from the analysis. 

4.1. Glycosylation comparison between various types of diabetes 

First, we compared abundances of 34 fucosylated AGP glycopeptides 
between individuals with various diabetes types: T1DM, T2DM, HNF1A- 
MODY and HNF4A-MODY to test the HNF1A-MODY-associated decrease 
in AGP fucosylation, as hypothesized based on previous studies. 

Type 2 diabetes is the most common misdiagnosis for HNF1A-MODY, 

making the comparison of these two diabetes subtypes the most clini
cally relevant. As visible from Fig. 1 and Table 1, the relative abundance 
of almost every compared fucosylated glycopeptide is reduced in in
dividuals with HNF1A-MODY when compared to other types of diabetes. 
The lowest adjusted p-value of 2.34 × 10-44 was calculated for IV1 
N7H8S3F1 when compared to T2DM. 

The effect size and very high statistical significance of the observed 
results are confirming a strong association between HNF1A-MODY and 
fucosylation levels, making AGP glycopeptide analysis a prospective 
diagnostic tool candidate for HNF1A-MODY. Furthermore, our data are 
in agreement with previously published results on released plasma 
protein N-glycans [17]. 

The observed differences in AGP glycopeptides are similarly pro
nounced in T1DM, indicating that this biomarker also provides adequate 
discrimination between HNF1A-MODY and T1DM. Therefore, this test 
could be useful in the 15–20% of adults with T1DM who do not have 
measurable islet-cell antibodies. 

HNF4A and HNF1A as transcription factors regulate the expression 
of many overlapping genes [25] and HNF4A has also been identified to 
partially regulate plasma protein fucosylation [16]. Nevertheless, our 
results show there is difference in AGP fucosylation between HNF4A- 
MODY and HNF1A-MODY patients, statistically significant for almost 
every glycopeptide (Table 1). Sequencing panels currently used in most 
testing labs cover both HNF1A and HNF4A-MODY, therefore making the 
clinical value of this comparison less pronounced. 

The observed effect appears to be consistent across all AGP glyco
sylation sites showing the extent to which HNF1A affects fucosylation. 
This protein-wide effect is also likely the reason for previously described 
clear visibility of the change in total plasma protein glycan analysis. The 
only glycan structure changing oppositely from the expected direction 
(i.e., increasing relative abundancy in HNF1A-MODY patients) is 

Table 1 
Difference in relative abundance of individual glycopeptides in different diabetes types compared to HNF1A-MODY. Results are shown as coefficients representing 
natural logarithm of difference in abundance and corresponding p-values.  

Site Glycan Coefficient 
HNF4A 

p-value 
HNF4A 

p adjusted 
HNF4A 

Coefficient 
T1DM 

p-value 
T1DM 

p adjusted 
T1DM 

Coefficient 
T2DM 

p-value 
T2DM 

p adjusted 
T2DM 

I1 N4H5S2F1 0.021 7.79E-01 7.79E-01 0.262 3.61E-08 3.84E-08 0.110 1.52E-03 1.56E-03 
I1 N5H6S2F1 0.404 2.07E-07 6.41E-07 0.553 7.82E-27 1.90E-26 0.400 5.70E-26 7.75E-26 
I1 N5H6S3F1 0.595 8.08E-08 3.43E-07 0.750 7.79E-25 1.56E-24 0.606 8.82E-29 1.58E-28 
I1 N6H7S3F1 − 0.113 2.27E-01 2.41E-01 ¡0.170 3.57E-03 3.68E-03 ¡0.179 3.79E-05 4.03E-05 
I1,2 N5H6S2F1 0.425 5.98E-08 2.90E-07 0.630 1.19E-36 1.35E-35 0.448 1.48E-34 6.30E-34 
I1,2 N5H6S3F1 0.613 1.85E-08 1.26E-07 0.796 1.88E-31 1.07E-30 0.674 2.11E-39 1.43E-38 
I1,2 N6H7S2F1 0.063 4.60E-01 4.74E-01 0.027 5.90E-01 5.90E-01 0.045 2.21E-01 2.21E-01 
II1,2 N4H5S2F1 0.324 3.00E-07 8.50E-07 0.304 1.50E-15 1.76E-15 0.320 2.97E-28 4.80E-28 
II1,2 N5H6S2F1 0.446 6.03E-09 6.83E-08 0.618 5.62E-37 9.56E-36 0.472 3.66E-39 2.07E-38 
II1,2 N5H6S3F1 0.560 6.25E-10 1.06E-08 0.739 6.67E-38 2.27E-36 0.583 3.31E-42 3.75E-41 
IV1 N5H6S2F1 0.313 1.86E-06 3.51E-06 0.393 1.70E-22 2.89E-22 0.351 7.87E-31 1.91E-30 
IV1 N5H6S3F1 0.495 2.63E-08 1.49E-07 0.642 8.58E-31 3.72E-30 0.572 8.46E-42 7.19E-41 
IV1 N6H7S2F1 0.271 1.15E-04 1.45E-04 0.411 1.67E-21 2.71E-21 0.364 3.99E-29 7.98E-29 
IV1 N6H7S3F1 0.382 3.81E-07 9.97E-07 0.543 8.76E-31 3.72E-30 0.413 2.26E-32 6.99E-32 
IV1 N6H7S4F1 0.371 1.86E-06 3.51E-06 0.558 2.32E-30 8.78E-30 0.379 2.02E-26 2.86E-26 
IV1 N6H7S4F2 0.136 2.97E-02 3.26E-02 0.294 1.30E-14 1.47E-14 0.115 2.75E-05 3.02E-05 
IV1 N7H8S3F1 0.351 1.62E-08 1.26E-07 0.435 1.80E-29 5.56E-29 0.423 6.87E-46 2.34E-44 
IV1 N7H8S4F1 0.282 6.01E-06 9.73E-06 0.376 1.18E-22 2.11E-22 0.338 1.49E-31 4.22E-31 
V1 N4H5S2F1 0.289 1.50E-05 2.22E-05 0.285 1.02E-12 1.11E-12 0.269 3.41E-19 4.09E-19 
V1 N5H6S3F1 0.548 5.05E-10 1.06E-08 0.650 3.48E-32 2.36E-31 0.577 2.12E-43 3.60E-42 
V1 N6H7S2F1 0.274 5.72E-04 6.71E-04 0.439 1.97E-19 2.68E-19 0.318 7.36E-19 8.34E-19 
V1 N6H7S3F1 0.322 9.18E-08 3.47E-07 0.450 1.64E-32 1.40E-31 0.340 7.15E-34 2.70E-33 
V1 N6H7S4F1 0.383 1.85E-07 6.28E-07 0.521 6.39E-30 2.17E-29 0.389 1.54E-30 3.50E-30 
V1 N6H7S4F2 0.378 3.15E-05 4.29E-05 0.618 1.37E-27 3.57E-27 0.435 1.53E-25 2.00E-25 
V1 N7H8S3F1 0.138 1.18E-03 1.34E-03 0.242 2.91E-20 4.30E-20 0.220 7.28E-29 1.38E-28 
V1 N7H8S4F1 0.172 2.54E-05 3.60E-05 0.226 1.03E-19 1.46E-19 0.216 2.44E-30 5.18E-30 
V1 N8H9S4F1 0.263 8.70E-07 1.97E-06 0.267 1.34E-16 1.75E-16 0.324 6.42E-38 3.12E-37 
V1,2 N5H6S2F1 0.399 1.70E-06 3.51E-06 0.541 1.02E-25 2.32E-25 0.424 1.85E-28 3.15E-28 
V1,2 N5H6S3F1 0.400 4.35E-06 7.39E-06 0.430 3.24E-16 4.04E-16 0.411 4.58E-25 5.77E-25 
V1,2 N6H7S3F1 0.305 6.77E-06 1.05E-05 0.425 3.30E-24 6.23E-24 0.273 3.49E-19 4.09E-19 
V1,2 N6H7S4F1 0.471 6.91E-07 1.68E-06 0.609 2.48E-25 5.27E-25 0.472 1.84E-27 2.72E-27 
V1,2 N6H7S4F2 0.546 3.21E-06 5.75E-06 0.814 9.96E-29 2.82E-28 0.594 3.11E-28 4.80E-28 
V1,2 N7H8S4F1 0.245 4.09E-05 5.35E-05 0.349 1.97E-21 3.04E-21 0.324 2.25E-31 5.89E-31 
V1,2 N8H9S4F1 0.258 1.80E-04 2.18E-04 0.341 3.32E-16 4.04E-16 0.387 3.20E-33 1.09E-32  
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I1N6H7S3F1. This finding, although interesting, is challenging to 
interpret. However, it is the least abundant glycan structure character
ized at this glycosylation site, so the reliability along with relevance of 
this observation might be limited. 

Even though the relation of HNF1A-MODY to type 2 diabetes has the 
largest clinical significance, it was also important to confirm the 
observed shift in glycosylation is not present in other types of diabetes 
because this contributes to positive predictive value of testing. On the 
other hand, inflammatory diseases often result in increased levels of 
AGP fucosylation and such conditions should be considered in case of 
clinical use [26–28]. 

4.2. AGP glycosylation in young-onset non-autoimmune diabetes 
including both HNF1A-MODY and T2DM 

Individuals with early-onset diabetes characterized by preserved 
insulin production and absence of pancreatic autoimmunity are poten
tial HNF1A-MODY cases, even though many more with T2DM match 
these criteria. Since this similarity of traits is a major source of HNF1A- 
MODY misdiagnoses, it is important to find a way of identifying true 
HNF1A-MODY cases from a large pool of candidates. Therefore, AGP N- 
glycosylation analysis was performed on a group of 98 individuals 
matching the previous description, all of whom had HNF1A previously 
sequenced. It was also previously confirmed that 18 subjects carry 
damaging HNF1A mutations. The aim of this experiment was to test if 
the change in AGP fucosylation corresponds to functionality of HNF1A 
gene, i.e., if AGP fucosylation alterations could detect disease-causing 
HNF1A variants. In addition, assessment of AGP glycopeptides’ ability 
to distinguish patients with HNF1A-MODY from a population of patients 
with non-autoimmune diabetes was performed by ROC curve analysis. 

Levels of AGP’s fucosylated glycopeptides were compared between 
individuals with pathogenic or likely pathogenic HNF1A variants and 
those with predicted normal function of the protein, separately for 
subjects with benign or likely benign variants and those without rare 

HNF1A variants. 
Again, our results showed clear separation of patients carrying 

deleterious mutations, who exhibited lower levels of fucosylated AGP 
glycopeptides (Fig. 2). Linear regression confirmed the observed effect 
to be highly statistically significant for majority of glycopeptides and IV1 
N7H8S3F1 again showed the largest statistical significance (p-value 
1.46 × 10-10 for comparison with non-rare variants) (Table 2). This 
structure was not reported in plasma N-glycosylation study previously 
performed on these subjects [18]. Even though highly branched and 
complex glycans indicated the changes in AGP glycosylation, by specific 
AGP glycopeptide analysis, we were able to observe structures not 
available by previously used method and thereby potentially find 
markers with even better diagnostic performance. 

4.3. Single AGP glycopeptide as a predictor of HNF1A-MODY 

To examine the classification performance of fucosylated AGP gly
copeptides in identifying the patients with pathogenic or likely patho
genic HNF1A variants among patients with benign or without rare 
variants, ROC curve analysis was conducted. Individual glycopeptides 
were tested for their discriminative power and, as before, IV1 N7H8S3F1 
showed the best performance with AUC of 0.94 (95% CI 0.90–0.99) 
(Fig. 3 A). Classification performance of the remaining glycopeptides is 
shown in Supplemental table 3. The previously described and suggested 
HNF1A-MODY diagnostic tool based on total plasma protein N-glycans 
[18] requires relatively complex procedure involving N-glycan release, 
labeling, and clean-up, followed by UPLC analysis and data processing, 
because many analytes contribute to the final result. Also, the best 
performing plasma glycan peak had an AUC of 0.90, lower than single 
AGP N-glycopeptide. Previous comparison of other MODY-related bio
markers including hsCRP, 1,5-anhydroglucitol, cystatin C, HDL and 
several others, found hsCRP to be the most promising [29]. However 
both in study performed on total plasma N-glycosylation [18] and in this 
study, glycan based biomarkers outperformed hsCRP (AUC: 0.83, 

Fig. 2. Relative abundance of individual fucosylated AGP glycopeptides presented as boxplots and separated based on the degree of HNF1A variant pathogenicity: 
pathogenic or likely pathogenic (D), benign or likely benign (B) and subjects without rare variants (N). 
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Supplemental table 3.) apart from hsCRP being routinely available. The 
promising performance of IV1 N7H8S3F1 introduces a potential for 
development of a diagnostic tool based on a single glycopeptide, without 
the need to analyze many glycopeptides or glycans as performed in this 
and previous studies. Single glycopeptide approach would require less 
sample preparation and less complex analytical system, while still 

retaining the benefits of glycopeptide analysis compared to released 
glycans. This would make the analysis much simpler and more achiev
able for clinical application. 

Table 2 
Difference in relative abundance of individual glycopeptides in patients with benign HNF1A variants (B) and without any allele variants(N) compared to damaging 
HNF1A variants. Results are shown as coefficients representing natural logarithm of difference in abundance and corresponding p-values.  

Site Glycan Coefficient B p-value B p adjusted B Coefficient N p-value N p adjusted N 

I1 N4H5S2F1 0.241 9.44E-03 1.69E-02 0.302 5.59E-07 8.64E-07 
I1 N5H6S1F1 0.367 4.50E-03 1.18E-02 0.421 4.72E-07 8.03E-07 
I1 N5H6S2F1 0.328 5.45E-03 1.30E-02 0.447 1.21E-08 4.10E-08 
I1 N5H6S3F1 0.408 6.14E-03 1.30E-02 0.569 9.36E-09 3.54E-08 
I1 N6H7S2F1 0.265 1.76E-03 6.65E-03 0.315 1.54E-08 4.75E-08 
I1 N6H7S3F1 0.241 8.60E-03 1.69E-02 0.234 5.30E-05 6.01E-05 
I1,2 N5H6S1F1 0.164 1.89E-01 2.01E-01 0.278 6.35E-04 6.74E-04 
I1,2 N5H6S2F1 0.294 2.46E-02 3.81E-02 0.469 1.08E-07 2.30E-07 
I1,2 N5H6S3F1 0.410 4.13E-03 1.17E-02 0.578 3.16E-09 1.53E-08 
I1,2 N6H7S2F1 0.009 9.37E-01 9.37E-01 0.030 6.86E-01 6.86E-01 
I1,2 N6H7S3F1 0.033 7.15E-01 7.37E-01 0.026 6.42E-01 6.61E-01 
II1,2 N4H5S2F1 0.253 9.59E-04 6.63E-03 0.251 6.27E-07 9.28E-07 
II1,2 N5H6S3F1 0.406 1.21E-03 6.63E-03 0.552 1.80E-10 3.06E-09 
IV1 N5H6S2F1 0.318 1.48E-03 6.63E-03 0.368 4.06E-08 9.85E-08 
IV1 N5H6S3F1 0.407 1.56E-03 6.63E-03 0.486 1.90E-08 5.37E-08 
IV1 N6H7S2F1 0.157 5.55E-02 6.53E-02 0.241 9.30E-06 1.13E-05 
IV1 N6H7S3F1 0.148 5.57E-02 6.53E-02 0.252 1.10E-06 1.50E-06 
IV1 N6H7S4F1 0.210 2.22E-02 3.59E-02 0.301 8.28E-07 1.17E-06 
IV1 N7H8S3F1 0.260 1.18E-04 4.02E-03 0.326 4.30E-12 1.46E-10 
IV1 N7H8S4F1 0.258 1.30E-03 6.63E-03 0.335 9.49E-10 6.45E-09 
V1 N5H6S3F1 0.483 3.06E-04 5.20E-03 0.574 3.32E-10 3.10E-09 
V1 N6H7S2F1 0.191 4.46E-02 5.83E-02 0.272 1.49E-05 1.74E-05 
V1 N6H7S3F1 0.198 6.22E-02 7.05E-02 0.341 1.59E-06 2.08E-06 
V1 N6H7S4F1 0.238 3.77E-02 5.34E-02 0.385 5.37E-07 8.64E-07 
V1 N6H7S4F2 0.230 3.24E-02 4.79E-02 0.318 7.66E-06 9.64E-06 
V1 N7H8S3F1 0.146 8.98E-03 1.69E-02 0.221 6.67E-09 2.83E-08 
V1 N7H8S4F1 0.103 4.08E-02 5.54E-02 0.183 7.02E-08 1.59E-07 
V1 N8H9S4F1 0.178 5.91E-03 1.30E-02 0.269 1.50E-09 8.52E-09 
V1,2 N5H6S2F1 0.384 1.41E-03 6.63E-03 0.447 3.00E-08 7.85E-08 
V1,2 N5H6S3F1 0.235 1.99E-03 6.77E-03 0.267 1.34E-07 2.68E-07 
V1,2 N6H7S3F1 0.163 1.80E-01 1.98E-01 0.321 6.30E-05 6.90E-05 
V1,2 N6H7S4F1 0.216 4.74E-02 5.97E-02 0.376 2.93E-07 5.25E-07 
V1,2 N6H7S4F2 0.382 1.87E-02 3.19E-02 0.566 2.29E-07 4.32E-07 
V1,2 N7H8S4F1 0.183 2.71E-03 8.37E-03 0.264 3.64E-10 3.10E-09  

Fig. 3. Classification performance of HNF1A-MODY prediction models based on the best performing individual glycopeptide (A) and on multiple glycopeptides (B) 
selected by regularized logistic regression (RLR), visualized by ROC curves and corresponding areas under the curve (AUC). 
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4.4. Multiple AGP glycopeptides as predictors of HNF1A-MODY 

Next, the predictive model based on glycopeptides selected using the 
regularized logistic regression from the complete AGP glycopeptide 
profile was tested. Glycopeptides included in the model along with 
corresponding coefficients are listed in the Supplemental table 3. The 
obtained ROC curve had AUC of 0.99 (95% CI 0.98–1), suggesting even 
better performance than IV1 N7H8S3F1 glycopeptide but not reaching 
statistical significance (p-value = 0.056) when compared (Fig. 3 B). This 
shows that although individual glycopeptides are highly informative, 
additional information is likely contained within the total glycosylation 
profile of APG. Nevertheless, analysis and comparison of total N-glyco
sylation of AGP requires more elaborate sample preparation and data 
analysis, possibly not being justified for clinical environment. 

The observed difference in glycopeptide levels between functional 
and disease-causing HNF1A allele variants, represents an advantage 
since HNF1A sequencing results require further interpretation, some
times highly demanding for previously uncharacterized variants. 
Moreover, it could help to interpret the phenotypical effect for variants 
of unknown significance. 

4.5. Where could measurement of AGP N-glycosylation fit into a 
diagnostic pathway for MODY? 

We have discussed above the potential role of the AGP N-glycosyl
ation test to assist with variant assessment after sequencing. In addition, 
the test could also be used for screening individuals not currently 
eligible for diagnostic testing to identify those at higher likelihood of 
carrying a functional HNF1A variant. Most testing labs currently use 
next-generation gene sequencing panel, typically including up to 20–30 
genes associated with diabetes alone or with diabetes syndromes. The 
eligibility criteria for such testing commonly include younger age of 
onset (up to age 25–35), with parental history of diabetes. Those 
considered by clinicians more likely to have type 2 diabetes e.g. with 
older age of onset, obese individuals or those from non-white ethnic 
groups may be either excluded or less often offered testing for mono
genic diabetes. For this reason, inclusion of AGP fucosylation data into 
currently used screening tools such as MODY probability calculator [30] 
could be beneficial. 

5. Conclusions 

The AGP N-glycosylation analysis in individuals affected by HNF1A- 
MODY, in comparison to other diabetes subtypes, confirmed the ex
pected significant reduction in fucosylation. Furthermore, the associa
tion of fucosylated glycopeptide levels with rare allele variants was 
demonstrated, where patients with disease-causing variants had 
decreased levels of fucosylated glycopeptides, compared to patients with 
benign, likely benign variants or without any. This represents a basis for 
proposal of AGP glycopeptide analysis as a diagnostic tool for HNF1A- 
MODY. The ROC curve analysis demonstrated a very good perfor
mance of individual glycopeptides, especially IV1 N7H8S3F1, showing 
that single glycopeptide might serve as diagnostic and/or stratification 
tool. 

Introduction of IV1 N7H8S3F1 as a single glycopeptide marker would 
allow for effective identification of patients with dysfunctional HNF1A 
and therefore offer a path to definitive diagnosis, regardless of poten
tially inconclusive sequencing results. Also, it could be used for patients 
currently excluded from sequencing considering the likely low price of 
analysis (for method used in this study, excluding MS instrumentation, 
cost per sample was under 5 euro). Compared to the previously proposed 
total plasma protein N-glycosylation analysis, single glycopeptide-based 
test carries an advantage in terms of increased signal specificity. 
Furthermore, being a methodologically simpler approach, it would more 
likely be able to take advantage of MS-based systems’ increasing pres
ence in clinics and be a cost-effective addition to the whole differential 

diagnosis process. 
This way patients less likely carrying damaging HNF1A mutations 

and those currently excluded from guidelines for HNF1A sequencing (e. 
g. older age at detection of glycemic dysregulation), could routinely be 
tested and otherwise missed HNF1A-MODY cases still diagnosed. 
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Ltd, a company that specializes in high-throughput glycomics and has 
several patents in this field. The remaining authors declare that the 
research was conducted in the absence of any commercial or financial 
relationships that could be construed as a potential conflict of interest. 

Appendix A. Supplementary material 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.diabres.2022.109226. 

References: 

[1] Flannick J, Johansson S, Njølstad PR. Common and rare forms of diabetes mellitus: 
towards a continuum of diabetes subtypes. Nat Rev Endocrinol 2016;12(7): 
394–406. 
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