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Abstract

Introduction: Gestational diabetes mellitus (GDM) is a state of hyperglycemia during pregnancy,
increasing the risk of birth complications, and subsequent type 2 diabetes mellitus in the mother and
offspring. Risk factors such as diet, obesity, and family history have demonstrated strong association
with GDM, but no clear pathophysiology has been ascertained. Methods: Analysis was conducted on
38 women with and 296 without GDM, within a case/control study of pre-eclampsia. The genetic
variants examined were selected from among a published polygenic risk score of 10 variants (PRS-
10). [1] Genetic models were evaluated for each variant by multivariate logistic regression methods
adjusted for age, body mass index, nulliparity and pre-eclampsia. A risk score comprised of the total
risk alleles among the 7 variants (PRS-7) was evaluated. Results: Multivariate logistic regression
showed significant, independent, positive associations between body-mass index (BMI), age, the
posited PRS-7 (OR 1.87, 95% CI 1.43-2.45, p=5.3x10%) and GDM. In univariate analysis, rs1421085 was
associated with GDM (OR 0.50, 95% CI 0.26-0.95, p=0.034), but not after adjustment for covariates and
paradoxically not for the expected risk allele. None of the other 6 variants showed individual
association with GDM. An independent association of PRS-7, rs1421085 and established risk factors
(age and BMI) with GDM is demonstrated. The previously published meta-analysis of PRS-10
showed a degree of heterogeneity (pe=0.03) among the 3 cohorts analyzed, suggesting that variant
effects may differ according to genetic background. Conclusion: We replicate and further refine
results of a previously published polygenic risk score for GDM in an ethically unrelated population.

Keywords: gestational diabetes; genetics; risk score; American Indian

Research in Context:

What is already known about this subject?
e  Within primarily European cohorts, a polygenic risk score (PRS) comprised of 10 variants is
associated with gestational diabetes.

What is the key question?
e  Can this PRS be replicated, especially in a distantly related population?
What are the new findings?

e  The current analysis confirms this association using a subset of 7 variants (derived from the
previous publication) among an American Indian cohort
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e  Further, sensitivity analysis indicates only 3 of these variants may be sufficient to detect this
association.

How might this impact on clinical practice in the foreseeable future?

e  With sufficient sensitivity, a PRS could reduce the need for complex and onerous gestational
diabetes screening methods

Introduction

Gestational diabetes mellitus (GDM) is a state of hyperglycemia in pregnant women that can be
diagnosed as early as 24 weeks of gestation. [2] Recommended diagnostic criteria for GDM require
2 or more values exceeding limits after a definitive 3-hour oral glucose tolerance test. [2]
Consequences of GDM can lead to birth complications such as macrosomia, Cesarean section,
increased risk of subsequent type 2 diabetes mellitus (DM-II) in the mother and increased prevalence
of DM-II prevalence among offspring. [3] GDM affects approximately 15% of pregnant women
worldwide. [3] Risk factors such as maternal age at delivery, diet, increased body mass index (BMI),
and family history have demonstrated their strong association with GDM but no clear
pathophysiology has been ascertained. [4] Nearby Canadian aboriginal populations have been shown
to experience a greater prevalence of GDM than other ethnic groups in the United States. [5]

Since 2004, the Genetics and Pre-eclampsia Study (GPS) of Turtle Mountain Community College
has enrolled over 450 pre-eclampsia cases and controls. [6,7] Sufficient genetic and medical record
information on associated risk factors, including GDM, was obtained from a subset (N=334) of
participants with identified GDM and a random selection of controls without GDM, to allow the
current analysis.

Insight into the pathophysiology of GDM has been derived from associations with genetic
variants that confer higher risk of GDM. For example, Powe et al [1] described a "Pregnancy Cluster
1" (referred to here as "PRS-10") including variants of the following genes: MRPS30, FTO, GLP2R,
SLC2A2, MTNR1B, SHQ1, CRHR2, PIK3R1, MC4R, PURG. This PRS-10 was associated with increased
risk of GDM, demonstrating an odds ratio of 1.24 (p-value=6.20x107). The present study sought
replication of the above published association of PRS-10 variants with GDM. Table 1 summarizes
PRS-10 variants, possible mechanistic relationship with GDM and the subset analyzed in the current

report.
Table 1. PRS-10 genetic variants and those in the current analysis.
Gene SNP* risk / alternate Included in | Theorized mechanism:
current
allele
analysis
MC4R rs523288 T/A + Obesity [1,8,9]
PURG 1510954772 T/C + Adiposity [1,10]
CRHR2 rs917195 C/T + Pancreatic beta-cell
dysfunction [1]
FTO rs1421085 C/T + Obesity [1,8]
MTNRI1B rs10830963 G/C + Insulin resistance
Pancreatic beta-cell
dysfunction [1,11]
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PIK3R1 rs4976033 G/A + Insulin resistance [12]
SHQ1 rs13085136 C/T + Adiposity [1,13]
MRPS30 rs6884702 G/A Unknown [1]
GLP2R rs7222481 C/G Pancreatic  beta-cell
dysfunction [1,14]
SLC2A2 rs9873618 G/A Hepatic glucose
uptake [1]

* Single Nucleotide Polymorphism.

In addition to genetic risks, contributing factors such as maternal age at delivery, and BMI were
analyzed. = Advanced maternal age has been associated with oxidative stress, endothelial
dysfunction, and increased inflammation, all of which has been linked to GDM. [15] Low or normal
BMI (<30) and nulliparity were “protective factors” against the development of GDM. [16-18]
Although GDM is a recognized risk factor for pre-eclampsia (PE), [19] whether the reverse is true and
whether both are independent of each other is an open question.

Methods

Written, informed consent was obtained from all participants permitting the analysis of potential
genetic and other PE risk factors, including GDM. Approval was also obtained from the participants'
Tribal governments.

The above referenced GPS dataset and samples were accessed to conduct the present analysis.
The study size was determined by the genotype availability of the identified variants of interest. In
the prior GPS analyses, investigating genetic associations with pre-eclampsia, gestational diabetes
mellitus (GDM) and pre-existing diabetes were included as covariates, though the primary focus was
on PE. Data on these conditions were abstracted from medical records or birth certificates by one of
the authors or a supervised laboratory assistant. GDM was defined as the presence of a clinical
diagnosis of "gestational diabetes" or "glucose intolerance" during pregnancy, without prior history
of diabetes. Some cases of GDM may have been missed due to incomplete records, as the GPS did
not specifically focus on diabetes. Participants with a history of diabetes prior to pregnancy were
excluded.

In assessing each variant's potential association with GDM, for both cases and controls,
adjustment was conducted for age at delivery, nulliparity, BMI calculated from weight at first
prenatal visit and a history of PE during the pregnancy. The diagnosis of PE was consistent with
previously published GPS methods [6] and required at least 2 of 3 criteria reflecting hypertension,
proteinuria and a clinical diagnosis of PE.

Salivary samples were collected and processed according to manufacturer's protocol (Oragene).
Genotypic data from a [llumina Infinium microarray (ITMAT-Broad-CARe, IBC) [20] was available
for 2 SNPs, 4 variants were genotyped by TaqgMan assay (ThermoFisher Scientific), and one was
assessed by Sanger sequencing (Big Dye Terminator 3.1, ThermoFisher Scientific) after a custom
TagMan assay failed. TagMan assays were unavailable for the remaining SNPs shown in Table 1. A
TagMan assay was also used to replicate microarray genotyping results and allele designation for
rs1421085 with confirmation on 43 of 44 samples. Imputation of missing genotypic data was not
utilized and covariate information was complete.

SPSS v.29.0.2.0 was utilized to run all statistical analysis. Descriptive statistics show means (SD)
for quantitative traits and N (%) for discrete variables. Tests of statistical significance utilized chi-
square and the T test of independent means for discrete and continuous variables respectively. The
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independent variables included the genetic variants (Table 1), with GDM as the dependent variable.
Multivariate logistic regression models included age at delivery, BMI, nulliparity and PE. Since all of
these four covariates are known to be associated with risk of GDM and some are correlated with each
other, it was felt necessary to adjust for all. To avoid confounding from potential population
stratification, a principal components analysis (PCA) of the microarray genotypes was conducted.
[21] The 45,554 IBC SNPs with rsID designation were filtered to exclude the 7 variants included in
the risk score, any failing to genotype in any sample, those with a minor allele frequency less than
0.01, and those exhibiting linkage disequilibrium of r2>0.10. There were 8,655 SNPs remaining in the
PCA analysis and the top 10 principal components (PCs) were entered into the multivariate model.
The odds ratio and 95% confidence intervals are reported, and statistical significance was evaluated
at the p=0.05 level.

In partial replication of Powe et al, [1] the 7 available genotypes were used to create the present
PRS-7. This score was a summation of risk alleles available (Table 1) for each participant. The
distribution of PRS-7 was from 0 to 10 from a possible total of 14.

Results

The primary findings are independent associations between GDM, greater age at delivery,
increased BMI, and the proposed PRS-7, in a multivariate logistic regression model.

Case, control and covariate distribution is shown in Table 2. Risk allele frequency in the complete
cohort is found in Table 3.

Univariate logistic regression results, as well as those of a model incorporating all covariates,
and single variant association models adjusted for all covariates are listed in Table 4 below. Only the
results of those genetic models (eg additive, dominant etc) with the smallest p values were displayed,
and that model continued to be used in subsequent analyses.

The distribution of PRS-7 was from 0 to 10 from a possible total of 14 as seen in Table 5.

Table 2. Case-Control Characteristics.

GDM Control p value
Number (N) 38 296
Age at delivery mean
28.0 (6.48) 23.8 (5.73) 3x10°
(SD)
Parity, N ( %
16 (42.1%) 151 (51.0%) 0.301
nulliparous)
Body-Mass index (SD) | 34.8 (8.10) 28.7 (7.15) 1.4x106
Pre-eclampsia, N (%
22 (57.9%) 117 (39.5%) 0.031
yes)
Table 3. Frequency of Risk Alleles and assessment of Hardy-Weinberg Equilibrium.
Risk Allele* Allele frequency (%) p value
rs523288 T 13.5 0.621
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rs10954772 T 30.1 0.812
15917195 C 71.3 0.920
rs1421085 C 27.1 0.361
rs10830963 G 28.4 0.679
154976033 G 38.3 0.871
rs13085136 C 88.3 0.091
* as per Powe et al®

Table 4. Logistic Regression, genetic model for each variant with lowest p value shown.

Univariate Analysis
Risk/Alt Odds ratio 95% p value
Allele* Confidence Interval

Age at delivery 1.114 1.06 - 1.17 <0.001
nulliparity 0.698 0.35-1.38 0.303
Body-Mass index 1.093 1.05-1.14 <0.001
Pre-eclampsia 2.104 1.06-4.18 0.033
rs523288, T-ADD T/A 1.408 0.65 - 3.06 0.388
rs10954772, T-Rec T/C 0.240 0.03 -1.87 0.173
15917195, C-Dom C/T 0.606 0.15-2.42 0.478
151421085, C-ADD C/T 0.499 0.26 - 0.95 0.034
rs10830963, G-Rec G/C 1.403 0.45-4.33 0.556
rs4976033, G-Dom G/A 1.131 0.46 -2.79 0.789
1513085136, C-ADD C/T 0.923 0.34 -2.52 0.876
PRS-7 1.214 1.05-1.40 0.007
PRS-3** 1.626 1.17-2.25 0.003
Covariate-only model
Age at delivery 1.130 1.04-1.23 0.005
nulliparity 1.885 0.57 - 6.20 0.297
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Body-Mass index 1.079 1.02-1.14 0.005
Pre-eclampsia 1.789 0.70 - 4.56 0.223
PC-1* 0.050 0.00 - 267.8 0.494
PC-2 0.021 0.00 - 4,033 0.534
PC-3 0.013 0.00 - 96.8 0.341
PC-4 0.149 0.00 - 2,668 0.703
PC-5 0.446 0.00 - 6,918 0.870
PC-6 0.001 0.00-173.5 0.251
PC-7 0.566 0.00 - 58,846 0.923
PC-8 0.388 0.00 - 15,288 0.861
PC-9 1.783 0.002 - 1,756 869
PC-10**** 21,341 1.358 - 33,545,827 .043
Single-variant association adjusting for other covariates
rs523288, T-ADD T/A 1.605 0.53 - 4.86 0.402
rs10954772, T-Rec T/C 0.971 0.74 - 12.68 0.982
rs917195, C-Dom C/T 0.412 0.06 -2.72 0.357
rs1421085, C-ADD C/T 0.560 0.25-1.26 0.162
rs10830963, G-Rec G/C 2.023 0.49 - 8.31 0.328
rs4976033, G-Dom G/A 1.623 0.42-6.24 0.481
rs13085136, C-ADD C/T 0.664 0.19-2.30 0.519
PRS-7 1.871 1.43-2.45 5.3x106
PRS-3 3.364 1.95-5.80 1.2x10°

* as per Powe et al'. ** a subset of PRS-7 comprised of the three genotypes with odds ratios >1 in univariate

g HkA

analysis. principal component 1, etc. results considered unreliable, likely due to low frequency of

component SNPs.

Table 5. Distribution of Polygenic Risk Scores (PRS-7).

N (%) Cumulative %
0 35 (10.5) 10.5
1 65 (19.5) 29.9
2 51 (15.3) 45.2
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3 42 (12.6) 57.8
4 37 (10.5) 68.9
5 32 (9.6) 10.5
6 34 (10.2) 88.6
7 26 (7.8) 96.4
8 9(2.7) 99.1
9 2(0.6) 99.7
10 1(0.3) 100.0

Discussion

A multivariate analysis adjusted for age and BMI, utilizing a subset of a previously reported
polygenic risk score found a significant association with GDM (OR 1.87, 95% CI 1.43-2.45, p=5.3x10-
6). Age at delivery and BMI were also independently linked to increased risk of GDM. Despite the
association of the FTO, rs1421085 C allele with increased BMI and GDM risk in the literature, in the
present analysis the C allele was found to confer lower univariate risk (but not after adjustment in
the multivariate model).

We examined a selection of 7 SNPs among the 10 genes associated with GDM in the literature.
[1] These SNPs were variants of —MC4R, PURG, CRHR2, FTO, MTNR1B, PIK3R1, and SHQ1—and
were chosen from Powe et al's "Pregnancy Cluster 1", [1] after consideration of TagMan assay and
previous microarray result availability., These SNPs have been related to risk of GDM, type 2 diabetes
mellitus, and/or reduced insulin sensitivity. [13,22,23]

The MTNR1B gene SNP, rs10830963, has been among the most intensely studied genes related
to glucose homeostasis in pregnancy. [11] MTNRIB encodes for melatonin receptor 1B binding
melatonin, which reduces insulin secretion from pancreatic beta cells. The presence of the G allele of
this variant increases the expression of melatonin receptor 1B and increased melatonin binding,
resulting in low insulin secretion. [24] A meta-analysis of 8 cohorts (3,296 cases and 3,709 controls)
found an odds ratio of 2.228 (95% CI 1.224-4.055, p=0.009) modeling an rs10830963 G recessive
genotype on GDM risk [22]. The present analysis showed the same direction of effect but was not
statistically significant.

The PIK3R1 gene plays a crucial role in regulating insulin signaling by encoding a key regulatory
subunit interacting with insulin receptor substrates (IRS1/2). Binding of p85alpha (produced by
PIK3R1) to IRS1/2 triggers downstream effects including increasing GLUT4 at the cell membrane,
stimulating glycogen synthesis, and suppressing gluconeogenesis. [12] A study examining insulin
sensitivity indices and gene variants affecting these indices found that PIK3R1 gene rs4976033
variant, was associated with changes in glucose levels during an oral glucose tolerance test (OGTT)
at 0, 30, and 120 minutes suggesting a potential role in reducing insulin sensitivity. [23]

MC4R encodes the melanocortin 4 receptor, helping regulate satiety and hunger either by its
gain or loss of function. [25] Gain of function increases satiety while loss leads to overeating and then
eventually obesity. The current study concludes that the MC4R gene variant rs523288 is associated
with increased risk of GDM by possibly predisposing patients to a higher BML

The FTO gene SNP, rs1421085, may indirectly influence GDM development by increased
maternal adiposity. The CRISPR-Cas9 editing of the T to C allele of this variant in adipocytes causes
increased expression of IRX3 and IRX5 genes and shifts the function of the cell towards that of fat
storage and reduced mitochondrial thermogenesis. [26] Saucedo et al also found the risk (C allele)
is associated with increased weight gain in pregnancy as well as increased adiponectin and TNE-
alpha levels. [27]

Among the 7 SNPs reported here, only rs1421085 was individually associated with GDM in
univariate analysis (Table 4). Finding the C allele associated with reduced risk in this cohort, in
contrast to the literature, is difficult to explain. We have checked the direction of effect repeatedly
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and conducted replicate genotyping of multiple samples with a TagMan assay to confirm the
microarray designation of alleles.

Further analysis of our cohort failed to provide evidence for any association between the other
6 SNPs evaluated, either through univariate or multivariate logistic regression models adjusting
maternal age at delivery and BML

The fact that our PRS-7, comprised of the total number of alleles reportedly contributing to risk
from these, showed strong evidence of association with GDM was unexpected, especially since 4 of
this group exhibited trends in conflict with the anticipated risk allele (albeit only rs1421085 was
statistically significant). Since only 3 of the SNPs in PRS-7 showed association with GMD in the
expected direction of effect, we conducted a sensitivity analysis of this group of variants alone,
demonstrating an increased odds ratio with similar significance (OR 3.36, 1.95-5.80, p=1.2x10).

The current study aimed to analyze gene variants associated with the development of GDM and
applied it to our smaller diverse Native American cohort. With a total of 334 participants, our cohort
provided a limited but reasonable dataset for statistical analysis in this community. We were able
demonstrate results consistent with that of different populations as referenced by Powe et al. [1] The
strength of association between GDM and PRS-7 and an even more limited PRS-3 was unanticipated,
especially given the lack of significant results when evaluating each SNP individually. Confirmation
of the relationship of BMI and age at delivery in this population was reassuring. Interestingly, the
FTO risk allele analyzed was protective against GDM in the present analysis.

GDM plays a significant role in maternal and neonatal health outcomes. The ability to better
detect the propensity for developing GDM is a useful diagnostic tool that could enhance management
or aid in prevention of GDM in the future.
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