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Abstract. – OBJECTIVE: PSMD9 is a ubiq-
uitous protein present at high concentrations in 
eukaryotic cells. It contributes to the degrada-
tion of intracellular proteins in the immune sys-
tem. It is part of the 26S proteasome complex, 
and its regulatory role on proteasomal activity 
as well as its effect on genetic transcription have 
been recognized. PSMD9 has been related with 
insulin secretion, and it regulates the ligand-de-
pendent retinoid-target genes transcription. Im-
portantly, PSMD9 rs74421874 (IVS3+nt460-G>A), 
rs3825172 (IVS3+nt437-C>T), and rs14259 SNPs 
have been previously linked to type 2 diabetes 
(T2D), maturity-onset diabetes of the young 3 
(MODY3), overweight status and waist circum-
ference, hypertension, hypercholesterolemia, 
cardiovascular disease, microvascular disease 
(retinopathy, neuropathy, and nephropathy), car-
pal tunnel syndrome, depression, anxiety, in-
somnia, and sleep hours. 

MATERIALS AND METHODS: In this 
study, we analyzed the above-mentioned PS-
MD9 rs74421874 (IVS3+nt460-G>A), rs3825172 
(IVS3+nt437-C>T), and rs14259 SNPs for linkage 
to the T2D quantitative traits of T2D age of on-
set, duration in years of combined oral hypogly-
cemic agents and insulin therapy and only insu-
lin therapy, stress, and the birth weight of the 
subjects’ children; and with the T2D qualitative 
phenotypes of irregular menses, couple infertil-
ity, and menopausal hot flashes.

RESULTS: We found that PSMD9 was linked 
to irregular menses of reproductive age, meno-
pausal hot flashes, T2D age of onset, years of 
combined oral and insulin therapy and of insu-
lin therapy; we also found that it shows only a 
tendency towards linkage to stress, birthweight, 
and couple infertility. 

CONCLUSIONS: This is the first time that this 
gene is implicated with irregular menses of re-
productive age (a trait of polycystic ovarian syn-
drome), hot flashes, T2D onset age, and dura-
tion years of combined oral and insulin therapy 
and only insulin therapies. 
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Introduction

Within the 12q24 locus/NIDDM2 locus lies the 
26S Proteasome Non-ATPase Regulatory Subunit 
9 [PSMD9 (mouse homologous Bridge-1), also 
known as p27 or Rpn4], an insulin gene tran-
scription coactivator that is highly expressed in 
pancreatic islets1. PSMD9 is part of the 26S pro-
teasome complex and its regulatory role on prote-
asomal activity is well-known as well as its effect 
on genetic transcription2. The 26S proteasome 
also regulates ligand-dependent retinoid-target 
genes transcription; and the PSMD9 PDZ [post 
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synaptic density protein (PSD95), Drosophila 
disc large tumor suppressor (Dlg1), and zonula 
occludens-1 protein (zo-1)] interaction domain 
plays a part in mRNA processing and mRNA 
editing, transcriptional regulation, hormone and 
receptor activity, and protein translation3. Pan-
creatic overexpression in mice of the homologous 
Bridge-1 causes insulin deficiency, diabetes, and 
hypertriglyceridemia4; its transcription inhibition 
in vitro reduces insulin secretion1. Thus, PSMD9 
variants might impair insulin transcription and 
cause beta-cell dysfunction1. Recently, transomic 
analyses using lipid regulatory networks in 107 
genetically distinct mice strains allowed the iden-
tification and validation of PSMD9 as a previous-
ly unknown lipid regulatory protein5.

The PSMD9 rs74421874 (IVS3+nt460-G>A), 
rs3825172 (IVS3+nt437-C>T), and rs14259 single 
nucleotide polymorphisms (SNPs) have been sig-
nificantly linked to T2D and digenic type of in-
heritance maturity-onset diabetes of the young 3 
(MODY3) at least in Italian families6,7, and they 
have also been linked to several T2D-related long-
term complications, including T2D-related ne-
phropathy8, T2D-related neuropathy9, T2D-related 
retinopathy10 and T2D-related micro- and mac-
ro-vascular pathology11,12. PSMD9 has also been 
linked to several conditions associated with T2D, 
such as hypertension13, coronary artery disease 
(CAD), stroke and/or transitory ischemic attacks12, 
hypercholesterolemia14, overweight and waist 
circumference15, carpal tunnel syndrome16, anx-
iety17, insomnia and sleep hours18, depression19,20 
and anti-depressant response21, and schizophrenia 
(SCZ)22. PSMD9 clearly shows strong pleiotropic 
effects. In the phenotypes associated with T2D 
and atherosclerosis, one potential role of PSMD9 is 
related to the pathogenesis of inflammation23. The 
mouse homologous gene of PSMD9, Bridge-1, has 
been implicated in ovarian follicular maturation24, 
and might thus, if impaired, underlie the patho-
genesis of anovulation, a trait of polycystic ovar-
ian syndrome (PCOS). PCOS usually manifests, 
among other phenotypes, with irregular menses 
or anovulation, insulin resistance, obesity25, and 
increased risk for infertility26. PCOS is genetically 
determined27 and beyond being associated with 
infertility26, it is commonly associated with T2D 
and cardiovascular disease28,29. 

All of these traits can co-occur with T2D and 
may be due to a commonly shared pathogenesis28. 
We hypothesized that the PSMD9 gene could be 
linked to other T2D- or PCOS-related endophe-
notypes, such as T2D age of onset or menopausal 

hot flashes30 – both genetically determined traits 
31,32 – and possibly also to other unknowingly 
heritable traits, such as irregular menses and 
duration of T2D treatment. Of note, T2D age 
of onset has already been linked to the 12q24 
locus33, which harbors the PSMD9 gene. The 
12q24 locus shows disease pleiotropy, especially 
for cardiovascular, metabolic, and mental phe-
notypes, which can be genetically comorbid and 
contributed by PSMD934. If PSMD9 is linked to 
T2D6, it may be linked to the associated traits of 
stress35 and birth weight36, both of which confer 
risk for cardiovascular disease37,38; menopausal 
hot flashes, a phenotype associated with a vulner-
able vascular phenotype among midlife women39; 
and couple infertility and irregular menses of 
reproductive age26. 

We, therefore, aimed to test three SNPs in 
the PSMD9 gene for linkage to both the T2D 
quantitative traits of T2D age of onset, duration 
years of combined oral hypoglycemic agents and 
insulin therapy and only insulin therapy, stress, 
the birth weight of the subjects’ children; and the 
T2D qualitative phenotypes of irregular menses, 
couple infertility, and menopausal hot flashes.

Materials and Methods

We used the previously collected deidentified 
data of 200 Italian T2D affected siblings and fam-
ilies. We excluded all families with identical twins 
and confirmed that families were at least three gen-
erations Italian. Italians are a homogeneous popu-
lation living in a peninsula, and they are suitable 
for genetic studies due to lack of genetic admix-
ture. Individuals were previously recruited from 
central Italy following the Helsinki declaration 
guidelines, and subjects provided written informed 
consent prior to participation. The study was insti-
tutionally approved by Penn State College of Med-
icine. We amplified the PSMD9 SNPs rs74421874 
(IVS3+nt460-A/G), rs3825172 (IVS3+nt437-C/T), 
and rs14259 (E197G-A>G) of exon 5 in the affect-
ed and unaffected family members by using PCR; 
the PCR products were directly sequenced, status 
post-purification via EXOSAP-IT, on an automat-
ed ABI 3730 Sequencer. We analyzed the SNPs 
rs74421874, rs3825172, rs14259 for linkage to the 
quantitative traits: age at T2D onset; total years of 
combined therapy of oral hypoglycemic agents and 
insulin and the total years of only insulin therapy; 
self-perceived lifetime stress (defined by a scale 
1-4, 1 = no stress, 2 = minimal-level of stress, 
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3 = medium-level of stress, 4 = maximum-level 
of stress), and the birth weight of the subjects’ 
children; and for linkage to the qualitative traits: 
irregular menses (defined as less than 9 cycles per 
year); couple infertility (defined as inability to con-
ceive after 1 year of unprotected intercourse); and, 
menopausal hot flashes. Non-parametric linkage 
analysis was performed for the qualitative pheno-
types and variance component analysis and asso-
ciation testing were performed for the quantitative 
traits by using Merlin software40.

Statistical Analysis
The non-parametric linkage analysis for the qual-

itative traits and the variance component analysis 
and association testing for the quantitative traits 
were considered significant if the p was ≤ 0.05.

In Silico Analysis
We analyzed the 3 variants using several func-

tional and regulatory in silico prediction tools: 
pathogenicity [SIFT]41 and [PolyPhen]42; pro-
tein stability [I-Mutant]43; splicing [SpliceAI]44; 
transcription-factor binding [SNPnexus]45 and 
SNP2TFBS46; regulatory potential [Regulom-

eDB]47; and, miRNA binding [mirSNP]48. We 
found that the 3 risk variants intersect with ac-
tively transcribed chromatin state in the brain and 
pancreatic tissues. These findings corroborate the 
results of Bridge-1 – PSMD9 homologous - pan-
creatic overexpression in mice causing insulin 
deficiency, diabetes, and hypertriglyceridemia, 
all of which can manifest with insulin resis-
tance, T2D, and PCOS4. The rs14259 variant was 
also predicted to be damaging for the non-AT-
Pase subunit of the 19S regulator of the PSMD9 
complex. In addition, the mutant residue of the 
rs14259 variant decreased the stability of the pro-
tein by –1.23 Kcal/mol. 

Results 

The lod scores and corresponding p of the 
analyses are reported in Table I (qualitative phe-
notypes) and in Table II (quantitative traits). The 
results of our analysis showed that the PSMD9 
SNPs studied and/or any gene variants in linkage 
disequilibrium with them are linked to the age of 
onset of T2D with an estimated trait heritability of 

Table I. Non-parametric Linkage Analysis of PSMD9 Single Nucleotide Polymorphisms IVS3+nt460, IVS3+nt437, E197G 
with Phenotypes of 200 Italian Families.

 Phenotype Prevalence Families Lod Score p

Hot Flashes 50.90% 10 1.33 0.007
Irregular Menses 28.70%  5 0.66 0.040
Couple Infertility 27.60%  8 0.54 0.060

Prevalence = phenotype prevalence among the family subjects studied; Families = families number considered informative by 
Merlin for the tested single nucleotide polymorphisms; Lod score = derived from the non-parametric linkage analysis by Merlin. 

Table II. Analysis of PSMD9 Single Nucleotide Polymorphisms IVS3+nt460, IVS3+nt437, E197G with Quantitative Traits of 
200 Italian Families.

    Trait Gene trait 
 Quantitative trait Prevalence Families heritability heritability  Lod score p

Variance component linkage analysis
Age of onset  of T2D 94.50% 189  60.02%  60.52% 1.34 0.00700
Years of pills/Insulin Therapy 90.00% 180  85.56% 100.00% 5.58 0.00000
Years of insulin therapy 89.00% 178 100.00% 100.00% 3.82 0.00001

Association testing      
Age of onset of T2D 94.50% 189  60.00% 1.18% 0.832 0.050
Birth Weight 31.50%  63 100.00% 3.31% 0.773 0.059
Stress 65.00% 130  31.97% 1.44% 0.788 0.057

Prevalence = trait prevalence among the family subjects studied; Families = families number number considered informative by 
Merlin for the tested single nucleotide polymorphisms (SNPs); Trait heritability = heritability of the quantitative trait calculated 
by Merlin; Gene trait heritability = heritability attributable to the PSMD9 SNPs. Lod score = derived from the quantitative trait 
analysis by Merlin.
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60.52%. We also found that PSMD9 is linked to 
the duration in years of combined oral hypoglyce-
mic agents and insulin therapy and of only insulin 
therapy, both with an estimated gene-related heri-
tability of 100%. We found an association between 
the intronic IVS3+nt460 and IVS3+437 alleles for 
age of onset of T2D, and we found an association 
trend with perceived lifetime stress level and the 
birth weight of the children born to the subjects. 
Additionally, we found that the PSMD9 SNPs are 
linked to irregular menses of reproductive age, the 
menopausal hot flashes, and shows only a tendency 
towards linkage to couple infertility. 

Discussion

Since the PSMD9 gene has been previously 
linked to overweight condition and waist cir-
cumference16 and given our finding that PSMD9 
is linked to irregular menses of reproductive age 
and shows a tendency towards linkage to couple 
infertility and based on the fact that some over-
weight subjects with irregular menses and/or 
couple infertility have PCOS, the gene may lead 
to PCOS. Of interest, PSMD9 expressed in the 
human ovary induces follicle maturation and has 
a role in activin A signaling in the human gran-
ulosa cell line HGL-5. Expression of PSMD9 can 
be stimulated by activin A, an important factor 
for follicle maturation25.  

This is the first time that PSMD9 has been 
shown to be involved with irregular menses of 
reproductive age (a trait of PCOS), menopausal 
hot flashes, T2D age of onset, and duration years 
of combined oral and insulin therapy and only in-
sulin therapies. Our findings should be replicated 
in other cohorts and ethnicities.

Notably, PSMD9 has pleiotropic effects and 
might contribute to the 12q24 linkage to multiple 
somatic disorders and mental diseases. However, 
the variant function involved in these linkag-
es still needs to be characterized using diverse 
models. Recent technological advancement in 
next generation sequencing (NGS), in particular 
whole exome sequencing (WES), can help lead 
to the identification of novel causative variants 
in PSMD9. 

Conclusions

Molecular and genetic data have linked PS-
MD9 to a diverse range of important human 

conditions, including our novel findings that it 
is linked to T2D age of onset, duration years of 
T2D therapy, irregular menses, and hot flashes, 
thereby highlighting its potential impact as a 
therapeutic target in these multiple phenotypes 
and/or traits. 
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