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1. INTRODUCTION:  Patients suffering from Type 2 Diabetes mellitus (T2D) are

usually overweight or obese. However, only a small fraction of even morbidly obese 

individuals develops T2D. Since T2D is a familial disease, a genetic predisposition for 

the development of T2D is expected to play a major role in obese individuals. Basic 

studies have shown that manipulating the levels of 3 cellular proteins, i.e., PIKfyve 

(encoded by PIKFYVE gene), Sac3 (encoded by FIG4 gene) and ArPIKfyve (encoded by 

VAC14 gene) – which assemble in a functional complex, markedly affects insulin 

sensitivity of fat cells [1, 2]. Furthermore, knockout of mouse pikfyve selectively in 

muscle or fat cells causes whole body insulin resistance in transgenic mice [3, 4]. 

Therefore, it is plausible that mutations in the three genes of interest could cause tissue 

insulin resistance and thereby could predispose the obese individuals to develop T2D. 

2. KEYWORDS: T2D (type 2 diabetes mellitus); morbid obesity; PIKFYVE, VAC14 and

FIG4 genes; SNV (single nucleotide variations) 
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3. ACCOMPLISHMENTS:

Identifying SNVs in the coding or noncoding regions in PIKFYVE, VAC14 and FIG4 

genes and their association with T2D in morbidly obese patients 

As stated in our previous reports and indicated below for readers’ convenience, our 

cohort of 96 patients comprised 48 morbidly obese individuals without type 2 diabetes 

(T2D) and 48 morbidly obese individuals with T2D, as shown in Table 1. Age and BMI 

were not statistically different between the two groups. 

Table 1. Groups, Age and BMI 

Genomic DNA was extracted from small samples of abdominal fat excised during bariatric 

surgery of the 96 morbidly obese patients. As also noted in our last annual report, we had to 

repeat 5 genomic DNA samples due technical failure. These samples, together with a 

positive control, were successfully sequenced and the data included in our final analysis. 

Exon sequencing combined with genome database searches for the 3 genes of interest- 

PIKFYVE, VAC14 and FIG4 - identified 942 single nucleotide variations (SNVs) in the total 

of 96 genomic DNA samples (Table 2). As could be expected, the number of SNVs was 

proportional to the number of exons in each gene of interest (Table 2).  

Table 2. General characteristics of the 3 genes of interest, encoded protein sizes, and 
number of detected SNVs 

Gene Chromosome Gene size 
(kB) 

Exons Protein (kD) SNVS 

PIKFYVE 2q34 99.5 42 237 434 

Morbidly obese without 

T2D 

Morbidly with T2D 

Total   48  48 

Age (mean + SEM) 42.0 + 2.85 47.0 + 1.5 

BMI (mean + SEM) 49.4 + 1.06 47.9 + 1.01 
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VAC14 16q22.1-q22.2 120.7 19 88 216 

FIG4 6q21 141.2 23 102 292 

Total 942 

Interestingly, only 4 SNVs were found in the exons (coding region) of PIKFYVE and FIG4; 

one synonymous and one non-synonymous in each of the two gene.  However, none of 

those four SNVs showed statistically significant association with T2D as identified by 

logistic regression analysis (not shown). 

We identified seven intronic (non-coding) SNVs associated with T2D (P<0.05) using 

logistic regression analysis of morbidly obese without T2D (n=48) vs. morbidly obese 

individuals with T2D (n=48): 2 in PIKFYVE, 3 in VAC14 and 2 in FIG4 (Table 3). As 

discussed further, the statistical significance of the T2D association for certain SNVs was 

much grater in the females than in males (Table 3). All candidate SNVs have already 

established reference identification numbers in genomic databases (Table 3), however, 

without reported association with pathological conditions.  

Table 3. SNVs in the 3 genes associated with T2D in morbidly obese individuals 

Gene SNV 
 (nucleotide) 

Rs (Id#) Total 
(n = 96) 

Women 
(n = 64) 

Men 
(n = 32) 

1 PIKFYVE 208300763 A>T 6755550 P=0.02 P=0.0001 P=0.18 

2 PIKFYVE 208312083 T>G 12624141 P=0.04 P=0.003 P=1.0 

3 VAC14 70782990 C>T 1875941 P=0.03 P=0.0002 P=0.22 

4 VAC14 70697399 G>A 2242126 P=0.04 P=0.06 P=0.04 

5 VAC14 70698580 G>A 7201952 P=0.05 P=0.11 P=0.43 

6 FIG4 109766412 T>C 17612996 P=0.05 P=0.11 P=0.33 

7 FIG4 109785994 G>A 9386844 P=0.03 P=0.18 P=0.1 

8 PIKFYVE 208347642 G>A 2118296 P=0.2 P=0.005 P=0.22 

9 PIKFYVE 208342938 A>G 10208655 P=0.22 P=0.0003 P=0.023 
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For comparison, we analyzed 6 other genes, i.e., PNPLA3; TM6SF2; MBOAT7; and the 3 

members of CALPONIN gene family (CNN1, -2 and -3), all of which are functionally 

unrelated to our three genes of interest (PIKFYVE, VAC14 and FIG4). Combined, these 

genes contain 46 exons, a number comparable to the 42 exons in PIKFYVE or the 42 exons 

in VAC14 plus FIG4 combined (Table 4). 

Table 4. “Control” genes: chromosome location, size, exons and encoded proteins 

Gene Chromosome Gene size 
(kB) 

Exons Protein (mass kD) 

1 PNPLA3 22q13.31 40.8 9 52.9 

2 TM6SF2 19p13.3-p12 19.3 10 42.5 

3 MBOAT7 19q13.42 16.5 6 52.7 

4 CNN1 19p13.2-13.1 11.7 7 33.2 

5 CNN2 19p3 12.5 7 33.7 

6 CNN3 1p22-p21 30.1 7 36.4 

Total 46 251.4 

We detected a total of 412 SNVs in the 6 “control” genes. Intriguingly, in comparison with 

to the 2 SNVs in PIKFYVE and the 5 SNVs in VAC14 plus FIG4 (Table 3) there was just 

one intronic SNV in the 6 genes together, found to be associated with T2D - in PNPLA3; 

chr. 22 43946106; id 2294917. Together, these data suggest that the SNVs in PIKFYVE, 

VAC14 and FIG4 genes, indicated in Table 3, found associated with T2D in morbidly obese 

individuals may be involved in the predisposition of the T2D in obesity. Future studies are 

needed to identify their precise relationship with T2D. 

Several T2D-associated PIKfyve or VAC14 SNVs in morbidly obese individuals are more 

frequent in women than in men 

Of the nine T2D-associated SNVs, illustrated in Table 3, # 1, 2, 3, 8 and 9 were 

markedly more frequent in women with T2D than in men with T2D. The other 2 VAC14 
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candidate SNVs and the two FIG4 SNVs did not exhibit pronounced sex-dependent 

distribution (Table 3).  

The 2x3 contingency tables for all patients, and separately for women and men of the 

PIKFYVE 208300763 A>T variant are illustrated in Table 5. The analyses indicate that the 

statistical significance of the PIKFYVE 208300763 variant association with T2D based on 

the two groups (each with 48 individuals) is due to the much higher degree of association in 

the group of females than that of males. Thus, the Freeman-Halton extension of the Fisher 

exact probability test [5] determined significant association with T2D with P=0.024 for all 

individuals (n = 96) but much higher for women (P=0.00012; n=64; each group with 32 

individuals). The P value for the T2D and non-T2D man groups (n=32; each group with 16 

individuals) was 0.19 (not significant).  

Table 5. Contingency analysis of the PIKFYVE 208300763 A>T variant shows greater 
association with T2D in females than in males 

208300763   TT*   TA^  AA# 

Morbidly 
obese 
No T2D 
(n=48) 

  18   0  30 

Morbidly 
obese 
+ T2D
(n=48)

 29  1  18 

Women 
No T2D 
(n=32) 

 3   0  29 

Women 
+ T2D
(n=32)

  17  1  14 

Men 
No T2D 
(n=16) 

 15   0   1 

Men 
+ T2D
(n=16)

 12  0  4 
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*, homozygous mutation; ^, heterozygous mutation;  #homozygous reference 

Likewise, analyses of the 2x3 contingency tables for PIKFYVE 208347642 G>A also 

illustrates that this variant is more frequent in women than in men as illustrated in Table 6 

(for P values, see Table 3).  

Table 6. Contingency analysis of the PIKFYVE 208347642 G>A variant showing 
association with T2D in women  

208347642   AA*   AG^   GG# 

Women 
No T2D 
(n=32) 

  2  0  30 

Women 
+ T2D
(n=32)

  12   0  20 

Men 
No T2D 
(n=16) 

  14  0  2 

Men 
+ T2D (n=16)

  10  1  5 

*, homozygous mutation; ^, heterozygous mutation;  #homozygous reference 

Similarly, analysis of the 2x3 contingency tables for PIKFYVE 208312083 T>G showed that 

this variant is more frequent in women than in men (for P values, see Table 3).  

A similar pattern of predominant association with T2D in women was also observed for the 

VAC14 association candidate SNV 70782990. In this case SNV 70782990_T was detected 

in 4 DNA samples from morbidly obese women without T2D and 19 morbidly obese 

women with T2D (Table 7) (for P values, see Table 3).  

Table 7. Contingency analysis of the Vac14 70782990 C>T variant shows greater 
association with T2D in women than in man 
70782990  TT*  TC^  CC# 

Morbidly 
obese 
No T2D 

  17  3  28 
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(n=48) 
Morbidly 
obese 
+ T2D (n=48)

 27  6  15 

Women 
No T2D 
(n=32) 

 4  0  28 

Women 
+ T2D (n=32)

  18  1  13 

Men 
No T2D 
(n=16) 

 13   3   0 

Men 
+ T2D (n=16)

 9  5  2 

*, homozygous mutation; ^, heterozygous mutation;  #homozygous reference 

The in vitro PIKfyve activity not different between the T2D and non-T2D morbidly obese 

subjects 

We first sought to identify if the presence of T2D will alter PIKfyve activity in the 

morbidly obese patients.  To address this question, we measured the PIKfyve activity by an 

in vitro assay that we described previously [6]. The activity was quantified from the amount 

of PtdIns5P and PtdIns(3,5)P2 synthesized by PIKfyve preparations immunopurified from 

lysates of the patients’ abdominal fat. PIKfyve immunoprecipitates immobilized on protein 

A-Sepharose were incubated in presence of PtdIns as a substrate and labeled [35P]-gamma

ATP [6]. The PIKfyve activity for given individual was quantified by normalizing for the 

amount of the lipid products generated by a PIKfyve standard and presented as percentage. 

It should be noted that the assay requires significantly greater amounts of abdominal tissue 

than that available at our disposal; therefore only ~50% of our cohort underwent the activity 

assay.   

Our results indicated that the two PIKfyve products PtdIns(3,5)P2 and PtdIns5P showed 

very high correlation (r = 0.8) in all successfully processed samples (n= 47). This is 
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consistent with the notion that the produced two lipids are dependent on the 

immunoprecipitated amount of PIKfyve protein.  

 

However, the data for the PIKfyve activity in diabetic vs. non-diabetic groups did not show 

statistically significant differences. Whereas this result could be consistent with a lack of 

PIKfyve activity alterations in T2D, the inherent limitations of the study such as data 

variability and the small number of participants per group, may mask potential T2D-related 

changes in the PIKfyve activity. 

 

Effect of the T2D-associated SNVs on the in vitro PIKfyve activity 

The protein products of the three genes, i.e., PIKFYVE, VAC14 and FIG4 are 

PIKfyve, ArPIKfyve and Sac3, respectively. Previous studies have indicated that the three 

protein interact in a single protein complex (called the PAS complex) that controls both 

synthesis and turnover of PtdIns5P and PtdIns(3,5)P2 [7]. As mentioned above, the in vitro 

measured PIKfyve activity remained unaltered as a function of T2D, therefore we next 

sought to identify a potential relationship between the candidate SNVs in the three genes 

and the PIKfyve enzymatic activity. 

 

We analyzed a potential relationship between the two independent factors under study - the 

candidate SNVs and T2D - with PIKfyve enzymatic activity by 2-way analysis of variance 

(ANOVA). It should be noted that each of the three proteins, i.e., PIKfyve, ArPIKfyve or 

Sac3 is required for proper PIKfyve activity [8, 9]. 

 

Noteworthy, out of the identified candidate SNVs associated with T2D (Table 3), the 

70782990 C>T variant in the VAC14 gene in women was the only candidate SNV allowing 

2-way ANOVA analysis with respect to the in vitro PIKfyve activity (Table 8). For the other 
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T2D-associated SNVs, there were just 1- 2 values or no data for the in vitro PIKfyve 

activity in some of the subgroups, thus preventing such analysis. 

The two-way ANOVA analysis in females (in vitro PIKfyve activity under the 70782990 

C>T SNV presence/absence; T2D absence/presence) shows that the row x column

differences are statistically significant F=5.83; P=0.023  (Table 8). Thus, two-way ANOVA 

with VAC14 70782990 C>T suggests that the association of the variant T with T2D 

correlates with lower in vitro PIKfyve activity in morbidly obese women. The data with 

VAC14 70782990 C>T SNV supports the hypothesis that at least in women, the association 

with T2D correlates with lower PIKfyve activity, and hence, lower PIKfyve levels and 

consequently decreased PAS complex formation and functionality.  

Table 8. Two-way Anova analysis showing that candidate T2D-associated VAC14 
70782990 C>T SNV in women with T2D  correlates with reduced PIKfyve activity 

70782990 TT*  CC# 
Morbidly obese 
No T2D 

18.50 +/- 17.3 (n=3) 1.73 +/-1.18 (n=15) 

Morbidly obese 
+ T2D

1.53 +/-  0.54 (n=5) 2.20 +/- 0.88 (n=6) 

 *, homozygous mutation; #homozygous reference 

ANOVA Summary 

Source SS df MS F P 

Rows 47.16 1 47.16 0.56 0.4612 

Columns 209.32 1 209.32 2.48 0.1279 

r x c 491.88 1 491.88 5.83 0.0234 

Error 2110.39 25 84.42 

Total 2858.75 28 

Although we did not have sufficient data to determine the impact of the PIKFYVE SNV 

208300763 A>T on the in vitro PIKfyve kinase activity, it is interesting to point out that the 

VAC14 70782990 SNV coincided with PIKFYVE 208300763 SNV in the samples of 12 
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women with T2D. By contrast, the coincident presence of the 2 SNVs was found only in one 

morbidly obese woman without T2D.  

How the intronic SNVs in PIKFYVE and VAC14 may affect PIKfyve protein functionality 

in adipose tissue  

It is currently accepted that SNVs located in a super-enhancer region might alter 

tissue-specific gene expression [10]. Super-enhancers are intronic regions outside the gene 

promoter, which are critical for tissue-specific protein expression as they harbor multiple 

binding sites for tissue-specific transcription factors. There is a single adipose-specific 

super-enhancer region in the PIKFYVE gene – from nt. 208336466 to nt. 208427375 [11]. 

Whereas the PIKFYVE SNV 208300763 A>T (Table 3) is away from the super-enhancer 

region, the PIKFYVE SNVs 208347642 G>A and 208342938 A>G (Table 3) are within the 

region. Interestingly, 8 of the 19 women with T2D having the SNV 208300763 also had 

both the 208347642 and 208342938 SNVs in PIKFYVE super enhancer. In contrast, this 

triad of SNVs was never found in the group of morbidly obese women without T2D. The 

combined association of 3 SNVs in PIKFYVE with T2D supports the notion that altered 

PIKfyve expression levels in the adipose tissue may play a role in the association with T2D 

in morbidly obese women. However, 8 out of 32 women represent just 25% of the 32 

morbidly obese women with T2D. Further studies with larger number of participants are 

needed to test the validity of our observations. 

Whereas FIG4 does not harbor a super-enhancer sequence, VAC14 contains a single super 

enhancer in liver and brain but not in adipose tissue. The VAC14 T2D-associated SNV 

candidate 70782990 is located close to the super enhancer: chr. 16, from 70714716 to 

70782498 [10, 11]. Therefore, if this VAC14 variant affects expression of the ArPIKfyve 

protein in liver and/or brain it could indirectly affect adipose ArPIKfyve expression and, 

consequently, PAS complex levels.  
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Conclusions 

Despite several limitations, such as (i) a small number of individuals in the study; 

(ii) limited genomic sequence for analysis (only exons and adjacent areas) and (iii)

dependence of the functional variable, i.e., the in vitro PIKfyve activity on both obesity 

and/or T2D, the results of our study provide novel observations and allow several 

important conclusions as indicated below: 

o No variations in the coding sequences of the 3 genes of interest associated with

T2D in the morbidly obese patients.

This observation is somewhat unexpected as disease-causing mutations in each of the three 

genes are identified in other disorders. Thus, PIKFYVE mutations in one allele, resulting in 

a premature stop codon and truncated protein, cause a benign fleck corneal dystrophy [12]. 

Mutations in VAC14 homo-dimerizing domain are associated with rare pediatric onset 

striatal neurodegeneration [13]. Compound heterozygosity for FIG4 (one null allele and one 

Sac3/FIG4 41I/T substitution) causes CMT4J peripheral neuropathy [14]. In contrast to these 

diseases, our data suggest that the association of PIKFYVE, VAC14 and FIG4 with T2D in 

morbid obesity might involve alterations in the non-coding regions of the genes. 

o Sex dependence of candidate SNVs and in vitro PIKfyve activity.

Although evidence for sex dependence of genomic associations with lipid metabolism and 

T2D has been accumulating for some time [15], here we report for the first time that certain 

single nucleotide variants in PIKFYVE and VAC14 introns are significantly associated with 

T2D in women but not in men.  

o Coincidence of the intronic SNVs.
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We report constilation of three intronic PIKFYVE SNVs coinciding in 25% of the 

morbidly obese women with T2D but not in the morbidly obese women without T2D. 

Two of these SNVs are located in the adipose super-enhancer region of PIKFYVE. 

These findings should be taken into consideration in future genomics and functional 

studies on the role of PIKfyve complex in T2D pathogenesis. 
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However, the observations for sex dependence of certain T2D-accosiated SNVs and the 

identification of a constellation of 3 SNVs in PIKFYVE (with 2 of them in the super- 

enhancer region) in 25% of morbidly obese women with T2D but not in the women without 

T2D suggest the SNVs involvement in the regulation of adipose PIKfyve 

expression/activity. The possibility that changes in PIKfyve expression  in fat tissue could 

be causative for T2D development  in a fraction of morbidly obese women is supported by 

adipose-specific PIKFYVE knock out in mice, which exhibit systemic glucose intolerance 

and insulin resistence [4]  

5. CHANGES/PROBLEMS: We received a second co-cost extension due to the necessity

to resequence 5 of our 96 smaples. 

6. PRODUCTS: For the period of the award we published 4 papers, supported partly by

DoD, to further characterize the pathology of PIKfyve dysfunction. We were able to finish 

more work because mutagenesis was not a necessary step, given that all of the SNVs 

associated with T2D were located in the non-coding region of the 3 genes.   
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7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS:

Note, during our 1-year no-cost extension, only the principal investigator will work on this 

grant under 0.6% effort.   

8. SPECIAL REPORTING REQUIREMENTS: Note, during our no-cost extension

period, only the principal investigator will work on this grant under 0.6% effort. 

9. APPENDICES: None

Name, ID Assia Shisheva 

Role Principal Investigator 

Contributions Managing all activities 

Nearest Month worked 0.6 

Funding support none 


