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Abstract

IA-2 and IA-2β are transmembrane proteins of dense core vesicles (DCV). The deletion of these 

proteins results in a reduction in the number of DCV and the secretion of hormones and 

neurotransmitters. As a result this leads to a variety of pathophysiologic changes. The purpose of 

this review is to describe these changes, which are characterized by glucose intolerance, female 

infertility, behavior and learning abnormalities and alterations in the diurnal circadian rhythms of 

blood pressure, heart rate, spontaneous physical activity and body temperature. These findings 

show that the deletion of IA-2 and IA-2β results in multiple pathophysiologic changes and 

represents a unique in vivo model for studying the effect of hormone and neurotransmitter 

reduction on known and still unrecognized targets.
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Introduction

IA-2 and IA-2β are major autoantigens in type 1 diabetes. Antibodies to these proteins 

appear years before the development of clinical disease and are widely used as predictive 

markers [1–4]. Structural analysis revealed that IA-2 and IA-2β are transmembrane proteins 

of dense core vesicles (DCV) and are widely expressed in neuroendocrine cells throughout 

the body, particular in pancreatic islets and brain [5, 6]. Our initial experiments showed that 

knock down or knockout of these genes in cell lines or in mice, respectively, resulted in 

impaired secretion of insulin [7–9]. Further studies in animals revealed that the deletion of 
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these proteins resulted in multiple pathophysiologic changes. In this review we describe 

these changes and show that they are the result of decreased secretion of hormones and 

neurotransmitters due to the deletion of IA-2 and IA-2β.

Structural analysis of IA-2 and IA-2β

IA-2 (PTPRN) encodes a 979 amino acid protein located on human chromosome 2q35 and 

mouse chromosome 1 [5, 10]. IA-2β (PTPRN2) encodes a 1015 amino acid protein located 

on human chromosome 7q36 and mouse chromosome 12 [11, 12]. Both proteins consist of a 

cytoplasmic domain, a transmembrane domain and a luminal domain (Fig. 1). The 

cytoplasmic domains are 77% identical and both genes have 23 exons. Based on sequence 

analysis, IA-2 and IA-2β are members of the protein tyrosine phosphate family and 

evolutionarily conserved [13, 14]. Substitution of two amino acids in the cytoplasmic 

domain, however, has made both proteins enzymatically inactive [15, 16]. Replacing aspartic 

acid with alanine at position 911 and alanine with aspartic acid at position 877 of IA-2 

restores enzymatic activity [17]. The crystal structure of the cytoplasmic domain of human 

IA-2 has been determined and reveals a classic protein tyrosine phosphatase architecture that 

is most similar to PTP1B [18]. The crystal structure highlights the residues responsible for 

the lack of enzymatic activity. Despite this lack of enzymatic activity, IA-2 and IA-2β play 

an important role, as described below, in hormone and neurotransmitter secretion.

Impairment of insulin secretion

The importance of the integrity of the DCVs was demonstrated by IA-2 knockdown and 

knockout experiments which decreased insulin secretion, whereas IA-2 overexpression 

experiments increased insulin secretion. Electron microscopy revealed that knockout and 

knockdown experiments resulted in a marked decrease in the number and half-life of DCV 

(Fig. 2) [19], whereas IA-2 overexpression experiments increased the number of DCV [9]. 

This showed that changes in the number of DCV vesicles were responsible for the decrease 

or increase in insulin secretion. These findings were supported by two-photon microscopy, 

membrane capacitance and changes in Ca2+ currents [19].

Female infertility

The knockout of IA-2 together with IA-2β had a profound effect on female fertility [20]. As 

seen in Fig. 3, the female double knockout mice were essentially infertile as compared to the 

WT mice and the various heterozygous mice. Histologic examination of the ovaries of the 

DKO female mice revealed very few corpora lutea. Since a surge in the luteinizing hormone 

(LH) is required for ovulation, we measure the level of LH and found that it was decreased 

in the serum and pituitary. Treatment of DKO mice with gonadotropin successfully restored 

corpora lutea formation. In contrast to DKO females, DKO males were fertile. The knockout 

of both IA-2 and IA-2β most likely decreased the number of DCV in the pituitary resulting 

in the decreased secretion of LH and other pituitary hormones such as follicle stimulating 

hormone (FSH).
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Changes in behavior and learning

The IA-2/IA-2β DKO mice showed a variety of behavioral changes including a highly 

significant increase in anxiety-like behavior and impairment of conditioned learning [21, 

22], which was associated with a decrease in the brain of norepinephrine, dopamine and 

serotonin. Similarly, stimulation of synaptosomes prepared from DKO mice also showed a 

decrease in the secretion of neurotransmitters (i.e., dopamine, GABA and glutamate) as 

compared to synaptosomes from WT mice [21]. Fractionation studies revealed that IA-2 was 

primarily associated with DCV, whereas IA-2β was found in both DCV and synaptic 

vesicles [21]. This may explain why in certain behavior and learning tests IA-2 has a more 

pronounced effect than IA-2β, whereas in other tests the converse is true. For example (Fig. 

4), in the active avoidance learning test, the WT mice showed 60–70% active avoidance 

responses, whereas the responses in the DKO mice were markedly impaired showing only 

10–15% active avoidance [22]. The degree of active avoidance in the IA-2 SKO mice was 

similar to that of the 10–15% active avoidance in DKO mice, but in marked contrast the 

IA-2β SKO mice behaved like the WT mice showing 60~70% active avoidance. It should be 

noted that little is known about the relative density of IA-2 and IA-2β in DCV, the 

distribution or number of these vesicles in different neuroendocrine cells or the effect of the 

knockout of IA-2 and/or IA-2β on the storage and secretion of neurotransmitters in various 

parts of the neuroendocrine system. Each of the tests that are commonly used to study 

behavior and learning involves complex and often interconnecting neuronal pathways 

encompassing a variety of different neurotransmitters.

Disruption of circadian rhythms

Circadian rhythmicity is an essential feature of biology, functioning to coordinate daily 

biological rhythms of multiple organs. The knockout of both IA-2 and IA-2β profoundly 

disrupted the normal diurnal variation in blood pressure, heart rate, body temperature, 

spontaneous physical activity (Fig. 5) and neuronal firing, whereas the deletion of either 

IA-2 or IA-2β alone did not produce a major change [23]. Both the IA-2 and IA-2β 
transcripts are highly, but nonrhythmically, expressed in the suprachiasmatic nuclei (SCN), 

the brain’s master circadian oscillator. It is thought that this disruption in circadian rhythm 

caused by the deletion of IA-2/IA-2β is due to alterations in the release of one or more 

neurotransmitters (e.g., VIP) within the SCN that is required for the coordination of 

neuronal signaling within the SCN. The disruption of circadian rhythm leads to significant 

disruption of the clock genes in the SCN (e.g., Per1, Dbp) and also in several peripheral 

tissues of the DKO mice but not the single KO mice [24]. These findings add support to the 

idea that the effect of IA-2 and IA-2β on DCV secretion profoundly influences 

neurochemical communication among SCN neurons and that although peripheral tissues 

have a functioning circadian clockwork, the rhythmicity of this clockwork is greatly 

influenced by the SCN.

Concluding comments

The common denominator that is responsible for the multiple pathophysiologic changes 

observed in the IA-2 and IA-2β KO mice is the decrease in the number of DCV and the 
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associated decrease in the secretion of hormones and neurotransmitters (Fig. 6). Since DCV 

are widely expressed in neuroendocrine cells throughout the body, a number of other 

pathophysiologic changes would be expected, in addition to the ones described here. For 

example, in knockout mice, plasma renin and renal renin mRNA levels were reduced by 

50% or more [25]. It is thought that this is a secondary effect due to impaired sympathetic 

transmitter release from the presynaptic vesicles of autonomic nerve terminals. Pilot 

experiments also have shown changes in the level of norepinephrine and epinephrine in the 

serum and changes in the number of white blood cells in the peripheral circulation 

(unpublished data). Because of the high expression of IA-2 and IA-2β in the brain and in the 

gastrointestinal tract [26, 27], we would expect to find a number of other pathophysiologic 

changes in these organs if appropriately tested. Thus the alterations in the half-life and 

number of DCV in the IA-2/IA-2β null mice represent a unique model for studying the 

effect of hormones and neurotransmitters on known targets and on still unrecognized targets.

Acknowledgments

We thank previous and current members of the laboratory and collaborators for their excellent contributions to the 
IA-2/IA-2β studies. This research was supported by the Intramural Research Program of the NIH.

References

1. Notkins AL, Lernmark A. Autoimmune type 1 diabetes: resolved and unresolved issues. J Clin 
Invest. 2001; 108:1247–52. [PubMed: 11696564] 

2. Notkins AL. New predictors of disease. Sci Am. 2007; 296:72–9.

3. Wenzlau JM, Hutton JC. Novel diabetes autoantibodies and prediction of type 1 diabetes. Curr Diab 
Rep. 2013; 13:608–15. [PubMed: 23900975] 

4. Hawa M, Rowe R, Lan MS, Notkins AL, Pozzilli P, Christie MR, Leslie RD. Value of antibodies to 
islet protein tyrosine phosphatase-like molecule in predicting type 1 diabetes. Diabetes. 1997; 
46:1270–5. [PubMed: 9231650] 

5. Lan MS, Lu J, Goto Y, Notkins AL. Molecular cloning and identification of a receptor-type protein 
tyrosine phosphatase, IA-2, from human insulinoma. DNA Cell Biol. 1994; 13:505–14. [PubMed: 
8024693] 

6. Solimena M, Dirkx R Jr, Hermel JM, Pleasic-Williams S, Shapiro JA, Caron L, Rabin DU. ICA 512, 
an autoantigen of type I diabetes, is an intrinsic membrane protein of neurosecretory granules. 
EMBO J. 1996; 15:2102–14. [PubMed: 8641276] 

7. Saeki K, Zhu M, Kubosaki A, Xie J, Lan MS, Notkins AL. Targeted disruption of the protein 
tyrosine phosphatase-like molecule IA-2 results in alterations in glucose tolerance tests and insulin 
secretion. Diabetes. 2002; 51:1842–50. [PubMed: 12031972] 

8. Kubosaki A, Gross S, Miura J, Saeki K, Zhu M, Nakamura S, Hendriks W, Notkins AL. Targeted 
disruption of the IA-2beta gene causes glucose intolerance and impairs insulin secretion but does 
not prevent the development of diabetes in NOD mice. Diabetes. 2004; 53:1684–91. [PubMed: 
15220191] 

9. Harashima S, Clark A, Christie MR, Notkins AL. The dense core transmembrane vesicle protein 
IA-2 is a regulator of vesicle number and insulin secretion. Proc Natl Acad Sci USA. 2005; 
102:8704–9. [PubMed: 15939893] 

10. Lan MS, Wasserfall C, Maclaren NK, Notkins AL. IA-2, a transmembrane protein of the protein 
tyrosine phosphatase family, is a major autoantigen in insulin-dependent diabetes mellitus. Proc 
Natl Acad Sci USA. 1996; 93:6367–70. [PubMed: 8692821] 

11. Lu J, Li Q, Xie H, Chen ZJ, Borovitskaya AE, Maclaren NK, Notkins AL, Lan MS. Identification 
of a second transmembrane protein tyrosine phosphatase, IA-2beta, as an autoantigen in insulin-

Cai and Notkins Page 4

Acta Diabetol. Author manuscript; available in PMC 2017 January 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



dependent diabetes mellitus: precursor of the 37-kDa tryptic fragment. Proc Natl Acad Sci USA. 
1996; 93:2307–11. [PubMed: 8637868] 

12. Leiter EH, Tsumura H, Serreze DV, Chapman HD, Rabin DU, Lan MS, Notkins AL. Mapping to 
chromosomes 1 and 12 of mouse homologs of human protein tyrosine phosphatase, receptor-type, 
related genes encoding pancreatic beta cell autoantigens. Mamm Genome. 1997; 8:949–50. 
[PubMed: 9383296] 

13. Cai T, Krause MW, Odenwald WF, Toyama R, Notkins AL. The IA-2 gene family: homologs in 
Caenorhabditis elegans, Drosophila and zebrafish. Diabetologia. 2001; 44:81–8. [PubMed: 
11206415] 

14. Zahn TR, Macmorris MA, Dong W, Day R, Hutton JC. IDA-1, a Caenorhabditis elegans homolog 
of the diabetic autoantigens IA-2 and phogrin, is expressed in peptidergic neurons in the worm. J 
Comp Neurol. 2001; 429:127–43. [PubMed: 11086294] 

15. Gross S, Blanchetot C, Schepens J, Albet S, Lammers R, den Hertog J, Hendriks W. 
Multimerization of the protein-tyrosine phosphatase (PTP)-like insulin-dependent diabetes 
mellitus autoantigens IA-2 and IA-2beta with receptor PTPs (RPTPs). Inhibition of RPTPalpha 
enzymatic activity. J Biol Chem. 2002; 277:48139–45. [PubMed: 12364328] 

16. Wishart MJ, Dixon JE. Gathering STYX: phosphatase-like form predicts functions for unique 
protein-interaction domains. Trends Biochem Sci. 1998; 23:301–6. [PubMed: 9757831] 

17. Magistrelli G, Toma S, Isacchi A. Substitution of two variant residues in the protein tyrosine 
phosphatase-like PTP35/IA-2 sequence reconstitutes catalytic activity. Biochem Biophys Res 
Commun. 1996; 227:581–8. [PubMed: 8878556] 

18. Almo SC, Bonanno JB, Sauder JM, Emtage S, Dilorenzo TP, Malashkevich V, Wasserman SR, 
Swaminathan S, Eswaramoorthy S, Agarwal R, Kumaran D, Madegowda M, Ragumani S, 
Patskovsky Y, Alvarado J, Ramagopal UA, Faber-Barata J, Chance MR, Sali A, Fiser A, Zhang 
ZY, Lawrence DS, Burley SK. Structural genomics of protein phosphatases. J Struct Funct 
Genomics. 2007; 8:121–40. [PubMed: 18058037] 

19. Cai T, Hirai H, Zhang G, Zhang M, Takahashi N, Kasai H, Satin LS, Leapman RD, Notkins AL. 
Deletion of Ia-2 and/or Ia-2beta in mice decreases insulin secretion by reducing the number of 
dense core vesicles. Diabetologia. 2011; 54:2347–57. [PubMed: 21732083] 

20. Kubosaki A, Nakamura S, Clark A, Morris JF, Notkins AL. Disruption of the transmembrane dense 
core vesicle proteins IA-2 and IA-2beta causes female infertility. Endocrinology. 2006; 147:811–5. 
[PubMed: 16269463] 

21. Nishimura T, Kubosaki A, Ito Y, Notkins AL. Disturbances in the secretion of neurotransmitters in 
IA-2/IA-2beta null mice: changes in behavior, learning and lifespan. Neuroscience. 2009; 
159:427–37. [PubMed: 19361477] 

22. Carmona GN, Nishimura T, Schindler CW, Panlilio LV, Notkins AL. The dense core vesicle protein 
IA-2, but not IA-2beta, is required for active avoidance learning. Neuroscience. 2014; 269:35–42. 
[PubMed: 24662847] 

23. Kim SM, Power A, Brown TM, Constance CM, Coon SL, Nishimura T, Hirai H, Cai T, Eisner C, 
Weaver DR, Piggins HD, Klein DC, Schnermann J, Notkins AL. Deletion of the secretory vesicle 
proteins IA-2 and IA-2beta disrupts circadian rhythms of cardiovascular and physical activity. 
FASEB J. 2009; 23:3226–32. [PubMed: 19433624] 

24. Punia S, Rumery KK, Yu EA, Lambert CM, Notkins AL, Weaver DR. Disruption of gene 
expression rhythms in mice lacking secretory vesicle proteins IA-2 and IA-2beta. Am J Physiol 
Endocrinol Metab. 2012; 303:E762–76. [PubMed: 22785238] 

25. Kim SM, Theilig F, Qin Y, Cai T, Mizel D, Faulhaber-Walter R, Hirai H, Bachmann S, Briggs JP, 
Notkins AL, Schnermann J. Dense-core vesicle proteins IA-2 and IA-2{beta} affect renin 
synthesis and secretion through the {beta}-adrenergic pathway. Am J Physiol Renal Physiol. 2009; 
296:F382–9. [PubMed: 19019914] 

26. Takeyama N, Ano Y, Wu G, Kubota N, Saeki K, Sakudo A, Momotani E, Sugiura K, Yukawa M, 
Onodera T. Localization of insulinoma associated protein 2, IA-2 in mouse neuroendocrine tissues 
using two novel monoclonal antibodies. Life Sci. 2009; 84:678–87. [PubMed: 19233214] 

Cai and Notkins Page 5

Acta Diabetol. Author manuscript; available in PMC 2017 January 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



27. Gomi H, Kubota-Murata C, Yasui T, Tsukise A, Torii S. Immunohistochemical analysis of IA-2 
family of protein tyrosine phosphatases in rat gastrointestinal endocrine cells. J Histochem 
Cytochem. 2013; 61:156–68. [PubMed: 23087044] 

Cai and Notkins Page 6

Acta Diabetol. Author manuscript; available in PMC 2017 January 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. IA-2 protein structure
Diagrammatic representation of IA-2 protein showing the luminal, transmembrane and 

intracellular domains of IA-2: SP, signal peptide; KK, dibasic amino acid cleavage sites; 

PTP, protein tyrosine phosphatase domain. The intracellular PTP domain is located on the 

cytoplasmic side of the DCV membrane. The luminal domain is cleaved at the KK sites, 

leaving part of the luminal domain inside the DCV.
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Fig. 2. 
Electron micrograph. The number of DCV is dramatically reduced in β cells of (D) double 

knockout (DKO) and (B–C) single KO mice as compared to (A) WT mice. (E) Average 

number of DCV from 26 beta cells from each of the four genotypes (three mice per 

genotype) [19].
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Fig. 3. Infertility in DKO female mice
Litter size (mean ± SEM) in WT, heterozygous, and DKO mice. The number of mating pairs 

in each group is indicated in parentheses [20].

Cai and Notkins Page 9

Acta Diabetol. Author manuscript; available in PMC 2017 January 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. Impaired active avoidance learning
IA-2 SKO and DKO mice, but not IA-2β SKO or WT mice, show impaired active avoidance 

learning. Mean percentage of trials showing active avoidance responses during 50 trials (2 

sessions per day) over 5 days [22].
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Fig. 5. Loss of circadian rhythm in DKO mice
Mean arterial pressure (MAP), heart rate, spontaneous physical activity, and body 

temperature in (A) WT (black) and DKO mice (red). Horizontal scale bar, Zeitgeber times 0 

and 12 correspond to lights on at 6:00 AM and lights off at 6:00 PM, respectively. Lines 

represent data smoothing using the weighted average of the 9 nearest points. Circadian 

rhythms are essentially unaffected in (B) IA-2 (blue) and (C) IA-2β (green) single KO mice 

as compared to DKO mice [23].
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Fig. 6. Effect of IA-2 on the stability of DCV
In mice, the KO of IA-2 destabilizes and decreases the half-life of DCV. In turn, the number 

of DCV, the amount of insulin in beta cells and its secretion, is decreased. In MIN6 cells, 

overproduction of IA-2 adds stability to and increases the half-life of DCV. In turn, the 

number of DCV, the amount of insulin in beta cells and its secretion is increased [19].
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