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ABSTRACT OF THE THESIS 

CADM1 Function in Regards to Insulin Secretion in the Beta Cell 

by 

Shokufeh Nourollahi 

Master of Science in Biology 

University of California, San Diego 2013 

Professor Steven D. Chessler, Chair 

Professor Raffi V. Aroian, Co-Chair 

 

CADM1 (Cellular ADhesion Molecule 1) is a synaptic adhesion molecule found 

in a multitude of tissue types. CADM1 is a very versatile protein but its main function is 

facilitating communication between nerve cells. Recently it has been discovered that 

synaptic adhesion molecules such as CADM1 are involved in insulin release and 

regulation in the beta cells of the pancreas. For this project, we determined which CADM 

isoform has the highest level of expression in the beta cell and what effect CADM1 

overexpression or knockdown would have in regards to insulin secretion. Preliminary 

results show CADM1 has the highest level of expression in rat islets, and the 

overexpression and knockdown of CADM1 in rat beta cell lines in basal glucose 

conditions leads to an increase in insulin secretion.   



 

1 

Introduction: 

Diabetes is an ancient metabolic disease with no definitive cause or cure, 

afflicting a wide variety of mammalian species without bias of age, gender, or 

environment. Previous data has suggested that neuronal proteins found in the pancreatic 

beta cell may play integral roles in the insulin secretory apparatus and its regulation.  The 

purpose of these experiments is to explore the cellular mechanism in the beta cell in order 

to understand which proteins are involved in the regulation of insulin. By understanding 

which proteins play a significant role in insulin regulation scientists hope to find a 

biological cause for the diabetic phenotype.  

Diabetes is a complex disease in that there are two common varieties; juvenile-

onset and adult onset, also known as insulin dependent and non-insulin dependent though 

more commonly known as type 1 and type 2 diabetes. In type 1 diabetes the patient’s 

immune system targets the beta cells in an autoimmune reaction, dramatically affecting 

the body’s ability to produce insulin, hormone that permits glucose entry into the cell. 

Without insulin the patient cannot regulate blood glucose levels since insulin is a 

hormone normally released to decrease blood glucose levels when there is a spike in 

blood sugar. Glucagon hormone is released when there is a drop in blood sugar to raise 

blood glucose levels.  These two hormones normally work in tandem to ensure blood 

sugar levels are maintained at constant levels.  While type 1 diabetes is currently 

understood as an autoimmune disorder, in type 2 diabetics patients have become insulin 

resistant alongside progressive loss of beta cell function, leading to decreased insulin 

production (Cnop et al. 2007).  The body becomes resistant to endogenous insulin and 
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blood glucose levels cannot be maintained as well as a non-diabetic patient.  Because 

type 2 diabetes is often associated with obese patients, obesity is considered the main 

contributor.  While these two diseases share the same name and phenotype, on a cellular 

level type 1 and type 2 must be considered different diseases.  Type 2 diabetes progresses 

differently depending on treatment; often times improved diet and weight loss can lead to 

a decrease in symptoms. Untreated type 2 diabetics progress to insulin dependence. 

Currently, the only know treatment for type 1 diabetes are insulin injections, an insulin 

pump or a pancreas transplant., in which man-made insulin supplements endogenous 

production or the beta cells are replaced.  

The normal human adult secrets approximately 30 units of insulin a day, with the 

insulin concentration in the blood stream varying (based on food consumption) between 

10 µU/mL and 100µU/mL.  Immediately after food is consumed, there is a spike in 

glucose levels in the blood; 8 to 10 minutes after food consumption there is an increase in 

insulin secretion that continues on for approximately 30 minutes, at which point the 

insulin concentration peaks and begins to decrease again.  This cycle of insulin secretion 

functions to decrease glucose concentration levels, which decrease in inverse proportion 

to the increasing insulin concentration.  Blood glucose levels return to basal levels 

approximately 120 minutes after food consumption with the help of insulin (Gardner et al 

2007).  

There are many clinical tests available to test for diabetes, and a common method 

presently used is referred to as the oral glucose tolerance test, in which individuals fast 

the night before, and are then give a certain portion of glucose, usually 75 grams 
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dissolved in water.   Blood samples are taken at 0 and 120 minutes after ingestion, and if 

the blood glucose levels fall above 7mmol/L in fasting state, or above 11.1 mmol/L 120 

minutes after glucose ingestion, the individual is diagnosed as diabetic.  Normal values 

are less than 5.6 mmol/L in fasting state and less than 7.8 mmol/L 120 minutes after 

glucose ingestion (Gardner et al 2007). 

The biology behind  the development of diabetes has not been entirely understood 

yet.  Previous literature has established insulin is secreted by the beta cells of the 

pancreas, which is an organ located between the stomach and the small intestine, 

comprised of two functionally distinct regions; the endocrine and exocrine tissues.  The 

majority of the pancreatic tissue functions as an exocrine organ and secretes digestive 

enzymes into the duodenum of the small intestine, but for the purpose of this study, the 

exocrine tissue was largely ignored to focus on the endocrine portion. The endocrine 

tissue makes up approximately 2% of the pancreas total  mass, and  is comprised of cell 

clusters referred to as the islets of Langerhans, which themselves are comprised of alpha, 

beta, delta, and F cells.  Beta cells are responsible for insulin secretion and their 

dysfunction results in difficulties maintaining blood nutrient homeostasis (Gardner 2011).  

The endocrine region also produces glucagon, somatostatin, and pancreatic polypeptide 

hormones, all of which are responsible for regulating the metabolism of nutrients and 

cellular energy in an organism.   

A major clue that has recently been discovered is a link between diabetes and 

neurological diseases, such as autism (Fujita 2010) and Alzheimer’s disease (Kroner 

2009).  The same neuronal proteins that facilitate neuronal growth and communication 
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have been discovered in the pancreatic beta cell, suggesting beta cell communication may 

resemble neuronal communication.  Recently, certain protein families have been 

discovered in the beta cell that link neuronal synapse machinery with beta cell insulin 

granule machinery, such as neurexin and neuroligin, which are known to be involved in 

insulin secretion and neuronal function.  Another synaptic adhesion molecule, CADM, 

has been found in the beta cell, and therefore we suspect it is involved in a similar 

process (Suckow et al 2008).  In this project we explore if the cellular machinery 

responsible for neuronal transmitter exocytosis in the synaptic cleft between neurons uses 

the same proteins for insulin granule release in the beta cell.  
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Chapter 1: Synaptic Adhesion Molecules in Diabetes 

Synaptic adhesion molecules are usually located in the neurons and there function 

is involved with synapse formation and structure, such as neurotransmission.  Recently, 

certain forms of autism and neurodegenerative disorders have been associated with 

diabetes in children (Freeman et al 2005).  How or why remains a mystery, but when 

certain proteins such as CADM molecules, neuroligins and neurexins (referred to as a 

group as synaptic adhesion molecules) become mutated and/or nonfunctional there is a 

corresponding comorbidity of these otherwise unrelated diseases. Synaptic adhesion 

molecules have been studied in a variety of tissue types, but the majority of published 

research articles focuses on their role in neurons.  Additional studies have revealed that 

certain families of synaptic adhesion molecules, which are known to regulate the synaptic 

growth and development of the central nervous system, are also located in the pancreatic 

islets and can control and/or influence insulin secretion, though the discovery of neuronal 

proteins in the beta cell is very recent.  

 Figure 1A shows how synaptic adhesion molecules compare in the neuron. 

Neurexin functions as a presynaptic adhesion molecule, neuroligin functions as a 

postsynaptic adhesion molecule, and CADM1 functions as both a post and pre synaptic 

signaling molecule, interacting with both itself and other molecules.  These proteins are 

important in controlling synaptic function, neuronal connectivity, and recognition 

patterns in the developing brain, as well as the pathogenesis of epilepsy, schizophrenia, 

ADHD and Tourette syndrome, suggesting that some of these disorders may share 

common molecular pathways (Comoletti 2012).  Both neurexin and neuroligin 
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are present in the islets of Langerhans of the pancreas, and it has been recently discovered 

they play a role in insulin secretory granule release, suggesting that the mechanism for 

insulin granule release is similar to that of synaptic neurotransmission (Suckow et al 

2008). If there is a link between neurons and beta cells it might be easier to understand 

and manipulate the biological process of glucose regulation via insulin release. 

 

  



7 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1A: CADM signaling molecule in nerve cells. Image taken from “Progress from 

the Postsynaptic Side: Signaling in Synaptic Differentiation. Thomas Biederer (8 March 

2005).   Sci. STKE 2005 (274), pe9. [DOI: 10.1126/stke.2742005pe9] 
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Chapter 2: CADM Isoforms Biochemistry and Function 

The CADM (Cellular ADhesion Molecule) proteins have four isoforms in most 

mammals; CADM1, CADM2, CADM3, and CADM4.  A biochemical analysis between 

CADM proteins was conducted by Pietri et al in 2008 in which he compared the amino 

acid sequences between the CADM isoforms found in zebra fish that appeared to co-

localize in neuronal growth cones and their containing tissue during embryogenesis.  The 

results showed the sequences are highly conserved (between 80.6 and 35.8 percent 

alignment between isoforms), with each isoform containing three Ig-like domains, a 

transmembrane domain and a cytoplasmic tail with a 4.1B binding domain and a PDZ 

type II binding domain. Figures 2A-2D contain the mRNA sequences from rat of each 

CADM isoform. Below the full mRNA sequences for each isoform are the corresponding 

primer pairs used for PCR and qPCR. 
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>gi|47846863|dbj|AB114443.1| Rattus norvegicus sgigsf mRNA for 

spermatogenic immunoglobulin superfamily, complete cds of CADM1 

 

1 cgctcgggct cgggaggcag ccaccgctgc cagtctgagg caggtgcccg acatggcgag 

61 tcctgtgctg ccgagcggat cccagtgtgc ggcggcagcg gctgtggcgg cggcggcggc 

121 gcctccaggg ctccggctcc ggctcctgct gttgctcctc tcggccgcgg cactgatccc 

181 cacaggtgat gggcagaatc tgtttactaa ggacgtgacg gtgattgaag gagaagttgc 

241 aaccatcagc tgtcaagtca ataagagtga tgactccgtg attcagctac tgaaccccaa 

301 caggcagacc atttacttca gggacttcag gcctttgaag gacagcaggt ttcagctgct 

361 gaatttttct agcagtgaac tcaaagtgtc actgacaaat gtctcaattt cggatgaagg 

421 gaggtacttc tgccagctct acacggaccc tccgcaggag agttatacca ccatcacagt 

481 cctggtccct ccacgtaact tgatgatcga tatccagaaa gacacggcag ttgaagggga 

541 ggagattgaa gtcaactgca cggccatggc cagcaagccg gctacgacca tcaggtggtt 

601 caaagggaac aaggaactca aaggcaaatc agaggtggaa gagtggtcgg acatgtacac 

661 tgtgaccagt cagctgatgc tgaaggtgca caaggaggat gatggagtcc cagtgatctg 

721 ccaggtggag caccctgcgg tcactggaaa cctgcagacc cagcggtatc tagaagtgca 

781 gtataaaccg caagtgcaga tccagatgac ttatcctctg caaggcctaa cccgggaagg 

841 ggatgcattc gagttaacgt gtgaagccac cgggaagccc cagcctgtga tggtaacttg 

901 ggtgagagtc gatgacgaaa tgcctcaaca tgccgttctg tctgggccga atctgttcat 

961 caataaccta aacaaaacag acaatggtac ttaccgctgt gaggcttcca acacagtggg 

1021 gaaagctcat tcggactata tgctgtatgt atacgacacc acggcgacga cagaaccagc 

1081 agttcacgat tctcgagcag gtgaagaggg cgccattggg gcagtggacc acgcggtgat 

1141 tggcggcgtc gtagccgtgg tggtgtttgc catgctatgt ttgctcatca ttctgggccg 

1201 ctattttgcc agacataaag gtacatactt cactcatgaa gccaaaggag ccgatgacgc 

1261 agcagacgca gacacagcta taatcaatgc agaaggagga cagaacaact ccgaagaaaa 

1321 gaaagagtac ttcatctaga tcagcctttt tgttccaatg aggtgtccaa cgggcctgct 

1381 tagatgataa agagacagtg atactggaac tttggagaag ctcgtgtggt ttttttttta 

1441 tgagtgggtg gaaagatgcg agactgggaa ggcttgggat ttgcaatgta aaaacaaaga 

1501 caaaaaatgt tctttgaaag tacgctctgc tgtttgacac ctctttttaa tctggtttta 

1561 atttggtttg ggttttggtg ttttcgtttc tatttcctcc taccaagtca aacttgggta 

1621 cttggatttg gtttcggtag attgcagaaa attctgtgcc ttgtttttca ttcgtttgtt 

1681 gtgtttcttt ccccttgccc tttttgtgca tttatttttc ccaaaatcaa atttgttttt 

1741 ccccccctcc caaacctccc attttttgga attgacctgc tgggattcct aagattcccc 

1801 ccccacccca tttctgattt ctttgtttgt gttgacggtg actgctttct gttccaaatt 

1861 cagtttcata aaaggaaaac cagcacagtt tagatttcat agttcagaat ttagtgtctc 

1921 catgatgcat ccttctctgt tgtcgtaaag attt 

 

CADM1 qPCR primers: 

LEFT PRIMER: gaaggacagcaggtttcagc 

RIGHT PRIMER: gcctttgagttccttgttcc 

SEQUENCE SIZE: 1954 

PRODUCT SIZE: 289 

 

CADM1 PCR primers: 

LEFT PRIMER  taaggacgtgacggtgattg 

RIGHT PRIMER ggatctgcacttgcggttta 

SEQUENCE SIZE: 1954 

PRODUCT SIZE: 596 

Figure 2A: Full mRNA sequence of CADM1 
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>gi|82619335|gb|DQ272744.1| Rattus norvegicus nectin-like protein 3 

mRNA, complete cds of CADM2 

 
1 atgatttgga aacgcagcgc ggttctccgc ttctacagtg tctgcgggct cctgttacaa 

61 ggcagccaag ggcagtttcc actaactcag aatgtcacgg ttgttgaagg cggaactgca 

121 attctgacct gcagagttga tcaaaatgat aacacctccc tccagtggtc gaatccagct 

181 cagcagactc tgtacttcga tgacaagaaa gctttgaggg acaatcggat cgagctggtt 

241 cgcgcttctt ggcatgagtt gagcatcagt gtcagtgacg tgtctctctc tgatgaagga 

301 cagtacacct gttccttatt tacaatgcct gtcaaaacct ccaaggccta tctcactgtc 

361 ctgggtgttc cagagaagcc tcagattagt ggattttcat ccccagtcat ggagggagac 

421 ctgatgcagc tgacttgcaa gacgtcaggc agtaagcctg cggctgatat aagatggttc 

481 aaaaatgaca aagagatcaa agatgtgaag tacttgaagg aagaggatgc taaccgcaag 

541 accttcaccg tcagcagcac actggatttc cgagtggacc gtagcgatga tggagtggcg 

601 gtcatctgca gagtagacca cgagtccctc aatgccaccc ctcaggtagc catgcaggtg 

661 ctagaaatac actatacacc atcagtgaag attataccat ccactccttt tccacaagaa 

721 ggacaggctt taacattgac ttgtgaatct aaaggaaaac cactgccaga acctgttttg 

781 tggacgaagg atggggcaga attaccagat cctgatcgaa tggttgtgag tggtagggaa 

841 ctcaacattc tcttcctgaa caaaacggac aatggcactt atcgatgcga agccactaac 

901 accattggtc aaagcagcgc agagtacgtc ctcattgtac acgatcccaa ttctctggct 

961 ggtcagaatg gccctgacca tgctctcata ggcggcatag tggctgtggt tgtatttgtt 

1021 accctgtgct ccatattcct gcttggccga tatctggcaa gacataaagg aacatatctc 

1081 acaaacgaag ctaaaggagc cgaagacgca ccagatgccg acacagccat tatcaatgct 

1141 gaaggcagcc aagtcaatgc cgaagagaaa aaagagtatt tcatttaa 

 
CADM2 qPCR primers 

LEFT PRIMER gcagccaagggcagtttccact 

RIGHT PRIMER agaagcgcgaaccagctcga 

SEQUENCE SIZE: 1188 

PRODUCT SIZE: 188 

 
CADM2 PCR primers: 

LEFT PRIMER tccgcttctacagtgtctgc 

RIGHT PRIMER cactgatgctcaactcatgc 

SEQUENCE SIZE: 1194 

PRODUCT SIZE: 246 

Figure 2B: Full mRNA sequence of CADM2
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>gi|82619333|gb|DQ272743.1| Rattus norvegicus nectin-like protein 

1 mRNA, complete cds of CADM3 

 
1 atgggggccc cttccgccct gcccctgctc ctgctcctcg cctgctcctg ggcgcccggc 

61 ggggccaatc tttcccagga cgatagccag ccctggacgt ctgatgaaac agtggtggct 

121 ggtggcacag tagtgctcaa gtgccaagtg aaagaccatg aagactcatc tctgcagtgg 

181 tctaaccctg cccagcagac tctatacttt ggggagaaaa gagcccttcg agataatcgg 

241 attcagctgg ttagctccac cccgcatgag ctcagcatca gcatcagcaa cgtggcactg 

301 gccgacgagg gcgagtacac atgctccatc ttcactatgc ctgtgcggac cgccaagtcc 

361 ctcgtcactg tgctcggaat cccacagaaa cccataatca ctggttataa gtcatcgttg 

421 cgggaaaagg agacagccac tctaaattgt cagtcttctg ggagcaaacc tgcagcccag 

481 ctcgcctgga gaaaaggtga ccaagaactc cacggggacc agacgcgaat ccaggaagat 

541 cccaatggga aaaccttcac tgtgagcagc tcggtgtcat tccaggttac ccgggatgat 

601 gatggagcaa acgtcgtgtg ctctgtgaac catgaatctc tgaagggagc tgacagatcc 

661 acctctcagc gcattgaagt gttatacaca ccaacagcca tgattaggcc agaacctgct 

721 catcctcgtg aaggccagaa gctgttgtta cattgtgagg ggcgtggcaa tccagtccct 

781 cagcagtacg tgtgggtaaa agaaggcagc gagccacccc tcaagatgac ccaagagagt 

841 gcactcatct tcccattttt gaacaaaagt gacagtggca cctatggctg tacagccacg 

901 agcaacatgg gcagctatac agcctacttc actctcaatg tcaacgaccc tagtccagtg 

961 ccctcatcct ccagtactta ccacgccatc attggaggga tcgtggcttt catcgtcttc 

1021 ctgctgctca ttctgctcat tttccttgga cactatttga tccggcacaa aggaacgtac 

1081 ctgacacacg aagcgaaggg ctccgacgac gccccagatg cagatacggc catcatcaac 

1141 gcagaaggcg ggcagtcagg cggggatgac aagaaggaat atttcatcta 

 
CADM3 qPRC primers: 

LEFT PRIMER ggaccgccaagtccctcgtc 

RIGHT PRIMER attcgcgtctggtccccgtg 

SEQUENCE SIZE: 1197 

PRODUCT SIZE: 184 

 

CADM3 PCR primers: 

LEFT PRIMER catgagctcagcatcagcat 

RIGHT PRIMER cagtgaaggttttcccattg 

SEQUENCE SIZE: 1190 

PRODUCT SIZE: 298 

Figure 2C: Full mRNA sequence of CADM3
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>gi|114052914|ref|NM_001047107.1| Rattus norvegicus cell adhesion 

molecule 4 (Cadm4), mRNA of CADM4 

 
1 atgggccggg cccggcgctt ccagtggccg ctgctgctac tgtgggcggc cgcggcgggg 

61 ccagggacgg cacaggaagt gcagacagag aatgtgacgg tggccgaggg tggggtggct 

121 gagatcacct gccgtctgca tcagtatgat gggtctatag tcgtcattca gaacccagcc 

181 cggcagaccc tctttttcaa tggcacccga gccctgaagg acgaacgatt ccagctggag 

241 gagttctccc cgcgccgagt gcgcatcagg ctctcagacg cccgcctgga ggacgagggg 

301 ggctacttct gccagctcta cacggaggac acccaccacc agatcgccac gctcactgtc 

361 ttagtggctc cggagaatcc tgtggtggag gtccgagagc aagcagtgga gggcggcgag 

421 gtggaactca gctgcctggt tccgcggtcg cgccccgcag cggtcctgcg ctggtatcgc 

481 gatcgcaagg agctgaaagg agtgagcagc ggccaggaga acggcaaggt gtggagcgtg 

541 gcgagcactg tgcggttccg cgtggaccgc aaggacgacg gcggtatcgt catctgtgaa 

601 gcgcagaacc aggcgctgcc ctcggggcac agcaagcaga cgcagtacgt gctggatgtg 

661 cagtattccc ccacagctcg gatccacgcc tctcaagctg tagtcaggga gggagacact 

721 ctggtgctga catgtgctgt cacagggaac cccaggccaa accagatccg ctggaaccgt 

781 gggaatgagt ctctgccaga gagggcggag gcgttgggcg agacgctcac gctgcctggc 

841 ctggtatctg cagataacgg cacctacacc tgcgaggcgg cgaacaagca cggccacgcc 

901 agggcgctct acgtgcttgt ggtctatgac cccggagcag tggtagaggc tcagacatcg 

961 gttccctacg ccatcgtggg cggcatcctg gcgctactgg tgtttctgat catatgcgtg 

1021 ctagtaggca tggtgtggtg ctctgtccga cagaagggct cctatctgac ccatgaggcc 

1081 agtggcttgg atgagcaggg agaagccaga gaagccttcc tcaacggcag tgatggacac 

1141 aagcggaaag aagaattctt catttga 

 
CADM4 qPCR primers: 

LEFT PRIMER gtcatctgtgaagcgcagaa 

RIGHT PRIMER agcacatgtcagcaccagag 

SEQUENCE SIZE: 1167 

PRODUCT SIZE: 150 

 

CADM4 PCR primers:  

LEFT PRIMER ccctgaaggacgaacgatt 

RIGHT PRIMER gagactcattcccacggttc 

SEQUENCE SIZE: 1173 

PRODUCT SIZE: 582 

 

Figure 2D: Full mRNA sequence of CADM4
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 Tthe CADM proteins appear to function in a similar manner, with the 

extracellular Ig-like domains mediating both hetero- and homophilic interactions that are 

Ca
2+

 and Mg
2+

 independent. Figure 2E shows the four CADM isoforms found in rat 

tissue in un-glycosylated form. The groups have been color coded based on function, and 

compared side-by-side in ball-and-stick model form. These images have been provided 

from RasMol, a free online program that generates protein structures from amino acid 

sequences.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2E : CADM isoforms Ball-and-Stick diagram as provided by Rasmol 

Starting from upper left corner and going clockwise; CADM1, CADM2, CADM3, 

CADM4. color coded according to structure.  

Figure 2F shows how the CADM isoforms interact, in both cis- and trans- 

interactions, though each isoform also interacts with itself. It was important to understand 

the CADM family of isoforms before the experiment began in order to elucidate 

information regarding the localization and binding that might be involved with these 

proteins if they were found to affect insulin secretion. A particular area of interest is 
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which CADM isoform has the highest expression levels in the beta cell, as each isoform 

has its own (albeit similar) function.  By determining which isoform had the highest 

expression level in the beta cells and focusing on that protein, there was an increased 

likelihood of finding the isoform with the greatest amount of involvement in insulin 

secretion. 

 

 

Figure 2F: Diagram of CADM isoforms interactions. Lines indicate ability to interact. 

Sandau et al 2011,  Kakunaga et al 2005, Nagata et al 2012, Hunter et al 2011
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Chapter 3: CADM1 in the Beta Cell 

The CADM1 protein has a complicated history in scientific literature.  Due to the 

diversity of research goals regarding this protein, the nomenclature was not standardized 

to CADM1 by the HUGO gene nomenclature committee until recently (Koma 2008).  

CADM1 was repeatedly re-discovered by scientific teams specializing in different 

diseases (including cancer, the immune system, and CNS malfunction), unaware other 

research teams were studying the same protein in parallel.   Due to this, CADM1 has 

been cross referenced under multiple names.  Table 3A lists the names corresponding to 

the field of study the CADM1 molecule was found in. 
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Table 3A: Alternative nomenclature for the CADM1 molecule 

  

Name Field of study Protein function 

CADM1 Cancer 

 

 

CNS formation 

Male sexual development 

Duct development in the 

pancreas 

Autism 

Eye 

Tumor suppression 

Apoptosis 

Mast cell survival 

Synapse formation 

Spermatogenesis in testies 

Nerve-islet cell interactions 

Social/emotional development 

fiber cell membrane proteome 

synCAM1 CNS formation and 

development 

 

 

 

Female sexual 

development 

 

Transsynaptic adhesion complexes 

Synaptic adhesion molecule that 

drives assembly 

Restoration of peripheral nerve 

injury 

Axo-dendritic contact assembly 

erbB4 receptor activity 

TSLC1 Cancer 

 

 

autoimmune alopecia 

Tumor suppressor gene (cell line) 

Tumor suppressor in lung cancer 

Cancer invasion 

enhanced T cell adhesion and 

cytotoxicity 

SgIGSF Stem cells 

 

Immune function 

Duct-Ductule 

development in liver 

Adhesion molecule 

Intercellular adhesion molecule 

Immunoglobulin superfamily 

molecule 

Bile duct/ductule formation 

IGSF4 Brain formation 

Lung cancer 

Epithelial cell cancer 

Synapsis fomation 

Cancer invasion 

epithelial cell adhesion 

Necl-2 Stem cells 

 

Cancer 

 

Localization of transmembrane 

proteins in epithelial cells 

Suppressing tumor-like behaviors 

in cells 

Colon cancer 

RA175  Pubmed 
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The CADM1 protein is found in various tissue types throughout the body, but not 

in the exact same form. For the purpose of this project, it was useful to focus on the 

previous research conducted by the CNS scientists for background information because 

the beta cell architecture is similar to the neuron. There are slight differences such as 

glycosylation based on localization and functional mechanisms, but otherwise CADM1 

behaves similarly in the brain and beta cell tissue, and the information previously 

discovered by neuroscientists is applicable. A cell surface molecule (Figure 1A), 

CADM1 binds extracellularly both homophilically and heterophilically to other CADM 

isoforms (including itself), in both cis and trans conformations.  CADM1 can be found on 

either the presynaptic or postsynaptic region of nerve cells, and the binding partners 

appear to be universal regardless is glycosolation and tissue type; namely CADM2, but 

also CADM3 and possibly CADM4 (Figure 2A).  Intracellularly, common binding 

partners include CASK and similar proteins known to bind to the PDZII binding domain 

and the 4.1B motif (Masuda et al 2010).  Figure 3A shows the schematic of the CADM1 

protein structure, with the overexpression plasmid used to overexpress it beneath it. The 

structure of CADM1 is comprised of an extracellular region (including the N terminus), a 

single transmembrane pass, and a short intercellular region (including the C terminus) as 

seen in Figure 3A.  Glycosylation takes place on the extracellular region of the molecule, 

both N and O linked, along the Ig-like regions.  Glycosylation patterns vary between 

tissue types the CADM1 protein is located in, with highly glycosylated regions found in 

the brain and central nervous system, and regions such as the retina having less 

glycosylation (De Maria 2011).
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Figure 3A: Diagram of CADM1 for overexpression (M. Masuda et al with edits) inserted 

at EcoR1 sites in  pcDNA3.1 vector (bottom image provided by Invitrogen) 
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100 kDa 

70 kDa 
55 kDa 

CADM1 at 90 kDa 

GAPDH at 36 kDa 

  Glycosylation can be visualized via western blot of differing tissue types, with 

highly glycosylated proteins appearing at higher molecular weights.  In the rat model, 

without glycosolation the 445 amino acid protein (Figure 3B) is estimated to be 36kDa, 

but in the beta cell CADM1 appears at a distinct 90-100 kDa band (See figure 3C).  In the 

brain, a distinct banding pattern can be seen around 75kDa.  As can be seen in Figure 3D, 

the blotting pattern in the brain tissue of rats in a western is very different then the 

binding  pattern in a rat based beta cell line.  Also, there is less protein available in the 

beta cell line, since the antibody doesn’t have a high enough affinity to strongly visualize 

naturally occurring CADM1.   

MASPVLPSGS QCAAAAAVAA AAAPPGLRLR LLLLLLSAAA LIPTGDGQNL FTKDVTVIEG 

EVATISCQVN KSDDSVIQLL NPNRQTIYFR DFRPLKDSRF QLLNFSSSEL KVSLTNVSIS 

DEGRYFCQLY TDPPQESYTT ITVLVPPRNL MIDIQKDTAV EGEEIEVNCT AMASKPATTI 

RWFKGNKELK GKSEVEEWSD MYTVTSQLML KVHKEDDGVP VICQVEHPAV TGNLQTQRYL 

EVQYKPQVQI QMTYPLQGLT REGDAFELTC EATGKPQPVM VTWVRVDDEM PQHAVLSGPN 

LFINNLNKTD NGTYRCEASN TVGKAHSDYM LYVYDPPTTI PPPTTTTTTT TTTTTTTTIL 

TIITDTTATT EPAVHGLTQL PNSAEELDSE DLSDSRAGEE GAIGAVDHAV IGGVVAVVVF 

AMLCLLIILG RYFARHKGTY FTHEAKGADD AADADTAIIN AEGGQNNSEE KKEYFI 

 

Figure 3B: CADM1 full protein sequence in Rattus norvegicus, with 476 amino acids 

 

 

 

 

 

 

 

Figure 3C (left): Western blot of INS1E protein lysate probing for CADM1. Left lane 

contains overexpression plasmid, right lane contains negative pcDNA3.1 empty control  

Figure 3D (right): Western blot of rat brain protein lysate probing for CADM1
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The extracelluar region of CADM1 is comprised of three Ig domains, with the 

outmost region referenced as Ig1, the middle Ig2, and the third (closest to the 

transmembrane domain) Ig3, as can be seen in Figure 3A, with the entire extracellular 

region comprised of 373 amino acids.  Included in that region is an area between amino 

acids 343-356, referred to as a “shedding domain” and is comprised of an excess of T 

amino acids. This is where the protein’s extracellular domain can be spliced off (Nagara 

et al 2011). This shedding process includes a series of events in which the extracellular 

region of the protein is cleaved by an enzyme complex to modulate function.  This may 

explain why CADM1 is found in different banding patterns in different tissues; there is 

post-translational modification in order to regulate cellular function. After the 

extracellular region is the transmembrane region of CADM1, comprising of 23 amino 

acids, and lastly an intracellular region, of only 46 amino acids.  The intracellular region 

of CADM1 is comprised of a PDZ domain, and a 4.1 protein motif (Fogel 2011).  Figure 

3A also shows the site where a FLAG motif was added to the overexpression protein, on 

amino acid 363 (Figure 3B).   

The glycosylation patterns are not completely understood yet, but based on the 

addition or deletions of the sugar chains, the CADM1 protein is either enabled or 

disabled from interacting with certain extracellular proteins on neighboring cells, and 

thus cell-to-cell interactions and signaling can be controlled.  In the pancreas, the islets 

are richly innervated allowing a large surface area interaction between the CADM1 

proteins and their binding partners, but there appears to only be one CADM1 

glycosylation pattern (Figure 3C).
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Chapter 4: The Beta Cell 

The beta cell is the only cell of the body that contains insulin granules.  In 

response to glucose stimulation, it will release these granules via exocytosis and insulin is 

released into the blood stream. This is the first phase, in which all the docked insulin 

granules which have been waiting for glucose stimulation are exocytosed in an immediate 

and almost instantaneous fashion.  If the glucose stimulation continues, the second phase 

of insulin is released, though slower because new insulin must be synthesized in the beta 

cell, packaged into granules, and then exocytosed.  While the finer details of how this 

process is carried out are not entirely understood at the present time, we believe that 

learning how the beta cells functions on a cellular level will lead to new insights as to 

how insulin is released, and perhaps give researchers new insight as to the pathogenesis 

of diabetes.  Previous studies by Ito et al 2012 have confirmed in a mouse model that 

CADM1 knockdown affects glucagon secretion, but it tells us little of what CADM1 is 

actually doing, or more importantly, what the presence or absence of CADM1 does to 

affect insulin levels; if it has a direct effect on the mechanism of granule release, or is a 

signaling molecule in the pathway somewhere in that process.    

We chose to work with cell lines INS1 and INS1-E, specialized rat beta cell lines, 

with INS1 cells being a polyclonal cell line and INS1-E a monoclonal version.  There are 

minor differences between them in terms of morphology, but both produce reasonable 

insulin responses to glucose stimulation, allowing us to observe the beta cells alone, in an 

isolated environment.  Since there are so few islets in pancreatic tissue, and by virtue of 

this even fewer beta cells, by using these cell lines we can perform multiple experiments 
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in an effective fashion and control for extraneous factors that might contribute to insulin 

release.  
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Chapter 5: The Process of Insulin Synthesis and Secretion via Glucose Stimulation 

Insulin is synthesized within the beta cell.  The precursor molecule is 

preproinsulin, which is cleaved into proinsulin in the ER immediately after synthesis.  

Proinsulin is transported to the Golgi apparatus and packaged into clathrin-coated 

secretory granules.  These granules mature by loss of clathrin coating.  Proinsulin is 

converted into insulin and C-peptide by proteolytic cleavage at two sites in the peptide 

chain  (Gardner et al 2007). This storage pool of insulin granules is transported by 

various proteins including microtubles and microfilaments, ATP, MAP-2, kinesin, 

RAB3A, kinase and phosphatese  to the plasma membrane of the beta cell, where the 

granule is docked and primed through a complex series of events involving multiple 

proteins and ATP, with these primed granules referred to as the readily releasable pool.   

Upon receiving appropriate stimuli, the primed granules release their contents into the 

blood stream to decrease blood glucose levels. (Gardner et al 2007)  Figure 5A 

illustration this process.  

Basal insulin secretion occurs in the absence of exogenous stimuli, and is the 

insulin secreted while in a fasting state.  Stimulated insulin secretion occurs in response 

to exogenous stimuli, usually a response to increased glucose concentrations.  A sudden 

glucose spike in the blood stream causes a short-lived burst of insulin release, referred to 

as first phase insulin secretion (see figure 5A); if the glucose concentration is maintained, 

insulin release gradually falls off and then begins to rise again to a steady level, referred 

to  as second phase.  At this point, insulin secretory granules are transported from the 

storage pool directly to the plasma membrane for exocytosis, skipping the docking step.  
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Sustained levels of high glucose stimulation result in reversible desensitization of the beta 

cell in response to glucose. (Gardner et al 2007)   

 

 

 

 

 

 

 

 

Figure 5A: Schematic representation of the putative steps in the mechanism of insulin 

exocytosis and beta-granule trafficking in pancreatic beta cells 

 

 

 

 

.
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Chapter 6: Insulin Granule Docking and Secretion 

There are several proteins involved in the docking steps, notably the SNARE 

complex, in which v-SNAREs and t-SNAREs form complexes to allow vesicle fusion to 

take place.  This entails the pairing at the target membrane of a vesicle-associated 

membrane protein (VAMP), a v-SNARE, with a binary cognate receptor complex that 

comprises SNAP25 or SNAP23 and a syntaxin protein (both of which are t-SNAREs) 

(Wang et al 2009, Izumi et al 2007).  This phenomenon has been well studied in neurons, 

in which the SNARE complex is responsible for the release of neurotransmitters between 

the synaptic cleft. The same phenomenon has been observed in beta cells with regard to 

release of insulin granules, further suggesting that the beta cells must maintain contact 

and communication in order to properly release insulin granules.  

Glucose stimulated insulin secretion takes place on a cellular level, where glucose 

enters the beta cells through GLUT2, a transmembrane protein in the plasma membrane 

that functions as a passive glucose transporter into the cell.  The glucose molecule enters 

glycolysis and the respiratory cycle within the beta cell, leading to ATP formation via 

oxidation, leading to a rise in the ATP:ADP ratio within the cell.  This increase in the 

ATP:ADP ratio closes ATP-sensitive potassium channels, leading to a buildup of 

potassium ions, causing depolarisation of the cell surface membrane, leading to voltage-

gated calcium ion channels to open and allow calcium ions to enter the cell.  This 

increase in intracellular calcium ion concentration causes the activation of phospholipase 

C, which cleaves the membrane phospholipid phosphatidyl inositol 4,5-bisphosphate into 

inositol 1,4,5-trisphosphate and diacylglycerol.  Inositol 1,4,5-trisphosphate (IP3) binds 
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to receptor proteins in the plasma membrane of the endoplasmic reticulum , allowing the 

release of calcium ions from the ER via IP3-gated channels, and further raising the 

intracellular concentration of calcium ions (Cawston et al 2010). 

Significantly increased amounts of calcium ions in the cell causes the release of 

previously synthesized insulin, which has been stored in secretory vesicles.  This is the 

primary mechanism for release of insulin. Other substances known to stimulate insulin 

release include the amino acids arginine and leucine, parasympathetic release of 

acetylcholine (via phospholipase C), sulfonylurea, cholecystokinin (CCK, via 

phospholipase C), and the gastrointestinally-derived incretins glucagon-like peptide-1 

(GLP-1) and glucose-dependent insulinotropic peptide (GIP). (Cawston et al 2010). 

Glucose is not the sole stimulate for insulin release.  The “incretin effect” has 

been observed in studies, in which orally administered glucose leads to greater insulin 

secretion than the same glucose administered intravenously.  This effect is mediated by 

the incretin hormones glucose-dependent insulinotropic polypeptide (GIP) and glucagon-

like peptide-1 (GLP-1), secreted from endocrine cells located in the small intestine.  

Insulin secretion in response to these hormones is strictly glucose-dependent and in 

healthy individuals accounts for up to 70% of the insulin response to a meal (Russell 

2012). Because the studies for this project were conducted strictly in beta cell lines, the 

incretin effect could not be accounted for. 
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Methods 

Overexpression: 

A kind gift of pCAGGS synCAM1(363)FLAG expression vector was received 

from Dr. Thomas Biederer of Yale University, a proven overexpression plasmid of 

CADM1 used in neurons. It comprised of the full CADM1 protein construct with the 

addition of FLAG at amino acid number 363(Biederer 2005). pCAGGS was found to be 

an inefficient overexpression vector in the beta cells, so the CADM1 fragment was 

spliced out via restriction enzymes Eco-R1 and replaced in a pcDNA3.1 vector (Figure 

3A).  Sigma 3X FLAG CMV-7-BAP Positive control plasmid was used as a negative 

control for a FLAG plasmid.  

Overexpression was successful in both INS1 and INS1E cell lines, using 

Lipofectamine2000 transfection reagent with the CADM1-pcDNA3.1 plasmid over a 48 

hour time course, with 80% confluent cells at time of transfection, confirmed via western 

blot.  Polyclonal antibody used to probe for CADM1 was purchased from Novus 

Biologicals Antibody #NB300-186.  The affinity of the CADM1 antibody is somewhat 

low to detect endogenous CADM1 in the rat beta cell, so it was confirmed using rat brain 

protein lysate instead (Figure 3D).  

Knockdown: 

ON-TARGETplus SMARTpool siRNA was purchased from ThermoScientific 

Cat#L-101011-01-0005 Rat Igsf4a (363058) comprising of target sequences 

GGGUGAGAGUCGAUGACGA, GUGGAAGAGUGGUCGGACA, 

GGGAAAGCUCAUUCGGACU, and CGUAACUUGAUGAUCGAUA. Cat#D-
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001810-10-05 ON-TARGETplus Non-targeting Pool was purchased as a negative 

control.  Lipofectamine2000 was found to be an ineffective transfection reagent for 

knockdown, so electroporation was performed instead. Lonza VACA-1003 Cell Line 

Nucleofector Kit V serial number T-01968 was successful using program code T-

020 with an efficiency of 70-96% over a 48 hour time course, using 3 x 10
6
 INS1 cells 

per condition. Dr. George Sen of the UCSD Dermatology lab kindly allowed use of his 

Lonza transfection machine. This experiment was performed in INS1 cells healthy and 

confluent in a 24 well plate over a 48 hour knockdown time period.  

CADM1 knockdown was tested via qPCR using CADM primers 

GAAGGACAGCAGGTTTCAGC and GCCTTTGAGTTCCTTGTTCC and control 18s 

primers CGCCGCTAGAGGTGAAATTC and  TTGGCAAATGCTTTCGCTC, 

purchased from Valuegene Inc.  qPCR reagent SyberGreen was purchased from Quanta. 

Absolute qPCR primers were also purchased from Valuegene, as seen in Figures 2A-2D.  

Absolute qPCR 

PCR products of the four CADM isoforms were made using the corresponding 

primers listed in Figures 2A-2D with INS1E cDNA, reverse transcribed using RNA 

extracted from confluent INS1E cells using the GenElute Mammalian Total RNA 

MiniPrep Kit purchased from Sigma. The products were run on an electrophoresis gel 

(not show) and the DNA fragments extracted, measured for concentration, and diluted to 

a standard curve of copy numbers, from 10
9
 to 10

2
. The standard curve (of each isoform) 

was run on a qPCR plate alongside normal INS1E cDNA. The results were back-
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calculated using the Ct values of the standard curve in order to determine exact quantities 

of each CADM isoform found in INS1E cDNA.   

Glucose stimulated insulin secretion 

Prepared cells were grown in a 24 well transfection plate and incubated in low 

glucose Krebs media for one hour. The medium was aspirated and then replaced with 

either high or low glucose Krebs media for an hour.  This medium was then collected and 

diluted 1:50 in assay buffer.  The beta cells were lysed using RIPA buffer with a protease 

inhibitor cocktail and PMSF and diluted 3:12500 in assay buffer.  Both the medium and 

cell lysate were then analyzed for insulin content using a RIA kit with I
125

 labeled insulin. 

GSIS results were calculated by normalizing the insulin in the medium by the insulin in 

the cell lysate of each condition. Statistical significance was tested using the student’s t 

test. Error bars show standard error. 
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Results: 

Isoform amounts 

Figure 7 shows the most abundant CADM isoform found in INS1E is CADM2, 

but Figure 8 shows in normal rat islet tissue CADM1 is the most abundant isoform.  It is 

possible this is due to INS1E being an insulinoma cell line with mutations.  Therefore, 

islet  cDNA has a higher likelihood of showing true physiological conditions. Because we 

were interested in determining the natural state of CADM isoforms in normal tissue, we 

decided to pursue the CADM1 molecule for further studies in the beta cell.    

 

 

 

 

 

 

 

 

 

 

Figure 7: Absolute qPCR of CADM isoforms in INS1E cDNA results 
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Figure 8: PCR products of CADM isoforms in varying tissue types. From lanes left to 

right: INS1E cDNA, islet cDNA, negative control (water). From top image down PCR 

primers for CADM1, CADM2, CADM3, CADM4
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Knockdown was achieved at levels between 70% and 96%, confirmed via qPCR 

normalized to 18s (figures not show) using electroporation. Knockdown results show that 

when CADM1 was successfully knocked down, CADM2 and CADM3 levels were also 

decreased by 20-30% (data not shown).  Figure 9 shows a statistically significant increase 

in insulin secretion in INS1 cells with knockdown levels CADM1 in low glucose 

conditions.  High glucose conditions show no significant change.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Graph of glucose stimulated insulin secretion in CADM1 knockdown 

conditions in INS1 normalized to cellular insulin. Compilation of experiments, n = 18. 
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CADM1 overexpression 

CADM1 had been successfully overexpressed in both INS1 and INS1E cell lines, 

as confirmed by western blot (Figure 3C).  There is only one band shown at 

approximately 90 kiladaltons, suggesting the glycosylation pattern yields a single band 

and thus is uniformed.  This situation may mask any glycosylation changes that occur in 

the plasmid overexpression form of CADM1 compared to the naturally occurring 

CADM1, which may also affect function of the molecule. GSIS analysis of CADM1 

overexpression results showed that with increased CADM1 protein, there was an increase 

in insulin secretion after both high and low glucose stimulation compared to control, in 

both INS1E (Figure 10) and INS1 (Figure 11) cell lines, though only statistically 

significant at low glucose in INS1.  
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Figure 10: Graph of glucose stimulated insulin secretion in CADM1 overexpression 

conditions in INS1E normalized  to cellular insulin. Compilation of experiments, n = 15.
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Figure 11: Graph of glucose stimulated insulin secretion in CADM1 overexpression 

conditions in INS1 normalized to cellular insulin. Compilation of experiments, n=10. 
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Discussion & Conclusion 

Recent diabetes-related literature has suggested that neuronal proteins play a 

significant role in insulin release, though this role is still largely unclear, and the cellular 

mechanisms that are being employed in this capacity is still unknown. Papers by Koma et 

al 2008 suggest that CADM1 mediates nerve-islet cell interactions though CADM1’s role 

in insulin secretion is unclear, and papers by Suckow et al 2010 suggest that other 

neuronal proteins such as neuroligin and neurexin play a role in insulin secretion. Poy et 

al 2009 has shown that gene mutations that lead to an increase in CADM1 regulate alpha 

and beta cell mass. CADM1 malfunction also appears to have a role in neuronal diseases 

such as autism (Fujita et al 2010). Preliminary lab results suggested that the CADM 

family of molecules might yield interesting information in this field, as they function as 

both a pre- and post-synaptic adhesion molecule in neuronal cells and are present in 

neuronal and pancreatic tissue in vertebrates. 

In this project, the initial question asked was which CADM isoform had the 

highest expression level in the beta cell. Due to the nature of primer binding efficiency 

and low levels of CADM molecules in beta cell tissue, an absolute qPCR was performed 

on the four isoforms found in INS1E cDNA. Ins1E was chosen because the RNA is 

readily available for isolation and it has been established for diabetes research as a 

monoclonal rat beta cell line.  Absolute qPCR results showed significantly more CADM2 

mRNA compared to the other four CADM molecules (Figure 2F).  A PCR reaction was 

performed to confirm those results, comparing INS1E cDNA to normal islet cDNA 
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extracted from rat pancreatic tissue. CADM isoforms are known to be involved in cancer 

metastasis, so it is possible that the expression level in a cell line is not an accurate 

representation of beta cell protein levels. The results in Figure 2G show that CADM1 has 

the highest level of endogenously expressed mRNA in islet cDNA.  While the PCR 

results conflict with the absolute qPCR results, the project moved to focus on the 

CADM1 molecule because islet cDNA reflects more physiologically correct conditions.  

Glucose stimulated insulin secretion (or GSIS) was the main assay that was used 

in our experiments to test beta cell insulin response to changing levels of glucose 

stimulation.  By setting up plates of beta cells with CADM1 either overexpressed or 

knocked down, it was possible to compare insulin secretion rates across cellular 

conditions. This was very useful in determining if this protein has an effect on insulin 

release, and to what extent. The insulin secretion rates were normalized by dividing 

insulin in the media (insulin that had been exocytose) to insulin in the cell lysate (insulin 

that had been produced but not yet secreted in the beta cells).  These result showed that 

the INS1 polyclonal cell line had a smaller standard error then the INS1E monoclonal cell 

line, and also tended to be healthier in knockdown and overexpression conditions (images 

not shown).  

Knockdown of CADM1 was the next step in this project, but it became difficult to 

perform based on the nature of the molecule; it is endogenously expressed at low levels 

and is not well documented in beta cells. We wished to perform these assays in a beta cell 

line, such as INS1, in order to observe the beta cell in isolation and transfection worked 

best using electroporation, since it kept the cells healthy and confluent. GSIS results 
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show that a knockdown of CADM1 in INS1 cells results in a statistically significant 

increase in insulin secretion in low glucose conditions (Figure 3F). This is the first time 

CADM1 has been shown to influence insulin secretion, and while knockdown increases 

insulin secretion at basal glucose levels, it does not affect insulin secretion at high 

glucose levels.  

The next step in this experiment was to test overexpression. Overexpression by 

definition is a non-physiological event, but CADM1 overexpression was performed in 

both INS1 and INS1E rat beta cell lines, with the same results. As seen in Figure3D and 

E, overexpression shows a trend of increased insulin secretion, both in high glucose and 

low glucose conditions.  

Under both overexpression and knockdown conditions, insulin secretion is shown 

to increase, notably in low (basal) glucose conditions. These results suggest that altered 

CADM1 levels in beta cells can affect insulin secretion, but why or how remains 

unknown. Perhaps changing levels of CADM1 causes the beta cells to alter levels of 

insulin granules, and different results would be seen if alpha cells were also present. It is 

also possible that CADM1 plays an inhibitory role in first phase insulin secretion, leading 

to increased insulin secretion when it is knocked down, and an excitatory role in second 

phase insulin secretion, leading to an increase in insulin secretion in both high and low 

glucose stimulatory conditions when it is overexpressed. This hypothesis can be further 

tested in future experiments such as visualizing insulin docking under overexpression and 

knockdown conditions and observing granule distribution.    
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