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ABSTRACT 29 
Contact between β-cells is necessary for their 30 
normal function. Identification of the proteins 31 
mediating the effects of β-cell-to-β-cell contact 32 
is a necessary step towards gaining a full 33 
understanding of the determinants of β-cell 34 
function and insulin secretion. The secretory 35 
machinery of the β-cells is nearly identical to 36 
that of central nervous system (CNS) synapses, 37 
and we hypothesize that the trans-cellular 38 
protein interactions that drive maturation of the 39 
two secretory machineries upon contact of one 40 
cell (or neural process) with another are also 41 
highly similar. Two such trans-cellular 42 
interactions, important for both synaptic and β-43 
cell function, have been identified: 44 
EphA/ephrin-A and neuroligin/neurexin. Here 45 
we test the role of another synaptic-cleft protein, 46 
CADM1, in insulinoma cells and in rat and 47 
human islet β-cells. We find that CADM1 is a 48 
predominant CADM isoform in β-cells. In INS-49 
1 cells and primary β-cells, CADM1 constrains 50 
insulin secretion, and its expression decreases 51 
after prolonged glucose stimulation. Using a 52 
coculture model, we find that CADM1 also 53 
influences insulin secretion in a trans-cellular 54 
manner. We ask whether extracellular CADM1 55 
interactions exert their influence via the same 56 
mechanisms by which they influence 57 
neurotransmitter exocytosis. Our results suggest 58 
that, as in the CNS, CADM1 interactions drive 59 
exocytic site assembly and promote actin 60 
network formation. These results support the 61 
broader hypothesis that the effects of cell-cell 62 
contact on β-cell maturation and function are 63 
mediated by the same extracellular protein 64 
interactions that drive the formation of the 65 
presynaptic exocytic machinery. These 66 
interactions may be therapeutic targets for 67 
reversing β-cell dysfunction in diabetes. 68 
 69 
 70 
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 75 
INTRODUCTION 76 
β-cells require contact with other β-cells to 77 
mature and function normally (12, 19, 27). This 78 
contact gives rise to trans-cellular protein 79 

interactions that drive the maturation and help 80 
regulate the function of the insulin secretory 81 
machinery (19, 27, 31, 40, 50). Consistent with 82 
an essential role of interactions between β-cells, 83 
insulin exocytic complexes assemble under the 84 
plasma membrane at sites of β-cell-to-β-cell 85 
contact (16). Identifying the trans-cellular 86 
protein interactions that mediate the effects of β-87 
cell-to-β-cell contact and help guide assembly 88 
and functioning of the insulin secretory 89 
machinery is crucial for understanding how 90 
contact between β-cells promotes functional 91 
maturation and helps to control insulin secretion. 92 
 93 
β-cells and neurons are very much alike—with 94 
similar patterns of protein expression and shared 95 
developmental pathways—and likely derive 96 
from a common evolutionary ancestral cell type 97 
in the primitive central nervous system (CNS) 98 
(1, 2, 41, 58). The insulin secretory machinery, 99 
in particular, bears a striking resemblance to the 100 
synaptic machinery for neurotransmitter release, 101 
and the width of the interstitial space between β-102 
cells approximates that of the synaptic cleft (1, 103 
2, 29, 48). Synapse formation (synaptogenesis) 104 
is triggered by direct interactions between 105 
proteins on the surfaces of contacting neural 106 
processes (13, 47). Given the parallels between 107 
the synaptic and β-cell exocytic machinery, the 108 
cell-surface proteins mediating the effects of 109 
contact between β-cells may be the same as 110 
those that guide synaptogenesis (50). We 111 
previously described one such synaptogenic 112 
protein interaction, neuroligin-neurexin, that 113 
influences β-cell function; another, EphA-114 
ephrin-A, was described elsewhere (31, 40, 50). 115 
 116 
Like members of the neuroligin/neurexin and 117 
Eph/ephrin protein families, members of the 118 
CADM (cell adhesion molecule) protein family 119 
are synaptogenic: trans-cellular interactions 120 
between CADM proteins on contacting neural 121 
processes trigger pre- and post-synaptic 122 
differentiation (7). CADMs are their own 123 
extracellular binding partners: interactions are 124 
either homophilic or heterophilic with other 125 
CADM isoforms (14). We previously found that 126 
CADM1 (also referred to as SynCAM1, Necl2, 127 
TSLC1 and IGSF4) is expressed in islet α- and 128 
β-cells (48). Subsequently, CADM1 was found 129 
to be a key target of the microRNA miR-375 130 



(51, 52). This is the most abundant β-cell 131 
microRNA and participates in the regulation of 132 
islet function, including insulin and glucagon 133 
secretion, and α- and β-cell proliferation (42, 51, 134 
52). Regulation of CADM1 expression by miR-135 
375 underscores the potential importance of the 136 
protein in β-cell development and function.  137 
 138 
In α-cells, CADM1 helps constrain glucagon 139 
secretion (23). Enhanced insulin secretion in 140 
CADM1 global knockout mice suggests that 141 
CADM1 similarly inhibits insulin exocytosis 142 
(38). Alternatively, the increased secretion in 143 
this mouse model could reflect an effect of 144 
CADM1 deficiency on the CNS or some other 145 
tissue. The subplasmalemmal insulin secretory 146 
machinery includes a set of proteins that 147 
constitute a mechanism for halting insulin 148 
secretion just prior to insulin release (26, 40, 149 
63). Determination that CADM1 inhibited 150 
insulin exocytosis would implicate it in this 151 
regulatory mechanism. 152 
 153 
Here we investigated the role of CADM in β-cell 154 
function. We found that CADM1 is the 155 
predominant CADM isoform in human islets 156 
and, along with CADM4, one of two 157 
predominant isoforms in INS-1 cells and rat 158 
islets. We show that insulin secretion varies 159 
inversely with CADM1 expression. Further, we 160 
show that β-cell expression of CADM1 161 
decreases after glucose stimulation and that 162 
CADM1 binds essential components of the β-163 
cell secretory machinery. Asking whether—as in 164 
the synapse—trans-cellular interactions 165 
contribute to the effect of CADM1 on exocytic 166 
function, we found that trans-cellular CADM1 167 
interactions do, indeed, influence insulin 168 
secretion, and we provide evidence that, as in 169 
the synapse, they do so through effects on 170 
assembly of the secretory machinery and the 171 
cortical actin network. These results bring to 172 
three the number of synaptic-cleft, synaptogenic 173 
protein interactions known to also help 174 
determine insulin secretion via extracellular 175 
interactions. They provide further evidence that 176 
parallel sets of trans-cellular protein interactions 177 
organize the synaptic neurotransmitter secretory 178 
machinery and the submembrane β-cell insulin 179 
secretory apparatus. 180 
 181 

 182 
 183 
RESEARCH DESIGN AND METHODS 184 
Antibody and plasmid reagents. Antibodies 185 
used were: rabbit anti-CADM1 and mouse anti-186 
GADPH, anti-FLAG, anti-syntaxin-1 and anti-187 
CASK (all from Sigma, St. Louis, MO); mouse 188 
anti-synaptophysin and anti-Munc18 (BD, 189 
Franklin Lakes, NJ); rabbit anti-EPB41L3/DAL-190 
1 (ThermoFisher, Waltham, MA); IRDye 680-191 
conjugated anti-mouse IgG and IRDye 800CW-192 
conjugated anti-rabbit IgG (LI-COR); and Alexa 193 
Fluor 488-anti-rabbit and 594-anti-mouse IgG 194 
(Life Technologies, Carlsbad, CA). The 195 
expression construct for FLAG-tagged CASPR1 196 
was generously provided by Davide Comoletti 197 
(Robert Wood Johnson Medical School). The 198 
expression plasmid encoding FLAG-tagged 199 
CADM1 was generated by adding a FLAG-tag 200 
to full-length CADM1 cDNA (kindly provided 201 
by Thomas Biederer, Tufts University) and 202 
insertion into pcDNA4 (Life Technologies). 203 
 204 
Cell Culture and Transfection.  INS-1 cells 205 
were cultured in RPMI 1640 medium containing 206 
10% FBS, 2 mM L-glutamine, 1 mM sodium 207 
pyruvate, 0.05 mM 2-mercaptoethanol and 208 
penicillin-streptomycin. Islets were cultured in 209 
the same medium without 2-mercaptoethanol or 210 
sodium pyruvate. COS-7 cells were cultured in 211 
DMEM containing 10% FBS, 2 mM L-212 
glutamine and penicillin-streptomycin. COS 213 
cells were also cocultured with INS-1 cells or 214 
islet cells in a 1:1 mixture of the RPMI- and 215 
DMEM-based media. For dissociation, islets 216 
were incubated overnight and then washed with 217 
Hanks Buffered Saline Solution (HBSS) without 218 
calcium or magnesium. Islets were then treated 219 
with 0.01% trypsin solution in HBSS for 3 min 220 
at 37°C followed by mechanical disruption using 221 
a P200 pipette. Cocultures were seeded with 222 
cells from approximately 50 islets (rat) or islet 223 
equivalents (human) per well. Details regarding 224 
this coculture method are available in video and 225 
print (61). Cells were maintained in a humidified 226 
37°C incubator with 5% CO2. Transfections took 227 
place in 24-well plates using DNA constructs or 228 
siRNA duplexes mixed with Lipofectamine 229 
2000 (Life Technologies) according to the 230 
manufacturer’s protocols. RNA interference 231 
experiments used pooled siRNAs and a non-232 



targeting control siRNA pool (Dharmacon, 233 
Lafayette, CO). Knockdown was quantified by 234 
qPCR analysis. COS cells were transfected at 235 
100% confluency. INS-1 cells were transfected 236 
at 30% confluency and were harvested 24 or 72 237 
h after transfection with plasmid or siRNA, 238 
respectively. 239 
 240 
Immunoblotting. Protein extracts were 241 
prepared by lysing cells in RIPA buffer (150 242 
mM NaCl, 1% Triton X-100, 1% sodium 243 
deoxycholate, 0.1% SDS, 50 mM Tris-HCl, 2 244 
mM EDTA, 1 mM 245 
phenylmethanesulfonylfluoride, and protease 246 
inhibitor cocktail (Sigma)). Protein was 247 
quantified using the DC Protein Assay (Biorad, 248 
Irvine, CA).  Proteins (20 µg per lane) were 249 
electrophoresed in 4-12% Bis-Tris NuPAGE 250 
gels with an IR protein ladder (LI-COR) and 251 
then transferred to PVDF membranes. 252 
Membranes were blocked with 5% milk in PBS 253 
and probed with primary antibodies in Odyssey 254 
Blocking Buffer (LI-COR) overnight followed 255 
by IRDye-conjugated secondary antibodies in 256 
5% milk in PBS with 0.1% Tween-20. 257 
Membranes were imaged and band density 258 
quantified using an Odyssey Infrared Imaging 259 
System (LI-COR).  260 
 261 
Immunoprecipitation. Cells were lysed in 150 262 
mM NaCl, 1% Nonidet P-40, 50 mM Tris (pH 263 
8), 1 mM phenylmethanesulfonylfluoride, and a 264 
protease inhibitor cocktail (Sigma). Lysates 265 
were precleared using protein G-Sepharose 266 
beads then incubated overnight at 4°C with 5 μg 267 
of anti-CADM1 or purified rabbit nonspecific 268 
IgG. Next, incubation with protein G-Sepharose 269 
beads at 4°C for 2 h was followed by thorough 270 
washing with PBS. Samples were denatured in 271 
LDS sample buffer (Life Technologies) and 272 
dithiothreitol prior to Western blotting.  273 
 274 
Islets. Islets were isolated from adult male 275 
Sprague-Dawley rats (Harlan, Indianapolis, IN) 276 
as previously described (49) with adherence to 277 
UC Irvine guidelines for the use and care of 278 
laboratory animals and under an IACUC-279 
approved protocol. Human islets were provided 280 
by the Integrated Islet Distribution Program 281 
(coordinated at the City of Hope, Duarte, CA; 282 
sponsor: NIDDK). 283 

 284 
Real-time Quantitative PCR (qPCR). Total 285 
RNA was isolated using GenElute mammalian 286 
RNA kit (Sigma) and then reverse-transcribed. 287 
Brain RNA was obtained from Clontech 288 
Laboratories. qPCR was performed using 289 
PerfeCTa SYBR Green FastMix (Quanta 290 
BioSciences, Gaithersburg, MD) on an ABI 291 
7500 Fast Real-Time qPCR system. Samples 292 
were analyzed in duplicate alongside no-RT and 293 
no-template controls; values were normalized to 294 
18S RNA. Primers were designed using Primer3 295 
software and are shown in Table 1 (56). 296 
Analysis of qPCR results to yield relative 297 
change in message levels was by calculation of 298 
2−ΔΔCT (36).  299 
 300 
 301 
TABLE  1. qRT-PCR primer sequences 302 

Gene Forward 
primer 

Reverse 
primer 

hCADM1 GGTGATGGGCAGAAT
CTGTT 

ACCAGGACTGTGATG
GTGGT 

hCADM2 ATCCAGAAACGCAGG
TGTTC 

CGCCGCTAAGTACAC
ATTGA 

hCADM3 GTGCTCAAGTGCCAA
GTGAA 

GGCTGTGTCTTTTTCC
CGTA 

hCADM4 GGTTCCTATCTGACCC
ACGA 

CCTCACTTCTGGCCCT
TACA 

rCADM1 GAAGGACAGCAGGTT
TCAGC 

GCCTTTGAGTTCCTTG
TTCC 

rCADM2 GACCGTAGCGATGAT
GGAGT 

CAGGTTCTGGCAGTG
GTTTT 

rCADM3 GGACCGCCAAGTCCC
TCGTC 

ATTCGCGTCTGGTCCC
CGTG 

rCADM4 GTCATCTGTGAAGCG
CAGAA 

AGCACATGTCAGCAC
CAGAG 

qRT-PCR, quantitative real time-PCR; h, human; 303 
r, rat 304 
 305 
 306 
Flow cytometry. FACS analysis was kindly 307 
overseen by Alberto Hayek (UC San Diego) and 308 
carried out by Orion BioSolutions (Vista, CA) 309 
using a chicken anti-CADM1 monoclonal 310 
antibody (CM004-3, MBL International, 311 
Woburn, MA) as previously described (28). 312 
Briefly, dissociated islet cells were fixed in 2% 313 
paraformaldehyde, washed in ice-cold PBS and 314 
permeabilized in 0.05% Triton X-100. Cells 315 
were labeled with antibodies to CADM1, 316 
proinsulin (Abcam) and amylase (Sigma) or 317 



non-immune chicken IgY (MBL International). 318 
Antibody-labeled cells were stained with 319 
fluorescein isothiocyanate (FITC)- or R-320 
phycoerythrin (PE)-labeled secondary 321 
antibodies. Cells were washed and resuspended 322 
in PBS and were analyzed using a BD FacsScan 323 
instrument and CellQuest software (Cytometri 324 
Research LLC).  325 
 326 
Insulin Secretion and Glucose Stimulation. 327 
INS-1 cells were preincubated with 2.75 mM 328 
glucose in Krebs-Ringer bicarbonate buffer 329 
(KRB) for 1 h and next incubated for 1 h in fresh 330 
KRB containing either 2.75 mM glucose alone 331 
(basal conditions) or 16.7 mM glucose with 0.1 332 
mM IBMX (stimulating conditions). IBMX was 333 
added along with glucose to potentiate glucose-334 
stimulated insulin secretion, which is otherwise 335 
reduced substantially below physiologic (in 336 
vivo) levels in insulinoma cells such as INS-1 337 
cells and dissociated primary β-cells. Use of 338 
IBMX in this manner has been described 339 
previously and is fairly common in tissue culture 340 
studies of β-cell function, e.g. see refs (9, 20, 54, 341 
59). For potassium-stimulation studies, 30 mM 342 
KCl instead of glucose was used. When 343 
indicated, latrunculin-B (10 µM, Adipogen, San 344 
Diego, CA) was added to the media. After 1 h, 345 
media was collected and cell lysates prepared by 346 
30 min incubation in RIPA buffer at 4°C. Insulin 347 
was measured by RIA (Millipore, Billerica, 348 
MA). Secreted insulin was normalized to total 349 
insulin content determined from cell lysates.  350 
 351 
Syntaxin Clustering. Quantitative 352 
immunofluorescence analysis of syntaxin-1 353 
clustering in INS-1 cells was carried out in 354 
cocultures exactly as described before (50), 355 
except for the use of transfected COS-7 cells in 356 
place of HEK293 cells (see Fig. 10 for an 357 
explanatory diagram). COS-7 cells were pre-358 
transfected to express FLAG-tagged CADM1 or 359 
FLAG-tagged CASPR2. The latter is an 360 
unrelated, neuronal, non-synaptogenic 361 
transmembrane protein (57). After a 24 h 362 
coculture, cells were washed with PBS, fixed 363 
with 4% paraformaldehyde for 1 h, and then 364 
washed with 1% BSA in PBS containing 0.1% 365 
Tween 20 (PBST). Cells were stained for 1 h 366 
with anti-FLAG primary antibody (1:500 367 
dilution) to label transfected COS-7 cells and 368 

with anti-syntaxin-1A antibody (1:100). After 369 
washing with 1% BSA in PBST, cells were 370 
incubated with 1:200 Alexa Fluor-488 anti-371 
rabbit IgG and 1:500 Alexa Fluor-594 anti-372 
mouse IgG. To quantify clustering of syntaxin-1 373 
using immunofluorescence, imaging software 374 
was employed for pixel-by-pixel determination 375 
of the signal intensity of syntaxin-positive 376 
pixels. Images of 8 random, non-overlapping 377 
regions within each culture well were captured 378 
using Zeiss LSM 700 Confocal Microscope 379 
(UCI Optical Biology Core Facility) and 380 
analyzed using Zeiss Zen Digital Imaging 381 
software as previously described (50).  382 
 383 
Statistical Analysis. Data are presented as mean 384 
± SEM. Differences between quantitative data 385 
sets was analyzed by two-tailed Student’s t-test. 386 
Linear regression from syntaxin clustering data 387 
and slope analysis by F-test were performed 388 
using GraphPad Prism 5 software. P < 0.05 was 389 
considered statistically significant. 390 
 391 
 392 
 393 
RESULTS 394 
CADM expression in human and rat islets.  395 
There are four CADM protein family members; 396 
all are expressed and functional in the brain (7, 397 
14). We previously determined that CADM1 is 398 
expressed on the surface of α- and β-cells in rat 399 
and human islets (48). Because islet expression 400 
of the other three isoforms was not previously 401 
characterized, we used qPCR to analyze 402 
transcript levels in rat and human islets and in 403 
INS-1 β-cells, comparing levels to those in the 404 
brain. CADM1 was the predominant transcript 405 
in INS-1 cells, with levels closest to those in rat 406 
brain, whereas CADM2 was not detectable (Fig. 407 
1A). All four transcripts were detected in rat 408 
islets (Fig. 1A). Here, CADM4 levels were 409 
closest to those in brain. In human islets, 410 
CADM1 transcript levels were comparable to 411 
those in brain while levels of the other three 412 
transcripts were substantially lower (Fig. 1B).  413 
 414 
We also analyzed CADM expression data 415 
yielded by previous transcriptome-wide 416 
microarray and RNA sequencing (RNA-seq) 417 
studies. These results, unlike our qPCR results, 418 
are not normalized to brain expression, and they 419 



therefore provide further insights into CADM 420 
isoform expression. The Beta Cell Gene Atlas, a 421 
compilation of integrated gene expression data 422 
calculated from 27 microarray studies (32), 423 
confirms that CADM1 transcript levels are 424 
enriched in human islets and β-cells (Table 2). 425 
In rat islets, purified rat β-cells and INS-1 cells, 426 
there is predominant expression of CADM1 and 427 
CADM4 (CADM2 data not available). In 428 
addition to providing further evidence of the 429 
predominance of CADM1 expression, RNA-seq 430 
results (Table 2) indicate that CADM1 is the 431 
most abundant CADM isoform in rat islets and 432 
in both human α- and β-cells. CADM4 mRNA is 433 
relatively more abundant in rat islet cells than in 434 
human β-cells.  435 
 436 
Normalization of islet CADM1 transcript levels 437 
to levels in the brain in our qPCR study (Fig. 438 
1A) might have masked the relative abundance 439 
in rat islets evident in Table 2. Together, the 440 
results in Fig. 1 and Table 2 indicate that 441 

CADM1 is the predominant islet isoform and 442 
that CADM4 is also enriched in islet cells. 443 
 444 
We used FACS analysis to confirm human β-445 
cell expression of CADM1 protein and, since 446 
human β-cells are heterogeneous, to ask whether 447 
there is a population of β-cells lacking CADM1 448 
expression (4). Human β-cells were uniformly 449 
positive for CADM1 expression (Fig. 1C, 450 
middle panel). A proinsulin-negative population 451 
of cells was also CADM1-positive (Fig. 1C, 452 
middle panel, right lower quadrant) while 453 
amylase-positive cells were CADM1 negative 454 
(panel on right). These results are consistent 455 
with prior immunostaining studies showing 456 
CADM1 expression in β-cells and other islet 457 
endocrine cell types but not in exocrine tissue 458 
(30). 459 
 460 
 461 
CADM1 constrains insulin secretion in INS-1 462 
β-cells. We next asked whether alterations in 463 

 
TABLE 2.  CADM isoform gene expression 
 CADM1 CADM2 CADM3 CADM4 Ref. 

In
te

gr
at

ed
 

m
icr

oa
rr

ay
 re

su
lts

 Human islets +++ + + + 

(32) 

Human β-cells +++ NM ++ ++ 

Rat islets +++ NM - +++ 

Rat β-cells +++ NM - +++ 

INS-1 cells +++ NM + +++ 
 

RN
A-

se
q 

Human 
α -cells 23.89 0.01 0.00 4.04 

(8) 
β-cells 66.10 0.04 0.03 1.00* 

Rat islets 7.17 0.28 0.67 1.00* (24) 
Top, Transcript levels yielded from analysis and integration of data from 27 microarray 
studies; cutoff values as defined in the Beta Cell Gene Atlas: -, no expression; + low expression;
++, moderate expression; +++, enriched expression.  NM=not measured.  (For details regarding
the Atlas, see ref. (32)).   Bottom, mRNA expression data (RNA-seq) from highly purified 
human islet α- and β-cells and from whole rat islets. Average FKPM (fragments per kilobase of 
exon per million reads; normalized as described in the references) were obtained from 
datasets deposited in NCBI GEO (8, 24). To help interpret relative isoform abundance, 
expression levels are shown normalized to human β-cell or rat islet CADM4 values (indicated 
by *).  



CADM1 expression levels would affect insulin 464 
secretion. As noted earlier, increased insulin 465 
secretion in whole-body CADM1 knockout mice 466 
suggests an inhibitory effect (38). Although it 467 
seems paradoxical that a component of the 468 
membrane secretory apparatus would function to 469 
inhibit secretion, granuphilin, tomosyn-2 and a 470 
number of other constituents of the 471 
submembrane insulin secretory machinery have 472 
such an effect, most likely because they 473 
participate in a late-stage regulatory mechanism 474 
that constrains secretion (17, 26, 40, 63). Our 475 
results indicate that CADM1 behaves like these 476 
other proteins: its overexpression in INS-1 cells 477 
resulted in decreased insulin secretion at basal 478 
and stimulating glucose levels (Fig. 2A). 479 
Conversely, siRNA-mediated CADM1 480 
knockdown—yielding a mean 91% reduction in 481 
CADM1 transcript levels—increased glucose-482 
stimulated insulin secretion (Fig. 2B, C).  483 
 484 
Because CADM1 inhibits insulin secretion, its 485 
expression may fall in response to glucose 486 
stimulation. Such is the case with tomosyn-2 and 487 
neurexin: expression of both declines in 488 
response to glucose (5, 40). We found that, 489 
likewise, CADM1 transcript and protein levels 490 
also fall at stimulating glucose concentrations 491 
(Fig 2D-F). 492 
 493 
 494 
CADM1 constrains insulin secretion in 495 
primary rat β-cells.  We next tested the effect 496 
of CADM1 overexpression and knockdown in 497 
primary rat islet β cells (Fig 3).  The results 498 
paralleled that in INS-1 β-cells: overexpression 499 
decreased glucose-stimulated insulin secretion 500 
(Fig. 3A) while knockdown increased secretion 501 
(Fig. 3B). As in α-cells, then, CADM1 in islet β-502 
cells appears to function as an inhibitor of 503 
hormone release (23). 504 
 505 
 506 
Time-course of decrease in CADM1 protein 507 
levels.  We next asked whether the decrease in 508 
CADM1 expression at elevated glucose 509 
concentrations (Fig. 2D-F) could be part of the 510 
acute response of the β-cell to increased ambient 511 
glycemia or a longer-term adaptation. We 512 
analyzed CADM1 protein content in INS-1 cells 513 
at different times after exposure to a raised, 514 

stimulating glucose concentration (Fig. 4). The 515 
time-course reveals that CADM1 protein levels 516 
did not immediately decline: there was a lag of 517 
at least 6 h. Subsequently, levels reach ~50% 518 
(48% ± 8%) of starting levels by 24 h (Fig. 4; 519 
corresponding change in CADM1 transcript 520 
shown in Fig. 2D).   521 
 522 
 523 
Effect of trans-cellular CADM1 interactions 524 
on insulin secretion. In the CNS, CADM 525 
molecules on the surface of one neural process 526 
bind across the synaptic cleft to CADM 527 
molecules on the surface of an apposed process 528 
to drive synaptogenesis (13, 47). Such 529 
interactions are trans-cellular, occurring between 530 
proteins situated on the surfaces of neighboring 531 
cells, and can be studied in vitro—as has been 532 
previously shown—by coculture with 533 
transfected HEK293 or COS-7 cells  (13, 35, 534 
50).  535 
 536 
We cocultured β-cells in contact with COS-7 537 
cells pre-transfected with CADM1 or, as a 538 
control, with empty vector. Coculture of INS-1 539 
cells with COS-7 cells expressing CADM1 540 
increased both glucose-stimulated insulin 541 
secretion (Fig. 5A) and potassium-stimulated 542 
insulin secretion (Fig 5B), indicative of an effect 543 
on insulin secretion downstream of glucose 544 
sensing. CADM1 also acted in a trans-cellular 545 
manner to influence insulin secretion by rat and 546 
human islet β-cells; however, here the result was 547 
a decrease rather than increase in insulin 548 
secretion (Fig. 5C, D). 549 
 550 
 551 
Association of CADM1 with the 552 
subplasmalemmal insulin secretory 553 
apparatus.  The short, cytoplasmic, carboxyl-554 
terminal tails of the CADM family members 555 
contain motifs for binding to synaptic 556 
scaffolding molecules with PDZ type II domains 557 
and to members of the protein 4.1 family (6). 558 
The latter function as subplasmalemmal hubs 559 
that help anchor and organize the submembrane 560 
actin cytoskeleton and bind a number of 561 
membrane-associated proteins, including 562 
regulators of cytoskeleton formation and 563 
proteins that drive clustering of exocytic 564 
proteins (21). CADM1 promotes assembly of the 565 



presynaptic neurotransmitter secretory apparatus 566 
through binding to CASK, a PDZ-domain-567 
containing scaffolding protein (25, 45). We 568 
previously found that CASK is expressed in β-569 
cells and, as in neurons, interacts with neurexin 570 
(40).  571 
 572 
To help determine whether CADM1 affects 573 
insulin secretion through direct interactions with 574 
the secretory machinery and, in β-cells, whether 575 
CADM1 similarly associates with CASK, we 576 
immunoprecipitated CADM1 from INS-1 cell 577 
lysates. Fig. 6 shows that CADM1 co-578 
precipitated with CASK as well as Munc18 and 579 
syntaxin-1A, two additional constituents of the 580 
submembrane insulin secretory assembly. Thus, 581 
in both β-cells and neurons, CADM1 interacts 582 
with constituents of the submembrane protein 583 
assemblies that mediate regulated insulin or 584 
neurotransmitter secretion (25, 45). 585 
 586 
CADM1—as has been demonstrated in a variety 587 
of cell types—plays an essential role in 588 
cytoskeletal organization and remodeling (10, 589 
11, 39, 44). It helps anchor F-actin to 590 
subplasmalemmal sites and binds proteins that 591 
regulate actin cytoskeletal dynamics (11, 39). 592 
Consistent with CADM1 having parallel 593 
function in β-cells, CADM1 co-594 
immunoprecipitated DAL-1 (Fig. 6), a protein 595 
4.1 family member also known as EPB41L3 and 596 
protein 4.1B and shown previously to interact 597 
with CADM1 in other cell types (10, 44). 598 
 599 
Trans-cellular CADM1 interactions enhance 600 
syntaxin-1 clustering. In studies of synapse 601 
formation, analysis of the punctate 602 
immunofluorescent staining of pre- or post-603 
synaptic components of the neurotransmitter 604 
signaling machinery is used to follow synaptic 605 
maturation. Assembly of the pre-synaptic 606 
exocytic protein complexes is accompanied by 607 
the clustering of syntaxin-1 or synapsin at 608 
discrete sites, and this clustering is signaled by 609 
the resultant increased intensity of punctate 610 
staining (3, 13, 46). A defining property of 611 
synaptogenic proteins such as CADM1 is the 612 
induction of such clustering (13, 47). 613 
 614 
As in neurons, membrane-associated SNARE 615 
and other exocytic proteins cluster during 616 

maturation of the islet β-cell secretory 617 
machinery (33, 50). We previously found that 618 
neuroligin-2 increases syntaxin-1 clustering in 619 
β-cells (50). Using the same approach, we asked 620 
whether trans-cellular CADM1 interactions 621 
would do the same.  622 
 623 
A schematic of the “artificial synapse formation 624 
assay” used to determine whether proteins drive 625 
secretory machinery assembly, adapted as 626 
previously described to β-cells, is included in 627 
Fig. 10 (50). INS-1 cells were seeded onto pre-628 
transfected COS-7 cells and cocultured 629 
overnight. The intensity of INS-1 cell syntaxin-1 630 
puncta in different regions was determined, as 631 
was the efficiency of COS-7-cell transfection in 632 
the same regions. Image analysis showed that 633 
the intensity of syntaxin-1 puncta in INS-1 cells 634 
increased in proportion to the level of CADM1 635 
expression in the underlying COS-7 cells (Fig. 636 
7). This suggests that trans-cellular CADM1 637 
interactions drive syntaxin-1 clustering. 638 
 639 
Latrunculin counteracts trans-cellular 640 
CADM1 inhibition of insulin secretion. 641 
CADM1 promotes F-actin assembly and helps 642 
anchor the cortical actin network to the plasma 643 
membrane. As a result, exocytic sites that 644 
assemble around the CADM1 cytoplasmic 645 
domain are also sites of actin filament nucleation 646 
and of membrane-tethering of the cytoskeleton 647 
(11, 39, 60). Because the actin network helps 648 
regulate insulin granule trafficking, we asked 649 
whether enhancement of local actin network 650 
formation might be an additional mechanism 651 
through which CADM1 influences insulin 652 
secretion. 653 
 654 
The effects of the cortical actin network on 655 
glucose-stimulated insulin secretion vary 656 
between cell types. In primary β-cells, the actin 657 
mesh impedes insulin granule trafficking, and F-658 
actin depolymerization contributes to increased 659 
glucose-stimulated insulin secretion (22, 53). 660 
This is in contrast to poorly granulated β-cell 661 
lines such as INS-1, where the actin network 662 
does not hinder granule trafficking and its 663 
depolymerization does not significantly increase 664 
insulin secretion (18, 34, 55).  These divergent 665 
effects of actin mesh on secretion could help 666 
explain why trans-cellular CADM1 interactions 667 



decrease insulin secretion by primary β-cells 668 
while increasing secretion by INS-1 cells. 669 
 670 
We used latrunculin, an inhibitor of actin 671 
polymerization, to test the role of F-actin in 672 
CADM1-mediated changes in insulin secretion. 673 
In cocultures with INS-1 cells, latrunculin did 674 
not change the stimulatory effect of trans-675 
cellular CADM1 interactions on insulin 676 
secretion (Fig. 8A). In primary rat β-cells, on the 677 
other hand, latrunculin markedly attenuated the 678 
inhibitory effect on insulin exocytosis of 679 
extracellular CADM1 interactions (Fig. 8B). 680 
This suggests that trans-cellular, CADM1-681 
mediated inhibition of insulin secretion in 682 
primary β-cells is brought about, at least in part, 683 
by effects on the actin network.  684 
 685 
Latrunculin increased insulin secretion in rat β-686 
cells co-cultured with control COS-7 cells by 687 
~100% (Fig. 8C, right side, white column). This 688 
effect was augmented to ~175% by co-culture 689 
with CADM1-transfected COS-7 cells (Fig. 8C, 690 
right, black column). Inhibition of actin 691 
polymerization, in other words, caused a much 692 
greater increase in insulin secretion in primary 693 
β-cells co-cultured with CADM1-expressing 694 
COS-7 cells than with control cells COS-7 cells. 695 
Taken together, these data indicate that trans-696 
cellular CADM1 interactions did indeed 697 
influence insulin secretion by primary β-cells in 698 
part through effects on the actin cytoskeleton. 699 
 700 
 701 
 702 
DISCUSSION 703 
The submembrane protein complexes that 704 
mediate insulin exocytosis in the pancreatic 705 
islets and neurotransmitter exocytosis in the 706 
brain are nearly identical, so it is natural to 707 
wonder whether the mechanisms guiding their 708 
formation are also the same (1, 2, 41, 58). In the 709 
CNS, assembly of these submembrane protein 710 
complexes is guided by “synaptogenic” proteins 711 
that interact across the nascent synaptic cleft. 712 
There is evidence to suggest that similar trans-713 
cellular interactions help direct the formation of 714 
the insulin exocytic machinery. This evidence 715 
includes the dependence of β-cell function and 716 
maturation on contact between β-cells as well as 717 
the tendency for exocytic complexes to form 718 

beneath the β-cell plasma membrane at sites 719 
where such cell-to-cell contact occurs (12, 16, 720 
27). 721 
 722 
Our results show that the synaptogenic protein 723 
CADM1 interacts with the submembrane 724 
secretory machinery in β-cells and constrains 725 
insulin secretion. After an at least 6 h lag, 726 
CADM1 protein levels fall following glucose 727 
stimulation. Our coculture experiments reveal 728 
that trans-cellular CADM1 interactions also 729 
influence insulin secretion. CADM1 therefore 730 
provides the third example of a synaptogenic, 731 
extracellular protein interaction that modulates 732 
insulin secretion. The two previously-identified 733 
examples involve the proteins 734 
neuroligin/neurexin and EphA/Ephrin-A (31, 735 
40). 736 
 737 
Extracellular CADM1 interactions are either 738 
homophilic or heterophilic with CADM2 (7, 14). 739 
We have found that CADM1 is the predominant 740 
islet β-cell isoform transcript. CADM4 741 
expression tends also to be enriched in islet 742 
cells. In contrast to brain, expression of CADM2 743 
and CADM3 is markedly lower. 744 
 745 
Synaptogenic protein interactions are defined by 746 
their ability to trigger the formation of pre- or 747 
post-synaptic sites (“hemi-synapses”) in 748 
coculture experiments closely akin to those 749 
employed here (13, 47). In neuronal coculture 750 
assays—and in the β-cell coculture assays that 751 
we adapted from the neuronal system—752 
maturation of submembrane secretory 753 
complexes is assessed by using 754 
immunofluorescence to analyze punctae of 755 
syntaxin-1 or other membrane-associated 756 
SNARE proteins. Punctate staining intensity, 757 
which increases as exocytic sites assemble, is 758 
enhanced by trans-cellular CADM1 interactions 759 
in both neural processes and, as now revealed 760 
here, in β-cells (3, 7, 13, 46). 761 
 762 
Transcellular CADM1 interactions likely 763 
promote assembly of the submembrane β-cell 764 
secretory complexes—sometimes referred to as 765 
“excitosomes”—at sites of β-cell-β-cell contact 766 
(37, 43). CADM1 functions in this regard 767 
similarly to neurexin, which is also expressed in 768 
both β-cells and brain (40). Both proteins recruit 769 



CASK and other exocytic scaffolding proteins to 770 
the submembrane exocytic assemblies via a 771 
cytoplasmic PDZ-binding motif. Both also co-772 
immunoprecipitate with the key t-SNARE 773 
syntaxin-1 and also with constituents of the 774 
secretory machinery, such as Munc-18, that 775 
enable a late-stage mechanism constraining 776 
insulin secretion (40, 62). Consistent with 777 
participation in this constraining mechanism, 778 
decreased expression of either CADM1 or 779 
neurexin increases insulin secretion whereas 780 
overexpression of either has the opposite effect 781 
(40). CADM1 expression, like that of neurexin, 782 
decreases in response to raised glucose levels 783 
(40). This glucose effect on CADM1 expression 784 
could serve to enhance insulin secretion when 785 
ambient glucose levels are persistently elevated. 786 
 787 
Coculture experiments allowed the effects of 788 
transcellular CADM interactions to be observed 789 
without directly altering β-cell CADM1 protein 790 
expression. β-cell gene expression and secretory 791 
mechanisms were not manipulated, and the 792 
observed effects on insulin secretion and 793 
sytaxin-1A clustering reflected the endogenous 794 
β-cell response to CADM1 expression by 795 
neighboring cells. With INS-1 cells, contact with 796 
CADM1-expressing COS-7 cells promoted, in 797 
addition to syntaxin-1 clustering, increased 798 
glucose-stimulated insulin secretion. Consistent 799 
with an effect downstream of glucose-sensing, 800 
potassium-stimulated insulin secretion was also 801 
increased. With rat and human primary β-cells, 802 
as is discussed below, glucose-stimulated insulin 803 
secretion decreased in CADM1 coculture 804 
experiments.  805 
 806 
Overexpression and gene silencing experiments 807 
yielded the same result in INS-1 cells and 808 
primary β-cells: insulin secretion increased as 809 
CADM1 expression decreased. In contrast, 810 
insulin secretion by INS-1 cells and primary β-811 
cells (rat and human) responded differently in 812 
the coculture experiments with CADM1-813 
expressing COS-7 cells. Several explanations for 814 
this divergence can be envisioned. First, 815 
granuphilin, Munc-18 and other constituents of 816 
the submembrane secretory apparatus impart on 817 
the exocytic machinery an ability to constrain 818 
insulin secretion (17, 26, 40, 63). This built-in 819 
inhibitory mechanism provides a potential brake 820 

on insulin release: a final control point where 821 
insulin release can be checked just prior to 822 
membrane fusion (26). Our results suggest that, 823 
like neurexin, CADM1 both participates in this 824 
inhibitory mechanism and also interacts with 825 
and helps drive assembly of the rest of the 826 
secretory assembly (40). Because INS-1 cells 827 
differ from primary β-cells in important ways, 828 
such as having far fewer granules and 829 
responding less robustly to glucose, it seems 830 
likely that the complex interplay between the 831 
pro-secretory and secretion-constraining 832 
activities of CADM1 in the coculture 833 
experiments could favor the former in INS-1 834 
cells and the latter in primary β-cells (17, 26, 40, 835 
63).  As another explanation for the divergent 836 
insulin secretion responses, CADM1 is an 837 
anchor point for the cortical actin network and 838 
promotes its formation at exocytic sites that 839 
assemble around the CADM1 cytoplasmic 840 
domain (11, 39, 60).  The actin network impedes 841 
insulin exocytosis in primary β-cells, and, in 842 
these cells, we found that pharmacological actin 843 
depolymerization rescued insulin secretion from 844 
inhibition by CADM1-expressing COS cells. In 845 
contrast to primary β-cells, insulin secretion 846 
from INS-1 cells is subject to, at most, only 847 
minimal inhibition by actin. It is likely that 848 
CADM1-influenced F-actin assembly at 849 
exocytic sites inhibited insulin secretion by 850 
primary β-cells while having no or minimal 851 
impact on secretion by INS-1 cells. 852 
 853 
The findings reported here, together with our 854 
prior findings regarding neurexin and neuroligin, 855 
are consistent with the overall hypothesis that β-856 
cell excitosome assembly—in parallel to 857 
formation of the closely related presynaptic 858 
active sites of secretion—occurs around the 859 
intracellular domains of neurexin, CADM1, and 860 
perhaps other presynaptic, synaptogenic proteins 861 
(Fig. 9) (48, 50). Four such synaptogenic, 862 
transmembrane proteins have been found to 863 
interact with the insulin secretory machinery: 864 
neurexin-1α and -2β, ephrin-A (not shown in Fig 865 
9) and now CADM1 (31, 40). Neurexin-866 
neuroligin and CADM1 interactions across the 867 
synaptic cleft induce “lateral” clustering—868 
meaning lateral movement of these proteins 869 
through the plasma membrane leading to 870 
accumulation at discrete sites—which in turn 871 



triggers synaptogenesis (15, 47). The model in 872 
Fig. 9 posits that, in β-cells, similar interactions 873 
drive formation of the secretory microdomains.  874 
 875 
CADM1 helps organize, anchor and promote 876 
formation of the cortical actin network. 877 
Interaction with F-actin-binding proteins and 878 
inducers of actin filament formation, including 879 
DAL-1 (EPB41L3), has been demonstrated here 880 
and elsewhere  (11, 39, 60). This aspect of 881 
CADM1 function is also incorporated in the 882 
model (Fig. 9). The model is largely derived 883 
from findings in the neurobiology field and 884 
provides a framework for further investigations. 885 
 886 
In conclusion, our results suggest that, like 887 
neurexin-neuroligin and EphA-ephrin-A, 888 
CADM1 molecules engage in trans-cellular 889 
interactions between β-cells paralleling identical 890 
interactions in the central nervous system. As 891 
occurs during maturation of the presynaptic 892 
machinery for neurotransmitter exocytosis, 893 
extracellular CADM1 interactions drive 894 
clustering of syntaxin-1, and CADM1 associates 895 
with CASK and other components of the 896 
submembrane insulin secretory machinery. As in 897 
other cell types, CADM1 interacts with the 898 
actin-binding protein DAL-1 and by inference 899 
with the cortical actin network. CADM1 has a 900 
constraining effect on insulin secretion 901 
analogous to that of neurexin, granuphilin, and 902 
other components of the insulin exocytic 903 
machinery, and its expression decreases after 904 
glucose stimulation.  These results support the 905 
idea that functional maturation of the β-cell 906 
insulin secretory machinery is guided by a set of 907 
the same trans-cellular interactions that trigger 908 
the formation and drive the maturation of 909 
presynaptic exocytic sites in the CNS. The 910 
importance of such interactions for normal β-cell 911 
maturation and insulin secretion is underscored 912 
by the dependence of β-cell function on contact 913 
with other β-cells. 914 
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FIGURE CAPTIONS 1305 

Figure 1. CADM expression in rat and human β-cells. A, mRNAs from INS-1 cells and from rat brain 1306 
and islets were reverse-transcribed and the expression of each CADM isoform quantified by qPCR. The 1307 
results are presented as β-cell expression as percent of brain expression, mean +/- SEM. B, mRNAs from 1308 
human brain and islets were analyzed as in A. C, FACS analysis of dissociated human islet cells. 1309 
Antibodies to proinsulin were used to tag β-cells. Antibodies to amylase were used to tag pancreatic 1310 
exocrine cells remaining in the islet preparations. The left panel depicts results with a non-immune 1311 
control IgY and the remaining two panels show results with anti-CADM1 IgY antibody. The populations 1312 
of cells tagged by the anti-CADM1 antibody appear to the right of the vertical line in the right two panels. 1313 
The populations of cells tagged by the anti-proinsulin antibody appear above the horizontal line in the left 1314 
two panels.  (qPCR, n=3 individual preparations assayed in duplicate). 1315 

 1316 

Figure 2. Effect of CADM1 expression level on insulin secretion; glucose-sensitive expression of 1317 
CADM1. A, INS-1 cells were transfected with a CADM1 expression plasmid (black columns) or mock-1318 
transfected with empty vector (white columns) and incubated for 48 h followed by 1 h incubation in either 1319 
2.75 mM (low) or 16.7 mM (high) glucose with 0.1 mM IBMX. Insulin secretion is shown normalized to 1320 
total cellular insulin content. B, INS-1 cells were transfected for 72 h with pools of either non-targeting, 1321 
scrambled (white columns) or CADM1 (black columns) siRNAs and then insulin secretion analyzed as in 1322 
A. C, RNA was isolated from siRNA-treated INS-1 cells and degree of CADM1 knockdown determined 1323 
by qPCR. Data are shown normalized to control values obtained using scrambled (SCR) siRNA. D, INS-1 1324 
cells were incubated for 18 hours in 2.75 mM (low) or 16.7 mM (high) glucose. RNA was isolated from 1325 
cells and CADM1 transcript levels measured by qPCR. Data are shown as expression level normalized to 1326 
that in low (2.75 mM) glucose samples. E, INS-1 cells were incubated in 2.75 mM or 16.7 mM glucose as 1327 
in D and then CADM1 protein levels analyzed by immunoblot analysis of cell lysates.  GAPDH protein 1328 
was probed as a loading control. F, bands from E were quantitated. GAPDH-normalized CADM1 levels 1329 
were normalized to control levels.  All data are represented as mean +/- SEM from 6 samples and 1330 
representative of 3 experiments; qPCR and insulin RIA samples were assayed in duplicate; *, P < 0.05; 1331 
**, P < 0.01; ***, P < 0.005. 1332 

 1333 

Figure 3. Effect of altering CADM1 expression on insulin secretion by primary rat islet cells. A, 1334 
Dispersed rat islets were transfected with a CADM1-expressing plasmid or mock-transfected (Mock) with 1335 
empty vector then incubated for 48 h. Insulin secretion was then measured during a 1-h incubation in 16.7 1336 
mM glucose with 0.1 mM IBMX. B, Dispersed rat islets were transfected for 72 hours with pool of either 1337 
scrambled (Scr) or CADM1 siRNA. Insulin secretion was measured over a 1-h incubation in 16.7 mM 1338 
glucose with 0.1 mM IBMX. Total insulin secreted is shown normalized to total cellular insulin content. 1339 
C, To verify effectiveness of CADM1 siRNA, CADM1 mRNA was measured by RT-qPCR. CADM1 1340 
mRNA level after treatment with CADM1 siRNA is shown relative to level after treatment with control 1341 
(scrambled) siRNA. Data are represented as a mean +/- SEM of 3 experiments. *, P < 0.05; **, P < 0.01; 1342 
***, P < 0.005. 1343 

 1344 



Figure 4. Kinetics of glucose-induced downregulation of CADM1 protein.  INS-1 cells were 1345 
incubated overnight in 5 mM glucose followed by exposure (at time t=0) to 16.7 mM glucose. A, Cell 1346 
lysates at various time points were collected and equal amounts of protein immunoblotted for CADM1 1347 
and a loading control, GAPDH. The immunoblot shown is representative of four independent 1348 
experiments. B, Time points repeated at least 3 times over the course of the separate time-course 1349 
experiments were quantitated by infrared fluorescent imaging of the immunoblots using a LiCor Odyssey 1350 
imaging system. Data are shown as CADM1 expression levels normalized to GAPDH and relative to the 1351 
0-time point (mean normalized CADM1 band intensity at time 0 is 1). Columns are mean +/- SEM of 3 1352 
experiments. ***, P < 0.005 1353 

 1354 

Figure 5. Insulin secretion by β-cells cocultured with COS-7 cells expressing CADM1. A-B, INS-1 1355 
cells were cocultured (CCx) with COS-7 cells pre-transfected with CADM1 expression vector (black 1356 
columns) or mock transfected with empty (control) vector (white columns; mock). After 24 h, the 1357 
cocultures were incubated for 1 h in (A) 2.75 mM (low) glucose or in 16.7 mM (high) glucose with 0.1 1358 
mM IBMX or (B) in 2.74 mM glucose supplemented with either 0 (-) or 30 mM (+) KCl. Insulin secreted 1359 
during this last hour is shown as percent of cellular insulin content.  C, Islets were isolated from male 1360 
Sprague Dawley rats and dispersed. Islets were then cocultured with COS-7 cells as in A for 24 h 1361 
followed by 1 h incubation in low or in high glucose with 0.1 mM IBMX. D, Human islets were dispersed 1362 
and then cocultured as in A for 24 hours followed by 1 h incubation in low or high glucose with 0.1 mM 1363 
IBMX.  Insulin secreted was normalized to total cellular insulin content. All data are represented as mean 1364 
+/- SEM from 6 samples assayed in duplicate and representative of 3 experiments; *, P < 0.05; ***, P < 1365 
0.005. 1366 

 1367 

Figure 6. CADM1 interacts with components of the insulin exocytic assembly and the actin-binding 1368 
protein DAL-1. Immunoprecipitates were prepared from INS-1 cell lysates using an anti-CADM1 1369 
antibody or non-immune rabbit IgG (control). Immunoprecipitated proteins were analyzed by western 1370 
blotting, probing for the proteins indicated to the right of each row. CASK, Munc18 and syntaxin-1 are 1371 
constituents of the subplasmalemmal insulin secretory machinery. The F-actin binding protein DAL-1, 1372 
also known as EPB41L3 and protein 4.1B, is known to bind to CADM1 in other cell types. 1373 
Synaptophysin, unlike the other proteins, is a vesicle-associated protein, not a component of the 1374 
submembrane secretory apparatus, and no corresponding band was detected—even after adjusting the 1375 
fluorescent imaging system for maximal sensitivity—during immunoblot analysis of precipitated proteins.  1376 
(Results representative of three separate experiments).  1377 

 1378 



Figure 7. Coculture with CADM1-expressing COS-7 cells promotes clustering of syntaxin-1. INS-1 1379 
cells were cocultured with COS-7 cells expressing FLAG-tagged CADM1 (FLAG-CADM1) or, as a 1380 
negative control, with FLAG-tagged CASPR2 (FLAG-CASPR2). After 24 h, cells were fixed and stained 1381 
for syntaxin-1 and for the FLAG epitope. Stained cocultures were imaged in small, non-overlapping fields 1382 
and the following were determined for each field: a) percentage of field area staining positive for FLAG 1383 
and b) the average intensity of the syntaxin puncta. These values were normalized to their respective 1384 
maximum values and plotted for the FLAG-CASPR2 (A) and the FLAG-CADM1 (B) cocultures. There 1385 
was no correlation between the intensity of the syntaxin puncta in INS-1 cells (Y axis) and the level of 1386 
FLAG-CASPR2 expression by the cocultured COS-7 cells (X axis; panel A).  In contrast, with FLAG-1387 
CADM1-expressing COS-7 cells, the average immunofluorescent intensity of the syntaxin puncta in INS-1388 
1 cells increased in proportion to the FLAG-CADM1 expression level (the percentage of the underlying 1389 
area staining for CADM1); P<0.01. Data from three separate experiments are shown together here; the 1390 
same relationship between transfection efficiency and intensity of syntaxin-1 punctae is also present when 1391 
the three experiments are analyzed separately. 1392 

 1393 

Figure 8. Effect of latrunculin on CADM1-induced changes in insulin secretion. A-B, INS-1 cells (A) 1394 
and cells from dissociated rat islets (B) were cocultured (CCx) with COS-7 cells expressing CADM1 1395 
(black columns, CCx-CADM1) or with mock-transfected COS-7 cells (white columns, CCx-mock). After 1396 
24 h, cells were incubated for 30 min in high (16.7 mM) glucose with 0.1 mM IBMX with or without 1397 
latrunculin. Insulin secretion (as % of cellular content) is shown. C, The percent increase in insulin 1398 
secretion caused by latrunculin in control cocultures (mock-transfected, white columns) and CADM1 1399 
cocultures (black columns) is shown. The left two columns and the right two columns of C show the 1400 
latrunculin-induced percent increase in insulin secretion by INS-1 cells and by rat islet cells, respectively. 1401 
Note that latrunculin caused a greater percent increase in insulin secretion by rat islet β cells in CADM1 1402 
cocultures than by rat islet β cells in control cocultures (compare the rightmost two columns in C). What 1403 
appears to be a slight latrunculin-induced increase in insulin secretion by INS-1 cells (left two columns) 1404 
was not statistically significant. All data are represented as mean +/- SEM from 6 samples and 1405 
representative of 3 experiments; insulin RIA samples were assayed in duplicate; *, P < 0.05; **, P < 0.01; 1406 
***, P < 0.005. 1407 

 1408 



Figure 9.  Proposed model of a site of cell-cell contact between β-cells. Trans-cellular CADM1-1409 
CADM1 and neuroligin (NL)-neurexin (NRX) binding interactions are depicted in the extracellular space. 1410 
Also shown is the interaction of CADM1 and neurexin-1α and -2β (NRX 1a/2b) with submembrane 1411 
exocytic proteins such as syntaxin-1 and with other constituents of the exocytic complex, such as 1412 
Munc18, that can constrain secretion. The membrane domain in red (through which neurexin passes) and 1413 
the underlying exocytic proteins represent an exocytic microdomain (excitosome). CADM1, like 1414 
neurexin, binds the scaffolding protein CASK and, both directly and indirectly, other components of the 1415 
submembrane insulin exocytic machinery. Granuphilin, a component the secretory protein complex that 1416 
acts to constrain insulin secretion, is also associated—either directly or indirectly—with CADM1 and 1417 
neurexin. CADM1 also binds proteins (EPB41L3/DAL-1 and FARP) that regulate the assembly of and 1418 
help anchor the cortical actin network. Neuroligin-2 passes through an as-yet unidentified membrane 1419 
domain (yellow) and binds the postsynaptic scaffolding protein gephyrin. 1420 

 1421 

Figure 10.  Method of analysis of syntaxin-1A clustering.  COS-7 cells in culture dishes (top left; 1422 
illustration not to scale) were transfected with FLAG-tagged CADM1 or with the non-synaptogenic, 1423 
transmembrane protein CASPR2 (control), also FLAG epitope-tagged. INS-1 cells were cultured for 24 h 1424 
on the COS-7 cells. Eight randomly-selected regions were analyzed per dish in blinded fashion. If 1425 
expression of the FLAG-tagged protein by COS-7 cells increases the intensity of syntaxin-1A punctae in 1426 
contacting INS-1 cells, then mean syntaxin-1A intensity in each region will vary as a function of the 1427 
proportion the region stained positively with an anti-FLAG antibody. Details regarding co-culture and use 1428 
of this assay to analyze neuroligin-2 have been previously published (50, 61).  The assay is adapted from 1429 
the artificial synapse formation/coculture assay originally described by Schieffele et al. in 2000 and now 1430 
routinely utilized to identify and study synaptogenic proteins (such as CADM1) (13). 1431 
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COS-7 cells are transfect-
ed with FLAG-tagged 
CADM1 or CASPR2 prior 
to co-culture for 24 h with 
INS-1 cells (blue). COS-7 
cells expressing the trans-
fected protein are stained 
green using an anti-FLAG 
antibody. 

INS-1 β-cells are de-
picted in blue. Immuno-
fluorescent staining is 
used to detect the FLAG-
tagged, transfected pro-
tein in the COS-7 cells 
(green) and the β-cell 
protein syntaxin-1A (red). 
Stained syntaxin punctae 
have different intensities 
depending on the syntax-
in content of each punc-
tate site (i.e., degree of 
clustering). 
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Analysis: Eight ran-
domly-selected regions 
are analyzed per culture 
dish. In each region, im-
aging software 
measures the proportion 
of the region covered by 
transfected COS-7 cells 
(top) and the immunoflu-
orescent signal intensity 
of each pixel of INS1-cell 
syntaxin-1A staining 
(bottom). The question 
is: in each region, does 
the mean syntaxin-1A 
intensity correlate with 
the proportion of trans-
fected COS-7 cells? 

Example of immunofluorescence staining: 
transfected cells (green) are detected by staining 
for the FLAG epitope. Syntaxin in the co-cultured 
ß-cells stains red.  
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