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ABSTRACT The spatial architecture of the islets of Langerhans is vitally important for
their correct function, and alterations in islet morphogenesis often result in diabetes
mellitus. We have previously reported that Roundabout (Robo) receptors are required
for proper islet morphogenesis. As part of the Slit-Robo signaling pathway, Robo recep-
tors function in conjunction with Slit ligands to mediate axon guidance, cell migration,
and cell positioning in development. However, the role of Slit ligands in islet morpho-
genesis has not yet been determined. Here, we report that Slit ligands are expressed in
overlapping and distinct patterns in both endocrine and nonendocrine tissues in late
pancreas development. We show that the function of either Slit2 or Slit3, which are pre-
dominantly expressed in the pancreatic mesenchyme, is required and sufficient for islet
morphogenesis, while Slit1, which is predominantly expressed in the b cells, is dispensa-
ble for islet morphogenesis. We further show that Slit functions as a repellent signal to
b cells. These data suggest that clustering of endocrine cells during islet morphogenesis
is guided, at least in part, by repelling Slit2/3 signals from the pancreatic mesenchyme.
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Blood glucose homeostasis is regulated in the pancreas by clusters of endocrine
cells called the islets of Langerhans. Islets consist of five different endocrine cell

types (a, b , d , PP, and « ), which secrete glucagon, insulin, somatostatin, pancreatic
polypeptide, and ghrelin, respectively. Murine islets exhibit a distinct cytoarchitecture
consisting of a core of b cells surrounded by a mantle of a, d , PP, and « cells. The
b-cell core makes up roughly 80% of the islet mass, while the four other cell types
make up the remaining 20% (1, 2). Human islet architecture is more complex, but
recent work has suggested that even in human islets, homotypic interactions between
endocrine cell types are preferred over heterotypic ones (3, 4). Islet cytoarchitecture is
thought to be important for proper islet function, and loss of proper architectural
makeup is described in obesity and diabetes in both mice and humans (5–8). While the
architectural features of islets have been well documented, the mechanisms control-
ling the formation of this architecture are still largely unknown.

The Slit-Robo signaling pathway has roles in a number of developmental processes,
primarily axon guidance, cell movement, and cell adhesion (9–13). Slit ligand binding
to Robo receptors can induce cell migration using repulsive or attractive cues in a con-
text-dependent manner. In the developing mouse, Slit-Robo signaling provides a repul-
sive corridor to prevent migrating axons from straying from their path during innerva-
tion (14, 15). Slit-Robo binding inactivates Rho GTPases, inhibiting actin polymerization
and driving the cell away from the direction of the Slit signal (11, 13). Conversely, Slit
uses attractive cues to promote vascular development and angiogenesis. In this context,
Slit-Robo interactions activate Rho GTPases, inducing actin polymerization in the direc-
tion of the Slit signal (11, 13, 16, 17). While Slit and Robo are a canonical signaling pair,
both components have alternative binding partners; Slit ligands are able to bind
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semaphorins, ephrins, plexin, and neuronatin to regulate cell migration and metabolic
function in specific tissues (14, 18–20). Robo receptors can bind the fibronectin leucine-
rich transmembrane protein 3 (FLIRT3) and are capable of forming homodimers to
induce axonal growth (21–23).

We have recently described a role for Robo receptors in pancreatic islet architecture
(24). Specifically, we showed that genetic deletion of Robo1 and Robo2 in b cells (Robo
bKO) results in loss of stereotypic murine islet architecture without affecting b-cell dif-
ferentiation or maturation. These Robo-depleted islets have a marked invasion of
a and d cells into the b-cell core. Given the conserved role of Slits as the canonical
Robo ligands and our recent findings that Robo receptors regulate endocrine cell type
sorting in the islet, we set to investigate the role of Slit ligands in islet morphogenesis.

RESULTS
Slit ligands are expressed in different compartments in the developing mouse

pancreas. To test the hypothesis that Slits are involved in Robo-mediated control of is-
let architecture during development, we first examined whether any of the Slit ligands
are expressed in the pancreas at the time of islet morphogenesis. We queried a gene
expression database, generated by Krentz and colleagues (25), which contains single-
cell transcriptome sequencing (scRNA-Seq) data from embryonic mouse pancreata. We
found that Slit1 expression is present in a subset of endocrine progenitor cells at em-
bryonic day 15.5 (E15.5) and becomes enriched in b cells by E18.5. Slit2 and Slit3
expression is distributed between pancreatic mesenchyme, acinar, and ductal cell
types with negligible expression in the endocrine compartment at both time points
(Fig. 1).

To confirm the expression of Slits in the pancreas in vivo, we analyzed pancreata
from Slit1GFP, Slit2GFP, and Slit3LacZ mice, which have knock-in reporters at their respec-
tive endogenous Slit loci (26, 27). We identified strong GFP expression in Slit1GFP/1 mice
both in E18.5 and adult islets. This staining pattern overlapped that of insulin, indicat-
ing that Slit1 is expressed in b cells at both stages (Fig. 2A). We did not detect Slit2GFP

(Fig. 2A) or Slit3LacZ (Fig. 2B) in either the embryonic or the adult islets. However,
Slit3LacZ expression was detected in pancreatic tissues outside the islet at E18.5 (Fig.
2B). Slit2GFP expression was seen in other tissues, indicating that the lack of Slit2GFP sig-
nal in the developing pancreas is not caused by a problem with the reporter (Fig. 2C).
A previous report by Escot and colleagues identified Slit3 expression in the developing
pancreatic mesenchyme (28). While we were not able to detect pancreatic Slit2GFP

expression, data from scRNA-Seq indicate that it is also expressed in pancreatic mesen-
chyme during development (25). We concluded that Slit1 is the predominant Slit ligand
expressed inside the islets and that Slit3 and perhaps Slit2 are expressed outside the is-
let during pancreatic development.

Loss of a single Slit ligand does not compromise islet architecture. Slit and Robo
are conserved binding partners, and loss of Robo in the islets of Robo bKO mice results
in severely altered islet architecture (24). We hypothesized that if Slits mediate Robo-
regulated islet architecture, then eliminating Slit expression would phenocopy the islet
organization defects in Robo bKO islets. Whole-body Slit1-null (Slit1GFP/GFP) and Slit3-
null (Slit3LacZ/LacZ) mice are viable to adulthood. We performed positional cell counting
on the islets of these mice as previously described (24) to determine whether these
mutants exhibited islet organizational defects. In contrast to the phenotype seen in
Robo bKO islets, individual Slit1 or Slit3 mutant islets display completely normal archi-
tecture (Fig. 3A and B). a, b , and d cells remain restricted to their respective niches;
the b cells reside in the core, while the a and d cells remain in the islet mantle. We
also found no significant difference between control islets and Slit1 or Slit3 mutant
islets in islet size (Fig. 3C), circularity (Fig. 3D), endocrine cell number, or endocrine cell
ratios (Fig. 3E and F). We assayed glucose metabolism in these mice via intraperitoneal
glucose tolerance test (IPGTT). Neither Slit1 nor Slit3 mutant animals displayed evi-
dence of impaired glucose tolerance (Fig. 3G). Whole-body Slit2-null (Slit2GFP/GFP) animals
die shortly after birth, so we examined Slit2GFP/GFP animals at E18.5. Evidence of altered
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islet architecture in Robo bKO mutants can be seen at E18.5; however, we did not
observe overt defects in the architecture of Slit2GFP/GFP islets at this time point (Fig. 4).

Slit1 is the only Slit we found to be expressed in b cells. Previous work has demon-
strated that siRNA-mediated knockdown of Slits in dispersed mouse islet cells induces

FIG 1 Slit transcripts are expressed in different compartments in the developing murine pancreas. Single-cell RNA-
Seq data (scRNA-Seq) were generated using the public database published in Krentz et al. (25). tSNE plots depicting
Slit1, Slit2, and Slit3 expression in pancreatic cells. Time points analyzed are E15.5 (A) and E18.5 (B). Slit1 is restricted
to the endocrine compartment, while Slit2 and Slit3 localize with the mesenchyme/acinar compartment.
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apoptosis and that addition of Slits to islets in culture protects b cells from apoptosis
and ER stress (29). As the singular Slit ligand expressed in b cells, we tested whether
Slit1 conferred a similar protective effect on b cells in vivo. To this end, we performed
terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL)
analysis on pancreatic sections from lean Slit1GFP/GFP animals and wild-type controls as well
as on pancreata from obese Lepob/ob and Lepob/ob; Slit1GFP/GFP animals (Fig. 5). We did not
detect an increase in TUNEL-positive nuclei in the b cells from either of the Slit1GFP/GFP

models, suggesting that loss of Slit1 alone does not induce apoptosis in b cells in vivo.
Taken together, these results indicate that individual Slits either are not required for

or compensate for each other in the Robo-mediated control of islet architecture.
Slit2 and Slit3 compensate for each other and are required for islet

morphogenesis. Slit ligands are highly similar in amino acid sequence, particularly in
their Robo-binding domains (30). Thus, it is possible that the different Slit ligands com-
pensate for each other during islet morphogenesis. We tested the extent to which mul-
tiple Slit ligands are required for islet architecture by analyzing islet formation in com-
binatorial Slit mutants. Slit1GFP/GFP; Slit3LacZ/LacZ double knockouts live to adulthood and
appear normal, with no detectable alterations in islet architecture, size, circularity,

FIG 2 Slit1, but not Slit2 or Slit3, is expressed in the mouse islet from embryonic stages to
adulthood. (A) Immunofluorescence staining of b cells (insulin, red) and Slit1 and Slit2 (GFP, green) in
E18.5 and adult heterozygous knock-in mice. Arrowheads indicate regions of overlapping GFP and
insulin staining, representing Slit1-positive b cells. (B) b-Gal staining of Slit3 (LacZ, blue) in E18.5 and
adult heterozygous knock-in mice. b-Gal staining (Slit3 expression) is apparent in nonendocrine tissue
surrounding the islet in the embryo. Scale bar, 100 mm. (C) Immunofluorescence staining of Slit2
(GFP, green) in retinal sections from wild-type or Slit2GFP/1 heterozygous animals. Scale bars, 100 mm.
n=3 for all genotypes at each age analyzed.
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FIG 3 Loss of a single Slit ligand does not compromise islet architecture or glucose metabolism. (A) Immunofluorescence staining of b cells
(insulin, red), a cells (glucagon, cyan), and d cells (somatostatin, white) in adult (;8-week-old) homozygous knockout mice. Scale bars, 100
mm. n= 3 for each genotype analyzed. (B) Percentage of a cells and d cells found in the islet periphery. (C) Average islet size. (D) Average
islet circularity (as noted by a circularity score of 0 to 1, where 1 is a perfect circle). (E) a/b-Cell number per islet. (F) a/b-Cell ratio per islet.
(G) IPGTT on mice fasted overnight. Wild type, n= 6; Slit1GFP/GFP (Slit1 KO), n= 8; Slit3LacZ/LacZ (Slit3 KO), n= 3.
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endocrine cell number, or ratios (Fig. 6A to F). To circumvent the neonatal lethality of
Slit2GFP/GFP mice, we analyzed the pancreata of Slit1/2 knockouts (Slit1GFP/GFP; Slit2GFP/GFP),
Slit2/3 knockouts (Slit2GFP/GFP; Slit3LacZ/LacZ), and Slit1/2/3 knockouts (Slit1GFP/GFP; Slit2GFP/GFP;
Slit3LacZ/LacZ) at E18.5 or at birth (P0). Slit1/2 knockout islets show no indications of altered
architecture, but Slit2/3 and Slit1/2/3 knockouts show severely disorganized islets
(Fig. 6G). To quantify this phenotype, we scored islets as either intact (insulin-positive
cells surrounded by glucagon-positive cells), intermediate (clusters of insulin-positive
cells disrupted by glucagon-positive or nonendocrine cells), or disrupted (single cells
or clusters of endocrine cells that are not forming islet structures) (Fig. 6H). Double-
blinded scoring of islets from the above genotypes revealed that the wild type and
Slit1/2 knockouts have few disrupted islets and similar percentages of intact and in-
termediate islets (wild type, intact, 49%; intermediate, 40%; disrupted, 11%; Slit1/2
KO, intact, 43%; intermediate, 46%; disrupted, 11%). On the other hand, Slit2/3 and Slit1/
2/3 knockouts had very few intact islets and increased numbers of intermediate and dis-
rupted islets (Slit2/3 KO, intact, 8%; intermediate, 53%; disrupted, 39%; Slit1/2/3 KO, intact,
8%; intermediate, 60%; disrupted, 32%). Interestingly, we observed a slight reduction in
endocrine cell number in Slit1/2 knockouts and a reduction in b-cell number in Slit2/3
knockouts but not in the complete triple knockout (Fig. 6I and J). Taken together, the
data suggest that Slit1 (expressed in the islet itself) is dispensable, while Slit2 and Slit3
(expressed outside the islet) compensate for each other and are required for proper islet
formation.

Slits act as repellent factors to influence b-cell migration. Because Slit2/3 and
Slit1/2/3 mutant islets are disrupted and do not cluster tightly, we wondered whether
this indicates failure of b cells to migrate properly during islet morphogenesis. To test
this hypothesis, we performed Transwell cell migration assays using INS-1 cells. INS-1
cells seeded in the top chamber of a cell culture insert above INS-1 conditioned media
showed strong migratory activity, while INS-1 cells seeded above fresh, untreated INS-

FIG 5 Loss of Slit1 does not increase apoptosis in b cells in vivo. Pancreatic sections belonging to LepOb/Ob, Slit1GFP/GFP, and LepOb/Ob;
Slit1GFP/GFP animals were assayed for apoptosis using TUNEL (gray) and counterstained for insulin to identify islets. The positive control
is a wild-type islet incubated with DNase I. Scale bars, 100 mm. n= 3 for all genotypes analyzed.

FIG 4 Loss of Slit2 alone does not alter islet architecture. Immunofluorescence staining of b cells (insulin, red) and a cells
(glucagon, cyan) in E18.5 control, Ins2-Cre; Robo12/2; Robo2flx/flx, and Slit2 mice. Scale bars, 50 mm. n= 3 for all genotypes
analyzed.
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FIG 6 Slit2 and Slit3 compensate for one another in islet morphogenesis. (A) Immunofluorescence staining of b cells (insulin, red), a
cells (glucagon, cyan), and d cells (somatostatin, white) in adult (;8-week-old) homozygous Slit1GFP/GFP; Slit3LacZ/LacZ knockout mice.

(Continued on next page)
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1 culture media did not (Fig. 7). INS-1 cells seeded above conditioned media supple-
mented with 2.5mg recombinant SLIT1, SLIT2, and SLIT3 displayed a significantly
reduced ability to migrate (Fig. 7B and C), suggesting that Slits influence b-cell migra-
tion through cell-cell repulsion mechanisms during islet morphogenesis.

DISCUSSION

In this study, we demonstrate that Slit ligands are required for pancreatic islet archi-
tecture. The simultaneous loss of all three Slits results in a disrupted, highly frag-
mented islet phenotype, which is also observed in Slit2GFP/GFP; Slit3LacZ/LacZ knockouts.
These findings lead us to conclude that Slit1 is dispensable for, and that Slit2 and Slit3
are required for and have redundant roles in, islet morphogenesis. While our analysis
was conducted largely in two dimensions (2D), recent work by the Hara group sug-
gests that 3D analysis of our islets and the encompassing microenvironment will reveal
more detailed patterns of our phenotype (31).

The exact mechanism of Slits in islet morphogenesis is unknown; however, the
expression pattern of Robo in the pancreas provides some clues. Slit and Robo are

FIG 6 Legend (Continued)
Scale bars, 100 mm. (B) Percentage of a cells and d cells found in the islet periphery. (C) Average islet size. (D) Average islet circularity (as
noted by a circularity score of 0 to 1, where 1 is a perfect circle). (E) a/b-Cell number per islet. (F) a/b-Cell ratio per islet. (G)
Immunofluorescence staining of b cells (insulin, red) and a cells (glucagon, cyan) in wild-type, double, and triple knockout mice at E18.5/
P0. Scale bars, 100 mm. (H) Percentages of islets from each genotype that were scored as intact, intermediate, or disrupted. ****, P ,
0.0001 by chi-square test. (I) a/b-Cell number per islet. *, P , 0.05; **, P , 0.01. (J) a/b-Cell ratio per islet. *, P , 0.05. n= 3 for all
genotypes at each age analyzed.

FIG 7 Slits act as repellent factors to influence b-cell migration. (A) Schematic diagram of Transwell cell migration assay. INS-1 cells
were seeded in cell culture inserts over INS-1 conditioned media, fresh culture media (n= 9), or INS-1 conditioned media
supplemented with 2.5mg of each recombinant SLIT protein (n= 6). (B) Results of cell migration assay. The average number of cells
migrating per field of view is plotted. ****, P , 0.0001 by ANOVA with Tukey-Kramer post hoc tests. (C) Representative images of a
single field of view of a cell migration insert used in the experiments shown in panel B.
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ligand-receptor binding partners in their eponymous signaling pathway. During mam-
malian development, Slit and Robo occupy adjacent tissues, specifying complementary
expression patterns in the developing organism (30). While all three Slits have expres-
sion patterns unique to their specific domain, they also have overlapping regions of
expression, suggesting some genetic redundancy. Interestingly, Slit2 and Slit3 share
more expression domains with each other than either of them do with Slit1 (30). We
have observed a similar framework in the mouse pancreas during islet morphogenesis:
Robo is primarily expressed in endocrine cells (24), while Slit2 and Slit3 have overlap-
ping expression patterns in extraendocrine tissue. While we were not able to detect
the Slit2GFP reporter in the pancreas (perhaps due to low expression levels or timing of
expression), alternative detection methods, such as in situ hybridization, may more
definitively pinpoint Slit2 localization in the pancreas.

Complementary and overlapping regions of expression are hallmarks of ligand-re-
ceptor binding partners and suggest that extraendocrine Slit2 and Slit3 interact with
endocrine Robo to coordinate islet morphogenesis. We propose that Slit2/3 signals are
picked up by Robo receptors on the surface of developing islet endocrine cells. These
endocrine cells are then repelled from the direction of the Slit signal, allowing for islet
clustering to occur. Loss of this signal results in a failure of islet morphogenesis and,
thus, the fragmented phenotype described above. It is likely that Slits are not the only
signal required for morphogenesis, as a small number of islets in Slit2GFP/GFP; Slit3LacZ/LacZ

and triple knockout animals still showed evidence of appropriate clustering. Future
work will determine whether other ligands or even Robo-Robo interactions are involved
in islet morphogenesis.

It is commonly held that islet morphogenesis is outlined by delamination of endo-
crine progenitors from the pancreatic duct, followed by their migration as individual
cells through the mesenchyme and aggregation into islets (32), implying that b cells
respond to attractive cues from the islets. Indeed, we have observed strong Transwell
migration of b cells toward their own conditioned medium, demonstrating that b cells
are attracted to b cells. However, we further provide evidence to suggest mesenchy-
mal Slits repel b cells during islet morphogenesis. These results are in support of the
recent observation that endocrine progenitors remain physically connected through-
out islet morphogenesis (33) and suggest that after b-cell delamination, repulsion of
the b cells by mesenchymal Slits pushes them into the center of the islet, thereby
maintaining the core-mantle architecture. Taking these results together, we propose
that both attractive and repulsive signals operate together in forming the canonical
murine islet architecture. Of note is that the experiments performed here were done
on islets at relatively late stages of development (E18.5 to adult). Given the expression
and function of both Robo and Slit in the early pancreas (28, 34), it is plausible that Slit
and Robo affect not only islet clustering but also earlier stages of islet development.
Further work will hopefully test the role of Slit and Robo in endocrine cell delamination.

The role of Slit1 in islet morphogenesis remains elusive. The islet architecture phe-
notypes seen in Slit2GFP/GFP; Slit3LacZ/LacZ animals are not significantly different in triple
knockouts, suggesting that Slit1 does not have any influence on islet architecture. In
addition, Slit1 expression does not overlap that of Slit2 or Slit3, so it is unlikely to be
redundant. Thus, it is plausible that Slit1 is tasked with other roles in the islet while the
transient expression of Slit2 and Slit3 in the mesenchyme during development is re-
sponsible for islet morphogenesis. How the expression of Slit1 in b cells does not inter-
fere with the function of Slit2 and Slit3 from the mesenchyme during islet morphogen-
esis is intriguing and remains to be elucidated.

Islet structure is closely linked to islet function. The generation of islets from human
iPS cells for transplantation into diabetic patients is a promising therapeutic. However,
current research efforts have not been able to completely recapitulate the full gene
expression or three-dimensional organization of human islets in vitro. Thus, elucidating
the roles of Slit and Robo in islet organization may be beneficial to the development of
bona fide islets from stem cells in vitro.
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MATERIALS ANDMETHODS
Animals. All animal experiments were conducted in accordance with the University of Wisconsin—

Madison IACUC guidelines under approved protocol number M005221. Robo12; Robo2flx (35), Ins2-Cre
(36), H2B-mCherry (37), Slit1GFP; Slit2GFP (26), Slit3LacZ (27), and Lepob (38) alleles have been previously
described.

Expression analysis. t-distributed stochastic neighbor embedding (tSNE) plots of scRNA-Seq were
obtained from the Lynn Lab’s Single-Cell Gene Expression Atlas (https://lynnlab.shinyapps.io/embryonic
_pancreas/) (25).

Immunostaining. Pancreata were dissected from adult (;8-week-old), embryonic (E18.5), or new-
born (P0) mice, fixed in 4% paraformaldehyde for 1 h at room temperature (20 to 30 min for E18.5 and
P0), preserved in 30% sucrose, embedded in OCT (Leica), and sectioned onto slides. Slides were stained
according to the following protocol: 1-h block in 10% normal donkey serum in phosphate-buffered sa-
line with Tween 20 (PBST), 1-h primary antibody incubation, three 10-min PBST washes, 1-h secondary
antibody incubation in the dark, three 10-min PBST washes, and mounting of slides in Fluoromount-G
(Thermo Fisher). The following primary antibodies were used: guinea pig anti-insulin, 1:800 (Dako),
guinea pig anti-insulin, prediluted 1:6 (Dako, 1R002), chicken anti-green fluorescent protein (anti-GFP),
1:1,000 (ab13970; Abcam), rabbit antiglucagon, 1:200 (2760; Cell Signaling), goat antisomatostatin,
1:50 (Santa Cruz), rabbit antisomatostatin, 1:800 (G-060-03; Phoenix), and 49,6-diamidino-2-phenylin-
dole (DAPI), 1:10,000 (9542; Sigma). The following secondary antibodies were used at 1:500: Alexa
Fluor 647–anti-guinea pig antibody, Alexa Fluor 594–anti-rabbit antibody, Alexa Fluor 594–anti-goat
antibody, Alexa Fluor 488–anti-rabbit antibody, and Alexa Fluor 488–anti-chicken antibody.

For TUNEL analysis, n=3 animals of each genotype were analyzed. Tissue sections were microwaved
at 300 W for 3 min in 0.1 M citrate buffer. Slides were washed in 1� PBS and then blocked and incubated
with primary antibodies as detailed above. Positive-control slides were incubated with DNase I (1,000
Kunitz units/ml in Tris-HCl with 1% bovine serum albumin [BSA]) for 5 min and then rinsed with 1�
PBST. Slides were incubated with TUNEL staining solution (Roche) for 1 h at 37°C. Slides were washed in
1� PBST and incubated with secondary antibodies as detailed above.

For eye analysis, n= 3 animals of each genotype were analyzed. Tissues were dissected and fixed in
4% paraformaldehyde for 2 h at 4°C. Tissues were preserved in a series of sucrose solutions (10% and
20% sucrose) for 1.5 h each. Tissues were further preserved in 30% sucrose overnight, embedded in OCT,
and then sectioned and stained as described above.

For b-galactosidase (b-gal) staining, n= 3 animals of each genotype were analyzed. Tissues were
fixed in 4% paraformaldehyde for 1 h at room temperature (or 20 to 30 min for E18.5 tissue). Fixed
tissues were stained with 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside (X-Gal) solution
(11828673001; Roche) for 22 h at 37°C and then preserved, embedded, and sectioned as described
above. Insulin staining on these tissues was done using the Vectastain ABC horseradish peroxidase
kit (PK-4007; Vector Labs) and NovaRED kit (SK-4800; Vector Labs) and mounted with VectaMount
(H-5000; Vector Labs). Slides for expression analysis were imaged using a Zeiss Axio Observer Z1.

Cell counting and shape and size analysis. Slides used for cell counting or shape and size analysis
were imaged on a Nikon A1RS confocal microscope. Confocal z-stacks were converted to maximum in-
tensity projected images. a, b , and d cells were counted using the ImageJ Cell Counter tool. a or d cells
were considered in the islet periphery if they were within the first two cell layers of the islet. For shape
and size analysis, islets were outlined and a threshold was applied in ImageJ. The Analyze Particles tool
then gave readout of islet size in square micrometers and a circularity score (between 0 and 1, where 1
indicates a perfect circle). A minimum of 10 islets were analyzed across at least three different tissue sec-
tions per mouse. Analyses were performed on n= 3 mice for each genotype. a- and d -cell percentages,
islet size, and islet circularity values were averaged for each mouse and plotted in Prism.

Islet scoring. Islet scoring was performed on images of tissue sections stained for insulin, glucagon,
and DAPI. z-stack images were converted to maximum intensity projected images and randomly
assigned a number identifier. Four independent trials (by four different researchers) of double-blinded
scoring were performed on 197 images, comprising at least 10 images spanning four different tissue sec-
tions per mouse, n= 3 mice per genotype.

IPGTT. Mice were fasted overnight, and initial blood glucose measurements were recorded before
intraperitoneal injection of each mouse with 20% glucose in 1� PBS at 2 g/kg mouse body weight. Mice
were injected at 30-s intervals, and blood glucose measurements were recorded every 20 min for the fol-
lowing 2 h.

Transwell cell migration assay. INS-1 cells (AddexBio) were maintained in culture medium contain-
ing RPMI 1640 (ThermoFisher), 10% fetal bovine serum, and 1% penicillin-streptomycin and supple-
mented with 0.05mM b-mercaptoethanol. Cells were seeded at a density of 250,000 cells/ml in
Transwell cell culture inserts with 8-mm pores (Sigma). Inserts were placed into wells containing either
700 ml culture medium, 700 ml INS-1 conditioned medium, or 700 ml INS-1 conditioned medium supple-
mented with 2.5mg each recombinant SLIT1, SLIT2, and SLIT3 (R&D Systems) and cultured at 37°C for
48 h. Inserts were then fixed in 4% paraformaldehyde for 20 min, unmigrated cells were wiped off the
top of the insert, inserts were incubated in 0.08% crystal violet, and a 1:1,000 concentration of DAPI was
used to visualize the cells. Nine nonoverlapping field-of-view images were taken for each insert. Three
images per insert were chosen at random for quantification. Results are reported as the average number
of cells that migrated per field of view.

Statistical analysis. All data are reported as means6 standard errors of the means unless otherwise
indicated. P values were calculated using Student’s t test or analysis of variance (ANOVA) with Tukey-
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Kramer post hoc tests in Prism GraphPad 7 unless otherwise indicated. Any P value of ,0.05 was consid-
ered significant and marked with an asterisk.
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