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Slit guidance ligand 2 (SLIT2) is a large, secreted protein that
binds roundabout (ROBO) receptors on multiple cell types,
including neurons and kidney podocytes. SLIT2-ROBO–
mediated signaling regulates neuronal migration and ureteric
bud (UB) outgrowth during kidney development as well as
glomerular filtration in adult kidneys. Additionally, SLIT2
binds Gremlin, an antagonist of bone morphogenetic proteins
(BMPs), and BMP–Gremlin signaling also regulates UB forma-
tion. However, direct cross-talk between the ROBO2–SLIT2
and BMP–Gremlin signaling pathways has not been established.
Here, we report the discovery of negative feedback between the
SLIT2 and BMP–Gremlin signaling pathways. We found that
the SLIT2–Gremlin interaction inhibited both SLIT2–ROBO2
signaling in neurons and Gremlin antagonism of BMP activity in
myoblasts and fibroblasts. Furthermore, BMP2 down-regulated
SLIT2 expression and promoter activity through canonical BMP
signaling. Gremlin treatment, BMP receptor inhibition, and
SMAD family member 4 (SMAD4) knockdown rescued BMP-
mediated repression of SLIT2. BMP2 treatment of nephron
progenitor cells derived from human embryonic stem cells
decreased SLIT2 expression, further suggesting an interaction
between the BMP2–Gremlin and SLIT2 pathways in human
kidney cells. In conclusion, our study has revealed direct nega-
tive cross-talk between two pathways, previously thought to be
unassociated, that may regulate both kidney development and
adult tissue maintenance.

Slit guidance ligands are �200-kDa proteins that contain
four N-terminal leucine-rich repeat domains (LRR),2 seven to

nine epidermal growth factor (EGF)-like domains, a laminin G
domain, and a C-terminal cysteine-rich domain (1–3). A cleav-
age site within the EGF domain of SLIT2 results in an N-termi-
nal fragment (SLIT2N) that binds roundabout (ROBO) recep-
tors, via an active site within the second LRR domain (D2), and
a C-terminal fragment (SLIT2C) that can bind PlexinA1 and
Glypican-1 (3–9). SLIT–ROBO signaling was originally identi-
fied as a repulsive axon guidance cue during nervous system
development (6, 10, 11), and the interaction of SLIT2 with
ROBO receptors has also been shown to regulate forebrain
development (12) and metanephric kidney development (13,
14). Disruption of SLIT2–ROBO2 signaling during kidney
development can lead to congenital anomalies of kidney and
urinary (CAKUT) (14 –18). In adult tissue, the SLIT–ROBO
interaction can inhibit nephrin-induced actin polymerization
and the attachment of glomerular podocytes that are essential
for glomerular filtration (19, 20), mediate fibroblast activation
and fibrotic disease progression (21–24), regulate tumor
growth (25–27), and promote angiogenesis (28, 29).

In addition to binding to ROBO receptors, SLIT2 was discov-
ered to bind to the secreted protein Gremlin in a yeast two-
hybrid screen (30). Gremlin, as well as its family member Nog-
gin, is a secreted cysteine knot protein that antagonizes bone
morphogenetic protein (BMP) signaling by preventing BMP
ligands from binding to their receptors (31–35). BMP–Gremlin
signaling has many known roles in the embryonic development
of the kidney and urinary tract (36, 37), osteoblast differentia-
tion (38), renal function (39), and fibrotic disease progression
(33, 40, 41).

Metanephric kidney development is driven by epithelial and
mesenchymal cell interactions between nephric ducts (ND),
also referred to as Wolffian ducts (WD), and the metanephric
mesenchyme (MM), which both originate from the intermedi-
ate mesoderm (42). Signals from the MM promote the out-
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growth of the ureteric bud (UB) from the ND (42). The UB then
invades the MM and begins to branch repeatedly to give rise to
the fully formed nephron and metanephric kidney (42–44). UB
outgrowth and branching is tightly regulated by the spatial and
temporal expression of a number of signaling pathways and
transcription factors (42, 43). A key mechanism of regulation is
the formation of a complex between glial cell-derived neu-
rotrophic factor (GDNF), which is expressed in the MM adja-
cent to the ND (45, 46), its receptor RET, and co-receptor
GDNF family receptor �1 (GFR�1), which are expressed by the
ND (44, 46 –51).

UB outgrowth is also regulated by SLIT2, which is expressed
in the tips of the UB, and ROBO2, which is expressed by the
MM in the area surrounding the UB (13). ROBO2 knockout
mice and SLIT2 knockout mice form supernumerary ureteric
buds (14). SLIT2–ROBO2 signaling restricts the nephrogenic
field and limits cell–cell interactions between the MM and
ND, possibly by limiting GDNF–RET signaling by regulating
ND-MM separation (14, 52). Interestingly, BMP–Gremlin sig-
naling is also an important regulator of UB outgrowth and
branching. Gremlin-mediated inhibition of BMP is essential to
induce UB outgrowth and establish RET–GDNF feedback sig-
naling by mediating epithelial–mesenchymal signaling (37). In
Gremlin-deficient mouse embryos, the UB fails to invade the
MM because of uncontrolled BMP signaling resulting in renal
agenesis (36, 37). Conversely, recombinant Gremlin protein is
able to induce ectopic UB outgrowth from the ND by up-regu-
lating GDNF expression (36).

Given the roles of both SLIT2–ROBO2 signaling and BMP–
Gremlin signaling in fibrotic disease progression and UB out-
growth and branching, as well as the opposite effects of SLIT2
and Gremlin genetic loss in mouse kidney development, we
hypothesized that the interaction between SLIT2 and Gremlin
serves to regulate their signaling. Here, we report the identifi-
cation of direct negative cross-talk between SLIT2 and BMP–
Gremlin signaling. We found that SLIT2 bound to Gremlin via
its D2 domain and that this interaction inhibited SLIT2–
ROBO2 activity as well as Gremlin-mediated antagonism of
BMP2 signaling. Furthermore, BMP2 down regulated SLIT2
expression by promoting transcriptional repression via SMAD
signaling in mouse and human fibroblasts. Similar changes in
SLIT2 expression were observed when nephron progenitor
cells derived from human embryonic stem cells were treated
with BMP2. These studies unveil a regulatory feedback loop
between two previously unassociated pathways that could have
implications for both kidney development and adult tissue
maintenance in human disease.

Results

Gremlin binds to the D2 domain of SLIT2

It had been previously reported that rat Gremlin interacts
directly with the repulsive guidance cue SLIT2 (30). To deter-
mine whether human Gremlin also interacts with the N-termi-
nal domain of SLIT2, we performed an ELISA with recombi-
nant, biotinylated human SLIT2N and human Gremlin on a
streptavidin-coated plate. We found that Gremlin bound to
SLIT2N, beginning at 62.5 nM, and binding increased with

higher doses (Fig. 1A). These results were confirmed by con-
ducting surface plasmon resonance (SPR) experiments with
human SLIT2N and human Gremlin (Fig. 1B). SLIT2N was the
ligand and was covalently immobilized to a C1 chip surface. It
was then exposed to a dose range of Gremlin (the analyte in
solution) to measure association and dissociation kinetics. A
sensorgram (Fig. 1B) and residuals graph (Fig. S1A) show that
the maximal residual difference of the observed data from a 1:1
Langmuir binding model is less than 10% of the global maxi-
mum capacity (Rmax). The average global ka of human Gremlin
for human SLIT2N was 3.99 � 106 � 2.87 � 105 M�1 s�1, and
the average global kd was 8.25 � 10�2 � 1.15 � 10�2 s�1 for
three independent biosensor surfaces (Table 1 and Table S1).
The KD value of Gremlin for SLIT2N was mathematically
derived from the ka and kd data, and the average kinetic KD

value across all independent sensor surfaces was 20.6 � 2.3 nM

(Table 2 and Table S2). Steady-state analysis of Gremlin bind-
ing to SLIT2N (Fig. S1B) revealed an average KD of 15.1 � 2.7
nM (Table 2 and Table S3) and confirmed our kinetic analysis.
These data suggest that human SLIT2N interacts with human
Gremlin with relatively low affinity.

The LRR D2 domain of SLIT2 (SLIT2D2) binds to ROBO
family members and mediates ROBO signaling (4). To deter-
mine whether the SLIT2–Gremlin interaction also occurs at
the same D2 domain, we performed SPR experiments by expos-
ing immobilized human SLIT2D2 (ligand) to a range of Grem-
lin doses in solution (analyte) to measure association and dis-
sociation kinetics. Interestingly, the D2 fragment of SLIT2
bound to immobilized Gremlin on three independent biosen-
sor surfaces. A sensorgram (Fig. 1C) and residuals graph (Fig.
S1C) show that the maximal residual difference of the observed
data from a 1:1 Langmuir binding model is less than 10% of the
Rmax. The average global ka of Gremlin for SLIT2D2 was 5.76 �
106 � 7.17 � 105 M�1 s�1, and the average global kd was 1.69 �
10�1 � 5.48 � 10�2 s�1 (Table 1 and Table S1). The mathe-
matically derived average KD of Gremlin for SLIT2D2 was
27.9 � 5.5 nM (Table 2 and Table S2). The average steady-state
KD (Fig. S1D) was 17.5 � 2.5 nM (Table 2 and Table S3) and
agreed with kinetic analysis. We also reversed the orientation
and exposed immobilized Gremlin (ligand) to a range of
SLIT2D2 concentrations in solution (analyte) to monitor asso-
ciation and dissociation kinetics. A sensorgram (Fig. 1D) and
residuals graph (Fig. S1E) show that the observed data deviate
minimally from a 1:1 Langmuir binding model �10% of the
Rmax. The average global ka of SLIT2D2 for Gremlin was 1.85 �
106 � 2.03 � 105 M�1 s�1, and the average global kd was 2.37 �
10�2 � 2.26 � 10�3 s�1 (Table 1). The mathematically derived
average KD value was 13.0 � 1.6 nM (Table 2), and the steady-
state average KD value (Fig. S1F) was 18.8 � 0.6 nM (Table 2).
Because similar steady-state and kinetic KD values were calcu-
lated when Gremlin was the analyte and when SLIT2D2 was the
analyte, our data demonstrate that the D2 domain of SLIT2
interacts with Gremlin. Furthermore, because the KD values
were similar when immobilized SLIT2N and SLIT2D2 were
exposed to Gremlin, it is likely that the D2 domain of SLIT2
alone is sufficient for Gremlin binding.
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Gremlin blocks SLIT2-induced inhibition of neuronal migration

SLIT2 inhibits neuronal migration by binding to its receptor
ROBO2 through the D2 domain (12, 15, 19, 53, 54). Because
Gremlin also interacts with SLIT2 via its D2 domain, we
hypothesized that Gremlin may interfere with SLIT2 binding to
ROBO and block SLIT2–ROBO2-mediated inhibition of neu-
ronal migration. To test this hypothesis, we performed neuro-
nal migration assays using explants from the anterior subven-
tricular zone (SVZa) of rat brains as reported previously (19). In
control media neurons migrate out from the explant (Fig. 2A).
In agreement with earlier findings, human SLIT2N treatment

almost completely inhibited all neuronal migration from the
SVZa explants (Fig. 2B) (19). Gremlin treatment alone had no
effect on neuronal migration, and neurons migrated normally
in the presence of 10 to 1000 nM Gremlin (Fig. 2, C, E, and G).
When explants were grown in the presence of SLIT2N and 10
nM Gremlin (Fig. 2D), there was no change in neuronal migra-
tion as compared with the neurons grown in SLIT2N alone (Fig.
2B). 100 nM Gremlin had a small inhibitory effect on SLIT2N
blockade of neuronal migration (Fig. 2F). When SVZa explants
were incubated in media containing SLIT2N and 1000 nM

Gremlin (Fig. 2H), significantly more neurons migrated out

Figure 1. Human Gremlin binds to human SLIT2N at its second leucine-rich repeat domain. A, 45 nM biotinylated recombinant human SLIT2N (purified
from 293 cells) was immobilized onto streptavidin-coated plates. The wells were blocked and incubated with increasing amounts of human Gremlin (0, 32.5,
62.5, 125, 250, 500, and 1000 nM), followed by anti-Gremlin antibody, rabbit IgG-HRP, and 3,3�,5,5�-tetramethylbenzidine substrate. The reaction was quenched
with 0.18 M sulfuric acid, and binding was measured by reading the absorbance at 450 nm. Data are presented as binding minus anti-Gremlin antibody
background binding. Mean � S.D., n � 3 ***, p � 0.001, and ****, p � 0.0001, as compared with 0 nM Gremlin binding by one-way ANOVA. Data are
representative of at least three independent experiments. B, representative BIAcore sensorgram displaying binding of human Gremlin (analyte in solution) to
human SLIT2N coupled to an anti-human C1 chip surface (ligand). Association was monitored for 100 s, and dissociation was monitored for 30 s. Data for six
concentrations of Gremlin are shown. The order of signal intensity (top to bottom) is 100, 50, 25, 12.5, 6.3, and 3.1 nM. Association and dissociation phases were
fit to a 1:1 Langmuir binding model with global rate constants, global maximum capacity (Rmax), and local RI parameters. C, representative BIAcore sensorgram
displaying binding of Gremlin (analyte in solution) to human SLIT2D2 coupled to an anti-human C1 chip surface (ligand). Association was monitored for 180 s,
and dissociation was monitored for 30 s. Data for five concentrations of Gremlin are shown. The order of signal intensity (top to bottom) is 100, 50, 25, 12.5, and
6.3 nM. Association and dissociation phases were fit to a 1:1 Langmuir binding model with global rate constants, global Rmax, and local RI parameters. D,
representative BIAcore sensorgram displaying binding of SLIT2D2 (analyte in solution) to Gremlin coupled to an anti-human C1 chip surface (ligand). Associ-
ation was monitored for 180 s, and dissociation was monitored for 30 s. Data for five concentrations of SLIT2D2 are shown. The order of signal intensity (top to
bottom) is 50, 25, 12.5, 6.3, and 3.1 nM. Association and dissociation phases were fit to a 1:1 Langmuir binding model with global rate constants, global Rmax, and
local RI parameters. Each binding assay was performed three independent times on three independent biosensor surfaces.

Table 1
Average ka and kd values
Observed average association rate constant (a) molar/s (M�1 s�1) and observed average dissociation rate constant (kd)/s (s�1) for each indicated ligand (protein covalently
bound to chip surface)–analyte (protein in solution that flowed over ligand-coated surface) pairing across three independent biosensor surfaces are shown.

Ligand (bound to chip) Analyte (in solution) Mean ka S.E. ka Mean kd S.E. kd

M�1 s�1 s�1

SLIT2N Gremlin 3.99 � 106 2.87 � 105 8.25 � 10�2 1.15 � 10�2

SLIT2D2 Gremlin 5.76 � 106 7.17 � 105 1.69 � 10�1 5.48 � 10�2

Gremlin SLIT2D2 1.85 � 106 2.03 � 105 2.37 � 10�2 2.26 � 10�3
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from the SVZa center as compared with explants grown in
SLIT2N alone (Fig. 2, B, H and I). Additionally, when the
explants were grown in media containing SLIT2N and 1000 nM

Gremlin, total neuronal migration distance was also increased as
compared with neurons grown in SLIT2N alone (Fig. 2J). Taken
together, these results suggest that Gremlin inhibits SLIT2–
ROBO2 signaling at high concentrations in SVZa neurons.

SLIT2 inhibits Gremlin-induced BMP antagonism by reducing
SMAD1 phosphorylation and nuclear translocation

Because Gremlin is a known BMP antagonist and also inhib-
its SLIT2 activity in neuronal migration assays, we next inves-
tigated whether SLIT2 affects Gremlin–BMP signaling. C2C12
mouse myoblasts stably expressing the BMP-response element
(BRE) from the Id1 promoter in a luciferase expression vector
(C2C12BRE) have increased luciferase activity in response to
BMP, which can be inhibited by Gremlin or Noggin (55, 56). In
the presence of buffer alone, BMP2 treatment stimulated lucif-
erase activity in C2C12BRE myoblasts, and Gremlin blocked
this increase (Fig. 3A). 50 nM SLIT2N had no effect on Gremlin
antagonism of BMP2 signaling. However, in the presence of 100
and 200 nM SLIT2, Gremlin failed to block BMP2 activity, and
luciferase activity was significantly increased compared with
cells grown in BMP2 	 Gremlin in media containing buffer
only, suggesting that SLIT2N inhibits Gremlin antagonism of
BMP in this luciferase assay. Furthermore, 200 nM SLIT2N
blocked Noggin inhibition of BMP2 activity in C2C12BRE myo-
blasts (Fig. 3B). Because BMP2 regulates Id1 promoter activity
in C2C12BRE myoblasts, we measured ID1 gene expression in
MRC5 fibroblasts to confirm the effects of SLIT2N on Gremlin
antagonism of BMP2 signaling (Fig. 3C). BMP2 treatment
causes a significant up-regulation of ID1 gene expression in
fibroblasts, and Gremlin blocks this increase. In agreement
with the luciferase data presented above, SLIT2N treatment
blocked Gremlin inhibition of BMP2-induced ID1 expression.

Gremlin regulates ID1 expression by inhibiting BMP2-in-
duced SMAD1 phosphorylation and nuclear translocation (31,
57–59). To further confirm the effects of SLIT2 on Gremlin
activity, we treated 3T3 mouse fibroblasts with BMP2 in the
presence of buffer control or SLIT2N. In media containing
buffer only, BMP2 treatment increased SMAD1/5/9 phosphor-
ylation, and Gremlin blocked this phosphorylation (Fig. 4A,
left). In the presence of SLIT2N, Gremlin was unable to inhibit
BMP2-induced SMAD1/5/9 phosphorylation (Fig. 4A, right).
In the presence of buffer, BMP2 stimulated an increase in mean

nuclear intensity of SMAD1 staining in MRC5 human fibro-
blasts, and Gremlin inhibited BMP2-induced SMAD1 nuclear
staining (Fig. 4, B, top, and C, left). In the presence of SLIT2N,
Gremlin could not fully inhibit BMP2-induced SMAD1 nuclear
translocation (Fig. 4, B, bottom, and C, right). To confirm the
effects of SLIT2N on Gremlin inhibition of BMP2-induced
SMAD1 signaling, we also stained MRC5 fibroblasts for phos-
pho-SMAD1/5/9 following treatment with BMP2, Gremlin,
and SLIT2N. In media containing buffer only, BMP2 stimulated
an increase in mean nuclear intensity of phospho-SMAD1/5/9
nuclear staining, and this was blocked by co-treatment with
Gremlin (Fig. 4, D, top, and E, left). In the presence of SLIT2N,
Gremlin could not inhibit BMP2-induced phospho-SMAD1/
5/9 nuclear translocation (Fig. 4, D, bottom, and E, right). Taken
together, these data suggest that the interaction between SLIT2
and Gremlin inhibits Gremlin-induced antagonism of BMP2
signaling in fibroblasts and myoblasts.

BMP2 down-regulates SLIT2 expression via canonical BMP
signaling

The data presented here so far reveal two novel downstream
effects of the Gremlin–SLIT2 interaction. Gremlin antagonizes
SLIT2–ROBO2 signaling to restore neuronal migration, and
SLIT2 blocks Gremlin to promote BMP2 activity in fibroblasts
and myoblasts. We next asked whether there was any effect of
BMP on SLIT2. Interestingly, when we treated MRC5 human
fibroblasts with BMP2 for 48 h, we observed a dose-dependent
decrease in SLIT2 mRNA (Fig. 5A) and protein (Fig. 5B) expres-
sion. Because Gremlin is a well-established BMP2 antagonist,
we hypothesized that Gremlin would inhibit BMP2-induced
SLIT2 down-regulation. When we treated MRC5 fibroblasts
with both Gremlin and BMP2, we observed a significant
increase in SLIT2 mRNA (Fig. 5C) and protein (Fig. 5D) expres-
sion relative to cells treated with BMP2 alone. Furthermore,
Gremlin treatment alone also slightly increased SLIT2 mRNA
expression, suggesting that inhibition of endogenous BMP2
could increase SLIT2 expression.

To determine whether canonical BMP signaling is responsi-
ble for SLIT2 down-regulation, we pretreated MRC5 fibro-
blasts with increasing amounts of DMH1, a BMP receptor
kinase activity inhibitor (60), followed by BMP2. Interestingly,
DMH1 treatment alone significantly increased SLIT2 mRNA
levels, compared with vehicle-treated cells (Fig. 5E, left). Fur-
thermore, co-treatment of MRC5 cells with DMH1 and BMP2
restored SLIT2 mRNA (Fig. 5E, right) and protein expression
(Fig. 5F) as compared with cells treated with BMP2 alone. BMP
signals through its receptors to phosphorylate SMAD1, and
SMAD4 then binds to phosphorylated SMAD1 to promote its
translocation into the nucleus (61). Therefore, to inhibit BMP2
signaling, we transfected MRC5 cells with siRNA targeting
SMAD4. Although SMAD4 also binds to SMAD2/3, we did not
detect an increase in phospho-SMAD2/3 in response to BMP2
treatment in MRC5 or 3T3 fibroblasts (data not shown). Similar
to BMP receptor inhibition, SMAD4 knockdown (Fig. 5G)
alone increased SLIT2 mRNA (Fig. 5H, left) and protein (Fig. 5I)
expression as compared with cells transfected with control
siRNA. BMP2 failed to down-regulate SLIT2 mRNA (Fig. 5H,
right) and protein (Fig. 5I) expression in SMAD4 knockdown

Table 2
Average kinetic and steady-state KD values
Average mathematically derived equilibrium dissociation constants (KD) in nano-
molars (nM) were calculated from association rate constants and dissociation rate
constants for each indicated ligand–analyte pairing across three independent bio-
sensor surfaces. Average steady-state KD values were calculated from the EC50 val-
ues of the concentration of the analyte plotted on the x axis and the corresponding
Rmax values plotted on the y axis for each indicated ligand–analyte pairing across
three independent biosensor surfaces.

Ligand
(bound to chip)

Analyte
(in solution)

Kinetic Steady state
Mean KD S.E. KD Mean KD S.E. KD

nM nM

SLIT2N Gremlin 20.6 2.3 15.1 2.7
SLIT2D2 Gremlin 27.9 5.5 17.5 2.5
Gremlin SLIT2D2 13.0 1.6 18.8 0.6
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cells. Taken together, these results demonstrate that SLIT2
expression is repressed by canonical BMP signaling. Exogenous
BMP2 treatment reduces SLIT2 mRNA and protein expression.
SLIT2 expression is rescued when cells are treated with BMP2
in the presence of Gremlin, BMP receptor inhibition, or
SMAD4 knockdown. Furthermore, inhibition of basal BMP sig-
naling by Gremlin, BMP receptor blockade, or SMAD4 knock-
down increases SLIT2 expression.

BMP2 down-regulates SLIT2 promoter activity via canonical
BMP-signaling pathways

To determine whether BMP2 signaling represses SLIT2
expression by regulating SLIT2 promoter activity, we cloned a
portion of the human SLIT2 promoter from �1430 to 	69 into
a luciferase reporter gene expression vector (Fig. 6A and Fig. S2)
(62). 3T3 mouse fibroblasts stably expressing the human SLIT2

promoter luciferase construct (3T3-hSLIT2P-luc) were gener-
ated, and BMP2 treatment of these cells induced a dose-depen-
dent decrease in luciferase activity (Fig. 6B). SLIT2 transcrip-
tional activity was rescued when the cells were treated with
BMP2 	 Gremlin (Fig. 6C). We also observed that DMH1-
mediated inhibition of BMP receptor kinase activity signifi-
cantly increased basal levels of SLIT2 promoter activity as com-
pared with cells treated with vehicle (Fig. 6D, left). As expected,
BMP2 failed to reduce SLIT2 promoter activity in the presence
of DMH1 (Fig. 6D, right). To determine whether SMAD signal-
ing mediates BMP2 regulation of SLIT2 promoter activity,
we transfected 3T3-hSLIT2P-luc cells with siRNA targeting
SMAD4. siRNA-mediated knockdown of Smad4 (Fig. 6E)
increased luciferase activity in control-treated 3T3-hSLIT2P-
luc cells, and BMP2 failed to down-regulate luciferase activity
in reporter cells lacking Smad4 (Fig. 6F). These data suggest

Figure 2. Gremlin blocks SLIT2-mediated inhibition of neuronal migration in SVZa explants. Explants from rat SVZa were grown in media alone (A), 1 nM

human SLIT2N (B), 10 nM Gremlin (C), 1 nM SLIT2N 	 10 nM Gremlin (D), 100 nM Gremlin (E), 1 nM SLIT2N 	 100 nM Gremlin (F), 1000 nM Gremlin (G), and 1 nM

SLIT2N 	 1000 nM Gremlin (H) for 48 h and stained with Hoechst 33342 to visualize neuronal nuclei. Scale bar represents 500 �M and applies to all images, A–H.
Images were taken on the Operetta High Content Imager with a �10 high NA objective. Fifteen fields per well with 5% overlap were taken. A Z-stack of six
planes for each field was acquired with 1 �m between each plane. Images were analyzed using Volocity software. All fields in each well were stitched together.
The area of the tissue explant in the center and each nucleus outside of the tissue explant were detected by Hoechst 33342 staining. I, quantification of
migrating SVZa neuron cell number from A to H. Individual nuclei were counted outside the edge of the tissue explant. The total number of nuclei from each
well that was not treated with SLIT2N from five individual experiments was averaged. Then the number of total nuclei from each well was divided by the
average from its corresponding control group to calculate the relative fold change of the total number of migrating cells. J, quantification of migrating distance
of SVZa neurons from A to H. The distance from the center of each nucleus to the closest edge of the tissue explant was measured in micrometers. The mean
migration distance of nuclei in the well was multiplied by nuclei count to obtain total migration distance for each explant. The total migration from each well
that was not treated with SLIT2N from five individual experiments was averaged. Then, the total migration from each well was divided by the average from its
corresponding control group to calculate the relative fold change of total migration. Bar graphs represent five pooled experiments, mean � S.D., each with n �
3. **, p � 0.01, and ***, p � 0.001, by two-way ANOVA.
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that BMP2 down-regulates the SLIT2 gene and protein expres-
sion by repressing SLIT2 transcription through canonical
BMP-signaling pathways, which is consistent with the data pre-
sented in Fig. 5.

To confirm the role of SMAD signaling in SLIT2 repression,
we performed ChIP assays in BMP2-treated 3T3-hSLIT2P-luc
cells using antibodies against SMAD1 and SMAD4. PCR prim-
ers were designed to amplify three different regions of the
SLIT2 promoter, each containing a predicted SMAD1- or
SMAD4-binding site (Fig. S2). BMP2 treatment stimulated the
binding of SMAD1 and SMAD4 to the two predicted SMAD1-
binding sites and the predicted SMAD4-binding site on the
SLIT2 promoter (Fig. 6G, right), whereas control-treated 3T3-
hSLIT2P-luc cells exhibited no such binding (Fig. 6G, left).
These data suggest that BMP2 down-regulates SLIT2 expres-
sion by stimulating the binding of SMAD1 and SMAD4 to the
SLIT2 promoter.

BMP2 down-regulates SLIT2 expression in human nephron
progenitor cells

The data we have generated thus far suggest that there is a
negative feedback loop between the SLIT2 and BMP–Gremlin
signaling pathways in mouse and human fibroblasts. Because

both SLIT2–ROBO2 signaling and Gremlin–BMP signaling are
each known to regulate early mouse kidney development (14,
36, 37, 52, 63), we wanted to determine whether this negative
feedback may also regulate signaling in human nephron pro-
genitor cells. Recently, a number of studies have used human
embryonic stem cells and induced pluripotent stem cells to
generate nephron-like structures and kidney organoids made
up of different types of cells to further study human kidney
development, disease, and toxicology (64 –69). Lineage tracing
has been used to identify markers of each stage of metanephric
kidney development and has enabled advances in in vitro
kidney organogenesis (68, 70). A recently published study
outlined a protocol to promote the differentiation of embry-
onic stem cells into nephron progenitor cells that will even-
tually form nephron-like structures, enabling recapitulation
of human metanephric kidney development in vitro (69). We
used this protocol to differentiate human embryonic stem
cells (H9) into nephron progenitor cells (Fig. 7A) (69). Before
beginning any experiment, we confirmed the mRNA expres-
sion of markers of the late primitive streak, posterior inter-
mediate mesoderm, metanephric mesenchyme, pre-tubular
aggregate, renal vesicle, and nephron (Fig. S3), as reported
previously (69).

SLIT2 is known to be expressed in the nephric duct, and
ROBO2 is expressed by metanephric mesenchymal cells during
ureteric bud outgrowth (13, 14). However, exogenous SLIT2
does not affect kidney branching morphogenesis or nephron
formation during kidney development (71). Gremlin is
expressed by the metanephric mesenchyme surrounding the
UB (37). We confirmed that nephron progenitor cells express
SLIT2 and ROBO2, as well as other regulators of UB outgrowth
and branching morphogenesis, including GDNF, GFR�1,
Gremlin, and RET throughout differentiation from H9 human
embryonic stem cells into nephron-like cells (Fig. S4). To deter-
mine the effects of BMP2 and Gremlin treatment on SLIT2
expression in human nephron progenitor cells, we treated these
cells while they were in the posterior intermediate mesoderm
stage (day 7) with differentiation media (ARPMI 	 10 ng/ml
FGF9) (69) containing BMP2, Gremlin, or BMP2 	 Gremlin for
48 h until they were in the metanephric mesenchyme stage of
development (day 9) (Fig. 7A). BMP2 treatment of posterior
intermediate mesoderm cells resulted in a statistically signifi-
cant decrease in SLIT2 mRNA expression, and Gremlin treat-
ment rescued SLIT2 mRNA down-regulation by BMP2
(Fig. 7B).

Because both SLIT2–ROBO2 and BMP2–Gremlin signal-
ings regulate the expression and activity of GDNF (14, 36, 37,
52) and the formation of a complex of GDNF with RET and
GFR�1 is the initiating factor in UB outgrowth during kidney
development (51), we also investigated the effects of BMP2
treatment on GDNF, RET, and GFR�1 mRNA expression in
posterior intermediate mesenchyme-like cells. BMP2 treat-
ment of cells during differentiation from the posterior interme-
diate mesoderm stage to the metanephric mesenchyme (days
7–9) caused a significant decrease in mRNA expression of
GDNF (Fig. 7C) and GFR�1 (Fig. 7D) while increasing RET
mRNA expression (Fig. 7E). Gremlin treatment inhibited
BMP2 activity and restored levels of GDNF (Fig. 7C) and RET

Figure 3. SLIT2 inhibits Gremlin-induced blockade of BMP2 signaling. A,
C2C12BRE myoblasts were treated with vehicle (Cont), 0.8 nM human BMP2,
2.8 nM human Gremlin (Grem), or 0.8 nM BMP2 	 2.8 nM Gremlin in the pres-
ence of buffer, 50, 100, or 200 nM human SLIT2N for 48 h, and luminescence
was measured. Bar graph represents fold change of mean luminescence rel-
ative to buffer-treated Control cells � S.D., n � 3. ****, p � 0.0001 by two-way
ANOVA. B, C2C12BRE myoblasts were treated with vehicle (Cont), 0.5 nM

human BMP2, 0.25 nM human Noggin (Nog), or 0.5 nM BMP2 	 0.25 nM Noggin
in the presence of buffer or 200 nM human SLIT2N for 48 h, and luminescence
was measured. Bar graph represents fold change of mean luminescence rel-
ative to buffer-treated Control cells � S.D., n � 4. ****, p � 0.0001 by two-way
ANOVA. C, MRC5 fibroblasts were treated with vehicle (Cont), 1 nM human
BMP2, 1 nM BMP2 	 1.25 nM Gremlin in the presence of buffer or 100 nM

human SLIT2N for 24 h. RNA was isolated, and ID1 expression (normalized to
ZNF592 expression) was analyzed by RT-qPCR. Bar graphs represent mean
relative quantification values relative to control-treated cells � S.D., n � 3.
****, p � 0.0001 compared with untreated cells by one-way ANOVA.
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gene expression (Fig. 7E) (64). In addition, BMP2 treatment
reduced PAX2 (Fig. 7F) and SIX2 gene expression (Fig. 7H)
while having little to no effect on SALL1 (Fig. 7G) or WT1 gene
expression (Fig. 7I). BMP2 also promoted SMAD1 phosphory-

lation in posterior intermediate mesoderm-like cells (day 7)
(Fig. 7J), as well as in metanephric mesoderm-like cells (day 9)
(Fig. 7K), confirming that canonical BMP2 signaling pathways
are active in these nephron progenitor cells. Taken together,

0

Figure 4. SLIT2 inhibits Gremlin antagonism of BMP2-stimulated SMAD signaling. A, 3T3 fibroblasts were treated with 0.5 nM BMP2 or 0.5 nM BMP2 	 3
nM Gremlin in the presence of buffer or 100 nM SLIT2N for 30 min. Protein lysates were analyzed by SDS-PAGE and Western blotting using antibodies against
phospho-SMAD1/5/9 (p-SMAD1/5/9) and total SMAD1. To quantify phospho-SMAD1/5/9 levels, total SMAD1 was used as a loading control. Bar graph repre-
sents the fluorescent intensity of each phospho-SMAD1/5/9 band divided by its corresponding relative value of its total SMAD1 band. B, MRC5 fibroblasts were
treated with 0.3 nM BMP2, 3 nM Gremlin, or 0.3 nM BMP2 	 3 nM Gremlin in the presence of buffer or 200 nM SLIT2N for 30 min. Cells were fixed and
immunostained with anti-SMAD1 antibody followed by goat anti-rabbit IgG Alexa Fluor 647 to measure localization. Images were acquired on the Operetta
High Content Imager. Scale bar, 120 �m and applies to all images. C, nuclear intensity of SMAD1 staining was measured using Harmony software. Bar graph
represents mean nuclear intensity � S.D. of at least 1000 cells in three different wells. *, p � 0.05 by two-way ANOVA. D, MRC5 fibroblasts were treated with 0.3
nM BMP2, 0.75 nM Gremlin, or 0.3 nM BMP2 	 0.75 nM Gremlin in the presence of buffer or 100 nM SLIT2N for 30 min. Cells were fixed and immunostained with
anti-phospho-SMAD1/5/9 antibody followed by goat anti-rabbit IgG Alexa Fluor 647 to measure localization. Images were acquired on the Operetta High
Content Imager. Scale bar, 120 �m and applies to all images. E, nuclear intensity of phospho-SMAD1/5/9 staining was measured using Harmony software. Bar
graph represents mean nuclear intensity � S.D. of at least 1000 cells in five different wells. ****, p � 0.0001 by two-way ANOVA. Data are representative of at
least three independent experiments.
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these data suggest that BMP–Gremlin signaling regulates
SLIT2 expression, as well as the expression of GDNF and RET,
in human nephron progenitor-like cells differentiated from ES
cells.

Discussion

In this study, we have confirmed that SLIT2N binds Gremlin,
and we determined that this interaction occurs via the D2
domain of SLIT2. We have shown that Gremlin inhibits
SLIT2N blockade of neuronal migration and that SLIT2N
inhibits Gremlin antagonism of BMP signaling in fibroblasts

and myoblasts. BMP2, in turn, down-regulates SLIT2 expres-
sion in fibroblasts by repressing SLIT2 transcriptional activity
via its canonical SMAD signaling cascade. BMP2 treatment also
decreases SLIT2 expression in nephron progenitor cells derived
from human embryonic stem cells. These findings reveal three
new molecular mechanisms of SLIT2 signaling: 1) Gremlin
inhibits SLIT2–ROBO2 signaling in neuronal migration; 2)
SLIT2N inhibits Gremlin antagonism of BMP activity; and 3)
BMP2 inhibits SLIT2 expression by down-regulating SLIT2
promoter activity via SMAD-mediated signaling pathways.
Therefore, we demonstrated for the first time the existence of
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direct negative cross-talk between the SLIT2 and BMP–
Gremlin signaling pathways mediated by protein–protein
interactions and transcriptional repression (Fig. 8).

The majority of the research on SLIT2 has focused on its
interaction with ROBO and downstream signaling events.
There is still much unknown about what other proteins to
which SLIT2 binds, whether SLIT2N has any ROBO2-indepen-
dent activities, and how SLIT2 itself is regulated. SLIT2 was
found to bind Gremlin in a yeast two-hybrid assay, and func-
tional data suggested that the two proteins cooperate to nega-
tively regulate monocyte chemotaxis (30). We confirmed this
finding by measuring SLIT2N–Gremlin binding using both
ELISA and SPR. Further analysis revealed that Gremlin binds to
the D2 domain of SLIT2, the same domain that binds ROBO2
(3–5). However, the average KD of SLIT2N for Gremlin ranges
from 13 to 28 nM, whereas the affinity of ROBO2 for SLIT2N is
much higher with a KD of about 4 nM (6, 72). This could explain
why 1000 nM Gremlin blocked SLIT2N-induced inhibition of
neuronal migration. A high local concentration of Gremlin is
needed to overcome the tighter interaction between SLIT2 and
ROBO2. Given how UB branching and outgrowth depend on
spatial and temporal expression of key protein factors and
that affinity and local concentrations effect protein–protein
interactions, the different affinities of ROBO2 and Gremlin
for SLIT2N may play a specific role in metanephric kidney
development.

SLIT2 has been shown to interact with proteins other than
ROBO2 to regulate developmental processes. The C-terminal
domain of SLIT2 binds PlexinA1 to regulate commissural axon
guidance during nervous system development (7). Full-length
SLIT2, SLIT2N, and SLIT2C all bind Glypican-1 to regulate
nervous system growth and development (8, 9). Although
SLIT2 is considered to be an activating ligand for Glypican-1,
PlexinA1, and ROBO2, our data demonstrate that SLIT2N
antagonizes Gremlin activity, thereby promoting BMP2 signal-
ing. Interestingly, a recent study found that Robo2 signaling via
Slit2 is required for BMP activity in Drosophila blood cell dif-
ferentiation and lymph gland regulation (73). These findings
reveal a novel mechanism of SLIT2 signaling, and future work
will focus on determining whether SLIT2 inhibits Gremlin in

the context of kidney development in animal models and
human stem cell culture systems.

Our findings that Gremlin blocks SLIT2 inhibition of neuro-
nal migration, SLIT2 inhibits Gremlin-antagonism of BMP sig-
naling, and BMP2 down-regulates SLIT2 promoter activity and
expression unveil cross-talk between two signaling pathways,
previously thought to be distinct, that have been individually
shown to regulate metanephric kidney development. Both
SLIT2–ROBO2 and BMP–Gremlin signaling have been identi-
fied as regulators of GDNF–RET signaling that induce UB out-
growth (14, 36, 37, 51). Furthermore, like mutations in SLIT2
and ROBO2, mutations in BMP and Gremlin have been identi-
fied in CAKUT patients (17, 18, 74, 75). Gremlin knockdown in
mice disrupts RET–GDNF epithelial–mesenchymal feedback
signaling (36, 37), and the role of SLIT2–ROBO2 signaling
appears to limit GDNF–RET signaling by regulating WD-
nephrogenic cord separation (14, 52). In human nephron pro-
genitor-like cells differentiated from ES cells, BMP2-induced
down-regulation of SLIT2 expression is concurrent with a
decrease in GDNF and GFR�1 expression and an increase in
RET expression. The decrease in GDNF expression is consis-
tent with the effects of BMP4 treatment of kidney rudiments
from a mouse around embryonic day 11 (76). Although there
are fewer ureteric buds in rudiments grown in the presence of
BMP4, RET mRNA is detected in ureteric tips (76). BMP2 treat-
ment, in combination with retinoic acid, induced GDNF mRNA
in Schwann cells (77). BMP2 can affect human pluripotent stem
cell differentiation into ureteric bud kidney progenitor-like
cells (64); therefore, future work will be needed to examine how
the down-regulation of SLIT2 and GDNF and up-regulation of
RET are interrelated following BMP2 treatment (76). Our data
suggest that BMP2 stimulates canonical SMAD signaling in
these nephron progenitor cells. More studies are needed to
determine whether SMAD signaling drives changes in SLIT2 in
these cells or whether other pathways are active. Because the
temporal and spatial expression and localization of these pro-
teins drive their roles in metanephric kidney development, it
will be important to also consider the types of cells expressing
these proteins to determine whether and how these pathways
interact to regulate UB outgrowth and branching.

Figure 5. BMP2 promotes the down-regulation of SLIT2 mRNA and protein expression via canonical BMP signaling. A, MRC5 fibroblasts were treated
with 0, 0.1, 1, or 10 nM human BMP2 for 48 h. RNA was isolated, and SLIT2 expression (normalized to ZNF592 expression) was analyzed by RT-qPCR. Bar graphs
represent mean relative quantification values relative to control-treated cells � S.D., n � 3. ***, p � 0.001 compared with untreated cells by one-way ANOVA.
B, MRC5 fibroblasts were treated with 0, 0.1, 0.5, 1, 5, or 10 nM BMP2 for 48 h. Protein lysates were analyzed by SDS-PAGE and Western blotting with antibodies
against SLIT2 and tubulin. To quantify SLIT2 levels, tubulin was used as a loading control. Bar graph represents the fluorescent intensity of each SLIT2 band
divided by its corresponding relative value of its tubulin band. C, MRC5 fibroblasts were treated with 1 nM BMP2, 3 nM Gremlin (Grem), or 1 nM BMP2 	 3 nM

Gremlin for 48 h. RNA was isolated, and SLIT2 expression (normalized to ZNF592 expression) was analyzed by RT-qPCR. Bar graphs represent mean relative
quantification values relative to control-treated cells � S.D., n � 3. ****, p � 0.0001 by one-way ANOVA. D, MRC5 fibroblasts were treated with 5 nM BMP2 in the
presence of 10 or 50 nM Gremlin. Protein lysates were analyzed by SDS-PAGE and Western blotting using antibodies against SLIT2 and tubulin. Bar graph
represents the fluorescent intensity of each SLIT2 band divided by its corresponding relative value of its tubulin band. E, MRC5 cells were treated with 5 nM

BMP2 in the presence of DMSO or 0.1, 1, or 10 nM DMH1 for 48 h. RNA was isolated, and SLIT2 expression (normalized to ZNF592 expression) was analyzed by
RT-qPCR. Bar graphs represent mean relative quantification values relative to DMSO-treated wells � S.D., n � 3. *, p � 0.05; **, p � 0.01; and ***, p � 0.001 by
two-way ANOVA. F, MRC5 fibroblasts were treated with 5 nM BMP2 in the presence of DMSO or 0.1, 1, or 10 nM DMH1 for 48 h. Protein lysates were analyzed
by SDS-PAGE and Western blotting with antibodies against SLIT2 and tubulin. Bar graph represents the fluorescent intensity of each SLIT2 band divided by its
corresponding relative value of its tubulin band. MRC5 fibroblasts were transfected with 18 pmol of siRNA targeting SMAD4 or negative control siRNA, then
treated with 5 nM BMP2 for 48 h. RNA was isolated. G, SMAD4 expression (normalized to ZNF592 expression); H, SLIT2 expression (normalized to ZNF592
expression) was analyzed by RT-qPCR. Bar graphs represent mean relative quantification values relative to control-treated cells transfected with negative
control siRNA � S.D., n � 3. **, p � 0.01, and ****, p � 0.0001 compared with control-treated cells transfected with control siRNA by two-way ANOVA. I, protein
lysates from MRC5 cells transfected with 25 pmol of siRNA targeting SMAD4 or negative control siRNA and treated with 5 nM BMP2 for 48 h were analyzed by
SDS-PAGE and Western blotting with antibodies against SLIT2, SMAD4, and tubulin. Top bar graph represents the fluorescent intensity of each SLIT2 band
divided by its corresponding relative value of its tubulin band. Bottom bar graph represents the fluorescent intensity of each SMAD4 band divided by its
corresponding relative value of its tubulin band. Each experiment was performed at least three independent times.
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Figure 6. BMP2 down-regulates SLIT2 promoter activity by binding to
the SLIT2 promoter. A, schematic of human SLIT2 promoter construct cloned
into the pGL4.26[luc2/minP/Hygro] vector. B, 3T3 cells stably expressing a
portion of the human SLIT2 promoter in a luciferase construct (3T3-hSLIT2P-
luc) were treated with 0, 0.1, 1, or 10 nM BMP2 for 24 h. Bar graphs represent
mean luciferase values � S.D., n � 4. **, p � 0.01, and ****, p � 0.0001 as
compared with control-treated cells by one-way ANOVA. C, 3T3-hSLIT2P-luc
cells were treated with 3 nM BMP2 or 3 nM BMP2 	 12 nM Gremlin. Bar graphs
represent mean luciferase values � S.D., n � 4. **, p � 0.01, and ***, p � 0.001,
as compared with control-treated cells by one-way ANOVA. D, 3T3-hSLIT2P-
luc cells were treated with 3 nM BMP2 in the presence of DMSO or 0.1, 1, or 10
nM DMH1. Bar graphs represent mean luciferase values � S.D., n � 4. ***, p �
0.01, and ****, p � 0.0001 by two-way ANOVA. E, 3T3-hSLIT2P-luc cells were
transfected with 18 pmol of siRNA targeting Smad4 or negative control siRNA
and then treated with 5 nM BMP2 for 24 h. RNA was isolated, and Smad4
expression (normalized to Znf592) was analyzed by RT-qPCR. Bar graphs rep-
resent mean relative quantification values relative to control-treated cells
transfected with control siRNA � S.D., n � 3. ****, p � 0.0001 by two-way
ANOVA. F, luciferase activity was measured following Smad4 siRNA knock-
down and BMP2 treatment. Bar graphs represent mean luciferase values �
S.D., n � 3. ****, p � 0.0001 by two-way ANOVA. G, 3T3-hSLIT2P-luc were
treated with 5 nM BMP2 for 4 h. Chromatin from these cells was subjected to
ChIP assays using antibodies against SMAD1, SMAD4, or normal rabbit IgG as
a control. DNA was amplified in PCRs using primers designed against two
predicted SMAD1-binding sites (primer sets 1 and 3) and one predicted
SMAD4-binding site (primer set 2) and run on an 1.5% agarose gel to visualize
bands. Each experiment was performed at least three independent times. IP,
immunoprecipitation.

Figure 7. BMP2 down-regulates SLIT2 expression during kidney differ-
entiation. A, protocol used to promote differentiation of H9 stem cells into
nephron-like cells. Cells were treated on day 7 of differentiation containing 10
ng/ml FGF9 with 2.5 nM BMP2, 5 nM Gremlin, or 2.5 nM BMP2 	 5 nM Gremlin.
RNA was harvested on day 9 and analyzed by RT-qPCR to measure SLIT2 (B),
GDNF (C), GFR�1 (D), RET (E), PAX2 (F), SALL1 (G), SIX2 (H), and WT1 (I) mRNA
expression (all normalized to ZNF592 expression). Bar graphs represent mean
relative quantification values relative to control-treated wells � S.D., n � 3. *,
p � 0.05; **, p � 0.01; ***, p � 0.001, and ****, p � 0.0001 by two-way ANOVA.
H9 stem cells were treated on day 7 (J) or day 9 (K) of differentiation with 5 nM

BMP2 for 30 min. Protein lysates were analyzed by SDS-PAGE and Western
blot using antibodies against phospho-SMAD1/5/9 (p-SMAD1/5/9) and total
SMAD1. To quantify phospho-SMAD1/5/9 levels, total SMAD1 was used as a
loading control. Bar graphs represent the fluorescent intensity of each phos-
pho SMAD1/5/9 band divided by its corresponding relative value of its total
SMAD1 band. Data are representative of at least three independent
experiments.
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Although SLIT2 and BMP–Gremlin signalings regulate kid-
ney branching morphogenesis, they also have established roles
in adult tissue. Our findings reveal a negative feedback loop in
fibroblasts where SLIT2 inhibits Gremlin activity and BMP
down-regulates SLIT2 expression by suppressing SLIT2 pro-
moter activity through canonical BMP-signaling pathways (Fig.
8). SLIT2, BMP, and Gremlin have all been shown to play a role
in the differentiation of cells into myofibroblasts whose accu-
mulation contributes to fibrotic disease. Gremlin is overex-
pressed in the lungs of patients with idiopathic pulmonary
fibrosis (41), whereas BMPs oppose pro-fibrotic transforming
growth factor � (TGF�) signaling and are considered to be pro-
tective against myofibroblast accumulation (78 –81). Gremlin
has also been shown to aggravate podocyte injury caused by
high levels of glucose by activating canonical TGF� signaling,
suggesting that Gremlin may play a role in renal disease initia-
tion or progression (39). Recently, there have been a number of
opposing reports documenting SLIT2 expression in the context
of fibrotic diseases. SLIT2 expression levels are low in fibrotic
lesions in patients with advanced pulmonary fibrosis (22). It has
also been shown that SLIT2 can inhibit TGF�-induced stress
fiber formation, SMAD2/3 signaling, and collagen synthesis in
renal fibroblasts (21) as well as LPS-induced renal inflamma-
tion and fibrosis (24). In contrast, SLIT2 secretion and expres-
sion were up-regulated in patients with liver fibrosis, and SLIT2
overexpression exacerbated liver fibrosis and increased
�-smooth muscle actin and collagen expression in mouse
models (23). Therefore, more work is needed to understand the
possible effects of the SLIT2–Gremlin interaction on myofibro-

blast activation and accumulation and its role in fibrotic
disease.

In conclusion, our data suggest the existence of a negative
feedback loop where SLIT2 blocks Gremlin inhibition of BMP2,
and canonical BMP2 signaling down-regulates SLIT2 expres-
sion. The data presented here are the first demonstration of
SLIT2 transcriptional regulation by a signaling pathway. We
have shown that BMP2 represses SLIT2 promoter activity
through canonical BMP signaling, leading to down-regulation
of mRNA and protein expression (Fig. 8). Although it has been
shown that an Sp1 site on the SLIT2 promoter is necessary for
maximal promoter activity (62) and we have identified possible
SMAD-binding sites on the SLIT2 promoter, more work is
needed to determine precisely how BMP2 regulates SLIT2 pro-
moter activity (82–86). Our data also suggest that Gremlin
weakly antagonizes SLIT2 inhibition of neuronal migration.
Taken together, these results further our understanding of how
SLIT2 expression and signaling are mediated; however, other
aspects of SLIT2 regulation are still unknown (5, 6, 72). Because
SLIT2 is a large ligand with many conserved domains, it will be
necessary to identify other binding partners to further elucidate
SLIT2 signaling mechanisms. These findings reveal cross-talk
between two pathways that further our understanding of their
regulation and mechanisms of downstream signaling.

Experimental procedures

SLIT2N purification

To generate recombinant SLIT2N, 293 cells were transfected
with a SLIT2 construct corresponding to amino acids 1–1118 of
the N-terminal domain with a C-terminal His6 tag for detection
and purification. These cells were cultured in serum-free con-
ditions. Conditioned media were harvested and filtered, and
protein was bound to nickel-Sepharose HP resin (GE Health-
care, 175268-02). The resin was washed extensively in 0.5 M

NaCl, 20 mM Tris, pH 7.1, followed by 30 mM imidazole, 0.5 M

NaCl, pH 8.0. SLIT2N was eluted off the resin with 225 mM

imidazole, 0.5 M arginine, 375 mM NaCl, pH 8.0. Preparative
size-exclusion chromatography in 0.5 M arginine, 0.5 M NaCl,
50 mM sodium phosphate, pH 8.0, was used to further purify the
protein. Protein purity was confirmed by SDS-PAGE followed
by Coomassie staining and analytical size-exclusion high-per-
formance-liquid chromatography.

ELISA

Recombinant SLIT2N was biotinylated using EZ-Link Sulfo-
NHS-LC-Biotin (Thermo Fisher Scientific, 21327) according to
the manufacturer’s instructions. Briefly, 10 nM biotin was pre-
pared, added to SLIT2N in 20-fold molar excess, and incubated
at room temperature for 1 h. Excess biotin was removed by
dialyzing the protein into PBS. 45 nM biotinylated SLIT2 was
incubated onto a streptavidin-coated 96-well plate (Thermo
Fisher Scientific, 15500) in wash buffer (TBS containing 0.1%
BSA 	 0.05% Tween 20). The next day, the plate was washed
with wash buffer and then blocked in TBS containing 1% BSA 	
0.05% Tween 20. The wells containing immobilized SLIT2
and control wells were then incubated with indicated amounts
of Gremlin (Sigma, SRP3285) overnight, followed by incubation
with anti-Gremlin antibody (Cell Signaling, 4383S, lot 1, 1:100),

Figure 8. Proposed direct negative cross-talk between SLIT2 and BMP2–
Gremlin signaling. Gremlin antagonizes BMP2 signaling to block BMP2
repression of SLIT2 transcriptional activity. BMP2 down-regulates SLIT2
expression by facilitating the binding of SMAD1 and SMAD4 to the SLIT2
promoter through canonical BMP-signaling pathways. SLIT2 binds to Gremlin
and inhibits its antagonism of BMP2. High concentrations of Gremlin also
block SLIT2 inhibition of neuronal migration (indicated by dashed line).
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anti-rabbit-IgG horseradish peroxidase-linked whole anti-
body (GE Healthcare, NA934V, lot 9653124, 1:1000), and 3,3�,
5,5�-tetramethylbenzidine one-component HRP microwell
substrate (Surmodics, TMBW-1000-01). The reaction was
quenched using 0.18 M sulfuric acid, and absorbance was mea-
sured at 450 nm. Data were normalized to background binding
of anti-Gremlin antibody to plates.

SPR

SPR was used to measure binding affinity and kinetics of
Gremlin to SLIT2N and SLIT2D2. The SLIT2–Gremlin inter-
action was analyzed in both possible analyte/ligand orienta-
tions where the ligand was the interacting partner that was
covalently immobilized on the chip surface, and the analyte was
the protein that was titrated in solution and flowed over the
ligand-coated surface. A BIAcore T200 C1 chip (GE Health-
care, BR100535) was docked into a BIAcore T200 system. The
chip was equilibrated with HEPES-buffered saline (HBS) con-
taining 10 mM HEPES and 150 mM NaCl (HBS-N) (GE Health-
care, BR100670). After equilibration, the chip was pre-condi-
tioned with 100 mM glycine, pH 12, containing 0.3% Triton
X-100 to prepare the surface for ligand coupling. Then, about
20 resonance units (RU) equivalent of SLIT2D2 was covalently
attached to flow cell 2; about 100 RU equivalent of SLIT2N
(Sigma, SRP3153) was covalently attached to flow cell 3, and
about 20 RU equivalent of Gremlin (Sigma, SRP3285) was cova-
lently attached to flow cell 4 using amine coupling chemistry
and the target RU method. Briefly, SLIT2N and SLIT2D2 were
diluted in HBS-N to a concentration of 1 �g/ml, and Gremlin
was diluted to a concentration of 0.5 �g/ml. 1-Ethyl-3-(3-
dimethylamino-propyl)carbodiimide hydrochloride (EDC) and
NHS from the amine coupling kit (GE Healthcare, BR10005)
were mixed in equal parts and used to activate the chip surface.
The diluted ligands were then exposed to the activated chip
surface to allow for amine coupling to take place. Finally, the
surface was inactivated using ethanolamine as supplied in the
amine coupling kit.

To determine kinetic and affinity binding, the amine-cou-
pled C1 chip was primed in HBS containing 10 mM HEPES, 3
mM EDTA, and 0.05% surfactant p20 (HBS-EP	) (GE Health-
care, BR1006-69) and 1% BSA (Sigma, A7030) and allowed to
equilibrate for �2 h. Once the chip was fully equilibrated, an
automatic method was used to run the kinetic analysis. Briefly,
a 2-fold dilution series was performed on the SLIT2D2 and
Gremlin analytes ranging from 200 to 0.4 nM in HBS-EP	 with
1% BSA. The immobilized ligands on the chip were exposed to
analytes in solution at a rate of 100 �l/min with an association
time of 100 –180 s and dissociation time of 30 –180 s. After each
binding cycle, the chip was regenerated with three consecutive
injections of 3 M MgCl2 for 30 s each at a flow rate of 20 �l/min.
After the third injection, the flow cells and injection apparatus
were rinsed with running buffer. Multiple iterative cycles
through the above method were performed to permute through
all analyte concentrations from 200 to 0.4 nM. Blank injections
were also performed where only running buffer flowed over the
flow cells. This was to control for baseline drift. An additional
control was flowing each analyte over flow cell 1, which had no
ligand covalently bound. Therefore, each analyte concentration

was exposed to a reference flow cell to account for non-specific
binding and system noise.

The BIAcore T200 BIA evaluation software (GE Healthcare)
version 1.0 was used to analyze the data. After automated pre-
and post-analyte injection trimming and both x and y axis data
set alignment, the kinetic data were double referenced by sub-
tracting flow cell 1 data as well as the blank buffer only injection
data. Association and dissociation phases were fit to a 1:1 Lang-
muir binding model with global rate constants, global maxi-
mum capacity (Rmax), and local refractive index (RI) parame-
ters. Three sets of data were produced for each ligand,
originating from flow cells 2– 4. The equilibrium dissociation
constant (KD) was derived mathematically from the observed
association rate constant (ka) and the observed dissociation rate
constant (kd). In addition to the mathematically derived KD, we
also calculated the steady-state KD by plotting the concentra-
tion of the analyte on the x axis versus the corresponding RU at
equilibrium on the y axis and determining the EC50 of that
curve.

SVZa neuronal migration assay

An in vitro neuronal migration assay with postnatal SVZa
neurons has been described previously (15, 19, 87). Briefly,
P1–5 Sprague-Dawley rat (obtained from Charles River Labo-
ratories) olfactory bulbs devoid of meninges were coronally sec-
tioned by a vibratome. Migrating SVZa cells were dissected, and
an explant of 200 –300 �m in diameter was embedded in a
collagen (Corning, CB-40236)–Matrigel (Corning, CB-40234)
gel (3:2:1 collagen/Matrigel/medium) in the center of each well
of 6-well glass-bottom tissue culture plates (MatTek, P06G-1.5-
14-F) and incubated at 37 °C, 5% CO2 for 30 min to allow the
gels to polymerize. Explants were incubated in DMEM (Corn-
ing, MT10013CM) supplemented with 10% FBS (Corning,
MT35011CV) containing 1 nM SLIT2, 10 nM Gremlin, 10 nM

Gremlin 	 1 nM SLIT2, 100 nM Gremlin, 100 nM Gremlin 	 1
nM SLIT2, 1000 nM Gremlin, or 1000 nM Gremlin 	 1 nM SLIT2
at 37 °C in 5% CO2. SLIT2 and Gremlin were diluted and incu-
bated together at 37 °C for 20 min before transferring the mix-
tures to the neurons embedded in polymerized collagen–
Matrigels. The SVZa assays were incubated for 48 h at 37 °C in
5% CO2. Cells were then washed in PBS and fixed overnight at
4 °C in 4% paraformaldehyde (Boston Bioproducts, BM-155).
Fixed neurons were stained overnight in PBS containing
Hoechst 33342 (Thermo Fisher Scientific, H3570, lot 1639150,
1:200). Wide-field fluorescence images were taken on the Oper-
etta High Content Imager (PerkinElmer Life Sciences) with a
10� 0.4 NA objective. Fifteen fields per well with 5% overlap
were taken to capture the entire center area of the well. A
Z-stack for each field was acquired consisting of six planes with
1 �m distance between each plane to capture the full depth of
the tissue explant. Images were analyzed using Volocity soft-
ware (PerkinElmer Life Sciences). All fields in each well were
stitched together. The area of the tissue explant in the center
and each nucleus outside of the tissue explant were detected by
Hoechst 33342 staining. Individual nuclei were counted, and
the distance of the center of each nucleus to the closest edge of
the tissue explant was measured in micrometers. The mean
migration distance of nuclei in the well was multiplied by the
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number of nuclei to obtain the total migration distance for each
well. SVZa experiments were approved by the Institutional
Animal Care and Use Committee (IACUC) at Boston Univer-
sity Medical Center (protocol 14388).

Cell culture

C2C12 myoblasts stably expressing the BMP-response ele-
ment from the Id1 gene cloned into the pGL3 luciferase vector
(C2C12BRE) (55) and NIH3T3 fibroblasts (ATCC CRL-1658)
were grown in DMEM (Gibco, 11995-065) containing 10% FBS
(Gibco, 16140-071) and 1% penicillin/streptomycin (Gibco,
15140-122) and incubated in a 5% CO2 atmosphere at 37 °C.
MRC5 fibroblasts (ATCC, CCL-171) were grown in Eagle’s
minimal essential medium (Corning, 10-009-CV) containing
10% FBS and 1% penicillin/streptomycin. Where indicated,
cells were serum-starved overnight and treated in low-serum
medium containing 0.5% FBS and 1% penicillin/streptomycin.

Luciferase activity assays

To measure BMP2 activity, C2C12BRE cells were plated in
96-well plates (Corning, 3903), serum-starved overnight, and
treated as indicated for 48 h with BMP2 or BMP2 in combina-
tion with Gremlin (Sigma, SRP3285) or Noggin (R&D Systems,
6057-NG-025) in low-serum media containing SLIT2 (Sigma,
SRP3155) or equivalent amounts of reconstitution buffer.
Luciferase activity was determined by incubating cells in
BriteLite luciferase substrate (PerkinElmer Life Sciences,
6066766) and measuring luminescence on a PHERAstar FS
microplate reader (BMG Labtech). To measure SLIT2 pro-
moter activity, a 1499-bp fragment of the human SLIT2 pro-
moter (hSLIT2P) (�1430 to 	69) was cloned into the
pGL4.26[luc2/minP/Hygro] vector (Promega, E844A) (62).
3T3 fibroblasts were transfected with 2.5 �g of hSLIT2P-
pGL4.26 DNA using Lipofectamine 2000 (Thermo Fisher Sci-
entific, 11668). Cells expressing the vector (3T3-hSLIT2P-luc)
were selected using 0.1 �g/ml hygromycin (Thermo Fisher Sci-
entific, 10687010). Cells were treated as described in 96-well
plates, and luciferase activity was determined by incubating
cells with ONE-Glo luciferase assay substrate (Promega,
E6110), and luminescence was measured on an EnVision
microplate reader (PerkinElmer Life Sciences).

SDS-PAGE and Western blotting

Total protein lysates were isolated from cells using 1� Cell
Lysis Buffer (Cell Signaling Technology, catalog no. 9803)
containing protease inhibitors (Roche Applied Science,
4693116001) and phosphatase inhibitors (Roche Applied Sci-
ence, 4906845001) according to the manufacturer’s directions.
Protein concentration was determined by BCA assay (Thermo
Fisher Scientific, 23227) against a BSA standard curve. Equal
amounts of protein were loaded onto 4 –12% BisTris gels
(Thermo Fisher Scientific, NP0335) or 3– 8% Tris acetate gels
(Thermo Fisher Scientific, EA0378) and subjected to electro-
phoresis. The proteins were transferred from the gels onto
nitrocellulose membranes (Thermo Fisher Scientific, IB23001
or IB23002) using an iBlot2 (Thermo Fisher Scientific). Mem-
branes were incubated in blocking buffer (LICOR, 927-50000)
and probed with antibodies against phospho-Smad1 (Ser-463/

465)/Smad5 (Ser-463/465)/Smad9 (Ser-465/467) (D5B10) (Cell
Signaling Technology, 13820S, lot 1, 1:1000), total Smad1
(D59D7) XP (Cell Signaling Technology, 6944S, lot 5, 1:1000),
SLIT2 (Novus, NBP2-20398, lot 40302, 1:1000), �/� tubulin
(Cell Signaling Technology, 2148S, lot 6, 1:1000), and SMAD4
(Novus, NBP2-24951, lot AB102003A-1, 1:1000). Signal was
detected using IRDye 800CW goat ant-rabbit IgG secondary
antibody (LICOR, 926 –32211, lot C60113-05, 1:15,000). West-
ern blottings were imaged on a LICOR Odyssey CLx using
infrared fluorescent detection. After probing with antibodies
against SMAD4, SLIT2, and phospho-SMAD1/5/9, the blots
were stripped with New Blot Nitro Stripping Buffer (LICOR,
928-40030) and reprobed with loading control antibodies. To
quantify SMAD4 and SLIT2 expression, �/� tubulin was used
as a loading control. To quantify phospho-SMAD1/5/9 levels,
total-SMAD1 was used as a loading control. Fluorescent inten-
sity of the loading control was measured for each sample, and a
relative value was calculated by dividing each value by the high-
est intensity. Then the fluorescence intensity of each band of
the target protein was divided by its corresponding relative
value of its loading control.

Immunofluorescence

MRC5 fibroblasts were grown in black 96-well plates
(PerkinElmer Life Sciences, 6005182), serum-starved over-
night, and treated as indicated with BMP2, Gremlin, and SLIT2.
Cells were fixed in 4% formaldehyde (Thermo Fisher Scientific,
28908) and blocked in PBS containing 5% goat serum (Sigma,
G9023) and 0.3% Triton X-100. Cells were stained overnight in
PBS containing 1% BSA and 0.3% Triton X-100 with total-
Smad1 (D59D7) XP (Cell Signaling Technology, 6944S, lot 5,
1:200) or phospho-Smad1 (Ser-463/465)/Smad5 (Ser-463/
465)/Smad9 (Ser-465/467) (D5B10) (Cell Signaling Technol-
ogy, 13820S, lot 1, 1:200), followed by goat anti-rabbit IgG
Alexa Fluor 647 (Thermo Fisher Scientific, A21244, lot
1726547, 1:1000) and Hoechst 33342 (Thermo Fisher Scientific,
H3570, lot 1639150, 1:5000) to visualize nuclei and HCS Cell
Mask Orange stain (Thermo Fisher Scientific, H32713, lot
1503627, 1:10,000) to visualize the entire cell. Cells were
imaged on an Operetta High Content Imager (PerkinElmer Life
Sciences) with a 20 � 0.45 NA objective at room temperature in
PBS. Nuclear intensity was measured in Harmony software by
calculating the intensity of SMAD1 staining in the nucleus as
defined by Hoechst 33342 staining. Whole cells were defined by
HCS Cell Mask Orange stain.

Quantitative real time PCR (RT-qPCR)

RNA was harvested from cells using the RNeasy Plus mini kit
(Qiagen, 74136) according to the manufacturer’s instructions,
and cDNA was generated using a high-capacity RNA-to-cDNA
kit (Thermo Fisher Scientific, 4387406). Between 5 and 20 �g of
cDNA were amplified using TaqMan Assays (Table S4) and
TaqMan Master Mix (Thermo Fisher Scientific, 4369016) on a
Viia7 real-time PCR system (Thermo Fisher Scientific). Ampli-
fication results were quantified using the comparative Ct
method. ZNF592 expression served as an internal endogenous
control.
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BMP receptor inhibition

To inhibit BMP receptor activity, MRC5 fibroblasts and 3T3-
hSLIT2P-luc fibroblasts were pre-treated for 1 h with the indi-
cated amounts of DMH1 (Sigma, D8946), an ALK2 inhibitor
(60). Equivalent amounts of DMSO were used as controls. Cells
were then treated with the indicated amounts of BMP2 for 48 h.

siRNA

MRC5 fibroblasts were transfected with siRNA targeting
SMAD4 (Sigma, EHU01867) or negative control siRNA (Sigma,
SIC001). 3T3 fibroblasts stably expressing the human SLIT2
promoter luciferase construct were transfected with siRNA tar-
geting Smad4 (Thermo Fisher Scientific, 155234) or negative
control siRNA (Thermo Fisher Scientific, AM4611). Cells were
transfected using Lipofectamine RNAiMAX (Thermo Fisher
Scientific, 13778150) according to the manufacturer’s instruc-
tions. Knockdown was confirmed using both Western blotting
and RT-qPCR.

Chromatin immunoprecipitation assays

3T3-hSLIT2P-luc were serum-starved overnight and treated
with 5 nM BMP2 for about 4 h. The cells were cross-linked with
1% formaldehyde, and chromatin was harvested, digested, and
analyzed using a SimpleChip plus kit (Cell Signaling Technol-
ogy, 9005) according to the manufacturer’s directions. Immu-
noprecipitations were performed with antibodies against nor-
mal rabbit IgG (Cell Signaling Technology, 2729, lot 7),
SMAD1, and SMAD4 (Cell Signaling Technology, 38454, lot 2)
according to manufacturer’s directions. Primer sets were
designed against various regions of the human SLIT2 promoter
(Fig. S2), and DNA was amplified by PCR using a hot start DNA
polymerase (Thermo Fisher Scientific, EP1712). Amplified
DNA was loaded onto 1.5% agarose gels containing 1� SYBR
Safe DNA gel stain (Thermo Scientific, S33102) and run at 150
V for about 45 min. Bands were imaged on a E-Gel Imager (Life
Technologies, Inc.).

Stem cell differentiation

Undifferentiated H9 ES cells were licensed from Wisconsin
Alumni Research Foundation, which has been verified as com-
pliant with Pfizer policies. Stem cells were cultured in a feeder-
free system on ES cell-qualified Matrigel-coated tissue culture
plates (Corning, 354277). Cells were plated in mTESR1 media
(Stem Cell Technologies, 05850) containing 2 �M Thiazovivin
(Tocris, 3845) for 24 h. Cells were refed every day with fresh
mTESR1 media without added Thiazovivin. To differentiate
stem cells into nephron-like cells, 8 � 104 cells were plated onto
Matrigel-coated 6-well plates in mTESR1 media containing 2
�M Thiazovivin. Cells were cultured in mTESR1 for 72 h, with
media changes every day (Thiazovivin was only added at the
time of plating). After 72 h in mTESR1, cells were cultured in
differentiation media made up of Advanced RPMI 1640
medium (ARPMI) (Thermo Fisher Scientific, 12633-020) and 2
mM GlutaMax (Thermo Fisher Scientific, 35050-061) and sup-
plemented as described previously (Fig. 6A) (69). Briefly, cells
were cultured for 96 h in 8 �M CHIR99021 (Tocris, 4423) in
ARPMI to induce differentiation toward the late primitive

streak. Then the cells were cultured in 10 ng/ml activin A (R&D
Systems, 338-AC-10) in ARPMI to promote the late intermedi-
ate mesoderm stage. After 72 h, cells were switched to 10 ng/ml
FGF9 (R&D Systems, 273-F9 – 025) in ARPMI for 48 h to pro-
mote metanephric mesenchyme induction. To promote pre-
tubular aggregate formation, cells were cultured in 10 ng/ml
FGF9 and 3 �M CHIR99021 in ARPMI for 48 h. Then the cells
were switched back to 10 ng/ml FGF9 to induce renal vesicle
formation for 72 h. Finally, the cells were maintained in basal
ARPMI media for 7 more days to promote nephron-like cell
differentiation. Expression of markers of each stage of differen-
tiation was measured by RT-qPCR.

Statistical analyses

Each experiment was performed a minimum of three inde-
pendent times. Data are represented as mean � S.D. Statistical
analyses were performed by using one-way ANOVA or two-
way ANOVA, and significance was determined at p � 0.05.
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