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Figure 1. Multiple guidance cue receptors interact with ribosomes. (A) Volcano plots showing statistically enriched proteins in DCC-IP and Nrp1-IP

samples identified by permutation-based FDR-corrected t-test based on three biological replicates. The LFQ intensity of the DCC or Nrp1 pulldowns

Figure 1 continued on next page
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Figure 1 continued

over IgG pulldowns are plotted against the -log10 p-value. FDR < 0.05; S0 = 2. (B) Gene enrichment analysis of statistically enriched proteins in the

DCC and Nrp1 pulldown samples. The values in each circle denotes protein count. (C–F) Western blot validation of RP co-immunoprecipitation with

DCC, Nrp1 and Robo2 but not with EphB2. Each Western blot was repeated 2 to 4 times, representative images are shown. (G–J) Relative 18S and 28S

ribosomal RNA abundance after control (IgG) pulldown or receptors pulldowns shows enrichment of rRNA in DCC, Nrp1, and Robo2 but not EphB2

pulldowns (unpaired two-tailed t-test; three biological replicates). Bars indicate means, error bars indicate standard deviation; *p<0.05.
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Figure 1—figure supplement 1. Multiple guidance cue receptors interact with ribosomes in SH-SY5Y cells. (A–C) Western blot validation of RP co-

immunoprecipitation with DCC, Nrp1 and Robo2 in SH-SY5Y cells. Western blots were repeated 2 to 4 times, Rps4X Western blots are from one

experiment, representative examples are shown. (D–E) Relative 18S and 28S ribosomal RNA abundance after control (IgG) pulldowns or receptor

pulldowns shows enrichment of rRNA in DCC and Nrp1 IPs in SH-SY5Y cells (unpaired two-tailed t-test; three biological replicates; Bars indicate mean,

error bars indicate standard deviation. *p<0.05).

Koppers et al. eLife 2019;8:e48718. DOI: https://doi.org/10.7554/eLife.48718 4 of 17

Research article Developmental Biology Neuroscience

https://doi.org/10.7554/eLife.48718


+ EDTA 40S (18S rRNA)

60S (28S rRNA)

+ RNase A/T1 release of RBPs

A

kDa IP
 D

CC

IP
 m

s-
Ig

G

IP
 D

CC +
 E

DTA

IP
 D

CC +
 R

Nase
 A

/T
1

α-DCC

18S rRNA 28S rRNA

0.0

0.5

1.0

1.5
Mouse IgG IP

DCC IP

DCC IP + EDTA

DCC IP + RNase A/T1

R
e

l. 
rR

N
A

 a
b

u
n

d
a

n
ce

DCC IP

***
***

***

***
***

***

n.s.

n.s. n.s.

n.s.

α-RPS3A

α-RPS26

DCC IP Western blot quantification

Nrp1 IP

Nrp1 IP + EDTA

Nrp1 IP + RNase A/T1

Nrp1 IP Western blot quantification

P
ro

te
in

 le
v

e
ls

 n
o

rm
a

liz
e

d

to
 N

rp
1

B

150 -

30 -

16 -

kDa IP
 N

rp
1

IP
 rb

-Ig
G

IP
 N

rp
1 +

 E
DTA

IP
 N

rp
1 +

 R
Nase

 A
/T

1

α-Nrp1

α-RPS3A

α-RPS26

102 -

30 -

16 -

C

H

Rabbit IgG IP

Nrp1 IP

Nrp1 IP + EDTA

Nrp1 IP + RNase A/T1

0.0

0.5

1.0

1.5

18S rRNA 28S rRNA

Neuropilin-1 IP

n.s.

n.s. n.s.

n.s.

***

******
***

***
***

R
e

l. 
rR

N
A

 a
b

u
n

d
a

n
ce

G

D

EDTA treatment

RNase A/T1 treatment

RPS3A

RPS26
0.0

0.5

1.0

1.5

***

***

***

***

lo
g

1
0
 (

F
D

R
)

15

10

5

0

log
2
(fold change)

0 5-5 10-10

DCC enriched

Nrp1 enriched

not di"erential

DCC IP

DCC IP + EDTA

DCC IP + RNase A/T1

P
ro

te
in

 le
v

e
ls

 n
o

rm
a

liz
e

d

to
 D

C
C

0.0

0.5

1.0

1.5

RPS3A

RPS26

***
***

***

**

Snrpd1
Trim28
Fyttd1
Hnrnpa2b1
Snrpe
Strap
Ptbp1
Tpd52l2
Snrpb2
Erh
Lgals3
Thoc6
Tcp1
Thoc1
Cct6a
Zc3h11a
Elavl3
Thoc2
Fam120c
Elavl1
Myo5a
eIF3i
eIF3d
Dars
Cct3
Rbm8a
Hist1h4d
Pspc1
Map2
Fxr1
Kpnb1
Myo18a
Myh9
Ktn1
Macf1
Stau1
Prkra
Chtop
Ddx6
Snrnp40
Txn
Ahnak
Upf1
Cltc
eIF3f
Ilf2
Ddx39a
Magoh

LFQ intensity

Not signi#cant

20 30

Replicate: 1      2      3

DCC Nrp1

1      2      3

Both

Color key
E

117 135

DCC-RBPs colocalization

Sta
ufe

n1

hnRNPA2B1
0.0

0.2

0.4

0.6

0.8

1.0

M
a

n
d

e
r’

s 
O

v
e

rl
a

p
 C

o
e

$
ci

e
n

t

Sta
ufe

n1

hnRNPA2B1
0.0

0.2

0.4

0.6

0.8

Nrp1-RBPs colocalization

M
a

n
d

e
r’

s 
O

v
e

rl
a

p
 C

o
e

$
ci

e
n

t 114 114
***

F

Staufen1 targets

hnRNPA2B1 targets

Fold change Log2 (Nrp1/DCC)

-10 -5 0 -5 10
1
0 5 0 5

1
0

Figure 2. Receptor-ribosome coupling is mRNA dependent and DCC and Nrp1 bind to specific RBPs and mRNAs. (A) Relative 18S and 28S ribosomal

RNA abundance after control (IgG) pulldown or receptors pulldowns with or without EDTA or RNase A/T1 treatments (two-way ANOVA with

Figure 2 continued on next page
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Figure 2 continued

Bonferroni’s multiple comparisons test; three biological replicates; Bars indicate mean, error bars indicate standard deviation; ***p<0.0001). (B) Western

blot analysis and quantification of ribosomal proteins after DCC and (C) Nrp1 pulldowns. (two-way ANOVA with Bonferroni’s multiple comparisons test;

three biological replicates; Bars indicate mean, error bars indicate standard deviation; **p<0.01; ***p<0.0001). (D) Hierarchically-clustered heatmap of

detected RBPs after DCC and Nrp1 pulldown. LFQ intensities are plotted for each IP-MS replicate. (E) Mander’s overlap coefficients analysed using

dual immunohistochemistry of DCC and Staufen1 or hnRNPA2B1 in axonal growth cones (unpaired two-tailed t-test; three biological replicates;

individual data points are shown, error bars indicate SEM; p=0.03913). (F) Mander’s overlap coefficients analysed using dual immunohistochemistry

Nrp1 and Staufen1 or hnRNPA2B1 in axonal growth cones (unpaired two-tailed t-test; three biological replicates; individual data points are shown, error

bars indicate SEM; p=0.00161). (G) Volcano plot showing differential expression analysis for DCC and Nrp1 pulldowns. (H) Enrichment analysis plot of

known RBP targets of Staufen1 and hnRNPA2B1 detected in RNA-sequencing data after DCC and Nrp1 pulldown (individual data points are shown,

error bars indicate standard deviation, Mann-Whitney test, Wilcoxon rank sum test DCC versus Nrp1; p=0.001511).
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Figure 2—figure supplement 1. Polysome fractionation analysis, RNase sensitivity of Nrp1-Staufen1 interaction and additional RNA-seq analyses. (A)

Control and (B) EDTA treated polysome fractions and Western blot showing the distribution of DCC and Nrp1 across fractions. (C) Relative

Figure 2—figure supplement 1 continued on next page
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Figure 2—figure supplement 1 continued

quantification of DCC and Nrp1 protein levels in ribosome-free and ribosomal fractions for control and EDTA-treated samples (DCC control n = 2, DCC

EDTA n = 2, Nrp1 control n = 2, Nrp1 EDTA n = 1; Bars indicate mean, errors bars indicate standard deviation). (D) UV absorbance profiles after

sucrose density gradient fractionation for control and RNAseA/T1 treated lysates. (E) Western blot analysis and quantification of Staufen1 after Nrp1

pulldowns. (paired t-test; three biological replicates; bars indicate mean, error bars indicate standard deviation; p=0.0136). (F) Bioanalyzer gel analysis

of RNA. (G) Distance matrix showing a high correlation between replicates and a distinct signature between samples. (H) Gene ontology enrichment

plot of mRNAs after DCC or (I) Nrp1 pulldowns.
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Figure 3. DCC and Nrp1 are in close proximity to ribosomes in axonal growth cones in a cue-dependent manner. (A) Expansion imaging shows partial

co-localization of DCC and (B) Nrp1 with ribosomal proteins (Scale bars, 5 mm). (C) Representative proximity ligation assay signal in axonal growth

Figure 3 continued on next page
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Figure 3 continued

cones between DCC and RPL5/uL18, RPS4X/eS4 or IgG control (Scale bars, 5 mm). (D) Representative proximity ligation assay signal in axonal growth

cones between Nrp1 and RPS3A/eS1, RPS23/uS12 or IgG control (Scale bars, 5 mm). (E) Representative PLA signal in axonal growth cones between

EphB2 and RPL5/uL18 (left) and quantification of PLA signal in axonal growth cones compared to DCC-RPL5/uL18 or Nrp1-RPS23/uS12 (right) (Mann-

Whitney test; three biological replicates; bars indicate mean, error bars indicate SEM, ***p<0.0001; Scale bars, 5 mm). (F) EM image of an unstimulated

axonal growth cone showing ribosomes aligned in a row (red arrows) under plasma membrane (PM). Inset shows the growth cone at lower

magnification; the red box indicates the area shown in higher magnification. The section glances through the extreme surface of growth cone, where it

attaches to the culture dish, giving rise to areas that lack subcellular structure. (G) Distribution frequency of the inter-ribosome distance in nm of

ribosomes in axonal growth cones (n = 20) or in RGC soma (n = 5). All distances larger than 100 nm were pooled together. (H, I, J, K) Quantification of

PLA signal in cue-stimulated axonal growth cones relative to control (unpaired two-tailed t-test; bars indicate mean, error bars indicate SEM;

***p<0.0001; *p=0.0423; for n.s. in J p=0.3522; for n.s. in K, p=0.885). (L) Relative PLA quantification of DCC and RPL5/uL18 compared to control after

Dynasore pre-treatment (50 mM for 20 min), Netrin-1, or Netrin-1 + Dynasore (one-way ANOVA with Bonferroni’s multiple comparisons test; bars

indicate mean, error bars indicate SEM; p=0.001027 for Control vs. Netrin-1, p=0.000402 for Netrin-1 vs Netrin-1 + Dynasore, p=0.590377 for Control vs.

Dynasore, p=0.384848 for Control vs Netrin + Dynasore). For all PLA experiments, numbers in bars indicate total number of growth cones quantified

from at least three independent experiments.
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Figure 3—figure supplement 1. DCC and Nrp1 are in close proximity to ribosomes in axonal growth cones in a cue-dependent manner. (A) Pearson’s

Correlation coefficients of DCC-RPL5/uL18 and Nrp1-RPS3A/eS1 from expanded axonal growth cones (data obtained from four biological replicates,

Figure 3—figure supplement 1 continued on next page
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Figure 3—figure supplement 1 continued

bars indicate mean, error bars indicate SEM). (B) PLA images showing DCC and RPL10A/uL1 are in close proximity in axonal growth cones, whereas

DCC and IgG control generates little to no PLA signal. Scale bars, 5 mm. (C–E) EM images of an unstimulated axonal growth cone (C), a growth cone

lamellipodium (D) and a retinal ganglion cell body (E). Ribosomes can be seen aligned in rows (red arrows) or isolated (white arrow) under the plasma

membrane and as polysomes (blue arrows) in the cell body. (F) PLA signal between DCC and hnRNPA2B1 does not decrease after a 2 min Netrin-1

stimulation in axonal growth cones (Mann-Whitney test; bars indicate mean, error bars indicate SEM; p=0.2886; representative PLA images are shown).

(G) Sema3A stimulation at protein-synthesis independent concentration does not decrease puromycin levels in axonal growth cones (Mann-Whitney

test; bars indicate mean, error bars indicate SEM; p=0.2487; representative images are shown) or (H) PLA signal between Nrp1 and RPS3A/eS1 (Mann-

Whitney test; bars indicate mean, error bars indicate SEM; p=0.2555). For all Expansion microscopy, PLA and QIF experiments, numbers in bars indicate

amount of growth cones quantified collected from at least three independent experiments.
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Figure 4. EphrinA1 co-stimulation blocks Netrin-1 induced receptor-ribosome dissociation and selective translation. (A) Relative PLA quantification of

DCC and RPL5/uL18 compared to control after Netrin-1, EphrinA1, or co-stimulation (one-way ANOVA with Bonferroni’s multiple comparisons test; bars

indicate mean, error bars indicate SEM; **p<0.01). (B, C) Puromycin QIF relative to control after Netrin-1, EphrinA1 or co-stimulation (one-way ANOVA

Figure 4 continued on next page
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Figure 4 continued

with Bonferroni’s multiple comparisons test; bars indicate mean, error bars indicate SEM; ***p<0.0001). (D) Relative mRNA quantification after DCC IP

of hnrnph1 and ctnnb1 mRNA (unpaired t-test with Welch’s corrections on dCT values; three biological replicates; bars indicate mean, error bars

indicate SEM; *p=0.02 for hnrnph1; **p=0.0018 for ctnnb1). (E, F) b-Catenin QIF relative to control after Netrin-1, EphrinA1, Sema3A or Netrin-1 and

EphrinA1 co-stimulation (one-way ANOVA with Bonferroni’s multiple comparisons test; bars indicate mean, error bars indicate SEM; ***p<0.0001). (G,

H) hnRNPH1 QIF relative to control after Netrin-1, EphrinA1, Sema3A or Netrin-1 and EphrinA1 co-stimulation (one-way ANOVA with Bonferroni’s

multiple comparisons test; bars indicate mean, error bars indicate SEM; ***p<0.0001; *p=0.0164). Scale bars, 5 mm. For all QIF experiments, numbers in

bars indicate amount of growth cones quantified collected from at least three independent experiments.

Koppers et al. eLife 2019;8:e48718. DOI: https://doi.org/10.7554/eLife.48718 14 of 17

Research article Developmental Biology Neuroscience

https://doi.org/10.7554/eLife.48718


B
Control

Netrin

Ephrin-A1

Netrin + EphrinA1

0

50

100

150

p
E

R
K

1
/2

 IF
 in

te
n

si
ty

(n
o

rm
a

liz
e

d
 t

o
 c

o
n

tr
o

l)

C

D

Control Sema3A Netrin-1

R
P

S
1

4

111 106 138
0

50

100

150

n.s.

Control Netrin-1

Sema3A (150ng/ml)

*

***

R
P

S
1

4
 IF

 in
te

n
si

ty

(n
o

rm
a

liz
e

d
 t

o
 c

o
n

tr
o

l)

R
P

S
1

4

Control Netrin-1 EphrinA1 Netrin-1 + EphrinA1

Max

Min

p
E

R
K

1
/2

Control Netrin-1 EphrinA1 Netrin-1 + EphrinA1

Max

Min

E

Rps14 mRNA

re
la

ti
v

e
 m

R
N

A
 le

v
e

l

(n
o

rm
a

liz
e

d
 t

o
 Ig

G
)

IgG IP DCC IP

0

5

10

15

***

0

50

100

150

Control

Netrin-1

Ephrin-A1

Netrin-1 + EphrinA1

R
P

S
1

4
 IF

 in
te

n
si

ty

(n
o

rm
a

liz
e

d
 t

o
 c

o
n

tr
o

l)

183 144 103 55

n.s.
n.s.

***
*

A

0

50

100

150

Nrp1-RPS23 PLA

**

Control

Sema3A

Ephrin-A1

Sema3A + EphrinA1

133 193 194 162

**

***

*
n.s.

R
e

l. 
P

L
A

 s
ig

n
a

l (
p

u
n

ct
a

/μ
m

2
)

(n
o

rm
a

li
ze

d
 t

o
 c

o
n

tr
o

l)

90 91 93 92

***
***

***

Figure 4—figure supplement 1. EphrinA1 co-stimulation blocks Netrin-1 induced receptor-ribosome dissociation and selective translation of rps14. (A)

Relative PLA quantification of Nrp1 and RPS23/uS12 compared to control after Sema3A, EphrinA1, or co-stimulation with Sema3A and EphrinA1 (one-

Figure 4—figure supplement 1 continued on next page
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Figure 4—figure supplement 1 continued

way ANOVA with Bonferroni’s multiple comparisons test; bars indicate mean, error bars indicate SEM; *p=0.032078; **p<0.018577; ***p<0.001). (B)

pERK1/2 QIF relative to control after Netrin-1, EphrinA1 or Netrin-1 and EphrinA1 co-stimulation (one-way ANOVA with Bonferroni’s multiple

comparisons test; bars indicate mean, error bars indicate SEM; ***p<0.0001). (C) Relative mRNA quantification after DCC IP of rps14 mRNA (unpaired t-

test with Welch’s corrections on dCT values; three biological replicates; bars indicate mean, error bars indicate SEM; ***p=0.0003). (D) RPS14 QIF

relative to control after Netrin-1, EphrinA1 or Netrin-1 and EphrinA1 co-stimulation (one-way ANOVA with Bonferroni’s multiple comparisons test; bars

indicate mean, error bars indicate SEM; ***p<0.0001; *p=0.026544). (E) RpsRPS14 QIF relative to control after Netrin-1 or Sema3A stimulation (one-way

ANOVA with Bonferroni’s multiple comparisons test; bars indicate mean, error bars indicate SEM; ***p<0.0001; *p<0.05). Scale bars, 5 mm. For all QIF

experiments the numbers in bars indicate amount of growth cones quantified collected from three independent experiments.

Koppers et al. eLife 2019;8:e48718. DOI: https://doi.org/10.7554/eLife.48718 16 of 17

Research article Developmental Biology Neuroscience

https://doi.org/10.7554/eLife.48718


Nrp1DCC

Receptor-speci�c 

RBPs/mRNAs

Translation of mRNA 

subset A

Translation of mRNA 

subset B

Sema3ANetrin-1

PlexinA1? Nrp1DCC

mRNA release from RBPs 

and

ribosome dissociation

Receptor-speci�c 

RBPs/mRNAs Staufen1

AAA

AAA

Co-stimulation 

w/ EphrinA1

AAA

AAA

hnRNPA2B1

Basal

Cue stimulation

RBP

R
B

P

RBP

R
B

P

hnRNPA2B1

RBP

Staufen1

R
B

P

mRNA release from RBPs 

and

ribosome dissociation

Figure 5. Model diagram depicting the proposed interactions between receptors, RBPs, mRNAs and ribosomes under basal and cue stimulation

conditions.
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