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ABSTRACT
The Jun Kinase (JNK) signaling pathway responds to diverse stimuli by appropriate and specific cellular
responses such as apoptosis, differentiation or proliferation. The mechanisms that mediate this specificity
remain largely unknown. The core of this signaling pathway, composed of a JNK protein and a JNK kinase
(JNKK), can be activated by various putative JNKK kinases (JNKKK) which are themselves downstream of
different adaptor proteins. A proposed hypothesis is that the JNK pathway specific response lies in the
combination of a JNKKK and an adaptor protein upstream of the JNKK. We previously showed that the
Drosophila homolog of pRb (Rbf1) and a mutant form of Rbf1 (Rbf1D253A) have JNK-dependent pro-
apoptotic properties. Rbf1D253A is also able to induce a JNK-dependent abnormal proliferation. Here, we
show that Rbf1-induced apoptosis triggers proliferation which depends on the JNK pathway activation.
Taking advantage of these phenotypes, we investigated the JNK signaling involved in either Rbf1-induced
apoptosis or in proliferation in response to Rbf1-induced apoptosis. We demonstrated that 2 different JNK
pathways involving different adaptor proteins and kinases are involved in Rbf1-apoptosis (i.e. Rac1-dTak1-
dMekk1-JNK pathway) and in proliferation in response to Rbf1-induced apoptosis (i.e., dTRAF1-Slipper-JNK
pathway). Using a transient induction of rbf1, we show that Rbf1-induced apoptosis activates a
compensatory proliferation mechanism which also depends on Slipper and dTRAF1. Thus, these 2 proteins
seem to be key players of compensatory proliferation in Drosophila.
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Introduction

The retinoblastoma protein (pRb) is inactivated in a wide vari-
ety of cancers.1 It plays important roles in many processes
implicated in cell fate decisions such as proliferation, apoptosis
and differentiation. Consistent with its tumor suppressor role,
pRb inhibits cell proliferation.2 Contrarily to this well character-
ized role in cell cycle regulation, its role in apoptosis remains
poorly understood. Indeed, pRb has been found to be either
pro- or antiapoptotic.3-8 However, the precise conditions gov-
erning pRb properties in apoptosis remain unknown. Interest-
ingly, pRb is stabilized in response to DNA damage.9 Moreover,
pRb is required to upregulate pro-apoptotic genes transcription
and cell death after a genotoxic stress both in vivo and in vitro.4

To further clarify how the cell status impacts the role of pRb
toward apoptosis regulation, Drosophila has been used as a
model organism. The overexpression of rbf1 induces apoptosis
in proliferative tissues, whereas no cell death is triggered by rbf1
expression in post-mitotic cells.10 Therefore, in Drosophila
overexpression of rbf1 can mimic pRb stabilization in response
to DNA damage and used to study its pro-apoptotic function.

In addition, a form of Rbf1 mutated at a putative conserved
caspase cleavage site, Rbf1D253A, retains Rbf1 pro-apoptotic
properties, but is also able to increase cell proliferation leading

to an overgrowth phenotype.11 This phenotype illustrates the
role of Rbf1 in tissue homeostasis and suggests that Rbf1D253A

could stimulate a compensatory proliferation mechanism. Acti-
vation of the JNK (Jun N-terminal kinase) pathway is required
both for Rbf1 and Rbf1D253A-induced apoptosis and for
Rbf1D253A-induced overgrowth phenotype. Thus, fly constitutes
a good animal model system to study pro-apoptotic properties
of a pRb homolog in vivo in a simple genetic background.

The JNK signaling pathway is conserved among metazoans. It
plays an important role in different processes such as tissue mor-
phogenesis, wound healing, immunity, programmed cell death
or aging.12,13 It consists of a kinase cascade leading to the phos-
phorylation and activation of the JNK proteins. The activated
JNK translocates into the nucleus where it phosphorylates tran-
scription factors, thus modulating transcriptional activation of
target genes. JNK is activated by JNKKs which are themselves
activated by a great number of JNKKKs.14 Another level of com-
plexity lies in the mode of activation of the JNKKKs which
involves different adaptor proteins: small GTPases of the Ras
superfamily, kinases (i.e. : Msn) or scaffold proteins such as
Traf1 (TNF receptor associated factor 1). Despite extensive prog-
ress in the understanding of the JNK pathway, the mechanisms
by which it contributes to pleiotropic effects are poorly defined.
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Here, we used Rbf1 and Rbf1D253A-induced phenotypes to
tackle the problem of JNK signaling specificity in vivo. We
identified the specific adaptor proteins and JNKKKs responsi-
ble for the JNK activation leading to apoptosis or proliferation
and showed that rbf1-induced apoptosis stimulates a JNK path-
way-dependent compensatory proliferation

Results

Both rbf1-induced apoptosis and proliferation in response
to apoptosis involve a JNK pathway activation

We previously demonstrated that Rbf1D253A, a mutant form
of Rbf1, induces both apoptosis and an overgrowth wing pheno-
type associated with JNK pathway-dependent abnormal

non-cell autonomous proliferation. We hypothesized that this
mutant form of Rbf1 could deregulate an apoptosis-induced pro-
liferation (AiP) mechanism.10 To test this hypothesis, we first
determined whether rbf1-induced apoptosis promotes compen-
satory proliferation. We performed simultaneously a TUNEL
staining to detect apoptotic cells and an anti-phospho-histone
H3 (PH3) staining to label mitotic cells in wing imaginal discs
of en-Gal4/C and en-Gal4/C; UAS-rbf1/C third instar larvae.
The en-Gal4 driver allows the expression of rbf1 specifically in
the posterior compartment of the wing imaginal disc. We used
anti-Ci antibodies to stain the anterior compartment and mark
out the posterior compartment (Figure 1A and E). As expected,
numerous apoptotic cells were observed in the posterior com-
partment of en-Gal4/C; UAS-rbf1/C wing discs, compared with
enGal4/C control wing disc (Figure 1B, F and F’). Interestingly,

Figure 1. rbf1-induced apoptosis triggers cell proliferation and JNK signaling pathway activation in wing imaginal discs. (A, E, I) anti-Ci staining used to visualize the ante-
rior domain in wing pouch imaginal discs from en-Gal4/C or en-Gal4/C; UAS-rbf1/C or en-gal4/de2f276Q1; UAS-rbf1/C third instar larvae. A line indicates the antero-poste-
rior frontier and the posterior compartment is on the right side. (B, F, J) Visualization of apoptotic cells by TUNEL staining in wing pouch imaginal discs of previously
described genotypes. (C, G, K) Visualization of mitotic cells by PH3 staining in wing pouch imaginal discs of previously described genotypes. (F’, G’ H’) High magnification
from F, G and H. (D, H, L) Merge of anti-Ci, TUNEL and PH3 staining. (M, N) Visualization of b-Galactosidase in wing pouch imaginal discs from en-Gal4/puc-LacZ or en-
Gal4/puc-LacZ; UAS-rbf1/C third instar larvae. (O) Visualization of b-Galactosidase and PH3 staining in wing pouch imaginal discs from en-Gal4/puc-LacZ; UAS-rbf1/C. (P)
Visualization of b-Galactosidase and TUNEL staining in wing pouch imaginal discs from en-Gal4/puc-LacZ; UAS-rbf1/C. Arrows showed double labeled cells.
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an increase in PH3 staining was observed in the rbf1-expressing
compartment (Figure 1C, G and G’; Figure S1) compared with
control. Moreover we observed TUNEL and PH3 labeling in
adjacent cells in en-Gal4/C; UAS-rbf1/C wing imaginal disc
(Figure 1H’) showing that proliferating cells are close to dying
cells. We next tested whether this increase of proliferation is
dependent on the presence of apoptotic cells. Since rbf1-induced
apoptosis requires the dE2F2 transcription repressor and is
inhibited in a heterozygous de2f2 mutant background,15 we used
the de2f276Q1 loss of function mutant to inhibit rbf1-induced
apoptosis. The inhibition of apoptosis in en-Gal4/de2f276Q1;
UAS-rbf1/C wing imaginal discs was associated with a reduction
of PH3 staining compared with en-Gal4/C; UAS-rbf1/C
(Figure 1J, K). A similar result was obtained when apoptosis was
decreased in a debcl loss of function context (unpublished data).
Thus, the proliferation increase observed in rbf1 overexpressing
discs was triggered in response to apoptosis.

JNK signaling pathway can be associated with both apopto-
sis and proliferation processes. To investigate in which cells the
JNK pathway is activated consecutively to rbf1 expression, we
used the puc-LacZ reporter, which monitors JNK activity.16

rbf1 overexpression caused an activation of the JNK signaling
both in apoptotic and in proliferative cells, as PH3 or TUNEL
positive cells were detected by the presence of b-Gal staining
(Figure 1M-P). Thus the JNK pathway is activated in both apo-
ptotic and proliferating cells.

Altogether, these data indicate that rbf1-induced apoptosis
triggers cell proliferation in response to apoptosis and that both
events were associated with an activation of the JNK signaling
pathway.

The specific adaptor dRac1 and the dTak1 and dMekk1
kinases are required for rbf1-induced apoptosis

JNK signaling pathway involves a kinase cascade composed of
different MAP Kinases (Figure 2A). By co-expressing rbf1 with
a bsk-RNAi to disrupt the JNK pathway, we showed that the
JNK Bsk was required for Rbf1-induced apoptosis.11 In this
study, we tested the involvement of JNK pathway effectors
using at least 2 mutant or RNAi lines per effector (Tables S1
and 2). RNAi efficiency has been confirmed previously.17,18

First, to check that the Jun-related antigen (Jra) and the Kayak
(Kay) transcription factors were necessary, we performed
genetic interaction assays. We took advantage of the fact that
overexpression of rbf1, with the vestigial (vg)-Gal4 driver indu-
ces notches along the wing margin whose number is correlated
with the amount of apoptosis in wing imaginal discs of third
instar larvae.10, Thus, we tested whether rbf1-induced adult
phenotypes and rbf1-induced apoptosis were altered in a
jraIA109 loss of function mutant heterozygous background.
Rbf1-induced wing phenotypes were classified into 4 categories
according to the number of notches: wild type (no notch),
weak, intermediate and strong (Figure 2B). When rbf1 was
overexpressed in a jraIA109 heterozygous background, a signifi-
cant shift toward weaker phenotypes was observed compared
with overexpression of rbf1 alone (Figure 2C), showing that jra
is necessary for rbf1-induced wing notches phenotype. To con-
firm that jra was involved in rbf1-induced apoptosis, we per-
formed TUNEL assays on wing imaginal discs of larvae

expressing rbf1 under control of en-Gal4 driver (Figure 2F) and
quantified the number of apoptotic cells, specifically in the
rbf1-overexpressing posterior domain. The number of TUNEL-
labeled cells was significantly weaker in en-Gal4/ jraIA109;
UAS-rbf1/C wing imaginal discs compared with en-Gal4/C;
UAS-rbf1/C discs (Figure 2F-G and J), confirming that the phe-
notypic distribution shift was correlated with the amount of
apoptosis in larvae. We then assessed the involvement of Kay
transcription factor, as well as Hep and Mkk4 JNKK in rbf1-
induced apoptosis. Fly and larvae co-expressing either RNAi-
kay, RNAi-hep or RNAi-mkk4 together with rbf1 were analyzed.
The partial depletion of Kay transcription factor or Hep JNKK
suppressed both rbf1-induced notches phenotype and apopto-
sis, whereas RNAi-mkk4 had no effect on these phenotypes
(Table 1). The involvement of kay and hep in Rbf1-induced
apoptosis was confirmed by using other RNAi or mutant lines
(Table S1). Altogether, these results indicate that in addition to
Bsk,11 Jra, Kay and Hep have a pivotal role in rbf1-induced
apoptosis.

The JNK signaling pathway can be activated by a wide
range of stimuli involving many adaptor proteins and JNKKK
(Figure 2A). Thus, we tested whether a specific cascade was
necessary for rbf1-induced apoptosis. In order to probe the
role of 4 JNKKKs and 5 adaptor proteins in rbf1-induced apo-
ptosis, we used several specific RNAi or mutants for each gene
to perform genetic interaction tests and TUNEL stainings.
The results obtained are summarized in Table 1 and Table S1.
The wing phenotypic distribution, TUNEL staining and quan-
tification are shown for dtak1 and rac1 in Figure 2D, H, K
and E, I, L respectively. We found a significant rescue of rbf1-
induced adult phenotypes and a decrease of rbf1-induced apo-
ptosis for 2 of the JNKKKs tested, dTak1 and dMekk1, and
for only one adaptor protein, Rac1 (Table 1). On the contrary,
the alteration of the levels of dASK1, Slipper, dTRAF1,
dTRAF2, Dsh and TAB2 had no effect on rbf1-induced
notches phenotype and apoptosis. The involvement of dtak1,
dmekk1 and rac1 in Rbf1-induced apoptosis was confirmed
using other RNAi or mutant lines (Table S1). All these results
indicate that a Rac1/dTak1-dMekk1/Hep/Bsk JNK pathway is
necessary for the activation of Jra-Kay transcription factors
which induce apoptosis in response to rbf1 overexpression in
the wing disc cells.

The specific adaptor dTRAF1 and the kinase Slipper are
required for rbf1D253A-induced overgrowth phenotype and
rbf1-induced proliferation in response to apoptosis

The overexpression of the rbf1D253A mutant form induces both
notches and overgrowth wing phenotype as shown Figure 3A.
We previously showed that the kinase Bsk mediates rbf1D253A-
induced apoptosis, and is responsible for rbf1D253A-induced
overgrowth.11 Thus, we wondered which kinases and adaptor
proteins of the JNK pathway were involved in these pheno-
types. As previously done for Rbf1, we performed genetic inter-
action tests, using mutants and RNAi, to disrupt the JNK
pathway in vg-Gal4, UAS-rbf1D253A/C overexpression back-
ground. The notches phenotypes were classified and analyzed
as described above and overgrowth phenotypes were simulta-
neously counted. Both rbf1D253A-induced phenotypes were
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quantified and compared between control and JNK pathway
disrupted background. TUNEL staining was performed in par-
allel on wing imaginal discs of each genotype. The results are
presented in Table 2, Table S2 and Figure 3. Interestingly,
when rbf1D253A was expressed in jraIA109 mutant heterozygous
background or co-expressed with a specific RNAi against kay,

hep, dtak1, dmekk1 or rac1, a rescue of the notches phenotype
was observed. In all these contexts, quantifications of TUNEL
staining in third instar larval wing imaginal discs confirmed
that the observed shift of phenotypic distribution was corre-
lated with a decrease in the amount of apoptosis. Therefore, the
Rac1-dTak1-dMekk1-JNK pathway necessary for rbf1-induced

Figure 2. rbf1-induced apoptosis requires the GTPase Rac1 and the specific kinases dTak1 and dMekk1. (A) Diagram of the JNK signaling pathway. (B) Apoptosis induced
by rbf1 in vg-Gal4/C; UAS-rbf1/C third instar larval wing imaginal discs give rise to notches in adult wings. Adult wing phenotypes are grouped into 4 categories (wild
type, weak, intermediate and strong) according to the numbers of notches observed along wing margin (adapted from Milet et al. 2010).10 Comparison of notch wing
phenotypes distribution between : (C) vg-Gal4/C; UAS-rbf1/C and vg-Gal4/ jraIA109; UAS-rbf1/C flies, Wilcoxon test: n D 292, aD1,36 10¡10, WsD¡6,60; (D) vg-Gal4/C;
UAS-rbf1/C and vg-Gal4/ UAS-RNAi dtak1; UAS-rbf1/C flies, Wilcoxon test: nD 278, a D1,17 10¡9, WsD¡6,22; (E) vg-Gal4/UAS-egfp; UAS-rbf1/C and vg-Gal4/ UAS-RNAi
rac1; UAS-rbf1/C flies, Wilcoxon test: n D 278, a D1,17 10-9, WsD¡6,22. Each experiment presented in C-E was independently performed 3 times. In order to take into
account the effect of the genetic background, controls of Figure 2 C and D correspond to a w1118 and y,w[1118];P{attP,y[C],w[30]} (transformant ID 60100) strains respec-
tively, while control of part E corresponds to the TRIP RNAi stock strain (BL35786). (F-I) Visualization of apoptotic cells by TUNEL staining in wing pouch imaginal discs
from en-Gal4/UAS-rbf1 or en-Gal4/ jraIA109; UAS-rbf1/C, or en-Gal4/UAS-RNAi dtak1; UAS-rbf1/C or en-Gal4/ UAS-RNAi rac1; UAS-rbf1/C third instar larvae. Posterior com-
partment is on the right side. (J-L) Comparison of apoptotic cells numbers in the wing pouch imaginal discs between en-Gal4/C; UAS-rbf1/C and en-Gal4/ jraIA109; UAS-
rbf1/C third instar larvae; between en-Gal4/C; UAS-rbf1/C and en-Gal4/UAS-RNAi dtak1; UAS-rbf1/C third instar larvae and between UAS-rbf1/C or en-Gal4/ UAS- RNAi
rac1; UAS-rbf1/C third instar larvae. Asterisks indicate a statistically significant difference between 2 genotypes (Student’s test a < 0.05). For each genotype, quantifica-
tions were done for 30 third instar larval wing imaginal discs at least.
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apoptosis is also involved in rbf1D253A-induced apoptosis. As
expected, the observed apoptosis decrease was associated with a
suppression of the overgrowth phenotype, which is in agree-
ment with the hypothesis that overgrowth phenotype is trig-
gered by some proliferation in response to rbf1D253A-induced
apoptosis. As observed for rbf1-induced apoptosis, the decrease
of JNKK Mkk4, JNKKK dASK1 or the adaptor proteins
dTRAF2, Dsh and TAB2 had no effect on rbf1D253A-induced
apoptosis, notches or overgrowth phenotypes. Surprisingly, the
co-expression of rbf1D253A with a RNAi specific to the JNKKK
slipper or the adaptor protein dtraf1 significantly enhanced the
notches phenotype (Figure 3B and E). Interestingly, these shifts
toward stronger phenotypes were not associated with a change

in apoptosis level but with a rescue of the overgrowth pheno-
type (Figure 3C-D and F-G). Thus, the reduction of mRNA lev-
els of slipper or dtraf1 was able to inhibit overgrowth phenotype
without inhibiting apoptosis. Slipper and dTRAF1 are the only
regulators we found necessary for rbf1D253A-induced over-
growth phenotype but not involved in rbf1D253A-induced apo-
ptosis pathway (Table 2 and Table S2), suggesting that a
dTRAF1-Slipper-JNK pathway is necessary for rbf1D253A-
induced proliferation in response to apoptosis.

To test this hypothesis, we investigated whether Slipper and
dTraf1 were required for rbf1-apoptosis induced proliferation.
We performed PH3 staining in larval wing imaginal discs of
en-Gal4/C; UAS-rbf1/C in control background or in a JNK

Table 1. Characterization of the JNK signaling pathway effectors required for rbf1-induced apoptosis.

Adult stage (wing) Larval stage (wing imaginal disc)
Rbf1 Notch phenotype Quantification of apoptosis

Transcription factors jra IA109 Rescue n D 292, a D 1.36 10–10, Ws D ¡6.60 Decrease n D 39, a<10–30
UAS-RNAi-kay Rescue n D 284, a D 2.12 10–7, Ws D ¡5.24 Decrease n D 42, a<10–30

JNKK UAS-RNAi-hep Rescue n D 239, a D 1.36 10–12, Ws D ¡7.38 Decrease n= 54, a<10–30
UAS-RNAi-mkk4 No effect n D 240, a D 0.14, Ws D 1.47 No effect n D 49, a D 0.47

JNKKK UAS-RNAi-dtak1 Rescue n D 278, a D 1.17 10–9, Ws D ¡6.22 Decrease n D 28, a<10–30
UAS-RNAi-dASK1 No effect n D 232, a D 0.06, Ws D 1.87 No effect n D 46, a D 0.33
UAS-RNAi-slipper No effect n D 194, a D 0.17, Ws D 1.36 No effect n D 41, a D 0,46
UAS-RNAi-dmekk1 Rescue n D 264, a<10 ¡30, WsD ¡12.96 Decrease n D 53, a<10–30

Adaptator proteins UAS-RNAi-dtraf1 No effect n D 200, a D 0.45, Ws D 0.75 No effect n D 59, a D 0.44
UAS-RNAi-dtraf2 No effect n D 217, a D 0.33, Ws D ¡0.95 No effect n D 49, a D 0.25
UAS-RNAi-rac1 Rescue n D 289, a D 2.63 10–13, Ws D ¡7.65 Decrease n D 45, a<10–30
dsh 1 No effect n D 165, a D 0.23, Ws D ¡1.20 No effect n D 51, a D 0.22
UAS-RNAi-tab2 No effect n D 246, a D 0.18, Ws D ¡1.32 No effect n D 44, a D 0.67

Figure 3. The kinase Slipper and the TNF associated factor dTRAF1 are required for rbf1D253A-induced overgrowth phenotypes but not for rbf1D253A-induced apoptosis. (A)
Wild type wing and overgrowth wing phenotype observed in some fly expressing rbf1D253A (adapted from Milet et al. 2014).10 (B, E) Comparison of notch wing pheno-
types distribution between vg-Gal4, rbf1D253A/C and vg-Gal4, rbf1D253A/UAS-RNAi slipper (Wilcoxon test: nD 272, aD 6,0 10-06, Ws D 4,54) and between vg-Gal4, rbf1D253A

/and vg-Gal4, rbf1D253A /C; UAS-RNAi dtraf1/C flies (Wilcoxon test: n D 327, a D 8,1 10-4, Ws D 3,34). (C, F) Comparison of apoptotic cells numbers in the wing pouch
imaginal discs between vg-Gal4, rbf1D253A/C and vg-Gal4, rbf1D253A /UAS-RNAi slipper third instar larvae and between vg-Gal4, rbf1D253A/C and vg-Gal4, rbf1D253A/C; UAS-
RNAi dtraf1/C third instar larvae. Asterisks indicate a statistically significant difference between 2 genotypes (Student’s test a < 0.05). For each genotype, quantifications
were done for 30 third instar larval wing imaginal discs at least. (D, G) Frequencies of rbf1D253A-induced ectopic tissue observed in vg-Gal4, rbf1D253A/C and vg-Gal4,
rbf1D253A /UAS-RNAi slipper flies and in vg-Gal4, rbf1D253A/C and vg-Gal4, rbf1D253A/C; UAS-RNAi dtraf1/C flies. Asterisks indicate a statistically significant difference
between 2 genotypes (Chi2 test a < 0.05). Each experiment presented in B, D, E and G was independently performed 3 times.
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pathway disrupted background, using the specific mutants or
RNAi tested above. The partial depletion of all the effectors nec-
essary for rbf1-induced apoptosis (kay, jra, hep, dtak1, dmekk1
or rac1) induces a decrease in PH3 staining (Table 3 and Table
S1), confirming that this proliferation is linked to the apoptosis.
Contrarily, co-expression of a RNAi-slipper or a RNAi-dtraf1
with rbf1 significantly reduced proliferation levels (Figure 4)
with no effect on apoptosis (Table 1). These results show that a
dTRAF1-Slipper-JNK pathway triggers rbf1 AiP.

Therefore, 2 distinct JNK pathways comprising different
adaptor proteins and kinases are involved in rbf1-induced apo-
ptosis (i.e., Rac1-dTak1-dMekk1-JNK pathway) and rbf1–
induced AiP (i.e. dTRAF1-Slipper-JNK pathway).

dtraf1 overexpression is sufficient to increase the
proliferation triggered by Rbf1-induced apoptosis

We suggested that rbf1D253A overgrowth induced-phenotype
results from a deregulation of the AiP mechanism.10 We thus
wondered whether an overexpression of dtraf1 would be suffi-
cient to enhance rbf1 AiP and thus mimic rbf1D253A-induced
overgrowth phenotype. First, to determine whether dtraf1 over-
expression could increase the JNK pathway activation triggered
by rbf1, we quantified by RT-qPCR the mRNA levels of 2 JNK
pathway target genes: puc and mmp1 (Figure 5A). As expected,
vg-Gal4/ UAS-dtraf1; UAS-rbf1/C greatly increased puc and

mmp1 expression compared with vg-Gal4/UAS-dtraf1 control.
Then, we compared the notches phenotype of vg-Gal4/C; UAS-
rbf1/C with vg-Gal4/UAS-dtraf1; UAS-rbf1/C flies. We verified
that vg-Gal4/ UAS-dtraf1 flies do not exhibit any particular
wing phenotype. dtraf1 overexpression triggered a significant
shift of rbf1-induced notches phenotype toward weaker pheno-
types (Figure 5B), indicating that dtraf1 expression can partially
suppress rbf1-induced notches phenotype. We performed
TUNEL and PH3 stainings to compare en-Gal4/ UAS-dtraf1
with en-Gal4/C control wing imaginal discs. dtraf1 overexpres-
sion did not modify neither apoptosis nor proliferation levels
compared to en-Gal4/C control (Figure 5 C-L). Interestingly,
the co-expression of dtraf1 with rbf1 did not affect rbf1-induced
apoptosis (Figure 5I, 5J and 5O), but significantly increased
rbf1-induced AiP (Figure 5M, 5N and 5P). Moreover, some
rare overgrowth phenotypes were observed in wing of flies co-
expressing rbf1 and dtraf1 (Figure 5Q). These results show that
dtraf1 overexpression is sufficient to enhance rbf1-induced
AiP, confirming that overgrowth phenotypes ensue from an
excess of proliferation during wing imaginal discs development.

Rbf1-induced apoptosis activates a compensatory
proliferation mechanism that depends on slipper
and dtraf1

In our assay with vg-Gal4, notches result from a balance
between apoptosis and AiP events as suggested by the enhance-
ment of the rbf1D253A-induced notches phenotype by co-
expressing slipper or dtraf1 specific RNAi. As vg-Gal4 driver is
expressed until the end of pupal development, we thought that
apoptosis induced-proliferation may not be sufficient to com-
pensate the loss of tissue induced at the end of development.
Thus, we investigated whether a transient induction of rbf1
could activate a compensatory proliferation mechanism able to
maintain tissue homeostasis. We used heat shock-Gal4 (hs-
Gal4) driver to induce a transient expression of rbf1 and inves-
tigated whether this transient induction of rbf1 was able to
induce apoptosis and proliferation. Thus, hs-Gal4/C; UAS-
rbf1/C and hs-Gal4/ C control third instar larvae were shocked
at 29�C for 10 hours. Their wing imaginal discs were dissected
5 hours after the end of the heat shock and stained for TUNEL
or PH3, and the amount of apoptotic or mitotic cells quantified
in the wing disc pouch. A significant increase in TUNEL and

Table 2. Characterization of the JNK signaling pathway effectors required for rbf1D253A-induced apoptosis and overgrowth phenotypes.

Adult stage (wing) Larval stage (wing imaginal disc)

Rbf1D253A Notch phenotype Overgrowth phenotype Quantification of apoptosis

Transcription factors jra IA109 Rescue n= 417, a D 3.5 10–4, Ws=-3.56 Rescue n= 511, a D 3.74 10–2 Decrease n= 52, a<10–30
UAS-RNAi-kay Rescue n= 417, a D 1.1 10–11, Ws=-7.04 Rescue n= 417, a D 0.86 10–2 Decrease n= 45, a<10–30

JNKK UAS-RNAi-hep Rescue n= 348, a D 6.7 10–7, Ws=-5.01 Rescue n= 384, a<10–30 Decrease n= 47, a<10–30
UAS-RNAi-mkk4 No effect n= 207, a D 0.4, Ws=-0.90 No effect n= 212, a D 0.49 No effect n= 51, a D 0.53

JNKKK UAS-RNAi-dtak1 Rescue n= 198, a D 1.1 10–8, Ws=-5.82 Rescue n= 252, a<10–30 Decrease n= 56, a<10–30
UAS-RNAi-dASK1 No effect n= 354, a D 8.8 10–2, Ws=-2.61 No effect n= 370, a D 0.48 No effect n= 41, a D 0.78
UAS-RNAi-slipper Enhancement n= 272, a D 6.0 10–6, Ws D 4.54 Rescue n= 294, a D 4.33 10–2 No effect n= 40, a D 0.23
UAS-RNAi-dmekk1 Rescue n= 352, a D 2.2 10–6, Ws=-4.76 Rescue n= 372, a D 1.19 10–2 Decrease n= 38, a<10–30

Adaptator proteins UAS-RNAi-dtraf1 Enhancement n= 327, a D 8.1 10–4, Ws D 3.34 Rescue n= 357, a<10–30 No effect n= 53, a D 0.42
UAS-RNAi-dtraf2 No effect n= 279, a D 0.5, Ws D 0.64 No effect n= 336, a D 0.39 No effect n= 46, a D 0.17
UAS-RNAi-rac1 Rescue n= 625, a D 3.4 10–9, Ws=-6.03 Rescue n= 708, a<10–30 Decrease n= 49, a<10–30
dsh 1 No effect n= 434, a D 4.0 10–3, Ws=-2.87 No effect n= 476, a D 0.34 No effect n= 40, a D 0.60
UAS-RNAi-tab2 No effect n= 461, a D 1 10–2, Ws=-2.47 No effect n= 505, a D 0.27 No effect n= 36, a D 0.91

Table 3 Characterization of the JNK signaling pathway effectors required for prolif-
eration induced in response to rbf1-induced apoptosis.

Larval stage (wing imaginal disc)
Rbf1 Quantification of proliferation

Transcription factors jra IA109 Decrease n D 50, a<10–30
UAS-RNAi-kay Decrease n D 39, aD1.3 10–3

JNKK UAS-RNAi-hep Decrease n D 48, a<10–30
UAS-RNAi-mkk4 No effect n D 42, aD0.638

JNKKK UAS-RNAi-dtak1 Decrease n D 41, a<10–30
UAS-RNAi-dASK1 No effect n D 43, aD0.791
UAS-RNAi-slipper Decrease n D 47, a<10–30
UAS-RNAi-dmekk1 Decrease n D 35, a<10–30

Adaptator proteins UAS-RNAi-dtraf1 Decrease n D 39, a<10–30
UAS-RNAi-dtraf2 No effect n D 46, aD0.849
UAS-RNAi-rac1 Decrease n D 40, a<10–30
dsh 1 No effect n D 33, aD0.606
UAS-RNAi-tab2 No effect n D 38, aD0.894
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PH3 staining was observed in hs-Gal4/C; UASrbf1/C as com-
pared with hs-Gal4/C control wing discs (Figure 6A-B and D-
E), showing that a brief pulse of rbf1 is sufficient to induce apo-
ptosis and AiP in wing imaginal discs. Interestingly, wings of
heat shocked hs-Gal4/C; UASrbf1/C adult flies were normal
(Figure 6F and O), indicating that under these conditions the
amount of rbf1-induced AiP was sufficient to compensate the
cell loss. We then wondered whether the dTRAF1-Slipper-JNK
pathway is involved in this compensatory proliferation. Thus,
we repeated the same experiment by co-expressing RNAi-slip-
per or RNAi-dtraf1 with rbf1 using the hsGal4 driver. A signifi-
cant number of hsGal4/UAS-RNAi-slipper; UAS-rbf1/C and
hsGal4/C; UAS-rbf1/UAS-RNAi-dtraf1 flies presented notched
wings (Figure 6I, L, O) compared with hs-Gal4/C; UAS-rbf1/C
flies. We performed TUNEL and PH3 staining on wing imagi-
nal discs of the same genotypes. The reduction of slipper or
dtraf1 mRNA levels in wing discs expressing rbf1 did not affect
the number of apoptotic cells (Figure 6G, J, M), confirming
that Slipper and dTRAF1 are not involved in Rbf1-induced
apoptotic cascade. However, a significant decrease of PH3
staining was observed (Figure 6H, K, N). These results highlight
that Slipper and dTRAF1 are necessary to trigger the compen-
satory proliferation in response to Rbf1-induced apoptosis.

Discussion

Compensatory proliferation is one of the main mechanisms
allowing the regeneration of a damaged tissue after the induc-
tion of massive apoptosis in vivo. Indeed, apoptotic cells are
able to promote proliferation of the surrounding cells. This
process has been largely studied using “undead cells,” in which
apoptosis has been induced but cannot be executed because
effector caspases are inhibited by p35. However, there are major

differences between undead and genuine apoptotic cells (i.e.,
not overexpressing p35). Although under p35-expressing con-
ditions JNK activity seems to occur only in the apoptotic cells
and not in the neighboring proliferative cells,19 during compen-
satory mechanisms, the JNK pathway is activated in both cell
types.20,21 Moreover, although Dpp and Wg are required in
response to undead cells, the regenerative response can occur
in absence of these mitogens.22. Because rbf1D253A-induced AiP
depends on JNK pathway activation and does not involve
Wg,11 the overgrowth phenotypes associated with rbf1D253A

expression constitutes a robust model to screen regulators of
AiP without using p35.

If the JNK signaling pathway is essential for AiP, the way it
is activated and the specific kinases involved remain elusive.
Recent results, obtained in the eye imaginal disc, have identified
specific components upstream of Bsk involved in the JNK cas-
cade activation in an ey>hid, p35 model of AiP.21 This work
permitted the identification of genes acting upstream of JNK
including rho1. In our model, we identified a different set of
JNK pathway components (Figure 7). Three differences can
account for this apparent discrepancy. First, we did not use p35
to inhibit cell death; second, we used another apoptosis inducer
(rbf1 versus hid); and third, the nature of the tissue was differ-
ent (wing vs. eye disc). Indeed, the kinases and their partners
present in the cells are probably tissue-specific, which could
explain the specificity of the responses. Accordingly, the JNK
signaling pathway can lead to a great number of responses
including cell death and proliferation depending on the con-
text. This could be partly explained by the large number of pos-
sible kinases, adaptors and ligand/receptor combinations.
Moreover, these families of proteins have unique and overlap-
ping functions, but the intrinsic properties of the individual
family members can confer particular responsiveness to distinct

Figure 4. Cell proliferation induced in response to Rbf1-apoptosis requires Slipper and dTRAF1 (A, C, E) anti-Ci staining used to visualize the anterior domain in wing
pouch imaginal discs from en-Gal4/C; UAS-rbf1/C or en-Gal4/UAS-RNAi slipper ; UAS-rbf1/C or en-Gal4/C; UAS-rbf1/UAS-RNAi dtraf1 third instar larvae. A line indicates
the antero-posterior frontier and the posterior compartment is on the right side. (B, D, F) Visualization of mitotic cells by PH3 staining in wing pouch imaginal discs from
the previously described genotypes. (G, H) Comparison of proliferation percentage in posterior compartment between wing pouch imaginal discs from en-Gal4/C; UAS-
rbf1/C and en-Gal4/ UAS-RNAi slipper ; UAS-rbf1/C third instar larvae or between en-Gal4/C; UAS-rbf1/C and en-Gal4/C; UAS-rbf1/UAS-RNAi dtraf1 third instar larvae.
Asterisks indicate a statistically significant difference between 2 genotypes (Student’s t-test a < 0.05). Each experiment presented in B, and H was independently per-
formed 3 times.
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signals. For example, the C-terminal regions of Slpr and dTak1
contribute to their localization and selective integration into
the appropriate signaling pathways in a context-dependent
manner.23

The originality of our approach is to characterize both
the effectors of the JNK pathway involved in apoptosis and
those involved in AiP in response to the same stimulus.
This was facilitated by the duality of the adult phenotypes
induced by the rbf1D253A form (notches and overgrowth). In
Drosophila, there is a unique JNK, Bsk. Surprisingly, the
same kinase and transcription factors Jra and Kay can

trigger proliferation or apoptosis. As expected, we have
shown that these events do not occur in the same cells.
Nevertheless, this highlights that the nature and the combi-
nation of the kinases activated upstream of Bsk may lead to
somehow different Jra/Kay activation. Alternatively, it is
possible that Bsk phosphorylation sites vary depending on
the kinases activated upstream in the pathway.

Bsk can be phosphorylated by the JNKK Mkk4 but this
event seems restricted to certain particular situations such as
the activation of the JNK pathway by the Eiger (the fly TNF)
/Wengen complex.24 Mkk4 is not included in our model

Figure 5. dtraf1 overexpression does not affect Rbf1-induced apoptosis but increases the proliferation and the overgrowth phenotypes induced in response to Rbf1 (A)
puc and mmp1 mRNA quantification by RT-qPCR in wing imaginal discs. Data are normalized against rp49 and correspond to the mean of 3 independent experiments.
Error bars are the SEM. Asterisks indicate statistical significant difference between 2 genotypes (Student’s t-test, a < 0,05). (B) Comparison of notch wing phenotypes dis-
tribution between vg-Gal4/C; UAS-rbf1/C and vg-Gal4/C; UAS-rbf1/UAS-dtraf1 flies. Statistical analysis was performed using Wilcoxon test: n D 324, a D 1,25 10-13,
WsD¡7,76 (C, D, E, F) Ci staining used to visualize the anterior domain in wing pouch imaginal discs from en-Gal4/C; C/C or en-Gal4/ UAS-dtraf1; C/C or en-Gal4/C;
UAS-rbf1/C or en-Gal4/ UAS-dtraf1; UAS-rbf1/C third instar larvae. A line indicates the antero-posterior frontier and the posterior compartment is on the rightside. (G, H, I,
J) Visualization of apoptotic cells by TUNEL staining in wing pouch imaginal discs from the previously described genotypes. (K, L, M, N) Visualization of mitotic cells by
PH3 staining in wing pouch imaginal discs from the previously described genotypes. (0) Comparison of apoptotic cells numbers in posterior compartment of the wing
pouch between imaginal discs from en-Gal4/C; UAS-rbf1/C and en-Gal4/ UAS-dtraf1; UAS-rbf1/C third instar larvae. Asterisks indicate a statistically significant difference
between 2 genotypes (Student’s test a < 0.05). For each genotype, quantifications were done for at least 30 third instar larval wing imaginal discs. (P) Comparison of pro-
liferation percentage in posterior compartment of the wing pouch between imaginal discs from en-Gal4/C; UAS-rbf1/C and en-Gal4/ UAS-dtraf1 ; UAS-rbf1/C third instar
larvae. Asterisks indicate a statistically significant difference between 2 genotypes (Student’s test a < 0.05). (R) Overgrowth wing phenotype observed in some fly co-
expressing rbf1 and dtraf1. Each experiment presented in B and P was independently performed 3 times.
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(Figure 7) suggesting that the activation of the JNK cascade
during AiP does not involve Wengen. However, this does not
exclude a potential role of Eiger for which the new receptor
Grindelwald (Grnd) has recently been characterized.25 As Grnd
integrates signals from Eiger and apical polarity determinants
to induce JNK-dependent neoplastic growth or apoptosis in a
context-dependent manner, it could be involved in our model.
Another candidate is Diap1 which has been shown to poly-
ubiquitinylate dTRAF1.26 We have previously demonstrated
that rbf1-induced apoptosis involves a downregulation of diap1
expression.11 Interestingly, a decrease of Diap1 level can trigger
an activation of the JNK pathway.27 Thus, the activation of the

JNK signaling cascade involved in Rbf1-induced AiP could
result from a decrease in diap1 mRNA.

We have previously shown that the JNK pathway activation
induced by rbf1 involved reactive oxygen species (ROS) in
dying cells.28 Many data report an activation of the JNK path-
way depending on ROS. For example, in mammalian cells,
the JNKKK ASK1 has been extensively characterized as a
ROS-responsive kinase. Indeed, its activation is regulated by
the protein Trx that has a redox-active site and functions as a
reactive oxygen species sensor.29,30 As dASK1 is not implicated
in the mechanism we describe, we hypothesize that another
kinase could be responsible for the activation of JNK pathway.

Figure 6. Rbf1-induced apoptosis activates a compensatory proliferation mechanism that depends on slipper and dtraf1 (A, D, G, J) PH3 staining used to visualize the
mitotic cells in wing pouch imaginal discs from hs-Gal4/C or hs-Gal4/C; UAS-rbf1/C or hs-Gal4/UAS-RNAi slipper; UAS-rbf1/C or hs-Gal4/C; UAS-rbf1/UAS-RNAi dtraf1 third
instar larvae. (B, E, H, K) Visualization of apoptosis cells by TUNEL staining in the wing pouch of imaginal discs from the previously described genotypes. (C, F, I, L) Wing
phenotypes observed in some fly from hs-Gal4/C or hs-Gal4/C; UAS-rbf1/C or hs-Gal4/UAS-RNAi slipper; UAS-rbf1/C or hs-Gal4/C; UAS-rbf1/UAS-RNAi dtraf1 genotypes
(M) Comparison of apoptotic cells numbers in the wing pouch of imaginal discs from the previously described genotypes. Asterisks indicate a statistically significant differ-
ence between 2 genotypes (Student’s test a < 0.05). For each genotype, quantifications were done for 30 third instar larval wing imaginal discs at least. (N) Comparison
of proliferation percentage in posterior compartment from the genotypes described previously. Asterisks indicate a statistically significant difference between 2 geno-
types (Student’s test a < 0.05). (0) Frequencies of notches phenotypes observed in genotypes flies described previously. Asterisks indicate a statistically significant differ-
ence between 2 genotypes (Chi2 test a < 0.05). Each experiment presented in N and 0 was independently performed 3 times.
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To date, we do not know how proliferation is induced down-
stream of the JNK pathway in response to Rbf1-induced apopto-
sis. A JNK-dependent activation of Yorkie, the transcriptional
co-activator negatively regulated by Hippo signaling, is essential
for regeneration-associated growth.32 Other studies show that a
JNK activation could stimulate non-autonomous JAK-STAT sig-
naling for proliferation.33 In the case of an AiP triggered by
Dmp53, cell proliferation depends on Notch.34. Thus, each of
these pathways may constitute a putative effector of AiP in our
model.

In conclusion, our study is the first to identify the JNK effec-
tors involved in either apoptosis or apoptosis-induced prolifer-
ation in the same model system. AiP is an important general
process for homeostasis in multicellular organisms and its mis-
regulation could be implicated in resistance of tumors to irradi-
ation. Thus, elucidating signaling specificity among JNK
pathway in AiP could be of utmost interest in oncology.

Materials and methods

Fly stocks

Flies were raised at 25�C on a standard medium. The UAS-rbf1
and vg-Gal4 strains were generous gifts from J Silber. The en-
Gal4 strain was kindly provided by L. Th�eodore. The hs-Gal4
strain was previously described.35 The following strains were
obtained from the Bloomington Stock Center (Bloomington):
de2f276Q1 (7436), pucE69 (puc-LacZ, 6762), jraIA109 (3273), UAS-
RNAi-rac1 (28985), traf4EP578 (UAS-dtraf1, 17285) and dsh1

(5298). The UAS-RNAi-kay (v27722), UAS-RNAi-mkk4

(v26928), UAS-RNAi-dtak1 (v101357), UAS-RNAi-slipper
(v106449), UAS-RNAi-dASK1 (v34892), UAS-RNAi-dmekk1
(v25528), UAS-RNAi-dtraf1 (v21213), UAS-RNAi-dtraf2
(v16125) and UAS-RNAi-tab2 (v37553) strains come from the
Vienna Drosophila RNAi Center (VDRC). The UAS-hep-RNAi
(4353R2) strain was provided by the National Institute of
Genetics stock center (NIG-Fly). In order to use control flies
from the same genetic background, the UAS-gfp strain
(BL35786) and the host line y,w[1118];P{attP,y[C],w[30]}
(transformant ID 60100) were used as control for TRIP V10
collection and KK VDRC library respectively. We used a w1118

fly stock as the reference for all other strain.

Test of phenotype suppression in the wing

To test the implication of candidate genes in rbf1-induced apo-
ptosis and proliferation, the severity of the notched wing phe-
notype induced by UAS-rbf1 overexpression led by vg-Gal4
driver was assayed in different genetic backgrounds. For each
gene, we verified that the alteration of this gene expression level
(overexpression, RNAi or mutant) did not induce any wing
phenotype. vg-Gal4>UAS-rbf1 Drosophila females were
crossed with males bearing a loss-of function mutation for the
different genes or allowing their overexpression. The progenies
of all crosses were classified according to the number of notches
on the wing margin. Wilcoxon tests were performed as previ-
ously described.35 We considered the difference significant
when a < 10-3.

To test the implication of candidate genes in rbf1D253A-
induced proliferation, the number of flies presenting ectopic

Figure 7. Two specific JNK activation pathways are involved in apoptosis and compensatory proliferation induced in response to Rbf1.
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tissue in the wing was counted in different genetic back-
grounds. Chi2 tests were performed and results were considered
to be significant when a < 5%.

Immunostaining and TUNEL staining of imaginal discs

Third instar larvae were dissected in PBS pH 7.6, fixed in PBS-
3.7% formaldehyde. Discs were labeled by incubation overnight
at 4�C with anti-phospho-histone H3 (rabbit polyclonal anti-
body, 1/1000, 06-570, Millipore) and anti b-Galactosidase
(mouse monoclonal antibody, 1/200, 40-1a, DSHB) in PBT-
FCS (PBS, 0,3% Triton, 10% Fetal Calf Serum). Incubation with
fluorescently labeled Alexa 488, 568 and 647 secondary anti-
bodies (1/500, Molecular Probes, Thermo Fisher Scientific) was
carried in PBT-FCS for 2 h at room temperature. After washing
in PBT, TUNEL staining was performed according to manufac-
turer’s instructions (ApopTag Red in situ apoptosis detection
kit, Millipore). Discs were mounted in CitifluorTM (Biovalley)
and observed with a Leica SPE upright confocal microscope
(Leica). Wing discs were finally mounted in CitifluorTM (Bio-
valley) and observed with a Leica SPE upright confocal micro-
scope. The percentage of proliferation corresponds to the PH3
positive pixel area plotted against the compartment size.

Quantification of TUNEL and PH3 staining was done in the
wing pouch (for rbf1D253A or heat shock experiments) or in the
posterior compartment (for rbf1 experiments) for at least 30
wing imaginal discs per genotype. Student’s t-tests were per-
formed and results were considered to be significant when
a<5%.

RNAs extraction and RT-qPCR

Fifty wing imaginal discs per genotype were dissected on ice in
serum-free Schneider medium. Total RNAs were extracted
from each sample using the RNeasy Mini kit (Qiagen), by fol-
lowing the manufacturer’s instructions. RT was performed on
each sample using 4.8 mg of RNA incubated with random
primer oligonucleotides (Invitrogen) with Recombinant Taq
DNA Polymerase (Invitrogen), according to the manufacturer’s
instructions. Real-time PCR analysis was performed using the
ABI Prism 7700 HT apparatus (Applied Biosystems, Life Tech-
nologies). Briefly, PCR was performed with the ABsolute blue
QPCR SYBR Green ROX mix (Abgene, Thermo Fisher Scien-
tific), using 11 ng of cDNA per RT. Data were normalized
against rp49. Three independent RT experiments were per-
formed and the SEM was calculated from these 3 independent
samples.

Heat-shock protocol

Crosses were done at 18�C. Early third instar larvae were placed
at 29�C during 10h and then returned to 18�C. Larvae were col-
lected 5h after the end of the heat shock for immunostaining or
larvae stay at 18�C to allow pupariation and adult wings were
observed.
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Figure S1: rbf1 triggers an increase in cell proliferation 

 

 

Comparison of proliferation percentage in posterior compartment between wing pouch imaginal discs from en-
Gal4/+; +/+ controls, en-Gal4/+; UAS-rbf1/+ and en-Gal4/de2f276Q1 third instar larvae. Asterisks indicate a statistically 
significant difference between two genotypes (Student test α<0.05).  

Each experiment was independently performed three times. 

  



 

Table S1: JNK signaling pathway effectors tested for their involvement in rbf1-induced apoptosis and AiP. 

 

 

 

  

Rbf1 Adult stage (wing) Larval stage (wing imaginal disc) 

 
genes Mutations/RNAis Notch phenotype Quantification of 

apoptosis 
Quantification of 

proliferation 
 

 
 
 

Transcription 
factors 

 
 

jra 
jra IA109 

(BL 3273) 
Rescue 

n= 292, α=1.36 10-10, Ws=-6.60 

Decrease 
n= 39, α<10-30

 

Decrease 
n= 50, α<10-30

 

UAS-RNAi-jra 
(v107997) 

Rescue 
n=240, α<10-30, Ws=-11,36 

Decrease 
n= 45, α<10-30

 

Decrease 
n= 47, α<10-30

 

      
 

kay 

UAS-RNAi-kay 
(BL 27722) 

Rescue 
n= 284, α=2.12 10-7, Ws=-5.24 

Decrease 
n= 42, α<10-30

 

Decrease 
n= 39, α=1.3 10-3

 

UAS-RNAi-kay 
(v19512) 

Rescue 
n=178, α=1.58 10-5, Ws=-4.33 

Decrease 
n= 38, α<10-30

 

Decrease 
n= 43, α=1.3 10-3

 

 
 
 
 

JNKK 

 
 

hep 

UAS-RNAi-hep 
(4353R2) 

Rescue 
n= 239, α=1.36 10-12, Ws=-7.38 

Decrease 
n= 54, α<10-30

 

Decrease 
n= 48, α<10-30

 

UAS-RNAi-hep 
(v109277) 

Rescue 
n=121, α=9.14 10-7, Ws=-4.95 

Decrease 
n= 46, α<10-30

 

Decrease 
n= 46, α<10-30

 

 
 

mkk4 

UAS-RNAi-mkk4 
(v26928) 

No effect 
n= 240, α=0.14, Ws=1.47 

No effect 
n= 49, α=0.47 

No effect 
n= 42, α=0.638 

mkk4 e01485 

(BL 17956) 
No effect 

n=249, α=0.3, Ws=1.01 
No effect 

n= 53, α=0.72 
No effect 

n= 51, α=0.81 
 

 
 
 
 
 
 
 
 
 
 
 

JNKKK 

 
 
 

dtak1 

UAS-RNAi-dtak1 
(v101357) 

Rescue 
n= 278, α=1.17 10-9, Ws=-6,22 

Decrease 
n= 28, α<10-30

 

Decrease 
n= 41, α<10-30

 

UAS-RNAi-dtak1 
(BL 33404) 

Rescue 
n=378, α<10-30, Ws=-12.31 

Decrease 
n= 37, α<10-30

 

Decrease 
n= 51, α<10-30

 

dtak1 179
 

(BL 26275) 
Rescue 

n=373, α=4.88 10-6, Ws=-8.28 
Decrease 
n= 56, α<10-30

 

Decrease 
n= 56, α<10-30

 

 
 
 

dASK1 

UAS-RNAi-dASK1 
(v34892) 

No effect 
n= 232, α=0.06, Ws=1.87 

No effect 
n= 46, α=0.33 

No effect 
n= 43, α=0.791 

UAS-RNAi-dASK1 
(v34891) 

No effect 
n=152, α=0.57, Ws=-4.05 

No effect 
n= 39, α=0.64 

No effect 
n= 45, α=0.81 

UAS-RNAi-dASK1 
(v110228) 

No effect 
n=337, α=0.7, Ws=-0,36 

No effect 
n= 44, α=0.45 

No effect 
n= 38, α=0.637 

 
 

slipper 

UAS-RNAi-slipper 
(v106449) 

No effect 
n= 194, α=0.17, Ws=1.36 

No effect 
n= 41, α=0.46 

Decrease 
n= 47, α<10-30

 

UAS-RNAi-slipper 
(BL 32948) 

No effect 
n=357, α=0.08, Ws=-1.69 

No effect 
n=53, α=0.72 

Decrease 
n= 55, α<10-30

 

 
 

dmekk1 

UAS-RNAi-dmekk1 
(v25528) 

Rescue 
n= 264, α<10-30, Ws=-12.96 

Decrease 
n= 53, α<10-30

 

Decrease 
n= 35, α<10-30

 

UAS-RNAi-dmekk1 
(BL 28587) 

Rescue 
n=327, α<10-30, Ws=-13.64 

Decrease 
n=42, α<10-30

 

Decrease 
n= 39 α<10-30

 

 
 
 
 
 
 
 
 
 
 
 
 

Adaptator 
proteins 

 
 

dtraf1 

UAS-RNAi-dtraf1 
(v21213) 

No effect 
n= 200, α=0.45, Ws=0.75 

No effect 
n= 59, α=0.44 

Decrease 
n= 39, α<10-30

 

UAS-RNAi-dtraf1 
(v21214) 

No effect 
n=219, α=0,91, Ws=-0,10 

No effect 
n= 47, α=0.57 

Decrease 
n= 51, α<10-30

 

 
 

dtraf2 

UAS-RNAi-dtraf2 
(v16125) 

No effect 
n= 217, α=0.33, Ws=-0.95 

No effect 
n= 49, α=0.25 

No effect 
n= 46, α=0.849 

UAS-RNAi-dtraf2 
(BL 33931) 

No effect 
n=252, α=0.26, Ws=1.11 

No effect 
n= 47, α=0.37 

No effect 
n= 47, α=0.76 

 
 
 

rac1 

UAS-RNAi-rac1 
(BL 28985) 

Rescue 
n= 289, α=2.63 10-13, Ws=-7.65 

Decrease 
n= 45, α<10-30

 

Decrease 
n= 40, α<10-30

 

UAS-RNAi-rac1 
(BL 34910) 

Rescue 
n=431, α<10-30, Ws=-9.40 

Decrease 
n= 47, α<10-30

 

Decrease 
n= 49, α<10-30

 

rac1 J11
 

(BL 6674) 
Rescue 

n=283, α=6.29 10-9, Ws=-5.93 
Decrease 
n= 45, α<10-30

 

Decrease 
n= 45, α<10-30

 

 
 

dsh 
dsh 1 

(BL 5298) 
No effect 

n=165, α=0.23, Ws=-1.20 

No effect 
n= 51, α=0.22 

No effect 
n= 33, α=0.606 

UAS-RNAi-dsh 
(v101525) 

No effect 
n=265, α=0.28, Ws=1.06 

No effect 
n= 43, α=0.37 

No effect 
n= 39, α=0.42 

 
 

tab2 

UAS-RNAi-tab2 
(v37553) 

No effect 
n=246, α=0.18, Ws=-1.32 

No effect 
n= 44, α=0.67 

No effect 
n= 38, α=0.894 

tab2 EY00380 

(BL 14838) 
No effect 

n=148, α=0.42, Ws=0.80 
No effect 

n= 43, α=0.53 
No effect 

n= 43, α=0.64 

 



Table S2: JNK signaling pathway effectors tested for their involvement in rbf1D253A-induced apoptosis and overgrowth 
phenotypes 

 

  

 

Rbf1D253A Adult stage (wing) Larval stage (wing 
imaginal disc) 

 
genes Mutations/RNAis Notch phenotype Overgrowth phenotype Quantification of 

apoptosis 
 
 
 
 

Transcription 
factors 

 
 

jra 

jra IA109 
(BL 3273) 

Rescue 
n= 417, α=3.5 10-4, Ws=-3.56 

Rescue 
n= 511, α=3.74 10-2

 

Decrease 
n= 52, α<10-30

 

UAS-RNAi-jra 
(v107997) 

Rescue 
n=440, α=7.7 10-5, Ws=-1.76 

Rescue 
n=520, a=3.90 10-2

 

Decrease 
n= 49, α<10-30

 

 
 

kay 

UAS-RNAi-kay 
(BL 27722) 

Rescue 
n= 417, α=1.1 10-11, Ws=-7.04 

Rescue 
n= 417, α=0.86 10-2

 

Decrease 
n= 45, α<10-30

 

UAS-RNAi-kay 
(v19512) 

Rescue 
n=278, a=1.58 10-6, Ws=-4.33 

Rescue 
n= 275, α=0.72 10-2

 

Decrease 
n= 48, α<10-30

 

 
 
 
 

JNKK 

 
 

hep 

UAS-RNAi-hep 
(4353R2) 

Rescue 
n= 348, α=6.7 10-7, Ws=-5.01 

Rescue 
n= 384, α<10-30

 

Decrease 
n= 47, α<10-30

 

UAS-RNAi-hep 
(v109277) 

Rescue 
n=284, α=2.12 10-7, Ws=-5.24 

Rescue 
n=292, α<10-30

 

Decrease 
n= 43, α<10-30

 

 
 

mkk4 

UAS-RNAi-mkk4 
(v26928) 

No effect 
n= 207, α=0.4, Ws=-0.90 

No effect 
n= 212, α=0.49 

No effect 
n= 51, α=0.53 

mkk4 e01485 

(BL 17956) 
No effect 

n=318, α=0.90, Ws=-0.11 
No effect 

n= 346, α=0.64 
No effect 

n= 47, α=0.37 

 
 
 
 
 
 
 
 
 
 
 

JNKKK 

 
 
 

dtak1 

UAS-RNAi-dtak1 
(v101357) 

Rescue 
n= 198, α=1.1 10-8, Ws=-5.82 

Rescue 
n= 252, α<10-30

 

Decrease 
n= 56, α<10-30

 

UAS-RNAi-dtak1 
(BL 33404) 

Rescue 
n=580, α=4.6 10-5, Ws=-4.11 

Rescue 
n= 701, α<10-30

 

Decrease 
n= 51, α<10-30

 

dtak1 179
 

(BL 26275) 
Rescue 

n=717, α=1.76 10-7, Ws=-5.28 
Rescue 

n= 828, α=8.2 10-3
 

Decrease 
n= 42, α<10-30

 

      
 
 

dASK1 

UAS-RNAi-dASK1 
(v34892) 

No effect 
n= 354, α=8.8 10-2, Ws=-2.61 

No effect 
n= 370, α=0.48 

No effect 
n= 41, α=0.78 

UAS-RNAi-dASK1 
(v34891) 

No effect 
n=220, α=0.11, Ws=-1.59 

No effect 
n= 226, α=0.56 

No effect 
n= 39, α=0.81 

UAS-RNAi-dASK1 
(v110228) 

No effect 
n=222, α=0,15 , Ws=-3.15 

No effect 
n= 229, α=0.17 

No effect 
n= 55, α=0.33 

 
 

slipper 

UAS-RNAi-slipper 
(v106449) 

Enhancement 
n= 272, α=6,0 10-6, Ws=4.54 

Rescue 
n= 294, α=4.33 10-2

 

No effect 
n= 40, α=0.23 

UAS-RNAi-slipper 
(BL 32948) 

Enhancement 
n=450, α=9.2 10-7, Ws=4.9 

Rescue 
n= 509, α<10-30

 

No effect 
n= 52, α=0.74 

 
 

dmekk1 

UAS-RNAi-dmekk1 
(v25528) 

Rescue 
n= 352, α=2.2 10-6, Ws=-4.76 

Rescue 
n= 372, α=1.19 10-2

 

Decrease 
n= 38, α<10-30

 

UAS-RNAi-dmekk1 
(BL 28587) 

Rescue 
n=413, α=4.7 10-5, Ws=-4.07 

Rescue 
n= 435, α=0.38 10-2 

Decrease 
n= 54, α<10-30 

 
 
 
 
 
 
 
 
 
 
 
 

Adaptator 
proteins 

 
 

dtraf1 

UAS-RNAi-dtraf1 
(v21213) 

Enhancement 
n= 327, α=8.1 10-4, Ws=3.34 

Rescue 
n= 357, α<10-30

 

No effect 
n= 53, α=0.42 

UAS-RNAi-dtraf1 
(v21214) 

Enhancement 
n=433, α<10-30, Ws=8.72 

Rescue 
n= 490, α<10-30

 

No effect 
n= 49, α=0.42 

 
 

dtraf2 

UAS-RNAi-dtraf2 
(v16125) 

No effect 
n= 279, α=0.5, Ws=0,64 

No effect 
n= 336, α=0,39 

No effect 
n= 46, α=0,17 

UAS-RNAi-dtraf2 
(BL 33931) 

No effect 
n= 272, α=0.67, Ws=0.37 

No effect 
n= 280, α=0.48 

No effect 
n= 40, α=0.24 

 
 
 

rac1 

UAS-RNAi-rac1 
(BL 28985) 

Rescue 
n= 625, α=3.4 10-9, Ws=-6.03 

Rescue 
n= 708, α=<10-30

 

Decrease 
n= 49, α<10-30

 

UAS-RNAi-rac1 
(BL 34910) 

Rescue 
n=738, α=6.18 10-8, Ws=-5.49 

Rescue 
n= 855, α=<10-30

 

Decrease 
n= 46, α<10-30

 

rac1 J11
 

(BL 6674) 
Rescue 

n=475, α=2.6 10-7 , Ws=-5.20 
Rescue 

n= 483, α=<10-30
 

Decrease 
n= 44, α<10-30

 

 
 

dsh 
dsh 1 

(BL 5298) 
No effect 

n= 434, α=4.0 10-3, Ws=-2.87 

No effect 
n= 476, α=0.34 

No effect 
n= 40, α=0.60 

UAS-RNAi-dsh 
(v101525) 

No effect 
n= 372, α=0.57, Ws=-2.87 

No effect 
n= 383, α=0.46 

No effect 
n= 48, α=0.41 

 
 

tab2 

UAS-RNAi-tab2 
(v37553) 

No effect 
n= 461, α=1 10-2, Ws=-2.47 

No effect 
n= 505, α=0.27 

No effect 
n= 36, α=0.91 

tab2 EY00380 

(BL 14838) 
No effect 

n=283, α=0.08, Ws=1.74 
No effect 

n= 288, α=0.89 
No effect 

n= 42, α=0.76 
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