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ABSTRACT  Calcium-dependent cysteine proteases of the calpain family are modulatory 
proteases that cleave their substrates in a limited manner. Among their substrates, calpains 
target vertebrate and invertebrate IκB proteins. Because proteolysis by calpains potentially 
generates novel protein functions, it is important to understand how this affects NFκB activ-
ity. We investigate the action of Calpain A (CalpA) on the Drosophila melanogaster IκB homo-
logue Cactus in vivo. CalpA alters the absolute amounts of Cactus protein. Our data indicate, 
however, that CalpA uses additional mechanisms to regulate NFκB function. We provide evi-
dence that CalpA interacts physically with Cactus, recognizing a Cactus pool that is not bound 
to Dorsal, a fly NFκB/Rel homologue. We show that proteolytic cleavage by CalpA generates 
Cactus fragments lacking an N-terminal region required for Toll responsiveness. These frag-
ments are generated in vivo and display properties distinct from those of full-length Cactus. 
We propose that CalpA targets free Cactus, which is incorporated into and modulates Toll-
responsive complexes in the embryo and immune system.

INTRODUCTION
Calpains are Ca2+-dependent modulatory proteases with numerous 
substrates and functions. They have been implicated in several dis-
eases, such as limb-girdle muscular dystrophy, Huntington disease, 
Alzheimer disease, and cancer (Bertipaglia and Carafoli, 2007). Un-
like degrading enzymes, calpains cleave substrates in a limited man-
ner, generating novel activities by substrate proteolysis (Friedrich 
and Bozoky, 2005; Sorimachi et al., 2011). For instance, μ-calpain 
cleaves the signaling molecule β-catenin, generating an active form 
that has different targets from those of the full-length molecule and 
is correlated with specific fate choices during mouse hepatoblast 

differentiation (Lade et al., 2012). Proteolysis is an essential step in 
the regulation of NFκB activity (Baud and Derudder, 2011). Calpain-
dependent proteolysis of the inhibitor IκBα has been reported 
in cancer cell lines, regulating apoptosis (Pianetti et  al., 2001; Li 
et al., 2010). Calpain 3 deficiency is also associated with perturba-
tions in the IκBα/NFκB pathway in limb-girdle muscular dystrophy 
(Baghdiguian et  al., 1999). In the immune system, vertebrate 
m-calpain cleaves IκB proteins in response to tumor necrosis factor 
α (Han et al., 1999). Moreover, it has been suggested that m- and 
μ-calpain regulate IκB in parallel to signals through IL-1 or Toll (Han 
et  al., 1999; Shumway et  al., 1999; Shen et  al., 2001). Although 
potentially important as a therapeutic target in cancer progression 
and in modulating the immune response, the functional significance 
of calpains in regulating NFκB activity has been poorly addressed.

We used the invertebrate model organism Drosophila melano-
gaster to investigate in more detail the mechanism of calpain action 
and the functional significance of Calpain A in modulating NFκB 
activity. Four calpains have been described in Drosophila: calpains 
A–C and Sol (Friedrich et  al., 2004). Unlike vertebrate proteins, 
Drosophila calpains act as monomers, and no calpastatin inhibitor 
has been described in the fruitfly. The classic calpains A and B 
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regulates Cact protein levels in vivo and discuss the action of CalpA 
to modulate Toll signals during embryogenesis and the innate im-
mune response.

RESULTS
Cactus and Calpain A physically interact
Vertebrate calpains target IκB proteins for proteolytic cleavage. It 
has not been shown decisively, however, whether they target free or 
Rel-bound IκB. Furthermore, CalpA action decreases Cact levels in 
Drosophila, but it is unclear whether this action is direct. We devel-
oped a V5/His C-terminal–tagged CalpA (hereafter termed CalpA-
V5) for inducible expression in S2 cells, allowing us to detect full-
length as well as N-terminally cleaved CalpA, the latter indicative of 
autoproteolysis (Jekely and Friedrich, 1999). CalpA-V5 responds to 
an increase or decrease in calcium levels with a decrease or increase 
in CalpA-V5 protein levels, respectively (Figure 1, A and B). This is in 
agreement with a decrease in calpain levels after activation by cal-
cium as a result of autoproteolysis and subsequent degradation 
(Jekely and Friedrich, 1999). In addition, on lowering available cal-
cium via a 5-h ethylene glycol tetraacetic acid (EGTA) treatment, two 
CalpA-V5 bands appear on Western blots (Figure 1A). This suggests 
that the slow-migrating band is full-length CalpA-V5, whereas the 
fast-migrating band that migrates as the sole form in basal condi-
tions (as dimethyl sulfoxide [DMSO]) is actually the N-terminal–
truncated CalpA-V5. This would imply that most CalpA produced in 
S2 cells is rapidly cleaved. In agreement with our previous results 
showing that CalpA regulates Cact levels in embryos, CalpA-V5 ex-
pression lowers Cact levels. CalpA activation in the presence of 
ionomycin, which increases Ca2+, results in a further decrease in 
Cact protein (Figure 1, A and C).

Cact is a cytosolic protein that, in early embryogenesis, either is 
bound to Dl as part of a signaling complex or forms a dimer with 
Cact alone (Isoda and Nusslein-Volhard, 1994). Both Dl-bound 
(2Dl:1Cact) and unbound Cact (2Cact) may be phosphorylated at 
N-terminal Ser residues in response to Toll pathway activation 
(Bergmann et al., 1996; Reach et al., 1996; Fernandez et al., 2001). 
In agreement with subcellular localization studies, Cact and C-ter-
minal green fluorescent protein (GFP)–tagged Cact (Cact-eGFP) are 
present in the cytosol of S2 cells (Figure 1E). CalpA-V5 is present in 
the cytosol; however, particulate distribution of CalpA-V5 is also 
observed (Figure 1, F and G). This may correspond to inner plasma 
membrane localization of CalpA, in agreement with enrichment of 
CalpA in the submembranous domain during embryogenesis 
(Emori and Saigo, 1994; Fontenele et al., 2009). Thus the effect of 
CalpA on Cact levels in S2 cells and embryos and the distribution of 
both proteins in the embryo support the notion that Cact may be a 
direct CalpA target.

To test this hypothesis, we performed coimmunoprecipitation 
(coIP) experiments using Cact-eGFP and CalpA-V5. With use of anti-
GFP antisera, Cact-eGFP coimmunoprecipitates CalpA-V5, indicat-
ing that CalpA interacts physically with Cact in S2 cells (Figure 2A). 
On the other hand, Dl does not coimmunoprecipitate CalpA-V5 
(Figure 2B), suggesting that an interaction between these proteins 
either does not exist or is too weak or transient to be detected by 
our methods.

The interaction between CalpA and Cact, but not Dl, suggests 
that CalpA may coimmunoprecipitate with Cact that is not com-
plexed to Dl. Cact-eGFP displays several characteristics that indicate 
it forms functional complexes with Dl and simulates endogenous 
Cact function. First, it interacts with Dl in S2 cells, as it coimmuno-
precipitates with Dl antisera (Figure 2C). Second, in nonreducing 
gels we observe an additional Dl complex in embryos expressing 

(CalpA and CalpB) are expressed in different tissues throughout sev-
eral stages of development (Emori and Saigo, 1994; Park and Emori, 
2008; Theopold et al., 1995; Jekely and Friedrich, 1999). CalpB has 
been implicated in a model of AML1-ETO oncoprotein in the fruitfly 
and migration of somatic border cells during oogenesis (Osman 
et al., 2009; Kokai et al., 2012). CalpA is also expressed maternally, 
and low levels of maternally loaded mRNA for CalpA are present in 
the early embryo (Emori and Saigo, 1994). CalpA presents a unique 
characteristic in that it displays a hydrophobic domain that may fa-
vor association to membranes (Theopold et al., 1995). Accordingly, 
CalpA is localized to the submembranous apical compartment in 
early syncytial-stage embryos (Emori and Saigo, 1994). We showed 
that CalpA knockdown (KD) increases protein levels of the IκB pro-
tein Cactus (Cact), resulting in altered NFκB pathway responses and 
patterning of the early embryo (Fontenele et al., 2009). These data 
indicate that calpains may perform a conserved role to regulate 
NFκB activity in vertebrates and invertebrates, thus motivating a 
more detailed investigation of their functional significance.

The Drosophila IκB protein Cact was first identified as a mater-
nal-effect mutation required for dorsal–ventral (DV) patterning of 
the embryo (Schupbach and Wieschaus, 1989; Geisler et al., 1992). 
Later work by several groups showed that cact regulates NFκB activ-
ity during embryogenesis and innate immunity in response to Toll 
signals. Activation of the Toll pathway begins with binding of the 
Spätzle ligand to Toll transmembrane receptors. On receptor oli-
gomerization, the adaptor proteins dMyD88 and Tube recruit the 
Pelle kinase to the plasma membrane (Belvin and Anderson, 1996; 
Sun et al., 2002, 2004; Marek and Kagan, 2012). Phosphorylation 
and degradation of Cact ensues, releasing NFκB-like proteins for 
nuclear translocation. In the embryo, Cact regulates nuclear translo-
cation of the NFκB/Rel protein Dorsal (Dl) and activation/repression 
of target genes (for references see Moussian and Roth, 2005). In the 
immune system both Rel proteins Dl and Dif are regulated by Cact 
to control the response to fungi and Gram-positive bacteria (for ref-
erences see Hoffmann, 2003).

The levels of Rel-complexed and free Cact are regulated by two 
proteolytic pathways, controlling responses to Toll activation. 
Whereas Toll receptor activation leads to phosphorylation, ubiquit-
ination, and ultimately Cact proteasomal degradation, a second 
pathway for Cact degradation has been reported in the embryo, 
which involves phosphorylation by CKII (Liu et al., 1997; Packman 
et al., 1997). Different portions of the Cact molecule are targets for 
the Toll-dependent (Anderson et al., 1985; Hecht and Anderson, 
1993; Roth et al., 1991; Shelton and Wasserman, 1993; Gillespie 
and Wasserman, 1994; Drier et al., 1999; Sun et al., 2004) and Toll-
independent pathways (Belvin et al., 1995; Bergmann et al., 1996; 
Reach et al., 1996; Liu et al., 1997). Residues on the N-terminal por-
tion are phosphorylated upon activation of the Toll pathway, 
whereas CKII phosphorylation of Ser residues located inside the 
C-terminal PEST domain primes Cact for degradation independent 
of Toll (Liu et  al., 1997; Packman et  al., 1997). The Cact PEST 
domain is also required for proteolysis by CalpA since levels of C-
terminal deleted Cact are unchanged in presence of the protease 
(Fontenele et al., 2009). This pattern is similar to that proposed for 
vertebrate IκBα (Shumway et al., 1999; Shen et al., 2001), in which 
Toll signals lead to N-terminal phosphorylation followed by IκBα 
proteasomal degradation, and constitutive degradation depends 
on phosphorylation of residues inside the PEST domain. Moreover, 
the PEST domain is necessary and sufficient for IκB proteolysis by 
μ-calpain in vitro (Shumway et al., 1999). Here we produce C-termi-
nal–tagged Cact forms that allow us to precipitate Cact that is not 
part of Rel complexes. Using these tools, we investigate how CalpA 
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constructs. As shown for full-length Cact-eGFP, C- and N-terminal–
truncated Cact also coimmunoprecipitates nontagged Cact but 
does not coimmunoprecipitate Dl (Figure 2D). This is easily seen in 
immunoprecipitates (IPs) for CactΔPEST-eGFP, for which an endog-
enous Cact band coimmunoprecipitates with CactΔPEST-eGFP. This 
is harder to interpret in IPs for CactE10-eGFP, since this truncated 
form migrates at the same position as endogenous Cact. Therefore 
the band identified as Cact in coIP with CactE10-eGFP may actually 
correspond to the truncated tagged plus the endogenous Cact 
molecules. On the basis of the increased protein amounts recog-
nized by anti-Cact antisera as compared with IP for full-length Cact-
eGFP, we infer that endogenous Cact coimmunoprecipitates with 
CactE10-eGFP. Of importance, truncated Cact coimmunoprecipi-
tates CalpA-V5 (Figure 2, D and E). Owing to the fact that CactΔPEST-
eGFP and CactE10-eGFP associate with wild-type Cact, however, it 
is unclear whether CalpA-V5 interacts directly with truncated Cact-
eGFP or this association is established through endogenous full-
length Cact. In summary, although it is unclear whether N- or C-
terminal Cact domains are required for an interaction with CalpA, 
we show that Cact complexes harboring these truncated forms are 
still able to interact with this protease. Furthermore, Dl coimmuno-
precipitates truncated Cact. This indicates that truncated Cact-eGFP 
is also able to form a complex with Dl, in agreement with the litera-
ture (Belvin et al., 1995; Bergmann et al., 1996; Reach et al., 1996; 
Liu et al., 1997).

Cact-eGFP (Supplemental Figure S1A). The higher molecular weight 
is consistent with formation of a 2Dl:1Cact-eGFP complex. Finally, 
maternal expression of Cact-eGFP partially recovers a loss-of-func-
tion Cact phenotype and results in Cact-eGFP distribution that par-
allels endogenous Cact (Supplemental Figure S1, B and C). On the 
other hand, GFP antiserum does not coimmunoprecipitate Dl in S2 
cells expressing Cact-eGFP constructs (Figure 2D). Earlier studies 
suggested that C-terminal Cact epitopes are buried inside 2Dl:1Cact 
complexes and thus are not recognized by antibodies against this 
portion of the molecule (Whalen and Steward, 1993). This may also 
explain why Cact-eGFP does not coimmunoprecipitate Dl (Figure 
2D), although it does form trimeric complexes with Dl, similar to 
wild-type Cact (Supplemental Figure S1A). Therefore the presence 
of a C-terminal GFP tag in Cact favors immunoprecipitation of Cact 
that is not part of a complex with Dl. Accordingly, whereas Cact-
eGFP does not coimmunoprecipitate Dl, it does coimmunoprecipi-
tate endogenous Cact, suggesting it is able to form a dimer with 
nontagged Cact (Figure 2D). This Dl-independent Cact may consti-
tute the free Cact pool, reported as target of constitutive degrada-
tion (Belvin et al., 1995; Bergmann et al., 1996; Liu et al., 1997).

The N-terminus and the C-terminal domains of Cact and IκBα har-
bor residues that are targets for Toll-dependent and constitutive deg-
radation, respectively. To test whether the interaction between Cact 
and CalpA depends on these domains, we produced N-terminal–
deleted (CactE10-eGFP) and C-terminal–deleted (CactΔPEST-eGFP) 

FIGURE 1:  Calpain A alters Cactus levels in S2 cells. (A) Western blot of samples from S2 cells transfected for 48 h with 
pMT-CalpA-V5. CalpA and endogenous Cact levels are shown before and after induction of the transgene with CuSO4. 
After 24 h of induction, cells were treated with 5 μM ionomycin (Iono), the calcium chelator EGTA (5 mM), or vehicle 
(DMSO) for 1 or 5 h. Tubulin was used as loading control. (B, C) Quantification shows that CalpA-V5 levels (B) change by 
increasing (Iono) or decreasing (EGTA) Ca2+. Cact levels (C) decrease significantly with ionomycin. Statistical significance 
defined by Student’s t test, *p < 0.05. (D–G) Immunostaining for GFP (D, E) or V5 (F, G) in S2 cells transfected with (D) 
empty pAC vector, (E) pAC>cact-eGFP, and (F, G) pMT-CalpA-V5; Tubulin was used to reveal the cell outline. 
(H) Schematic of CalpA with C-terminal V5/His or GFP tag, site for autoproteolysis, and penta EF-hand Ca2+ binding 
region harboring the short hydrophobic domain. Scale bar (D–F), 10 μm.
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whether CalpA cleaves Cact in a limited manner to modulate its 
activity, we first searched for evidence of Cact truncated forms. 
Maternal expression of cact-eGFP generates, in addition to full-length 
Cact-eGFP (90 kDa), a smaller, 64-kDa fragment. This fragment mi-
grates slightly faster than CactE10-eGFP and thus lacks an N-terminal 
portion of the molecule (Figure 3A). This pattern is observed in S2 
cells as well as in blastoderm embryos, indicating that the mechanism 
that generates these fragments is present in both contexts. Further-
more, PEST-deleted Cact also migrates as a full-length and a trun-
cated form, with the truncated form slightly smaller that CactE10-
eGFP, consistent with absence of the PEST domain (Figure 3A).

These results provide evidence that Cact associates with CalpA 
and that CalpA targets Cact that is not complexed to Dl, thus free 
Cact.

Calpain A generates a C-terminal–truncated Cactus 
fragment devoid of Toll-responsive sequences
Calpains were first described as Ca2+-dependent enzymes with deg-
radation functions. However, more recent analysis shows that cal-
pains cleave their substrates in a limited number of sites, often re-
sulting in a modification of their activity. For this reason they are now 
termed modulatory proteases (Sorimachi et al., 2011). To address 

FIGURE 2:  Calpain binds Cactus. (A) Immunoprecipitation of Cact with anti-GFP antibodies. S2 cells were transfected 
with pMT-CalpA-V5 and pAC>cact-eGFP or pAC vector. On induction with CuSO4, whole-cell lysates show CalpA 
expression (in, input), which coimmunoprecipitates with Cact-eGFP (IP). (B) Using protein G–bound antibodies against 
Dl, endogenous Cact coimmunoprecipitates with Dl, but not CalpA. (C) Cells expressing N-terminal–deleted (E10-eGFP) 
or C-terminal–deleted (ΔPEST-eGFP) tagged Cact or full-length Cact-eGFP. All Cactus constructs coimmunoprecipitate 
with Dl. Western blot (WB) for GFP shows GFP constructs. Only the endogenous Cact region is shown in Cact WB. 
(D, E) Cells transfected with pMT-CalpA-V5 and pAC>cact-eGFP, pAC>cactE10-eGFP, or pAC>cactΔPEST-eGFP. All 
Cact constructs bind CalpA-V5, endogenous Cact, but not Dl in IPs using anti-GFP (D). (E) Comparison of IPs from cells 
expressing (+) or not expressing (–) CalpA-V5 shows that levels of Cact-eGFP and CactΔPEST-eGFP are reduced in the 
presence of CalpA. Cells were treated under identical conditions except for the presence or absence of CuSO4, and 
identical amounts were loaded on gels. (F) Graphic representation of GFP-tagged Cact constructs showing the region 
harboring Toll-responsive phosphorylation sites and sites for phosphorylation by Toll-independent signaling (PEST). MW 
denotes approximate size observed on SDS–PAGE.
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64-kDa, N-terminal–deleted Cact (arrow in Figure 3C). CalpA levels 
that coimmunoprecipitate with Cact-eGFP also decrease with time 
(Figure 3C), indicating that CalpA is released from this interaction 
after Cact cleavage. This behavior is consistent with the action of 
CalpA, as autolysis is followed by termination of activity (Friedrich 
et al., 2004). Therefore we conclude that CalpA is able to cleave 
Cact and generate a C-terminal fragment that corresponds in size to 
fragments present in vivo.

Because Cact exists either as a dimer or bound to two Dl mole-
cules, we asked whether the Cact fragment generated by the action 
of CalpA is able to interact with Dl. Part of the same lysate used in 
the previous experiment was used to test whether the fragments 
generated by CalpA coimmunoprecipitate with Dl antisera. Indeed, 
coIP with Dl reveals that Cact-eGFP C-terminal fragments are able 
to interact with Dl (Figure 3C). This result was unexpected, consider-
ing the previous assay showing that CalpA coimmunoprecipitates 
with Cact but not Dl and is therefore unlikely to cleave Cact inside 
the complex. One way to explain this result is to propose that Cact 

In the early embryo cact function depends on maternal expres-
sion, with decreasing maternal cact replaced by zygotic cact as gas-
trulation progresses (Kidd, 1992). Accordingly, expression of cact-
eGFP under a maternal promoter generates protein that is maternally 
provided and decreases in abundance as the embryo ages (Figure 
3B). However, N-terminal–truncated Cact-eGFP levels do not de-
crease to the same extent, suggesting that the Cact-eGFP fragment 
(64 kDa) is more stable than the full-length molecule. Classic cact 
mutants that produce N-terminal–truncated Cact, termed cact[E10] 
and cact[BQ] (Bergmann et al., 1996; Roth, 2001), do not respond to 
Toll signals and present greater stability in cells and embryos, in 
agreement with the foregoing interpretation.

Next we asked whether Cact C-terminal fragments were gener-
ated by the action of CalpA. We expressed CalpA-V5 and cact-eGFP 
in S2 cells and assayed the levels of Cact and CalpA as a function of 
time in the presence of Ca+2. In these conditions we observe that 
full-length Cact levels decrease with time after washing out the Ca+2 
chelator EGTA. We find a corresponding increase in the levels of 

FIGURE 3:  C-terminal Cactus fragments are generated by the action of CalpA and are present in Dl complexes. 
(A) C-terminal, GFP-tagged CalpA and Cact constructs are visualized in 0- to 2-h-old embryos and in S2 cells by Western 
blot. Arrowheads indicate full-length tagged proteins (125, 90, 85, and 65 kDa for CalpA-eGFP, Cact-eGFP, CactΔPEST-
eGFP, and CactE10-eGFP respectively), and arrows indicate C-terminal fragments (a for Cact-eGFP, b for CactΔPEST-
eGFP fragments). Note that the Cact-eGFP fragment migrates slightly faster than CactE10-eGFP. Asterisk denotes 
nonspecific band detected by the anti-GFP antibody. Tubulin was used as loading control. (B) Analysis of Cact-eGFP 
protein over time. Embryos containing six copies of maternally driven Cact-eGFP constructs were collected at 2-h 
intervals. Full-length Cact-eGFP (90 kDa) decreases over time at a faster rate than C-terminal fragments (64 kDa). Bars 
represent Cact-eGFP relative to tubulin protein levels. Statistical significance defined by Student’s t test, *p < 0.05. 
(C) CalpA generates Cact fragments. To attain high levels of Cact-eGFP expression, S2 cells were transfected with 
pT>cact-eGFP, Actin-Gal4, and pMT>CalpA-V5/His. After 24 h in the presence of CuSO4 to induce CalpA expression, 
cells were treated 5 h with EGTA, subsequently washed with fresh medium for the times indicated, and submitted to 
immunoprecipitation for anti-GFP. Arrowhead indicates full-length Cact-eGFP, which decreases over time (GFP IP, left), 
whereas the amount of a Cact-eGFP fragment (arrow) increases. Equivalent amounts of the same samples submitted to 
GFP IP were used for IP with anti-Dl (Dl IP, right). Both full-length and Cact-eGFP fragments coimmunoprecipitate with Dl. 
The load portion of the anti-V5 blot was underexposed to reveal that the decrease in CalpA-V5 in the GFP IP lanes after 
1 h EGTA wash is not due to a smaller protein input for IP. (D) Lysates from wild-type (WT) embryos or embryos 
expressing six copies of cact-eGFP were immunoprecipitated with anti-Dl. Endogenous Cact (Cactus), as well as 
Cact-eGFP (GFP) full-length (arrowhead) and C-terminal fragments (arrow), coimmunoprecipitate with Dl.
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domains, as well as with modifications in the size of lateral neuroec-
todermal territories previously reported (Fontenele et al., 2009, and 
data not shown). Of importance, basal (dorsal region) Dl levels are 
unaltered at any position under CalpA KD, unlike the reduction seen 
by lowering the dose of the dl gene (Figure 4, I and J). This indicates 
that the visible effects of CalpA on the Dl gradient are restricted to 
ventrolateral regions where the Toll receptor is active instead of reg-
ulating the total amount of Dl along the DV axis, which is capable of 
shuttling between nuclei and cytoplasm (DeLotto et al., 2007).

CalpA protein is apically enriched in the submembranous cyto-
plasm of the embryo syncytium (Emori and Saigo, 1994; Fontenele 
et al., 2009). It displays a dynamic pattern: at each mitotic division 
CalpA is evenly redistributed in the cytoplasm (Supplemental Figure 
S4). We observed that apical CalpA distribution depends on Cact 
(Fontenele et al., 2009). In cact loss-of-function mutants apical re-
striction is lost (Figure 5, A and B; Fontenele et al., 2009), whereas in 
cact[E10] mutants CalpA is distributed as patches close to the mem-
brane (Figure 5, C and I) and does not redistribute during mitosis 
(Figure 5, D and J). In both conditions calpain activity, measured 
with a fluorescent substrate, is decreased (Figure 5E). These results 
agree with the physical interaction demonstrated earlier between 
these proteins.

The dependence of CalpA activity on cact suggests that it may 
be regulated by Toll signals. Calpain activity is unchanged in 
the absence of Toll signals, however, such as in embryos from gd- 
mothers (gastrulation defective) or by unpatterned Toll activation, 
such as embryos from Tl[10B] mothers (gain-of-function Toll allele; 
Fontenele et  al., 2009). Apical enrichment is also maintained in 
these mutant conditions. On the other hand, apical CalpA distribu-
tion is slightly altered, depending on the level of Toll signaling. In 
embryos that lack upstream Toll signals (from gd- mothers) the 
CalpA mesh-like distribution is not as “tight” as in ventral regions of 
a wild-type embryo where Toll signals are active (Figure 5, F–H). Of 
interest, CalpA distribution at the dorsal side of wild-type embryos 
is more homogeneous than in the ventral region (Figure 5, F and G). 
Therefore upstream elements of the Toll pathway do not seem to 
affect the levels of CalpA activity or CalpA apical enrichment, al-
though they do influence CalpA distribution inside the submembra-
nous compartment.

CalpA regulates Cactus function in the immune system
In addition to embryonic DV patterning, Cact plays a fundamental 
role in the immune system. Innate immunity in Drosophila involves 
systemic and cellular responses (Hoffmann, 2003). During larval 
stages the fat body—invertebrate structure functionally equivalent to 
the vertebrate liver—controls the systemic response to infection by 
activating the Toll and Imd pathways (Nicolas et al., 1998; Manfruelli 
et al., 1999; De Gregorio et al., 2002). Infection by fungi and Gram-
positive bacteria activates the Toll pathway, leading to nuclear trans-
location of the Rel proteins Dl and Dif (Ip et al., 1993; Lemaitre et al., 
1996, 1997; Meng et al., 1999; Michel et al., 2001; Ligoxygakis et al., 
2002; Rutschmann et al., 2002; Tauszig-Delamasure et al., 2002; Tanji 
et  al., 2010). Gram-negative bacterial infection activates the Imd 
pathway and nuclear translocation of Relish (Lemaitre et al., 1995; 
Georgel et al., 2001; Lu et al., 2001; Choe et al., 2002).

We investigated whether CalpA regulates Cact function in the fat 
body. Two endogenous Cact bands are detected in the fat body, the 
smaller corresponding in size to a deletion of the Toll-responsive 
N-terminal region (Figure 6A). This suggests that Cact fragments 
generated by CalpA may play a role in the immune system as well as 
in the embryo. CalpA protein is evenly distributed throughout the 
larval fat body tissue (Figure 6B). CalpA KD using the Cg-Gal4 driver 

fragments generated by CalpA are incorporated into 2Dl:1Cact 
complexes, exchanging with full-length Cact. Of interest, a Cact-
eGFP fragment of similar size is observed in vivo to coimmunopre-
cipitate with Dl (Figure 3D). Fragments from endogenous Cact that 
correspond in size to the deletion observed for Cact-eGFP also 
coimmunoprecipitate with Dl in S2 cells and embryos (Supplemen-
tal Figure S2). Thus C-terminal Cact fragments generated by CalpA 
are likely produced in vivo and predicted to regulate Toll-responsive 
2Dl:1Cact complexes.

To unambiguously identify the 64-kDa fragment as an N-termi-
nally deleted Cact-eGFP fragment generated by CalpA-V5 in S2 
cells (as in Figure 3C), we excised this band from gels and analyzed 
it by mass spectrometry. Identification of unique peptides for Cact 
and GFP confirms that this band is indeed a Cact-eGFP fragment. 
Furthermore, no sequences before amino acid residue 149 were de-
tected, conforming with the size of the fragment and the interpreta-
tion that Cact cleaved by CalpA lacks N-terminal sequences respon-
sive to Toll (Supplemental Figure S3). Two high-probability cleavage 
sites in Cactus are predicted after the Toll-responsive sequences, at 
positions 145 and 153 (as defined by sequence analysis at Calpain 
for Modulatory Proteolysis Database [http://calpain.org]; duVerle 
et al., 2010). The cact[E10] and cact[BQ] mutants encode proteins 
that start at position 145 in full-length Cact (Bergmann et al., 1996). 
Therefore Cact fragments generated by CalpA proteolysis may 
share properties similar to these gain-of-function alleles. It is inter-
esting to note that porcine m-calpain cleaves human IκBα in vitro, 
deleting sequences for Toll responsiveness (Schaecher et al., 2004) 
and thus suggesting a conserved mechanism for calpain action.

Quantifying the effect of CalpA on the embryonic DV axis
The interactions described between CalpA and Cact suggest that 
CalpA may display fundamental roles in regulating NFκB activity in 
vivo. The best characterized roles for cact are during embryonic 
DV patterning and in the systemic immune response. CalpA is ex-
pressed maternally, generating mRNA that is loaded into the oocyte 
and detected during early embryogenesis (Emori and Saigo, 1994; 
Theopold et al., 1995). We previously showed that injection of dou-
ble-stranded RNA for CalpA altered Cact levels, Dl distribution, and 
Dl target gene expression in the early embryo (Fontenele et  al., 
2009). To quantify the effect of CalpA on the Dl gradient, we 
performed KD using UAS-CalpA RNA interference (RNAi) lines 
(Transgenic RNAi Project [Harvard Medical School, Boston, MA], 
pValium10) driven by a maternal GAL4 driver, a condition that re-
duces variability compared with double-strand RNA injections. A 
50% reduction in CalpA mRNA levels was observed, leading to a 
1.5- to 2.0-fold increase in the levels of full-length Cact (Figure 4, A 
and B). This effect is specific to CalpA KD, but not CalpB KD, in 
syncytial-stage embryos (0- to 2-h development). As a result, the 
nuclear Dl gradient is reduced, especially in the middle of the 
embryo (Figure 4, C–F). CalpA KD also reduces the ventral twist 
and snail expression domains, targets of activation by high levels of 
nuclear Dl (data not shown; Fontenele et al., 2009). We quantified 
the effect of CalpA KD on the Dl gradient by measuring the gradient 
in fixed embryo optical cross sections. It was shown that the wild-
type Dl gradient increases in amplitude with developmental time 
(Kanodia et al., 2009; Liberman et al., 2009) and varies in width along 
the anterior–posterior axis (Kim et al., 2011; Reeves et al., 2012). 
CalpA KD alters the shape of the Dl gradient, reducing the ampli-
tude of the gradient at 50% egg length (e.l.) in cycle 14 embryos. 
The shape of the gradient is also altered at 15% e.l., although the 
amplitude is not reduced as at 50% e.l. (Figure 4, G, H, K, and L). 
These alterations are consistent with the decrease in twist and snail 
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FIGURE 4:  Calpain A KD alters the format of the Dorsal gradient during embryogenesis. (A) Western blot analysis 
reveals that CalpA KD with the maternal tub67Gal4 driver (mat>Ari) increases the levels of Cact protein in blastoderm 
embryos (0–2 h) but has no effect after gastrulation (2–4 h). CalpB KD has no effect (mat>Bri). Tubulin was used as 
loading control. (B) Quantification of protein bands shows a small but significant increase in the levels of Cact in 0- to 
2-h embryos (*p < 0.05; Student’s t test). (C–F) Dl gradient in wild-type (C, D) and CalpA KD (E, F) shows a reduction in 
the Dl gradient, especially at 50% embryo length (arrowhead), as seen in the lateral projected Z-sections (C, E) and in 
cross-sections (C′, E′) of the same embryos. Embryos in ventral view (D, F) show a narrow domain of high Dl in the KD 
(F). Anterior is left, posterior is right. Dorsal is up in C and E. (G–L) Embryos were cut transversely, and the nuclear Dl 
gradient was quantified at 15% (G, I) or 50% (H, J) e.l. compared with control embryos (Histone-GFP) stained 
concomitantly. The x-axis represents the space from the ventralmost point (V; x = 0) to the dorsalmost point (D; x = 1). 
The y-axis represents the intensity of nuclear Dl, where the gradient was normalized with respect to the control Dl 
gradient. Error bars correspond to the SEM. (G) At 15% e.l. (left) the format of the Dl gradient is modified in embryos 
from the CalpA RNAi (in blue) compared with control embryos (red). Basal Dl levels in dorsal regions are unchanged. At 
50% e.l. (H) the amplitude of the gradient is also decreased in CalpA RNAi. (I, J) A reduction in the dose of dl (blue) 
results in a decrease in the amplitude of the Dl gradient as well as in the basal Dl levels at 15% e.l. (I) and is more 
prominent at 50% e.l. (J). Here n corresponds to the number of gradients analyzed. (K, L) Optical sections at 15% e.l. to 
illustrate the Dl gradient in control (K) and CalpA RNAi (L) embryos. Plots in G–J are statistically significant based on 
Student’s t test (p < 0.05).
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loss of Cact at the membrane (Figure 7C). A decrease in filamentous 
actin is also seen in this condition.

The decrease in basal drosomycin mRNA levels upon CalpA KD 
correlates with the decrease in cytoplasmic Cact and suggests a de-
crease in NFκB activation. This conforms with the interpretation that 
cytoplasmic Cact harbors a signaling component (Wu and Ander-
son, 1998). The similar decrease in drosomycin mRNA levels upon 
CalpA overexpression, however, is puzzling. If CalpA acts solely by 
stimulating Cact degradation, one would expect that CalpA overex-
pression, by decreasing total Cact, should result in greater NFκB 
activity. One way to interpret these results is to propose that CalpA 
regulates Cact availability to participate in Toll signaling complexes. 
In this scenario CalpA KD would inhibit the release of Cact to partici-
pate in Toll signaling complexes with Dl and Dif, keeping it unavail-
able at the submembranous compartment. On CalpA overexpres-
sion, the absence of Cact at the membrane, available to renew 
Toll-responsive complexes, would explain the low expression levels 
of the NFκB target drosomycin. Thus a correct balance of CalpA 
activity would be required to favor Toll responses. Alternatively, low 
drosomycin under CalpA overexpression may result from high levels 
of nonresponsive CactE10 fragments, inhibiting Toll signals, or from 
abnormalities in the cytoskeletal array that keeps components of the 
Toll pathway in place for signaling. Regardless of the mechanism, 
these results demonstrate that CalpA alters Cact function in the 

induces a ∼60% reduction in CalpA mRNA levels (Figure 6D). As a 
result, irregularly decreased CalpA staining is seen in fat body cells 
(Figure 6, B and C). Both CalpA loss and gain of function reduce the 
basal drosomycin mRNA levels, a well-established target of Toll path-
way activation (Figure 6E). In contrast, no significant alteration was 
observed on diptericin mRNA levels, reflecting the absence of an 
effect on the Imd pathway (Figure 6F). Accordingly, drosomycin 
mRNA levels are decreased in CalpA KD larvae challenged with 
spores from the fungus Beauveria bassiana (Figure 6G), whereas the 
response to Gram-negative Escherichia coli is unchanged (Figure 
6H). This behavior is repeated in the adult. CalpA KD adults chal-
lenged with B. bassiana display a reduced survival rate compared 
with controls (Figure 6I). Therefore CalpA functions in the larval and 
adult immune system to modulate Toll pathway–induced responses.

Cact distribution in the large cells of the fat body is modified by 
changes in CalpA levels (Figure 7). In wild-type cells most Cact pro-
tein is cytoplasmic; however, staining close to the plasma membrane 
is also observed, colocalizing with filamentous actin (Figure 7A). This 
may reflect Cact protein in close proximity to the Toll signaling com-
plexes, whereas cytoplasmic Cact may reflect protein released from 
these complexes and/or in transit to the membrane. Strikingly, upon 
CalpA KD, cytoplasmic Cact decreases greatly and submembranous 
distribution is maintained (Figure 7B). Conversely, CalpA overex-
pression results in a general decrease in Cact levels but especially in 

FIGURE 5:  The cactus[E10] gain-of-function mutant alters CalpA distribution and activity. (A) Wild-type syncytial 
blastoderm embryo showing endogenous CalpA beneath the plasma membrane, marked with anti-phosphotyrosine 
antisera. (B) In loss-of-function cact mutants CalpA is diffuse in the cytoplasm. (C, D) In a gain-of-function cact mutant 
(cact[E10]/cact[A2] mothers), CalpA distribution is patchy during interphase (C) and remains so during mitosis (D). CalpA 
in green and Hoechst nuclear stain in blue; Phosphotyrosine in red in A and B, and Cact in red in C and D. (E) Calpain 
activity decreases in loss-of-function (cact[A2]/cact[011] mothers) and gain-of-function (cact[E10]/cact[011] and 
cact[E10]/cact[A2] mothers) cact mutants as compared with wild-type (CS). Values are statistically significant based on 
one-way analysis of variance (p < 0.05). The decrease in activity in membrane-enriched fractions does not result from a 
redistribution to the cytosol. (F–J) CalpA distribution in sagittal view of (F) dorsal and (G) ventral region of a wild-type 
embryo, (H) embryo from a gd-/gd- mother, and (I, J) embryos from cact[E10]/cact[A2] mothers during interphase (I) or 
mitosis (J, J′). Nuclei are blue in J′ to reveal detail in CalpA (green) distribution. Scale bars, 5 μm (A–D), 10 μm (F–J).
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FIGURE 6:  CalpA regulates Toll pathway responses in the fat body. (A) Cact protein in larval fat 
body (FB) and 0- to 2-h embryos (Emb). Note the maternal (m) and zygotic (z) full-length bands 
and the truncated (arrow) forms. Tubulin was used as loading control. (B, C) CalpA protein 
staining (green) in control (B; Cg-GAL4>+), and CalpA KD (C; Cg-GAL4>UAS-Dicer2; UAS-CalpA 
RNAi) larval fat body. The KD is more effective in some cells than others; however, decreased 
submembranous immunoreactivity is observed in most cells, as shown in high magnification 
(B′′, B′′′; C′′, C′′′). (D) qRT-PCR shows 50% reduction in CalpA mRNA levels in the CalpA KD. 
(E–H) qRT-PCR for drosomycin (E, G) and diptericin (F, H) in control larvae (Cg-GAL4>+) or larvae 
expressing UAS-Dicer2; UAS-CalpA RNAi, UAS-CalpA-eGFP, or UAS-cact-eGFP under the 
control of Cg-GAL4. Basal (E, F) drosomycin levels are significantly decreased by alterations in 
CalpA and cact. On challenge (G) with B. bassiana, drosomycin levels decrease in the CalpA KD 
relative to control Cg-GAL4>+. No difference is observed upon challenge with E. coli (H). 
Statistical significance defined by Student’s t test, *p < 0.05. (I) Viability in B. bassiana–
challenged but not E. coli–challenged Cg>CalpA RNAi adult flies is significantly decreased 
relative to Cg>+ controls. Statistical significance assigned by log-rank (Mantel–Cox) test for 
the first 15 d and by Gehan–Breslow–Wilcoxon test for the entire period, p < 0.05. Scale bar, 
10 μm (B′′, C′′). NC = no challenge.

immune system by affecting Toll pathway 
activity.

DISCUSSION
CalpA binds and cleaves Cactus
Combined with our previous results, we 
showed that CalpA regulates Cact and that 
interfering with CalpA activity results in phe-
notypes associated with the NFκB pathway 
in the embryo and fat body. It was an open 
question, however, whether Cact is a direct 
target of CalpA activity in vivo. The present 
results show that CalpA and Cact physically 
interact in S2 cells. In addition, N-terminal–
deleted Cactus is generated by the action 
of CalpA. This deletion occurs in the prox-
imity of a predicted CalpA cleavage site. 
Finally, we observe increased levels of trun-
cated Cact upon an increase in Ca2+ levels in 
the presence of CalpA. Thus, although we 
have not completely ruled out the existence 
of an intermediary protein in this process, 
data presented here support the hypothesis 
that Cact is a direct CalpA target.

The action of vertebrate μ-calpain to in-
teract with and cleave IκBα depends on a 
C-terminal PEST sequence (Shumway et al., 
1999; Shen et  al., 2001). It is unclear in 
Drosophila which sequences in Cact are re-
quired to interact with CalpA, since trun-
cated Cact is complexed to full-length Cact. 
CalpA mRNA injections that decrease the 
levels of full-length Cact are unable to de-
crease PEST-deleted Cact (Fontenele et al., 
2009), arguing that CalpA does require the 
Cact PEST domain for cleavage. We ob-
serve, however, a C-terminal CactΔPEST-
eGFP fragment in vivo that corresponds in 
size to a deletion potentially generated by 
CalpA (Figure 3A). To resolve this conflict, 
one can suggest that CalpA has higher affin-
ity for full-length than PEST-deleted Cact. 
Additional studies are necessary to test this 
prediction. Conversely, the Cact N-terminus 
may be required for CalpA action. The 
amount of CactE10-eGFP that IPs with anti-
GFP sera is unaltered in the presence or ab-
sence of CalpA-V5 (Figure 2), and CalpA 
mRNA injections do not significantly alter 
the levels of injected CactE10 (Fontenele 
et al., 2009). CalpA action releases the Cact 
N-terminus, likely terminating the interac-
tion between the two proteins. Thus N-ter-
minal–deleted Cact may not be a CalpA 
substrate. In accordance with this interpreta-
tion, CalpA does not colocalize with Cact in 
cact[E10]/cact[A2] embryos (Figure 5C).

Cactus regulates CalpA activity 
and localization
The calcium requirement for calpain activity 
in vitro is much greater than that observed 
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however, report that C-terminal CKII phosphorylation targets both 
free and NFκB-associated IκBα and contributes to NFκB-associated 
IκBα signal-dependent degradation. Whereas the IKK-independent 
degradation constant for free IκBα is 2000 times greater than for 
NFκB-associated IκBα, free IκBα degradation is a major determi-
nant of constitutive and signal-responsive NFκB activity (O’Dea 
et al., 2007).

In Drosophila Cact exists as free and NFκB-bound forms. During 
embryogenesis Cact forms two different complexes: one composed 
of Cact only and another bound to a Dl dimer (Isoda and Nusslein-
Volhard, 1994). The complex with Dl is part of the signaling module 
that responds to Toll activation. On Cact proteasomal degradation 
in response to Toll, the Dl dimer is released to enter the nucleus 
(Moussian and Roth, 2005). The Cact dimer or “free Cact” is also 
able to respond to Toll signals since it is subject to Toll-dependent 
degradation in the ventral region of dl– embryos (Belvin et al., 1995; 
Bergmann et al., 1996). In addition, free Cact is subject to Toll-inde-
pendent degradation to maintain low levels of Cact in the absence 
of Dl. It was proposed this ensures that free Cact does not titrate out 
Toll signals, allowing a sensitive response (Bergmann et al., 1996; 
Liu et al., 1997). In the fat body Cact interacts with both Dl and Dif 
but may also exist in a Rel-free form (Nicolas et al., 1998; Wu and 
Anderson, 1998; Manfruelli et  al., 1999). Although it seems clear 
that modifying the amount of free Cact alters the Dl gradient, its 
physiological significance is elusive.

Our data are consistent with CalpA interacting with a Cact pool 
that is not bound to Dl, constituting free Cact. Because CalpA KDs 
result in significant effects on ventrolateral regions of the embryonic 
Dl gradient, this supports the hypothesis that by regulating free Cact 
Toll responses are regulated. More than decreasing total levels of 
free Cact by degradation, however, CalpA generates truncated Cact 

in vivo. Thus it was suggested that the proximity to substrates and/
or membranes may lower the calcium concentration required for 
activation (Friedrich et al., 2004). The proximity of CalpA to the Cact 
substrate in the apical submembranous compartment may allow ac-
tivation in spite of low Ca2+ concentrations. In fact, the decrease in 
calpain activity in cact– embryos shows that Cact is essential not 
only for localization but also for CalpA activity (Fontenele et  al., 
2009; present results). Before mitosis an apical calcium wave passes 
through the embryo starting at the poles, triggering nuclear divi-
sions in the embryonic syncytium (Foe and Alberts, 1983). CalpA 
diffuses into the cytoplasm during mitosis, likely in response to this 
wave. Of interest, in cact[E10]/cact[A2] embryos CalpA remains 
membrane restricted and calpain activity is low, indicating that 
CalpA redistribution to the cytoplasm requires full-length Cact. 
Therefore a likely scenario is that during interphase Cact provides 
the substrate proximity for CalpA activity in the presence of low 
Ca2+. Cact also restricts CalpA distribution and allows it to sense the 
apical calcium wave during mitosis, followed by cytoplasmic redistri-
bution of the protease. Thus it is tempting to speculate that Cact 
regulates and is regulated by CalpA. Others have suggested a simi-
lar interplay between calpain 2 and its substrate Fak in adhesion 
dynamics (Chan et al., 2010).

CalpA targets free Cact
In vertebrate cells IκBα functions as the primary regulator of NFκB. 
To ensure proper NFκB activity, degradation/turnover of free and 
NFκB-associated IκBα must be tightly regulated in basal as well as 
in stimulated conditions. Phosphorylation by IKKs leads to signal-
dependent degradation of free and bound IκBα, and CKII activity 
induces IκBα degradation under basal conditions (Han et al., 1999; 
Shumway et al., 1999; Shen et al., 2001). Pando and Verma (2000), 

FIGURE 7:  CalpA modifies Cactus distribution in the larval fat body. (A) Control (Cg-GAL4>+), (B) CalpA KD 
(Cg-GAL4>UAS-Dicer2; UAS-CalpA RNAi), and (C) CalpA-eGFP–overexpressing (Cg-GAL4>UAS-CalpA-eGFP) fat body 
cells showing Histone-GFP (green in A) or CalpA-eGFP (green in B, C), Cact (red), phalloidin (white), and Hoechst nuclear 
stain (blue) in all merged images. CalpA KD induces decreased Cact in the cytoplasm and maintains submembranous 
Cactus, which colocalizes with filamentous actin, whereas CalpA overexpression induces the inverse effect. (A′–C′) High 
magnification of fat body cells from A–C. Scale bars, 50 μm (A–C), 25 μm (A′–C′).
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function to regulate IκB elements and Toll signals in Drosophila 
(Figure 8): Cact binds CalpA in the submembranous cytoplasm as a 
complex (2Cact) devoid of Dl. Cleavage by CalpA liberates Cact 
from this complex, either as full-length or N-terminal–deleted Cact, 
allowing these IκB molecules to incorporate into the signaling com-
plex with Dl (2Dl:1Cact). Newly incorporated full-length Cact 
responds to Toll and suffers degradation, liberating more Dl for nu-
clear translocation. Because the action of CalpA is to favor Toll 
signals in the embryo and fat body, this mechanism could poten-
tially be used to replenish the downstream elements for Toll signal-
ing (with full-length Cact) and/or terminate the signal (with truncated 
Cact devoid of Toll-responsive sequences), allowing new signaling 
complexes to form. In this scenario CalpA action on free Cact would 
help to sustain Toll signals over time or provide precision to NFκB 
responses. Future quantitative analysis and modeling will be funda-
mental to distinguishing between these possibilities.

MATERIALS AND METHODS 
Fly stocks and genetics
Lines used in this study were as follows: loss-of-function cact[A2] 
and cact[011], generously provided by Steve Wasserman (University 
of California, San Diego); and gain-of-function cact[E10] and gd[7], 
obtained from the Bloomington Drosophila Stock Center (Indiana 
University, Bloomington, IN). The Cg-GAL4 driver line used in this 
study was described previously to drive expression in the larval and 
adult fat body (Asha et al., 2003). All KDs were induced in the pres-
ence of UAS-Dicer2, obtained from the Bloomington Stock Center. 
UAS-CalpA RNAi and UAS-CalpB RNAi were obtained from the 
TRIP stock collection at the Bloomington Drosophila Stock Center.

Constructs for S2 cell expression
pMT-CalpA-V5/His was produced by amplification of Kpn-CalpA-
Not from cDNA clone LD22862 (pOT2-CalpA), cut and ligated into 
pMT-HisC with KpnI/NotI. pAcPA-CalpA-eGFP was produced by 

that is more stable than the full-length form. These fragments lack 
Toll-responsive sequences, implying that they are not degraded in 
response to Toll and thus display activity that is different from full-
length Cact. We provide evidence that Cact fragments are gener-
ated in vivo, both during embryogenesis and in the larval fat body. 
Of importance, C-terminal Cact fragments coimmunoprecipitate 
with Dl in vivo, indicating that CalpA regulates how free Cact is in-
corporated into signaling complexes to alter signals downstream of 
Toll. CalpA KD result in a modest (1.5- to 2-fold) increase in the lev-
els of full-length Cact. A twofold increase in Cact may fall into the 
limits not predicted to result in an embryonic phenotype, whereas 
one dose of the cact[E10] allele is enough to produce 30% of weakly 
dorsalized embryos (Govind et al., 1993). Thus the effect of CalpA 
KD on the Dl gradient may result mainly from an imbalance of C-
terminal Cact (CactE10) fragments generated by the protease. In 
vertebrates, IκB fragments generated by the action of calpains have 
been detected as intermediates in the degradation process (Han 
et al., 1999; Schaecher et al., 2004; Li et al., 2010). It will be interest-
ing to investigate how truncated IκB functions to regulate Toll sig-
nals during the vertebrate immune response.

Contribution of CalpA to Toll responses
The enrichment of CalpA at the plasma membrane is consistent with 
a role in the regulation of signaling complexes. Recent data impli-
cate calpains in the regulation of transmembrane receptors and 
their downstream signaling components. For instance, calpains-1 
and -2 cleave the TRPC5 receptor, leading to neuronal growth cone 
collapse (Kaczmarek et al., 2012). Conversely, m-calpain stabilizes 
acetylcholine receptor clusters present at the neuromuscular junc-
tion (Chen et al., 2007), and μ-calpain cleaves β-catenin associated 
with membrane receptors (Lade et al., 2012). Curiously, CalpA distri-
bution responds to the formation of Toll signaling complexes. The 
mesh-like submembranous CalpA array present in ventral regions of 
the embryos is modified in the absence of an active Toll ligand 
(embryos from gd- mothers). Enrichment of CalpA and general cal-
pain activity at the membrane are not modified under this condition, 
unlike cact– embryos. Thus Toll signals are not required for CalpA 
activity. The redistribution of CalpA in response to Toll signals, how-
ever, suggests that this protease interacts with some part of the Toll 
signaling complex.

Although Cact is a cytosolic protein, assembly of the Toll signal-
ing complex takes place at the membrane. It has been suggested 
that upon ligand binding, Toll receptors undergo homodimeriza-
tion. As a consequence, the sorting adaptor MyD88 that binds Tube 
through its Death Domain recruits this complex to Toll. Subsequent 
binding of the kinase Pelle to the MyD88-Tube complex promotes 
Pelle activation, leading to phosphorylation and proteasomal deg-
radation of Cact (Belvin and Anderson, 1996; Towb et  al., 1998; 
Schiffmann et  al., 1999; Horng and Medzhitov, 2001; Sun et  al., 
2002, 2004; Charatsi et al., 2003; Moncrieffe et al., 2008; Marek and 
Kagan, 2012). Two reports suggest that Drosophila Toll signaling 
requires endocytosis (Huang et al., 2010; Lund et al., 2010). Recent 
evidence, however, supports the notion that at least the initial steps 
in Toll signaling take place at the plasma membrane (Sun et  al., 
2002, 2004; Marek and Kagan, 2012). Considering the localization 
of CalpA and its effects in modifying Cact and signaling through 
Toll, it is possible that CalpA action is also initiated at the plasma 
membrane.

In view of the data presented here and evidence from the litera-
ture that calpain proteases regulate the composition and turnover 
of signaling complexes (Yuan et al., 1997; Li and Iyengar, 2002; Calle 
et al., 2006; de Thonel et al., 2010), we propose a model of CalpA 

FIGURE 8:  Model for the action of CalpA in modifying Toll signals. On 
the basis of a reduction of the Dl gradient in the embryo and the 
reduced expression of Dl target genes in the embryo and fat body 
upon CalpA KD, we propose a model for the action of CalpA to 
increase signaling through Toll: CalpA targets free Cact (CT⋅CT), 
releasing protein, which is incorporated into a complex with Dl 
(CT⋅Dl2). This complex responds to Toll signals, leading to Cact 
degradation and nuclear translocation of Dl (nDl2). In the process of 
releasing free Cact, C-terminal Cact fragments are produced (CT[E10]). 
Because Calpain activity is reduced in cact loss of function and CalpA 
distribution is altered by Toll signals, the model incorporates a 
positive feedback loop from Toll-responsive Cact:2Dl complexes 
(CT⋅Dl2, dashed arrow). Although not depicted, Cact fragments 
(CT[E10]) are also able to incorporate into a complex with Dl. Variations 
in the relative amount of full-length to truncated Cact may 
differentially affect Dl nuclear translocation.
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Bank; DSHB; University of Iowa, Iowa City, IA] or polyclonal anti-
GFP antibody [Nova Biologicals, Oceanside, CA]) at 4°C for 3 h. 
Beads were washed three times with lysis buffer and then boiled in 
SDS–PAGE sample buffer at 95°C for 5 min and electrophoresed 
on NuPAGE 10% Bis-Tris gel (Invitrogen). Bleach-dechorionated em-
bryos were homogenized in lysis buffer (one embryo/μl) and pre-
pared directly with sample buffer for SDS–PAGE or prepared for IP 
analysis as described. CalpA-V5/His protein was detected by immu-
noblotting onto polyvinylidene fluoride membranes using an anti-
V5 monoclonal antibody (1:2000; Invitrogen). Full-length and trun-
cated Cact-eGFP were detected by immunoblotting using an 
anti-GFP polyclonal antiserum (1:1000; Novus Biologicals, Littleton, 
CO). Endogenous Cactus and Dorsal were detected with monoclo-
nal antibodies from DSHB (anti-Dl, 1:100, and anti-Cact, 1:500, re-
spectively). Anti–α-tubulin was used as loading control (DM1α; 
1:3000; Sigma-Aldrich, St. Louis, MO) Antibodies were covalently 
attached to protein G or A–Sepharose beads as in Araujo et  al. 
(2003). Quantification of blots was performed by measuring band 
intensity relative to tubulin, from direct luminescence using 
FluorChem HD2 and Alphaview software (Alpha Innotech, Santa 
Clara, CA) or from exposed films using the histogram function of 
Photoshop (Adobe, San Jose, CA). Graphs correspond to mean 
and SEM.

Immunohistochemistry of S2 cells, embryos, and fat body
S2 cells grown on chamber slides were used for immunofluorescence. 
After 48 h of transfection, cells were fixed for 10 min in 4% paraform-
aldehyde in phosphate-buffered saline (PBS), pH 7.0, and permeabi-
lized in PBST buffer (PBS + 0.1% Tween 20). Cells were blocked with 
5% normal goat serum, incubated for 1 h with primary antibody (anti-
V5, 1:1000; anti-GFP, 1:500), and subsequently incubated with sec-
ondary Alexa Fluor 488 antibodies and phalloidin–Alexa 568, 
mounted in Aquamount. After dechorionation in bleach, embryos 
were fixed in fixation buffer (PBS, 4% formaldehyde, and 50% hep-
tane) for 20 min and devitelinized by hand shaking in methanol. After 
three washes with PBST, embryos were blocked with 5% normal goat 
serum in PBST for 1 h and incubated with the primary antibodies 
overnight at 4°C. Third-instar larval fat bodies were dissected in cold 
PBS and permeabilized in three changes of PBST for 1.5 h. Fat body 
tissue was blocked and incubated with primary antibodies as de-
scribed. Primary antibodies used were monoclonal anti-Dl (7A4; 
1:100; DSHB), anti-Cactus (3H12; 1:500; DSHB), anti-phosphoty-
rosine (1:1000; Cell Signaling, Beverly, MA), and polyclonal anti-cal-
pain (1:100; a generous gift of Emori Saigo, Tokyo University) and 
anti-GFP (1:500; Millipore, Billerica, CA). Secondary antibodies used 
were Alexa Fluor 488 goat anti-rabbit and Alexa Fluor 568 goat anti-
mouse (1:500; Invitrogen/Molecular Probes, Eugene, OR), incubated 
for 1 h at room temperature. Embryos were incubated with phalloi-
din–Alexa 568 for 15 min to detect polymerized actin. Alexa Fluor 
568 donkey anti-mouse, Alexa Fluor 488 donkey anti-rabbit, and 
phalloidin–Alexa 647 were used for multiple detection in fat body. 
Hoechst 33342 was used at 1 μg/ml for nuclear stains. The fluores-
cence was detected by confocal microscopy using a Leica SP5-AOBS 
microscope (Leica Microsystems, Wetzlar, Germany). Quantification of 
the Dl gradient in embryos is described in Kanodia et al. (2009), using 
either a microfluidic device to measure the gradient at 15% e.l. (Chung 
et al., 2011) or hand-cut embryos to define the gradient at 40–60% 
e.l. Values for nuclear Dl levels correspond to mean and SEM.

Calpain activity
Calpain activity measurements are described in Fontenele et  al. 
(2009). Values correspond to mean and SEM.

overlap extension using LD22826 and pBS-eGFP as templates, with 
the eGFP sequence lacking the first Met cloned in frame with CalpA, 
and inserted into pAcPA with KpnI/NotI. pAcPA-cact-eGFP was 
generated by amplifying two overlapping fragments using as tem-
plates cDNA clone LD10168 (pBS-cactus) and pBS-eGFP. Left and 
right fragments were used for overlap extension with Expand High 
Fidelity polymerase using 5′ and 3′ primers to generate full-length 
cact-eGFP and ligated into TopoTA. eGFP was placed in frame with 
Cact, losing the first Met residue. A BssHII + XhoI fragment was cut 
from Topo-cact-eGFP and ligated into pBS, generating pBS-cact-
eGFP. A similar strategy was used to generate pBS-cactE10-eGFP 
and pBS-cactΔPEST-eGFP. Primer sequences to amplify cactE10 are 
initiated at a PstI internal site, leaving the first possible ATG start 
codon at position 144, similar to cact[E10] mutants previously de-
scribed. A PstI/XhoI fragment was inserted into pBS to generate 
pBS-cactE10-eGFP. Primer sequences to amplify PEST-deleted 
cactus end at residue 458 (Val), (before the 459 + 460 ACGCCT 
that was converted to a stop codon in Reach et al., 1996). pAcPA-
cact-eGFP was generated by cutting pBS-cact-eGFP with BamHI/Xho 
and ligating into pAcPA. The same strategy was used for generating 
pAcPA-cactE10-eGFP and pAcPA- cactΔPEST-eGFP.

Transgenic constructs
CaMat-cact-eGFP was generated by cutting pBS-cact-eGFP with 
Spe/Xho and ligating into pCaMatβGalBam, deleted of the β-
galactosidase gene (a kind gift of David Stein (University of Texas); 
Fernandez et al., 2001). This places constructs downstream of the 
Drosophila tubulin α-4 (α67C) promoter. CaMat-cactE10-eGFP and 
CaMat-cactΔPEST-eGFP were generated using a similar strategy. 
Several independent lines of CaMat-cact-eGFP constructs were ob-
tained by standard P-element–mediated germline transformation 
(Genetic Services, Cambridge, MA). A pTiger construct for driving 
UASp-cact-eGFP was generated by cutting pAcPA-cact-eGFP and 
ligating into BamHI/NheI-cut pTiger. pTiger-CalpA-eGFP was gener-
ated by cutting pAcPA-CalpA-eGFP into KpnI/NotI-cut pTiger. pTi-
ger is a derivative of pUASp (Ferguson et al., 2012). pTiger constructs 
were integrated into the attPVK00027-docking site using the ΦC31 
system (Markstein et al., 2008). All constructs were sequenced before 
use in cell transfection or transformation. Primers used for produc-
tion of S2 cell and transgenic constructs are available upon request.

S2 cell culture and transfection
S2 cells were cultured in Schneider’s cell medium (Gibco, Carlsbad, 
CA) containing 10% heat-inactivated fetal bovine serum. Cells were 
transfected with CellFectin (Invitrogen, Carlsbad, CA) according to 
manufacturer’s instructions. pAcPA vector was used for expression 
of cact-eGFP, cactΔPEST-eGFP, cactE10-eGFP, and CalpA-eGFP in 
S2 cells unless stated otherwise. pMT-V5/His (Invitrogen) was used 
for expression of CalpA-V5/His in S2 cells. Protein expression was 
induced by treatment of 0.7 mM CuSO4 at 24 h after transfection.

Immunoblotting and immunoprecipitation
S2 cells were transfected with the pAcPA or pMT constructs de-
scribed in the text for 48 h. Cells were harvested and lysed with 
200 μl of ice-cold lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 
0.1% NP-40, protease inhibitor cocktail [Complete; Boehringer Man-
nheim, Mannheim, Germany]) and centrifuged for 20 min at 4°C to 
remove cell debris. After preclearing of total cell lysates with protein 
G–Sepharose beads (for anti-Dorsal IPs) or with protein A–Sephar-
ose beads (for anti-GFP IPs) for 20 min, the lysates were incubated 
with 30 μl of antibody-bound agarose beads (cross-linked with 
monoclonal anti-Dl antibody [Developmental Studies Hybridoma 
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Quantitative real-time PCR
Quantitative real-time PCR (qRT-PCR) was performed as in 
Fontenele et  al. (2009). RNA was isolated by the TRIzol method 
from 0- to 3-h dechorionated embryos or from third-instar larvae, 
purified, and used for reverse transcription using random primers 
(Superscript III; Invitrogen). Measurements were performed with an 
ABI 7500 Real-Time PCR System by using the SYBR Green PCR Core 
Reagents Kit (Applied Biosystems, Foster City, CA) according to the 
manufacturer’s instructions. Primer pairs used were as follows: drs 
sense, 5′-GTACTTGTTCGCCCTCTTCG-3′; drs antisense, 5′-CTTG-
CACACACGACGACAG-3′; dipt sense, 5′-ACCGCAGTACCCACT-
CAATC-3′; dipt antisense, 5′-CCCAAGTGCTGTCCATATCC-3′. All 
samples were analyzed in biological triplicates, and the levels of 
mRNAs detected were normalized to control rp49 values. Values are 
displayed as mean, and error bars correspond to SEM.

Fly infection and fly survival experiments
To induce septic injury, larvae or flies were pricked with a thin tung-
sten needle previously dipped in a concentrated culture of E. coli 
and grown at 25°C. Activation of the Toll pathway was induced by 
fungal infection with needles coated with B. bassiana spores. Larvae 
were used for RNA extraction and qRT-PCR as described. drs and 
dipt levels were measured 12 and 6 h after challenge, respectively. 
For survival experiments adult male fly survival was monitored for 
20 d. Ninety flies were used for each condition, in three indepen-
dent experiments.

Mass spectrometry, sample preparation, and data analysis
These are given in the Supplementary Methods.
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