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RNAi screening for kinases regulating the functional orga-

nization of the early secretory pathway in Drosophila S2

cells has identified the atypical Mitotic-Associated Protein

Kinase (MAPK) Extracellularly regulated kinase 7 (ERK7)

as a new modulator. We found that ERK7 negatively

regulates secretion in response to serum and amino-acid

starvation, in both Drosophila and human cells. Under

these conditions, ERK7 turnover through the proteasome

is inhibited, and the resulting higher levels of this kinase

lead to a modification in a site within the C-terminus of

Sec16, a key ER exit site component. This post-transla-

tional modification elicits the cytoplasmic dispersion of

Sec16 and the consequent disassembly of the ER exit

sites, which in turn results in protein secretion inhibition.

We found that ER exit site disassembly upon starvation is

TOR complex 1 (TORC1) independent, showing that under

nutrient stress conditions, cell growth is not only inhibited

at the transcriptional and translational levels, but also

independently at the level of secretion by inhibiting the

membrane flow through the early secretory pathway.

These results reveal the existence of new signalling circuits

participating in the complex regulation of cell growth.
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Introduction

Secretion takes place through the membrane of the secretory

pathway that comprises the rough ER, ER exit sites (ERES or

tER sites), where newly synthesized proteins are packaged

into budding COPII vesicles, ER-Golgi intermediate compart-

ment, Golgi apparatus and post-Golgi carriers. In Drosophila,

tER sites are closely associated with individual pairs of Golgi

stacks forming what we, and others have called tER-Golgi

units that represent the early secretory pathway (Kondylis

and Rabouille, 2009). One key protein required for tER site

organization and COPII vesicle budding is the large hydro-

philic protein Sec16 that localizes to the ER cup overlaying

the clusters of COPII vesicles. Upon its functional disruption

by depletion or mutation, tER site biogenesis is impaired and

secretion is drastically inhibited (Connerly et al, 2005;

Watson et al, 2005; Bhattacharyya and Glick, 2007; Ivan

et al, 2008; Hughes et al, 2009).

Despite the identification of many components underlying

the functional organization of the secretory pathway

(Bonifacino and Glick, 2004; Spang, 2009), two recent gen-

ome-wide RNAi screens (Bard et al, 2006; Wendler et al,

2010) have led to the discovery of novel proteins required for

constitutive secretion, including Tango1 (Bard et al, 2006;

Saito et al, 2009), as well as Grysum and Kish (Wendler et al,

2010). However, how secretion is regulated qualitatively and

quantitatively in response to changes imposed by cell growth,

nutrient availability, stress and differentiation is not comple-

tely understood; In particular, the molecular mechanisms

through which exogenous stimuli are sensed and relayed to

the secretory machinery remains largely unknown.

The relationship between signalling and secretion has only

recently started to emerge. Kinases have been recently de-

monstrated to reside on membrane compartments of the

early secretory pathway and activate signalling cascades

that modify its functional organization (for reviews, see

Quatela and Philips, 2006; Omerovic and Prior, 2009;

Sallese et al, 2009; Farhan and Rabouille, 2011). For instance,

the budding of COPII-coated vesicles is blocked by the kinase

inhibitor H89 (Aridor and Balch, 2000), ER export is inhibited

by the phosphatase inhibitor okadaic acid (Pryde et al, 1998)

and Akt has recently been shown to phosphorylate Sec24

(Sharpe et al, 2010). Furthermore, a siRNA screen depleting

916 human kinases and phosphatases was performed to

uncover regulators of the secretory pathway. The Mitotic-

Associated Protein Kinase (MAPK) Extracellularly regulated

kinase (ERK) 2, which is activated by epidermal growth

factor (EGF) through Ras, was shown to directly phosphor-

ylate Sec16 on Threonine 415. This phosphorylation event led

to an increase in the ERES number and secretion (Farhan

et al, 2010). This reinforced the notion that the early secretory

pathway is regulated by environmental conditions and that

components of the secretory pathway are direct targets of

signalling. Interestingly, the secretory pathway also responds
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to intracellular stimuli, such as increased cargo load (Guo

and Linstedt, 2006; Farhan et al, 2008; Pulvirenti et al, 2008).

In order to define conserved kinases regulating the func-

tional organization of the early secretory pathway and iden-

tify new ones, we performed a microscopy-based primary

RNAi screen in Drosophila S2 cells (Kondylis et al, 2011),

which show a high depletion efficiency by RNAi.

Furthermore, in comparison with mammalian genomes, the

Drosophila genome has less genetic redundancy, facilitating

the identification of candidates that might have been missed

in human cells.

Results

Primary screen and candidate validation

In the primary screen, we depleted 245 kinases in duplicate

(Boutros et al, 2004), in addition to the positive and negative

controls (depletion of apoptotic inhibitor DIAP1, Sec16, Abi

and Scar) and we scored for the organization of the early

secretory pathway marked by Golgi protein Fringe-GFP (as

described in Kondylis et al, 2011 and Supplementary data;

Figure 1). Depletion of 43 kinases significantly altered the

Golgi organization in one or both plates, and the most

common phenotype observed was an increase in the number

of Fringe-GFP fluorescent spots (Supplementary Table S1).

Depletion of 49 proteins exhibited a phenotype discrepancy

between the two plates tested, while no data were obtained

for another 50 proteins. These kinases together with those

whose depletion did not seemingly affect the Golgi organiza-

tion were not further examined (see Supplementary Materials

and Methods).

Out of these 43 candidate regulators of the early secretory

pathway organization, we selected 30 that were validated

using a different dsRNA after analysis by confocal microscopy

(Supplementary Table S1). In all, 26 out of the 30 genes tested

were confirmed, illustrating the robustness of our approach

(Supplementary Tables S1 and S2). In line with the primary

screen, most of the depletions increased the number of tER-

Golgi units in a significant percentage of cells (Figure 2A),

a phenotype thereafter referred to as MG for ‘more and

smaller Golgi spots’ (Table I). Depending on the penetrance

of the phenotype, the candidates were grouped as very

strong (MGþ þ þ þ ; cdc2), strong (MGþ þ þ ; CG10738

and CG10177), moderate (MGþ þ ; CG32703) and weak

(MGþ ) (Figure 2A; Supplementary Table S2). A decrease in

the number of Fringe-GFP dots was more rarely observed (LS

for ‘less Golgi spots’), likely due to aggregation of tER-Golgi

units (Supplementary Tables S1 and S2). This was the case

for Wallenda (Wnd, Figure 2A) and CG4041 (Table I). The

RNAi depletion efficiency in the secondary screen was tested

for four hits using cells transfected with V5-tagged versions of

these analysed proteins (see below), and was found to be

very efficient (Supplementary Figure S1A).

In addition to the MG phenotype, the depletion of several

proteins resulted in increased cell size (larger cell diameter,

Table I; as described in Kondylis et al, 2011). Cdc2 depletion

gave the strongest phenotype (Figure 2A), as expected con-

sidering its role in G2/M transition (de Vries et al, 2005). This

phenotype was similar to that of Cdc25/string phosphatase

depletion that blocks S2 cells in G2 phase and leads to a

doubling in tER-Golgi number (Kondylis et al, 2007). The

depletion of three other transcripts encoding the actin and

cytokinesis regulators Sticky/Citron (Figure 2A), Rok/Rho

kinase and Strn-Mlck that contains a myosin-light chain

kinase domain (Supplementary Figure S1B; Echard et al,

2004; Eggert et al, 2004) also led to a MGþ þ þ phenotype

with a larger cell diameter and/or abnormal DNA staining

Primary screen (HFA)
245 kinases

scored by widefield microscopy

Validation screen (HD2)
for 30 out 43 hits

scored by confocal microscopy 
 

26 hits

Normal golgi

Not determined

Candidates

Discrepancy

112

50

49

43

Characterisation of 11
Localisation and overexpression of 8

ERK7

Figure 1 Overview of the microscopy-based RNAi kinase screen.
The primary screen was performed in 384-well plates (in duplicate)
using Fringe-GFP S2 cells and dsRNAs transcribed from the HFA
library targeting 254 genes (245 kinases). The cells were immuno-
labelled with anti-GFP and anti a-tubulin antibodies as well as
Hoechst and were viewed by widefield microscopy. Forty-three
candidates (scored in the two plates or only in one) were identified,
whereas 112 depletions did not lead to a Golgi phenotype. Fifty
depletions led to an unclear phenotype because of a phenotypic
discrepancy between the two plates examined (a Golgi phenotype
was observed ‘in one plate only’). The phenotype of 49 depletions
was ‘not determined’ because the data were not recorded properly
(out of focus or lack of cells). The validation screen was performed
using different dsRNAs transcribed from a second generation RNAi
library (HD2) to target 30 out of 43 candidates. It was performed in
Fringe-GFP S2 cells seeded in 24-well plates that were immunola-
belled with Sec16/PDI/Dapi and viewed by confocal microscopy. In
all, 26 out of 30 candidates were validated. The depletion pheno-
types of 11 candidates were characterized (using a third set of
independent dsRNAs) and 8 were cloned, localized and overex-
pressed leading to the identification of ERK7.
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indicative of cytokinesis defects (Supplementary Table S1).

This is to be anticipated for cells that fail to divide their

cytoplasm after having duplicated the Golgi stacks in G2,

fragmented them in prophase/metaphase and reassembled

them in telophase (Kondylis et al, 2007; Rabouille and

Kondylis, 2007).

Characterization of candidates: cell cycle and

anterograde transport

As mentioned above, the number of tER-Golgi units increases

in G2 phase in Drosophila S2 cells (Kondylis et al, 2007).

To assess whether the MG phenotype was due to a G2 arrest

or a block in cytokinesis, we examined cell proliferation
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(Figure 2B) and cell-cycle distribution (Figure 2C and D) of 11

hits using a third dsRNA targeting the respective transcripts

(Supplementary Tables S2 and S3). Cell proliferation was not

significantly affected for most hits, with the exception

of PKC98E that led to a small but significant increase in

cell proliferation, and CG10738 kinase, the homologue of

human single membrane-spanning atrial natriuretic peptide

receptor B involved in cardiovascular and kidney homeo-

stasis, lipid metabolism, cell proliferation and apoptosis

(Martel et al, 2010). CG10738 depletion reduces cell prolifera-

tion to a similar extent as Cdc25, and Myb RNAi (Table I;

Figure 2B).

Figure 2 Examples of different phenotypic groups from the confirmation/validation screen. (A) Visualization of tER-Golgi units (Sec16 and
Fringe-GFP, respectively) upon different RNAi depletions by confocal microscopy. Typical pattern of tER-Golgi units in mock-treated cells
(�dsRNA). The very strong (þds cdc2), strong (þds sticky; þds CG10177) and moderate (þ ds CG32703) MG phenotype (more and smaller
Golgi spots) are presented as well as the LS phenotype (less spots, þds wallenda/wnd). The pictures represent 2D projections of confocal
sections. Scale bar: 5mm. (B) The number of S2 cells after a 5-day incubation with the indicated dsRNAs expressed as percentage relative to the
number of mock-treated cells. Red and blue columns indicate genes whose depletion led to a significant decrease or increase in cell
proliferation, respectively. Error bars represent s.d. from at least three independent experiments. Conditions with Po0.01, 0.01oPo0.05 and
0.05oPo0.10 are indicated with triple, double and single asterisks, respectively. (C, D) Cell-cycle distribution of live S2 cells after 5 days
incubation with the indicated dsRNAs determined by staining their DNA content. The population of G1 (M1), S/G2/M (M2) or sub-G1 (M3)
cells in each condition was quantified by FACS analysis. Percentage of gated cells in S/G2/M phase (4N) (normalized to the respective value of
mock-treated cells, which was considered as 100%) of one representative experiment (C). Red and blue columns indicate genes whose
depletion leads to a significant decrease or increase in the percentage of cells in S/G2/M phase, respectively. cdc25 and myb depletions (n¼ 3)
lead to an average of 152.61%±7.85 (P-value of 0.010) and 144.62%±12.41 (P-value of 0.036), respectively. For CG10738 (#1 and #2)
depletion (n¼ 3), the average is 71.60%±7.12 with a P-value of 0.014. Representative examples are shown in (D). Note the increase in G1
population upon depletion of CG10738 kinase. (E) Efficiency of anterograde transport of Delta S2 cells incubated for 5 days with the indicated
dsRNAs, followed by 1-h induction of Delta with CuSO4 and 75 min chase to allow its transport to plasma membrane. Fixed cells were labelled
for Delta and dGMAP (cis-Golgi marker). Scale bars: 5 mm.

Table I Phenotype characterisation

Quantification of number of Golgi spots versus cell volume

Average number of
Fringe-GFP spotsa

Cell volume
(10 mm3)

Number of Fringe-GFP
spotsa/10 mm3

�ds RNA 20.2±5.9 492±174 0.43±0.15
+ds CG10117 (MG+++) 37.3±14.6 1159±643 0.36±0.08
+ds CG32703 (MG++) 30.0±10.6 593±282 0.58±0.26
+ds wnd (LS) 17±8.8 490±210 0.40±0.19

Characterization of candidates

Gene targeted tER-Golgi phenotype Cell proliferation Cell cycle Delta transport Average cell diameter Lipid droplets TOR activation

No dsRNA Normal | | | 100 | No
GFP Normal | | | 99.9±0.2 | No
CG10177 MG+++ | | mostly OK 110.6±4.2** | No
CG10738 MG+++ kk m G1# mostly OK 104.8±0.9** | No
mbt MG+++ | | | 110.8±3.4** | No
cad96Ca MG++ | | | 104.9±0.9** k| No
CG32703 MG++ | | | 107.1±1.7** k No
CG7097 MG++ | | | 103.2±3.3 |
ire-1 MG++ | | | 103.4±2.1 k| No
PKC98E MG++ m | | 103.4±1.6 m No
rhoGAP1A MG++ | | | 105.7±4.6* |
CG4041 LS; Aggr | | | 99.9±2.3 |
wallenda LS; Aggr | | | 99.4±3.1 |
cdc25 MG++++ kk mm S/G2/M# m in some cases 121.6±6.3** | No
myb MG+++/++++ kk mm S/G2/M# ND 112.1±3.6** Nd
Metaphase tER-Golgi haze ND ND ND 132.1±1.7** Nd

aThe Fringe-GFP spots represent the Golgi (Kondylis et al, 2007).
± represents standard deviation.
The hits highlighted in bold are further analysed (Supplementary Table S5).
tER-Golgi phenotype: MG, More tER-Golgi units. The phenotype ranges from ++++ (strongest) to + (marginal). LS, Less tER-Golgi units
(see also Supplementary Table S2).
Cell proliferation: Arrows indicate statistically significant decrease or increase in cell proliferation compared with mock-treated cells (see also
Figure 2B).
Cell cycle: Conditions resulting in a statistically significant G1 or S/G2/M block are indicated with arrows.
#Indicates conditions with increased sub-G1 cell population.
Average cell diameter (normalized to mock-treated cells): Values marked by 1 or 2 asterisks indicate hits with Po0.05 and red asterisks indicate
hits with 0.05oPo0.15.
Lipid droplets: Arrows indicate statistically significant decrease or increase in lipid droplet number compared with mock-treated cells. Arrows
with | indicate a decrease in lipid droplet number but below statistical significance (0.05oPo0.15) (not shown).
TOR activation: ‘No’ indicates that there was no increase of S6K-P upon depletion (not shown).
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Cell-cycle distribution was also assessed in depleted living

cells. As previously described (Edgar and O’Farrell, 1990;

Katzen et al, 1998), Cdc25- and Myb-depleted cells reduce

cell proliferation by arresting the cells in G2 (Figure 2C and

D). However, cell-cycle profiles for most protein depletions

were similar to non- or mock-depleted cells, in line with the

cell proliferation results. The cell growth inhibition observed

upon CG10738 depletion appears to be due to a G1 arrest/

delay, as suggested by the increase in G1 cell population

(Figure 2C and D).

Last, to test whether inhibition of anterograde transport

causes the disorganization of the early secretory pathway

(Kondylis et al, 2011), we monitored the deposition of the

transmembrane protein reporter Delta to the plasma mem-

brane (Kondylis and Rabouille, 2003; Kondylis et al, 2005,

2007). In most cases, however, anterograde transport was

unaffected (Table I; Figure 2E). Interestingly, Cdc25-depleted

cells sometimes exhibited a higher amount of Delta at the

plasma membrane (Figure 2E), suggesting that increased

number of tER-Golgi units may perhaps support a cellular

need for higher rate of transport in G2 phase.

Overall, the disorganization of the early secretory pathway

observed upon kinase depletions did not correlate with

changes in secretory capacity, as we have shown for the

depletion of ER proteins (Kondylis et al, 2011). Furthermore,

as mentioned above, in some cases, the depletions were

accompanied by an increase in cell size that did not corre-

spond to an increase in lipid droplet or activation of the TOR

complex 1 (TORC1) pathway (Table I and not shown). Of

note, the ratio of Golgi number per volume of cytoplasm was

relatively constant (Table I), suggesting that each tER-Golgi

unit is probably associated with a defined volume of cyto-

plasm (Kondylis et al, 2011).

ERK7 regulates Sec16 association with tER sites

The identified kinases affecting tER-Golgi unit organization

could either be directly localized to these compartments, or

modify substrates that reside in this pathway independently

of their own localization. To test this, V5-tagged versions of 8

kinases were expressed (those highlighted in bold in Table I,

Supplementary Table S4) to assess their localization and the

effect of their overexpression on the secretory pathway (see

detailed description for seven of them, including Wallenda, in

Supplementary Table S5 and Supplementary Figures S2–S4).

We focused on CG32703, a moderate MG hit that has

significant homology to mammalian ERK7, one of the atypi-

cal MAP kinases, also called MAPK15 or ERK8 (Abe et al,

1999, 2001, 2002; Coulombe and Meloche, 2007). CG32703

has two isoforms, one of 916 amino-acid long (isoform A)

and one of 451 (isoform B) (Supplementary Figure S5A). Both

isoforms share a common N-terminus (aa 1–355) that con-

tains the kinase domain and is conserved (46% identity and

68% similarity by EMBOSS Pairwise analysis; http://www.e-

bi.ac.uk/Tools/emboss/align/) when compared with the

equivalent region of rat ERK7 and human ERK8/MAPK15

(aa 1–340). Lysine 43 at the catalytic site of rat MAPK15

corresponds to lysine 54 in Drosophila CG32703 and the

kinase activation loop resides at the position 190–192 (TDY

motif) whereas in the rat homologue it is located at position

175–177 (TEY motif). The C-terminal part of Drosophila

ERK7 shows significantly lower similarity as compared

with rat homologue, although the latter was reported to be

required for full kinase activation in rat ERK7 (Abe et al,

1999). In the isoform A, this C-terminal part is also much

longer (561 versus 224 amino acids in rat ERK7) and does not

seem to contain the nuclear localization signal described for

its mammalian homologue (Abe et al, 1999). The dsRNA

used for depletion targeted both isoforms and the long form

of ERK7 (referred to thereafter as ERK7 in agreement with

Flybase) was used for localization and expression in S2 cells.

ERK7 was found to be predominantly cytoplasmic, some-

times in small aggregates (arrow in Figure 3E), whether

tagged at the C- (Figure 3A) or N-terminus (not shown).

It was also found associated in a small extent with the nuclear

envelope and ER membrane (not shown). Strikingly, when

strongly overexpressed, tER sites were of smaller size and

Sec16 was found significantly dispersed (Figure 3A and C).

When analysed by immunoelectron microscopy, Sec23

was also dispersed and the tER-Golgi units appeared disorga-

nized (compare Figure 3D with E). Profiles similar to those

observed in Sec16, Sar1 and Sec23 depletions were observed

in ERK7 transfected cells (arrowheads in Figure 3E), strength-

ening the notion of a tER site disorganization. This effect is

specific because out of all the overexpressed kinases tested

ERK7 is the only one that dispersed Sec16. Furthermore,

Sec16 dispersion is due to ERK7 kinase activity, because

overexpression of two kinase-dead variants (K54R and

T190A/Y192F; Abe et al, 1999) did not lead to the disassem-

bly of tER sites (Figure 3B and C).

Serum and amino-acid starvation induce tER site

disassembly

In contrast to well-studied MAPK members, such as ERK1/2,

p38s and JNKs that are activated by growth factors and

MAPKKs, the regulation of ERK7 activity and its physiological

functions is much less explored. In particular, rat ERK7 seems

to be autoactivated (Abe et al, 1999, 2001; Klevernic et al,

2006). Furthermore, rat ERK7 has relatively high, constitutive

kinase activity, which is not further stimulated by the addi-

tion of serum or EGF and not inhibited by classical MEK

inhibitors, such as U0126, PD98059 and YOPJ (Abe et al,

2001). A similar behaviour to growth factor signalling has

also been reported for the human homologue of rat ERK7

(hERK8) in HEK-293 cells (Klevernic et al, 2006; Erster et al,

2010), although this does not seem to be the case in COS cells

(Abe et al, 2002).

To investigate whether serum components influence the

effect of ERK7 on tER sites in S2 cells, ERK7 was over-

expressed in cells that were serum starved, resulting in a

Sec16 dispersion as strong as in fed cells (Figure 6C).

However, we noticed that serum starvation alone affected

the tER site organization and Sec16 distribution. Strikingly,

removing the serum from the culture medium for 5–7 h

resulted in the large displacement of Sec16 from tER sites

(Figure 4A), but not its degradation (Figure 4B), resulting in

the disorganization of the tER-Golgi unit (Figure 4E, arrow-

head), phenocopying ERK7 overexpression. In agreement

with tER site disassembly and loss of Sec16 (Ivan et al,

2008), serum deprivation was accompanied by an inhibition

in secretion as the delivery of the plasma membrane protein

Delta was strongly impaired (Supplementary Figure S6A).

The tER site disassembly (as well as the Golgi, not shown)

was reversible, albeit quite slowly after re-addition of serum

for 5–9 h (Supplementary Figure S6B).
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To test whether the tER site disassembly was also observed

during amino-acid starvation, we incubated the cells in

amino acid-free medium for 2–6 h. Amino-acid starvation

resulted in the rapid and efficient dispersion of Sec16

(Figure 4C and D) and Sec23 (Figure 4D0), accompanied by

their aggregation (Figure 4E, asterisks), leading to the dis-

assembly of tER sites (Figure 4E). This pattern was similar to,

but stronger than the effects observed upon serum starvation

and ERK7 overexpression (Figures 3A and 4A). The Sec16

dispersion/aggregation triggered by amino-acid starvation
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was also quickly reversible (2 h, Supplementary Figure S6C).

Because the presence of serum did not change the cell’s

response to amino-acid starvation with respect to tER site

disorganization, this suggests that serum starvation might

inactivate amino-acid transporters leading to a mild amino-

acid starvation.
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tER site disassembly by serum and amino-acid

starvation is independent of TORC1

Amino-acid starvation is typically known to inhibit the

activity of TORC1, which constitutes one of the major

pathways involved in growth factor and nutrient regulated

cell growth (see review Schmelzle and Hall, 2000; Sengupta

et al, 2010). TORC1 activation stimulates protein synthesis,

glucose uptake and glycolysis, lipid and sterol biosynthesis

(Duvel et al, 2010). Consequently, TORC1 inhibition leads to

cessation of cell growth as well as the stimulation of degra-

dative processes, such as autophagy (Noda and Ohsumi,

1998; Cutler et al, 1999).

Secretion is a major factor also contributing to cell growth

and we tested whether cessation of secretion through tER

sites disassembly under serum and amino-acid starvation

conditions is also mediated by TORC1. To do so, S2 cells

were incubated in serum-free medium supplemented with

insulin, a strong activator of TORC1 (as shown by the

phosphorylation of S6K, a substrate of TORC1, Figure 5C),

but this did not prevent the Sec16 dispersion observed upon

starvation (Figure 5A and F). Insulin was also unable to

revert the serum (Figure 5A0) and amino-acid starvation

phenotype (Figure 5F).

To test TORC1 involvement further, cells in full medium

were incubated in the presence of rapamycin, a specific

TORC1 inhibitor (Loewith et al, 2002). In S2 cells, rapamycin

completely inhibits the insulin-induced S6K phosphorylation

(Figure 5C). This, however, did not induce the dispersion of

Sec16 whose pattern was undistinguishable from non-treated

fed cells (Figure 5B, D and F), strengthening the notion that

TORC1 inhibition is not what mediates tER site disassembly

upon starvation. However, since rapamycin can, in some

cases, inhibit TORC1 activity only towards a subset of sub-

strates (Thoreen et al, 2009), we also depleted fed cells of

Raptor by RNAi. Raptor is a subunit of the TORC1 complex

critical for its activity (Hara et al, 2002; Kim et al, 2002).

Although the cell number after 5 days of depletion was

markedly decreased (about 40%), the tER site organization

was unaffected (Figure 5E and F). Starvation effect on Sec16

was also identical in the Raptor depleted as in non-depleted

cells (not shown). Altogether, these data strongly indicates

that TORC1 is not involved in the tER site disassembly

observed upon starvation.

ERK7 mediates tER site disassembly upon starvation

The phenotypic similarity between ERK7 overexpression,

serum deprivation and amino-acid starvation with respect

to tER site disassembly prompted us to test whether ERK7

was required for the cellular response to serum and amino-

acid starvation. To this end, S2 cells were serum deprived

after either ERK7 depletion by RNAi (Figure 6A), or over-

expression of a kinase-dead version of ERK7 (Figure 6B).

In both cases, the serum deprivation phenotype was partially

prevented (Figure 6C). It should be noted that ERK7 depletion

prevented Sec16 dispersion but the cells exhibited the MG

phenotype reported above (see Figure 2 and Table I).

Conversely, WT ERK7 expression in serum-starved cells

accentuated Sec16 dispersion (Figure 6C). Amino-acid starva-

tion was also partially rescued by ERK7 kinase-dead over-

expression (Figure 6C). These results show that ERK7 is

involved in the signalling pathway sensing/relaying the

amino-acid starvation, which leads to tER disassembly and

inhibition of secretion.

We then tested whether amino-acid starvation has the

same effect on ER exit sites of mammalian (HeLa) cells and

whether this was also mediated by ERK7. In the absence of

amino acid and serum for 3 h, the number of ER exit sites per

cell was consistently reduced by 20–30% and this was almost

completely rescued by depleting the ERK7 human homologue

MAPK15 (Figure 6D and E), underlying the conservation of

the cellular response mechanism to serum and amino-acid

starvation via this atypical MAP kinase.

These results show that cessation of secretion upon amino-

acid starvation is an active process, requiring, at least in part,

ERK7. In this respect, a recent study has identified human

ERK2 as a regulator of tER sites biogenesis in response to EGF

via Ras signalling (Farhan et al, 2010). ERK2 directly phos-

phorylates human Sec16 on Threonine 415 that is situated

in the NC1 domain (Supplementary Figure S5B), that in

turn increases its recruitment to ER exit sites. Conversely,

removing growth factors (or depleting ERK2) decreases Sec16

recruitment to ER exit sites and reduces anterograde transport

(Farhan et al, 2010; Supplementary Figure S8). Therefore, in

mammalian cells, serum starvation decreases secretory capa-

city via ERK2 inhibition, whereas amino-acid starvation

inhibits secretion via ERK7 activation both leading to ER

exit sites functional disorganization.

We, therefore, tested whether tER site organization in

Drosophila is also regulated by the classical MAPK/ERK. As

mentioned above, the ERK2 site is situated in NC1 of the

human Sec16 (Supplementary Figure S5B) and NetPhos pre-

dicted putative ERK sites in the equivalent domain of

Drosophila Sec16. To test whether NC1 has a role in the

cell’s response to starvation, we truncated it in the

Drosophila Sec16, and showed that this truncation behaved

as endogenous Sec16 upon serum starvation, suggesting that

this domain is not involved in the serum starvation response

(Supplementary Figure S7A). To test further whether ERK1/2

signalling is involved, S2 cells were incubated in full medium

supplemented by the MEK inhibitors PD98059 and UO126 (at

concentrations known to inhibit ERK1/2 phosphorylation,

see Materials and methods; Supplementary Figure S7B), but

this did not lead to Sec16 dispersion, suggesting that the

classical ERK pathway is not involved, at least in a measur-

able level, using our approach. In S2 cells, therefore, tER site

organization does not seem regulated by classical ERKs

whereas it does involve ERK7.

ERK7 is stabilized by amino-acid starvation

We next investigated what are the effects of serum and

amino-acid starvation on ERK7. In mammalian cells, ERK7

has been shown to be unstable and degraded extremely

quickly through the proteasome after its ubiquitination by

E3 ligase Cullin (Kuo et al, 2004). We, therefore, hypothesized

that amino-acid starvation stabilizes ERK7. To test this,

we monitored the stability of ERK7-V5 in cells incubated in

the presence and absence of amino acids. We found

that ERK7-V5 was rapidly degraded in cells grown in full

medium in a proteasome-dependent manner, as addition of

the proteasome inhibitor MG132 to the medium, stabilized

ERK7-V5. Incubation of cells in the absence of amino

acid stabilized ERK7-V5 to a similar level as incubation

with MG132 (Figure 6F). This suggests that endogenous
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ERK7 stabilization by amino-acid starvation could be one

of the mechanisms leading to Sec16 dispersion and tER site

disassembly.

The ‘serum/amino-acid starvation responsive domain’

of Sec16 is in its C-terminus

The starvation-induced Sec16 release from tER sites is likely

due to post-translational modifications, for instance phos-

phorylation, either on Sec16 or on its ER receptor (yet to be

identified). To test this, we expressed the region of Sec16 (V5-

tagged) that is necessary and sufficient to localize to tER sites

(mini-Sec16, aa 690–1535 that we have called NC2.3.4-CCD

in Ivan et al, 2008) and examined its behaviour upon serum

and amino-acid starvation. As we have previously shown

mini-Sec16 localized to tER sites but this localization was not

affected by starvation (Figure 7A–C), eliminating the hypoth-

esis of the putative receptor modification. In contrast, Sec16-

V5 did disperse (Figure 7A–C) under serum starvation,

recapitulating the behaviour of endogenous Sec16. To narrow

down the potential domains involved in the starvation-in-

duced Sec16 dispersion/aggregation, we showed that N-ter

(Sec16 lacking the C-terminus) behaved in a similar manner

to mini-Sec16 (Figure 7A–C) upon serum starvation, suggest-

ing that NC1 (aa 1–690) is not involved. Accordingly, Sec16

lacking NC1 (DNC1-Sec16) behaved like endogenous Sec16

(Supplementary Figure S7A). Altogether, these results reveal

that the 410 C-terminal amino acids (1535 and 1945) com-

prising the NC5 and C-ter domains are required for the

starvation-induced Sec16 dispersion.

To further pin-point the starvation responsive domain, a

Sec16 truncated mutant lacking NC1 and C-ter (DNC1-DC-ter)

was expressed but did not disperse in the absence of serum

(Figure 7A and B), suggesting that the C-ter is critical for the

response to starvation. This domain is predicted to contain

numerous PKC phosphorylation sites (mostly clustered be-

tween amino acids 1881 and 1945, using NetPhos). To test

whether these sites were targets of PKC phosphorylation (that

could act downstream of ERK7 effector), we checked whether

the PKC inhibitor Go6983 inhibits the serum starvation-

induced Sec16 dispersion. But, it was not the case (not

shown), suggesting that PKC activation is not involved in

Sec16 dispersion. We also expressed a mutant version of

Sec16 lacking these last 64 amino acids (DNC1-D64,

thus removing the clusters of potential PKC phosphorylation

sites), and monitor its dispersion/aggregation upon

serum starvation. This behaved as the endogenous Sec16

(Figure 7A and B).

As a result of these observations, we analysed the 141

amino acids situated between 1741 and 1880 forming

the ‘serum and amino-acid starvation Sec16 responsive

domain’ that contains 14 putative phosphorylation sites

(Supplementary Figure S5B). Analysis by NetPhos identified

two potential casein kinase (CK) sites (CK1, S1782 and CK2,

S1859, the latest conserved in most Drosophila and insect

species, in red in Supplementary Figure S5B). We, therefore,

tested whether Sec16 dispersion/aggregation observed upon

serum and amino-acid starvation, as well as ERK7 over-

expression, was inhibited by the CK2 inhibitor, TBB (Sarno

et al, 2001), but this was not the case (not shown). This

suggests that Sec16 is a not a CK2 substrate, at least in this

pathway. CK1 inhibitor also did not have any effect. Given

that Sec16 dispersion cannot be inhibited by any of the drugs

used in this study, we suggest that the ‘starvation responsive

domain’ could be either directly modified by ERK7 and/or act

as a landing platform for ERK7 that would phosphorylate

other sites in the Sec16 molecule, for instance those in the

localization domain (see Discussion).

Taken together, we have identified ERK7 as a key kinase

transducing signals elicited by serum and amino-acid starva-

tion, independently of TORC1, which leads to the down-

regulation of secretion by targeting a major regulator of the

organization of the tER sites, Sec16, in both Drosophila and

mammalian cells.

Discussion

Over the past three decades genetic, biochemical and mor-

phological analyses have advanced our understanding of the

molecular machineries mediating the functional organization

of the early secretory pathway. Key factors have been identi-

fied to have a role in the ER to Golgi trafficking and the

architecture of this pathway. In particular, Sec16 has been

identified as a large hydrophilic protein that is tightly asso-

ciated with the cup-shaped ER structures that characterize the

ER exit sites, where it sustains its function in the recruitment

of COPII components to increase vesicular budding and

transport (Connerly et al, 2005; Bhattacharyya and Glick,

2007; Ivan et al, 2008; Hughes et al, 2009). To gain insight on

how signalling molecules regulate the organization of the

early secretory pathway, 245 Drosophila kinases were de-

pleted by RNAi and their effect on tER-Golgi units was

assessed by a microscopy-based screen (Kondylis et al, 2011).

About 10% of the depleted kinases (26 out of 245) were

confirmed to alter the organization of tER-Golgi units. Most of

the depletions led to an increase in their number (that we

refer to as MG phenotype). We sometimes observed a cluster-

ing of the tER-Golgi units but not their complete disassembly,

similar to the results obtained in the screen for ER proteins

(Kondylis et al, 2011). In addition, for a number of kinases,

we also observed an increase in the cell size (Kondylis et al,

2011) that remains unexplained by the parameters we tested

(cell-cycle inhibition, anterograde transport, TORC1 activa-

tion and lipid droplet biogenesis).

Several kinases were identified both in our screen and a

recently published similar screen performed in human cells

(Farhan et al, 2010). The overlap between the two screens is

small (see Supplementary Table S6). Although technical

differences in the screening methods, cell-type specificity

and genetic redundancy could explain this paucity, this

might also suggest that despite the functional organization

of the early secretory pathway mediated by a relatively

conserved set of factors (see Discussion in Wendler et al,

2010), its regulation by signalling molecules may vary from

organism to organism.

ERK7: a novel kinase mediating the amino-acid

starvation-induced disorganization of the early

secretory pathway

Our screen identified ERK7 that encodes a protein homolo-

gous to mammalian ERK7/8 also known as MAPK15 (Abe

et al, 1999, 2001, 2002; Klevernic et al, 2006; Saelzler et al,

2006). Interestingly, the screen in HeLa cells did not

pick MAPK15 because the phenotype is only obvious upon

starvation, not in normal growth conditions (Farhan et al,
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2010). When depleted from S2 cells, ERK7 led to an MG

phenotype and when overexpressed, it downregulated secre-

tion. As secretion is a key factor in cell growth, it suggests

that ERK7 has an inhibitory role on cell growth. In support of

this, ERK7 expression is very low (and even downregulated)

during larval stages that are characterized by massive growth

(http://www.flybase.org). Growth inhibition by ERK7 has

also been observed for mammalian ERK7/8. For instance,

overexpression of MAPK15 has been found to negatively

regulate hippocampal neurite growth (Supplementary Table

1 in Buchser et al, 2010). As neurite growth is linked to ER to

Golgi trafficking in Drosophila (Ye et al, 2007) and in mam-
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mals (Aridor and Fish, 2009), the neurite growth phenotype

could be linked to disassembly of ER exit sites. In addition, a

decreased expression of ERK8 has been reported in breast

cancer cell lines, indicating that this kinase could function as

tumour suppressor by reducing cell growth (Henrich et al,

2003). Overexpressing ERK7 and ERK8 also inhibits DNA

synthesis in COS cells (Abe et al, 1999) and HEK cell

proliferation (Erster et al, 2010), although the mechanism

underlying growth inhibition is clearly different. Drosophila

ERK7 has not been genetically characterized during develop-

ment, but it has been identified in screens searching for

regulators of cell cycle (Bettencourt-Dias et al, 2004;

Bjorklund et al, 2006) and calcium signalling (Vig et al,

2006).

Strikingly, ERK7 overexpression has a very similar effect

on Sec16 (and Sec23) to that of serum and amino-acid

starvation. Furthermore, lowering ERK7 activity partially

rescues the tER site disassembly phenotype induced by

serum and amino-acid starvation, in both S2 and HeLa

cells, underlying the central role of ERK7 in this event.

Moreover, we have shown that ERK7 is stabilized upon

amino-acid deprivation, which protects it from degradation

through the proteasome. Interestingly, ERK7 harbours two

bTRCP phospho-degrons. bTRCP is known to interact with

SCF and the E3 ligase Cullin, to promote the phosphorylation-

dependent ubiquitination and proteasomal degradation of its

targets (Winston et al, 1999). As mammalian ERK7 is one of

the targets (Kuo et al, 2004), we hypothesize that amino-acid

starvation could stabilize ERK7 by preventing its targeting by

the SCFbTRCP. This will need to be further investigated.

However, inhibiting endogenous ERK7 degradation by

treating S2 cells cultured in full medium with MG132 did

not lead to Sec16 dispersion (not shown). This could be due

to a number of reasons. One is that MG132 inhibits the

proteasome without preventing the ubiquitination of the

targets, and ERK7 ubiquitination could possibly compromise

its kinase activity. The second is that starvation could also

result in the upregulation of a factor needed for ERK7

localization to ER exit sites so that it can modify Sec16.

Third, amino-acid starvation might not only lead to ERK7

stabilization, but also to its activation. All this, of course,

could be overridden by ERK7 overexpression, as it leads to

the dispersion of Sec16 even in the presence of nutrient and

growth factors. Last, amino-acid starvation is likely to acti-

vate parallel pathways and this would explain why lowering

ERK7 only partially rescues the induced Sec16 dispersion/

aggregation phenotype. In this regard, it should be noted that

serum and amino-acid starvation of HeLa cells results in a

milder ER exit site disassembly but is completely rescued by

MAPK15 depletion.

TORC1 independence

Serum starvation-induced tER site disassembly is not inhib-

ited by MEK inhibitors, nor is it by PKC and p38 inhibitors;

neither does it involve pre-translational events, as blocking

translation with cycloheximide addition while serum starving

the cells exacerbates the starvation effect. More surprisingly,

although amino-acid starvation is well known to inhibit

TORC1 in many organisms, resulting in growth inhibition

through decreased protein synthesis and increased protein

degradation (through stimulation of autophagy; Sengupta

et al, 2010; Yang and Xu, 2011). TORC1 does not seem to be

involved in the cessation of secretion through the tER dis-

assembly, as shown by the lack of effect of rapamycin, and

Raptor depletion or the addition of insulin. We, therefore,

argue that although secretion is clearly a mechanism control-

ling cell growth in response to nutrients, the cell uses a

signalling pathway involving ERK7, but distinct from

TORC1, to downregulate protein transport upon starvation.

Taken together, it means that nutrient starvation controls cell

growth not only through translation inhibition and down-

regulation of biosynthetic pathway as documented by others,

but also through secretion inhibition by using a novel signal-

ling pathway that we have started to identify in this study.

Interestingly, secretion rate has also been shown to be

inhibited by 50% in yeast upon amino-acid starvation

(Geng et al, 2010) and yeast could prove a useful model

organism to dissect the signalling cascade involved in trans-

ducing nutrient restriction.

Sec16 is an MAP kinase signalling integrating platform

for the ER exit site organization and the control of

secretion

ERK7 exerts its inhibitory role on secretion through the Sec16

release from tER sites, in a kinase-dependent manner, leading

to their disassembly. Since the possibility that ERK7 modifies

the putative Sec16 receptor at the tER sites is ruled out, Sec16

itself is likely the target of the ERK7 signalling pathway.

It could be indirect with other kinases downstream of ERK7,

such as CK2 but this has been ruled out. Furthermore, despite

the large battery of inhibitors we used (see Materials and

methods), none have inhibited serum starvation triggered

Sec16 dispersion downstream of ERK7. This, therefore,

opens the possibility that Sec16 is a direct ERK7 substrate.

One serine/threonine residue situated in the ‘starvation re-

sponsive domain’ (aa 1740–1880) could be phosphorylated by

ERK7. Alternatively, this domain could act as a landing plat-

form for ERK7 that could in turn phosphorylate residues

situated in other domains of Sec16. A more extensive proteo-

mics and mutation analysis will be required to fully elucidate

this issue.

In the same vein, the Sec16 responsive domain may act as

a landing platform for a phosphatase. Drosophila Sec16

harbours many phosphorylation sites (Bodenmiller et al,

2007; Zhai et al, 2008) that are mostly located in the minimal

domain for tER site localization (our analysis). This putative

phosphatase could specifically dephosphorylate specific re-

sidues of the localization domain, resulting in the Sec16

release. However, incubation with the broad-spectrum pro-

tein phosphatase inhibitors (sodium orthovanadate, inhibitor

of protein phosphor-tyrosine and alkaline phosphatases and

okadaic acid, inhibitor of phospho-serine/threonine protein

phosphatases 1 and 2) did not protect against the tER

disassembly induced by serum starvation (not shown).

Although this work points to Sec16 as an ERK7 target

(whether direct or not) and to tER site maintenance as a way

to control secretion, other key proteins of the secretory

pathway might also be targets, leading to an inhibition of

secretion at multiple levels within the secretory pathway.

This will need further research.

ERK2 versus ERK7 in the regulation of secretion

The results presented here also strengthen the relationship

between the secretory pathway and signalling (Farhan and
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Rabouille, 2011), and in particular the role of ERKs on ER exit

sites. In HeLa cells, ERK2 was identified to directly phosphor-

ylate human Sec16 on Threonine 415 (T415) both in vivo and

in vitro followed by its recruitment to ERESs, increased ERES

number and anterograde ER to Golgi trafficking (Farhan et al,

2010). Although ERK2 is clearly important in human cells,

our results show that it does not seem to have a role in S2

cells. This suggests that in S2 cells, inhibiting secretion when

serum and/or amino acids are missing is not only a passive

mechanism of not stimulating ERK2, but an active mechan-

ism involving ERK7. Furthermore, HeLa cells also exhibit this

active mechanism (our results).

In short, ERK2 has an opposite effect on Sec16 from our

proposed function for ERK7/MAPK15 (Supplementary Figure

S8): (1) Growth factors stimulate Ras and ERK2 that directly

phosphorylates Sec16 on T415. (2) This results in an in-

creased mobility of Sec16 (Sec16 recruitment to ERES is

increased, either from the cytosol or from the general ER

membrane). (3) The number of ERES as well as the secretory

capacity increase (Farhan et al, 2010). Conversely, (10)

Amino-acid starvation stabilizes ERK7 in a TORC1-indepen-

dent pathway. This induces Sec16 phosphorylation in a

‘starvation responsive domain’-dependent manner. (20) This

results in Sec16 release from the tER sites leading to (30) tER

site disassembly and ER–plasma membrane transport inhibi-

tion, thus negatively regulating cell growth.

Taken together, our results point towards ERK7 as a novel

mediator of nutrient availability in the control of secretion

and provide a framework for a better mechanistic under-

standing of the regulation of protein secretion and cell growth

as a response to environmental stimuli.

Materials and methods

Cell lines and culture conditions, primary and validation
screen, antibodies, imaging data analysis and quantitation of
cell proliferation, cell-cycle distribution by flow cytometry and
statistical analysis
The reagents, cell lines and RNAi screen design, data acquisition
and analysis are described in detail in Supplementary data and
Kondylis et al, 2011.

dsRNA designing for the characterization of selected hits
The dsRNAs used for the characterization of selected screen hits
were independently designed and each probe was evaluated for its
efficiency and potential off-target effects on the website http://
e-rnai.dkfz.de. Only probes with 100% specificity for the targeted
gene were used. The primers and dsRNA sizes of each targeted gene
are mentioned in Supplementary Table S3.

Cloning/Sec16 truncations
To test the subcellular localization of selected hits, the full-length
coding sequences were amplified by PCR and cloned into pMT/V5-
HisA, B, C vectors (Invitrogen). The expressed proteins were
C-terminally tagged. The primers and restriction sites used to clone
each gene are mentioned in Supplementary Table S4.

Wallenda K188A, CG32703/ERK7 K54R and T195A/Y197F
mutants were created using the QuickChange site-directed muta-
genesis kit (Stratagene, La Jolla, CA, USA) and confirmed by
sequencing (Supplementary Table S4). For expression in HeLa cells,
Drosophila Wallenda-V5 was subcloned into pcDNA3.1 vector
(Invitrogen).

Sec16 truncations were cloned in pMT/V5-HisB or pRmeGFP
(Farkas et al, 2004) using the primers and restriction sites
mentioned in Supplementary Table S4.

Transient transfections
S2 cells were transiently transfected for 2 days in 35 mm dish as
previously described (Kondylis et al, 2005). The expression of each
tagged protein was induced for 2 h with CuSO4 followed by a 2-h
chase, sometimes in the presence of cycloheximide. HeLa cells were
transfected with Effectene (Qiagen) for 24 h as described by the
manufacture then fixed in 4% PFA for immunofluorescence.

Immunoelectron microscopy
S2 cells were fixed and processed for immunoelectron microscopy
as described in Kondylis and Rabouille (2003).

Serum and amino-acid starvation of S2 cells and incubations
Two million cells were plated on coverslips in 3 cm plastic dishes in
full Schneider medium (including 10% fetal calf serum) for 16–24 h.
The medium was replaced by serum-free medium for 4–7 h at 261C
(�serum) or 2–4 h in Ringer buffer supplemented by 2 g/l glucose
(�amino acid �serum). In one experiment, 10% serum has been
added to Ringer/glucose.

When starvation follows transfections, protein expression was
first induced with CuSO4 in full medium for 2 h. The medium was
replaced with serum-free or ringer/glucose medium. In this set of
experiments, cycloheximide was not added.

To test recovery after starvation, the cells were serum or amino
acid starved as described above followed by incubation with serum
for 1–9 h or amino acid for 2–4 h, respectively, before being fixed
and processed for IF.

To test whether insulin would revert serum starvation effect,
cells were plated with full medium overnight followed by incu-
bation in serum-free medium supplemented or not with 3mg/ml
insulin for 5 h (Miron et al, 2003). To test whether insulin could
protect against serum starvation, cells were incubated with a
medium in which serum was replaced by 3 mg/ml insulin for 5–7 h
before being fixed and processed for IF.

Rapamycin was used at 10 mg/ml for 1.5 and 16 h in serum-rich
medium. The potency of insulin and rapamycin as TORC1 activator
and inhibitor were tested using the detection of S6k-p as described
in Kondylis et al (2011).

Quantification of ERK7 and starvation effects on Sec16
Coverslips of immunolabelled cells were examined under a confocal
microscope (Zeiss 5.10 and Leica SPE). Stacks of confocal sections
of about 50 cells per conditions were collected, and the Sec16
pattern was assessed and ranked according to three categories:

� A typical wild-type pattern of tER sites as described in Kondylis
and Rabouille (2003) and Ivan et al (2008) (typical tER sites, red
bars).

� An intermediate pattern where Sec16 was clearly dispersed but
some tER sites, often smaller, were also visible (tER sites/Haze,
blue bars).

� A dispersed pattern where no or almost no tER sites are visible
with sometimes (especially in the amino-acid starvation) degrees
of aggregation characterized by very round and bright dots
(haze/aggregation, black bars). Each category is expressed as a
percentage of the total number of cells examined.

Anterograde protein transport assay
Anterograde transport of Delta was assessed as previously
described (Kondylis and Rabouille, 2003). To test it upon serum
deprivation conditions, Delta S2 cells were serum starved for 4 h as
described above. In all, 1 mM CuSO4 was added to the serum-free
medium to induce the synthesis of Delta for 1 h after which the
medium was replaced with fresh serum-free medium for 1.5 h
without addition of cycloheximide. Cells were then processed for IF
and labelled for Delta as described before (Kondylis and Rabouille,
2003).

Time lapse of ER exit site dispersion/aggregation upon
amino-acid starvation
The expression of GFP-Sec23 or DNC1-Sec16-GFP was induced by
addition of 1 mM CuSO4 in full medium for 1 and 2 h, respectively,
to transfected S2 cells. The medium was then replaced by ringer/
glucose and projections of the cells were collected immediately
(t¼ 0) and every 9/12 min under a Leica AF7000 microscope to
capture the GFP signal.
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MAPK15 depletion and starvation of HeLa cells
HeLa cells were transfected with 10 nM of MAPK15 siRNA as
described in Farhan et al (2010). After 72 h, cells were treated as
indicated (cultured in full medium and in PBS supplemented with
4 g/l glucose for 3 h), fixed with 4% paraformaldehyde for 20 min at
room temperature and processed for immunofluorescence using the
mouse monoclonal anti-Sec31antibody (BD, 1:1000) and the rabbit
polyclonal anti-Sec16 antibody from (Bethyl, 1:400). Images were
acquired using a Leica-SP5 confocal microscope and the number of
ERES was evaluated using ImageJ.

Incubation with inhibitors
S2 cells were incubated with full medium or serum starved for 7 h in
the presence and absence of MEK inhibitors UO126 (10mM; Kim
et al, 2004) and PD98059 (50mM; Bond and Foley, 2009); the p38
inhibitor SD202190 (20mM, Chen et al, 2006); the PKC inhibitor
Go1983 (100 nM, Baek et al, 2010); the CKI inhibitor D4476 (100 mM,
Bryja et al, 2007) and CK2 inhibitor TBB (10 mM, Stark et al, 2011).
The inhibitor of protein phosphotyrosine and alkaline phospha-
tases, sodium orthovanadate was used at 1mM, and the inhibitor of
phospho-serine/threonine protein phosphatases 1 and 2, okadaic
acid was used at 100 nM.

ERK7-V5 stabilization assay
In all, 1.5�106 S2 cells were transiently transfected with ERK7-V5
and induced for 4 h with CuSO4, followed by a chase of 2 h in the
presence of cycloheximide in full medium, in full medium
supplemented with 10mM MG132 and in absence of amino acid
and serum.

Cell lysate and western blotting
Cells were lysed in 50 mM Tris–HCl pH 7.5, 150 mM NaCl, 1%
Triton X-100, 50 mM NaF, 1 mM Na3VO4, 25 mM Na2-b-glyceropho-
sphate supplemented with a protease inhibitors (Roche) and
proteins were separated on SDS–PAGE followed by western blot
using anti-V5 and anti-tubulin monoclonal antibodies and detection
by ECL.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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