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Co-culture Activation of MAP Kinase in Drosophila S2 Cells
Josefa Steinhauer

Abstract

Intercellular communication often involves phosphorylation of signal transduction proteins,
including mitogen-activated protein kinases (MAPKSs). Immunological detection of
phosphorylated MAPK can be used to monitor signaling in vivo, identify novel pathway
components, and assess ligand activity. In this chapter, | describe a cell co-culture method to
assess activity of cell-bound extracellular ligands that result in phosphorylation of the ERK
(extracellular signal-regulated kinase) MAPK in Drosophila. This protocol may be adaptable to
other pathways and/or model systems.
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1 Introduction

Signal transduction cascades convey extracellular signals to the cytoplasm and the nucleus,
resulting in behavioral and fate changes within the receiving cell. Mitogen-activated protein
kinases (MAPKS) are key components of many signaling cascades. Upstream signal
transduction results in activation of MAPK via phosphorylation, and activated MAPK in
turn phosphorylates potentially hundreds of cytoplasmic and nuclear targets [1-6]. Thus,
MAPK phosphorylation represents a critical node in the signal response pathway and can be
used as a measure of pathway activity [7, 8].

Much knowledge has been gained from studying signal transduction in Drosophila
melanogaster. Drosophila possesses five MAPKSs. The canonical MAPK encoded by the
rolled gene, which is homologous to mammalian ERK-1 and ERK-2 (extracellular signal-
regulated kinases), is activated by receptor tyrosine kinases (RTKSs), including the Epidermal
Growth Factor Receptor (EGFR) and Insulin Receptor (InR) [9-12]. Antibodies for the
dually phosphorylated form of ERK (diphosphorylated-ERK, dp-ERK) allow specific
detection of activated ERK, enabling visualization of pathway activity [13]. These
antibodies have been used for immunohistochemistry, revealing spatial and temporal
signaling patterns in vivo [14-16], and for Western blotting of tissue culture experiments,
where RNAI has been used to identify novel genes required for maximal pathway activation
[9, 17-19]. Tissue culture and Western blotting have also been used to investigate receptor
ligand activity [20].
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Extracellular ligands for EGFR family receptor tyrosine kinases are often soluble diffusible
proteins, but, in several cases, cell-bound ligands also can activate receptors [20-24]. In
order to examine EGFR activation by cell-bound ligands, | developed a cell co-culture
method that utilizes phosphorylated ERK MAPK as the readout [20]. This protocol could be
adapted for other signal transduction pathways as well, where phospho-epitope specific
antibodies for pathway components are available.

2 Materials
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Complete Drosophila S2 cell culture medium: Gibco Schneider medium
containing 10 % fetal calf serum (heat-inactivated at 65 °C for 30 min), 50 U/mL
penicillin, 50 pg/mL streptomycin. Filter sterilized.

D2F cells: S2 cells stably transfected with Drosophila EGFR, from B. Shilo [25].
S2 cells [26].

10 mM CuSO;y stock solution.

G418/Geneticin.

Qiagen Effectene Transfection Reagent (Qiagen).

Six-well plates.

15- and 50-mL Falcon tubes, microcentrifuge Eppendorf tubes.

PBS (Phosphate-buffered saline, standard recipe).

RIPA buffer: 150 mM NaCl, 50 mM Tris—HCI pH 7.5, 1 mM NaF, 1 % NP40.
Add one tablet of cOmplete™ Mini EDTA-free protease inhibitor (Roche) per 10
mL of RIPA. RIPA buffer can be stored at 4 °C for 1 week. Add fresh NagVO,
phosphatase inhibitor to a final concentration of 1 mM immediately before each
use (from 200 mM stock).

2x Sample loading buffer: 160 mM Tris—HCI pH 6.8, 4 % SDS, 20 % glycerol,
10 % B-mercaptoethanol, 0.005 % bromophenol blue. Freeze in aliquots.

SDS-PAGE and Western blotting equipment and reagents.

Primary antibodies: mouse anti-dp-ERK (Sigma-Aldrich, M8159) and rabbit
anti-ERK (Sigma-Aldrich, M5670), used at 1:2000 and 1:50,000 dilutions,
respectively.

Secondary antibodies: IRDye 800CW donkey anti-mouse (Li-cor) used at
1:10,000 dilution, IRDye 800CW donkey anti-rabbit (Li-cor) used at 1:10,000
dilution, and HRP-conjugated donkey anti-mouse and anti-rabbit antibodies
(Jackson Immunoresearch), both used at 1:4000 dilution.

Odyssey scanner and software (Li-cor).

Substrate and developer kit for enhanced chemiluminescence (ECL, e.g.,
ThermoScientific SuperSignal West Pico Chemiluminescent Substrate).
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3 Methods

In this method, ligand-expressing S2 cells are mixed with EGFR-expressing D2F cells and
co-cultured. Cell lysates are then prepared, electrophoresed, and blotted with anti-ERK and
anti-dp-ERK antibodies (Fig. 1).

3.1 Culture Preparation

3.1.1 Day 1—Grow cells to a confluence of 1-2 x 108 cells/mL.

1 Plate S2 cells in six-well plates at 2 x 10° cells/well in complete medium. Use a
volume of 1.6 mL/well.

2. Transfect S2 cells with DNA constructs using Qiagen Effectene Transfection
Reagent, following the manufacturer’s protocol (see NOtes 1 and 2).

3. Plate D2F cells in six-well plates at 2 x 106 cells/mL in complete medium. Use a
volume of 1 mL/well. Include antibiotic for selection (150 ug/mL of G418).
Prepare 2 x 106 D2F cells (i.e., one well) for each test condition.

3.1.2 Day 2—Induce expression of inducible transfected constructs (e.g., constructs under
control of metallothionein promoter typically require 700 uM CuSQy,).

3.1.3 Day 3, a.m
1. Induce EGFR expression in the D2F cells with 60 UM CuSO, (see NOte 3),

2. Allow EGFR to express for 3 h.

3.2 Co-culture
3.2.1 Day 3, p.m

1. Collect cells and transfer to 50-mL Falcon tubes. D2F cells can be pooled.

2. Pellet cells by centrifugation at 800 rpm in a table-top swing-bucket centrifuge
(~130 x g) for 5 min.

Discard supernatant.
Resuspend cells in room temperature PBS to wash.

Repellet cells and discard wash supernatant.

o o k~

Resuspend S2 cells in 500 pL of complete medium per well.

Lif using UAS constructs, cotransfect actin-GAL4to induce expression.
| have used UAS-GFPas a negative control and UAS-sSpi as a positive control in each experiment. UAS-GFP encodes cytoplasmic
green fluorescent protein. UAS-sSpiencodes a constitutively secreted form of the Drosophila EGFR ligand Spitz (Spi) that lacks a
transmembrane domain but is tethered to the cell membrane via N-terminal palmitoylation [25, 27]. Other EGFR ligands assayed by
this technique include chimeric proteins in which Spi was fused to various transmembrane proteins as well as mutant Spi proteins that
retained their endogenous transmembrane domains. Both type | and type Il transmembrane proteins have been assayed with this
rotocol [20].
g/l/le'ta//0t/7ionein-driven constructs are typically induced with 700 pM CuSO4. The low CuSO4 concentration and short duration of
induction used here are recommended by Schweitzer et al. to minimize EGFR auto-activation [25]. These induction conditions could
be modulated as necessary.
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3.3 Cell Lysis
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Resuspend D2F cells in half the original volume of complete medium (add 150
pg/mL G418 and 60 UM CuSOy).

In 15-mL Falcon tubes, mix 500 pL of D2F cells with each 500 pL sample of
transiently transfected S2 cells.

Rock co-cultures in Falcon tubes at room temperature for 1 h.

During co-culture, chill PBS and RIPA buffer on ice.

Following co-culture, pellet cells, as before. Discard supernatant.
Resuspend cells in ice-cold PBS to wash.

Pellet cells, discard wash supernatant.

Resuspend cells in 100 pL of ice-cold RIPA buffer per sample and move to
microcentrifuge tubes. Pipet up and down vigorously to lyse cells (~30 times).

Vortex each sample for 30 s. Do not rock or pipet samples after this step.
Immediately spin samples at 13,000 x g for 10 min at 4 °C.

Transfer supernatant to fresh microcentrifuge tubes. Add 100 uL of Sample
loading buffer.

Heat samples at 95 °C for 5 min.

Place samples on ice and load immediately on an SDS-PAGE gel or freeze them
at —20 °C until electrophoresis.

3.4 SDS-PAGE and Western Blot

1
2.

Prepare SDS-PAGE gel according to standard protocol.

Run two sets of the entire experiment, complete with molecular weight marker
and each co-culture condition. Use the same volume per well for each set.

Follow standard Western blotting protocol.

Following transfer, cut the nitrocellulose membrane to separate the two
experimental sets.

Blot one experimental set with anti-dp-ERK and the other with anti-ERK
primary antibodies. Use fluorescent secondary antibodies (e.g., from Li-cor).

Scan blots with Li-cor Odyssey.

Quantify pixel intensity of each band using Odyssey software (see NOtS 4 and 9).

4For quantification, compare dp-ERK signal intensity in each lane to total ERK signal intensity in the equivalent lane. Then normalize
each ratio to the dp-ERK:ERK ratio of the negative control (e.g., UAS-GFP).
It is useful to repeat the experiment at least three times. Quantifications can be averaged, graphed, and evaluated for statistical

significance.
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8. Wash the membranes and reprobe overnight with HRP-conjugated secondary
antibodies.

9. Develop with ECL (seeNote 6),

Acknowledgments

| thank Jean-Yves Roignant and Kevin Legent for help developing the ERK activation assay; Benny Shilo for the
D2F cells; Jessica Treisman for support during the development of the protocol and critical comments on the
manuscript. This work was supported by the March of Dimes Birth Defects Foundation (to Jessica Treisman) and
the National Institutes of Health (grant number EY13777 to Jessica Treisman from the National Eye Institute).

References

1. Shilo BZ. The regulation and functions of MAPK pathways in Drosophila. Methods. 2014; 68:151—
159. [PubMed: 24530508]

2. Wortzel 1, Seger R. The ERK cascade: distinct functions within various subcellular organelles.
Genes Cancer. 2011; 2:195-209. [PubMed: 21779493]

3. Carlson SM, Chouinard CR, Labadorf A, et al. Large-scale discovery of ERK2 substrates identifies
ERK-mediated transcriptional regulation by ETV3. Sci Signal. 2011; 4(196):11.

4. Bandyopadhyay S, Chiang CY, Srivastava J, et al. A human MAP kinase interactome. Nat Methods.
2010; 7:801-805. [PubMed: 20936779]

5. Kosako H, Yamaguchi N, Aranami C, et al. Phosphoproteomics reveals new ERK MAP kinase
targets and links ERK to nucleoporin-mediated nuclear transport. Nat Struct Mol Biol. 2009;
16:1026-1035. [PubMed: 19767751]

6. von Kriegsheim A, Baiocchi D, Birtwistle M, et al. Cell fate decisions are specified by the dynamic
ERK interactome. Nat Cell Biol. 2009; 11:1458-1464. [PubMed: 19935650]

7. Friedman A, Perrimon N. Genetic screening for signal transduction in the era of network biology.
Cell. 2007; 128:225-231. [PubMed: 17254958]

8. Futran AS, Link AJ, Seger R, et al. ERK as a model for systems biology of enzyme kinetics in cells.
Curr Biol. 2013; 23:R972-R979. [PubMed: 24200329]

9. Friedman A, Perrimon N. A functional RNAI screen for regulators of receptor tyrosine kinase and
ERK signalling. Nature. 2006; 444:230-234. [PubMed: 17086199]

10. Clemens JC, Worby CA, Simonson-Leff N, et al. Use of double-stranded RNA interference in
Drosophila cell lines to dissect signal transduction pathways. Proc Natl Acad Sci U S A. 2000;
97:6499-6503. [PubMed: 10823906]

11. Brunner D, Oellers N, Szabad J, et al. A gain-of-function mutation in Drosophila MAP kinase
activates multiple receptor tyrosine kinase signaling pathways. Cell. 1994; 76:875-888. [PubMed:
8124723]

12. Biggs WH 3rd, Zipursky SL. Primary structure, expression, and signal-dependent tyrosine
phosphorylation of a Drosophila homolog of extracellular signal-regulated kinase. Proc Natl Acad
Sci U S A. 1992; 89:6295-6299. [PubMed: 1378625]

13. Gabay L, Seger R, Shilo BZ. In situ activation pattern of Drosophila EGF receptor pathway during
development. Science. 1997; 277:1103-1106. [PubMed: 9262480]

14. Gabay L, Seger R, Shilo BZ. MAP kinase in situ activation atlas during Drosophila embryogenesis.
Development. 1997; 124:3535-3541. [PubMed: 9342046]

15. Lim B, Samper N, Lu H, et al. Kinetics of gene derepression by ERK signaling. Proc Natl Acad
Sci U S A. 2013; 110:10330-10335. [PubMed: 23733957]

16. Lim B, Dsilva CJ, Levario TJ, et al. Dynamics of inductive ERK signaling in the Drosophila
embryo. Curr Biol. 2015; 25:1784-1790. [PubMed: 26096970]

6The purpose of the reblot with HRP-conjugated secondary antibodies is purely cosmetic; the ECL development gives a better image
for publication than the Odyssey scan.

Methods Mol Biol. Author manuscript; available in PMC 2017 September 07.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Steinhauer

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

Page 6

Miura GI, Roignant JY, Wassef M, et al. Myopic acts in the endocytic pathway to enhance
signaling by the Drosophila EGF receptor. Development. 2008; 135:1913-1922. [PubMed:
18434417]

Friedman AA, Tucker G, Singh R, et al. Proteomic and functional genomic landscape of receptor
tyrosine kinase and ras to extracellular signal-regulated kinase signaling. Sci Signal. 2011; 4(196):
10.

Ashton-Beaucage D, Udell CM, Gendron P, et al. A functional screen reveals an extensive layer of
transcriptional and splicing control underlying RAS/MAPK signaling in Drosophila. PLoS Biol.
2014; 12:1001809. [PubMed: 24643257]

Steinhauer J, Liu HH, Miller E, et al. Trafficking of the EGFR ligand Spitz regulates its signaling
activity in polarized tissues. J Cell Sci. 2013; 126:4469-4478. [PubMed: 23902690]

Brachmann R, Lindquist PB, Nagashima M, et al. Transmembrane TGF-alpha precursors activate
EGF/TGF-alpha receptors. Cell. 1989; 56:691-700. [PubMed: 2645058]

Dong J, Opresko LK, Chrisler W, et al. The membrane-anchoring domain of epidermal growth
factor receptor ligands dictates their ability to operate in juxtacrine mode. Mol Biol Cell. 2005;
16:2984-2998. [PubMed: 15829568]

lwamoto R, Handa K, Mekada E. Contact-dependent growth inhibition and apoptosis of epidermal
growth factor (EGF) receptor-expressing cells by the membrane-anchored form of heparin-binding
EGF-like growth factor. J Biol Chem. 1999; 274:25906-25912. [PubMed: 10464334]

Wong ST, Winchell LF, McCune BK, et al. The TGF-alpha precursor expressed on the cell surface
binds to the EGF receptor on adjacent cells, leading to signal transduction. Cell. 1989; 56:495—
506. [PubMed: 2464440]

Schweitzer R, Shaharabany M, Seger R, et al. Secreted Spitz triggers the DER signaling pathway
and is a limiting component in embryonic ventral ectoderm determination. Genes Dev. 1995;
9:1518-1529. [PubMed: 7601354]

Schneider 1. Cell lines derived from late embryonic stages of Drosophila melanogaster. J Embryol
Exp Morphol. 1972; 27:353-365. [PubMed: 4625067]

Miura GI, Buglino J, Alvarado D, et al. Palmitoylation of the EGFR ligand Spitz by Rasp increases
Spitz activity by restricting its diffusion. Dev Cell. 2006; 10:167-176. [PubMed: 16459296]

Methods Mol Biol. Author manuscript; available in PMC 2017 September 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Steinhauer

Page 7

Fig. 1.

Di%\gram of the experiment. S2 cells and D2F cells are plated separately. S2 cells are
transfected with a negative control (green, -), a positive control (purple, +), or experimental
constructs (different shades of blue indicate different experimental constructs, 1-4). EGFR
expression (yellow) is induced in D2F cells. Each set of transfected S2 cells is mixed with an
equal number of EGFR-expressing D2F cells. Following co-culture, cells are lysed, and
lysates are electrophoresed and subjected to Western blotting. Each lysate is simultaneously
blotted with anti-dp-ERK and anti-ERK antibodies. A ratio of dp-ERK:ERK is then
calculated from the band intensities in the Western blots and normalized to the negative
control
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