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NTE  neuropathy target esterase (Drosophila swiss-cheese, sws)
Orb  oo18 RNA-binding protein
ORF  open reading frame 
PA  phosphatidic acid
PANK  pantothenate kinase
PE  phophatidylethanolamine 
PC   phosphatidylcholine 
PI3K  phosphatidylinositol 3-kinase
PKAN   pantothenate kinase-associated neurodegeneration 
Akt/PKB  protein kinase B
PLA2G6  calcium-independent group IV phospholipase A2

PLC  phospholipase C
PPARα  peroxisome proliferator-activated receptor alpha
PPAT   4’-phosphopantetheine adenylyltransferase 
PPCDC  (R)-4’-phospho-N-pantothenoylcysteine decarboxylase 
PPCS  4’-phosphopantothenoylcysteine synthetase 
PRL  phosphatase of regenerating liver



PS  phosphatidylserine
PtdIns  phosphatidylinositol
RACE  rapid amplification of cDNA ends
RNA  ribonucleic acid
RNAPII  RNA polymerase II
ROS  reactive oxygen species
SOD  CuZn-superoxide dismutase
TAG  triacylglycerol
TRX  thioredoxin reductase
TSK1  testis specific kinase 1 (Drosophila center divider, cdi)
UTR  untranslated region
VLCS  very long-chain acyl-CoA synthetase (Drosophila bubblegum, bmg)
VLDL  very low density lipoproteins
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Background of the thesis
To prevent penetration of harmful mutations in their progeny, eukaryotic cells have developed 
an intricate genome surveillance mechanism. Upon DNA damage cells halt their cell cycle 
progression and activate appropriate repair mechanisms or undergo apoptosis corresponding 
to the severity of the damage and the type of damage inflicted. Defects in these and associated 
cellular processes can cause severe alterations in cell cycle regulation and disrupt DNA damage 
repair, features which are associated with several diseases such as neurodegenerative disorders 
and cancer1-5. Many genes that are involved in cell cycle control, sensing DNA damage or 
genes that are required for recombination and DNA damage repair have been identified on 
the basis that when mutated, the cells or organisms are hypersensitive to exogenously applied 
DNA damaging agents such as ultra violet light (UV), ionizing radiation (IR), cisplatin, nitrogen 
mustard, hydroxyurea (HU) or methyl methanesulfonate (MMS). 

Over the past two decades many Drosophila genes involved in genome maintenance 
and repair have been cloned and characterized6-8. Furthermore, these studies revealed that the 
mechanisms to prevent genomic instability in the fly resemble those observed in yeast and 
mammalian systems. This cross-species conservation is not only observed in DNA damage 
response pathways, but is also clearly demonstrated by the notion that numerous major human 
diseases have been successfully modeled in Drosophila and provided a wealth of information 
about disease pathogenesis and possible treatments. Drosophila models of human disease include 
several neurodegenerative disorders9, heart and muscle disease10,11, mitochondrial disease12,13, 
diabetes14 and cancer15. 

The ease of culturing fruit flies together with the potential for genetic manipulation 
makes the Drosophila an attractive organism to perform large scale forward genetic screens. 
Using transposon based mutagenesis16 it is relatively easy to create large libraries of mutant 
lines and mutant loci can be easily identified after plasmid rescue analysis17. Using P 
element mutagenesis many essential genes involved in a variety of processes such as meiotic 
recombination, synaptogenesis or central nervous system development have been isolated18-25.

Drosophila lines that carry mutations in cell cycle checkpoint or DNA repair genes 
are frequently hypersensitive to DNA damaging agents and are female sterile, and this 
combination of mutagen sensitivity and female sterility was already recognized by Smith in the 
mid-seventies26. Mutations in cell cycle checkpoint genes mei-41/dATR, mus304/dATRIP and 
grapes (grp/dChk1) cause sensitivity to UV, MMS, HU and IR26-32. Likewise, flies that carry 
mutations in the DNA repair genes spin-A, spin-C or okra are also hypersensitive for DNA 
damage agents33-36. Besides mutagen sensitivity the grp/dChk1, mus304, mei-41/dATR, spin-A, 
spin-C and okra mutants display a female sterile phenotype6,26,31,37. Although many independent 
screens have been carried out to identify either female sterile mutations or mutagen sensitive 
mutations, only limited (two) screens have been performed using both characteristics as selection 
criteria35,38. These two screens only uncovered new alleles of mei-41/dATR, two novel loci on 
the X chromosome (unknown genes) and the mus301/spindle-C gene. Because only limited 
screens have been performed using the combination mutagen sensitivity and female sterility 
as selection criteria, it is likely that these screens were not saturated and many candidate genes 
were missed.
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Aim of the thesis
Using Drosophila as a model system we performed a genetic screen to identify novel genes 
that, when mutated, cause sensitivity to exogenously applied DNA damaging agents. In order to 
reduce the amount of mutants to be screened, sensitivity to DNA damaging agents was tested in 
collections that were previously pre-selected for female sterility. For our screen we used female 
sterile collections kindly provided by S. Hawley (Stowers Institute, USA) and A. Ephrussi 
(EMBL, Germany) and a collection of mutants generated by M. Ritsema in our laboratory. After 
the identification of various DNA damage hypersensitive mutants, cloning and characterization 
of the mutated genes was initiated. Two mutant fly lines that were recovered from the screen, 
E709 and MR65, are described in detail in this thesis. Both lines have a mutation in a gene 
that does not directly link to pathways that one would expect to find, such as genes involved 
in cell cycle control, signaling, DNA repair or DNA metabolism. Line E709 carries a mutation 
in the Drosophila transcriptional Mediator component 31 (dMED31) gene, while in MR65 the 
Drosophila (R)-4’-phospho-N-pantothenoylcysteine synthetase (dPPCS) gene is mutated. The 
dMED31 gene has an unforeseen function during early embryonic development and especially 
this phenotype was analyzed in detail. For the dPPCS mutant, both the female sterile and the 
DNA damage hypersensitive phenotype were analyzed. The function of dPPCS in surviving 
DNA damage is also unexpected and interestingly, sensitivity to DNA damage is linked to 
neuronal dysfunction in dPPCS mutant flies. In the last chapter the role of dPPCS in female 
fertility and in maintaining neuronal and DNA integrity is discussed.

outline of the thesis
CHAPTER 2. Identification of novel Drosophila melanogaster loci that cause mutagen 
sensitivity and female sterility
This chapter describes the results of a forward genetic screening procedure that was used to 
identify potential novel loci that are required to survive DNA stress and are essential for female 
fertility. A library of single P element insertion lines was generated by transposon mutagenesis 
and this library was expanded with existing female sterile collections. Mutant lines were 
screened for sensitivity to hydroxyurea and ionizing radiation. From this screen we recovered 
17 potential novel loci that cause hypersensitivity to DNA damaging agents when mutated. 
Three of the mutant lines also exhibited female fertility defects. Because the combination 
mutagen sensitivity and female sterility is a characteristic of many mutant alleles of genes that 
are involved in checkpoint signaling and DNA damage repair, mutant lines E709 and MR65, 
which displayed sensitivity to DNA damaging agents and suffered from female fertility defects, 
were analyzed in more detail and we describe the strategies used to confirm phenotypic linkage 
with the mutation in these mutant lines. 

CHAPteR 3. establishment of cell fate during early Drosophila embryogenesis requires 
transcriptional Mediator subunit dMeD31
The dMED31 locus was recovered from a genetic screen as a gene required to survive DNA 
damage and for female fertility. In this chapter we analyzed the nature of the female sterile 
phenotype of a mutation in the dMED31 locus. We show that a mutation in dMED31 caused 
abnormal embryonic development likely due to the abnormal expression of several fate 
determinants during early embryogenesis. Furthermore, we discuss that dMED31, as part of the 
larger transcriptional Mediator complex, might be required for the proper initiation of zygotic 
expression and patterning along the anterior-posterior axis. 
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CHAPteR 4. De novo CoA biosynthesis is required to maintain DnA integrity in a 
Drosophila model of Pantothenate kinase-Associated neurodegeneration 
In this chapter the dPPCS gene, which was identified as a gene required to survive DNA damage 
and for female fertility, is characterized. dPPCS encodes the second enzyme in the de novo CoA 
biosynthesis route and we demonstrated that mutations in the first (dPANK) and the final (dPPAT-
DPCK) enzyme in this route also causes hypersensitivity to DNA stress and also induces fertility 
defects. In humans, mutations in PANK2 are associated with the neurodegenerative disorder 
PKAN. We established that the Drosophila dPANK, dPPCS and dPPAT-DPCK mutants, which 
displayed neuronal dysfunction, can be used to study how impaired CoA synthesis elicits a 
neurological phenotype in animals. Mutations in the de novo CoA biosynthesis disrupted lipid 
metabolism and also affected DNA integrity. Interestingly, impaired DNA integrity was linked 
to neuronal dysfunction in CoA mutant flies. Together our findings demonstrate a novel link 
between disrupted CoA biosynthesis, altered lipid metabolism, impaired DNA integrity, and 
neuronal dysfunction in higher eukaryotes.

CHAPteR 5. Drosophila phosphopantothenoylcysteine synthetase is required for tissue 
morphogenesis during oogenesis
In this chapter we analyzed the effect of a mutation in the dPPCS gene on oogenesis to understand 
the nature of the female sterile phenotype. In dPPCS mutants normal tissue morphogenesis was 
disrupted, likely as a consequence of aberrant actin remodeling. Disrupted cell organization in 
turn likely induced abnormal cell specification triggered by the Notch and Gurken signaling 
routes. Defects in tissue organization and actin remodeling coincided with abnormal membrane 
levels and localization of PtdIns(4,5)P2. Because PtdIns(4,5)P2 is a lipid derived second 
messenger, essential for all processes that require actin remodeling, this indicates that the 
primary defect underlying the morphogenesis defects in dPPCS mutants is aberrant PtdIns 
signaling. Conversion of PtdIns(4,5)P2 to PtdIns(3,4,5)P3 results in phosphorylation of Akt/PKB, 
and consistent with a reduction in membrane levels of PtdIns(4,5)P2 dPPCS mutant ovaries 
contained reduced levels of phosphorylated Akt/PKB. Interestingly, dPPCS was also required 
for sensory cell and vein cell patterning, indicating that dPPCS is required for morphogenesis 
of various tissues. Because dPANK and dPPAT-DPCK mutant females also exhibited abnormal 
egg chamber development and patterning defects, likely as a consequence of aberrant actin 
dynamics, impaired de novo CoA biosynthesis in general affects actin remodeling, possibly due 
to abnormal PtdIns signaling. 

CHAPteR 6. general discussion and summary
Coenzyme A: the metabolic key to many fundamental processes in eukaryotic systems
Although CoA is well known and its essential role is widely accepted, the physiological 
implications of altered de novo CoA biosynthesis in metazoan systems remains poorly 
understood and research in this area has never been initiated. In this chapter we reviewed 
our current knowledge about the physiological implications of disrupted CoA biosynthesis in 
metazoans with a focus on Drosophila. Mutations in the de novo CoA biosynthesis route give 
rise to a plethora of phenotypic defects. CoA constitutes a major cofactor required for various 
cellular processes and we discuss which CoA dependent pathways might be responsible for the 
complex phenotypic characteristics.  
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Forward genetic screen 
Drosophila lines carrying mutations in various cell cycle checkpoint or DNA repair genes 
are frequently hypersensitive to DNA damaging agents and are female sterile1-13. Although 
many independent screens have been carried out to identify either female sterile mutations or 
mutagen sensitive mutations, limited screens have been performed using both characteristics as 
selection criteria, and these screens only uncovered a few new genes10,14. Because only limited 
screens have been performed using the combination mutagen sensitivity and female sterility as 
selection criteria, it is likely that these screens were not saturated and many candidate genes 
were missed. 

Taking in consideration female sterility and mutagen sensitivity as phenotypes we 
employed a forward genetic screen to identify novel genes involved in the response to genotoxic 
stress during Drosophila development. Thereto a library of 117 single P element insertion lines 
was generated (by M. Ritsema and therefore initially referred to as MR1-117) by P element 
mediated transposon mutagenesis15 and this collection was expanded with female sterile P 
element collections kindly provided by A. Ephrussi (EMBL, Germany) and S. Hawley (Stowers 
Institute, USA). We used transposon mutagenesis because of two properties. The first is that 
creating large scale mutant libraries and mutation mapping of transposons is relatively easy15,16. 
Secondly, transposons have a preference for non-coding regions to insert in and therefore 
usually induce hypomorphic phenotypes17, which allows to analyze and study essential genes. 
However, this latter property also makes it frequently difficult to analyze the effect of the P 
element insertion. 

To identify which mutant lines displayed sensitivity to DNA stress, flies heterozygous 
for the P element were crossed (day 1-3) and larvae from the F1 generation were exposed to 
DNA damaging agents on day 5 (2-4 day old larvae) (Fig. 1A). Sensitivity was determined 
by scoring the ratio between heterozygous:homozygous adult survivors in the F1 generation 
(day 14-21). An increase in the ratio heterozygous to homozygous survivors was considered 
to result from a P element insertion event at an essential locus, that caused a genetic defect 
associated with increased sensitivity to genotoxic stress during larval development. Mutant 
flies were screened for sensitivity to hydroxyurea (HU) and ionizing radiation (IR). HU blocks 
DNA replication18, causes oxidative damage to the DNA19, and can induce hypermethylation of 
the DNA20. Although HU can cause DNA damage and DNA hypermethylation, this compound 
is generally used to induce a S-phase arrest and to identify cell cycle checkpoint mutants. In 
addition we also used γ-radiation to induce DNA damage. IR causes multiple types of damage 
including base damage, crosslinks and single- and double-stranded DNA breaks (DSBs)21-23. IR 
also induces a cell cycle arrest required to repair the damaged DNA24. 

The larval stadium was chosen because, during this developmental stage the larval 
imaginal discs are rapidly proliferating and extremely vulnerable to DNA damage as clearly 
demonstrated for the grp/dChk1 and mei-41/dATR mutants, which were used as control lines 
during the screening procedure (Fig. 1A). The mei-41/dATR and grp/dChk1 genes mediate the 
DNA damage dependent G2/M checkpoint in response to IR and HU2,25-28. In the absence of 
these two checkpoint genes cells do not arrest their cell cycle progression required to repair the 
DNA damage inflicted by administration of HU and IR. As a result mei-41/dATR and grp/dChk1 
mutant cells enter mitosis in the presence of incompletely repaired/replicated DNA which result 
in mitotic catastrophy and eventually cell death. The expected ratio for untreated mei-41/dATR (X 
chromosome) mutants would be 1:2, while the expected ration for grp/dChk1 (2nd chromosome) 
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mutants would be 2:1. The ratio hetero:homo in untreated mei-41/dATR flies was 0.65 ± 0.09 
SEM (n=30) and after 20 Gy the ratio was 10.68 ± 2.85 (n=17). When grp mutants were fed with 
a 50 mM HU solution the ratio between hetero:homo was 47.05 ± 8.23 (n=14), while the ratio in 
the control group (H2O only) was 2.30 ± 0.12 (n=63), proving that the screening procedure used 
can be applied to determine sensitivity to HU and IR and demonstrating that indeed mei-41/
dATR and grp/dChk1 mutants can be used as positive controls during the screening procedure.

Using this forward screening approach we recovered 16 MR lines, 1 Hawley line (X. 
Yi & O.C.M. Sibon, submitted) and 1 Ephrussi line that displayed hypersensitivity to IR or 
HU, or both DNA damaging agents (Fig. 1B, table 1). We only screened for potential loci on 
the 2nd and 3rd chromosome of Drosophila. According to Mendelian inheritance the expected 
ratio of heterozygous to homozygous individuals in all control groups should have a ratio of 
2:1. However several mutant lines already displayed high/low ratios without exposure to DNA 
damaging agents, indicating that the P element insertions in these mutant lines caused viability 
defects. 

Three of the identified mutant lines displayed hypersensitivity to IR, but not HU (MR7, 
MR80, MR103), while 11 mutants displayed hypersensitivity to HU only (E709, MR33, MR53, 
MR51, MR56, MR62, MR67, MR73, MR84, MR92, MR99) and the remaining 3 mutants 
(MR28, MR65, MR98) were hypersensitive to both HU and IR (table 1). As these mutants 
could harbor a mutation in an essential locus involved in surviving genotoxic stress, the P 
element insertion sites of these fly lines were mapped by P element rescue analysis16. The 5’ 
and/or 3’ genomic regions flanking the 8 bp insertion target of the P element were recovered, 
sequenced and used to BLAST29 against the D. melanogaster genome sequence  to identify their 
insertion sites (table 1). Of these novel mutants the E709, MR65 and MR67 mutant lines also 
showed female fertility defects. In addition, another novel mutant, stonewall (stwl), was isolated 
from the Hawley collection and also displayed sensitivity to DNA damaging agents and was 
found to be female sterile (X. Yi & O.C.M. Sibon, submitted). Besides the mutants presented 
in table 1 several alleles of grp/dChk1 were recovered from the Ephrussi collection using a 
similar screening approach confirming the validity of our screening procedure (O.C.M. Sibon, 
unpublished). Some of the identified mutants will be discussed below.

novel genes potentially required to survive genotoxic stress 
Because the combination mutagen sensitivity and female sterility is a characteristic of many 
mutant alleles of genes involved in checkpoint signaling and DNA damage repair, mutant lines 
E709 and MR65, which displayed sensitivity to DNA damaging agents and suffered from 
female fertility defects, were analyzed in more detail and are characterized in this thesis. The 
MR67 mutant also displayed a female sterile and DNA damage hypersensitive phenotype, and 
the transposon in this line was recovered from the 5’-UTR of the oo18 RNA-binding protein 
(orb) gene. Because orb is a well known gene required for normal oogenesis30,31 and the mutant 
did not display strong hypersensitivity to DNA damaging agents we did not further characterize 
this mutant. 

Several mutant lines that displayed no fertility defects, but were hypersensitivity 
to DNA damaging agents were recovered from our screen and are therefore candidates for 
further investigation. MR lines 7, 33, 53, 51, 56, 62, 73, 80, 92, 98 and 99 did not display 
strong hypersensitivity to DNA damaging agents and P element mapping in these mutant lines 
uncovered several genes of unknown function or genes with functions unrelated to surviving 
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Figure 1. Identification of novel Drosophila loci that respond to DnA damage.
(A) Genetic screening procedure used to identify novel loci (on the 2nd and 3rd chromosome) that cause sensitivity to 
DNA stress during larval development. Heterozygous flies were crossed for 3 days. On day 5 larvae were exposed 
to DNA damaging agents and the ratio between heterozygous and homozygous adult survivors in the F1 generation 
was determined. 
(B) DNA stress response of selected fly lines that displayed sensitivity to DNA damaging agents (table 1). Larvae 
(2-4 day old) from heterozygous crosses were exposed to H2O, 20 Gy IR, 40-50 mM HU or left untreated. The ratio 
between heterozygous and homozygous survivors was determined 14-21 days after exposure. According to lethality 
of the balancer and assuming normal Mendelian inheritance takes place the expected ratio would be 2:1 (dashed 
line). Fly lines displaying an increase in the ratio are considered as ‘hypersensitive’ to the DNA damaging agent 
applied. mei-41 and grp/dChk1 are control lines for IR and HU hypersensitivity, respectively. Mutants were grouped 
according to DNA damage sensitivity: IR, IR & HU or HU hypersensitivity. Mutant lines MR67, E709 and MR65 
displayed female fertility defects. 

Table 1. Mapping Results of Single P Element Insertion Lines

Fly line         sterile     IR       HU   Polythene segment    Affected genomic region (GadFly)                 Function                      Target sequence

MR67              yes          -        -/+       3R 94E9-94E9            5’-UTR Orb (CG10868)             RNA binding/U-rich cytoplasmic, polyA+ binding                CTCCAACC (3-5)
E709  yes          -         +         3R 82D1-82D1          5’-UTR Trap18/dSOH1/dMED31 (CG1057)   transcription mediator component                    GTTTGTAG (5-3)
MR65              yes         +         +         3R 91F3-91F4            5’-UTR (CG5629)              4’-phosphopantothenoylcysteine synthase                    GCCTGCAC (3-5)
MR7                 no          +         -          2L 33E5-33E9             intron Bun (CG5461)             RNApol II transcription factor                     CGCGACAC (5-3)
MR80              no          +          -         2L 26D7-26D7            5’-UTR CG9535              UDP-N-acetylglucosamine pyrophosphorylase                    ATCCGAAT (5-3)
MR103            no         ++        -         2L 35F1-35F1             5’-UTR of PRL-1 (CG4993)              prenylated Tyr phosphatase, Tyr/SerThr phosphatase         ACGCGTCT (3-5)
MR981             no          +         +         3L 70C11-70C12       intron CG9007              unknown                                                                                           TTCTGCTC (5-3)
MR281             no         ++       +         3R 91E4-91F1             5’-UTR Cdi/TSKI (CG6027)              Ser/Thr kinase                     TCGGACGT (3-5)
MR622             no           -         +         3R 87C6-87C7            second exon of Men (CG10120)             malate dehydrogenase                      CCCACCGC (5-3)
MR33/MR53  no           -         +         3L 67B9-67B10          intergenic region (CG3424 & CG3408)                     GCAAGGGC (5-3)
MR99               no           -         +         3L 65E7-65E7             intergenic region (CG8627 & CG8624)                       GGCCATTC (5-3)
MR92               no           -         +         3L 64A7-64A7            5’-UTR CG14998               unknown                       GCTAAAGT (3-5)
MR731             no           -         +         3L 75E1-75E1             5’-UTR Cat (CG6871)             heme binding /catalase/Ca2+- dependent cell adhesion    GCCCAGCA (3-5)
MR511             no           -         +         3R 85C3-85C4            intron (CG11033)              DNA binding (transcription factor)                             CTCGAGAT (5-3)
MR84

1
             no           -        ++       3L 80A1-80A1            5’-UTR CG11238                unknown                               CACTTGGG (5-3)

MR56               no           -        -/+       3L 61B2-61B2            5’-UTR (CG7067) & intron (CG18374)            nitrilase & glycerol kinase                       CCCCTAGC (3-5)

In silico analysis of single P element insertion lines that displayed sensitivity for hydroxyurea (HU) and/or ionising radiation (IR). Genomic regions flanking the P element 
were recovered, sequenced and used to search the genome database for their localization.  
The response to HU and IR is indicated: (-) not sensitive, (-/+) marginally sensitive, (+) sensitive, (++) highly sensitive.
The 8 bp target sequence used by the P element is indicated, 5’ to 3’ (between brackets) relative to its orientation in the genome as determined by sequence analysis. 
The P element is know to integrate preferably in UTRs, introns and intergenic regions (ref. 17).
1 5’- genomic region flanking the P element not rescued 
2 3’- genomic region flanking the P element not rescued

determine ratio hetero:homo
3 5 1481 21

D. melanogaster development (days)embryo larva pupa fly

apply stress
crossing

22 oC

B

A DNA stress response screening

DNA stress reponse of selected fly lines

0

50

100

150

200

10

2:1

untreated
ionising radiation (IR) 
water
hydroxyurea (HU)

M
R28

M
R33

M
R53

M
R56

M
R67

M
R51

M
R84

M
R73

E709
M

R92
M

R98
M

R99

M
R103

M
R62

M
R65

M
R80

M
R7

m
ei-4

1

grp
/d

Chk1
0

50

100

150

200

10

2:1

he
te

ro
 : 

ho
m

o

he
te

ro
 : 

ho
m

o

♀ sterileC IR IR & HU HU



Identification of novel Drosophila loci that respond to genotoxic stress

 21   

2

DNA damage (table 1). Therefore these mutant lines will not be discussed further and were not 
selected for characterization in this thesis. Mutant lines MR28, MR84 and MR103 did not display 
fertility defects, but in contrast with the other mutant lines that did not display female fertility 
defects, these mutants were extremely sensitive to DNA damaging agents and characterization 
of the affected genes might provide new insights in the survival after DNA stress. Although, 
we mapped the P element insertion sites in these latter 3 mutants we did not attempt to confirm 
phenotypic linkage with the P element. 

The MR84 mutant was hypersensitive to HU and the P element was recovered from 
the 5’ untranslated region (5’-UTR) of CG11238, which encodes a protein of unknown function 
(table 1). The open reading frame (ORF) encoded by the CG11238 gene displays sequence 
homology with a human rootletin like protein (gi:113413563). Although this human protein is 
also uncharacterized, rootletin is required for proper chromosome segregation and centrosome 
cohesion32. Thus CG11238 might be a novel gene required for centrosome function during 
cell division, however in depth characterization of this mutant is required to substantiate this 
hypothesis. 

Mutant lines MR103 and MR28 were extremely sensitive to IR and the P elements in 
these two mutant lines were recovered from the 5’-UTRs of genes encoding a protein phosphatase 
and kinase respectively (table 1), suggesting that these genes might be involved in signal 
transduction cascades required to survive radiation-induced DNA damage. The Drosophila center 
divider (cdi/TSKI) gene, affected in MR28, encodes a kinase that is involved in cytoskeleton 
remodeling and morphogenesis33-35. Currently the role of cdi/TSKI during signaling in response 
to DNA stress is unknown and further characterization of the MR28 mutant may reveal a novel 
link between DSB signaling responses and the cytoskeleton. 

The gene affected in the MR103 mutant encodes the Drosophila homolog of 
phosphatase of regenerating liver (dPRL). PRL is a protein-tyrosine phosphatase that is 
characterized by a C-terminal CAAX motif, a signal for farnesylation/prenylation. The human 
genome encodes three PRL genes (PRL1-3), while Drosophila has only a single PRL gene. 
dPRL is closely related to all the human PRL proteins as determined by sequence/structural 
comparison (not shown). The dPRL contains a protein-tyrosine phosphatase (PTPase) active 
consensus (HCXXGXXR) referred to as P loop36, the general acid loop and the Cys49 and 
Cys104 which can form an intramolecular disulfide bond37. Therefore, it is likely that the dPRL 
protein fulfils similar functions as those observed for other PRL proteins. Mammalian PRLs 
are involved in cell proliferation, migration, invasion and metastasis38-44. Consistent with an 
oncogenic role of the PRL proteins overexpression of PRL proteins increased cell proliferation 
by stimulating progression from G1 into S phase possibly due to the down regulation of the cyclin 
dependent kinase inhibitor p21Cip1/Waf1 (ref. 43). Similarly, overexpression of PRL-3 promoted cell 
proliferation and invasion, which coincided with a downregulation of Csk and an upregulation of 
the Src kinase44. During cell division the PRL-1 protein localized to centrosomes and the mitotic 
spindle, while in interphase cells the protein localized to the membrane of the endoplasmic 
reticulum in a farnesylation-dependent manner45. Removal of the farnesylation signal resulted 
in abnormal mitotic bridges and lagging chromosomes. Because cells expressing mutant PRL-1 
arrested in G2/M after treatment with the microtubule destabilizing drug nocodazole and cells 
initiated mitosis after the nocodazole block, PRL-1 does not interfere with the spindle checkpoint 
itself but rather with the spindle dynamics45. The function of the PRL proteins during signaling 
in response to DNA damage remains unknown. However, preliminary analysis of the MR103 
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mutant suggest that dPRL might be required for exit from the G2/M checkpoint in response to 
IR (not shown). Exit from the cell cycle checkpoints in response to DNA damaging agents is far 
from understood and further characterization of the MR103 mutant might reveal new insights in 
how cells restart cell cycle progression after DNA damage repair. 

Phenotypic confirmation and linkage: The dMED31 locus is affected in e709
Transposons have a preference for non-coding regions to insert in and therefore usually induce 
hypomorphic phenotypes17. Although this property of P elements can be useful to study the 
function of essential genes, interpretation of the function of a gene based on a hypomorph 
phenotype is sometimes complicated. Because of this and in order to draw firm conclusions based 
on P element induced phenotype additional control experiments are required. As mentioned 
previously, mutant lines E709 and MR65 were, based on their DNA damage hypersensitive 
and female fertile phenotypes, selected for further characterization and additional experiments 
were performed to confirm phenotypic linkage. In the E709 mutant the P element was recovered 
from the 5’-UTR of CG1057 (table 1), which encodes the transcriptional Mediator component 
MED31 (allele dMED311) (CHAPTER 3). As a first approach towards confirming phenotypic 
linkage we used PCR mapping using a P element specific primer and a genomic primer located 
in close proximity of the transposon to check whether the identified location of the transposon 
was correctly mapped. PCR mapping confirmed that the identified P element location was inside 
the 5’-UTR of dMED31 in the E709 mutant line (not shown).

Next, we used the identified polythene segments that contain the dMED31 locus (3R 
82D1) to search for deficiency chromosomes (Df) spanning the dMED31 locus. In case the DNA 
damage sensitivity and female fertility are linked to the P element insertion inside the dMED31 
gene, then transheterozygous mutants carrying both the Df chromosome and the dMED311 allele, 
should also display sensitivity to HU and should be female sterile. In short, the Df chromosomes 
should not complement (rescue) the E709 phenotype. However, when we placed dMED311 
over Df(3R)110,ru1th1st1kniri-1rnroe-1ppesca1 (82C4;82F3-7) and Df(3R)Z1,ry* (82A5-6;82E4), 
transheterozygous larvae were not hypersensitive to HU (not shown), suggesting that sensitivity 
to DNA damage is not linked to the P element insertion in E709. Nevertheless, transheterozygous 
females displayed fertility defects, indicating that the P element insertion does affect female 
fertility. To restore the original dMED31 gene in the E709 mutant we removed the P element 
using the Δ2-3 transposase46. From this allelic series we recovered a P element excision line, 
allele dMED3121, in which the dMED31 gene was fully restored (not shown). Transheterozyous 
dMED311/21 females were fertile, but remained hypersensitive to HU (not shown), further 
demonstrating that the P element insertion in the E709 mutant is not linked to DNA damage 
sensitivity, while female fertility is linked to the P element insertion. This implies that the E709 
mutant carries an additional mutation that causes hypersensitivity to HU. Although it might be 
interesting to identify this additional locus, we did not attempt to map this mutation. 

Because there were no antibodies available to analyze dMED31 protein levels, we 
performed PCR analysis and rapid amplification of cDNA ends (RACE) to clone the 5’-UTR 
of the dMED31 mRNA from E709 mutants. Using this approach we found that transcription 
of dMED31 initiated from the P element indicating that mRNA production was hampered 
in this mutant. Finally, we created a transgenic fly carrying a full length genomic fragment 
of the dMED31 gene (P[dMED31]) and this transgene rescued the dMED311 female sterile 
phenotype, proving that female sterility was due the P element insertion in E709. The female 
sterile phenotype of E709 is described in detail in CHAPTER 3.
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Phenotypic confirmation and linkage: The dPPCS locus is affected in MR65
The transposon in the MR65 line landed in the 5’-UTR of CG5629 (table 1), which encodes a 
CoA biosynthesis enzyme, (R)-4’-phospho-N-pantothenoylcysteine synthetase (allele dPPCS1) 
(CHAPTER 4). For phenotypic confirmation of the MR65 mutant we followed a similar strategy 
as for the E709 mutant. PCR mapping confirmed the P element insertion site (not shown), while 
complementation analysis demonstrated that when dPPCS1 was placed over Df(3R)Dl-KX23,e* 
(91C7-D03;92A5-08) and Df(3R)DI-BX12,ss1e4ro1 (91F1-2;92D3-6) transheterozygous flies still 
displayed hypersensitivity to IR and were female sterile, suggesting that the P element insertion 
indeed caused hypersensitivity to IR and induced female fertility defects. In contrast with the 
E709 mutant, we were unable to restore the original dPPCS gene in MR65 mutants by P element 
excision (approximately 250 independent lines were analyzed). P element excision usually 
occurs imprecisely and using this property of the transposon we were able to create a knock-
out and lethal allele of the dPPCS gene (allele dPPCS33). Since transheterozygous dPPCS1/33 
females were sterile, displayed sensitivity to IR and dPPCS1/33 flies generally displayed a more 
severe phenotype it is likely that the mutation is located in the dPPCS locus and is responsible 
for the observed phenotypes. Moreover, RACE analysis of MR65 mutants revealed that the 5’-
UTR of the dPPCS mRNA is truncated by approximately 250 bp, demonstrating that dPPCS 
mRNA production was also disrupted in the MR65 line. We also raised antibodies against 
the dPPCS protein and Western blot analysis revealed that dPPCS protein levels were mildly 
reduced in dPPCS1/1 mutants and further reduced in dPPCS1/33 mutants, proving that dPPCS 
protein levels are affect in the MR65 line. Finally, to conclusively prove that the dPPCS gene 
was affected in MR65 we created a transgenic fly that ectopically expressed a FLAG tagged 
dPPCS cDNA (P[dPPCS]) under control of an ubiquitin promotor. The entire dPPCS locus is 
approximately 10-11 kb, which makes it difficult to create a full length genomic transgenic fly 
and therefore we used an ectopically expressed dPPCS cDNA. Insertion of P[dPPCS] back 
into the dPPCS mutant (partly) rescued all the phenotypes of dPPCS1/1, confirming that all 
phenotypic characteristics were due to a mutation in the dPPCS locus in the MR65 line. The 
mutant phenotype of MR65 is further described in CHAPTERS 4 to 6.

Concluding remarks
We established that a mutation in the dMED31 locus in the E709 line results in fertility defects 
(CHAPTER 3) and we also demonstrated that the dPPCS locus is affected in MR65 and that 
a mutation in this locus affects female fertility and causes hypersensitivity to DNA damaging 
agents (CHAPTER4-6). The DNA damage sensitivity of the E709 line is not due to a mutation 
in the dMED31 locus and is likely the result of an additional mutation at a thus far unknown 
locus. Therefore, although genetic screens are a powerful tool to identify novel genes, additional 
analysis is required to identify false positives. Nonetheless, our screening procedure uncovered 
several novel genes required to survive genotoxic stress and also identified potential candidate 
genes that can be analyzed in the future. Because we only performed a relatively small forward 
genetic screen, screening the Drosophila genome for additional mutations that cause both female 
fertility defects and hypersensitivity to DNA damaging agents might uncover more unexpected 
players in DNA stress responses. 
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ABstRACt
During early Drosophila embryogenesis, formation of the anterior-posterior (A/P) axis depends 
on spatial gradients of maternal morphogens. It is well recognized that positional information 
is transmitted from these morphogens to the gap genes. However, how this information is 
being transmitted is largely unknown. The transcriptional Mediator complex is involved in 
the fine tuning of the signaling between chromatin status, transcription factors and the RNA 
polymerase II transcription machinery. We found that a mutation in the conserved subunit of 
the Mediator complex, dMED31, hampers embryogenesis prior to gastrulation and leads to 
aberrant expression of the gap genes knirps and Krüppel and the pair-rule genes fusi tarazu and 
even-skipped along the A/P axis. Expression of the maternal morphogens dorsal and hunchback 
was not affected in dMED31 mutants. mRNA expression of dMED31 exactly peaks between the 
highest expression levels of the maternal genes and the gap genes. Together, our results point to 
a role for dMED31 in guiding maternal morphogen directed zygotic gap gene expression and 
provide the first in vivo evidence for a role of the Mediator complex in the establishment of cell 
fate during the cellular blastoderm stage of D. melanogaster.
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intRoDuCtion
Proper fine tuning of the eukaryotic transcriptome depends on numerous cis and trans acting 
factors that modulate the chromatin environment of genes and influence the RNA polymerase II 
(RNAPII) transcription machinery. The Mediator complex is a core processor in the signaling 
between RNAPII and transcription factors. This complex is an evolutionary conserved protein 
assembly of 25-30 subunits1-5 which was first identified in budding yeast6 and consists of four 
large modules; head, middle, tail and a Srb8-11 module4,7-9. 

Support for a specific role during development of Mediator subunits is provided by 
several studies in Drosophila melanogaster10-15 and Caenorhabditis elegans16-19. These studies 
describe mostly functions of Mediator subunits during late developmental stages, but a role of 
the subunits during early embryonic development is largely unknown. The Mediator consists 
of more then 25 subunits, pointing to a multifaceted role of this complex during metazoa 
development. Understanding this complexity starts with the identification of the function of 
each subunit. 

D. melanogaster MED31 was identified by bioinformatics analysis10 and its presence in 
the Mediator complex was confirmed in purified complexes from embryos and cells20,21. In a pull 
down assay, the Mediator (containing dMED31) complex binds to the transcription factors bicoid 
(bcd), Krüppel (Kr), fushi tarazu (ftz), dorsal (dl) and HSF, but not twist (twi), hunchback (hb) 
and even-skipped (eve)20. Moreover the Mediator complex is required for in vitro transcription 
from developmentally important promoters regulated by these transcription factors. Despite 
these in silico and in vitro results, to date the functional role of MED31 in eumetazoa remains 
elusive. Here we report the identification of the highly conserved Drosophila Mediator subunit 
dMED31 as a novel maternal-effect gene necessary for proper segment specification during 
early embryogenesis. dMED31 mutant females have fecundity defects and embryos deposited 
by homozygous mothers display severe defects along the anterior-posterior (A/P) axis when 
gastrulation is initiated. Whereas expression of maternal morphogens is not affected, alterations 
in gap and pair-rule gene expression during the proceeding blastoderm stage correlate with 
these defects observed in dMED31 mutant embryos. Remarkably, a small percentage of the 
progeny of homozygous mutant females escape from embryonic death and develop into adults. 
These escapers have defects in their abdominal segmentation pattern, a phenotype enhanced 
by mutations in dMED13. Our findings provide the first in vivo evidence for a specific role of 
dMED31 in establishing cell fate in the cellular blastoderm and point to a role for the Mediator 
in guiding maternal morphogen directed zygotic gap gene expression.

MAteRiAL AnD MetHoDs
Drosophila stocks and genetics: Fly stocks were maintained at 22 oC according to standard protocols. The 
y1w1118 line was used for wild-type preparations. The E709 stock was a generous gift of A. Ephrussi (Heidelberg, 
Germany). The dMED171 and dMED131 P element insertion lines are previously described10 and were obtained from 
the Bloomington stock centre (Indiana University, USA). P element excision lines were generated with the Δ2-3 
transposase22. From a collection of approximately 75 individual excision lines a back to wild-type allele (dMED3121) 
was isolated. Genomic DNA surrounding the P element insertion site was sequenced to confirm precise excision.
dMeD31 mapping and transgene construction: Plasmid rescue analysis were performed to recover the 3’ and 
5’ flanking genomic sequences of the pLacW insertion site23. Subsequent DNA sequencing and database searches 
revealed the exact genomic position of the P element. PCR analysis combined with complementation tests by means of 
standard crosses to deficient chromosomes encompassing the identified cytological position were used to confirm the 
localization of the P element and to confirm a link between the P element insertion and the female fertility phenotype 
of the E709 mutant. A genomic fragment containing the dMED31 locus (CG1057), its preceding intergenic region 
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together with approximately 250 bp of genomic DNA flanking the polyadenylation site was PCR amplified with primer 
pair 5’-GAAGGATCCGCGCATCACATTAGGGGTAG-3’ and 5’-AGCGAATTCTGTGGGTCTGTGAATTCAC-
3’, cut with BamHI and EcoRI and cloned in an identically digested pCasper4-Pme1 provided by L.G. Fradkin 
(Leiden, The Netherlands). A transgenic fly carrying the P[dMED31] transgene on the second chromosome was 
created by Genetic Services Inc. (Sudbury, USA) and was crossed into the E709 strain. Single fly PCR analysis was 
used to confirm its presence24.
Assessment of embryonic viability and abdominal defects: To assay embryonic viability embryos were collected 
(0-6 h) on apple juice plates, counted, and the hatch rate was determined by visual inspection of the egg cases 2 days 
after egg laying. Female fecundity was assayed by crossing 10 1-week-old females with 5 males in standard food 
vials containing yeast paste. After 3 days flies were transferred to vials without yeast granules/paste and the amount 
of embryos deposited after 20 h was determined. Groups were compared by student t-test. Inspection of abdominal 
defects was carried out by visual inspection of 2-5 day-old flies. Images were captured with a Olympus BX50 light 
microscope 
Immunofluorescence: For these studies embryos deposited by dMED311/1 mothers crossed with wild-type males 
were used or embryos deposited by wild-type females crossed with wild-type males. Isolation, fixation and 
immunolabelling of embryos was performed as described25. Blocking of embryos and labelings were performed in 
PBS + 0.3% TritonX-100 + 5% BSA. Primary antibodies included mouse anti-pH3S10 (1:200, Cell Signaling), rabbit 
anti-tailless (1:200, #812) obtained via the Asian Distribution Centre for Segmentation Antibodies26, rabbit anti-
hunchback (1:1000), rabbit anti-Krüppel (1:500) and rabbit anti-knirps (1:50) (generously provided by H. Jäckle and 
P. Carrera, Göttingen, Germany) and concentrated supernatants of mouse anti-even-skipped (1:5) (3C10 developed 
by C. Goodman) and mouse anti-dorsal (1:5) (7A4 developed by R. Steward) obtained from the Developmental 
Studies Hybridoma Bank (Iowa, USA). Secondary antibodies included FITC-conjugated goat anti-mouse or goat 
anti-rabbit IgGs (Jackson ImmunoResearch). Embryos were incubated in a 0.2 ug/ml DAPI solution in PBS to 
visualize the DNA, mounted in citifluor (Agar scientific) and analyzed by FM, LM (Carl Zeiss Axioskop2) or CLSM 
(Leica TCS SP2). Captured images were processed using Paint Shop Pro. 
In situ hybridization: For in situ hybridization experiments embryos deposited by dMED311/1 mothers crossed with 
either dMED311/1 or dMED311/+ males were pooled and compared to embryos deposited by wild-type mothers crossed 
with wild-type males. Hybridizations were essentially carried out as described27. Plasmids for probe production 
against Krl (pT:Kr)28, kni (pcJ15)29, eve (p48-X1.4)30, ftz (pT-ftz)31 and en (pen) were generously provided by P. 
Gergen (Stony Brook, USA). Digoxigenin (DIG) incorporated RNA probes were generated from linearized plasmids 
by in vitro transcription in the presence of a DIG RNA labeling mixture (Roche). Hybridizations were carried out at 
55-60 oC and the probes were detected with anti-digoxigenin-AP Fab fragments (Roche). Chi square tests were used 
to compare the percentages of abnormal mRNA expression in control versus dMED31 mutant stage 3-8 embryos. 
The quantified data represents the total amount from 3 independent hybridization experiments.

ResuLts
Mutations in dMED31 cause defects in fecundity and embryogenesis
We analyzed libraries of existing single P element insertions in D. melanogaster for novel genes 
involved in embryogenesis. From a collection of mutants (kindly provided by A. Ephrussi) 
that affect female fertility, we recovered a single P element insertion line E709 (dMED311, see 
below) as a candidate for further investigation. Embryos deposited by homozygous females 
crossed with wild-type males (further referred to as mutant embryos) rarely hatched (2.1%) 
compared to embryos deposited by wild-type females (88.2%) further referred to as wild-type 
embryos (table 1). Unless otherwise specified, all studies in this manuscript were performed 
with embryos derived from females that were crossed with wild-type males. In the mutant, the P 
element was mapped within the 5’-UTR of CG1057 (Fig. 1A) and its location was confirmed by 
PCR mapping (not shown). This gene encodes the fly homologue of the S. cerevisiae suppressor 
of HPR1 (SOH1) and is part of the transcriptional Mediator complex10,20. SOH1 is also known 
as TRAP18, but recently unified nomenclature designated the protein MED312, therefore the 
mutant will be referred to as dMED311. The dMED31 locus encodes two alternative transcripts 
as evident from the expressed-sequence-tagged database (www.fruitfly.org), which both encode 
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the full length Drosophila dMED31 protein (Fig. 1C). PCR analysis and rapid amplification 
of cDNA ends (RACE) analysis of cDNA isolated from dMED311/1 females revealed the 
presence of P-lacW specific sequences in the 5’-UTR of the dMED31 transcript, indicating that 
transcription originates from the P element (not shown). As the transposon landed in the first 
intron of CG1057-RA, exactly after the first splice donor site of CG1057-RB, it is likely that 
appropriate splicing and production of CG1057-RB does not occur (Fig. 1B). Therefore, we 
conclude that the P element insertion in the dMED31 mutant alters dMED31 mRNA structure 
and production.

In addition to poor hatching rates of embryos deposited by dMED311/1 females, mutant 
females also displayed fecundity defects and cohorts of 10 dMED311/1 females produced only 
7.4 ± 1.5 eggs/20 h (p < 0.0001) compared to 46.0 ± 3.3 eggs deposited by wild-type females 
(table 1). In order to confirm linkage between the observed mutant phenotype and the P element 
insertion, dMED311 was placed over the deficiency Df(3R)Z1,ry*, in which at least 82 genes 
surrounding the dMED31 locus are deleted. Transheterozygous dMED311/Df(3R)Z1,ry* females 
showed more severe fecundity (p < 0.05) defects compared to dMED311/1 females (table 1). 
A small percentage of embryos derived from dMED311/1 mothers is able to hatch and a small 
percentage of these larvae is able to reach the adult stage (see also below). A small percentage 
(3.2%) of embryos derived from transheterozygous dMED311/Df(3R)Z1,ry* mothers was also 
able to hatch, however, none of these larvae reached the adult stage. Based on these observations 
we conclude that the dMED311 allele is hypomorphic. Next, we restored the dMED311 insertion 
allele by remobilizing the P element22. When we placed dMED311 over a precise excision allele 
dMED3121, the hatching rate of embryos deposited by dMED311/21 mothers was restored to 91.6% 

Figure 1. A mutation in dMED31 
disrupts early embryogenesis. 
(A) The region depicted comprises 
cytological position 82D1 of 
chromosome 3R and harbors CG1057, 
which encodes 2 mRNAs that both 
encrypt a 204 amino acid ORF that 
represent the fly MED31 protein. 
The position of the P-lacW insertion 
allele dMED311 is indicated (triangle). 
Transcripts are indicated by black 
boxes and their encoded proteins are 
depicted underneath (white boxes). 
(B) The transposon landed within the 
5’-UTR of the CG1057-RA messenger 
exactly after the first splice donor  site 
of intron I of the alternative CG1057-
RB mRNA (the 8 bp insertion site is 
underscored/bold letter type). 
(C) The nuclear 204 amino acid 
dMED31 protein displays a strong 
helical character (predicted extended 
(E) and helical (H) secondary confirmations are denoted under the primary sequence). Gray values represent the 
calculated solvent accessibility (black represents 0% exposure). Residues 21 to 89 (italics) represent a core region 
of 69 amino acids that is highly conserved5. The COOH terminal half of dMED31 harbors a solvent accessible 
glutamine (Q) rich stretch (underscored). Calculations were performed with software available from the ExPASy 
Molecular Biology Server. 
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CG1057-RA    : ----TCGCCGGCCATCAACAATCCAAATGAACTCCTACGGTTTGTAGACA :(exon I)
CG1057-RB    : ----TCGCCGGCCATCAACAATCCAAATGAACTCCTACG----------- :(intron I)

3R 82D1

300 bp

centromer

P-lacW = dMED311

A

I IIIII IV

I IIIII

                 *        20         *        40         *        60         *        80
dMED31: MAKMYGKGKTAIESEELQKRRWQIELEFVQCLSNPNYLNFLAQRGFFKDQSFINYLKYLQYWKEPDYAKYLMYPMCLYFL :
                      HHHHH HHHHHHHHHHHH    HHHHHHHHH    HHHHHHHHHHHHH     EEEEE    HHHH
                 *       100         *       120         *       140         *       160
dMED31: DLLQYEHFRREIVNSQCCKFIDDQAILQWQHYTRKRIKLIENVTAAQQQQQQLQQQQQQANGMEAATGGESAAPTPNVNG :
        HHHHH   HHHHHH HHHHHHHHHHHHHHHHHHHHHHHHHHHHH   HHHHHHHHHHH
                 *       180         *       200
dMED31: SASTADSQQTSSALQPVQAQPGNPQQQQQINGVASGANIKLELN : 204
                                               EEE

B

C



Cell fate determination requires dMED31

 31   

3

(table 1). Finally, when we introduced a genomic fragment that harbors the entire dMED31 
locus including its flanking intergenic regions (P[dMED31]), the hatching rate was restored 
to 57.9% (table 1). Together these results show that an intact dMED31 allele is required for 
female fecundity and intact function of maternal dMED31 is required for embryonic viability.

Table 1. Mutations in dMED31 disrupt female fecundity and embryonic viability. 
genotype female           hatching rate (%)       fecundity (egg/20 h ± SEM)
y1w1118              88.2 (n=1005)           46.0 ± 3.3 (n=45 cohorts)
dMED311/1 2.1   (n=574)           7.4 ± 1.5   (n=42 cohorts)
dMED311/Df(3R)Z1,ry* 3.2   (n=632)               3.2 ± 0.4   (n=51 cohorts)
dMED311/21            91.6 (n=1287)                  ND
P[dMED31];dMED311/1      57.9 (n=401)                  ND
Flies of indicated genotype were crossed with wt males, hatching of n embryos 
was monitored and the fecundity of n cohorts of 10 females was determined.
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establishment of embryonic A/P polarity requires Mediator subunit dMeD31
In order to determine at which stage embryogenesis is disrupted in eggs deposited by dMED311/1 
females, embryos derived from wild-type and dMED311/1 females were labeled with an antibody 
directed against serine 10 phosphorylation of histone  H3 (pH3Ser10), which enabled us to 
visualize mitotic domains within the developing embryo. Close inspection of these mitotic 
domains in combination with morphological analysis revealed that mutant embryos reach the 
cellular blastoderm stage (Figs. 2F-g), but begin to display severe defects upon gastrulation 
(Figs. 2H-i). During wild-type gastrulation and germ band elongation, cells associated with the 
migrating polar plate and stomodeum are highly proliferating (Figs. 2C-D). In mutant embryos 
these mitotic domains were missing or completely mislocalized and coincided with altered 
embryonic morphology. The formation of the posterior located pole cells appeared unaffected in 
mutants (Fig. 2L) but, quickly after their formation cells at the anterior and posterior pole started 
to delaminate towards the interior of the embryo (Fig. 2n). Normally, pole cells migrate during 
gastrulation; first over the dorsal surface, then the pole cells migrate inwards the embryo to the 
posterior end, where they form the future reproductive system. Upon gastrulation the formation 
of the major invaginations (proctodeal invagination, transverse furrow, stomodeal invagination 
and the cephalic furrow) were observed in dMED31 mutant embryos (Fig. 2g). Nevertheless, 
cells associated with the anterior and posterior pole of mutant embryos frequently displayed 
abnormal migratory behavior. During subsequent embryonic stages abnormal cell migration and 
degeneration at both poles eventually resulted in severe polarity problems within the developing 
embryo. Especially the cells that accompany the migrating polar plate behaved abnormal (Fig. 
2). Moreover, cell loss was frequently more profound at the dorsal-posterior region of mutant 
embryos. Similar defects were found in embryos deposited by dMED311/Df(3R)Z1,ry* or 
dMED311/1 females crossed with dMED311/1 males. The majority of the embryos deposited by 
dMED311/Df(3R)Z1,ry* or dMED311/1 mothers (independent of the paternal genotype) displayed 

← Figure 2. Mitotic domains associated with migrating cells during gastrulation are mislocalized or absent 
in dMED31 mutant embryos. 
Embryos deposited by wild-type (A-E) and dMED311/1 (F-J) females crossed with wild-type males were analyzed 
by LM and FM. Embryos were labeled with an antibody against pH3S10 (green) and counterstained with DAPI 
(blue) to visualize mitotic cells and the DNA, respectively. Images represent lateral views with the anterior to the 
left. Stages of embryonic development are indicated. 
(A) Wild-type embryo at the syncytial blastoderm stage. Yolk nuclei are visible within the embryo. (B) Upon early 
gastrulation morphologically several invaginations can be identified. (pi) proctodeal invagination; (tf) transverse 
furrow; (si) stomodeal invagination; (cf) cephalic furrow. (C) During germ-band elongation cells associated with the 
migrating polar plate (arrow) and stomodeum (s) are highly proliferating. (D) At the extended germ-band elongation 
stage cells at the anterior midgut primordium (arrow), hindgut primordium (hg), posterior midgut rudiment (pmg) 
are proliferating and the parasegments become visible. (e) The parasemental furrows are being formed on the dorsal 
region of the developing embryo and subdivide the retracting germ-band into metameric units. 
(F) dMED31 mutant embryos reach the syncytial blastoderm stage and (g) the formation of the major invaginations 
during gastrulation can be observed. (H-i) After gastrulation has initiated mitotic domains become mislocalized 
and embryos develop abnormal regions that lack cells (asterisks). (j) Progression into late stage embryogenesis 
eventually result in morphologically abnormal embryos. Note that especially cells associated with the migrating 
polar plate behave abnormal and results in severe deformations at the posterior-dorsal region of the embryo. 
 (K-P) Wild-type and dMED31 mutant embryos deposited by homozygous females were labeled with DAPI to 
visualize the DNA and analyzed by CLSM. Anterior is to the left. (k and M) During st.4-5 of embryonic development 
the pole cells are formed at the posterior pole of the embryo (arrow). (L) In dMED31 mutant embryos pole cell 
formation is normal (arrow), (n) but during gastrulation cells associated with the anterior and posterior pole start 
to delaminate towards the interior of the embryo (arrowheads) and abnormal cell ingression can be observed at 
the anterior-dorsal region of the embryo (arrow). (o-P) During later stages abnormal migration (arrows) and 
degeneration at the poles results in cell loss (asterisks). Scale bars: 20 µm (K-L),150 µm (M-P).
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severe morphological defects beyond st.8 (estimated >90%). Thus, a mutation in the dMED31 
locus causes a maternal effect phenotype in over 90% of the embryos and leads to aberrant cell 
migration and impaired anterior-posterior (A/P) axis formation in the embryo, suggesting that 
dMED31 is an essential factor required for establishing cell fate in the cellular blastoderm.
 
Mediator subunit dMeD31 is necessary for zygotic gap and pair-rule gene 
transcription 
Previously, in vitro experiments demonstrated that the Drosophila Mediator complex is 
able to bind developmental transcription factors and is essential for the in vitro transcription 
from promoters regulated by these transcription factors20. Moreover, immunoprecipitation of 
embryonic nuclear extracts with an antibody directed against dMED31 abolished Mediator 
composition and affected in vitro RNA transcription, suggesting that the Mediator complex 
is required to control gene transcription during early development and requires the dMED31 
subunit20. To test this suggestion we first analyzed expression profiles of all Mediator genes 
using available data sets (www.fruitfly.org and ref. 32). These data show that the entire Mediator 
complex is maternally supplied to the embryo and is highly expressed prior to gastrulation 
(see supplementary Fig. s1), indicating that this complex is required at this specific stage 
during early embryonic development. Comparing the expression profile of the Mediator with 
expression profiles of maternal genes and gap genes revealed that expression levels of Mediator 
genes exactly peak between highest expression levels of maternal genes and gap genes during 
development (see supplementary Fig. s1), suggesting a specific function of the Mediator 
complex at this specific moment. 

Upon egg deposition maternally contributed morphogen gradients of genes such as; 
dl, cad, nos, bcd or hb define the embryo’s polarity, the dorsal-ventral (D/V) axis and the A/P 
axis33. Because expression of dMED31 peaks at a time point later than the maternally supplied 
morphogens, we hypothesized that localization and expression levels of these morphogens in 
dMED31 mutants are not affected. In agreement with this hypothesis the localization and the 
expression of the maternal morphogens dl and hb was unaffected in embryos deposited by 
dMED311/1 mothers (Fig. 3e).

During wild-type embryogenesis cad, nos, bcd and hb regulate expression of the 
gap genes tailless (tll), giant (gt), knirps (kni) and Kr34,35. dMED31 expression peaks before 
high expression levels of the gap genes (see supplementary Fig. s1) which coincided with 
the timing of the morphological abnormalities observed in dMED31 mutant embryos (Fig. 2). 
These data suggest that gap gene expression may be affected in dMED31 mutant embryos. 
To investigate whether dMED311 indeed affects embryonic gap gene expression we analyzed 
mRNA and protein distribution of the gap genes kni and Kr (Fig. 3A). Early mRNA expression 
of these genes can be observed at the anterior tip and as a band in the centre of wild-type 
embryos. Furthermore, Kr expression is also strong at the posterior end of wild-type embryos 
during gastrulation and germband elongation. These patterns of mRNA expression change 
during subsequent embryonic stages. The protein expression of both genes globally parallels 
their mRNA expression pattern. In mutant embryos deposited by dMED311/1 females kni and 
Kr mRNA expression during st.4-5 is much lower compared to wild-type embryos (Fig. 3A). 
Moreover, abnormal mRNA and protein expression patterns of these two genes was observed 
during early stages of embryogenesis. Interestingly, the polar expression of kni and Kr is 
hardly detectable or even absent. dMED311/1 embryos also displayed abnormal patches of kni 
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expression in cells that reside within the ventral region (Fig. 3A), suggesting that these cells 
received incorrect information from the maternal morphogens. The central band of the Kr 
protein is sometimes smaller in mutant embryos compared to wild-type Kr expression and high 
Kr expression could also be found in cells outside the central band. Overall 44.6% of dMED311/1 
embryos deposited by homozygous mutant females displayed abnormal Kr mRNA expression 
and 18.1% of the embryos displayed abnormal kni expression (Fig. 3D). 

The maternal terminal system controls the restricted expression of the terminal gap 
genes tll and huckebein (hkb) in the embryonic termini via the localized activation of the Torso 
(Tor) receptor tyrosine kinase signaling pathway36-38. Because dMED31 mutant embryos show 
terminal defects we analyzed  protein expression of tll, whose activity is required to specify cell 
fates at the embryonic poles39. Protein expression of tll was unaffected in embryos deposited 
by dMED311/1 females compared to wild-type embryos. However, as previously noted, we 
frequently found gaps in the cellular blastoderm at both termini and we quantified the amount 
of st.5 embryos in which posterior located tll expressing cells were missing (Fig. 3C). In 28.0% 
(n=82) of st.5 embryos produced by dMED311/1 mothers, posterior located tll expressing cells 
were missing (arrows), which was 3.1% in wild-type embryos (n=96). These data suggest that 
dMED31 is not required for the activation of the terminal gap genes in response to Tor signaling 
at the embryonic termini, but dMED31 is required to maintain cell viability at the termini.

In wild-type embryos gap gene expression proceeds pair-rule gene expression. Pair-
rule gene patterning occurs in 7 distinct stripes. Eve, ftz and other pair-rule genes provide 
cell identity to cells in the blastoderm stage. In 25% of the embryos deposited by dMED311/1 
mothers the mRNA expression of ftz is lower and abnormal compared to wild-type embryos 
(Figs. 3B,D). It should be noted that abnormalities in ftz expression are mainly observed during 
stage 6-8 and ftz expression seems not severely altered in earlier stages. Similar results were 
obtained when expression patterns of eve were analyzed in mutant embryos and compared to 
wild-type embryos. Wild-type mRNA expression of eve is initially blurred, but rapidly resolve 
into sharply defined stripes. In the cellular blastoderm of mutant embryos only minor alterations 
in mRNA expression of eve could be observed (Figs. 3B,D) during early stages. The availability 
of an antibody against Eve allows the analysis of protein expression patterns and this analysis 
sometimes revealed less than the normal 7 stripes (Fig. 3B). Comparable to abnormalities in ftz 
expression, abnormal expression patterns of eve mRNA was most obvious in later stages (stage 
6-8) (Fig. 3C, data not shown). Based on these observations we conclude that in dMED311/1 
mutant embryos expression of eve and ftz is affected. Although at this point we can not distinguish 
whether the observed abnormalities are due to primary defects in dMED31 mediated eve and ftz 
expresssion or due to embryonic morphological alterations induced by a mutation in dMED31.

Expression of the segment polarity and Hox genes is activated by the pair-rule genes 
and a subset of the gap genes during late stage embryogenesis (>st.10). We also analyzed the 
expression of the segment polarity gene en whose expression is restricted to 14 stripes along the 
A/P axis. Only a limited number of mutant embryos could be scored positive for en expression 
and did not allow quantification (Fig. 3B). Likely late stage en expression could not be detected 
in dMED311/1 mutant embryos due to severe defects during gastrulation. Thus although, the 
morphological abnormalities (Fig. 2) are uniform and observed in >90% of mutant embryos, it 
is more complicated to define precisely the abnormalities in zygotic gene expression because of 
variability (Fig. 3). Despite this, our results show that the dMED31 subunit is required to establish 
domains of gap and pair-rule gene expression along the A/P axis during embryogenesis. 
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Mutations in Mediator subunits dMeD31 and dMeD13 abrogate abdominal 
segmentation
During our analysis of the embryonic hatching rate of eggs deposited by dMED311/1 females, we 
found that 2.1% (n=574) of the embryos was able to hatch. Moreover, we noticed that some of 
these larvae could also progress through subsequent developmental stages and produced viable 
adults. Interestingly, morphological analysis of the adult survivors revealed the presence of 
deformations in abdominal segmentation (Figs. 4A-g, table 2) and we used these abdominal 
defects as a quantifiable marker for further analysis of dMED31 function during development. 
When dMED311/1 females were crossed with wild-type males 33.7% of the cohort of rare 
escapers that reached the adult stage developed segmentation defects, while this percentage 
was 45.6% when dMED311/1 females were crossed with dMED311/1 males. Mutant flies of both 
sexes displayed features of incomplete tergite separation, showed the formation of additional 
tergites, developed distinctive patches of pigment in the abdominal epidermis, had abnormally 
positioned sternites or lacked halteres (Figs. 4B,C,e,g). These defects were not present in 
flies that carried either one or two copies of the P[dMED31] transgene. Transheterozygous 

← Figure 3. Early expression of cell fate determinants along the A/P axis is disrupted in embryos deposited 
by dMED311/1 females. 
Wild-type embryos (deposited by wild-type females crossed with wild-type males) and mutant embryos (deposited 
by dMED311/1 females crossed with pooled dMED311/1 and dMED311/+ males) were analyzed for expression of cell 
fate determinants. 
(A) In situ mRNA and protein expression of the gap genes kni and Kr is abrogated in dMED31 mutant embryos. At 
st.5 the Kr mRNA and protein are expressed as a central band in wild-type embryos. Low expression can be found at 
both embryonic poles. The polar expression of Kr mRNA becomes stronger during subsequent stages of embryonic 
development. In embryos deposited by dMED311/1 females expression of Kr mRNA in the central band can be 
detected, but is frequently more faint. Late stage polar expression of the mRNAs and proteins is hardly detectable 
(arrows). Note that some cells outside the central band express elevated levels of the Kr protein and the central band 
of protein expression sometimes appears smaller compared to the wild-type (brackets). In wild-type embryos at st.5 
kni mRNA and protein can be detected at the anterior and as a small central band in the embryo. Kni expression 
becomes restricted at the anterior during gastrulation and germband elongation. dMED31 mutant embryos express 
patches of kni at their ventral region (arrows). Moreover, mRNA and protein expression at the anterior of the 
embryos is reduced, while the central band is frequently faint and twisted. 
(B) Pair-rule patterning of eve and ftz in embryos deposited by dMED311/1 and wild-type mothers. In wild-type 
embryos mRNA expression of eve and ftz is initially blurred, but rapidly resolve into 7 stripes. Early ftz and eve 
expression in mutant embryos parallels the wild-type pattern. However, ftz expression is consistently lower compared 
to wild-type embryos and becomes abnormal during gastrulation (st.7). Eve mRNA expression is only marginally 
different in embryos deposited by dMED311/1 compared to wild-type expression (see D), but immunolabellings 
sometimes revealed the presence of 6 instead of the 7 stripes in dMED31 mutant embryos. Expression of the segment 
polarity gene en was also investigated. The pattern of 14 stripes along the A/P axis is present in mutant embryos, but 
is less clear. However, only limited embryos could be scored positive and did not allow quantification. 
(C) In st.5 wild-type embryos, the tll protein is expressed at the posterior cap and as a horseshoe-shaped stripe in the 
anterior domain55. The expression of tll is unaffected in dMED31 mutant embryos. However, we noticed that in st.5 
embryos, cells at both termini were frequently missing or delaminating towards the interior of the embryo (see Fig. 
2) and in 28.0% (n=82) of the embryos deposited by dMED311/1 mothers, posterior located tll expressing cells were 
missing (arrows), which was 3.1% in wild-type embryos (n=96). 
(D) Quantification of aberrant Kr, kni, ftz and eve in situ mRNA expression. Faint and/or abnormal patterning in 
st.3-8 embryos were criteria used to score n embryos (depicted at the top of each histogram) for abnormal expression 
(p values as determined by χ2 analysis). 
(e) Protein analysis of the maternal morphogens dl and hb revealed no differences in expression and localization 
between embryos deposited by dMED311/1 females and embryos deposited by wild-type females; dl is expressed in 
the ventral blastoderm of st. 4 embryos, while hb expression is normally expressed in the anterior half of the embryo 
and at the posterior (a’ represents a single scan of a”). In the images anterior is to the left and asterisks mark areas 
of cell loss.
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Table 2. Mutations in Mediator subunits dMED13 and dMED31 disrupt abdominal segmentation. 
crossings (genotype female X male)     offspring  % abnormal           n

y1w1118 X y1w1118  +/+       2.5      315
dMED311/+ X y1w1118  dMED311/+       3.0      291

+/+       1.9      265
dMED311/TM3 X dMED311/TM3  dMED311/1  4.6      196
dMED311/TM3 X Df(3R)Z1,ry*/TM3  dMED311/Df(3R)Z1,ry*    1.4      147
dMED311/1  X y1w1118  dMED311/+       33.7       196
dMED311/1 X dMED311/1  dMED311/1       45.6      217
dMED311/Df(3R)Z1,ry* X y1w1118    larval lethal
dMED3121/21 X dMED3121/21  dMED3121/21       0.0      139
P[dMED31]/+;dMED311/1 X y1w1118 P[dMED31]/+;dMED311/+ & dMED311/+      0.0      119
P[dMED31];dMED311/1 X P[dMED31];dMED311/TM3 P[dMED31];dMED311/1       8.7      69

P[dMED31];dMED311/TM3       6.9      102
dMED131/+ X y1w1118  MED131/+       22.7      203

+/+       9.8      193
dMED311/1 X dMED131/TM3 dMED311/dMED131       54.7      53
dMED131/dMED311 X y1w1118 dMED131/+ & dMED311/+          15.1      205
The total percentage of abdominal defects of n flies in the progeny derived from flies of indicated genotype is shown.

dMED311/Df(3R)Z1,ry* or dMED311/1 adults derived from heterozygous parents did not develop 
significant abdominal deformations (table 2). Together, this indicates that abnormal maternally 
supplied dMED31 result in segmentation defects and this effect is enhanced due to aberrant 
zygotic expression of dMED31. Furthermore, since adults produced by dMED311/+ mothers did 
not develop segmentation defects (table 2), the dMED311 allele is recessive. 

Figure 4. dMED31 mutants develop 
abdominal deformations. 
Abdominal segmentation was 
investigated in wild-type and 
dMED311/1 adult flies derived from 
homozygous mothers. (A-C) Dorsal, 
(D-E) ventral and (F-G) lateral views 
of the abdomen from wild-type (A, 
D, F) and dMED311/1 (B-C, E, G) 
females. 
(A) Wild-type flies have a distinctive 
pattern of tergites (T1-6). dMED311/1 
flies derived from homozygous 
parents develop: (B) patches of 
pigment (boxed arrowheads) (14.3%, 
n=31), (C) incomplete tergites (black 
arrowheads) and additional tergites 
(arrow) (13.4%, n=29). (D) The ventral 
abdomen of wild-type females displays 
a distinctive pattern of sternites (S2-7). 
(e) dMED311/1 female in which 4S 
formation is abrogated (arrow) (4.1%, 
n=9). (F) Lateral view of a wild-type haltere (arrowhead). (g) Haltere development is frequently disrupted in 
dMED31 mutants derived from dMED311/1 mothers (10.6%, n=23). All the above described defects were also found 
in male mutants. Percentages represent the percentage of total and n indicates the amount of flies with pigment, 
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We wondered whether mutations in other Mediator subunits also caused segmentation 
defects during early embryogenesis. Previously it was shown that the dMED13 and dMED17 
Mediator subunits are required for segment identity specification controlled by the Hox genes 
proboscipedia and Sex combs reduced during larval development10. Mutant adults develop 
abnormal labial palps, while dMED13 mutants alone also formed ectopic sex comb teeth on 
the second tarsal segment of the prothoracic (T1) leg10. Since both mutations are lethal we 
investigated abdominal segmentation in heterozygous mutants. Heterozygous dMED17 mutants 
displayed normal segmentation (not shown), however, when dMED131/+ females were crossed 
with wild-type males 22.7% of the dMED131/+ adult progeny had segmentation defects, while 
9.8% of the +/+ offspring had defects (table 2). This indicates that dMED131 is a dominant 
modifier of segmentation in Drosophila. Most likely abnormal maternal deposition of dMED13 
causes segmentation defects in the +/+ offspring and these defects are enhanced by aberrant 
zygotic expression of dMED13 in the dMED131/+ progeny.

Next we analyzed whether the dMED311 allele could enhance the dominant dMED131 
phenotype. When dMED311/1 females were crossed with dMED131/TM3 males, 54.7% of 
the dMED311//dMED131 adults had abdominal defects (table 2), demonstrating that zygotic 
expression of the dMED131 allele enhanced the dMED311 phenotype (χ2 p < 0.006 compared 
to the progeny from dMED311/1 females crossed to wild-type males). However, no increase in 
segmentation defects was observed in the progeny from dMED131/dMED311 mothers compared 
to defects observed in progeny from dMED131/+ mothers (table 2), demonstrating that dMED311 
is not an enhancer of dMED131 when maternally supplied. This indicates that the dMED31 and 
dMED13 subunits of the Mediator are both required for proper cell fate specification along the 
embryonic A/P axis. 

DisCussion
Cell fate specification requires maternally supplied components of the 
transcriptional Mediator complex
Our findings identify a component of the conserved eukaryotic transcriptional Mediator complex, 
dMED31, that is required for normal initiation of zygotic gene expression during the blastoderm 
stage of Drosophila embryogenesis. Female flies that carry a mutation in the dMED31 gene 
suffer from fecundity defects and the embryos deposited by these females display abnormal 
embryogenesis due to aberrant cell migration events upon gastrulation. Impaired embryogenesis 
coincided with changes in kni, Kr, ftz and eve expression along the A/P axis. Furthermore, adult 
flies derived from embryos that escaped from embryonic death displayed severe defects in 
their abdominal segmentation. Because mRNA production was hampered in dMED311/1, these 
abdominal defects were likely the result of abnormal maternal and zygotic dMED31 mRNA 
production. A mutation in the Mediator subunit dMED13 also caused segmentation defects 
and this mutant enhanced the dMED31 mutant maternal effect phenotype. Therefore, our data 
indicate that the Mediator complex directs zygotic gene expression upon egg deposition to 
establish cell fate in the embryonic blastoderm. 
 In order to accomplish cell fate determination cells gain a transcriptional poised state 
during early embryogenesis that is maintained throughout development and requires many cis 
and trans acting factors that modulate the chromatin environment of the genes involved. In D. 
melanogaster cell identity along the A/P is established in the blastoderm stage when the pair-
rule genes are expressed. A/P polarity is controlled by the maternal morphogenes cad, nos, bcd 
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and hb whose activity results in the spatio-temporal expression of the gap genes gt, kni, tll and 
Kr33-35. These gap genes are the first genes expressed along the A/P axis and encode transcription 
factors that in turn govern patterned expression of the pair-rule genes. Pair-rule gene expression 
occurs in distinct stripes and is accompanied by cellularization. Thus when cellularization takes 
place large clusters of cells gain an imprint that defines the primordial segments. Cell identity 
is fine tuned when embryos reach st.10 and expression of the segment polarity and Hox genes 
is activated by the pair-rule genes and a subset of the gap genes40. Although this cascade of 
maternal, gap, pair-rule and segment polarity genes is well studied much remains unknown 
how the maternal morphogens regulate RNAPII activity at their cognate promoters in order to 
establish regional domains of gap gene expression. 
 Because segmentation defects in escaper flies derived from dMED311/1 mothers were 
restricted to the abdomen it is possible that the bithorax complex (BX-C) is abnormally expressed. 
This complex contains the homeotic genes Ultrabithorax, abdominal A and Abdominal B, which 
control the identity of the posterior two-thirds of the fly41. Mutations in hb, Kr, tll and kni affect 
expression of BX-C and results in homeotic transformation42-44. We did not observe complete 
homeotic transformations of entire parasegments, suggesting an indirect effect of dMED311 on 
Hox activation. Since segment identity is established during early embryogenesis this implies that 
only groups of cells and not whole primordial segments gained abnormal imprinting. Regional 
errors in cellular imprinting is supported by the variety of the abdominal defects we observed in 
adult flies. Moreover, defects in embryogenesis were accompanied by cell loss at the embryonic 
poles and aberrant migratory behavior of cells upon gastrulation, processes which occur prior to 
the activation of the segment polarity and the Hox genes. Finally, early developmental defects 
coincided with abnormal expression of the gap genes kni and Kr and subsequently the pair-rule 
genes ftz and eve. These genes are expressed prior to Hox gene expression and are required for 
activation/repression of the Hox cluster. Although it is possible that the abdominal region is 
preferentially sensitive for a mutation in dMED31, it is more likely that random defects during 
formation of the abdomen are tolerated, whereas defects in other regions of the embryo are 
incompatible with adult viability and these adults never eclose.

dMeD31 and Mediator functioning
Several intriguing questions remain: why is the embryonic phenotype so variable (>90% 
of the mutant embryos die, while a small percentage of embryos is able to reach the adult 
stage), why are mainly embryos affected by a mutation in dMED31 and what is the primary 
embryonic defect caused by a mutation in dMED31? Answers to these questions can be derived 
from studies of the Mediator in yeast in combination with our data. The budding yeast MED31 
protein is part of the Mediator transcription initiation complex2,4,5. Although a mutation in yeast 
MED31 affects gene expression45, mutants displayed no sensitivity to transcriptional inhibition 
by 6-azauracil and MED31 was not essential for growth46,47. However, yeast MED31 mutants 
have a synthetic growth defective phenotype when combined with mutations in genes encoding 
for the two largest subunits of RNAPII (RPB1, RPB2) and the transcription initiation factors 
TFIIB and TFIIS46-48. Like in yeast, depletion of dMED31 in Drosophila SL2 cells by RNAi did 
not interfere with the Mediator composition and no growth alterations were reported21. Thus 
Drosophila MED31, like yeast MED31, might not be essential for RNAPII activity per se, but 
could be an auxiliary factor involved in the signaling between specific transcription factors and 
the RNAPII machinery20. Together, these findings and our data suggest that dMED31 is not 
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required for transcription in general, but is merely required for the fine tuning of transcription 
of specific genes.  
 Largely, based on studies in yeast it was proposed that the Mediator functions as a 
platform that allows rapid regulation of transcription at (re)initiation49. Fast regulation and 
(re)initiation of transcription might be key during the interphase periods of the final syncytial 
cell cycles when zygotic transcription is initiated, while such large scale, strict and “fast” control 
over transcription would not be essential during subsequent stages of development and thus may 
explain why dMED31 function is essential during early embryogenesis. The observation that 
a small percentage of embryos derived from dMED311/1 mothers was able to develop into an 
adult, while the majority of the embryos displayed severe defects during embryogenesis might 
also be attributed to such auxiliary function(s) of the dMED31 protein. Minor differences in 
dMED31 protein levels, due to the hypomorphic dMED311 allele, may result in subtle changes 
in the expression of the gap and pair-rule genes and allow embryos to progress throughout 
embryogenesis, but with the formation of segmentation defects. On the other hand, in the 
majority of embryos more severe changes in gap and pair-rule patterning occurs, which results 
in embryonic death. 
 In summary, we demonstrate that dMED31 is essential to establish regional domains 
of expression of cell fate determinants kni, Kr, ftz and eve. mRNA expression of dMED31 (and 
other Mediator genes) peaks exactly between maternal morphogen and gap gene expression and 
it was demonstrated that the Mediator complex is able to bind to several maternal transcription 
factors20. Together this indicates that the Mediator complex constitutes an interface between the 
maternal mophogens and the RNAPII machinery to guide zygotic gene expression of cell fate 
determinants that specify primordial segment identity. These findings provide the first in vivo 
evidence for a role of the Mediator complex in establishing cell fate during early embryogenesis 
and since MED31 resembles one of the most conserved subunits within the Mediator complex3,5 
this protein could serve a crucial role in the control of RNAPII activity during early developmental 
processes in all higher eukaryotes. 
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ABstRACt 
From a forward genetic screen in Drosophila, aimed to identify genes involved in surviving 
induced DNA damage, we isolated dPPCS (the second enzyme of the CoA biosynthesis pathway) 
as a novel gene required to maintain DNA integrity. The complete Drosophila CoA synthesis 
route was dissected, annotated and additional mutants that carry mutations in CoA enzymes 
were obtained (dPANK/fumble) or generated (dPPAT-DPCK) and used for further investigation. 
Drosophila CoA mutants are hypersensitive to ionizing radiation, suffer from altered lipid 
homeostasis, and the larval brains display increased apoptosis and elevated levels of damaged 
DNA. In addition, disruption of CoA synthesis in general provokes neurodegeneration in adults. 
Our data provide the first comprehensive analysis of the physiological implications of mutations 
in the entire CoA biosynthesis route in an animal model system. Surprisingly, our findings reveal 
a major role of this conserved metabolic pathway in maintaining DNA and cellular integrity 
during development of the central nervous system, and the data explain how impairment of 
CoA synthesis during development can lead to neurodegeneration in Drosophila. In humans, 
mutations in the PANK2 gene, coding for the first enzyme in the CoA biosynthesis pathway, 
are associated with Pantothenate Kinase-Associated Neurodegeneration (PKAN). Currently, the 
pathogenesis of this devastating neurodegenerative disorder is poorly understood. The presented 
Drosophila model will be of help to understand the consequences of impaired de novo CoA 
synthesis in higher eukaryotes and may provide insights in the pathogenesis of PKAN.
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intRoDuCtion 
As the major acyl carrier in all organisms coenzyme A (CoA) constitutes an essential cofactor 
necessary to support cellular metabolism (reviewed in ref. 1). De novo CoA is synthesized from 
vitamin B5 which is converted by the subsequent action of 5 enzymes: PANK, PPCS, PPCDC-
PPAT and DPCK2-5. The consequences of impaired CoA synthesis in higher eukaryotes has not 
been investigated in detail. However, genetic analysis linked a neurological disorder to mutations 
in the human PANK2 gene: pantothenate kinase-associated neurodegeneration or PKAN (OMIM 
234200)2, indicating that intact PANK2 function is required for neuronal function. PKAN 
is classically characterized by motor symptoms such as dystonia or parkinsonism, cognitive 
decline, and retinal degeneration, which are often presented during early childhood and these 
symptoms progress rapidly (reviewed in ref. 6). Patients with PKAN display iron accumulation 
in specific areas of the brain6 and high levels of cysteine in the brains of patients that were 
clinically diagnosed with PKAN have been reported7. It was postulated that oxidative damage 
as a result of the Fenton reaction fuelled by high concentrations of Fe/cysteine8 underlies PKAN 
disease pathogenesis2. Although the clinical symptoms and histological features of PKAN are 
extensively examined, it is still largely unknown how a deficiency in PANK2 affects neuronal 
survival and which cellular alterations are responsible for the onset and the progression of the 
disease6,9,10. 

In a forward genetic screen using Drosophila, aimed to identify novel genes involved 
in DNA damage responses, we identified dPPCS as a gene required to survive ionizing radiation 
(IR). We further employed Drosophila to study the effect of mutations in genes coding for 
CoA biosynthesis enzymes and dPANK/fbl11, dPPCS and dPPAT-DPCK mutant phenotypes 
were analyzed in detail. We demonstrate that altered CoA biosynthesis in general causes 
hypersensitivity to IR, impaired DNA and cellular integrity during larval brain development. 
Moreover, mutations in genes coding for CoA biosynthesis enzymes induce neurodegeneration, 
reduce lifespan, affect lipid homeostasis and result in progressive neuronal dysfunction in adult 
flies. Interestingly, exposure to IR leads to impaired locomotor activity in young wild-types and 
locomotor activity is further impaired in CoA mutants by IR, indicating that IR hypersensitivity, 
DNA damage and neuronal dysfunction are linked in CoA mutant flies. We show that, although 
young mutant flies display decreased resistance to oxidative stress, oxidative damage is not the 
sole cause of neuronal dysfunction in young flies. The presented Drosophila model may be of 
help to understand how impaired CoA biosynthesis elicits a neurodegenerative phenotype in 
animals.

MAteRiAL AnD MetHoDs
Drosophila stocks and genetics: Fly stocks were maintained at 22 oC according to standard protocols. For wild-
type preparations y1w1118 was used. The ROS overexpression line ZnSod-Cat-Trx was a gift from R. S. Sohal 
(Southern Methodist University, USA) and is previously described12. Df(3R)Dl-KX23, dPANK/fbl1 (fbl1), eGFP 
balancer chromosomes and the P[SUPor-P]KG04801 lines were obtained from the Bloomington Stock Centre (Indiana 
University, USA). dPPCS33 and dPPAT-DPCK43 were generated by imprecise excision of P[lacW]dPPCS1 and 
P[SUPor-P]KG0480 respectively13. Imprecise excision in dPPCS33 resulted in a 1447 bp deletion, which removes the 
first intron of the dPPCS mRNA. In dPPAT-DPCK43 the transposon left behind a scar of ~350 bp P element specific 
DNA ~50 bp upstream of the dPPAT-DPCK gene (CG10575 at 64E7) (not shown). Homozygous dPPAT-DPCK43 
are sensitive to IR and females are impaired fertile. When dPPAT-DPCK43 was placed over Df(3L)ZN47 (64C;65C), 
transheterozygous flies were sensitive to IR and displayed fertility defects (not shown). These phenotypes were not 
caused by a contribution of the neighbouring gene (CG5505) since the mRNA expression levels (as determined 
by RT-PCR) of CG5505 did not show significant changes in dPPAT-DPCK43 mutant flies compared to wild-type 
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expression levels (p < 0.4, n=3), while the expression of CG10575 was reduced in dPPAT-DPCK43/43 males (p < 0.03, 
n=3) (not shown), demonstrating that the dPPAT-DPCK43 allele is a hypomorphic allele of the dPPAT-DPCK gene.
sensitivity screening and dPPCS mapping: dPPCS1 was created by transposon mediated mutagenesis14 and the 
insertion site was determined after plasmid rescue analysis15. PCR mapping combined with complementation tests 
by means of standard crosses to deficient chromosomes encompassing the identified polythene regions confirmed 
the localisation of the P element (not shown). Heterozygous flies were crossed (day 1-3) in standard food vials and 
on day 5 larvae were exposed to 20 Gy of γ-rays delivered by a Cs137 unit (type IBL 637, CIS Biointernational) 
or left untreated. At day 14-21 the percentage of homozygous adults in the F1 generation was determined. In a 
similar screen larvae were fed a 0.5 ml 100 mM L-cysteine (Sigma) solution in water or water only. At least three 
independent experiments were performed. 
Molecular techniques: For the construction of P[dPPCS] transgenic flies the dPPCS cDNA was PCR amplified with 
primers 5’-GAACTCCTACGCTCAGAAC-3’ and 5’-GATGCCACGCCATTGAT-3’ from EST clone GH03502/
UG11G5 (Children’s Hospital Oakland Research Institute, USA). The fragment was ClaI/EcoRI subcloned into 
pBUF, provided by J. Sekelsky (University of Carolina, USA), behind the ubiquitin promoter and in frame with 
a NH2-terminal FLAG epitope. Next, the promoter-FLAG-cDNA was cloned between the KpnI and EcoRI sites 
in front of a Bgh polyadenylation signal present in pCaSpeR4-Pme1-Bgh provided by L. G. Fradkin (Leiden 
University Medical Centre, The Netherlands) to yield pCasper4-Pme1-ubiquitin-FLAG-dPPCS-Bgh. Transgenic 
flies were created by Genetic Services Inc. (Sudbury, USA). To clone the 5’-UTR of the dPPCS mRNA total RNA 
was extracted from dPPCS1/1 and control adult males using TRIreagent (Sigma), and polyadenylated RNA was 
purified with Oligotex mRNA kit (Qiagen). The BD SMARTTM RACE cDNA Amplification Kit (BD Biosciences 
Clontech) and the dPPCS specific primer 5’- GGCGGCAGGTGCGTGTTGTAGAAGT-3’ were used to amplify 
the 5’-UTR. After nested PCR with the dPPCS specific primer 5’-CTGCTAATTGGCCGACAAACGGAAG-3’ the 
resulting fragments were TA cloned into pCR2.1 (Invitrogen) and sequenced. Polyclonal antibodies were raised 
in rabbits against synthetic peptides of dPANK/Fbl (YFEPKDITPDEQDREC and CDEPPEKAPTSKHSTR) and 
dPPCS (CDMMPTHKMQSGDGAP and CVQKHGEFISNAQQRQ) and affinity purified (Eurogentec).
immunoblot analysis: Larval brains, adult testis and ovaries were dissected in PBS. Flies were maintained in cages 
on apple juice plates containing yeast paste to collect embryos. Samples were lysed in RIPA buffer supplemented 
with proteinase inhibitor cocktail 1697498 (Roche), sonicated and the protein content determined using the Bio-
Rad DC protein assay kit (Bio-Rad). Protein extracts were separated on 12.5% SDS-PAGE gels, transferred to 
nitrocellulose membranes (BioRad Mini-Protean electrophoresis system), blocked in PBS + 0.1% Tween20 (PBST) 
supplemented with 5% non-fat milk and the membranes were incubated with anti-dPANK (1:4000) or anti-dPPCS 
(1:1500) antibodies in PBST + 5% non-fat milk. After incubation blots were washed with PBST and incubated with 
HRP-conjugated goat anti-rabbit IgG (Amersham) secondary antibodies (1:2000). The antibody complexes were 
visualized using an enhanced chemiluminescent (ECL) kit (Amersham). After 1 day the same blots were incubated 
with mouse anti-γ-tubulin (1:5000, Sigma) or mouse anti-β-actin (1:5000, Abcam) antibodies diluted in PBST. After 
incubation blots were processed as described. To determine the relative dPPCS protein levels in dPPCS mutant and 
wild-type larval brains, Western blots from 4 independent experiments were quantified with ImageJ (http://rsb.info.
nih.gov/ij/) using β-actin or γ-tubulin as internal references. The area x mean intensity of the reference was divided 
by the area x mean intensity of dPPCS and normalized to wild-type ratios. 
Lipid analysis: For the triglyceride assay, 10 5-day-old (wild-type and dPANK/fbl1/1) or 14-day-old (wild-type, 
dPPCS, dPPAT-DPCK43) males were grinned in 100 µl PBS. Triglycerides were measured using the Stanbio LiquiColor 
assay kit, according to the manufacturer’s instructions. The protein concentration of the same homogenates was 
determined with the Bio-Rad DC protein assay kit. Mutant triglyceride levels were normalized to percentages of 
wild-type levels and represent the average of 3 independent experiments. To determine the amount of phospholipids 
approximately 20 mg of fly heads from a mixture of 14-day-old female and male adults was homogenized and the 
protein content determined with the Bio-Rad DC protein assay. Lipids were extracted, separated and quantified 
essentially as described in ref. 16.
immunohistochemistry: Mutant alleles were maintained over an eGFP expressing TM3 balancer and homozygous 
third instar wandering larvae were identified by the absence of eGFP expression. Larval brains were dissected in PBS, 
fixed in PBS + 4% formaldehyde, washed with PBS + 0.3% Triton X-100 (PBT), blocked in PBT + 5% bovine serum 
albumin (BSA) and incubated with primary antibodies in blocking buffer. After incubation, brains were washed 
with blocking buffer and incubated with secondary antibodies in blocking buffer. Primary antibodies used included 
mouse anti-Histone H3 pS10 (1:100, Cell Signaling) and rabbit anti-Histone H2AvD pS137 (1:100, Rockland). 
Secondary antibodies included FITC-conjugated goat anti-mouse IgG (1:200, Jackson ImmunoResearch) and Cy3-
conjugated goat anti-rabbit IgG (1:200, Jackson ImmunoResearch). After immunolabeling brains were washed, 
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mounted in citifluor (Agar Scientific) and analyzed by fluorescent microscopy (FM) or confocal laser scanning 
microscopy (CLSM). CLSM images represent maximal projections of a z-stack (0.5-1 µm/scan) and were obtained 
with a 63X/1.32 oil lens (Leica TCS SP2 DM RXE). Acridine orange staining was performed by dissecting larval 
brains in Schneider’s Drosophila medium (S2) without serum (Invitrogen). After dissection brains were incubated 
for 4 m in S2 medium containing 1.6 µM acridine orange, washed with PBS for 30 s, mounted and immediately 
investigated by FM (Leica CTR6000). Brains were classified either as enhanced apoptotic or normal. Irradiation of 
larvae used to inspect mitotic abnormalities was performed in Petri dishes. After exposure to 20 Gy of γ-rays a few 
drops of water were added to the dishes and larvae were allowed to recover for 5 h before dissection. pH3Ser10 
labeled chromatin was analyzed using a 100x magnification (100x/1.3 oil immersion objective) with 1.5x optivar on 
an inverted FM (Olympus IMT-2). Mitotic figures were scored per focal plane and the percentage aberrant mitosis 
was calculated from the SUM of 7-11 focal planes scored per brain. The mitotic index (MI) of mutant brains was 
similar to the MI of wild-type brains (not shown). The total amount of γ-H2AvD positive cells was counted in entire 
brains. Captured images were processed using Leica Software and Paint Shop Pro. For histological examination 
of brain/retina/pericerebral fat body morphology, heads from 30-d-old flies were fixed in 4% formaldehyde and 
embedded in epon. 1 µm horizontal sections were stained with 1% toluidine blue and 1% borax and investigated 
with an Olympus BX50 light microscope (Olympus).
Physiological assays: Adult performance assays were carried out with male flies. Flight and geotaxis were 
measured on day 7 (young) and day 14 (aged). dPANK/fbl1/1 flies were only assayed on day 5. Wing abnormalities 
were determined in aged flies (dPANK/fbl1/1 on day 5). 3 h prior to the assays flies were anesthetized with CO2, 
investigated for visible wing damage and discarded. Flies were first used for the climbing assay and subsequently 
for the flight assay. Flight was assayed by pouring 10-20 flies in a glass graduated cylinder (1000 ml) coated with 
paraffin oil and scoring their collision height17. The average performance coefficient was determined by scoring the 
landing height of the best performing group in each trail, where a group is defined as the % of flies that landed at: 
10 (1000-900 ml), 9 (900-800 ml), 8 (800-700 ml), 7 (700-600 ml), 6 (600-500 ml), 5 (500-400 ml), 4 (400-300 
ml), 3 (300-200 ml), 2 (200-100 ml), 1 (100-0 ml). At least 200 flies were used in the flight assay (for dPANK/fbl1/1 
at least 100 flies were used). In the climbing assay (geotaxis), 10 flies were tested for their ability to climb upside a 
250 ml glass cylinder. The time required for 50% of the flies to cross the 150 ml line was reordered18. 10 cohorts of 
flies were tested and the performance over 5 trails for each cohort was averaged. The absolute climbing ability was 
determined by tapping 10-20 flies to the bottom of a standard food vial and counting the flies that were attached to 
the side after 30 s. 10 trails were performed for each cohort and the average climbing ability was calculated from 
at least 7 cohorts. To determine the effect of IR on adult performance the absolute ability to climb was analyzed 24 
h AE. The % of untreated flies that was able to climb was compared with the % of flies that was able to climb after 
exposure to 20 Gy. 10 cohorts of untreated and irradiated flies were analyzed. Irradiation was performed as described 
for sensitivity screening. Longevity was measured for both females and males and both sexes were present in about 
equal proportions in all groups. Flies were kept at 10-20/vial and every 2-4 days flies were transferred to fresh 
vials and the death flies were scored. ROS sensitivity was measured by placing 15-25 24-h-old male flies, after 6 h 
starvation, in vials containing filter paper soaked with H2O or soaked in H2O containing 5% glucose and 100 mM 
DTT (Sigma), 5% H2O2 or 20 mM paraquat (Sigma). Twice a day death flies were scored. 
statistical analysis: P-values were calculated using the Student’s t-test (two-tailed and where appropriate with 
equal or unequal variance). Survival curves were analyzed by the method of Kaplan and Meier using SigmaStat 3.5. 
P-values < 0.05 were considered significant. 

ResuLts
Mutations in the phosphopantothenoylcysteine synthetase locus induce 
hypersensitivity to genotoxic stress
In a forward genetic screen using P element insertion lines, aimed to identify novel genes 
involved in DNA damage responses in flies, we identified a mutant hypersensitive to IR 
(Fig. 1A). When larvae were exposed to IR the survival of homozygous adults decreased, 
implying loss of function of a gene essential to survive DNA damage. In the mutant, the P 
element was mapped within the 5’-UTR of an uncharacterized gene CG5629 (Fig. 1B) that 
encodes two mRNAs only differing in their 3’-UTR and that both encode an ORF of 313 amino 
acids. In silico analyses revealed that CG5629 encodes a structural ortholog of the human 
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phosphopantothenoylcysteine synthetase (PPCS), which constitutes the second enzyme in the 
biosynthesis of CoA (supplementary Figs. s1-s2, table s1). Therefore, the mutant will be 
referred to as d(Drosophila)PPCS1. Using rapid amplification of cDNA ends (RACE), we cloned 
the 5’-UTR of CG5629 in dPPCS1 mutants and found it to be truncated by approximately 250 bp 
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Figure 1. Mutations in phosphopantothenoylcysteine synthetase sensitizes Drosophila to iR.
(A) IR survival graph. The percentage of homozygous survivors was calculated under control conditions and after 
exposure of larvae to 20 Gy IR. The percentage homozygous survivors under control conditions was set to 100%. 
Survival of dPPCS1 mutants is reduced after 20 Gy. dPPCS1 placed over a deficiency chromosome (Df(3R)Dl-KX23, 
91C7-D03;92A5-08) or over a KO allele (dPPCS33) also displayed hypersensitivity to IR. Ectopic overexpression of 
a FLAG-tagged dPPCS cDNA (P[dPPCS]) under control of an ubiquitin promotor suppressed the hypersensitivity 
of the dPPCS1 allele to IR. (*p < 0.05, ***p < 0.001 as determined by t-test).
(B) Physical map of the D. melanogaster phosphopantothenoylcysteine synthetase (dPPCS) locus. The region 
depicted comprises cytological position 91F3-91F4 of chromosome 3R and harbors the CG5629 gene. CG5629 
encodes two mRNAs as evident from the EST database (www.fruitfly.org). Both transcripts have 5 exons and 
encrypt a 313 amino acid ORF that represent the tentative fly PPCS ortholog (supplementary Fig. s1-s2). The P-
lacW insertion allele dPPCS1 is indicated by the triangle. Transcripts are indicated by black boxes and their encoded 
proteins are depicted underneath (white boxes, numbers correspond to amino acid positions). 5’-RACE of mRNA 
isolated from dPPCS1/1 flies revealed a ~250 bp truncation of the dPPCS mRNA (graybox). Removal of the first exon 
(1447 bp deletion) from CG5929 (dPPCS33, dashed line) induces lethality during the first instar larval stadium. 
(C) Western blot analyses of wild-type, dPPCS1/1, dPPCS1/33, and dPANK/fbl1/1 third instar larval brain extracts by 
using polyclonal antibodies raised against dPPCS (upper panel) and dPANK/Fbl (lower panel). dPPCS protein 
expression is reduced in brains from dPPCS1/1 mutants (a 13% reduction (± 4 SEM, n=4)) and reduced in brains from 
dPPCS1/33 mutants (a 28% reduction (± 9 SEM, n=4)) compared to wild-types. dPANK expression is severely reduced 
in dPANK/fbl1/1 brains. Blots were incubated with antibodies against β-actin or γ-tubulin as loading controls. 
(D) Western blot showing that the dPPCS (upper panel) and dPANK (lower panel) proteins are expressed during 
development and in all tissues tested. 
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(Fig. 1B). Hypersensitivity to IR was also observed when dPPCS1 was placed over Df(3R)Dl-
KX23, covering at least 50 genes surrounding the dPPCS locus (Fig. 1A). Ectopic expression 
of a FLAG-tagged dPPCS cDNA (P[dPPCS]) under control of an ubiquitin promotor in the 
dPPCS1/1 background (P[dPPCS]/+;dPPCS1/1) rescued the hypersensitivity to IR (Fig. 1A). 
This transgene (partly) suppressed all the phenotypes discussed in this manuscript, proving that 
they were due to a mutation in the dPPCS locus. A null mutation (dPPCS33) was generated by 
imprecise P element excision13 (Fig. 1B) and in contrast with dPPCS1/1 flies, dPPCS33/33 mutants 
die as first instar larvae. However, dPPCS1/33 mutants were viable, hypersensitive to IR and these 
transheterozygous mutants frequently had a more severe phenotype as compared to dPPCS1/1 

mutants. Together these results demonstrate that dPPCS1 constitutes a hypomorph and viable 
allele of the dPPCS gene, while dPPCS33 is a null and lethal allele, and imply that dPPCS is 
essential in Drosophila. Intriguingly, mutations in dPPCS induce IR hypersensitivity, indicating 
a link between CoA biosynthesis and DNA integrity. 

the de novo CoA synthesis pathway is conserved in Drosophila 
De novo synthesis of CoA occurs in a conserved metabolic route in which vitamin B5 is 
subsequently modified by the action of 5 enzymes: PANK, PPCS, PPCDC, PPAT and DPCK 
(Fig. 2A)4,5,19,20. Unlike in other model organisms, de novo CoA biosynthesis in Drosophila 
is largely unknown. We employed in silico analyses and found 5 Drosophila loci coding for 
orthologs of PANK (dPANK/fbl), PPCS (dPPCS), PPCDC (dPPCDC), a bifunctional PPAT-
DPCK (dPPAT-DPCK), and a single DPCK (dDPCK) (Fig. 2B, see supplementary Fig. s1-2). 

Figure 2. CoA biosynthesis in 
Drosophila.
(A) Universal pathway leading to 
de novo CoA synthesis. Higher 
eukaryotes depend on dietary 
pantothenate to produce CoA21,24,25,27. 
Pantothenate is phosphorylated 
to 4’-phosphopantothenate by 
pantothenate kinase (PANK). 
Next a cysteine is added by the 
4’-phosphopantothenoylcysteine 
synthetase (PPCS) to form (R)-4’-
phospho-N-pantothenoylcysteine 
which is decarboxylated by (R)-4’-
phospho-N-pantothenoylcysteine 
decarboxylase (PPCDC) and  
produces 4’-phosphopantetheine. 
This 4’-phosphopantetheine receives 
an adenylyl group transferred 
from ATP mediated by 4’-
phosphopantetheine adenylyltransferase (PPAT) and releases dephospho-CoA, which is then phosphorylated by 
dephospho-CoA kinase (DPCK) to finally yield CoA2,4,5,19. E.C. numbers are indicated. 
(B) Schematic diagram of the de novo CoA biosynthesis in animals. The Drosophila genome encodes a single copy 
of PANK, PPCS, PPCDC, a bifunctional PPAT-DPCK and a DPCK (see supplementary Figs. s2-s1). Mammalian 
PANK can also utilize pantetheine and N-pantothenoylcysteine to produce 4’-phosphopantetheine and (R)-4’-
phospho-N-pantothenoylcysteine, respectively28. CoA and its acyl esters are utilized by many enzymes involved in 
the cellular metabolism including the Kreb’s cycle, fatty acid production and the synthesis of some amino acids.
(C) Schematic view of the Fenton reaction. High intracellular cysteine can drive the Fenton reaction in the presence 
of iron, which results in the production of ROS8.
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The Drosophila PANK (fumble or fbl, further referred to as dPANK/fbl) gene was identified 
before as a gene required for normal mitosis and male fertility11. Mammals possess 4 PANK 
genes (PANK1-4), while flies only have 1 gene which is most identical to PANK2. In humans 
PANK2 is localized at mitochondria21-23. The dPANK locus encodes, in constrast to the human 
PANK genes, multiple isoforms and the dPANK protein partly co-localizes with mitochondria 
(A.R. and O.C.M.S., unpublished data). Thus in humans and Drosophila mitochondrial CoA 
synthesis may represent a crucial CoA production site24-26. 

To further analyze the Drosophila CoA enzymes, antibodies were raised against 
dPPCS and dPANK/Fbl. The expression levels of dPPCS and dPANK/Fbl (Fig. 1C) are affected 
in dPPCS and dPANK/fbl mutants respectively and consistent with their essential role in cellular 
metabolism in dPANK/Fbl and dPPCS are expressed during development and in all wild-type 
tissues investigated (Fig. 1D). 

Mutations in genes required for de novo CoA biosynthesis cause neuronal 
dysfunction
During the analysis of the irradiation hypersensitive phenotype of dPPCS it was noticed 
that the mutant flies behaved in an uncoordinated manner. Previously, it was mentioned that 
dPANK/fbl flies also show movement abnormalities11, however this was never demonstrated 
or further investigated. Moreover, PKAN is characterized by locomotor symptoms and thus 
impaired CoA biosynthesis is linked to behavior abnormalities in humans. The availability of a 
dPANK/fbl mutant11 and a dPPCS mutant allowed us to examine whether and how impaired CoA 
biosynthesis gives rise to behavior abnormalities and whether this is due to neurodegeneration. 
In addition, we created an allelic series of the dPPAT-DPCK gene by mobilizing the P[SUPor-
P]KG04801 insertion, which is located ~50 bp upstream of dPPAT-DPCK (www.flybase.org), and 
recovered a hypomorphic allele, dPPAT-DPCK43 (see methods). First we tested the CoA mutants 
for locomotor defects, an indicator of neuronal dysfunction18. To assess locomotor behavior, we 
evaluated the ability to climb and fly in young (7-d-old) and aged (14-d-old) flies. As can be seen 
in Fig. 3A the CoA mutants suffered from loss of locomotor function and locomotor dysfunction 
worsened in time (Fig. 3B). Progressive loss of locomotor activity could not be monitored 

→ Figure 3. Mutations in CoA biosynthesis enzymes cause neuronal dysfunction.
(A-B) Different parameters of locomotor function in young (A, 7-d-old) and aged (B, 14-d-old) wild-type and 
mutant adults. Only 5-d-old dPANK/fbl1/1 males were assayed. 
(A) The ability to initiate flight is reduced in young dPANK/fbl, dPPCS and dPPAT-DPCK mutant flies, reduced 
flight performance was only observed in dPANK/fbl1/1 flies and the ability to climb against gravity was impaired in 
all young CoA mutants compared to wild-types. Asterisks mark significant chances compared to wild-type flies. 
(B) Wild-type flies showed no age-related decrease in flight behavior, but the ability to climb against gravity was 
significantly changed. Aged dPPAT-DPCK mutants showed no differences in the initiation of flight compared to 
young flies, but flight performance and the ability to climb against gravity were affected compared to young adults. 
Aged dPPCS mutants showed a decrease in flight behavior, but no decrease in geotaxis was found compared to 
young flies. Double rowed asterisks mark significant chances compared to young flies. (*p < 0.05, **p < 0.005, ***p 
< 0.001 as determined by t-test)
(C) Wing phenotypes in wild-type (Ca,b) and mutant flies (Cc,d). dPANK/fbl, dPPCS and dPPAT-DPCK mutant 
flies have held-out (Cc) and held-up (Cd) wings, quantified in (Ce), which are indicative of abnormal indirect flight 
muscle contraction. Number of flies investigated was; wild-type n=248, dPANK1/1 n=54, dPPCS1/1 n=269, dPPCS1/33 
n=202, dPPAT-DPCK43/43 n=131. 
(D) Lifespan curves of wild-type and mutant flies. Median survival of: wild-type (50 days, n=1045), dPANK/fbl1/1 (8 
days, n=240), dPPCS1/1 (42 days, n=1230), dPPAT-DPCK43/43 (32 days, n=1043), P[dPPCS]/+;dPPCS1/1 (61 days, 
n=614). Lifespan curves of dPANK/fbl1/1, dPPCS1/1 and dPPAT-DPCK43/43 significantly differ from the wild-type 
(log-rank, p < 0.001). The P[dPPCS] transgene restores dPPCS1/1 lifespan (log-rank, p < 0.001).
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in dPANK/fbl mutants as they were extremely short-lived (see below). Consistent with their 
poor flight performance, dPANK/fbl, dPPCS and dPPAT-DPCK mutant flies had held-up and 
held-out wings, indicative of abnormal indirect flight muscle contraction (Fig. 3C). In addition 
to adult locomotor defects, dPPCS and dPPAT-DPCK mutant adults become paralytic when 
exposed to heat and dPANK/fbl and dPPAT-DPCK mutant larvae displayed locomotor defects 
(supplementary Figs. s3A-B), features also associated with impaired function of the CNS.

Neurologically impaired flies often display reduced lifespan18 and we also investigated 
longevity in the CoA mutants. Median survival of wild-type flies was 50 days. This was reduced 
to 8 days for dPANK/fbl1/1 flies, 42 days for dPPCS1/1 flies, and 32 days for dPPAT-DPCK mutant 
flies (Fig. 3D). Finally, to conclusively link altered CoA metabolism to neuronal dysfunction 
and neurodegeneration we analyzed the brains from 30-d-old wild-type and dPPCS1/33 flies (Fig. 
4A-D). The brains from dPPCS1/33 displayed vacuolization, indicative for neurodegeneration 
(Fig. 4B). In addition, , dPPCS1/33 flies suffered from retinal degradation as visible by the 
formation of vacuoles and loss of retinal structure (Fig. 4D). 

In summary, although the severity of the phenotypes varies amongst the CoA mutants 
(supplementary table s2), our genetic analysis proves that disrupted CoA biosynthesis in 
general, underlies neuronal dysfunction.

CoA mutants are hypersensitive to Ros, but overexpression of soD, CAt and 
TRX does not rescue neuronal dysfunction in young flies
Neurodegenerative diseases such as neurodegeneration with iron accumulation (NBIA), which 
includes PKAN, are classified as disorders associated with mitochondrial dysfunction (reviewed 
in ref. 29), and mitochondrial dysfunction associated with PANK deficiency has been reported 
in humans21,24 and mice25. Because mitochondrial dysfunction can lead to decreased resistance 
to reactive oxygen species (ROS), increased oxidative stress may be one of the factors that 
induce neurodegeneration in organisms with impaired biosynthesis of CoA. In the biosynthesis 
pathway of CoA, cysteine incorporation occurs in a step downstream of PANK2 and it has 
also been postulated that PKAN disease pathogenesis is due to enhanced oxidative damage as 
a result of impaired Fe/cysteine metabolism which could drive the Fenton reaction (Fig. 2C) 
leading to the production of ROS2. 

Figure 4. neurodegeneration 
in dPPCS mutant brains.
(A-D) Horizontal head sections 
of 30-d-old wild-type (A,C) 
and dPPCS1/33 mutants (B,D) 
stained with toludine blue. 
(B) dPPCS1/33 brains display 
neurodegeneration visible by the 
formation of vacuoles (arrows). 
(D) dPPCS1/33 flies display 
degeneration of photoreceptor 
cells visible by loss of retinal 
structure and formation of 
vacuoles (arrows). 
Scale bars: 50 µm

Dwild-type dPPCS1/33wild-type

dPPCS1/33 B

A C
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Neurodegeneration in Drosophila is also frequently associated with increased oxidative 
stress (reviewed in ref. 30,31). To investigate whether oxidative stress contributes to the 
neurological phenotype of CoA mutant flies, we analyzed whether young (2-d-old) CoA mutant 
flies were sensitive to exogenously added ROS. Hereto, wild-types and mutants were exposed 
to paraquat, dithiothreitol (DTT) and H2O2. Mean survival of all CoA mutants was severely 
reduced after exposure to at least 2 of these ROS inducing agents (Fig. 5A). Overexpression 
of ROS scavengers (CuZn-superoxide dismutase (SOD), catalase (CAT), thioredoxin reductase 
(TRX)) (ref. 12 and references herein) in the dPPCS1/1 mutant background (further referred to 
SOD-CAT-TRX;dPPCS1/1 flies) suppressed the sensitivity to DTT and H2O2, and these SOD-CAT-
TRX;dPPCS1/1 flies were more resistant to paraquat than dPPCS1/1 flies, proving that the ROS 
scavengers protected against increased oxidative stress induced by DTT, H2O2 and paraquat. 
Together these data demonstrate that CoA mutants are sensitive to ROS and suggest that CoA 
mutants suffer from higher levels of oxidative stress compared to wild-types. 

Cysteine is incorporated in the second step of the de novo CoA biosynthesis pathway 
by PPCS (Figs. 2A-B). Therefore the prediction is that impaired function of dPANK/fbl or 
dPPCS, but not dPPAT-DCPK can lead to an accumulation of cysteine. In turn elevated levels 
of cysteine could drive the Fenton reaction (Fig. 2C) leading to the production of ROS2. If 
correct this will result in hypersensitivity to cysteine for dPANK/fbl and dPPCS mutants, but not 
for dPPAT-DPCK mutants. Consistent with this hypothesis survival of dPANK/fbl and dPPCS 
mutants, but not dPPAT-DPCK, decreased when larvae were fed with a 100 mM L-cysteine 
solution (Fig. 5B). This cysteine induced lethality was likely due to elevated oxidative damage, 
because survival of SOD-CAT-TRX;dPANK/fbl1/1 and SOD-CAT-TRX;dPPCS1/1 mutants was 
restored to wild-type levels in the presence of L-cysteine (Fig. 5B). Thus a Fenton reaction 
that generates ROS may exist in dPANK/fbl and dPPCS mutants. To investigate whether the 
observed decreased resistance to ROS contributes to neuronal dysfunction in young (7-d-old) 
flies we tested whether the ROS scavengers could rescue the locomotor defects associated with a 
mutation in dPPCS, dPANK/fbl or in dPPAT-DPCK. As can be seen in Fig. 5C, negative geotaxis 
was still compromised in SOD-CAT-TRX;dPPCS1/1 and SOD-CAT-TRX;dPPAT-DPCK43/43 flies 
(although not quantified with large numbers, visible inspection revealed that climbing of SOD-
CAT-TRX;dPANK/fbl1/1 flies was also not improved compared to dPANK/fbl1/1). As a positive 
control, the dPPCS transgene (P[dPPCS]/+;dPPCS1/1) showed normal wild-type performance. 
Although we can not exclude that oxidative damage contributes to the progressive loss of 
locomotor activity in aged (>14-d-old) flies, our data indicate that reduction of ROS levels 
by overexpressing SOD, CAT and TRX does not improve locomotor function in young flies. 
And although SOD, CAT and TRX may not be effective in scavenging ROS in every cellular 
compartment, these data point to additional causes other than oxidative damage that contribute 
to the onset of neuronal dysfunction in young CoA mutant flies.

Lipid biosynthesis is disrupted in Drosophila CoA mutants
CoA is an essential cofactor for the synthesis of many lipids1 and impaired lipid metabolism 
has been implicated in PKAN disease pathogenesis2,32,33. In addition, mutations in lipid 
metabolism can cause neurodegeneration in flies16,34,35, therefore it was investigated whether 
lipid homeostasis was disrupted in CoA mutant flies. In agreement with a role for de novo CoA 
synthesis in lipid homeostasis, the stored fatty acids in the form of triglycerides were reduced 
with ~25% in CoA mutant flies compared to wild-types (Fig. 6A). Similarly, the synthesis of 
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Figure 5. oxidative damage is not the primary cause of neuronal dysfunction in CoA mutant flies.
(A) 2-d-old CoA mutant males were exposed to H2O (control) and to ROS inducing agents (H2O2, DTT and 
paraquat dissolved in H2O containing 5% glucose) and their survival was analyzed (mean survival ± standard 
error is depicted, log-rank ***p < 0.001). dPANK/fbl1/1

 mutants display sensitivity to wet starvation (H2O). 
dPANK/fbl1/1 and dPPAT-DPCK43/43 flies are extremely sensitive to H2O2, DTT and paraquat, while dPPCS1/1 flies 
show a decrease in resistance to H2O2 and DTT. Overexpression of ROS scavengers (CuZn-superoxide dismutase 
(SOD), a catalase (CAT) and a thioredoxin reductase (TRX)12 in dPPCS1/1 (SOD-CAT-TRX;dPPCS1/1) suppressed 
the dPPCS1/1 associated sensitivity to H2O2 and DTT, and increased the resistance to paraquat of this mutant. (H2O); 
wild-type n=200, SOD-CAT-TRX;dPPCS1/1 n=200, dPPCS1/1 n=173, dPANK/fbl1/1 n=105, dPPAT-DPCK43/43 n=102, 
(H2O2); wild-type n=199, SOD-CAT-TRX;dPPCS1/1 n=101, dPPCS1/1 n=196, dPANK/fbl1/1 n=149, dPPAT-DPCK43/43 
n=138, (DTT); wild-type n=190, SOD-CAT-TRX;dPPCS1/1 n=101, dPPCS1/1 n=192, dPANK/fbl1/1 n=170, dPPAT-
DPCK43/43 n=113, (paraquat); wild-type n=191, SOD-CAT-TRX;dPPCS1/1 n=200, dPPCS1/1 n=186, dPANK/fbl1/1 
n=116, dPPAT-DPCK43/43 n=169.
(B) Cysteine survival graph. The percentage of homozygous adults in the F1 generation from crossing heterozygous 
males and females after feeding larvae a 100 mM L-cysteine solution is plotted as % survival compared to the 
percentage of homozygous survivors in control crossings (H2O only). The percentage homozygous survivors under 
control conditions is set to 100%. dPANK1/1 and dPPCS1/1, but not dPPAT-DPCK43/43 larvae are sensitive to 100 mM 
L-cysteine. The sensitivity of the dPPCS1/1 and dPANK/fbl1/1 mutants could be suppressed by overexpression of 
ROS scavengers (SOD-CAT-TRX;dPPCS1/1 and SOD-CAT-TRX;dPANK/fbl1/1), suggesting that L-cysteine inflicts 
an oxidative stress response. 
(C) Ability to climb in the presence of ROS scavengers. 7-d-old dPPCS1/1 and dPPAT-DPCK43/43 males have 
impaired negative geotaxis as compared to wild-type males. Flies overexpressing ROS scavengers (SOD-CAT-
TRX) have normal climbing behavior as compared to wild-type flies. Overexpression of SOD-CAT-TRX in a 
dPPCS1/1 or in a dPPAT-DPCK43/43 mutant background did not suppress the dPPCS1/1 (SOD-CAT-TRX;dPPCS1/1) 
and dPPAT-DPCK43/43 (SOD-CAT-TRX;dPPAT-DPCK43/43) associated inability to climb against gravity, while, as a 
positive control, overexpression of P[dPPCS] rescued the locomotor defects associated with a mutation in dPPCS 
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triacylglycerol and sterol esters (neutral lipids) during oogenesis was reduced in the CoA mutants 
(not shown). Moreover, a 2-fold reduction in phosphatidylserine (PS), phosphatidylcholine (PC) 
and phosphatidylethanolamine (PE) was found in head homogenates from dPPCS1/33 flies (Fig. 
6B). This reduction in phospholipids likely reflects a global effect on phospholipid production, 
since the percentages of PS, PE and PC of the total pool of phospholipids was similar to the 
percentages found in wild-type heads (Fig. 6B). Finally, consistent with a defect in lipid 
synthesis, the pericerebral fat body was almost absent in 30-d-old dPPCS1/33 flies compared 
to wild-type flies of identical age (Figs. 6C,D). These data demonstrate that mutations in CoA 
synthesis affect lipid homeostasis and since lipid metabolism was impaired in all three CoA 
mutants this strongly suggests that this common feature, downstream of de novo CoA synthesis 
itself, contributes to the neurodegenerative phenotype in the CoA mutants.

impaired CoA biosynthesis affects DnA integrity and cellular survival in the 
developing brain 
Since dPPCS1 was identified as a gene required to survive IR induced DNA damage, we 
wondered whether and how this is linked to neuronal dysfunction. Like dPPCS mutants, 
dPANK/fbl and dPPAT-DPCK mutants were also hypersensitive to IR, demonstrating that 
altered CoA biosynthesis causes DNA damage hypersensitivity (Fig. 7A). To identify a possible 
cause for IR sensitization we first analyzed whether there was a link between oxidative damage 
and sensitivity to IR in dPPCS mutants. However, SOD-CAT-TRX;dPPCS1/1 mutants displayed 
hypersensitivity to IR (Fig. 7A), indicating that IR sensitization is not due to enhanced levels 
of oxidative stress. 

Figure 6. CoA mutant flies display 
impaired lipid homeostasis.
(A) Triglyceride content of wild-
type and mutant flies. The amount of 
triglycerides was determined in young 
dPANK/fbl (5-d-old) and aged dPPCS 
and dPPAT-DPCK mutants (14-d-old), 
and normalized to levels of wild-type 
flies of identical age. Adults of all three 
CoA mutants have approximately 25% 
less stored fatty acids in the form of 
triglycerides compared to wild-type 
flies. (*p < 0.05, **p < 0.005, ***p < 
0.001 as determined by t-test)
(B) Phospholipids per mg protein were 
determined in wild-type and dPPCS1/33 
flies. Head homogenates from 14-d-old 
dPPCS1/33 flies contain approximately 
2-fold less phosphatidylserine 
(PS), phosphatidylcholine (PC) and 
phosphatidylethanolamine (PE) 
compared to wild-type flies. Bars 
represent the average measured over 2 
independent experiments. 
(C-D) Horizontal head sections 
stained with toluidine blue showing 
the pericerebral fad bodies (arrows) in 30-d-old wild-type (C) and dPPCS1/33 (D) flies. The pericerebral fat body 
is almost absent in dPPCS1/33 flies compared to wild-type flies (dashed lines). 3 flies were investigated for both 
genotypes and showed the same reduction in pericerebral fat body size. Scale bars; 100 µm
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Previously, it was reported that larval brains of dPANK/fbl mutants show increased 
levels of abnormal mitotic chromosomes11. The presence of abnormal mitotic structures is 
indicative for the presence of higher levels of sustained damaged DNA36 and we investigated 
whether impaired CoA biosynthesis in general leads to spontaneous higher levels of DNA 
damage in proliferating cells and whether this is increased after IR. First, we analyzed mitotic 
chromosomes in larval brains of the CoA mutants before and 5 h after exposure to 20 Gy (Fig. 
7B). In non-irradiated mutants a high incidence of abnormal mitotic chromosomes was found, 
indicating that impaired CoA biosynthesis spontaneously affects DNA integrity. Moreover, the 
frequency of IR-induced abnormal mitotic structures was higher in all three mutants compared 
to wild-types (Fig. 7C). 

Next, we stained the brains with antibodies against phosphorylated Histone 2AvD 
(γ-H2AvD)37, a marker for the presence of damaged DNA38, to test whether aberrant mitoses 
indeed correlated with higher levels of sustained damaged DNA. Clearly, the brains of dPANK 
and dPPCS mutant third instar larvae contained more cells that stained positive for γ-H2AvD 
than brains from wild-type larvae (Figs. 7Da-e, ea). Although, a small increase in γ-H2AvD 
positive cells was also observed in dPPAT-DPCK43/43 brains, this increase was not significant. 
We also investigated whether impaired DNA integrity coincided with increased cell death. 
Acridine orange uptake in freshly dissected brains revealed that all three CoA mutants displayed 
enhanced staining compared to wild-type brains, demonstrating that apoptosis was enhanced 
in mutant larval brains (Figs. 7Df-g, eb). Similarly, increased γ-H2AvD and TUNEL staining 
was found in dPPCS1/1 follicle cells during early oogenesis, indicating that mutations in CoA 
synthesis also affects DNA integrity in other proliferating tissues (see supplementary Fig. s4). 
These data demonstrate that under normal culturing conditions, mutations in CoA biosynthesis 
result in increased levels of DNA damage in proliferating cells which are further enhanced after 
exposure to IR, and thus impaired DNA integrity may explain the hypersensitivity to IR.

Finally, to establish a link between IR hypersensitivity and neuronal dysfunction we 
analyzed the absolute climbing behavior of young (24-h-old) wild-type and dPPCS1/1 flies 
under control conditions and after IR. In case DNA damage applied to developing larval brains 
is linked to locomotor dysfunction in young flies, one can predict that IR induces behavioral 
defects in a wild-type background. For this assay the % of untreated flies that was able to climb 
was divided by the % of flies that was able to climb after exposure to 20 Gy. Indeed, this ratio 
for wild-type adults was 1.69 ± 0.13 SEM (n=10), demonstrating that the ability to climb was 
decreased in young wild-type flies after exposure to IR. Interestingly, in dPPCS1/1 this decreased 
ability to climb was enhanced compared to wild-types (ratio of untreated to irradiated was 3.23 
± 0.56 SEM, n=10, p < 0.05) and was restored in P[dPPCS]/+;dPPCS1/1 flies (1.97 ± 0.15 SEM, 
n=10, p < 0.05). These results suggest an intricate link between impaired DNA integrity and 
CoA deficiency-associated neuronal dysfunction in young flies.
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DisCussion
Here we demonstrate that Drosophila mutants for dPANK/fbl, dPPCS and dPPAT-DPCK can 
be used to study the consequences of impaired CoA biosynthesis in higher eukaryotes and our 
findings strengthen the hypothesis that defective CoA biosynthesis induces a neurodegenerative 
phenotype2. In Drosophila, mutations in this conserved pathway lead to increased sensitivity 
to ROS, impaired DNA integrity in proliferating cells of the developing CNS, cause changes 
in lipid homeostasis and result in neurologically disturbed flies. Moreover, CoA mutant flies 
are hypersensitive to IR and because impaired DNA integrity and locomotor dysfunction can 
be enhanced by IR in CoA mutants and induced in wild-types, our finding suggest that IR 
hypersensitivity and neuronal dysfunction are at least in part due to impaired DNA integrity. 
 Our data together with others2,6,23,32,33 show that there exist similarities and differences 
between species that carry a mutation in one of the CoA enzymes. All Drosophila CoA (including 
dPANK/fbl) mutants display neuronal dysfunction and locomotor defects. PKAN patients that 
carry a mutation in PANK2 suffer from motor symptoms such as dystonia or parkinsonism, 
cognitive decline, and retinal degeneration. These symptoms are often presented during early 
childhood and progress rapidly (reviewed in ref. 6). In Pank2 deficient mice, no movement 
abnormalities were observed, however, retinal degeneration was reported23. In general, a mutation 
in human PANK2 or Drosophila dPANK/fbl induces a more severe phenotype as compared to 
PanK2 depletion in mice. It is possible that in mice (and not in humans) PanK1, PanK3 and/or 
PanK4 activities can partly compensate for loss of PanK2 function. In addition, differences 
were reported in expression levels and localization between human PANK2 and mouse PanK2 
in brains26. Together these differences may explain why PanK2 knock-out mice have a milder 
neurological phenotype compared to PANK2 deficiency in PKAN patients. Because Drosophila 
has only 1 PANK/fbl gene that encodes 4 isoforms, loss of dPANK/Fbl likely causes a more 
severe phenotype compared to PANK2 deficiency in mammals. 
 The Drosophila CoA mutants display abnormalities in lipid homeostasis, which 
is consistent with the fact that CoA is required for lipid metabolism1,25, and impaired 
lipid metabolism has also been implicated in PKAN disease pathogenesis2,32,33. Similarly, 
hypersensitivity of dPPCS and dPANK/fbl, but not of PPAT-DPCK mutants to cysteine is also 
consistent with our current knowledge about the conserved biosynthesis pathway of CoA, in 
which cysteine is incorporated in the second step of this pathway (Figs. 2A-B). Increased levels 
of cysteine have been found in a few patients with clinical symptoms of PKAN7, suggesting that 
abnormal cysteine metabolism is present in PKAN patients. Furthermore, patients with PKAN 
display iron accumulation in specific areas of the brain6 and together with high levels of cysteine 
this led to the hypothesis that impaired iron/cysteine metabolism may drive the Fenton reaction8, 
leading to the production of ROS2. We show that overexpression of ROS scavengers can rescue 
the sensitivity to cysteine, indicating that lethality induced by cysteine is due to increased 
levels of oxidative stress. These data, together with the enhanced sensitivity of CoA mutants 
to ROS, indicate that impaired CoA metabolism leads to enhanced levels of oxidative stress. 
However, our data also suggest that in addition to oxidative stress, there are other consequences 
of impaired de novo CoA synthesis that may induce neurodegeneration in Drosophila. This 
is based on the observation that overexpression of ROS scavengers did not improve the 
locomotor defects in young flies. However, it needs to be mentioned that these scavengers are 
not effective in mitochondria and therefore we can not exclude that in Drosophila CoA mutants, 
neurodegeneration is partly caused by increased oxidative stress within the mitochondria. 
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 Besides abnormal lipid and cysteine metabolism and enhanced levels of oxidative 
stress, we unexpectedly found that CoA mutant larvae were hypersensitive to IR and their 
brains displayed increased levels of impaired DNA integrity. Hypersensitivity to IR, enhanced 
levels of γ-H2AvD, abnormal mitosis, and induction of locomotor dysfunction by IR indicate 
that locomotor dysfunction in young flies is at least partly due to impaired DNA integrity. We 
demonstrate that abnormal chromosome organization and increased levels of DNA damage are 
present in dividing cells of CoA mutants, suggesting that CoA is required for proper cytokinesis. 
These results are consistent with the observation that cytokinesis was abrogated in the testis 
of dPANK/fbl mutants males11. Cytokinesis defects were also found in the dPPCS mutant 
(CHAPTER 6). It may be that changes in lipid homeostasis, especially phospholipids, disrupts 
the integrity of membranes in the CoA mutants. Depletion of the lipid stores and reduced 
production of lipids may hamper the renewal of damaged membranes and lipid peroxides, thereby 
affecting the integrity of tissues including the CNS. Alternatively and not mutually exclusive, 
aberrant membrane lipid composition might disturb the dynamic interplay between cytoskeletal 
components, membrane structures and lipid related signaling, leading to division errors during 

→ Figure 7. CoA mutant larval brains display abnormal mitosis, show enhanced apoptosis and accumulate 
DsBs.
(A) IR survival graph. Survival was analyzed as in Fig. 1A. dPANK/fbl1/1 and dPPAT-DPCK43/43 flies are sensitive to 
20 Gy IR. Overexpression of SOD-CAT-TRX did not suppress the hypersensitivity to IR of dPPCS1/1 mutants (SOD-
CAT-TRX;dPPCS1/1), demonstrating that enhanced oxidative damage is not the primary cause of IR sensitization.
(B) Visualization of mitotic structures. Third instar larval brain mitotic chromosomes from wild-type and mutant 
larvae 5 h after recovery from 20 Gy IR or left untreated were visualized with antibodies against pH3Ser10 and 
analyzed for mitotic abnormalities. (Ba-Bc) Normal mitotic chromosomes: metaphase (Ba), anaphase bridge (Bb), 
anaphase (Bc). (Bd-Bf) Abnormal mitotic chromosomes: fragmented chromosomes (Bd), lagging chromosome 
(Be), multiple centrosomes (Bf). 
(C) Quantification of aberrant mitoses as observed in B. Untreated dPANK/fbl1/1, dPPCS1/33 and dPPAT-DPCK43/43 
brains contained a high percentage of abnormal mitosis. The amount of abnormal mitosis increased in all mutants 5 
h after recovery from 20 Gy. The number of brains investigated was: (untreated); wild-type n=21, dPANK/fbl1/1 n=17, 
dPPCS1/1 n=17, dPPCS1/33 n=34, dPPAT-DPCK43/43 n=14, (20 Gy: 5 h recovery); wild-type n=24, dPANK/fbl1/1 n=15, 
dPPCS1/1 n=21, dPPCS1/33 n=35, dPPAT-DPCK43/43 n=12.
(Da-e) Wild-type and mutant third instar larval brains were fixed and labeled with an antibody against γ-H2AvD 
to detect DSBs and analyzed by confocal laser scanning microscopy (CLMS). (Da,b) Representative images of a 
wild-type and a mutant third instar larval optic lobe showing enhanced DNA damage (anterior is to the left). Images 
represent maximal projections of a z-stacks through an entire optic lobe. (Dc-e) High magnification of a field of 3 
cells that contain γ-H2AvD foci (arrows). The DNA is visualized with DAPI. 
(Df-g) Freshly dissected wild-type and mutant brains were stained with acridine orange and investigated by 
fluorescent microscopy to detect apoptotic cells. Representative images of a wild-type and a mutant third instar 
larval optic lobe showing enhanced apoptosis (anterior is to the left). 
(e) Quantification of the amount of γ-H2AvD positive cells in brains (Ea) and % of brains showing increased 
levels of apoptosis (Eb) in wild-types and CoA mutants. Brains were scored as non-apoptotic (Df) or as enhanced 
apoptotic (Dg). (ea) dPANK/fbl1/1, dPPCS1/1 and dPPCS1/33, but not dPPAT-DPCK43/43 third instar larval brains 
contained significantly more cells that stained positive for γ-H2AvD, suggesting that these brains accumulate 
elevated levels of DSBs. Ectopic expression of 1 copy of the P[dPPCS] transgene reduced the amount of γ-H2AvD 
positive cells in dPPCS1/1 (P[dPPCS]/+;dPPCS1/1), but 2 copies were required to reduce the amount of γ-H2AvD 
positive cells back to wild-type levels (P[dPPCS];dPPCS1/1). The amount of brains investigated was: wild-type 
n=25, dPANK/fbl1/1 n=25, dPPAT-DPCK43/43 n=12, dPPCS1/33 n=17, dPPCS1/1 n=23, P[dPPCS]/+;dPPCS1/1 n=19 and 
P[dPPCS];dPPCS1/1 n=16. (eb) Compared with wild-type brains, the brains of dPANK/fbl1/1, dPPCS1/33, dPPCS1/1 
and dPPAT-DPCK43/43 larvae display enhanced acridine orange staining, which indicates that cells within these brains 
are apoptotic (percentages are depicted at the top of each histogram). The amount of brains investigated was: wild-
type n=20, dPANK/fbl1/1 n=20, dPPAT-DPCK43/43 n=21, dPPCS1/33 n=20, dPPCS1/1 n=21, P[dPPCS]/+;dPPCS1/1 
n=20, and P[dPPCS];dPPCS1/1 n=20. (*p < 0.05, **p < 0.005, ***p < 0.001 as determined by t-test). Scale bars; 50 
µm (Da,b,f,g), 6 µm (Dc-e)
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CNS development that in turn may result in impaired DNA integrity. Therefore it is possible 
that abnormal lipid homeostasis directly leads to impaired neuronal function and this neuronal 
dysfunction is enhanced by increased DNA damage as a result of these lipid abnormalities. 
Several neurological disorders are associated with defects in DNA repair39, but increased DNA 
damage has never been linked to altered CoA biosynthesis, to PKAN or to PanK2 depletion in 
mice. 
 Although currently we can not explain all the inter-species differences, the presented 
Drosophila model, in addition to the mouse model, may be of help to unravel the complex 
pathology of PKAN and to understand the importance of CoA for CNS development and 
function. 
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ABstRACt
Coenzyme A (CoA) is an essential metabolite, synthesized from vitamin B5 by the subsequent 
action of five enzymes: PANK, PPCS, PPCDC, PPAT and DPCK. Mutations in Drosophila 
dPPCS disrupt female fertility and in this study we analyzed the female sterile phenotype of 
dPPCS mutant females in detail. We demonstrate that dPPCS is required for various processes 
that occur during oogenesis including chorion patterning. Our analysis demonstrates that a 
mutation in dPPCS disrupts the organization of the somatic and germ line cells due to abrogated 
F-actin remodeling possibly as a result of abnormal PtdIns(4,5)P2 and Akt/PKB signaling. These 
defects affect the localization of Grk and Notch, whose activity is required for specification 
of the follicle cells that pattern the eggshell. Mutations in dPPCS also induce alterations in 
sensory organ patterning and cause wing vein abnormalities. Mutations in dPANK and dPPAT-
DPCK result in similar patterning defects. Together, our results, demonstrate that de novo CoA 
biosynthesis is required for proper tissue morphogenesis.
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intRoDuCtion 
Coenzyme A (CoA), the major acyl carrier in all living organisms, constitutes an essential 
cofactor to support cellular metabolism1. Synthesis of CoA occurs in a conserved route in which 
vitamin B5 is subsequently modified by five enzymes: PANK, PPCS, PPCDC, PPAT, DPCK and 
the complete biosynthesis pathways in bacteria, archaea, plants, humans and Drosophila have 
been identified (CHAPTER 4 and ref. 2-5). Although, CoA biosynthesis is well characterized 
in bacteria and in vitro systems6, only recently the impact of abnormal CoA biosynthesis on 
animals and tissues has been investigated. 

CoA is an indispensable cofactor for the synthesis of many lipids and impaired lipid 
metabolism associated with defects in CoA synthesis has been demonstrated in humans, mice 
and Drosophila (CHAPTER 4 and ref. 7-11). In addition, altered CoA metabolism has been 
implicated in a variety of defects ranging from altered growth factor signaling to impaired DNA 
integrity, mitochondrial dysfunction, delayed growth, reduced lifespan and neurodegeneration 
(CHAPTER 4 and ref. 8,10-17). Mutations in CoA biosynthesis also cause male and female 
fertility defects in mice and Drosophila (CHAPTER 4,6 and ref. 18-20). Despite these studies, 
the exact mechanisms that are responsible for this plethora of phenotypic defects in metazoans 
remain largely unknown.

Previously, we isolated a dPPCS mutant as a female sterile, neurologically impaired 
mutant and we demonstrated that CoA metabolism is required to maintain DNA integrity during 
development of the Drosophila central nervous system (CHAPTER 4). In this report the female 
sterile phenotype of dPPCS1/1 was analyzed in detail. A mutation in dPPCS results in a complex 
phenotype and several processes required for normal oogenesis are affected. dPPCS mutants 
show defects in follicle cell organization, migration, specification and abnormal chorion 
patterning. Our results point to a model in which de novo CoA biosynthesis acts upstream of 
PtdIns(4,5)P2-Akt/PKB signaling and F-actin remodeling. Disruption of these processes causes 
loss of tissue/cell morphology which in turn affects normal Notch and Gurken (Grk) localization 
and may lead to impaired follicle cell fate determination. We not only observed morphogenesis 
defects in mutant ovaries, but patterning of the sensory organs and venation is also disrupted, 
indicating that dPPCS function is required for morphogenesis of various tissues. Moreover, 
mutations in dPANK and dPPAT-DPCK result in similar phenotypes, demonstrating that not only 
dPPCS but merely de novo CoA synthesis is required for proper morphogenesis. Together our 
data demonstrate that in addition to a general function of CoA in lipid and energy metabolism, 
de novo CoA biosynthesis is also required for proper tissue morphogenesis.  

MAteRiAL AnD MetHoDs
Drosophila stocks and genetics: Fly stocks were maintained at 22 oC according to standard protocols. For wild-
type preparations y1w1118 was used. dPPCS1, dPPCS33 and P[dPPCS] are previously described (CHAPTER 4). The 
UAS-PLCδ-PH-GFP line was a gift from L. Cooley and A. Wodarz and the Act5C-GAL4 line was obtained from the 
Bloomington Stock Centre (Indiana University, USA). 
immunohistochemistry: Dissection, fixation and immunolabelling of ovaries was performed as described21. Primary 
antibodies used included concentrated supernatants obtained from the Developmental Studies Hybridoma Bank 
(Iowa, USA); mouse anti-lamin Do (ADL84.12, 1:5) developed by P.A. Fisher, mouse anti-fasciclin III (7G10, 1:5) 
developed by C. Goodman, mouse anti-Notch (C17.9C6, 1:5) developed by S. Artavanis-Tsakonas, mouse anti-quail 
(6B9, 1:5) developed by L. Cooley, mouse anti-DE-cadherin, (DCAD2, 1:5) developed by T. Uemura and mouse 
anti-gurken (1D12, 1:5) developed by T. Schupbach,. Secondary antibodies included Cy3-conjugated goat anti-
mouse (1:200, Jackson ImmunoResearch), FITC-conjugated goat anti-mouse (1:200, Jackson ImmunoResearch) and 
Cy5-conjugated goat anti-mouse 1:200, Jackson ImmunoResearch). Ovaries were stained with 20 U/ml rhodamin-
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phalloidin (Molecular Probes) and 0.2 μg/ml DAPI (Sigma) to visualize F-actin and the DNA, respectively. 
Apoptosis was measured in 6-d-old flies that were kept for 3 days in vials containing yeast paste. 

The TUNEL cell death assay was performed following the ApopTag Fluorescien in Situ Apoptosis Detection Kit 
(Chemicon). Ovaries were fixed in devitellizing buffer/heptane21 (1:6 per volume) and pretreated with proteinase 
K (20 µg/ml in PBS + 0.1% tween-20 ) for 15 min at room temperature. After labeling and washing ovaries were 
mounted in citifluor (Agar Scientific) and analyzed by confocal laser scanning microscopy (CLSM) (Leica TCS SP2 
DM RXE). Images represent maximal projections (unless otherwise noted) of a z-stack (0.5-1 µm/scan). Images 
were processed using Leica software and Paint Shop Pro.

For Nile red (Sigma) staining 6-d-old flies that were kept for 3 days in vials containing yeast paste were 
used. Ovaries were dissected and stained with 100 ng/ml Nile red solution in PBS for 5 min. Ovaries were washed 
3 times 10 min with PBS, mounted in citifluor and directly analyzed by CLSM. 
Assessment of fecundity and morphological analyses: For studies of fecundity 10 groups of 5 virgin females and 5 
males were crossed for 5 days in vials containing yeast paste. Flies were transferred to fresh vials without yeast and 
transferred to fresh vials every 24 h. The average eggs/24 h deposited was calculated from 3 replicates of each group. 
To assay embryonic viability embryos were collected (0-6 h) on apple juice plates containing yeast paste, counted, 
and the hatch rate was determined by visual inspection of the egg cases 2 days after egg laying. Inspection of chorion 
morphology was carried out using LM. Images were captured with a Olympus BX50 light microscope. To analyze 
ovary morphology virgin females were placed in vials containing yeast paste and ovaries were dissected 48 h, 72 h 
and 120 h AE. Ovaries dissected 48 h AE were directly analyzed by light microscopy (LM) (Olympus BX50), while 
ovaries dissected 72 h and 120 h AE were fixed, labeled and inspected by CLSM. Assessment of wing venation and 
sensory organ patterning was performed by LM. 
immunoblot analysis: Ovaries from 5-d-old females that were kept for 3 days in vials containing yeast paste were 
dissected in PBS. Samples were lysed in RIPA buffer supplemented with proteinase inhibitor cocktail 1697498 
(Roche), sonicated and the protein content determined using the Bio-Rad DC protein assay kit (Bio-Rad). Protein 
extracts were separated on 10% SDS-PAGE gels, transferred to nitrocellulose membranes (BioRad Mini-Protean 
electrophoresis system) and the membranes were subsequently incubated with rabbit anti-Akt/PKB pSer473 (1:1000, 
Cell Signaling) and rabbit anti-Akt/PKB (1:1000, Cell Signaling) antibodies as described by the manufacture. After 
incubation blots were washed and incubated with HRP-conjugated goat anti-rabbit (Amersham) secondary antibodies 
(1:2000). The antibody complexes were visualized using an enhanced chemiluminescent (ECL) kit (Amersham). 
The area x mean intensity of Akt/PKB-P was divided by the area x mean intensity of total Akt/PKB and normalized 
to wild-type ratios to determine levels of Akt/PKB-P in mutant ovaries. For this analysis, the same blots were first 
probed for Akt/PKB-P, stripped and then probed for Akt/PKB to normalize for Akt/PKB-P levels (when Akt/PKB-P 
levels were normalized using actin or tubulin, this resulted in the same outcome). Western blots from 3 experiments 
were quantified with ImageJ (http://rsb.info.nih.gov/ij/). 

ResuLts
Mutations in dPPCS affect egg chamber development, fecundity and eggshell 
patterning
Initially, dPPCS (Drosophila phosphopantothenoylcysteine synthetase) was identified as a 
single P element insertion mutant with a female sterile and neurodegenerative phenotype 
(CHAPTER 4). In this hypomorphic mutant, the P element landed inside the 5’-UTR, which 
results in the production of a truncated dPPCS mRNA. Removal of the first intron of the dPPCS 
gene by imprecise P element excision (allele dPPCS33) induces lethality during the first instar 
larval stadium. dPPCS protein levels are reduced in dPPCS1/1 mutants and further reduced in 
transheterozygous dPPCS1/33 mutants. Likewise transheterozygous mutants generally display a 
more severe phenotype than dPPCS1/1 mutants alone. In this study we used dPPCS1/1 mutants 
because only a limited amount of vitellogenic egg chambers could be found in dPPCS1/33 

transheterozygous mutants.
The neurodegenerative phenotype of dPPCS mutants has been described in detail 

(see CHAPTER 4), here the female sterile characteristics are investigated. The female sterile 
phenotype as described in this manuscript as well as the neurodegenerative phenotype is rescued 
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by overexpression of a FLAG-tagged dPPCS cDNA (P[dPPCS]), (see table 1 and CHAPTER 
4, 6), indicating that these phenotypes are caused by impaired function of dPPCS. 

To understand the effect of impaired dPPCS function on female fertility we first 
investigated the overall morphology of dPPCS1/1 ovaries. At 48 h after eclosion (AE), the 
ovaries from dPPCS1/1 females were poorly developed compared to wild-type ovaries (Figs. 
1Aa-b). Ovaries from wild-type females were larger in size and contained mature eggs, while 
dPPCS1/1 ovaries were small in size and did not contain mature eggs. In wild-types, the oldest 
egg chambers (or follicles) found in newly eclosed females are at stage 7 and upon food intake 
hormones are produced which trigger the follicles to proceed into vitellogenesis, a process 
whereby the oocyte starts to accumulate nutrients and increases in size22. At 72 h AE, in wild-
type females, 100% (n=35) of the ovaries contained vitellogenic egg chambers, while only 
11% of the ovaries from dPPCS1/1 females (n=36) contained vitellogenic egg chambers (Figs. 
1Ac-d). At 120 h AE 80% of the dPPCS1/1 ovaries (n=26) contained vitellogenic egg chambers, 
however the two lobes were frequently different in size and displayed features of degenerating 
egg chambers (Fig. 1Ae). 

At 96-120 h AE, dPPCS1/1 females start to deposit eggs and between 144-192 h AE 
dPPCS mutants produced only 0.03 ± 0.02 SEM eggs/24 h that never hatched (n=142 eggs), 
while wild-type females produced 10.0 ± 1.4 SEM eggs/24 h of which 90% hatched (n=1005 
eggs). It has been reported that a so called mid-oogenesis checkpoint monitors the integrity of pre-
vitellogenic egg chambers, and activation of this checkpoint results in the removal of abnormal 
egg chambers22. When we performed a TUNEL assay on dPPCS1/1 ovaries 144 h AE, we found 
a 6-fold increase in ovarioles containing apoptotic egg chambers prior to vitellogenesis (32.6%, 
n=408 ovarioles) compared to wild-type ovaries (4.1%, n=245 ovarioles). Approximately 
32% of dPPCS1/1 ovariols (n=222) contained stage 5-7 egg chambers that displayed packaging 
defects (egg chambers with more than 15 nurse cells) as determined by DAPI staining and 
lamin Do labeling (data not shown). This percentage was enhanced to 79% in dPPCS1/33 ovariols 
(n=132), while only 4% of the wild-type ovariols (n=109) and 11% of the P[dPPCS];dPPCS1/1 
ovariols (n=166) contained egg chambers with packaging defects. These results show that early 
egg chamber development is severely compromised in dPPCS mutants. Within the germaria 
of dPPCS1/1 mutants, aberrant separation of the developing egg chambers by the intercyst cells 
result in the production of egg chambers that exhibit aberrant interfollicular stalk cell and/or 
polar follicle cell formation, egg chambers with mispositioned oocytes or egg chambers that 
display packaging defects (see supplementary Figs. s1-s4). Thus the reduced fecundity of the 
dPPCS1/1 females is likely due to the production of aberrant egg chambers that did not pass the 
mid-oogenesis checkpoint and were absorbed. 

In addition to impaired fecundity, 80% of the eggs deposited by dPPCS1/1 females 
displayed a dumpless phenotype23. The eggs contained reduced amounts of yolk and a wide 
array of both dorsal-ventral (DV) and anterior-posterior (AP) patterning defects such as four 
appendages, shortened opercula, fused appendages, abnormal stalks or a complete lack of dorsal 
appendages were observed (Fig. 1B). These results show that a mutation in dPPCS affects 
ovary/egg chamber development, disrupts fecundity and causes chorion patterning defects. 
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Figure 1. egg chamber development and eggshell patterning is disrupted in dPPCS1/1.
(A) Morphological analyses of wild-type and dPPCS1/1 ovaries. (Aa) Wild-type ovaries are well developed 48 h AE 
and contain mature eggs (arrowheads), (Ab) while dPPCS1/1 ovaries were small in size. (Ac-e) Ovaries were labeled 
with rhodamin-phalliodin to detect the F-actin and stained with DAPI to visualize the DNA. (Ac) At 72 h AE, wild-
type ovaries contain vitellogenic egg chambers, as determined by the increased size of the oocyte compartment 
(asterisk). (Ad) dPPCS1/1 ovaries remained small in size (1 entire lobe is shown) and lacked vitellogenic egg 
chambers. (Ae) At 120 h AE, dPPCS1/1 ovaries contained vitellogenic egg chambers (asterisks) and exhibited 
features of degenerating egg chambers (arrowheads). The 2 lobes were frequently different in size. 
(B) Chorion patterning is disrupted in dPPCS1/1. (Ba, Bd) Wild-type embryos have 2 dorsal appendages. (mp) 
micropyle; (p) paddle; (s) stalk. (Bb-c, Be-f) Embryos deposited by dPPCS1/1 mothers exhibited a dumpless phenotype 
and had a wide range of patterning defects, which were classified in 5 groups; (Bb) embryos with shortened opercula 
(bracket, compare with Ba) and 4 appendages, (Bc) abnormal stalks (arrows), (Be) fused appendages (bracket, 
compare with Bd) or (Bf) lacked dorsal appendages. Percentages are indicated (n=142). The remaining 22.8% had 2 
dorsal appendages, but the appendages were of different length, lacked paddles or the bases were shifted posteriorly. 
Scale bars; 500 µm (Aa-b), 150 µm (Ac-e).
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Figure 2. Cytoplasmic F-actin 
filament assembly and dumping is 
disrupted in dPPCS1/1 follicles.
(Aa-Ac) Wild-type nurse cells assemble 
an elaborate network of transverse F-
actin filaments prior to cytoplasmic 
dumping. Qail colocalizes with the F-
actin filaments and assist in filament 
assembly. (Ba-Bc) The cytoplasmic 
F-actin network is not properly formed 
inside dPPCS1/1 nurse cells and Quail 
localization is diffuse inside the 
cytoplasm. (C) In wild-type ovaries the F-actin bundles anchor the nurse cell nuclei during dumping. (D) dPPCS1/1 
nurse cells fail to assemble F-actin filaments and the nurse cell nuclei become trapped inside the ring canals during 
dumping (arrows in D, F). (e) dPPCS1/1 oocyte nucleus encapsulated by F-actin fibers. (F) In dPPCS mutant follicles 
nurse cell nuclei were found inside the oocyte compartment (arrow marks a nurse cell nucleus trapped inside a ring 
canal). Note that the nurse cell nuclei are in close proximity to the anterior of the oocyte and “push” the membrane 
towards the oocyte compartment (compare with G). (g) During cytoplasmic dumping a tight array of F-actin is 
present at the subcortical membrane of wild-type oocytes. (H-i) The subcortical F-actin fibers at the membrane 
of the dPPCS1/1 oocyte compartment were increased in size and thickness (boxed arrowhead), and large clumps of 
F-actin were found within the oocyte compartment (arrowheads). (j) Centripetal migrating follicle cells express 
high levels of DE-cadherin. In dPPCS mutants migration of these cells occurred normally, but nurse cells that were 
pushed inside the oocyte were trapped within the oocyte compartment after these cells finished their migration. The 
F-actin network was labeled with rhodamin-phalliodin and nuclei were stained with DAPI or antibodies against 
Lamin Do. Asterisks mark the oocyte nuclei. (oo) oocyte compartment. Scale bars; 100 µm (A-B), 20 µm (C-E), 50 
µm (F-J). 

Table 1. Mutations in dPPCS affect egg chamber development
Stage 10-11 F-actin dynamics & cytoplasmic dumping

                            % of egg chambers
wild-type dPPCS1/1     P[dPPCS];dPPCS1/1

Nurse cells trapped inside the oocyte   0.0 (n=100) 20.9 (n=67) 1.8 (n=56)
F-actin clumps in ooplasm    3.0 (n=100) 50.1 (n=53) 7.0 (n=57)
Aberrant nurse cell F-actin    0.0 (n=100) 92.2 (n=51) 29.5 (n=61)
Nurse cells plugging ring canals   0.0 (n=100) 71.0 (n=62) 15.5 (n=58)
Oocytes with disorganized subcortial F-actin   0.0 (n=100) 43.7 (n=55) 0.0 (n=53)
Oocyte nuclei with F-actin fibers   0.0 (n=100) 18.8 (n=48) 0.0 (n=46)
Nurse cells were stained with DAPI to detect the DNA and labeled with rhodamin-phalloidin to 
visualize the F-actin network. 
P[dPPCS] is a FLAG-tagged dPPCS cDNA under control of an ubiquitin promoter. 
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Mutation in dPPCS affect F-actin dynamics and cytoplasmic dumping
Dumpless embryos with chorion patterning defects can result from defects in actin fiber formation 
within the nurse cells that in turn affect cytoplasmic transport due to the obstruction of the ring 
canals by nurse cell nuclei24,25. We analyzed actin dynamics during cytoplasmic dumping in 
dPPCS1/1 mutants to investigate the hypothesis that the dumpless phenotype of dPPCS mutants 
is due to abnormal actin organization. In stage 10 wild-type follicles, an elaborate network of 
filamentous actin (F-actin) bundles is assembled inside the nurse cells which preludes cytoplasmic 
dumping. These F-actin bundles anchor the nurse cell nuclei to prevent them from entering the 
oocyte when the remaining nurse cell material is actively squeezed into the oocyte26. Assembly 
of the cytoplasmic F-actin network requires the Quail protein which colocalizes with the F-actin 
fibers (Fig. 2A)25,27. In contrast to wild-type follicles, assembly of the cytolasmic F-actin fibers 
was disrupted in dPPCS1/1 follicles and the Quail protein failed to associate with the F-actin 
bundles and remained diffuse throughout the nurse cell cytoplasm (Fig. 2B). As a result of 
aberrant F-actin assembly, nurse cell nuclei were indeed found trapped inside ring canals during 
dumping (Fig. 2D, table 1). Interestingly, we also found oocyte nuclei that were encapsulated 
by bundles of F-actin (Fig. 2e, table 1). Furthermore, large F-actin fibers were assembled at 
the cortical membrane of the oocyte and the follicular epithelium of the oocytes was frequently 
disorganized (Figs. 2H-i). This suggests that in mutants the oocyte compartment acquires an 
abnormal signal to assemble an F-actin network during dumping. Mutant oocytes also contained 
large clumps of F-actin (Figs. 2H-i, table 1). Nurse cell nuclei were also found inside the 
oocyte compartment (Fig. 2F, table 1), demonstrating that nurse cell nuclei are not anchored 
properly (Fig. 2F, table 1). In wild-types, during stage 10 a group of follicle cells that sheet the 
oocyte will migrate centripetally to cover the anterior of the oocyte28. In numerous cases, we 
observed in dPPCS1/1 mutants, nurse cell nuclei trapped inside the oocyte compartment, after  
the centripetal follicle cells enclosed the anterior of the oocyte (as determined by DE-cadherin 
staining29,30) (Fig. 2j). This again demonstrates that organization and anchoring of the nurse 
cells was indeed hampered in dPPCS mutant egg chambers. 

We stained freshly dissected (and non-fixed) ovaries with Nile red, which has fluorescent 
properties in the presence of triacylglycerol and sterol esters31, to determine if neutral lipid 
synthesis and transport of these lipids to the oocyte was disrupted. In wild-types, synthesis of 
these neutral lipids increases in the germ line and somatic cells when follicles proceed into late 
stage oogenesis (Fig. 3A). In dPPCS mutant egg chambers, neutral lipid synthesis was reduced 
compared to wild-type egg chambers, suggesting that the synthesis of neutral lipids is affected 
in dPPCS mutants (Fig. 3B). Furthermore, transport towards the oocyte and accumulation inside 
the oocyte of these lipids appeared abnormal compared to wild-type ovaries (compare Fig. 3A 
and 3B). Thus the synthesis of neutral lipids and their transport towards the oocyte is disrupted 
in dPPCS mutant ovaries. The latter is likely the result of aberrant nurse cell anchoring and 
obstruction of ring canals in dPPCS1/1 follicles. 

Next, we investigated whether a mutation in dPPCS1/1 affects cell migration events due 
to defective F-actin remodeling. During stage 8-10 the border cells, which include the anterior 
polar cells and part of the main body epithelium, migrate through the nurse cell compartment 
towards the anterior end of the oocyte32. In wild-types, when the border cells reach the oocyte 
and the centripetal follicle cells start migrating, Fasciclin III (FasIII) is expressed in the follicle 
cells of the DA corner (Fig. 4A). After the centripetal follicle cells finished their migration, the 
FasIII expressing cells form two distinct cell populations at the DA surface of the oocyte that 
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will initiate production of the dorsal appendages (Fig. 4B)23. In dPPCS1/1 follicles centripetal 
migration was finished before the border cells reached the anterior of the oocyte (Fig. 4C), 
indicating that these two cell migration events are not properly synchronized. Interestingly the 
border cell cluster was surrounded by an elaborate F-actin network, which may prevent the 
border cells to make contact with the centripetal follicle cells (Fig. 4Cb). Alternatively, it may 
be possible that because the nurse cells are not anchored properly, the nurse cells push against 
the centripetal follicle cells and thereby prevent the centripetal follicle cells from making 
contact with the border cells in a normal timely manner. This indicates that cell migration an 
sich is not abrogated in dPPCS1/1. Rather, the loss of cell organization, likely due to disrupted 
structural integrity, impaired proper cell migration. Together, these data demonstrate that dPPCS 
is required for proper F-actin dynamics and cell organization during cytoplasmic dumping.

grk and notch localization is disrupted in dPPCS1/1 follicles
We hypothesized that disorganized tissue integrity may also affect the signaling routes required 
for specification of the follicle cells that pattern the chorion. To investigate this, we stained 
ovaries with antibodies against Notch and Grk. Both molecules are required for specification 
of the follicle cell populations that pattern the eggshell23,33-35. Although we cannot conclude that 
Grk or Notch signaling was disrupted in dPPCS1/1 ovaries, the localization of both proteins was 
frequently impaired compared with wild-type ovaries. In wild-type ovaries when the border 
cells reach the centripetal follicle cells, Notch is highly expressed at the DA corner, where it is 
required for the specification of the dorsal appendage producing cells, while Notch expression 
is restricted to the nurse cell membranes during cytoplasmic dumping (Fig. 4Ba, 5Ac)36. In 
dPPCS1/1 stage 11 follicles Notch expression was more diffuse throughout the nurse cells and 
not restricted to the membranes (Fig. 4Ca). Notch expression was also severely affected during 
late stage oogenesis (Fig. 5Bc) and FasIII staining revealed that the dorsal appendage/operculum 
forming follicle cells were not properly organized (compare Fig. 5Ab and 5Bb). 

In wild-type stage 9-10 egg chambers Grk is localized at the DA corner of the oocyte 
compartment. Although in dPPCS1/1 egg chamber, Grk was present at the DA corner, the 
residence of the oocyte nucleus, the distribution of the protein was frequently impaired in stage 
8-9 follicles (Fig. 5D) and progressively worsened when egg chambers proceeded into later 
stages of oogenesis (Fig. 5D-F). Because we observed that abnormal Grk localization coincided 
with the presence of nurse cell nuclei in close proximity to the oocyte nucleus (Figs. 52D-F), it 
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Figure 3. synthesis and transport of neutral lipids is hampered 
in dPPCS mutant egg chambers.
Freshly dissected wild-type and dPPCS1/1 ovaries were stained 
with Nile red to visualize neutral lipids and directly analyzed by 
CLSM. Images represent single confocal scans. 
(A) Wild-type nurse cells produce high levels of neutral lipids, 
which are transported towards the oocyte where they accumulate 
uniformly near the oocyte membrane. 
(B) dPPCS1/1 nurse cells produced less neutral lipids compared 
to wild-type nurse cells. Transport of the neutral lipids was 
disrupted and lipids did not accumulate uniformly within the 
oocyte compartment compared with wild-types. Dashed arrows 
mark follicle cell nuclei that are pushed against the oocyte 
compartment and likely influence the transport of neutral lipids 
to the oocyte. (oo) oocyte compartment. Scale bars; 100 µm.
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is likely that the nurse cells, which are not properly anchored, push against the oocyte and the 
follicle cells of the DA corner, which in turn results in abnormal Grk localization.

Thus it appears that impaired tissue organization due to disruption of F-actin cytoskeletal 
dynamics affects the localization of Grk and Notch, which in turn may lead to a failure to 
specify the follicle cell populations required for patterning of the eggshell. Pushing of the nurse 
cell nuclei against the oocyte compartment could disrupt cell migration events and affect the 
shape of the oocyte and the oocyte nucleus thereby also affecting signaling routes that specify 
the follicle cells that produce the operculum and the dorsal appendages. Similarly, a failure to 
anchor the nurse cell nuclei likely affects the transport of signaling molecules through the ring 
canals towards the oocyte. Due to their unpredictable nature such defects would give rise to a 
plethora of chorion defects and thus could explain the variety of eggshell patterning defects in 
dPPCS mutant embryos. These findings imply that dPPCS is not required for cell specification/
signaling an sich, but merely cell organization/morphology, which is further supported by 
the finding that aberrant intercyst cell migration/organization likely underlies the observed 
packaging and follicle cell specification defects during early oogenesis (see supplementary 
Figs. s1-s2).

→ Figure 4. A mutation in dPPCS affect follicle cell migration and patterning.
(A-Ad) Wild-type stage 10 egg chamber. During stage 8-10 the border cells migrate through the nurse cell 
compartment towards the anterior end of the oocyte. When the border cells (arrow) reach the oocyte (stage 10) and 
the centripetal follicle cells start migrating (arrowheads), FasIII is expressed in the follicle cells of the DA corner. 
At this stage Notch is expressed at the membranes of the follicle cells of the DA corner, where it is required for the 
specification of the dorsal appendage producing cells. 
(B-Bd) During stage 11, after the centripetal cells finished their migration, two patches of follicle cells can be found 
at the DA corner of the epithelium of wild-type egg chambers (arrowheads). These follicle cells express high levels 
of FasIII and will initiate the production of the dorsal appendages. At this stage Notch expression is restricted to the 
nurse cells membranes. 
(C-Cd) dPPCS1/1 egg chamber at stage 11. The centripetal follicle cells finished migration (arrowheads), but the 
border cells (arrow) failed to reach the centripetal follicle cells, while follicle cells of the DA corner were already 
expressing FasIII. The border cell cluster is surrounded by an elaborate network of F-actin. Notch localization is 
not restricted to the nurse cell membranes and has a more diffuse character. Boxed arrowheads point to 2 nurse cell 
nuclei that seem to contact (push against) the centripetal follicle cells. Asterisks mark the position of the oocyte. 
Scale bars; 50 µm.

→ Figure 5. Notch and Grk are abnormally localized in late stage dPPCS1/1 follicles.
Wild-type and dPPCS1/1 ovaries were labeled with antibodies against Notch and Grk. DAPI was used to visualize the 
DNA. (Aa-Ac) Wild-type egg chamber at stage 13. The FasIII positive cells produce the dorsal appendages and the 
operculum. Notch expression is restricted to the anterior follicle cells (arrowhead). (Ba-Bc) In dPPCS1/1 stage 13 egg 
chambers FasIII expression was abnormal, dorsal appendage and operculum formation was disrupted and Notch was 
expressed throughout the entire follicular epithelium. (C-D) Single confocal scans of wild-type (C) and dPPCS1/1 (D-
F) follicles. (C) The Grk protein localizes at the DA corner of the oocyte in wild-type stage 8-9 egg chambers. (D-F) 
Grk expression was present in dPPCS1/1 mutant egg chambers, but the protein was frequently abnormally expressed 
along the DA corner in stage 8-9 due to a disrupted shape of this corner (D) and progressively worsened when egg 
chambers proceeded into late stage oogenesis (stage 10-11) (E-F). The nurse cell nuclei are in close proximity to 
the DA corner, indicating that these nuclei were not properly anchored during dumping (arrowheads). Note that the 
follicular epithelium appears disorganized. Asterisks mark the position of the oocyte. Scale bars; 150 µm (A-B), 50 
µm (C-F).
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Membrane localization of Ptdins(4,5)P2 is impaired in dPPCS mutant follicles
Previously, we demonstrated that the levels of the major phospholipids phosphatidylcholine 
(PC), phosphatidylethanolamine (PE) and phosphatidylserine (PS) are reduced in dPPCS 
mutant flies, indicating a general defect in phospholipid biosynthesis (CHAPTER 4). Moreover, 
mutations in the CoA biosynthesis enzymes result in reduced levels of phosphorylated Akt/PKB  
(Akt/PKB-P) during larval brain development (CHAPTER 6). Akt/PKB activity relies on the 
conversion of PtdIns(4,5)P2 to PtdIns(3,4,5)P3 mediated by PI3K, in response to nutrients and 
growth factors37, suggesting that growth factor/nutrient signaling and/or PtdIns(4,5)P2 levels are 
affected when CoA biosynthesis is disrupted. Many actin remodeling processes require Akt/PKB 
signaling38-40 and Akt/PKB signaling is also essential for the regulation of neutral lipid droplet 
synthesis during Drosophila oogenesis41. Therefore, aberrant Akt/PKB signaling could underlie 
the F-actin remodeling and neutral lipid synthesis defects in the dPPCS mutant. In order to test 
this hypothesis, we determined levels of Ser505 Akt/PKB phosphorylation (equivalent to Ser473 
in mammalian Akt/PKB41) in mutant  and wild-type ovary extracts (Fig. 6A). Compared with 
wild-type ovaries, levels of Akt/PKB-P, as determined by the ratio Akt/PKB-P to total Akt/PKB 
(normalized by using the same blot), were reduced 2-fold (54.3% ± 4.9 SEM, n=3) in dPPCS1/1 
ovaries (Fig. 6A), indicating that Akt/PKB signaling might be disturbed during oogenesis. 

Because a general reduction in phospholipid levels can be found in dPPCS mutant 
flies it is plausible to assume that phosphatidylinositol production, the precursor for all 
phosphoinositides42, is also reduced. PtdIns signaling is essential for all processes that 
require actin cytoskeletal remodeling43-45. Therefore altered PtdIns signaling may underlie 
aberrant F-actin dynamics and reduced PtdIns(4,5)P2 synthesis could also explain low levels 
of Akt/PKB-P in the dPPCS mutant. Because the PtdIns represent about 5-10% of the total 
pool of phospholipids46, it is difficult to analyze PtdIns levels directly using biochemical 
assays. To investigate whether PtdIns signaling was disrupted in dPPCS mutant ovaries we 
expressed a PLCδ-PH-GFP fusion protein, which is able to bind to PtdIns(4,5)P2 (ref. 47). We 
used an Act5C-GAL4 driver to analyze UAS-PLCδ-PH-GFP expression and thus PtdIns(4,5)P2 
localization in all cells. Because PtdIns levels and localization has not been investigated during 
Drosophila oogenesis, we first investigated the localization pattern of PtdIns(4,5)P2 in wild-
types. During wild-type cytoplasmic dumping PtdIns(4,5)P2 is abundant at the cell membranes 
of the border cells and the apical membranes of the follicle cells that sheet the oocyte, while 
low levels of PtdIns(4,5)P2 can be detected at the nurse cell membranes (Figs. 6B-C). On the 
contrary, PtdIns(4,5)P2 localization at the apical membranes of the follicle cells that sheet 
the oocyte was hardly detectable or absent in dPPCS1/1 follicles (Figs. 6D-e,g,i). Moreover, 
large patches of follicle cells that sheet the oocyte did not accumulate PtdIns(4,5)P2 at their 
membranes (Figs. 6D-e,g). In addition, these experiments also clearly demonstrate that the 
follicular epithelium of dPPCS mutant follicles is disrupted (arrows in Figs. 6D, gb). Finally, 
in mutants, nurse cell membranes sometimes accumulated distinctive patches of high levels of 
PtdIns(4,5)P2 and we frequently detected PtdIns(4,5)P2 localization at cell membranes that are 
reminiscent of the border cells (based on their position within the nurse cell compartment and 
their small size), again indicating that border cell migration was disrupted in dPPCS1/1 follicles 
(Fig. 6e). Because aberrant apical localization of PtdIns(4,5)P2 at the follicle cell membranes 
coincides with impaired oocyte cortex integrity and abnormal F-actin nucleation (Fig. 6i), this 
suggests that altered PtdIns(4,5)P2 signaling underlies the F-actin remodeling defects in dPPCS 
mutant egg chambers. 
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dPPCS is required for patterning of various tissues
Because de novo CoA biosynthesis is essential for all cells and CoA biosynthesis enzymes are 
present in all tissues we investigated so far (CHAPTER 4), we wondered whether dPPCS is also 
required for morphogenesis of other tissues. Hereto, we closely investigated dPPCS1/1 flies for 
other morphological abnormalities. On the dorsal surface of the wild-type thorax a stereotypical 
pattern of four macrochaetae exists. Interestingly, dPPCS mutants displayed ectopic formation 
of macrochaetae, indicating that patterning of the sensory organs was disrupted (Figs. 7C-
g). Furthermore, dPPCS1/1 flies also developed ectopic wing veins (Figs. 7B, g). Mutants 
initiated longitudinal vein formation between L3-L4 and L4-L5. In addition, wings from newly 
eclosed mutants frequently contained blisters on the wing surface (not shown), indicating that 
the cell layers of opposing wing surfaces were not properly formed48. These results show that 
dPPCS is required for morphogenesis of different tissues during Drosophila development. Like 
morphogenesis within the ovaries, wing and bristle patterning requires Notch signaling and 
proper actin dynamics49-57. Therefore it is possible that in line with our observations in ovaries, 
patterning defects in dPPCS mutants are the result of aberrant actin dynamics due to altered 
PtdIns signaling, which in turn may cause dysregulation of signaling routes that specify the vein 
cells, the sensory cell or the follicle cells. 

DisCussion
dPPCs modulates F-actin remodeling in response to Ptdins(4,5)P2 signaling
We show that a component of the highly conserved CoA biosynthesis pathway is required to 
ensure morphogenesis during Drosophila oogenesis. Interestingly, morphogenesis defects in 
dPPCS1/1 ovaries coincide with abnormal neutral lipid biosynthesis/storage, altered membrane 
localization of PdtIns(4,5)P2, decreased levels of Akt/PKB-P and impaired F-actin remodeling. 
CoA is an essential cofactor for the synthesis of many lipids and mutations in dPPCS disrupt 
lipid homeostasis including phospholipid biosynthesis (CHAPTER 4). Therefore, it is possible 
that the abnormal levels of PdtIns(4,5)P2 at the cell membranes are due to reduced production of 
PdtIns(4,5)P2 from the phospholipid phosphatidylinositol. Because Akt/PKB phosphorylation 
relies on the conversion of PtdIns(4,5)P2 to PtdIns(3,4,5)P3 mediated by PI3K37, levels of 
Akt/PKB-P would then be reduced in dPPCS mutants as a consequence of the reduced levels of 
PtdIns(4,5)P2. Interestingly, many actin remodeling processes require Akt/PKB signaling38-40 and 
Akt/PKB signaling (via LSD2) is also essential for the regulation of neutral lipid synthesis and 
lipid droplet formation during Drosophila oogenesis41,58, suggesting that aberrant neutral lipid 
biosynthesis and F-actin remodeling within dPPCS1/1 ovaries may be due to impaired Akt/PKB 
activity (Fig. 8). Independently from Akt/PKB signaling, altered levels of PtdIns(4,5)P2 may 
influence neutral droplet formation and actin remodeling. This idea comes from  the findings that 
a mutation in the DGAT/midway gene, which converts diacylglycerol (DAG) into triacylglycerol 
(TAG), also cause aberrant F-actin remodeling and affects neutral lipid biosynthesis possibly by 
modifying PKC signaling via DAG59 (Fig. 8).

Although levels and localization of PtdIns has not been investigated in relation with 
F-actin remodeling within the Drosophila ovary, it is generally accepted that actin remodeling 
processes depend on PtdIns signaling43,44,44,45. It has been demonstrated that PtdIns(4,5)P2 can 
directly influence actin polymerization by promoting the dissociation of capping proteins and 
can also act in cooperation with small GTPases such as Cdc42 (and via GEFs) in controlling 
ARP2/3-mediated nucleation of actin networks44. A proper balance between PtdIns(4,5)P2 
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Figure 6. Ptdins(4,5)P2 localization and expression is affected in dPPCS1/1.
(A) The same Western blot of ovarian protein extract was subsequently incubated with antibodies against 
Akt/PKB-P and Akt/PKB to determine levels of phosphorylated Akt/PKB. dPPCS1/1 ovaries have reduced levels of 
phosphorylated Akt/PKB (54.3% ± 4.9 SEM, n=3) compared with wild-types. 
(B-I) PtdIns(4,5)P2 expression and localization during wild-type and dPPCS1/1 late stage oogenesis. We expressed 
a PLCδ-PH-GFP fusion protein 47 under control of a ubiquitously expressed Act5C-GAL4 driver to analyze 
PtdIns(4,5)P2 localization and expression in a wild-type (B-C,F,H) and dPPCS1/1 (D-E,G,I) background. 
(B-C) During wild-type oogenesis the PLCδ-PH-GFP fusion protein is present at the border cells (asterisk) and the 
apical membranes of the follicle cells that sheet the oocyte compartment, while the nurse cell membranes do not 
accumulate the fusion protein. 
(D,e) In dPPCS1/1 follicles the PLCδ-PH-GFP fusion protein is not present at the apical membranes of the follicle 
cells that sheet the oocyte (arrowheads) and large patches of follicle cells are not labeled (dashed lines). The reporter 
also clearly showed that the follicular epithelium of mutant ovaries is disrupted (arrows in D) and sometimes the 
nurse cell membranes accumulated distinctive patches of high levels of the PLCδ-PH-GFP fusion protein (arrow id 
E). The reporter was also frequently detected at membranes of cells that are reminiscent of the border cells (boxed 
arrowhead in E). 
(F) In wild-type follicles the oocyte cortex is in close contact with the apical membranes of the follicle cells, which 
accumulate the PLCδ-PH-GFP fusion protein. 
(g) In dPPCS1/1 follicles the oocyte cortex is disrupted (arrowheads in Ga) and the follicle cells do not accumulate 
the PLCδ-PH-GFP fusion protein (arrowheads and dashed lines in Gb). Arrows point to defects in cell organization 
of the follicular epithelium. 
(H) Close-up of a wild-type follicle, showing that the PLCδ-PH-GFP fusion protein accumulates at the apical 
membranes of follicle cells that are in close contact with the oocyte cortex (boxed arrowheads).
(i) Close-up of a dPPCS1/1 follicle, showing that the apical membranes of follicle cells that are in close contact with 
the oocyte cortex do not accumulate the PLCδ-PH-GFP fusion protein (arrowheads in Ia), which coincides with 
impaired oocyte cortex morphology and aberrant F-actin nucleation (arrow in Hb). DAPI was used to visualize the 
DNA. Scale bars; 150 µm (B,D), 100 µm (C,E), 50 µm (F-I).
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Figure 7. Mutations in de novo CoA biosynthesis affect wing vein and scutellar patterning.
(A) Dorsal wing surface of wild-type. L1-L6: longitudinal veins 1 to 6, acv: anterior (acv) and posterior cross 
veins (pcv), A-E (intervein sectors). (B-B’) dPPCS1/1 wings displayed ectopic veins between longitudinal veins 
L3-L4 and L4-L5 (arrowheads). (C) Thorax of a wild-type fly. The scutellum (dashed) has a pattern of four 
macrochaetae (bristles, scutellars). (D-F) Thorax of dPPCS mutant flies developed ectopic macrochaetae (arrows). 
(g) Quantification of wing and scutellar abnormalities. Numbers represent the amount of flies investigated. Scale 
bars; 250 μm (A-B), 100 μm (B’), 500 μm (C-F).

Figure 8. Defects in CoA synthesis affect neutral lipid homeostasis 
and F-actin remodeling due to altered Ptdins signaling.
Integrated model in which results from published manuscripts are 
combined and in which data from this manuscript are incorporated. 
This model explains the order of events that may lead to defects in 
F-actin dynamics and neutral lipid storage/synthesis in CoA mutants 
during oogenesis. Red indicates processes that are disrupted in CoA 
mutant flies (CHAPTER 4-6). Proteins and solid lines depicted in 
black are routes known to affect lipid droplet formation and/or F-
actin dynamics during cytoplasmic dumping stages in Drosophila. 
Proteins depicted in white and dashed lines indicate routes known 
to modify actin dynamics, but have not been investigated during 
Drosophila oogenesis. Neutral lipid synthesis/storage and F-actin 
remodeling depend directly or indirectly on PtdIns-Akt/PKB 
signaling. Both processes are disrupted in the dPPCS mutants 
pointing to the following model; Low levels of PtdIns(4,5)P2 due to reduced phospholipid biosynthesis may 
affect the production of TAG from DAG and this explains the reduced production of neutral lipids. Similarly, low 
PtdIns(4,5)P2 may affect Akt/PKB activity due to reduced conversion into PtdIns(3,4,5)3 further disrupting neutral 
lipid synthesis and droplet formation. Likewise, altered PtdIns homeostasis would affect PtdIns-Akt/PKB dependent 
actin remodeling processes and this explains the observed abnormalities in F-actin organization in the CoA mutants. 
(references used are: 26,37-41,43-45,47,58-60).
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and PtdIns(3,4,5)P3 at distinct locations within the plasma membrane is required for actin 
remodeling47. Finally, PtdIns(4,5)P2 is essential to mediate cohesion between the plasma 
membrane and the underlying cytoskeleton60. Based on these studies and in line with our 
findings, we propose that like in other tissues, F-actin remodeling within the Drosophila ovary 
depends on PtdIns(4,5)P2 signaling and that this lipid derived signaling route is disrupted in 
dPPCS mutants (Fig. 8). Impaired signaling due to reduced Akt/PKB phosphorylation may 
further impair F-actin dynamics. Abnormal cytoskeletal dynamics in dPPCS1/1 disrupt the overall 
shape of all membranous structures and the organization of the cells during morphogenesis. 
Disorganized tissue integrity likely affects Notch and Grk localization and possibly signaling, 
which is required for specification of the follicle cells that pattern the eggshell, and causes 
severe chorion patterning defects. Similar defects in F-actin remodeling due to changes in 
PtdIns(4,5)P2 signaling may also underlie the observed defects in patterning of the sensory cells 
and the wing vein cells or the follicle cells during early oogenesis.  

Mutations in de novo CoA synthesis disrupt morphogenesis
If disrupted lipid/PtdIns homeostasis underlies the F-actin remodeling defects in dPPCS1/1, one 
would predict that mutations in other CoA biosynthesis enzymes give rise to similar defects. 
Indeed, mutations in the first enzyme (dPANK/fumble) and the final enzyme (dPPAT-DPCK) 
in the CoA biosynthesis route result in similar characteristics compared to the dPPCS mutant 
phenotype. dPANK/fumble and dPPAT-DPCK mutant females have poorly developed ovaries, 
have fecundity defects, produce eggs that exhibit polarity defects, synthesize abnormal neutral 
lipids (droplets), had reduced levels of Akt/PKB-P (45.2% ± 10.3 SEM and 42.9% ± 4.4 SEM of 
wild-type levels for dPANK/fumble and dPPAT-DPCK mutants, respectively) and flies displayed 
macrochaetae and wing vein patterning defects (see supplementary Fig. s5). Like in dPPCS1/1, 
a mutation in dPPAT-DPCK disrupts actin remodeling and results in plugging of the ring canals 
by nurse cell nuclei during dumping (see supplementary Fig. s5H). dPANK/fumble mutants 
produce small ball-shaped eggs, which are typically due to a loss of actin regulatory elements 
that control the polarized arrangement of F-actin fibers at the basal cortex of follicle cells 
required to establish planar cell polarity28,61. It has been shown that dPANK/fumble physically 
associates with the actin depolymerization factor TSR62 and the phenotypic overlap between the 
tsr and dPANK/fumble mutants, argue that dPANK/fumble is required for F-actin remodeling. 
Mutations in both genes affect chromosome segregation, cytokinesis, aster separation and actin-
contractile ring formation20,63. Furthermore, recently it was shown that tsr is required for planar 
cell polarity patterning in various Drosophila epithelia64. These findings imply that impaired 
CoA synthesis in general disrupts morphogenesis due to aberrant F-actin remodeling and this is 
not specific for the dPPCS mutant.

In summary, although the molecular function of dPPCS suggest a general housekeeping 
role for this enzyme, our findings provide the first physiological evidence that dPPCS and thus 
CoA biosynthesis is required for PtdIns(4,5)P2, homeostasis, Akt/PKB signaling and F-actin 
remodeling during morphogenesis (Fig. 8). Because the biosynthesis route towards the production 
of CoA is conserved amongst species it would be interesting to explore the significance of CoA 
during processes that involve actin/PtdIns dynamics such as chemotaxis, axon growth cone 
guidance, endocytosis/exocytosis, cell division or actin dependent chromatin remodeling. 
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ABstRACt
Coenzyme A constitutes an essential cofactor whose biosynthesis route is conserved amongst 
species. De novo CoA is synthesized from pantothenate by the subsequent action of five enzymes; 
PANK, PPCS, PPCDC, PPAT and DPCK. Although CoA biosynthesis is conserved, significant 
dissimilarities exist between the eukaryotic and bacterial enzymes, which makes these enzymes 
potential targets for antimicrobial drugs. Therefore, CoA production is well described at the 
biochemical level. However, little is known about the physiological implications of disruptions 
in the de novo CoA synthesis route in higher eukaryotes. Results presented in this thesis 
implicate a major role for CoA during morphogenesis, cell division, fertility, neuronal integrity, 
development and DNA integrity. In humans mutations in PANK2 result in the neurodegenerative 
disease: pantothenate kinase-associated neurodegeneration or PKAN. Here we describe the 
various aspects of the physiological implications of defects in the de novo CoA biosynthesis 
route in metazoans with a focus on Drosophila and we discuss which CoA dependent pathways 
might be responsible for the complex phenotypic characteristics of PKAN. 
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De novo CoA synthesis is essential and phylogenetically conserved
As the major acyl carrier in all living organisms coenzyme A (CoA) and its derivates constitute 
essential cofactors necessary for approximately 5% of all reactions of intermediary metabolism1. 
CoA is required for the tricarboxylic acid cycle (Kreb’s cycle), fatty acid metabolism and 
the synthesis of some amino acids. Biosynthesis of CoA is conserved amongst species and 
occurs from vitamin B5 (pantothenate), which is modified by the subsequent action of five 
enzymes: pantothenate kinase (PANK), 4’-phosphopantothenoylcysteine synthetase (PPCS), 
(R)-4’-phospho-N-pantothenoylcysteine decarboxylase (PPCDC), 4’-phosphopantetheine 
adenylyltransferase (PPAT), dephospho-CoA kinase (DPCK) (Figs. 1A-B)2-5. The complete 
CoA biosynthesis pathways in bacteria, archaea, plants, humans and Drosophila have been 
identified (CHAPTER 4 and ref. 3-6). Many bacteria, plants and yeast are capable of de novo 
synthesis of pantothenate from β-alanine, but higher eukaryotes depend on their dietary intake 
of pantothenate. In humans pantothenate and other water soluble vitamins such as biotin and 
lipoate are transported across the cell membrane by a Na+-dependent multivitamin transporter 
(SMVT)7. As a consequence of the dependency on dietary intake, vitamin B5 deficiency in 
mammals causes many systemic defects including impaired motor responses, depressed heme 
synthesis, altered growth and maturation of the small intestine during neonatal and prenatal 
periods and increased prenatal mortality8-12. Although many redundant biochemical routes exists 
that generate CoA or acyl esters of CoA, CoA is mainly synthesized de novo from pantothenate. 
Mammalian PANK can also utilize pantetheine and N-pantothenoylcysteine to produce CoA13, 
but the contribution of these substrates for CoA biosynthesis is only marginal.

Despite CoA biosynthesis is functionally conserved, differences exist between the 
prokaryotic and the animal enzymes. In bacteria the second and the third enzymes in the pathway, 
PPCS and PPCDC, are fused into one protein/gene, but in animals these enzymes are expressed 
separately. Conversely, the final two enzymes in the pathway, PPAT and DPCK, are expressed 
separately in bacteria, but form a bifunctional protein/gene in animals. Similarly, structural 
analysis revealed significant differences between the eukaryotic and prokaryotic enzymes, and 
since CoA constitutes an indispensable cofactor these analyses may allow the rational design 
of antimicrobial drugs. Discussing the biochemical aspects of CoA biosynthesis are beyond the 
scope of this overview and these aspects of CoA synthesis have been described previously in 
full detail12,14. 

CoA biosynthesis in vertebrates and Drosophila
The human genome contains four different autosomal loci encoding homologous pantothenate 
kinases, PANK1-4, whose expression are tissue specific2,15-19. Expression of PANK1 is highest 
in the liver, heart and kidneys. PANK2 is most abundant in the retina and infant basal ganglia. 
The PANK3 gene is expressed ubiquitously in the liver, while PANK4 expression rises in muscle 
tissue. Drosophila has only one PANK gene (dPANK/fumble), which is closely related to human 
PANK220. The human and Drosophila genomes both contain single copies of PPCS, PPCDC, 
PPAT-DPCK and DPCK (CHAPTER 4 and ref. 4). Although the activity of the tentative fly 
homologs has not been demonstrated, comparative genomics and 3D remodeling indicate that 
these genes constitute functional homologs of their human counterparts (CHAPTER 4). 

The main stores of CoA in eukaryotic cells are the peroxisomes and the mitochondria  
where CoA is utilized for fatty acid β-oxidation and as a cofactor in the Kreb’s cycle, 
respectively8,21-24. As the first and the final two enzymes in the CoA synthesis pathway, PANK2 
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and PPAT-DPCK, are targeted to the mitochondria, it was proposed that a complete de novo 
CoA synthesis route is present in/at the mitochondria16,25-30. Feedback regulation of de novo 
CoA synthesis also occurs at the level of these two enzymes16,18,25,27,28,31. PANK2 activity 
is stimulated by palmitoylcarnitine and carnitine, and inhibited by CoA and its acyl esters 
(palmitoyl-CoA, malonyl-CoA, acetyl-CoA), while the activity of PPAT-DPCK is stimulated 
by phosphatidylethanolamine (PE) and phosphatidylcholine (PC). The remaining two enzymes, 
PPCS and PPCDC, may form large cytoplasmic enzyme complexes as determined by comparative 
3D modeling32,33. 

Flies have 1 PANK gene, while humans possess 4 genes (PANK1-4). In humans only 
PANK2 is targeted to the mitochondria and it could be that PANK1,3,4 are targeted elsewhere 
in the cell14. In analogy, the Drosophila dPANK locus encodes multiple isoforms, whose 
predicted and immunohistochemically determined cellular localization differs and includes a 
mitochondrial targeted isoform (ref. 20 and unpublished data). Thus although CoA biosynthesis 
occurs at/in the mitochondria, production of this cofactor is likely not restricted to this organelle, 
but nonetheless mitochondrial CoA synthesis may represent a crucial production site28,34. 

→ Figure 1. Pantothenate and lipid metabolism.
(A) Higher eukaryotes depend on dietary pantothenate to produce CoA, which is proposed to take place mainly at 
the mitochondria16,25-28. Pantothenate is phosphorylated to 4’-phosphopantothenate by pantothenate kinase (PANK). 
Next a cysteine is added by the 4’-phosphopantothenoylcysteine synthetase (PPCS) to form (R)-4’-phospho-N-
pantothenoylcysteine which is decarboxylated by (R)-4’-phospho-N-pantothenoylcysteine decarboxylase (PPCDC) 
and produces 4’-phosphopantetheine. This 4’-phosphopantetheine receives an adenylyl group transferred from 
ATP mediated by 4’-phosphopantetheine adenylyltransferase (PPAT) and releases dephospho-CoA, which is then 
phosphorylated by dephospho-CoA kinase (DPCK) to finally yield CoA2-5. E.C. numbers are indicated. 
(B) Schematic diagram of the de novo CoA biosynthesis in animals. The Drosophila genome encodes a single 
copy of PANK, PPCS, PPCDC, a bifunctional PPAT-DPCK and a DPCK. 3D modelling revealed that hPPCS 
might form large enzymatic complexes with hPPCDC32,33. Mammalian PANK can also utilize pantetheine and N-
pantothenoylcysteine to produce 4’-phosphopantetheine and (R)-4’-phospho-N-pantothenoylcysteine, respectively13. 
CoA and its acyl esters are utilized by many enzymes involved in the cellular metabolism including the Kreb’s cycle, 
fatty acid metabolism and the synthesis of some amino acids. Feed back regulation of CoA biosynthesis occurs at the 
level of PANK16,18,27,28,31 and PPAT-DPCK25. (PE); phophatidylethanolamine, (PC); phosphatidylcholine.
(C) Simplified diagram of the biochemical routes towards the production of the major phospholipids reconstructed 
form the Kyoto Encyclopedia of Genes and Genomes database (www.genome.ad.jp). Although phospholipids can 
be synthesized from many alternative routes, the key step during de novo phospholipid biosynthesis represents 
the formation of phosphatidic acid (PA). Formation of PA requires acyl-CoA (enzymatic steps depicted in dashed 
lines) and mutations in the de novo CoA biosynthesis are predicted to reduce synthesis of this precursor. Enzymes 
are depicted in white spheres (Enzyme Commission (E.C.) numbers are indicated), while the lipids are depicted in 
black spheres. 
(D) Schematic view of the major lipid synthesis routes that depend on CoA. Lipids are essentially synthesized 
from pantothenate and sugars, which are used to produce CoA and glycerol respectively. Sugars are converted to 
glycerol and pyruvate during glycolysis. In the mitochondrium pyruvate can be converted into acetyl-CoA and esters 
and subsequently enters the tricarboxylic acid cycle (Kreb’s cycle) is used to synthesize CoA, CoA is acetylated 
and acetyl-CoA can be transported to the ER where it is used for the formation of O-acetylated gangliosides 
(sphingoglycolipids). Acetyl-CoA is essential for the activation/transport of fatty acids to the peroxisomes and 
mitochondria, and subsequently for the β-oxidation of these fatty acids in these compartments. Glycerol and acyl-
CoA are required for the production of CDP-diacyl-glycerol, which is the precursor for the synthesis of phospholipids. 
Glycerol can also be generated from the triglycerides (triacylglycerol). Although, triglycerides/triacylglycerol 
constitute the major form of the dietary fat and lipid storage, de novo triglycerides can also be synthesized from 
CDP-diacyl-glycerol or fatty acids. The drawing is based on: the KEGG database and ref. 14,104. 
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Pantothenate kinase-associated neurodegeneration
Many pathological conditions such as alcoholism, starvation, diabetes, and certain tumors are 
associated with altered CoA metabolism4,35. Moreover, genetic analysis linked two neurological 
disorders to mutations in the PANK2 gene: hypoprebetalipoproteinemia, acanthocytosis, retinitis 
pigmentosa, and pallidal degeneration (OMIM 234200; HARP)36,37 and pantothenate kinase-
associated neurodegeneration (PKAN)2,15,38. Both syndromes are classified as neurodegeneration 
with brain iron accumulation (NBIA). NBIA comprises a heterogeneous group of disorders that 
all are accompanied with iron accumulation in the brain. Essentially two groups exist, the first 
group comprises all cases with known mutations in ferritin39, ceruloplasmin40, PLA2G641 or 
PANK22, while the second group represents all cases of idiopathic origin. PANK2 deficiency 
is the most common cause of NBIA and accounts for approximately 50% of all known cases. 
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PKAN patients display iron depositions in the basal ganglia and/or globus pallidus that give a 
characteristic MRI signal known as the eye-of-the-tiger sign42,43. However iron accumulation is not 
entirely pathognomonic for PKAN44,45. PKAN is further characterized by motor symptoms such 
as dystonia or parkinsonism, mental retardation and retinitis pigmentosa2,46,47. Acanthocythosis 
and abnormal plasma lipoproteins have also been associated with PKAN36,48. Although the 
clinical and histological features of PKAN have been described in detail and the affected gene 
(PANK2) has been cloned2, the complex pathology of PKAN is far from understood and no 
therapies are available to delay the neurodegeneration. Moreover, several patients that show the 
clinical symptoms of PKAN do not carry a mutation in their PANK2 gene49,50. This implies that 
there are other causative genes, but these have not been identified to date51.

The origin of iron accumulation in the brains of PKAN patients is unclear, however, 
it was speculated that the chelation of iron by cysteine-containing moieties found in the 
substrates for PANK2 (N-pantothenoylcysteine and pantetheine) and cysteine itself result in 
iron deposition2,52. This hypothesis is supported by the findings that the brains of a few PKAN 
patients (although only clinically diagnosed) contained high cysteine levels53 and flies that 
carried a mutation in dPANK were sensitive to high levels of cysteine in their food (CHAPTER 
4). Alternatively, the PANK2 protein localizes to mitochondria and mutations in PANK2 may 
alter specifically neuronal mitochondrial CoA biosynthesis in PKAN, and it was hypothesized 
that disrupted mitochondrial lipid synthesis due to reduced CoA synthesis may also affect 
normal iron metabolism27. The mitochondria are the main consumers of iron where it is used for 
heme synthesis and for Fe-S cluster biogenesis54,55. Fe-S cluster formation in the mitochondria 
requires enzymes from the Kreb’s cycle and the respiratory chain and it is possible that mutations 
in PANK2 (but also in PLA2G6, which encodes a phospholipase required for phospholipid 
homeostasis) affect membrane integrity thereby also influencing the import of Fe and/or the 
activity of enzymes involved in Fe-S cluster formation27,52. Finally, altered heme synthesis may 
also contribute to the iron accumulation observed in PKAN patients56,57. The first step of heme 
synthesis occurs in the mitochondria, where δ-aminolevulinic acid (ALA) is formed from a 
condensation reaction of glycine and succinyl-CoA catalyzed by δ-aminolevulinic acid synthase 
(ALAS)58. The rate limiting step in heme biosynthesis in non-erythroid cells is the formation of 
ALA54. Because the formation of ALA relies on succinyl-CoA, which is produced in the Kreb’s 
cycle, it is possible that reduced CoA synthesis in the mitochondria alters the production of 
succinyl-CoA thereby effectively slowing down heme precursor synthesis, which in turn results 
in an accumulation of iron. Recently, it was found in a chemically induced PANK knock-out 
mouse, that succinate, furamate and malate all were reduced in liver samples, indicating that the 
Kreb’s cycle was disrupted and thus could provide the basis for altered heme synthesis34. Future 
experiments should be directed to investigate which of these proposed mechanisms (or other 
mechanism) is the basis for iron accumulation in the brains of PKAN patients.

Several hypotheses have been postulated that could explain PKAN pathogenesis. In 
addition to high iron, also high cysteine levels have been reported in the brains of a few patients 
that were clinically diagnosed with PKAN53. High levels of cysteine might be explained, since 
cysteine incorporation occurs in a step downstream of PANK during de novo CoA synthesis 
mutations in PANK2 may lead to the accumulation of free cysteine (Figs. 1A-B). It has been 
demonstrated that in the presence of iron, free cysteine rapidly autooxidizes (Fenton reaction), 
which leads to the production of hazardous free radicals that can induce oxidative damage59. 
Patients with PKAN often display Lewy bodies composed of abnormal α-synuclein and/or 
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neurofibrillary tangles due to hyperphosphorylated tau aggregation, which may result from 
prolonged exposure to oxidative damage60-63. Although these latter two histological markers are 
likely secondary to the main pathological process (ref. 64 and references herein), Fe/cysteine 
induced oxidative damage was proposed to underlie PKAN pathogenesis2,47. Additionally, 
PANK2 deficiency likely results in impaired CoA synthesis. This may especially affect lipid 
homeostasis14 and could explain the changes in blood cell morphology (acanthocytosis) and 
the lipid abnormalities (hypoprebetalipoproteinemi) found in patients with PKAN37,48,65. Fe/
cysteine induced lipid peroxidation66 in cells already deprived of normal lipid metabolism 
could also enhance disease severity and/or progression. Finally, PKAN has been classified as 
a Parkinson related disease (Parkinsonism) associated with aberrant mitochondrial PANK2 
function27,67,68. The PANK2 protein is targeted to the mitochondria and disrupted PANK2 activity 
can cause mitochondrial dysfunction27,28,34, which may lead to decreased resistance to reactive 
oxygen species (ROS), a feature implicated in Parkinson’s disease and Alzheimer’s disease 
pathogenesis, and as such cause neurological damage. Although increased oxidative damage 
due to mitochondrial dysfunction has been implicated in various neurodegenerative diseases 
(reviewed in ref. 68), studies performed with a Drosophila model of PKAN, generated in our 
laboratory (CHAPTER 4), indicate that increased oxidative damage is not the primary cause for 
neurodegeneration as will be discussed in the following paragraphs.

Animal models of PkAn
To investigate how PANK2 deficiency could elicited a neurodegenerative disorder, a PanK2 
knock-out mouse was created69. PanK2 mutant mice suffer from retinal degradation, but these 
mice do not display signs of neurodegeneration or impaired locomotor activity69. Despite PanK2 
mutant mice failed to develop a neurological phenotype, wild-type mice fed with a pantothenate 
deficient diet developed symptoms of neurological impairment11. This suggest that a general 
impairment in CoA biosynthesis, rather than a mutation in PANK2, underlies PKAN. Although 
wild-type mice deprived of pantothenate might be useful for future studies, thus far no clear 
answers have been obtained about PKAN disease pathogenesis from PanK2 deficient mice. 

On the contrary, Drosophila mutants that carry mutations in their dPANK, dPPCS or 
dPPAT-DPCK locus, exhibit progressive loss of locomotor activity, show abnormal muscle 
contraction, display reduced lifespan, become paralytic when exposed to heat and display 
features of retina/brain degeneration (CHAPTER 4, table 1). These observations are in line with 
several studies in Drosophila that established a connection between neuronal dysfunction and 
neurodegeneration. Mutants that exhibit neurodegeneration frequently display a combination 
of observable phenotypes such as reduced lifespan, progressive loss of locomotor activity or 
become paralytic when exposed to heat (ref. 70 and references herein). The findings inferred from 
our analyses of the Drosophila CoA mutants demonstrate that mutations in CoA biosynthesis 
enzymes in general cause neuronal dysfunction and thus provide genetic evidence that supports 
the findings in mice that were fed with a pantothenate deficient diet11. Therefore, other enzymes 
in the de novo CoA biosynthesis, PPCS, PPCDC, PPAT-DPCK and DPCK are candidate genes, 
that might be mutated in NBIA cases of idiopathic origin. Although some PKAN patients that did 
not carry a mutation in the PANK2 locus were screened for mutations in other CoA biosynthesis 
enzymes, no patient with such a mutation has been identified51.



General discussion and summary

 91   

6PkAn, the Ros theory and mitochondrial dysfunction
Neurodegenerative diseases such as Parkinson’s disease and Alzheimer’s disease have been 
linked to mitochondrial dysfunction (reviewed in ref. 68). NBIA which includes PKAN has also 
been classified as a disease related to mitochondrial dysfunction68 and mitochondrial dysfunction 
associated with mutations in PANK2 has been reported in humans and mice27,28,34. Mitochondrial 
dysfunction in flies is frequently associated with decreased resistance to ROS. Consistent with a 
role for CoA in maintaining mitochondrial integrity, young dPANK, dPPCS and dPPAT-DPCK 
mutant flies are decreased resistant to exogenously applied ROS (CHAPTER 4). Although 
mitochondrial (dys)function has not been investigated in CoA mutant flies, mitochondrial CoA 
synthesis likely represent a crucial production site28,34 and therefore it is possible that decreased 
resistance to ROS in CoA mutant flies is due to mitochondrial dysfunction. dPPCS mutants were 

Table 1. Summary of phenotypes caused by mutations in the Drosophila CoA biosynthesis enzymes.
physiologic abnormalities  dPANK/fumble   dPPAT-DPCK       dPPCS

delayed larval development  ++ (5) +/- (5) + (5)
reduced larval viability  ++ (*) - (*) - (*)
reduced pupal viability  ++ (*) + (*) - (*)
KO lethal  +++ (1) +++ (*) +++ (3)
reduced larval motility  +++ (3) + (3) - (3)
reduced flight performance  +++ (3) + (3) ++ (3)
abnormal muscle contraction  +++ (3) + (3) ++ (3)
impaired geotaxis  +++ (3) ++ (3) + (3)
progressive locomotor dysfunction ND  ++ (3) ++ (3)
paralytic upon heat-shock  ND  + (3) ++ (3)
decreased lifespan  +++ (3) ++ (3) + (3)

cellular/nuclear abnormalities  
aberrant mitosis ++  (1,3) + (3) + (3)
enhanced apoptosis  +++ (3) + (3) ++ (3,4)
enhanced DNA damage  + (3) - (3) + (3,4)
cytokinesis defects  ++  (1) +  (*) + + (5)
abnormal chromatin  ++ (5) - (5) ++ (*,4)
aberrant F-actin dynamics  ++ (1,4) ++  (4) +++ (4)
reduced Akt/PKB phosphorylation ++ (4,5) ++ (4,5) ++ (4,5)
G2/M checkpoint defects   ND  ND  - (*)
impaired DSB repair during meiosis ND  ND  - (5)

other    
sensitivity to IR ++ (3) +++ (3) ++ (2,3)
sensitive to HU ND  ND  ++ (2,*)
sensitive to MMS  ND  ND  ++ (*)
sensitivity to cysteine  + (3) - (3) + (3)
reduced triglycerides  ++ (3) ++ (3) ++ (3)
abnormal neutral lipids  + (4) + (4) + (4)
reduced phospholipids  ND  ND  ++ (3)
abnormal PtdIns(4,5)P2  ND  ND  ++ (4)
reduced pericerebral fat body  ND  ND  +++ (3)
neurodegeneration  +  (*) +   (*) + (3)
retinal degeneration  ND  ND  + (3)
sensitive to oxidative stress  +++ (3) +++ (3) + (3)

fertility and patterning defects 
male fertility defects   ++  (1) ++ (*) ++ (5,*)
female fertility defects  +++ (1,4) ++ (3,4) +++ (2-4)
poorly developed ovaries  +++ (4) +++ (4) +++ (4)
egg shell patterning defects  +++ (4) ++ (4) +++ (4)
venation patterning defects  ++ (4) ++ (4) ++ (4)
bristle patterning defects  +  (4) ++ (4) + (4)
aberrant Notch, Grk, Egfr signaling  ND  ND  ++ (4,*)

(ND) not determined, (-) not present/affected, (+) present/affected, (++) present/clearly affected, (+++) present/extremely affected,  
(1) Afshar et al., 2001, (2) CHAPTER 2, (3) CHAPTER 4, (4) CHAPTER 5, (5) CHAPTER 6, (*) unpublished,
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only slightly sensitive to exogenously applied ROS compared to dPANK and dPPAT-DPCK 
mutants. Regulation of CoA biosynthesis occurs at the level of PANK and PPAT-DPCK, but 
not PPCS16,18,25,27,28,31 and this difference could explain why dPPCS mutants are less sensitive 
for exogenously applied ROS. In case dPPCS is mutated dPANK and/or dPPAT-DPCK activity 
might be upregulated to compensate for reduced (R)-4’-phospho-N-pantothenoylcysteine 
synthesis (Fig. 1B). Alternatively, phosphorylation of pantetheine and pantothenoylcysteine by 
PANK13 could bypass PPCS, but not PPAT-DPCK, and these routes might be stimulated when 
dPPCS is mutated. 

An attractive model to explain PKAN disease pathogenesis involves enhanced 
oxidative damage as a result of impaired Fe/cysteine metabolism, which could drive the Fenton 
reaction59, leading to the production of ROS2. Because cysteine incorporation occurs upstream 
of dPANK and dPPCS, dPPAT-DPCK mutants would be insensitive for cysteine intoxication. 
In agreement with this hypothesis survival of dPANK and dPPCS mutants, but not dPPAT-
DPCK, decreased when larvae were exposed to high cysteine concentrations (CHAPTER 4). 
Combined overexpression of three ROS scavengers (a CuZn-superoxide dismutase (SOD), a 
catalase (CAT) and a thioredoxin reductase (TRX), which are all present on one chromosome71) 
could rescue the sensitivity to cysteine of the dPANK and dPPCS mutants, indicating that the 
observed cysteine induced lethality was likely due to elevated oxidative damage. Therefore 
a Fenton reaction might generate ROS in the dPANK and dPPCS mutants, but not in dPPAT-
DPCK mutants. Importantly, since dPPAT-DPCK mutant flies are neurologically impaired, but 
do not display sensitivity to cysteine, these data imply that altered Fe/cysteine metabolism is 
not the primary cause for neuronal dysfunction in CoA mutant flies. This is further supported 
by findings that overexpression of ROS scavengers in young dPPCS and dPPAT-DPCK mutant 
flies could not rescue their inability to climb against gravity (CHAPTER 4). Nevertheless, it is 
likely that oxidative damage contributes to the progressive (secondary disease pathogenesis) 
loss of locomotor activity in aged flies, and mitochondrial dysfunction in the dPANK and dPPAT-
DPCK mutants could also explain their more severe phenotype compared with the dPPCS 
mutants, especially lifespan (table 1)72,73. Consistent with these findings in Drosophila, the 
α-synuclein and tau pathology, which might be due to prolonged exposure to oxidative stress, 
in PKAN patients are likely secondary to the main pathological process (ref. 64 and references 
herein). Therefore we propose that, although mutations in the CoA biosynthesis enzymes 
result in decreased resistance to oxidative stress (possibly due to mitochondrial dysfunction) 
and increased production of ROS (possibly due to the Fenton reaction), the onset of neuronal 
dysfunction in flies and possibly PKAN patients originates from downstream effects, induced 
by impaired CoA biosynthesis, other than oxidative damage.

PkAn and lipid metabolism
CoA and its acyl esters constitute essential cofactors required for many metabolic reactions and 
especially lipid metabolism is known to make extensive use of these cofactors (Fig. 1C)14,34. 
Acyl-CoA is required to synthesize phosphatidic acid (PA), which is a main precursor for many 
lipids, and CoA is utilized as a cofactor in the mitochondria and peroxisomes to support the 
β-oxidation of fatty acids (Fig. 1D). A major component of the very low density lipoproteins 
(VLDL) are the triglycerides, which play an important role in metabolism as energy sources 
and transporters of dietary fat. Abnormal plasma lipoproteins and acanthocythosis, features of 
aberrant lipid homeostasis, have been associated with PKAN36,48. Because NBIA can also result 
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from mutations in PLA2G641, which encodes a calcium-independent group IV phospholipase 
A2 that is important in phospholipid remodeling, arachidonic acid release, leukotriene 
and prostaglandin synthesis, and apoptosis74, it was proposed that mutations in PANK2 or 
PLA2G6 cause changes in lipid homeostasis and as such cause neurodegeneration52 and retinal 
degeneration2. Recently, it was demonstrated that PANK2 can bind to palmitoylcarnitine and 
it was hypothesized that PANK2 senses the levels of palmitoylcarnitine in mitochondria and 
up-regulates CoA biosynthesis in response to an increased mitochondrial demand for this 
cofactor to support β-oxidation of fatty acids28,34. Secondary to changes in lipid homeostasis as 
the primary mechanism of PKAN pathogenesis, Fe/cysteine induced lipid peroxidation66 may 
enhance disease severity and/or progression75,76.

Consistent with a general impairment in lipid homeostasis, ablation of de novo CoA 
biosynthesis in mice using the competitive inhibitor of PANK, hopantenate (HoPan), and profiling 
the changes in intracellular metabolism and gene expression in hepatocytes revealed that when 
CoA synthesis is reduced, the intracellular metabolism is shifted towards maintaining the pool of 
non-esterified CoA, which is critical for mitochondrial functions (gluconeogenesis, β-oxidation 
of fatty acids, Kreb’s cycle and urea cycle)34. In addition, mice developed hypoglycemia and 
insulin levels were reduced, while glucagons and corticosterone were elevated, demonstrating 
an impairment in lipid/hormone homeostasis. Similarly, array analysis revealed changes in the 
expression of genes involved in lipid metabolism, but also revealed large changes in organic 
acid/carboxylic acid and protein metabolism, confirming the essential and central role of CoA 
in intermediary metabolism. This chemically induced knock-out mouse of PANK clearly 
demonstrated the essential role of CoA to maintain physiological integrity, but unfortunately the 
authors did not investigate whether HoPan treatment elicited a movement disorder in mice.

Like in humans and mice, mutations in the Drosophila CoA enzymes also impaired 
lipid metabolism. Mutant females synthesized less neutral lipids (triacylglycerol (TAG) and 
sterol esters) during oogenesis, while adult flies contained reduced amounts of stored fatty acids 
in the form of triglycerides, had reduced amounts of phospholipids and the pericerebral fat 
bodies of dPPCS mutant flies were decreased in size (CHAPTER 4-5). These findings in mice 
and flies support the hypothesis that changes in lipid metabolism may be the primary defect that 
underlies PKAN disease pathogenesis. In Drosophila 4-hydroxy-2-nonenal (HNE), a marker for 
oxidative damage to lipids, primarily accumulates in the pericerebral fat body in an age dependent 
manner77. Although levels of HNE or of malondialdehyde (MDA), the most abundant product 
derived from unstable lipid peroxides, were not measured in CoA mutant flies, depletion of the 
lipid stores and reduced production of lipids may slow the renewal of damaged membranes and 
lipid peroxides, which may be especially harmful75,76, thereby affecting the integrity of tissues 
including the central nervous system (CNS) and thus enhance the neurological phenotype of 
CoA mutant flies. Future experiments should be aimed at identifying to what extend oxidative 
damage to lipids contributes to disease progression (decreased lifespan and progressive loss of 
locomotor function).

To date little is known about a possible link between lipid metabolism and neuronal 
dysfunction in flies. Currently only three genes have been characterized that when mutated 
cause neurodegeneration and affect lipid synthesis: bubblegum (bmg), löchrig (loe) and swiss-
cheese (sws)78-81. Despite the fact that mutations in these three genes affect lipid homeostasis, no 
common mechanism (specific lipid biosynthesis route) that would explain the neurodegenerative 
phenotype of mutant flies can be identified: bmg is required for β-oxidation of fatty acids, loe 



CHAPTER 6

94

is involved in cholesterol homeostasis, while sws is required for the synthesis of PC, TAG and 
sterol esters. Likewise, mutations in CoA synthesis enzymes affect several branches of lipid 
biosynthesis and it remains to be determined whether the neurodegenerative phenotype is the 
result of changes in the synthesis of a particular lipid. More importantly, although several studies 
demonstrated that impaired CoA biosynthesis is associated with changes in lipid homeostasis, 
experimental data that unambiguously places impaired lipid homeostasis at the basis of PKAN 
disease pathogenesis is still lacking. 

CoA in response to nutritional changes
Besides biochemical feedback regulation, tissue levels of CoA and acyl-CoAs are also under 
transcriptional and nutritional control. The human PANK2 gene encodes two experimentally 
confirmed miRNAs82,83, which were proposed to act synergistically with their “host” (PANK2) 
to control cellular levels of acetyl-CoA and lipid levels84. In mice the peroxisome proliferator-
activated receptor alpha (PPARα) transcription factor, which is a key regulator of lipid 
metabolism, regulates CoA concentrations via regulation of PanK1 gene expression19. PPARα 
also regulates gene expression of the acyl-CoA thioesterases, which hydrolyse acyl-CoA to the 
free fatty acid and CoA, to control intracellular concentrations of CoA (reviewed in ref. 85). 
In mice, liver PanK activity decreases following fastening and increases following feeding, 
increases during diabetes, and increases after treatment with hypolipidemic agents (reviewed in 
ref. 12,14 and references herein). Because CoA is critical for intermediary metabolism, changes in 
the levels of acyl-CoA and CoA could have devastating consequences and therefore intracellular 
concentrations are mostly likely strictly maintained, which was clearly demonstrated in HoPan 
treated mice34. Interestingly, HoPan treated mice also had abnormal levels of insulin, glucagons 
and corticosterone, indicating that hormone signaling was disrupted. Moreover, PanK2 deficient 
mice suffered from growth retardation69. These observations suggest that reduced CoA synthesis 
mimics “intracellular” conditions of poor nutrition. 

The insulin and insulin-like growth factor signaling routes are well characterized and 
conserved pathways that involve many factors that control protein translation, proliferation, 
apoptosis, lifespan, motility and growth86-97. Regulation of growth, body size and reproduction 
of Drosophila is largely controlled by transcriptional responses to amino acids, sugars and 
insulin/insulin-like growth factor signaling98-103. Array analysis revealed that many of the 
Drosophila genes involved in the conversion of sugars into fatty acids, which also depends on 
CoA and its acyl esters, are regulated by dietary sugars104. Although little is known about the 
regulation of CoA in Drosophila, these studies suggest that, like in mammalian systems, levels 
of CoA are strictly maintained and respond to nutritional changes. If true this also implies that 
when de novo CoA synthesis is disrupted in flies, processes downstream of insulin/insulin-like 
signaling would be affected. In fact many phenotypic characteristics of the CoA mutants point 
to a defect in insulin receptor (InR) signaling (table 1). InR activation results in the conversion 
of PtdIns(4,5)P2 to PtdIns(3,4,5)P3 mediated by phosphatidylinositol 3-kinase (PI3K), which 
in turn results in the activation of several effector kinases (Fig. 2A). Drosophila CoA mutants 
produced approximately 50% less phospholipids (PE, phosphatidylserine (PS), PC) and no 
changes in the ratio between the individual phospholipids were detected compared to wild-
type ratios (CHAPTER 4). Therefore it is likely that the synthesis of phosphatidylinisitol 
(PtdIns), the precursor for all phosphoinositides105, would be affected as well (Fig. 1C), 
thereby effectively modifying insulin/insulin-like growth factor signaling. Consistent with this 



General discussion and summary

 95   

6

hypothesis, membrane levels and localization of a PLCδ-PH-GFP fusion protein106, which is 
able to bind to PtdIns(4,5)P2, was disrupted during oogenesis in dPPCS mutants, demonstrating 
that PtdIns(4,5)P2 homeostasis is changed in CoA mutant flies (CHAPTER 5). 

A crucial mediator of insulin/insulin-like growth factor signaling is protein kinase 
B (Akt/PKB), which becomes phosphorylated upon stimulation and is an important regulator 
of actin dynamics, lipid storage, growth, proliferation, glycogen synthesis, and protein 
translation92,94,95,95-97,107. Moreover, Akt/PKB is a regulator of cell survival and plays a role in 
the induction of apoptosis. Whereas hyperphosphorylation of Akt/PKB results in survival, 
decreased phosphorylation induces apoptosis108,109. The brains of CoA mutant larvae displayed 
enhanced apoptosis, which correlated with decreased phosphorylation of Akt/PKB, suggesting 
that conversion of PtdIns(4,5)P2 into PtdIns(3,4,5)P3 was reduced (Fig. 2B). Neuronal survival 
during growth, development and maturation of the CNS depends on Akt/PKB signaling (reviewed 
in ref. 110,111) and aberrant PtdIns(4,5)P2-Akt/PKB signaling due to defects in de novo CoA 
biosynthesis thus may affect neuronal survival during development of the CNS. Moreover, 
impaired development and maturation of the CNS could explain neuronal dysfunction in young 
flies and therefore may also explain the onset of the early locomotor symptoms in patients with 
classic PANK during childhood. 

Several animal studies demonstrated that impaired insulin/insulin-like growth 
factor signaling inflicts a neurodegenerative phenotype similar to that found in patients with 
Alzheimer’s disease (reviewed in ref. 111). More specifically, since Alzheimer’s disease is 
associated with impaired insulin/insulin-like growth factor signaling within the brain it was 
proposed that Alzheimer’s disease represent a brain-specific form of diabetes (Type 3 diabetes)112. 
Alzheimer’s disease and PKAN are both associated with progressive neurodegeneration that 
shares similarities and it would be of interest to explore whether altered CoA synthesis causes a 
diabetes-like phenotype in the brains of PKAN patients. 

Drosophila CoA mutants also displayed growth delay, had fecundity defects, had 
poorly developed ovaries, synthesized less lipids, displayed aberrant actin dynamics and had 
reduced lifespan (CHAPTER 4-5, table 1). All these phenotypic defects may also result from 
downstream events caused by aberrant PtdIns(4,5)P2-Akt/PKB signaling and will be discussed 
in more detail below (see Fig. 2A). Although depletion of CoA mimics intracellular conditions 
of poor nutrition and likely result in reduced production of many compounds including 
PtdIns(4,5)P2, we cannot exclude the possibility that abnormal hormonal levels including 
insulin, which has been reported in HoPan treated mice34, also disrupt PtdIns(4,5)P2 signaling in 
CoA mutant flies by modifying InR activity directly. 

Ptdins(4,5)P2-Akt/PkB signaling 
In cells, a highly dynamic pool of seven different inositol phospholipids exists whose spatial and 
temporal activity are strictly regulated (reviewed in ref. 113). PtdIns is the main precursor for all 
the different phosphoinositides and is produced from the condensation of CDP-diacylglycerol 
(CDP-DAG) and myo-inositol by phosphatidylinositol synthetase, which takes place mainly at 
the membranes of the ER and the plasma membrane114,115. The PtdIns represent approximately 
5-15% of the total pool of phospholipids105. Because acyl-CoA is an essential precursor for the 
synthesis of CDP-DAG and thus the PtdIns (Fig. 1C), CoA biosynthesis likely interferes with 
PtdIns homeostasis. CDP-DAG and PA are also essential precursors for the synthesis of all 
major phospholipids, and reduced production of these precursors due to mutations in the CoA 
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biosynthesis enzymes could explain why dPPCS mutant flies produced less PC, PE and PS 
(CHAPTER 4).

PtdIns signaling is essential for all processes that require actin-cytoskeletal remodeling 
(reviewed in ref. 113,116,117). Remodeling of the actin cytoskeleton occurs during various 
processes of Drosophila oogenesis and include cyst budding, cyst encapsulation, the establishment 
of planar cell polarity, cytoplasmic dumping and cell migration (reviewed in ref. 118). Although 
actin dynamics during oogenesis are well studied and many components have been identified, 
the contribution of lipids during these processes is poorly understood. In CoA mutant female 
flies, egg chamber production during oogenesis is severely hampered and as a result females 
suffer from fertility and fecundity defects. Interestingly, disrupted egg chamber development 
coincided with altered F-actin remodeling in all CoA mutants and also abnormal membrane 
localization and levels of PtdIns(4,5)P2 were found in dPPCS mutant females (CHAPTER 
5). PtdIns(4,5)P2 is one of the most abundant phosphoinositides and is mainly localized at the 
plasma membrane113. It has been demonstrated that PtdIns(4,5)P2 can directly influence actin 
polymerization by promoting the dissociation of capping proteins and can also act in cooperation 
with small GTPases such as Cdc42 (and via GEFs) in controlling ARP2/3-mediated nucleation 
of actin networks113. A proper balance between PtdIns(4,5)P2 and PtdIns(3,4,5)P3 at distinct 
locations within the plasma membrane is required for actin remodeling106 and PtdIns(4,5)P2 is 
essential to mediate cohesion between the plasma membrane and the underlying cytoskeleton119. 
Thus it is likely that reduced membrane levels of PtdIns(4,5)P2 underlie the F-actin remodeling 

Figure 2. Mutations in CoA synthesis affect 
Ptdins/growth factor signaling. 
(A) In response to nutrients/ insulin/insulin-
like growth factor signaling PtdIns(4,5)P2 
is converted to PtdIns(3,4,5)P3 mediated 
by PI3K to support various aspects of cell 
growth, division, motility and survival. The 
downstream effector kinases are shown; 
PDK1, S6K, RSK, Akt/PKB. PtdIns(3,4,5)P3 
is converted back to PtdIns(4,5)P2 by the 
action of 3-phosphatidylinositide phosphatase 
PTEN to support survival in conditions of 
poor nutrition. DAG and InsP3 produced from 
PtdIns(4,5)P2 by phospholipase C (PLC) are 
known to modulate protein kinase C and 
calcium signaling. Various essential cellular 
processes that are regulated by PtdIns/growth 
factor signaling are indicated. Because many 
aspects of the PtdIns/growth factor signaling 
are disrupted in CoA mutant flies (light grey 
font), we propose that this signaling route is 
key in understanding the early developmental 
defects found in CoA mutant flies. References 
are indicated.
(B) Protein extracts from wild-type and CoA 
mutant third instar larval brains were analyzed 
for Akt/PKB Ser505 phosphorylation (Akt/PKB-P) by Western blotting. dPANK1/1, dPPAT-DPCK43/43 and dPPCS1/1 
larval brains contain reduced amounts of Akt/PKB-P. Overexpression of P[dPPCS] in dPPCS1/1 (P[dPPCS]/
+;dPPCS1/1) restored levels of Akt/PKB-P in this mutant. Blots were incubated with antibodies against β-actin as a 
loading control and levels of phosphorylated Akt/PKB were determined from 3 Westerns with ImageJ using β-actin 
as an internal control. 
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defects in the CoA mutants. Moreover, the ovaries from all CoA mutants contained reduced 
levels of phosphorylated Akt/PKB implying that, like in the larval brains, the conversion of 
PtdIns(4,5)P2 to PtdIns(3,4,5)P3 is disrupted. Because F-actin remodeling also relies on Akt/PKB 
activity95,120,121, these findings strongly argue that impaired F-actin dynamics during oogenesis 
in the CoA mutants are due to, like in many other systems, aberrant PtdIns(4,5)P2-Akt/PKB 
signaling possibly as a result of reduced PtdIns synthesis.

During Drosophila oogenesis, not only F-actin remodeling processes depend on 
PtdIns(4,5)2-Akt/PKB signaling, but several studies in the Drosophila female reproductive 
system also implicated a link between defective neutral lipid droplet (TAG and sterol esters) 
synthesis and changes in PtdIns(4,5)2-Akt/PKB signaling. For example, Akt/PKB signaling (via 
LSD2) is essential for the regulation of neutral lipid synthesis and lipid droplet formation during 
Drosophila oogenesis107,122. Furthermore, a mutation in the DGAT/midway gene, which converts 
diacylglycerol (DAG) into TAG, also affects neutral lipid biosynthesis and causes aberrant F-
actin remodeling possibly by modifying PKC signaling via DAG123. In CoA mutant females 
both processes, F-actin remodeling and also neutral lipid droplet synthesis (CHAPTER 5), were 
disrupted, implying that a well maintained balance between PtdIns(4,5)P2 and PtdIns(3,4,5)P3 
at the plasma membranes during oogenesis is the key for normal F-actin remodeling and neutral 
lipid droplet biosynthesis. To date aberrant PtdIns(4,5)P2-Akt/PKB signaling in the Drosophila 
CoA mutants is still poorly investigated, but nonetheless analyses of the defects during oogenesis 
in the dPPCS mutant implicate a major role for CoA metabolism during morphogenesis possibly 
by modulating F-actin dynamics. Since morphogenesis during oogenesis is well characterized 
and relatively easy to study, the female reproductive system may be a favorable model to dissects 
the exact pathways that require CoA during morphogenesis. 

CoA and development
Systematic genetic footprinting studies in E. coli demonstrated the importance of the CoA 
biosynthesis enzymes for viability124. Moreover, bacteria deficient for CoA synthesis enzymes, 
could be complemented with genes coding for human CoA synthesis enzymes, confirming the 
functional conservation of the CoA biosynthesis pathway4. Knock-out alleles of dPANK, dPPCS 
and dPPAT-DPCK are also not viable (CHAPTER 4 and ref. 20). However, dPPCS null embryos 
deposited by heterozygous mothers hatched normally (73%, n=840), but did not reach the pupa 
stadium and died as first instar larvae, indicating that dPPCS (or CoA) has a maternal origin. 
In situ hybridization studies and developmental gene expression analysis revealed that dPANK, 
dPPCS, dPPAT-DPCK and the dDPCK mRNAs are indeed maternally supplied (ref. 125, http://
genome.med.yale.edu/lifycycle, www.fruitfly.org). Furthermore, dPANK and dPPCS expression 
peaks upon entry into larval development, which may prelude larval CoA demand for growth 
and energy. Thus when larval growth commences, CoA biosynthesis is upregulated. CoA mutant 
larvae displayed delayed pupation entry and decreased viability, which likely reflect a reduction 
in the production of CoA during larval development. Delayed development of the CoA mutants 
was not accompanied by a visible reduction in body size of the larvae or the adult flies. 

The dPPCS gene (GH03502 mRNA) was identified in a high throughput screen as 
a gene whose expression is controlled by the glial cell missing (gcm) transcription factor126. 
During embryonic development, GH03502 was downregulated in the macrophage precursors 
in a gcm- gcm2- background, while ectopic expression of gcm induced GH03502 transcription 
throughout the CNS. These results suggest that CoA synthesis is essential for the development 
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of the CNS and the immune system. However, non of the CoA enzymes displayed a specific 
in situ expression pattern in embryos (ref. 125, www.fruitfly.org). Similarly, we were unable 
to confirm the in situ dPPCS mRNA expression pattern during embryogenesis (unpublished). 
Nonetheless, CoA biosynthesis is required for tissue morphogenesis during development and 
dPANK, dPPCS and dPPAT-DPCK mutant flies developed ectopic wing veins, had ectopic 
bristles (macrochaetae, sensory cells) on the scutellum and eggs produced by mutant females 
displayed chorion patterning defects (CHAPTER 5). How CoA regulates patterning remains 
elusive, but may involve aberrant receptor signaling due to changes in cytoskeletal remodeling 
as a result of altered PtdIns signaling.

Patterning defects were only investigated in dPPCS mutant females and analyses 
revealed that Gurken (Grk, TGFα-like ligand for Egfr) and Notch were abnormally localized 
during various stages of oogenesis (CHAPTER 5). Because both molecules are required for 
specification of the follicle cells that pattern the chorion127-130, it is likely that these signaling 
routes are affected in dPPCS mutants. Moreover, flies homozygous for a mutation in epidermal 
growth factor receptor (Egfr) and dPPCS were not viable, further suggesting that a mutation in 
dPPCS can modulate Egfr signaling (unpublished). Aberrant follicle cell patterning in dPPCS 
mutant females coincided with severe defects in F-actin dynamics and abnormal membrane 
levels of PtdIns(4,5)P2 during oogenesis (CHAPTER 5). Because PtdIns(4,5)P2 signaling is 
essential for F-actin remodeling, changes in PtdIns(4,5)P2 homeostasis due to impaired CoA 
biosynthesis may lead to cytoskeletal defects. In turn, impaired PtdIns(4,5)P2 homeostasis 
Figure 3. dPPCS mutant males suffer 
from cytokinesis defects.
2-h-old wild-type and mutant spermatids 
during the onion stage were investigated 
for cytokinetic and mitochondrial defects 
by phase contrast microscopy. 
(A) In wild-type testis a cyst of 16 
interconnected primary spermatocytes 
undergo two synchronized meiotic 
divisions accompanied with incomplete 
cytokinesis and results in the production 
of 64 early spermatids that remain 
connected by ring canals. During division 
mitochondria are assembled at the central 
spindle and are equally distributed over 
both spermatids where they form one 
big mitochondria or nebenkern. This 
nebenkern (phase dark) remains associated 
with the nucleus (phase light) and its size 
and spherical structure resemble that of the 
nucleus during the onion stage. Changes 
in size and structure of the nebenkern 
accompanied with the  presence of 2 or 4 
normal sized nuclei are believed to result 
from defective cytokinesis, but not from 
improper karyokinesis165.
(B) dPPCS mutant testis contain big 
nebenkern structures with 2 (boxed arrowheads) or 4 (arrowheads) nuclei and (C) frequently display abnormally 
persistent mitochondrial bridges (arrow).
(D) Approximately 17% of dPPCS1/1 male flies contain testis with >10% abnormal spermatids, while this percentage 
is 82% in dPPCS1/33 males. The number of flies analysed is depicted at the top of each histogram.
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and F-actin remodeling defects would affect the overall structural integrity of all membranous 
structures in cells and the organization of cells within a tissue. Concomitantly, membrane 
associated receptor signaling processes required for cell migration and cell specification will 
be abrogated.  

In summary, the CoA enzymes are not required for cell specification/signaling an sich, 
but affect morphogenesis indirectly possibly by modifying PtdIns levels. Like morphogenesis 
within the ovaries118,131,132, wing vein and bristle patterning also requires Notch signaling and 
actin remodeling133-141. Therefore, we hypothesize that patterning defects in the CoA mutants 
are the result of aberrant actin dynamics due to altered PtdIns signaling, which in turn cause 
dysregulation of signaling routes that specify the vein cells, the sensory cells and the follicle 
cells (CHAPTER 5).

CoA during cell division 
During embryonic cell division and cellularization of the embryonic syncytium, an ubiquitously 
expressed FLAG-tagged dPANK protein localized to the metaphase furrow and the 
cellularization furrow, respectively20. At these sites active membrane addition takes place and it 
was proposed that localized CoA biosynthesis might be required at sites of high lipid demand. 
During cell division PE relocalizes from the inner to the outer leaflet of the plasma membrane 
at the cleavage furrow (reviewed in ref. 142). Because immobilization of PE at the outer leaflet 
results in defective cytokinesis and dPANK mutants exhibited abnormal mitosis, aberrant 
aster separation, disrupted contractile ring formation and cytokinetic failure, it was proposed 
that altered CoA biosynthesis specifically interfered with phospholipid biosynthesis during 
mitosis20. However, dPANK physically interacts with the actin depolymerising factor Twinstar 
(TSR) (cofilin/ADF homolog)143 and mutations in this gene affect chromosome segregation, 
cytokinesis and aster separation, suggesting that changes in actin dynamics also resulted in 
cytokinetic failure144 in dPANK mutants. Interestingly, tsr is also required for planar cell polarity 
patterning in various Drosophila epithelia including the eye and the wing145, demonstrating that 
trs is also crucial during morphogenesis and provides further support for the hypothesis that the 
patterning defects in the dPANK mutants might be due to defects in cytoskeletal remodeling. 
Although it is unlikely that dPANK modulates TSR activity, recruitment of dPANK by TSR 
might allow localized synthesis of lipids at sites of active actin remodeling/membrane synthesis. 
It has been demonstrated that mutations in Drosophila vibrator, a PtdIns transfer protein, result 
in aberrant cytokinesis due to abnormal contractile ring formation146. Similarly, the Drosophila 
phosphatidylinositol 4-Kinase (four wheel drive) and PtdIns(4,5)P2, which are important for 
membrane trafficking, are essential to ensure proper cytokinesis147-149. This again points to 
changes in actin dynamics and PtdIns homeostasis as a key defect in the CoA mutants. Local 
changes in lipid synthesis due to disrupted CoA synthesis might also disrupt PtdIns signaling 
thereby altering localized actin remodeling processes (hence contractile ring formation) and as 
such lead to cytokinetic failure. 

dPANK was originally found in a genetic screen to identify mutations that affect 
male fertility150 and aberrant cytokinesis during meiotic divisions in the male testis resulted 
in abnormal spermatid production20. Like the dPANK mutants, mutations in dPPCS also affect 
male fertility due to abnormalities in cytokinesis (Fig. 3) and during spermiogenesis the dPPCS 
mutants did not form mature sperm tails (strings) (unpublished). Furthermore, a high incidence 
of anaphase defects such as lagging chromosomes or chromatids and fragmented chromosomes, 
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which can give rise to polyploid cells, were found within the brains of CoA mutant larvae during 
development (CHAPTER 4 and ref. 20). 

Increased aberrant mitoses in the larval brain coincided with an increase in apoptotic 
cells, suggesting that disrupted mitosis (in combination with decreased phosphorylation of Akt/
PKB) results in the induction of apoptosis. Larval brains from dPANK and dPPCS mutants, but 
not dPPAT-DPCK mutants, also frequently exhibited abnormal chromatin condensation during 
mitosis (Fig. 4). Surprisingly, the larval brains from dPANK and dPPCS mutants, but not the 
dPPAT-DPCK mutant, also displayed increased staining of phosphorylated Histone 2AvD (γ-
H2AvD) (CHAPTER 4), which is indicative for the presence of DNA double strand breaks 
(DSBs)151,152.

During stage 1-6 of oogenesis the somatically derived follicular epithelium that 
surrounds the germ line cells (nurse cells and oocyte) is mitotically active153,154. The mitotically 
active follicle cells in dPPCS mutant ovaries also displayed enhanced γ-H2AvD staining and 
were undergoing apoptosis (CHAPTER 4). After the mitotic-to-endocycle switch within the 
follicular ephitelium, which occurs between stage 6-7, nurse cell chromatin dispersion occurs. 
Initially, the nurse cell chromosomes show a characteristic 5-lobed appearance and by stage 6 
they are completely dispersed. In dPPCS mutant nurse cells chromatin (de)condensation was 
not completed at stage 7 and the chromatin was also frequently apoptotic, but the mitotically 
inactive nurse cells did not display increased γ-H2AvD staining (CHAPTER 5). Furthermore, 
the nuclei of the nurse cells were frequently heterogeneous in size, which may indicate that the 
switch from mitosis to endoreplication was misregulated. Thus the CoA biosynthesis enzymes 
are required to maintain chromatin integrity in mitotically active (follicle cells, brain cells) and 
inactive cells (nurse cells), but accumulation of DNA damage is restricted to mitotically active 
cells. 

Figure 4. Larval brains from 
dPANK and dPPCS mutants display 
abnormal chromatin organization 
during mitosis.
Third instar larval brains were. 
labelled with an antibody directed 
against pH3Ser10 to visualize mitotic 
chromatin. 
(A-D) Mitotic chromatin 
condensations that were frequently 
found in dPANK1/1 and dPPCS1/33 
brains, but not in dPPAT-DPCK43/43. To 
our knowledge the presence of these 
profound chromatin structures has not 
been reported and currently we do not 
understand how these structures arise. 
Phosphorylation of histone H3Ser10 
initiates during prophase and is rapidly lost during progression through telophase166. The observed structures might 
represent prophase H3Ser10 phosphorylation. However, such chromatin structures are never that profound. To 
date, we speculate that these structures arise prior to the assembly of chromosomes at the metaphase plate and are 
therefore referred to as abnormal metaphase condensations. 
(e) Quantification of abnormal metaphases as observed in A-D. The presence of metaphase defects is higher in 
dPANK1/1 and dPPCS1/33 brains, but not in dPPAT-DPCK43/43, compared with wild-type larval brains. Untreated; wild-
type (n=21), dPANK1/1 (n=17), dPPCS1/33 (n=34), dPPAT-DPCK43/43 (n=14). (***p < 0.001 as determined by t-test)
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No genetic interaction could be detected when dPPCS was crossed with Drosophila 
cell cycle checkpoint mutants of grp/dChk1 or mnk/loki/dChk2 (unpublished). Furthermore, 
because the G2/M checkpoint in dPPCS mutant wing-disc cells was intact and no defects in the 
repair of DSBs generated during meiotic recombination were observed in mutant ovaries (Fig. 
5), enhanced γ-H2AvD labeling in mitotically active cells does not result from global defects in 
cell cycle regulation and processing of DSBs. How mutations in the CoA biosynthesis enzymes 
affect DNA integrity is difficult to understand, but may involve aberrant growth factor/PtdIns 
signaling (see below).

CoA and DnA damage responses
Originally the dPPCS mutant was identified as a potent modifier of DNA damage responses during 
larval development. When larvae were fed with solutions containing methyl methanesulfonate 
(MMS) or hydroxyurea (HU), or when mutant larvae were exposed to ionising radiation (IR) 
the survival of homozygous individuals was severely decreased (CHAPTER 2, 4). Mutations 
in dPANK and dPPAT-DPCK also renders larvae hypersensitive to IR and caused pupal death, 
demonstrating that impaired de novo CoA biosynthesis in general causes hypersensitivity to 
DNA stress (CHAPTER 4, table 1). Moreover, IR enhanced aberrant mitosis in CoA mutant 
third instar larval brains and IR also caused abnormal mitosis in wild-type larval brains. 
Interestingly, exposure to IR lead to impaired locomotor activity in young wild-type flies, 
indicating that IR can induce neuronal dysfunction in wild-type flies. Likewise, locomotor 
function of young dPPCS mutant flies, which is already impaired in control flies, was further 
reduced after exposure to IR, demonstrating that IR enhances locomotor dysfunction in dPPCS 
mutants. These findings implicate a novel role for de novo CoA synthesis in maintaining DNA 
and neuronal integrity (measured as locomotor activity). In the dPPCS mutant, no defects in 
G2/M cell cycle regulation nor in the repair of DSBs generated during meiosis were found, 
indicating that CoA (and lipid) shortage does not induce gross abnormalities in these DNA 
damage response pathways. Overexpression of ROS scavengers in the dPPCS mutant could 
also not suppress the sensitivity to IR (CHAPTER 4) and therefore it is unlikely that oxidative 
damage in the CoA mutants contributes to IR sensitization. Thus the question remains how 
impaired de novo CoA biosynthesis affects DNA integrity and results in IR sensitization.

In a recent study it was shown that Drosophila larvae carrying mutations in growth 
factor signaling genes (cdk4, chico, dmyc) or when wild-type larvae were grown under poor 
nutrient conditions are sensitive to IR155. Because defects in CoA biosynthesis are associated 
with impaired growth and growth factor signaling in both mice and Drosophila (Fig. 6 and ref. 
34,69), it may be that reduced growth factor/PtdIns signaling (intracellular conditions of poor 
nutrition) causes IR sensitization. How impaired growth factor signaling and starvation exactly 
sensitizes larvae to IR remains to be established. One model posits that mutations in growth 
factor signaling and also conditions of starvation specifically modify the insulin/insulin-like 
growth factor signaling routes, which are essential for compensatory proliferation to restore 
normal tissue integrity after damage155. This model is supported by the observation that tumors 
deficient of PTEN, which converts PtdIns(3,4,5)P3 back into PtdIns(4,5)P2 (Fig. 2), are more 
resistant to radiation (ref. 155 and references herein). Although compensatory proliferation was 
not investigated in CoA mutant larvae and loss of regenerative capacity due to conditions of 
intracellular starvation in these mutants (reduced PtdIns(4,5)P2 synthesis and loss of Akt/PKB 
signaling) may result in IR sensitization, other mechanisms likely contribute as well. 
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Nuclear synthesis of CoA may also be essential for proper maintenance of chromatin 
structure by modulating PtdIns levels within the nucleus (reviewed in ref. 116). Preliminary 
analyses show that the dPANK and dPPCS proteins are also targeted to the nucleus/nuclear 
membrane, indicating that a CoA biosynthesis route may exist inside the nucleus (unpublished). 

Figure 5. dPPCS1 does not affect DsB repair and g2/M cell cycle regulation.
(A-C) Meiotic recombination and DSBs repair was investigated in wild-type and mutant germaria. Ovaries were 
labelled with antibodies against γ-H2AvD to detect DSBs and Orb to visualize the oocytes, respectively. DAPI was 
used to label the DNA. DSBs are generated during meiotic recombination in the oocyte and pro-oocyte and these 
DSBs can be visualized with antibodies against γ-H2AvD (reviewed in ref. 167). In wild-type ovaries γ-H2AvD 
staining is observed in region 2a of the germarium and as meiosis proceeds DSBs are repaired, γ-H2AvD staining 
disappears and in stage 1 follicles the signal is absent. In DSB repair deficient mutants γ-H2AvD remains detectable 
in late stage (stage 7-8) oocytes, indicative for delayed repair of DSBs during meiosis168-171. Asterisks mark the 
oocytes in newly produced egg chambers. 
(A) During wild-type cyst development the oocyte and the pro-oocyte undergo meiotic recombination in region 
2a-b of the germarium (arrowheads). DSBs are generated during recombination and are fully repaired when egg 
chambers bud from the germarium (asterisks). 
(B) In dPPCS1/1 germaria DSBs were generated during meiotic recombination and were normally repaired. Increased 
γ-H2AvD staining was found in the follicular epithelium (arrow) of dPPCS1/1 females compared to wild-types (see 
alo CHAPTER 4 see supplementary Figs. s4A-B). 
(C) In P[dPPCS] transgenic flies no γ-H2AvD staining was detected in the follicular epithelium.
(D) G2/M cell cycle checkpoint entry and exit analysis in third instar larval imaginal discs. Imaginal discs from 
wild-type and homozygous dPPCS1 larvae were labelled with antibodies against pH3Ser10 to visualize mitotic cells 
1 h after 20 Gy (checkpoint entry) and 5 h after 20 Gy (checkpoint exit). As a control Mei-41/dATR (CHAPTER 
2) mutant imaginal discs were used. In wild-type and dPPCS1 mutant imaginal discs the amount of mitotic cells is 
severely reduced 1 h after 20 Gy and is back to normal levels 5 h after IR, which reflects entry into and exit from 
the G2/M checkpoint respectively. Mei-41/dATR mutant cells fail to activate the G2/M cell cycle checkpoint 1 h after 
IR and remain mitotically active. untreated; wild-type (n=12), mei-41 (n=12), dPPCS1 (n=4). 20 Gy: 1 h; wild-type 
(n=16), mei-41 (n=11), dPPCS1 (n=4). 20 Gy: 5 h; wild-type (n=14), mei-41 (n=9), dPPCS1 (n=3).
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It as been demonstrated that PtdIns also act as nuclear second messengers to control cell division, 
the response to DNA damage, proliferation and chromatin condensation. Remodeling of the 
chromatin by PtdIns has been reported156. Moreover, recent studies established a link between 
actin-depend chromatin remodeling and PtdIns signaling157,158. In this view mutations in the CoA 
biosynthesis route may disrupt actin-dependent chromatin remodeling and/or PtdIns-dependent 
DNA damage signaling responses through modifying PtdIns levels. In turn disrupted chromatin 
organization might cause higher levels of sustained DNA damage, result in aberrant mitosis and 
sensitize cells to IR. 

Concluding remarks and perspectives
Although CoA has been extensively investigated over the past 60 years, surprisingly little 
is known about the physiological implications of altered de novo CoA synthesis in higher 
eukaryotes. Only recently, research in this area attracted the attention after PKAN was linked 
to defects in the PANK2 gene2. Now, with the availability of mouse11,34,69 and Drosophila 
(CHAPTER 4-5) models to study the effects of altered CoA biosynthesis in animal systems, 
it is possible to unravel the mechanisms of PKAN disease pathogenesis (Fig. 7). Moreover, 
these model systems can be easily employed as platforms for screening potential therapeutic 
compounds. Unfortunately no clear answers about the disease pathogenesis of PKAN were 
obtained from the mouse PKAN model. However, studies performed in Drosophila strongly 
suggest that oxidative damage due to impaired Fe/cysteine metabolism does not contribute to 
the onset of neuronal dysfunction in young flies and possibly PKAN. Moreover, the phenotypic 
overlap of mutations in the Drosophila enzymes involved in CoA biosynthesis, suggest that 
PPCS, PPCDC, PPAT-DPCK and DPCK are candidate genes, that might be mutated in NBIA 
cases of idiopathic origin. 
 Studies in Drosophila and mice indicate that mitochondria may be involved in primary 
disease pathogenesis, but this is likely due to defects in the Kreb’s cycle and the β-oxidation of 
fatty acids, and not due to enhanced oxidative damage as a result of mitochondrial dysfunction. 
Defects in the Kreb’s cycle could result in accumulation of iron, while defects in fatty acid 

Figure 6. Mutations in CoA biosynthesis 
enzymes delay larval development.
Larval development in wild-type and CoA 
mutants. Heterozygous wild-type and CoA 
mutant flies were crossed for 48 h and pupation 
entry of siblings was measured at 22 oC on a 
daily basis (d 8-14) to determine developmental 
progression. Heterozygous and homozygous 
individuals were identified by the presence or 
absence of the Tb1 marker. Upon pupation entry 
(d 8-10) the ratio heterozygous to homozygous 
siblings is higher for CoA mutants compared 
with wild-type siblings and gradually drops 
below 2:1 (dashed line indicates expected 
ratio assuming Mendelian inheritance takes 
place), indicating that mutations in the CoA 
biosynthesis route delays larval development. 
Larval development was measured over at least 
3 independent experiments. 
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metabolism would severely affect lipid metabolism in general. Nonetheless, increased sensitivity 
to ROS due to mitochondrial dysfunction and enhanced production of ROS as a result from 
the Fenton reaction likely contributes to disease progression, especially upon aging. Thus the 
primary defect that underlies PKAN most likely involves impaired lipid homeostasis, which is 
supported by the finding that mutations in PLA2G6 also cause NBIA41. Therefore the preferred 
strategy for curing PKAN should also be aimed at restoring lipid metabolism. 
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Figure 7. Model to explain the physiological consequence of impaired de novo CoA biosynthesis.
Depletion of de novo CoA synthesis affects cysteine and lipid metabolism, and causes mitochondrial dysfunction 
(CHAPTER 4,5 and ref. 2,27,28,34,37,48,53,65). Impaired succinyl-CoA synthesis due to defects in the Kreb’s 
cycle34 may result in depressed heme synthesis and lead to iron accumulation54,58. In turn, Fe/cysteine could drive the 
Fenton reaction59 and cause oxidative damage (CHAPTER 4 and ref. 2). Oxidative damage can be enhanced due to 
reduced resistance to ROS as a consequence of mitochondrial dysfunction (CHAPTER 4 and ref. 72,73). Although 
oxidative damage likely contributes to the formation of Lewy bodies composed of abnormal α-synuclein and/or 
neurofibrillary tangles due to hyperphosphorylated tau aggregation (inclusion bodies) found in PKAN patients, 
enhanced oxidative damage does not contribute to the onset of neuronal dysfunction in flies (CHAPTER 4) and 
possibly PKAN patients (ref. 64 and references herein). Impaired β-oxidation of fatty acids in the mitochondria 
alters lipid metabolism28,34, which is further disrupted due to reduced synthesis of phospholipids from glycerol 
and acyl-CoA (CHAPTER 4). Impaired lipid metabolism could explain the observed blood cell abnormalities 
(acanthocythosis) and the reduced levels of plasma lipoproteins in some PKAN patients36,48. Defects in growth 
factor/PtdIns signaling due to altered (phospho)lipid and hormone synthesis (CHAPTER 4-6 and ref. 34) induces 
a development delay (CHAPTER 4,6 and ref. 69) and affects neuronal survival during development of the CNS 
(CHAPTER 6 and ref. 108-110). Since the phototransduction cascade relies on lipids and PtdIns signaling172-174, 
PKAN associated retinopathy could be due to defects in membrane lipid turnover2. Altered PtdIns homeostasis 
may also disrupt cytoskeletal remodeling, nuclear integrity and affect DNA damage signaling116, which in turn 
result in sustained levels of DNA damage, abnormal chromatin condensation and aberrant mitosis (CHAPTER 4-
6). Impaired membrane integrity and aberrant actin remodeling possibly due to changes in PtdIns levels may also 
lead to defects in tissue morphogenesis (CHAPTER 5). The nuclear abnormalities associated with mutations in the 
CoA biosynthesis enzymes together with altered PtdIns/growth factor signaling likely result in apoptosis and cause 
sensitization to DNA damaging agents (CHAPTER 2, 4, 6 and ref. 155). Finally, results presented in this thesis 
suggest that in CoA mutant flies, impaired DNA integrity during CNS development represent a key defect that could 
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We hypothesize that as a consequence of altered lipid metabolism, growth factor/
PtdIns signaling is impaired in CoA mutant flies, which could explain the observed changes in 
DNA integrity and hypersensitivity to IR during larval development. In wild-type flies induction 
of aberrant mitosis by IR correlated with a decrease in locomotor activity in young flies, two 
features that where enhanced in dPPCS mutants, indicating that neuronal dysfunction due to 
changes in CoA metabolism is linked to impaired DNA integrity during development of the CNS. 
Moreover, impaired DNA/neuronal integrity during development could at least partly explain 
neuronal dysfunction in young flies and similar effects may also explain the early symptoms 
of PKAN during childhood. Several neurodegenerative disorders have been linked to impaired 
DNA damage control including ataxia-telangiectasia159 and Cockayne syndrome160 (reviewed in 
ref. 161) and a challenging question would be to analyze if defects in CoA biosynthesis cause 
impaired DNA/neuronal integrity due to altered PtdIns/growth factor signaling in mammalian 
model systems and whether such defects actually contribute to PKAN disease pathogenesis. 

An interesting question that should be addressed is that many disease associated 
mutations in PANK2 do not affect PANK2 processing, mitochondrial localization, activity, or 
stability27,31,162,163. This suggests that PKAN is not only due to a loss of PANK2 activity. Many 
of the phenotypes associated with mutations in the Drosophila CoA enzymes indicate a loss of 
cellular structural integrity, possibly due to defects in membrane lipid homeostasis and PtdIns-
dependent actin remodeling. In Drosophila, a FLAG-tagged dPANK protein localized at sites of 
membrane growth and it was proposed that localized synthesis of CoA is essential to maintain 
localized membrane integrity20. Because dPANK can bind to the actin depolymerizing factor 
TSR143, recruitment of dPANK (and possibly other CoA synthesis enzymes) by components of 
the cytoskeleton may facilitate localized synthesis of CoA to support lipid production at cellular 
sites of high lipid demand. These lipids are then used for membrane growth or converted into 
lipid derived second messengers to drive local cytoskeletal remodeling processes. If dPANK is 
recruited to specific cellular sites to facilitate localized CoA synthesis and modulates cellular 
structural integrity by providing a “regional gradient” of CoA required for the production of 
membrane lipids, one could speculate that domains within the dPANK protein required for 
protein-protein interactions to sequester dPANK to such cellular sites are essential. Structural 
comparison of the human PANK proteins and the Staphylococcus aureus PANK protein 
(SaCoaA) revealed that the human PANKs posses two additional domains (large stretches of 
amino acid that are missing in the bacterial PANKs) that are not conserved between animals 
and bacteria162,164. Interestingly, approximately 30% of all known PKAN associated disease 
mutations (amino acid substitutions) are in these domains. Although their functional roles 
remain elusive, these domains in human PANKs may be required for feedback regulation 
or, additionally, could serve to facilitate protein-protein interactions. Loss of protein-protein 
interactions due to mutations within these domains in PANK2 could explain why many disease 
associated mutations in PANK2 do not impair the enzymatic properties of the protein nor its 
mitochondrial localization, but still can cause a neurodegenerative phenotype. Mutations that 
renders PANK2 catalytically inert can also cause neurodegeneration, therefore this hypothesis 
implies that both localized CoA synthesis and PANK2 protein-protein interactions are essential. 
Alternatively, it is possible that PANK2 protein-protein interactions and PANK2 activity are 
linked and that the binding of proteins to PANK2 depends on the activity of PANK2 itself. To 
address these questions the Drosophila CoA mutants provide a good model for future research. 
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→ Figure S1. Establishment of embryonic cell fate depends on maternally supplied Mediator components. 
We used array and in situ data from the BDGP expression database (www.fruitfly.org and ref. 1) to investigate 
Mediator expression during early development. Microarray data were downloaded from http://www.fruitfly.org/cgi-
bin/ex/insitu.pl (complete dataset). Expression data of the individual Mediator genes was averaged1, clustered and 
visualized with ArrayAssist (Statagene). Expression profiles of the Mediator genes, the maternal morphogenes, 
the gap genes, the pair-rule genes and the Hox genes were generated with Sigmaplot using Exel spreadsheets by 
averaging the expression profiles of 4 or more genes. 
(A) The heat map represents a dendrogram of principal component analysis of the average gene expression (each 
square represents the average expression of 3 arrays). The color code represents the relative expression of the genes 
compared to each other. Genes were clustered into three distinct groups (red, blue, green). Gene identifiers are 
depicted at the left and their respective names at the right. The colors represent the 3 clustered groups of Mediator 
genes. At the far right is the location within the Mediator complex depicted (Srb8-11, head, middle, tail). Submodule 
localization is largely based on predictions from yeast2,3. BDGP in situ analysis revealed that dMED26, dMED24, 
dMED8, dMED31, dMED16, dMED27, dMED17, dMED25, dMED1, dMED9 and dMED30 (CG17183, bold, not 
on the array) are ubiquitously expressed in st.1-3 embryos, indicating a maternal origin (mat. ubq.). The maternal 
origin of the Mediator is not surprising as approximately 70% of all genes have maternal contributions4. Similarly, 
Boube et al. (ref. 5) suggested that dMED17 and dMED13 were maternally contributed and Northern blot analysis 
of some Mediator components revealed high expression upon egg deposition6. 
(B) Graph of the Mediator gene profiles during embryonic development adopted from the diagram in A. The colors 
represent the 3 clustered groups of Mediator genes. The black line marks the profile of the entire gene collection. 
Expression of the genes depicted in green is relatively low and do not show major changes in expression during 
embryogenesis. Clustered genes in red show high expression in the first hours AED, while the expression of the 
Mediator genes in blue show a distinct expression peak during gastrulation (3-5 h AED). Expression of the Mediator 
genes is high upon embryo deposition and gradually declines after gastrulation has initiated. Only the Mediator 
genes CDK8, dMED12, dMED18 and dMED19 show an increase in expression 5 hours after egg deposition.
(C) Graphs represent the average profile measured over several genes and were used to visualize global changes in 
gene expression during embryogenesis. Therefore the graphs do not tell anything about the actual expression levels 
of the genes. The expression profile of the dMED31 gene displays a distinct peak in expression prior to gastrulation. 
Expression profiling of the entire Mediator complex revealed a gradual loss in expression of the Mediator genes 
during embryogenesis. The only outsider is the CDK8 gene. Expression of this gene is relatively high compared with 
the other Mediator components and its expression increases during development (see B.). Expression of dMED12, 
dMED18 and dMED19 also increases approximately 5 hour AED. Upon embryo deposition the maternal mRNA 
pool is high. During embryonic development the first genes transcribed are the gap genes, followed by the pair 
rule genes, which in turn are followed by the segment polarity and Hox genes. Expression of the Mediator genes is 
highest 2-4 hours AED, while expression of the maternal morphogenes is highest 0-2 h AED. Thus the Mediator and 
the maternal genes might act together and prelude expression of the gap and the pair-rule genes whose expression 
peaks when the expression of most Mediator genes starts to decrease. The Mediator profile opposes the Hox gene 
profile. Expression of the Mediator genes is high when the expression of the Hox genes is low, while the expression 
of the Mediator genes is low when the Hox genes are highly expressed during late stage embryogenesis (6-12 h 
AED). These results demonstrate that the Mediator genes have a maternal origin and are highly expressed during 
early embryogenesis.
Gene profiles represent average profiles of maternal morphogenes: bcd (CG1034), hb (CG9786), nos (CG5637), cad 
(CG1759). Gap genes: Kr (CG3340), kni (CG4717), gt (CG7952), tll (CG1378). Pair-rule genes: hkb (CG9768), ftz 
(CG2047), eve (CG2328), h (CG6494). Hox genes: lab (CG1264), Dfd (CG2189), Scr (CG1030), Antp (CG1028), 
Ubx (CG10388), abd-A (CG10325), Abd-B (CG11648). 
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Bioinformatics analysis: Protein sequences were aligned with CLUSTAL W1, manually edited and used to create 
a structural alignment with the program DEEP-VIEW and modeled by the SWISS-MODEL server2. Between 
D251 and L252 of dPANK/Fbl 3 insertions and between S122 and V123 of dPPCS 2 insertions were allowed 
in the initial model making process and were religated prior to structure comparison and validation. Structures 
were not refined and represent crude models. Monomers were individually reconstructed during remodelling and 
analysed independently. Differences between monomers reflect slight differences in the template monomers used 
during modelling. DaliLite3, PROCHECK4 and WHATCHECK5 were used for pair wise structure comparison and 
validation. Figures were prepared with ESPript6 and YASARA7. 
Physiological assays: Larval crawling was analysed by placing third instar larvae in the centre of a petri dish 
containing non-nutritive agar (0.8%) and the path length that larvae crawled within 5 m was recorded8,9. The trail 
traversed by each larva was drawn on the dish, scanned, and the tract length for at least 25 larvae was measured 
using UDruler (AVPSoft). Paralysis was assayed by analysing the absolute climbing ability of 7-d-old males, prior, 
directly after heat exposure (2 h 37 oC) and 15 m after recovery from heat exposure. The absolute climbing ability 
was determined by tapping 10-20 flies to the bottom of a standard food vial and counting the flies that were attached 
to the side after 30 s. 10 trails were performed for each cohort and the average climbing ability was calculated from 
at least 7 cohorts. 
immunostaining and apoptosis: Dissection, fixation and immunolabelling of ovaries was performed as described 
in ref. 11. Rabbit anti-Histone H2AvD pS137 (1:100, Rockland) was used as primary antibody and Cy3-conjugated 
goat anti-rabbit IgG (1:200, Jackson ImmunoResearch) was used as the secondary antibody. After immunolabelling 
ovaries were stained with 0.2 μg/ml DAPI and mounted in citifluor (Agar Scientific). Apoptosis was measured in 6 
day old flies that were kept for 3 days in vials containing yeast paste. The TUNEL cell death assay was performed 
following the ApopTag Fluorescien in Situ Apoptosis Detection Kit (Chemicon). Ovaries were fixed in devitellizing 
buffer/heptane10 (1:6 per volume) and  pretreated with proteinase K (20 µg/ml in PBS + 0.1% tween-20 ) for 15 m 
at RT. Ovaries were analysed by CLSM. CLSM images represent maximal projections of a z-stack (0.5-1 µm/scan) 
and were obtained with a 63X/1.32 oil lens (Leica TCS SP2 DM RXE).
statistical analysis: P-values were calculated using the Student’s t-test (two-tailed and where appropriate with 
equal or unequal variance). P-values < 0.05 were considered significant. 

→ Figure S1. Drosophila Coenzyme A biosynthesis is conserved.
The Drosophila melanogaster de novo CoA biosynthesis route was reconstructed by bioinformatics analysis. (A-E) 
Multiple sequence alignments of pantothenate kinase (PANK), 4’-phosphopantothenoylcysteine synthetase (PPCS), 
(R)-4’-phospho-N-pantothenoylcysteine decarboxylase (PPCDC), 4’-phosphopantetheine adenylyltransferase 
(PPAT) and dephospho-CoA kinase (DPCK). Higher eukaryotes have a bifunctional PPAT-DPCK, while bacteria 
have a bifunctional PPCS-PPCDC. The Drosophila genome encodes a single copy of PANK (CG5725), PPCS 
(CG5629), PPCDC (CG30290), a bifunctional PPAT-DPCK (CG10575) and a DPCK (CG1939). Humans have 
multiple copies of the CoA biosynthesis enzymes. Here the enzymes that displayed the strongest sequence homology 
with Drosophila are shown. The % identity and similarity between the human and the Drosophila enzymes is: 
PANK2 (46%, 61%), PPCS (39%, 59%), PPCDC (48%, 66%), PPAT-DPCK (31%, 47%) and DPCK (38%, 60%).
(A) Multiple sequence alignment of PANK; D. melanogaster (gi17864532), H. sapiens (gi24430171, PANK2), M. 
musculus (gi23943834), C. elegans (gi32565377), S. cerevisiae (gi6320740) and A. thaliana (gi30696417).
(B) Multiple sequence alignment of PPCS; D. melanogaster (gi4972686), H. sapiens (gi13375919), M. musculus 
(gi18255582), C. elegans (gi17560194), S. cerevisiae (gi577131), A. thaliana (gi26451224) and E. coli (gi16131510, 
aa 177-430).
(C) Multiple sequence alignment of PPCDC; D. melanogaster (gi24657262), H. sapiens (gi15680133), M. musculus 
(gi28849879), C. elegans (gi17560194), S. cerevisiae (gi6322762, aa 267-571), A. thaliana (gi13124313), ) and E. 
coli (gi16131510, aa 1-218)
(D) Multiple sequence alignment of bifunctional PPAT-DPCK; D. melanogaster (gi10728128), H. sapiens 
(gi17981025), M. musculus (gi27229125) and C. elegans (gi25143409). 
(e) Multiple sequence alignment of monofunctional DPCK; D. melanogaster (gi24644728) and H. sapiens 
(gi19923601).
For sequence alignments of S. cerevisiae and E. coli amino acids (aa) that correspond with their PPCS and PPCDC 
portions were used. Strictly conserved residues are shaded in black, while similar amino acids are boxed and in the 
bold letter type. Sequences were aligned with CLUSTAL W1 and the figures were prepared with ESPript6. GenBank 
identifiers (gi) are denoted between brackets.
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→ Figure S2. Drosophila melanogaster  dPAnk/Fumble, Cg5629 and Cg30290 encode the structural 
homologs of human PAnk, PPCs and PPCDC. 
To explore functional conservation of the CoA biosynthesis route 3D models of dPANK, dPPCS and dPPCDC were 
created by modelling. Models were created with known x-ray structures of human PANK3 (2I7P), PPCS (1P9O) and 
PPCDC (1QZU), to explore functional conservation and were not refined for in depth structural analysis. Despite the 
percentages of residues within the most favoured region of the Ramachandran plot are below 90% (83%-88%) and the 
confidence factors (B-factor) are >50 (52-55), which likely reflect their sequence identities (39-48%), we conclude 
from this in silico approach that dPANK/Fbl, dPPCS and dPPCDC represent the structural/functional homologs of 
their human relatives. These are the only genes present in the Drosophila genome whose ORFs produce significant 
hits with a pantothenate kinase, a phosphopantothenoylcysteine synthetase and phosphopantothenoylcysteine 
decarboxylase and the analysis of bond lengths, angles, and Φ-Ψ properties from the models show that they resemble 
acceptable drafts of their human relatives (table s1).
(A) dPANK/Fbl and hPANK3 display sequence homology and topology. 
(B) Superimposition of the hPANK3 homodimer (yellow) and the dPANK/Fbl model (blue) (rmsd = 0.8 Å; 354 Cα 
atoms aligned per monomer). 
(C) dPPCS and hPPCS display sequence homology and topology. Conserved residues involved in phosphopantothenate 
and ATP binding, based on structural data obtained from the hPPCS, are highlighted in blue (and black from the 
adjacent monomer ) and pink, respectively11. 
(D) Superimposition of the hPPCS homodimer (yellow) and the dPPCS model (blue) (rmsd = 0.5 Å; 264 Cα atoms 
aligned per monomer). 
(e) The dPPCDC protein signature follows the universal signature of PPCDC12. 
(F) dPPCDC and hPPCDC display sequence homology and topology. 
(g) Superimposition of the hPPCDC homotrimer (yellow) and the dPPCDC model (blue) (rmsd = 0.9 Å; 154 Cα 
atoms aligned per monomer). 
(A, C and F) Amino acids are marked according to their physico-chemical properties. Strictly conserved residues 
are highlighted in red boxes and similar residues with red letters. Amino acids considered similar are: HKR (polar 
positive), DE (polar negative), STNQ (polar neutral), AVLIM (non-polar aliphatic), FYW (non-polar aromatic), PG, 
C. Secondary structure conformations are denoted at the top and underneath the sequence alignment. (α) α-helix; (β) 
β-strand; (η) 310 helix; (TT) turn. 

Table S1. dPANK, dPPCS and dPPCDC model statistics.
                  dPANK/Fbl       dPPCS         dPPCDC
RMS deviations from idealitya

     Bond lengths (Å)    0.014       0.016         0.015
     Bond angles (o)     1.938       2.307         2.562  
Ramachandran plotb
     Favored (%)    87.4       84.3         83.5
     Allowed (%)   11.9       13.3         13.7
     Generously allowed (%)  0.3       0.0         0.7
     Disallowed (%)   0.3       0.4         2.2
Average B factorc all      53.2       52.8         54.9
Monomers were individually reconstructed and analyzed independently. 
Representative statistics of 1 monomer are indicated.
a WHATCHECK5
b PROCHECK4
c YASARA7
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universal PPC decarboxylase signature (Kupke, 2001)
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Figure s3. Mutations in CoA biosynthesis impairs larval crawling and cause paralysis after heat exposure.
(A) Quantification of locomotor activity of wild-type and mutant third instar larvae. Larval locomotor activity of 
dPANK/fbl1/1 larvae is severely impaired, while dPPCS1/1 show no decrease in activity and the activity of the dPPAT-
DPCK43/43 larvae is slightly decreased. Impaired larval motility has been implicated in impaired CNS function13.
(B) Absolute ability to climb after heat exposure of 7-d-old wild-type and mutant males. dPPCS1/1 and dPPAT-
DPCK43/43 mutants become paralyzed after heat exposure (2 h 37 oC) and recover to near normal activity 15’ min after 
heat exposure as determined by analysing the absolute ability to climb. A paralytic phenotype after heat exposure is 
frequently associated with defects in the CNS14.
(*p < 0.05, **p < 0.005, ***p < 0.001 as determined by t-test)

Figure s4. dPPCS1/1 follicle cells 
display increased DnA damage and 
apoptosis. 
γ-H2AvD staining of wild-type and 
mutant ovaries. DAPI was used to label 
the DNA. 
(A) The follicular epithelium of 
dPPCS1/1 stage 3-7 follicles contained 
cells that stained positive for γ-H2AvD 
(arrows). 
(B) Quantification of stage 3-7 follicles 
that contained γ-H2AvD positive cells. 
Numbers depicted at the top of each 
histogram represent the amount of 
follicles investigated. 
(C) A TUNEL assay was performed to 
detect apoptotic cells. Follicle cells of 
the follicular epithelium of dPPCS1/1 
stage 3-7 follicles were frequently 
positive for TUNEL staining, indicating 
that these follicle cells were apoptotic. 
(D) Quantification of the amount of 
stage 3-7 TUNEL positive follicles. 
Numbers depicted at the top of each 
histogram represent the amount of 
follicles investigated. Scale bars; 20 µm
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Table S2. Summary of phenotypes caused by mutations in the Drosophila CoA biosynthesis enzymes. 
physiologic abnormalities  dPANK/fbl   dPPAT-DPCK      dPPCS

developmental growth delay  ++ (*) + (*) + (*)
reduced larval motility  +++ + -
reduced flight performance  +++ +  ++
abnormal muscle contraction  +++ + ++
impaired geotaxis  +++ ++ ++
progressive loss of locomotor function ND ++ ++
paralytic upon heat-shock  ND + ++
decreased lifespan  +++ ++ +

cellular/nuclear abnormalities  
aberrant mitosis ++ (1) + +
aberrant mitosis after IR  ++ ++ +
enhanced apoptosis  +++ ++ ++
enhanced DNA damage  + - +
cytokinesis defects  ++ (1) ND ++ (*)
abnormal chromatin  ++ - ++ (*)
aberrant F-actin dynamics   +++ (1) ++ (*) +++ (*)
reduced Akt phosphorylation  ++ (*) ++ (*) ++ (*)

other   
sensitivity to 20 Gy IR  ++ ++ ++
sensitivity to 100 mM cysteine + - +
sensitive to ROS ++ ++ +
reduced triglycerides  ++ ++ ++
reduced neutral lipids  + (*) + (*) + (*)
reduced phospholipids  ND ND ++
abnormal PtdIns(4,5)P2  ND ND ++ (*)
reduced pericerebral fat body  ND ND +++ 
neurodegeneration  ND ND ++
retinal degeneration  ND ND ++

(ND) not determined, (-) not present/affected, (+) present/affected, (++) present/clearly affected, 
(+++) present/ extremely affected, (1) ref. 15, (*) communicated elsewhere 
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15.  Afshar, K., Gonczy, P., DiNardo, S. & Wasserman, S. A. fumble encodes a pantothenate kinase homolog 
required for proper mitosis and meiosis in Drosophila melanogaster. Genetics 157, 1267-1276 (2001).
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Figure s1. dPPCS is required for nurse cell chromatin condensation, egg chamber packaging and polarity. 
(A) In wild-type egg chambers the Orb protein accumulates in the posterior located oocytes (arrowheads). (B) 
dPPCS1/1 ovarioles contain egg chambers with multiple (arrows) or mispositioned (arrowhead) oocytes. (C) 
Overexpression of a FLAG-tagged dPPCS cDNA (P[dPPCS]) construct suppressed the occurrence of multiple 
oocytes and supernumerary follicles (see also table s1). (D) During wild-type oogenesis follicle cells are mitotically 
(pH3Ser10 staining) active until stage 6 and subsequently proceed into endocycling2. At stage 5 the nurse cell 
chromatin has a 5-lobed appearance and after the mitotic-to-endocycle switch this chromatin becomes dispersed3,4. 
(e) The mitotic-to-endocycle switch was intact in dPPCS1/1 follicles, (e-g) but the chromosomes failed to disperse 
properly and some nuclei remained 5-lobed (arrowheads). (H) Stage 10 dPPCS1/1 follicle showing 2 nurse cell nuclei 
that are poorly replicated and small in size. (i) Supernumerary dPPCS1/1 egg chamber with nurse cell nuclei that 
are heterogenous in size. (j) Some dPPCS mutant egg chambers were undergoing premature apoptosis as indicated 
by the presence of fragmented nuclei (arrowhead). (k) dPPCS1/1 follicles frequently exhibited a degenerative 
appearance. Scale bars; 150 µm (a-c), 50 µm (d-h).

Table S1. dPPCS1 affect nurse cell chromatin morphology
Stage 6-8 nurse cell chromatin morphology
                                   % of total (egg chambers)
                       wild-type        dPPCS1/1    P[dPPCS];dPPCS1/1

                        (n=407)          (n=490)       (n=307)
normal chromatin                97.1                34.2            86.3 
aberrant chromatin           0.5                  11.8               2.0
degenerative chromatin       0.7                  12.4    0.7  
> 15 nurse cell nuclei           1.7                  41.6   11. 1
Nurse cells were stained with DAPI to detect the DNA. P[dPPCS] is a 
FLAG-tagged dPPCS cDNA under control of an ubiquitin promotor.
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Figure s2. Follicle cell migration and 
organization is disrupted in dPPCS1/1 
germaria. 
(A) Wild-type cysts in region 2b adopt a lens-
shape (asterisk, arrow marks the stalk cells). (B) 
In dPPCS1/1 germaria the cysts do not adopt the 
characteristic lens-shape (asterisk). Formation 
of the interfollicular stalk (arrow) is severely 
disrupted and newly formed follicles display 
features of fusion (arrowhead). (C) Wild-type 
follicle cells that migrate between the cysts 
express FasIII. When the egg chambers bud 
from the germarium only the polar follicle cells 
(asterisk) express FasIII5-7. (oo) oocyte. (D) In 
dPPCS1/1 germaria migration of the follicle cells 
is disrupted (arrow) and results in packaging 
defects (7-8, 10-11), mispositioning of the 
oocytes (9,10,12) and egg chambers without 
stalks (arrowhead). Numbers mark the oocytes. 
(e-e’) In wild-type follicles Arm and DE-cad 
are highly expressed in the migrating follicle 
cells and later the stalk cells (arrowheads)8-10. 
Asterisks mark the position of the oocytes. 
(F-F’) Arm and DE-cad were abnormally 
expressed in dPPCS1/1 stalk cells (arrowheads). 
(e”) Wild-type germ line cells express the Vasa 
protein. The migrating follicle cells in region 
2b adopt a convex lens-shape 11 (arrows). (F”) dPPCS1/1 germ line cells accumulated normal amounts of Vasa, 
demonstrating that specification of the germ line cell was not affected. Migrating follicle cells do not exhibit a 
convex lens-shape (arrows). Scale bars; 20 µm.
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Figure s3. dPPCS1/1 follicles exhibit 
features of aberrant polar follicle cell 
and stalk cell specification. 
(A) Wild-type egg chambers contain 2 
groups of polar follicle cells, one at the 
anterior and one at the posterior. (B) 
dPPCS1/1 follicle with 3 groups of polar 
follicle cells (arrows) and a mispositioned 
oocyte (asterisk). (C) dPPCS1/1 egg 
chambers where the cuboidal follicle cells 
that sheet the egg chambers are maintained 
in an undifferentiated state (high FasIII 
expression). The follicular epithelium 
displays a discontinuous character and 
the nurse cell chromatin is heterogenous 
in size (arrows indicate polar follicle 
cells). (D) Wild-type egg chambers are 
connected by an interfollicular stalk 
(arrow). (e) Single confocal scan showing 
a dPPCS1/1 follicle where the interfollicular stalk is missing (arrow). Note that the follicular epithelium appears to be 
a bilayer (arrowheads). (F) Single confocal scan showing a dPPCS1/1 follicle where the follicle cells accumulated in 
a bilayer at the posterior of the oocyte (arrowheads). (g) In dPPCS1/1 ovaries the interfollicular stalk were sometimes 
elongated and composed of undifferentiated follicle cells (arrowhead). Arrows mark 2 groups of polar follicle cells 
in the adjacent egg chamber. Scale bars; 50 µm (c), 20 µm (a,b, d-g).
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suPPLeMentARY MetHoDs CHAPteR 5
Dissection, fixation and immunolabelling of ovaries was performed as described (ref. 1). Primary antibodies used 
included concentrated supernatants obtained from the Developmental Studies Hybridoma Bank (Iowa, USA); 
mouse anti-fasciclin III (7G10, 1:5) developed by C. Goodman, mouse anti-quail (6B9, 1:5) developed by L. Cooley, 
mouse anti-Notch (C17.9C6, 1:5) developed by S. Artavanis-Tsakonas, mouse anti-DE-cadherin, (DCAD2, 1:5) 
developed by T. Uemura, mouse anti-gurken (1D12, 1:5) developed by T. Schupbach, mouse anti-orb (6H4, IgG2a, 
1:5) developed by P. Schedl, mouse anti-armadillo (N27A1, IgG2a, 1:5) developed by E. Wieschaus and mouse anti-
Histone H3 pS10 (1:100, Cell Signaling). Rabbit anti-Vasa (1:50) was a kind gift of P. Lasko. Secondary antibodies 
included Cy3-conjugated goat anti-mouse (1:200, Jackson ImmunoResearch), FITC-conjugated goat anti-mouse 
(1:200, Jackson ImmunoResearch), Cy5-conjugated goat anti-mouse 1:200, Jackson ImmunoResearch) and Alexa 
647 goat anti-mouse IgG2a (1:200, Molecular probes). Ovaries were stained with 20 U/ml rhodamin-phalloidin 
(Molecular Probes) and 0.2 μg/ml DAPI (Sigma) to visualize F-actin and the DNA, respectively. After labeling and 
washing ovaries were mounted in citifluor (Agar Scientific) and analyzed by confocal laser scanning microscopy 
(CLSM) (Leica TCS SP2 DM RXE). Images represent maximal projections (unless otherwise noted) of a z-stack 
(0.5-1 µm/scan). Images were processed using Leica software and Paint Shop Pro.
Antibodies against pH3Ser10 were used to detect mitotic chromatin. FasIII stains all undifferentiated follicle cells 
in the germarium and marks the polar follicle cells after the follicles bud from the germarium. Armadillo and DE-
cadherin are expressed in the adhesive junctions of the migrating follicle cells that assist in the rearrangement of the 
germ line cells. Orb marks the oocytes, while Vasa specifically accumulates inside the germ line cells.  

A mutation in dPPCs affects early oogenesis
In summary (supplementary Fig. s1 to s4), dPPCS1/1 germaria displayed incomplete follicle 
cell migration, fusion of cysts, aberrant formation of the interfollicular stalk that separate 
neighbouring egg chambers, and cysts in region 2b of the germarium did not show the 
characteristic lens-shape, indicative of aberrant encapsulation of cysts. Furthermore, stage 3-
6 dPPCS1/1 follicles with mispositioned oocytes exhibited ectopic polar follicle cells and we 
frequently observed egg chambers that were not separated by interfollicular stalk cells or egg 
chambers that were separated by long elongated stalks composed of undifferentiated follicle 
cells. Proper formation of these stalk cells is essential to ensure packaging of the egg chambers 
prior to budding from the germarium. Because the polar follicle and the stalk cell populations 
are derived from the intercyst cells16-18, it is possible that packaging defects in dPPCS1/1 were due 
to aberrant intercysts cell specification/organization6,7,12,19-21. Aberrant follicle cell specification/
organization is supported by the finding that in dPPCS1/1 mutants FasIII expression was also 
detected in stage 7 egg chambers, indicating that differentiation of the cuboidal follicle cells that 
sheet the follicles was disrupted in some egg chambers. Moreover, we found dPPCS1/1 follicles 
where the follicle cells accumulated in a bilayer at the posterior of the oocyte and Notch was 
frequently abnormally expressed/localized in mutant germaria. 

The ratio nurse cells to oocytes did not remain 15:1 and the mispositioned oocyte(s) in 
dPPCS1/1 follicles did not have more than the normal amount of 4 ring canals22, suggesting that 
supernumerary cells were not due to extra cell divisions with incomplete cytokinesis23. Similarly, 
supernumerary cells were also not the result from extra cell division with complete cytokinesis, 
since extra germ cells were accompanied with extra ring canals24. Because dPPCS1/1 oocytes 
accumulated normal amounts of the Orb protein25, while the germ line cells accumulated normal 
amounts of the Vasa protein26, the observed supernumerary cells were not due to disrupted germ 
cell identity or oocyte specification. Finally, no defects in follicle cell proliferation were observed 
(no major gaps in the follicular epithelia we detected) that also can lead to the formation of egg 
chambers with supernumerary cells27-30. 
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Taken together these analyses indicate that packaging defects in dPPCS1/1 females may 
result from abnormal cyst encapsulation and budding due to aberrant intercyst cell behavior and 
organization. Because we observed abnormal cyst development from region 2b and onwards, we 
believe that dPPCS is required for normal encapsulation of the cyst by the intercyst cells and not 
the follicle cell precursors15. Aberrant migratory behaviour or organization of the intercyst cells 
likely induces mislocalization of the Arm, DE-cad and Notch expressing follicle cells, which 
in turn disrupts differentiation of the stalk cells, the polar follicle cells and the cuboidal follicle 
cells. Concomitantly cysts encapsulation, AP axis formation (germ line cell rearrangement) and 
budding of follicles will be disrupted. Because the correct positioning of the germ line cells 
and the follicle cells in the germarium is largely driven by cytoskeletal rearrangements and 
changes in cell adhesion31 , it is also possible that a mutation in dPPCS affects, like during 
late stage oogenesis, cell organization/migration by disrupting cell adhesion and/or cytoskeletal 
remodeling due to changes in PtdIns homeostasis within the germarium.
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→ Figure S5. Mutations in the de novo CoA biosynthesis route affect morphogenesis.
Like dPPCS1/1 females, dPANK and dPPAT-DPCK mutant females have fertility defects. The dPANK1, P[dPANK] 
and dPPAT-DPCK43 lines are previously described32. Females that carry a mutation in the dPANK gene did not 
deposit eggs, while the dPPAT-DPCK43/43 females deposited 0.36 ± 0.04 eggs/24 h of which 20.1% (n=232) was 
able to hatch.
(A) dPANK1/1 ovaries dissected 48 h AE, were poorly developed and did not contain eggs. (B) 5-d-old dPANK1/1 
ovaries contained eggs, which were all small/ball-shaped and contained short dorsal appendages. This phenotype 
is identical to the eggs found in myospheroid33, Dlar34,35, Kugelei36, Dystroglycan37,38 and Quail39. All these genes 
encode factors that are required for proper F-actin dynamics and small ball-shaped eggs are typically due to a loss 
of actin regulatory elements that control the polarized arrangement of F-actin fibers at the basal cortex of all follicle 
cells. During stage 5-8  these F-actin arrays are arranged such that the fibers run perpendicular to the AP axis of the 
egg chamber and give the egg chamber a planar polarity that is required to create elongated eggs31,40,41. (C-C’) In 
dPANK1/1 wings acv and pcv formation was incomplete (arrowheads) and mispositioned cross veins between L2 and 
L3 were found (boxed arrowhead). 
(D) dPPAT-DPCK43/43 ovaries dissected 48 h AE, were poorly developed and did not contain eggs. (e) 17% of the 
eggs from 5-d-old dPPAT-DPCK43/43 females were elongated along the AP axis and exhibited a collapsed phenotype. 
(F-F’) In dPPAT-DPCK43/43 wings, ectopic vein formation initiated from the posterior cross vein (arrowhead). 
(g) Quantification of wing and scutellar abnormalities in dPANK1/1 and dPPAT-DPCK43/43 flies. Numbers represent 
the amount of flies investigated. dPANK1/1 flies did not develop ectopic macrochaetae, however in flies that carried a 
FLAG-tagged dPANK cDNA under the control of an ubiquitin promoter (P[dPANK])32 an increase in the formation 
of macrochaetae was found, suggesting that dPANK overexpression induced the formation of ectopic scutellars.
(H) Wild-type (Ha) and dPPAT-DPCK43/43 (Hb-Hd) ovaries were stained with rhodamin-phalloidin to visualize the 
F-actin network during cytoplasmic dumping. DAPI was used to visualize the DNA. (Hb-Hc) Cytoplasmic dumping 
and centripetal migration of the follicle cells (arrows), was frequently severely disrupted in dPPAT-DPCK43/43 egg 
chambers. (Hd) Likely as a result of aberrant F-actin assembly we frequently found ring canals plugged with nurse 
cell nuclei in dPPAT-DPCK mutant follicles, suggesting that aberrant dumping underlies the production of long 
elongated eggs as observed in E.
(i) Production of neutral lipids (Nile red staining) was hardly detected in dPANK1/1 follicles.
(j) Production of neutral lipids (Nile red staining) and transport of lipid droplets to the oocyte was disrupted during 
oogenesis in dPPAT-DPCK mutants. Although levels of neutral lipids were not severely affected in dPPAT-DPCK43/43 
mutants,  abnormal large lipid droplets were observed, indicating that lipid droplet formation was impaired42 
(compare Fig. 3A). scale bars: 500 μm (A,D), 250 μm (C,F), 50 μm (C’,F’), 100 μm (Ha-Hc, I,J), 20 μm (Hd)

Figure s4. notch expression 
is disrupted in dPPCS1/1 
germaria. 
Formation of the stalk and 
the polar cells depends on a 
Delta-Notch signaling route 
that specifies the anterior 
polar follicle cells, which 
in turn induce stalk cell 
formation12,13 and abnormal 
follicle cell differentiation, 
multiple layering and 
aberrant packaging have 
been observed in Notch 
mutant females6,7,12,14,15. (A-A”) In wild-type germaria Notch is highly expressed in region 2b, while Notch localizes 
cortically in newly produced egg chambers14. (B-B”) In dPPCS1/1 germaria expression of Notch was frequently 
lower/abnormal (40%, n=20 germaria) compared with wild-type germaria (arrowheads). In a fused egg chamber 
Notch localization at the cortical membrane was not disrupted. The posterior half of this egg chamber expressed low 
levels of FasIII, while the anterior half expressed high levels of FasIII, indicating that differentiation of the cuboidal 
follicle cells was not affected (arrows indicate polar follicle cells) Scale bars; 20 µm.
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nederlandse samenvatting
Schade aan het genetisch materiaal (DNA) kan in bacteriën, planten, dieren en mensen vervelende 
consequenties met zich meebrengen. Cellen hebben strategieën ontwikkeld om het DNA te 
beschermen. Aangezien deze beschermingsmechanismen ook zijn gecodeerd in het DNA in 
specifieke genen is het mogelijk dat ook deze zogenaamde beschermingsgenen beschadigd raken. 
Wanneer in dit soort genen mutaties optreden kunnen, onder andere, zeer ernstige neurologische 
aandoeningen of kanker het gevolg zijn. Cellen met een mutatie in een gen dat betrokken is 
bij de respons op een DNA beschadiging zijn over het algemeen overgevoelig voor DNA 
beschadigende agentia zoals straling. Verschillende van zulke genen, betrokken bij DNA stress, 
zijn op basis van deze karaktereigenschap geïdentificeerd. De karakterisering van deze genen 
heeft in grote mate bijgedragen tot onze huidige kennis over de mechanismen die kunnen leiden 
tot kanker en neurodegeneratie. Echter, de tot op heden bekende genen zijn waarschijnlijk maar 
een fractie van alle genen betrokken bij de respons op DNA beschadigingen. In dit proefschrift 
is getracht door middel van een genetische screen onbekende genen, betrokken bij DNA stress, 
in Drosophila melanogaster (fruitvliegje) te identificeren. Hierbij is gebruik gemaakt van 
een collectie van mutanten welke is getest op gevoeligheid voor DNA beschadigende agentia 
(hoofdstuk 2).

Nadat de verschillende kandidaat mutanten zijn geïdentificeerd, is het van belang 
experimenten uit te voeren die bewijzen dat de mutatie ook daadwerkelijk is gekoppeld aan de 
geobserveerde eigenschap, in dit geval overgevoeligheid voor DNA schade. Met andere woorden, 
er moet uitgesloten worden dat er in de mutant additionele mutaties zijn die het fenotype ook 
zouden kunnen veroorzaken. Via standaard genetische en moleculair biologische technieken 
kan dit onderzocht worden. In hoofdstuk 3 wordt een mutant beschreven die oorspronkelijk was 
geïdentificeerd op grond van zijn overgevoeligheid voor DNA beschadigende agentia. Echter 
na een uitvoerige analyse bleek dat het gemuteerde gen, dMED31, niet de overgevoeligheid 
voor DNA schade veroorzaakt. Toevalligerwijs bleek een mutatie in het dMED31 gen wel 
verantwoordelijk te zijn voor defecten gedurende de embryonale ontwikkeling van de vlieg en 
dit aspect is verder onderzocht in hoofdstuk 3. In hoofdstuk 2 en 4 wordt de identificatie van 
een mutatie in het dPPCS gen beschreven welke wel een verhoogde gevoeligheid voor DNA 
beschadigingen teweeg brengt. 

Het dPPCS gen codeert voor een eiwit dat betrokken is bij de biosynthese van een 
klein coenzym (CoA). CoA is essentieel voor de activering van vele enzymen en vrijwel alle 
belangrijke biochemische synthese en degradatie routes in de cel zijn afhankelijk van CoA. Voor 
de synthese van CoA zijn mensen en dieren afhankelijk van vitamine B5, dat alleen door middel 
van de juiste voeding verkregen kan worden. Het vitamine B5 wordt omgezet tot CoA door de 
activiteit van 5 verschillende enzymen; PANK, PPCS, PPCDC, PPAT en DPCK. Alhoewel CoA 
al meer dan 50 jaar geleden werd ontdekt en de biosynthese van dit coenzym zeer uitvoerig is 
onderzocht in bacteriën, is de kennis omtrent de gevolgen van een veranderde CoA productie in 
dieren en mensen vrijwel nihil. Hoofdstuk 4, 5 en 6 van dit proefschrift beschrijven de gevolgen 
van mutaties in de CoA biosynthese genen: dPANK, dPPCS en dPPAT-DPCK in Drosophila. 
Een verassende observatie was dat mutaties in de drie onderzochte CoA biosynthese enzymen 
allemaal resulteren in een extreme gevoeligheid voor DNA beschadigende agentia. In dit 
proefschrift is onderzocht hoe deze mutaties kunnen lijden tot deze overgevoeligheid. 

In 2001 werd een mutatie in het PANK2 gen gevonden in mensen met een neurologische 
ziektebeeld: pantothenate kinase geassocieerde neurodegeneratie (PKAN). De verschijnselen 
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van PKAN kunnen zich al voordoen op zeer vroege leeftijd en manifesteren zich als 
ongecontroleerde spiersamentrekking, verlies van het lerend vermogen en blindheid. Als gevolg 
van een veranderd CoA metabolisme worden de hersenen van patiënten aangetast en bereiken 
patiënten zelden een hoge leeftijd. De klinische en pathologische kenmerken van PKAN zijn 
goed gedocumenteerd. Echter de oorzaak van de verschillende verschijnselen zijn onbekend 
en tot op heden is het niet mogelijk de ziekte te vertragen of te genezen. Verder bestaat er geen 
goed experimenteel ‘model systeem’ om deze ziekte te bestuderen. Mutaties in dPANK, maar 
ook in de andere CoA biosynthese enzymen van de fruitvlieg bleken ook een neurodegeneratief 
ziektebeeld teweeg brengen. Met andere woorden mutaties in zowel dPANK, dPPCS als dPPAT-
DPCK induceren een neurodegeneratief fenotype dat lijkt op het humane ziektebeeld en dus 
kunnen deze fruitvlieg mutanten worden gebruikt als een model om de mechanismen achter 
PKAN te bestuderen. 

Als gevolg van mutaties in de CoA biosynthese enzymen treden er sterke veranderingen 
op in het lipid metabolisme van vliegen. Ook resulteert een veranderd CoA metabolisme in 
specifieke defecten gedurende de ontwikkeling van het centrale zenuwstelsel. In de larvale 
hersenen van mutanten werd een verlaagd niveau aan geactiveerd Akt/PKB (groeifactor) 
gevonden, ondergingen cellen abnormale celdelingen, werd een verhoogd niveau aan DNA 
schade gevonden en was celdood sterk verhoogd. Tijdens de ontwikkeling van het zenuwstelsel 
leiden deze defecten waarschijnlijk tot locomotor defecten (het niet kunnen klimmen) in 
jonge vliegen, een fenotype dat kan worden geïnduceerd in gezonde vliegen en kan worden 
versterkt in mutanten na blootstelling aan ioniserende straling. Aangezien de hersens van 
gemuteerde vliegen een verhoogd niveau aan DNA schade en celdood lieten zien gedurende 
de larvale ontwikkeling, is het aannemelijk dat celdood in dit stadium, als gevolg van DNA 
schade, resulteert in een neurologisch fenotype. Daarmee lijken DNA schade, abnormale CoA 
biosynthese en het neurodegeneratieve fenotype dus gekoppeld. 

CoA biosynthese is ook van essentieel belang tijdens de morfogenese (vorming) van 
weefsels. In gemuteerde vliegen is de vorming van de gevoelsharen (macrochatae), de aderen 
in de vleugels en het weefsel dat de eieren omringt (chorion) verstoord. De vorming van deze 
structuren is zeer goed gedocumenteerd en wordt gebruikt als “model” om de fundamentele 
celbiologische mechanismen van weefsel morfogenese op te helderen. Studies in de ovaria van 
mutanten laten zien dat de vorming van het chorion waarschijnlijk is verstoord als het gevolg 
van defecten in het actine skelet (hoofdstuk 5,6). Verankerd aan cel membranen via speciale 
eiwitten, geeft het actine skelet vorm en stevigheid aan individuele cellen en weefsels. Defecten 
in dit actine skelet kunnen leiden tot problemen tijdens de morfogenese alsmede ook gedurende 
celdeling.

Een speciale klasse van lipiden, de fosfoinositiden (PtdIns), hebben in grote mate 
controle over waar en wanneer veranderingen in het actine skelet optreden. Deze PtdIns zorgen 
voor de activering van, onder andere, Akt/PKB. In dPPCS gemuteerde vliegen waren zowel 
geactiveerd Akt/PKB alsmede ook de membraan niveaus van PdtIns(4,5)P2 (een specifiek PtdIns) 
gereduceerd. Akt/PKB signalering is van essentieel belang voor het overleven van hersencellen 
tijdens de ontwikkeling van het brein en Akt/PKB signalering heeft ook een belangrijke rol in 
de modulatie van het actine skelet. Onafhankelijk van Akt/PKB zijn PtdIns ook direct betrokken 
bij het dirigeren van veranderingen in het actine skelet. Verder functioneren Akt/PKB en PtdIns 
in signaalroutes die betrokken zijn bij het reguleren van cellulaire processen nadat cellen zijn 
blootgesteld aan DNA stress. Defecten in deze routes, als gevolg van een veranderd CoA 
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metabolisme, zouden dus een verklaring kunnen bieden voor zowel de gevoeligheid voor DNA 
beschadigende agentia alsmede voor het begin van neurologische verschijnselen in vliegen. 
 In conclusie, de in dit proefschrift beschreven genetische screen in Drosophila 
melanogaster heeft geresulteerd in een verassende ontdekking: mutaties in een van de meest 
geconserveerde biochemische synthese routes, die van CoA, tast de integriteit van het DNA 
aan en resulteert in overgevoeligheid voor DNA stress. Door de gehele biosynthese route in 
Drosophila te bestuderen verschaft dit proefschrift voor het eerst een inzicht in de gevolgen 
van mutaties in de CoA biosynthese enzymen in een experimenteel diermodel. Experimenten in 
dit proefschrift laten zien dat de vlieg gebruikt kan worden als een model om de mechanismen 
van PKAN pathogenese te bestuderen. In gemuteerde vliegen zijn de eerste neurologische 
verschijnselen waarschijnlijk niet het gevolg van oxidatieve schade, zoals is gepostuleerd voor 
humaan PKAN, maar van defecten in het lipid metabolisme gedurende de ontwikkeling van het 
brein. Dient gevolge ontstaan er defecten in de Akt/PKB en PtdIns signaal routes en dat kan 
een verklaring bieden voor zowel de gevoeligheid voor DNA beschadigende agentia alsmede 
voor de primaire neurologische abnormaliteiten in vliegen. Alhoewel de biosynthese van CoA 
is geconserveerd, zijn er verschillen tussen mensen en vliegen. Niettemin, het in dit proefschrift 
gepresenteerde vliegen model voor humaan PKAN kan in toekomstige studies worden gebruikt 
om de fundamentele pathologische mechanismen van PKAN verder te ontrafelen. Het vliegen 
model kan ook een uitkomst bieden bij het zoeken naar moleculen (medicijnen) die het 
neurodegeneratieve fenotype kunnen onderdrukken dan wel stoppen.
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steLLingen
behorend bij het proefschrift

Physiological Implications of Impaired de novo Coenzyme A Biosynthesis in Drosophila melanogaster
Floris Bosveld

(1)  The maternally supplied Mediator complex constitutes an interface between the RNAPII machinery and 
the maternal morphogens to aid in the initiation of zygotic gene expression.
[This thesis]

(2) Because mutations in genes encoding enzymes of the de novo Coenzyme A biosynthesis route in 
Drosophila melanogaster lead to a plethora of defects (including cell death and lifespan reduction), 
which may all result from an impaired lipid homeostasis, we should not forget, in our global campaign 
against fat and overweight, that there exists something as ‘necessary’ and thus ‘good’ fats. 
[This thesis]

(3) Lifespan analysis of the I’m not death yet (Indy) gene [Rogina et al. (2000) Science 290(54990):2137] 
must be considered as a dead end.
[Toivonen et al. (2007) Plos Genet. 3(6):e95]

(4)  The suggestion that the ubiquitous presence of coenzyme A in living cells point to a more important 
function for it than merely that in the acetylation system [Kaplan & Lipmann (1948) J. Biol. Chem. 
174:37], is supported by our work. 

 [This thesis]

(5) Although still controversial in humans, a microwave like syndrome [Navarro et al. (2003) Electromagn. 
Biol. Med. 22(2/3):161] can be induced in fruit flies when exposed to a mobile phone.

 [Weisbrot et al. (2003) J. Cell Biochem. 89(1):48] 
 [Panagopoulos et al. (2007) Mutat. Res. 626(1-2):69]

(6) “Love comes in at the eye” [W.B. Yeats], but is color dependent. 
[Morgan (1910) Science 32(812):120] 
[Venken & Bellen (2007) Development 134(20):3571]

(7)  “A theory is a species of thinking, and its right to exist is coextensive with its power of resisting extinction 
by its rivals.”
[Huxley (1880) Science 1(2):15]

(8)  “The scientist is not responsible for the laws of nature, but it is the scientist’s job to find out how these 
laws operate and it is the scientist’s job to find ways in which these laws can serve the human will.”
[R. Oppenheimer]

 (9) In order to publish a thesis about the implications of mutations in the de novo CoA biosynthesis route in 
Drosophila, one must be willing to sacrifice approximately 6.630.000 ± 50.000 individuals.

(10) It is very strange that in a nation that claims to respect the Universal Declaration of Human Rights, which 
applies to each and everyone without distinction of ‘any kind’, only Christian holydays are obligate free 
days. 

(11)  The introduction of State sponsored schoolbooks is the first step towards gaining control over potential 
young extremist minds and can be considered as a panic response to terrorism in the form of State 
censure. 

(12)  Signing or asking for a material transfer agreement is just a complicated way of telling someone: I don’t 
trust you.


