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Decreased pyruvate dehydrogenase activity
confers detrimental effects of coenzyme A
deprivation, outlining a pathway underlying
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CHAPTER 5

ABSTRACT
Mutations in two genes coding for coenzyme A (CoA) biosynthesis enzymes are associated with
neurodegenerative disease. CoA is an important cofactor necessary for the transfer of acyl groups in
many metabolic reactions; in addition, it is the source for the 4-phosphopantetheine moiety used for the
posttranslational modification of specific proteins named “4-phosphopantetheinylation”. The relationship
between CoA levels, downstream biochemical pathways such as 4-phopshopantetheinylation, and
neurodegeneration is unknown. We show that impaired CoA biosynthesis leads to a decrease in
active, 4-phosphopantetheinylated mitochondrial acyl carrier protein (mtACP), a protein integral to
the production of the cofactor lipoic acid. This decrease in active mtACP in turn leads to a decrease
in lipoylation and activity of pyruvate dehydrogenase. Drosophila strains with defects along this CoAmtacp-lipoic acid-pyruvate dehydrogenase pathway show similar organ malformations. By re-activating
the most downstream component, pyruvate dehydrogenase, by genetic or pharmacologic means,
phenotypes induced by impairment of CoA biosynthesis are rescued. We demonstrate that impaired CoA
metabolism also causes a decrease in active 4-phosphopantetheinylated mtACP in human cell culture.
Our results explain similarities and differences of a group of neurodegenerative diseases linked to the
CoA-mtacp-lipoic acid-pyruvate dehydrogenase pathway.
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INTRODUCTION
Coenzyme A (CoA) is an essential cofactor participating in approximately 9% of all cellular metabolic
reactions, such as the TCA cycle, fatty acid synthesis and degradation1,2. Intracellularly, CoA is de novo
synthesized, utilizing vitamin B5 as a starting molecule, via five enzymatic reactions. These are carried
out by PANK, PPCS, PPCDC, PPAT and DPCK respectively1,2. In some organisms, including Drosophila
melanogaster, mice and humans PPAT and DPCK enzyme activities are carried out by a single bifunctional
protein, referred to as CoA synthase, or COASY (Figure 1). Enzymes of the CoA de novo biosynthesis
pathway are evolutionarily conserved, further underscoring the importance of this pathway for all living
organisms. Two inherited autosomal recessive neurodegenerative diseases are identified that are caused
by mutations in two of the genes coding for enzymes of the CoA pathway. Pathogenic variants in PANK2
and COASY lead to two early onset neurodegenerative diseases (PKAN and CoPAN respectively) with
brain iron accumulation, progressive motor and cognitive dysfunction and severe dystonia. A relatively
large body of literature exists reporting phenotypes associated with impaired CoA biosynthesis using
clinical studies and various animal models of the two CoA-linked diseases. These phenotypes range from
decreased life span, neurodegeneration, cardiac phenotypes, mitochondrial abnormalities and many
more3–8. Far less is known about molecular and cellular processes that rely on sufficient levels of CoA and
that could possibly explain reported end-point phenotypes of CoA-linked diseases. Here, we aimed to
investigate an underexplored consequence of impaired CoA biosynthesis. We investigated the influence
of hampered CoA biosynthesis on the posttranslational modification 4’-phosphopantetheinylation.
To our knowledge, 4’-phosphopantetheinylation is the only process identified thus far as a bona fide
consumer of CoA. We hypothesized that under conditions of impaired CoA biosynthesis this CoA
consuming process could be affected.
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4’-phosphopantetheinylation is a posttranslational modification resulting in the addition of
4’-phosphopantetheine derived from CoA, to specific proteins9. In humans a select group of proteins
requires this 4’-phosphopantetheine moiety in order to function, including 10-formyltetrahydrofolate
dehydrogenase10, cytosolic fatty acid synthase and mitochondrial acyl carrier protein (mtACP)9,11. Because
human PANK2 and COASY are mitochondrial proteins12,13 and mitochondria are affected in various PKAN
animal models3,6,8 here we focus on mtACP. The active, 4-phosphopantetheinylated form of mtACP is
referred to as holo-mtACP. mtACP, known in humans as NDUFAB1, is one of the subunits of the respiratory
chain Complex I and plays a central role in mitochondrial fatty acid synthesis14,15. In this process, the thiol
group of the 4’-phosphopantetheine prosthetic group forms the attachment site for a growing carbon
chain9. Octanoate formed in this way is used to modify a select number of mitochondrial proteins, among
which are the E2-subunits of the pyruvate dehydrogenase complex (PDH-E2) and of the α-ketoglutarate
dehydrogenase complex (αKGDH-E2)16. Octanoate is transferred to its target proteins by lipoyl
transferases LIPT2 and LIPT1. By the action of lipoic acid synthase, this octanoate moiety is transformed
into lipoic acid (LA), enabling the now-lipoylated proteins to function17. By combining these independent
previous observations, we hypothesized that 4’-phosphopantetheinylation of mtACP is decreased under
conditions of impeded CoA biosynthesis, which compromises the steps downstream of holo-mtACP
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(Figure 1). Here we investigated this hypothesis.
By using Drosophila melanogaster we demonstrated that impaired CoA biosynthesis leads to decreased
levels of 4-phosphopantetheinylated holo-mtACP. This phenotype was associated with decreased
lipoylation of PDH-E2 and decreased PDH activity. These results established the presence of a CoAmtACP-lipoic acid-PDH pathway with 4’-phosphopantetheinylation of mtACP as a key affected step.
Next, we showed that stimulation of the PDH complex (PDHc) by genetic or chemical means rescues
phenotypes caused by CoA deficiency, highlighting PDHc as a possible common target to ameliorate
phenotypes induced by various genetic defects along the CoA-PDH pathway. Consistent with the
studies in Drosophila, downregulation of pantothenate kinase 2, the first enzyme of the CoA biosynthesis
pathway, resulted in decreased levels of mtACP in a human cell model for the neurodegenerative disease
PKAN. This suggests that loss of mtACP also occurs in PKAN patients. Finally, we discuss how our findings,
combined with the novel findings of Jeong et al., can provide pathophysiological insights into several
diseases associated
with this
Lambrechts
etpathway.
al., Figure 1
Pantothenate
(Vitamin B5)
PANK
PPCS
PPCDC
COASY
Coenzyme A
Mitochondrial
Acyl Carrier Protein
(apo-mtACP)

4-Phospopantetheinylation of
Mitochondrial Acyl
Carrier Protein (holo-mtACP)
Lipoylation
of target proteins
(PDH-E2)

PDH-E2 activity

Figure 1: CoA de novo biosynthesis pathway and downstream steps
From top to bottom: The de novo CoA biosynthesis pathway starts with the cellular uptake of pantothenate (Vitamin B5). Pantothenate
kinase (PANK), phosphopantothenoylcysteine synthetase (PPCS), phosphopantetonoyl cysteine decarboxylase (PPCDC) and
coenzyme A synthase (COASY) are enzymes required for the de novo biosynthesis of CoA. Mitochondrial acyl carrier protein
(mtACP) undergoes a posttranslational modification and active holo-mtACP is formed. This posttranslational modification consists
of 4’-phosphopantetheine which is derived from CoA. holo-mtACP in turn is required for lipoylation of PDH-E2, which is required for
activation of the PDH complex. It is hypothesized that a decrease in CoA levels, leads to decreased amounts of holo-ACP, decreased
lipoylation of PDH-E2 and decreased activity of PDHc.
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RESULTS
holo-mtACP levels are reduced upon CoA deprivation
To investigate the relation between CoA biosynthesis and mtACP we chose Drosophila melanogaster
and its versatile genetic tools. ACP requires activation in order to function; the active holo form is
generated by enzymatic transfer of a negatively charged 4’-phosphopantetheine moiety derived from
CoA to a conserved serine residue of the inactive apo form18,19. (Figure 2A). For our study we used
mtacp, the Drosophila melanogaster gene coding mtACP, containing Ser-99, which is predicted to
bind 4-phosphopantetheine20. In order to be able to identify and distinguish the two forms (holo and
apo) of mtACP, we generated point mutants that were refractory to 4-phosphopantetheinylation and
observed their mobility differences using gel electrophoresis. We mutated the crucial serine residue: one
to mimic the uncharged apo form (S99A) and two negatively charged forms (S99D and S99E) to mimic the
charged holo form of mtACP (Figure 2A). Overexpression of wildtype mtACP enabled the visualization of
bands that correspond to endogenous apo- and holo-mtACP forms. By comparing these bands to the
apo-mimetic S99A and holo-mimetics S99D and S99E, we were able to prove the identity of the bands
visualized under control and mtACP wildtype overexpressing conditions. Under physiologic conditions
(Figure 2B, C), no endogenous apo-mtACP was detected, consistent with previous observations in other
organisms21,22.
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We proceeded to investigate whether levels of active, holo-mtACP would decrease upon CoA deprivation.
Treating S2 cells with the PANK inhibitor hopantenate (HoPan) has been shown to reduce levels of CoA3,4,23.
Under these conditions, we observed reduced levels of holo-mtACP (Figure 2C), and addition of CoA to
the medium of HoPan treated cells reverted this phenotype, consistent with previous studies in which
administration of extracellular CoA is able to rescue phenotypes associated with reduced intracellular
CoA biosynthesis3,4,23. These results demonstrate that levels of CoA positively correlate with levels of
4’-phosphopantetheinylation of mtACP.

PDH-E2 lipoylation is reduced upon CoA deprivation
To investigate the functional impact of reduced levels of CoA and 4’-phosphopantetheinylated mtACP,
we examined the mtACP-dependent process of lipoic acid (LA) synthesis. LA is a crucial mitochondrial
cofactor, necessary for the activity of several enzymes such as the pyruvate dehydrogenase complex E2
subunit (PDH-E2). To assess whether lipoylation of PDH-E2 was impaired, we performed Western blot
analysis and observed a decrease of lipoylated PDH-E2 under conditions of decreased levels of CoA.
Replenishing CoA reverted this phenotype (Figure 2D).

Pyruvate dehydrogenase activity decreases upon CoA deprivation
Lipoylation of PDH-E2 is essential for the subunit to function, as the lipoyl moiety receives the intermediate
derived from pyruvate by the E1 subunit and subsequently transfers it to its acceptor CoA to generate
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The CoA-mtACP-LA-PDHc axis
Figure 2: Decreased levels of CoA are associated with decreased levels of holo-mtACP and lipoylated PDH-E2
(A) Schematic presentation of endogenous active and inactive forms of mtACP and generated mutant forms of mtACP. Inactive form of
mtACP (apo-mtACP) is indicated with 1. CoA is the source for 4’-phosphopantetheine and is required for 4-phosphopantetheinylation
of mtACP. This posttranslational modification results in an active form of mtACP, the holo-mtACP, indicated with 2. Three mtACP
constructs were generated: One in which serine 99 was modified into an alanine, indicated with a 3 and indicated as S99A (non4’-phosphopantetheinylatable form); one in which serine 99 was modified into aspartate, indicated with a 4 and indicated as S99D
(phosphomimetic); one in which serine 99 was modified into glutamate, indicated with a 5 and indicated as S99E (phosphomimetic).
(B) Western blot analysis of S2 cells overexpressing wildtype constructs of mtACP or the various mutant forms. Second lane:
Overexpression (OE) of mtACP WT results in the detection of an apo-mtACP form and a holo-mtACP form, indicated with a
1 and 2 respectively. Third lane: Overexpression of mtACP S99A mutant form resulted in the detection of an apo-mtACP (non-4’phosphopantetheinylatable) band only, indicated with a 3. Fourth lane: Overexpression of mtACP S99D results in the detection of a
phosphomimetic form of mtACP only, migrating at the same mobility as holo-mtACP, indicated with a 4. Fifth lane: Overexpression
of mtACP S99E results in the detection of a phosphomimetic form of mtACP only, migrating at the same mobility as holo-mtACP,
indicated with a 5. For visualization, a low exposure and high exposure blot are shown. Note that overexposed blots were required to
visualize endogenous forms of mtACP.
(C) Western blot analysis of mtACP forms under control conditions; under conditions of HoPan treatment and under conditions of
HoPan + CoA treatment. Lanes showing overexpression of mtACP WT, mtACP S99A, mtACP S99D were used to allow identification of
the holo- and the apo- forms of mtACP. α-Tubulin was used as a loading control. Various exposure times of the blots were presented
to allow identification of mtACP under all conditions.
(D) Western blot analysis and quantification to detect lipoylation of PDH-E2. S2 cells were treated with HoPan or HoPan and CoA for
4 days, non-treated cells were used as control. Antibodies specifically recognizing lipoylated proteins or PDH-E2 were used. Mean
±SD is given. Two-tailed, unpaired Student t-test was performed to compare indicated subsets. *p<0.05, **p<0.01, ***p<0.001. n=3 for
all samples.
(E) PDH activity was measured in control cells and in HoPan treated cells. (Mean ±SEM of three biological replicates, each composed
of three technical replicates and corrected for protein concentration. Two-tailed Student’s t-test was performed, *p<0,05).
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acetyl-CoA24. To determine whether CoA deprivation indeed decreases PDH activity, we quantified PDH
activity in control S2 cells and cells treated with HoPan (Figure 2E). We observed a significant reduction
in PDH activity upon HoPan treatment compared to control cells. These results indicate that the pyruvate
dehydrogenase complex is functionally impaired as a consequence of CoA deprivation and establishes
the physiological importance of our hypothesized CoA-PDH pathway (Figure 1).

Direct stimulation of the pyruvate dehydrogenase complex (PDHc) rescues CoA-dependent
phenotypes induced by dPANK/fbl knockdown in vivo
Our next step was to investigate the causal connection between phenotypes resulting from CoA
dyshomeostasis and the PDHc in the context of a multicellular organism, Drosophila melanogaster. The
proposed pathway predicts that reverting PDHc activity should (partially) rescue the consequences of
CoA deficiency. We used the binary UAS/GAL4 system to knock down dPANK/fbl using RNAi. dPANK/
fbl is the Drosophila ortholog of human PANK25,25. Ubiquitous expression of this UAS-dPANK/fbl-RNAi
construct resulted in a knockdown of dPANK/fbl mRNA and dPANK/Fbl protein (Suppl. Figure 1, Figure
3A). To quantify the effects of dPANK/fbl knockdown we used the physiologic parameter eclosion rate
(ER) as a read-out. This internally controlled parameter compares the proportion of eclosed dPANK/fbl
knockdown adult flies to control flies. As a consequence of Mendelian genetics, the ER would be 50%
if dPANK/fbl knockdown is not harmful (schematically represented in Suppl. Figure 2, left). However,
if dPANK/fbl knockdown is associated with lethality, the ER would be decreased (Suppl. Figure 2,
right). Indeed, we observed a decrease in ER following ubiquitous knockdown of dPANK/fbl, an ER that
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corresponds to a loss of approximately two-thirds of offspring due to lethality during development (Suppl.
Figure 2). Reduced viability associated with impaired function of dPANK/Fbl is consistent with previous
studies3,5,23. Addition of pantethine, which restores CoA levels in a dPANK/fbl deprived background3, fully
restored the ER, further confirming the CoA dependency of this phenotype (Figure 3B). Based on our
previous results, a decrease of CoA is associated with a decrease in PDHc activity. Next we investigated
whether stimulation of PDHc in this dPANK/fbl-deprived background could possibly improve the viability.
For this, we added dichloroacetate (DCA) to the fly food of the developing larvae. DCA, a clinically used
drug26,27, inhibits the PDHc-inhibitor, pyruvate dehydrogenase kinase (PDK)28,29, and as such leads to
activation of the PDHc30. Addition of DCA to the fly food led to a dose-dependent restoration of the
ER of UAS-dPANK/fbl-RNAi expressing flies (Figure 3B), indicating that the phenotype is at least partly
PDHc-dependent. In contrast, no beneficial effect on eclosion rate was observed in DCA-fed control flies
(Figure 3B).
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Figure 3: Downregulation of dPANK/fbl induces decreased eclosion rate, which is rescued by pantethine and DCA treatment
(A) Crossing Act-GAL4 with two independent “cleaned-up” UAS-dPANK/fbl RNAi lines resulted in decreased expression of the
dPANK/Fbl protein. Tubulin was used as a loading control.
(B) Crosses were performed as outlined in Supplementary Figure 3 on control food or on food containing pantethine or an increasing
concentration of dichloroacetate (DCA). Addition of pantethine or DCA induced a rescue of the decreased eclosion rate of UASdPANK/fbl-RNAi expressing flies. All statistical analyses were carried out using Fisher’s exact test.

Downregulation of key steps throughout the CoA-mtacp-lipoic acid-PDH pathway cause a
common phenotype in a Drosophila wing model
The dose-dependent rescue by DCA of the dPANK/fbl knockdown phenotype provides strong evidence
that deleterious phenotypes associated with CoA deprivation are mediated via decreased activity of
PDHc. The proposed pathway further predicts that impairment of individual components show a similar
phenotype. To investigate this we created a genetically and phenotypically tractable and modifiable
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system. We used tissue-specific RNAi-mediated knockdown of various genes along the pathway. We
selected the wing as our tissue of choice as this organ is well-studied, and disruption of metabolism
in specific cells of the developing wing does not usually cause lethality of the organism, unlike when
metabolism is disrupted in other organ systems or in complete organisms. The wing is formed during
metamorphosis from the wing imaginal disc, a structure formed during early embryogenesis. Disruption
of specific genes in specific cells in the wing leads to macroscopically visible wing abnormalities that
are straightforward to screen and quantify. A plethora of mutant wing phenotypes has been reported
including holes, notches, vein abnormalities, blisters, increase and decrease of wing size31.
We performed RNAi-mediated knockdown of key pathway components dPANK/fbl, dPPCDC/ppcdc
(third enzyme of the CoA de novo biosynthesis pathway, Figure 1), mtacp and the Drosophila ortholog of
lipoic acid synthase (Las, http://flybase.org/), which transforms target protein-linked octanoate to lipoic
acid 17,32. The RNAi constructs were expressed in the part of the wing disc known as the wing pouch using
the wing pouch-specific MS1096-GAL4 driver (Figure 4A-D). MS1096-GAL4; UAS-GFP/UAS-GFP flies
were used as controls, and various UAS-RNAi lines were crossed with this strain, allowing the identification
of targeted, RNAi-expressing tissue by the co-expression of GFP. We confirmed knockdown of dPANK/
fbl (Figure 4C-D,), mtacp, Las (Suppl. Figure 3) and dPPCDC/ppcdc (suppl. Figure 1C) in this system.
We studied the wing phenotypes resulting from RNAi-mediated knockdown of these key pathway
components both with and without co-expression of RNAi enhancer element UAS-dcr2 (Figure 4E-G,
Suppl. Figure 4). Downregulation of dPANK/fbl, dPPCDC/ppcdc, mtacp or Las all lead to a common
wing phenotype characterised by size decrease and fluid-filled wing blisters varying in size (Figure 4EG). Combined RNAi-mediated knockdown of both dPANK/fbl and dPPCDC/ppcdc resulted in a modest
increase of the blistering phenotype (Figure 4G), consistent with the incomplete RNAi-mediated
knockdown of either component and suggesting an additive phenotype. Together, these experiments
validate the genetic knockdown system and implicate a common underlying cellular defect along the
CoA-mtacp-lipoic acid-PDH pathway leading to a similar phenotype.
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Genetic and pharmacologic stimulation of the pyruvate dehydrogenase complex rescues
wing phenotypes caused by impaired CoA synthesis
We employed the wing-specific knockdown model of dPPCDC/ppcdc, an essential gene required for
CoA biosynthesis (Figure 1, Suppl. Figure 5), in which the blistering phenotype is highly penetrant (in
approximately in 85% of eclosed flies), in order to test whether increasing the activity of the PDHc would
rescue phenotypes caused by CoA biosynthesis defects in this system (Figure 5A-C). We assumed that
a fraction of the remaining pool of lipoylated PDH in the affected wing is inactivated by the action of
PDK or SIRT4 (a lipoamidase that also inhibits PDH) 33 and therefore the remaining activity of PDH could
be enhanced by interfering with the action of these inhibitory enzymes (Figure 5A,B, left part). Indeed,
feeding the larvae DCA during development resulted in a dose-dependent decrease of wing blisters in
the adult male flies (Figure 5C). This suggests that, like the eclosion rate phenotype described earlier, the
wing phenotype resulting from defective CoA biosynthesis is at least partly PDHc-dependent.
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Figure 4: Downregulation of dPANK/fbl in the Drosophila wing disc leads to abnormalities (blistering) in the adult wing
(A) Drosophila third instar control wing disc, expressing UAS-GFP under the control of MS1096-GAL4 and stained with anti-dPANK/
Fbl antibody and the DNA-marker DAPI. dPANK/Fbl protein shows a ubiquitous expression in the wing disc. GFP marks the expression
pattern of the MS1096-GAL4 driver.
(B) Schematic representation of an adult wing and the expression pattern of the MS1096-GAL4 driver (marked in green) in the larval
wing disc.
(C-D) Third instar wing disc, co-expressing UAS-GFP and UAS-dPANK/fbl-RNAi under the control of MS1096-GAL4 and stained with
anti-dPANK/Fbl antibody (magenta) and DAPI. The merged/close-up images in (D) show the border between the UAS-GFP-positive
(green) and UAS-dPANK/fbl-RNAi co-expressing and the surrounding tissue. Staining with the dPANK/Fbl antibody (magenta) is
reduced in dPANK/fbl RNAi and GFP co-expressing cells.
(E-E’’’) Adult wings from crosses in which MS1096-GAL4; UAS-Dcr-2 was combined with UAS-GFP as a control (E), UAS-dPANK/fblRNAi (E’), UAS-dPPCDC/ppcdc-RNAi (E’’) and UAS-mtacp-RNAi (#29528)(E’’’) at 29°C or at 18°C. Compared to the UAS-GFP controls,
expression of UAS-dPANK/fbl-RNAi, UAS-dPPCDC/ppcdc-RNAi or UAS-mtacp-RNAi leads to blistering in the wing, often associated
with a lack of removal of cell debris (wings turn brown) and a reduction in wing size.
(F-F’’’) Adult wings from crosses in which MS1096-GAL4; UAS-GFP was combined with UAS-GFP as a control (F), UAS-dPANK/fblRNAi (F’), UAS-dPPCDC/ppcdc-RNAi (F’’) and UAS-mtacp-RNAi (#29528) (F’’’) at 29°C or at 18°C. Replacing UAS-Dcr-2 with UAS-GFP
in the driver line results in an overall milder phenotype of wings expressing UAS-dPANK/fbl RNAi, UAS-dPPCDC/ppcdc-RNAi or UASmtacp-RNAi. (G) Adult wings from crosses in which MS1096-GAL4; UAS-dPANK/fbl-RNAi was combined with UAS-dPPCDC/ppcdcRNAi (G) at 29°C. Combining UAS-dPANK/fbl-RNAi and UAS-dPPCDC/ppcdc-RNAi leads to a mild enhancement of the abnormal
wing phenotype, comparable to the UAS-dPPCDC/ppcdc -RNAi + Dcr-2 result (compare E’’ and G).
Scale bars depict 50 µm (A/C), 20 µm (D) and 500 µm (E-G)

To strengthen this notion, we used a genetic approach (Figure 5B, right part) to demonstrate the same
PDH-dependency. Using two different RNAi lines per target, we decreased the expression of PDK and
SIRT4 by RNAi-mediated knockdown. We verified the knockdown efficacy of these constructs, as well as
their wing phenotype (Suppl. Figure 6). PDK and SIRT4 mRNA levels were decreased in their respective
RNAi-expressing lines, and apart from a subtle wing vein phenotype the wings do not show abnormalities
in this background (Suppl. Figure 6). Using these RNAi lines, we performed knockdown of PDK or SIRT4
alongside dPPCDC/ppcdc knockdown. Concomitant decrease of expression of these PDHc-inhibitors
strongly reduced the wing blister phenotype induced by impaired CoA de novo biosynthesis (Figure 5D).
To control for possible genetic interference originating from the RNAi lines used, we also crossed various
other strains into the dPPCDC/ppcdc knockdown background, including a line irrelevant to this pathway
from the same Drosophila RNAi library. These did not influence the occurrence of blistering of the wings
(Suppl. Figure 6), thus excluding possible effects originating from the genetic background. These results
support the notion of a biochemical pathway connecting impaired CoA production to the activity of the
PDH complex and by boosting PDHc activity, deleterious effects induced by impaired CoA biosynthesis
can be dampened.
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Downregulation of human PANK2, the causative gene in PKAN, also leads to a decrease in
mtACP in human cells.
Human pantothenate kinase 2 (PANK2) is the causative gene for the neurodegenerative disease
pantothenate kinase-associated neurodegeneration (PKAN). Interestingly, whereas Drosophila has
only one pantothenate kinase (dPANK/fbl), humans have multiple pantothenate kinases (PANK1-4)
with presumed redundancy between them. The effect of impaired functioning of specifically PANK2 on
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Figure 5: Chemical and genetic inhibition of PDH inhibitors rescues the wing phenotypes induced by impaired CoA
homoeostasis
(A) Schematic visualization of the pyruvate dehydrogenase complex (PDHc) and its negative regulators. The PDHc consists of 3 subunits,
PDH-E1, PDH-E2 and PDH-E3. PDHc is required for the conversion of pyruvate to an acetyl group, subsequently forming acetyl-CoA.
Lipoylation of PDH-E2 is required for normal activation of the PDHc. Pyruvate dehydrogenase kinase (PDK) phosphorylates PDH-E1
and thereby inactivates the PDHc. Sirtuin 4 (SIRT4) is a hydrolase abrogating lipoylation of PDH-E2 and thereby also inhibiting the
PDHc. Dichloroacetic acid (DCA) inhibits PDK. Inhibiting PDK or SIRT4 expression by RNAi will increase activation of PDHc. Inhibiting
PDK by DCA will also increase activation of PDHc.
(B) Schematic representation of pharmacologic and genetic rescue of abnormal wing phenotype induced by impaired CoA
homeostasis in the progeny of the indicated cross. Left part: Experimental setup of using the wing phenotype as a read-out of flies
expressing UAS-dPPCDC/ppcdc-RNAi under the control of the MS1096-GAL4 driver, raised on control food or on food containing
DCA. Right part: Experimental setup of using the wing phenotype as a read-out of flies co-expressing UAS-dPPCDC/ppcdc-RNAi
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together with an additional UAS-construct under the control of the MS1096-Gal4 driver. As control UAS-GFP is co-expressed, for the
potential rescue UAS-PDK-RNAi or UAS-SIRT4-RNAi is co-expressed.
(C) Experiment performed according to (B, left part) and % of blistered wings was determined of flies expressing UAS-dPPCDC/
ppcdc-RNAi under the control of MS1096-GAL4 on control food or on food containing increasing concentrations of DCA. A dose
dependent rescue was observed. Two representative images were shown of blistered wings and normal, non-blistered wings.
(D) Experiment performed according to (B, right part) and % of blistered wings was determined of flies expressing UAS-dPPCDC/
ppcdc-RNAi + UAS-GFP (control) or UAS-dPPCDC/ppcdc-RNAi + UAS-PDK-RNAi or SIRT4-RNAi under the control of MS1096-GAL4.
Two independent RNAi lines were used to downregulate PDK (#28635 and #35142) and to downregulate SIRT4 (#33984 and #36588).
Co-expression of RNAi constructs that targeted the PDK inhibitors resulted in rescue of the blister phenotype.
Scale bars in C/D = 500µm.
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Figure 6: Decreased levels of PANK2 are associated with decreased levels of mtACP in SH-SY-5Y cells
(A) Western blot analysis of HEK293T cells. Samples of non-treated controls (NTC) and doxycycline induced PANK2 knockout lines
PANK2.1 and PANK2.3, were run and probed for hPANK2 (hPANK2 band marked by a red arrow), mtACP and GAPDH as control. We
detected a small difference in mtACP levels between the three samples
(B) Quantification of protein band intensities of Westerns shown in A, performed with Image Studio Light (LI-COR) and plotted as
relative ratio mtACP to GAPDH. Mean ±SD is given. Two-tailed, unpaired Student t-test was performed to compare indicated subsets.
*p<0.05, n=3 for all samples.
(C) Western blot analysis of SH-SY-5Y cells. Samples of non-treated controls (NTC) and doxycycline induced PANK2 knockout lines
PANK2.1 and PANK2.3, were probed for hPANK2 (hPANK2 band marked by a red arrow), mtACP and GAPDH as control. A decrease in
mtACP levels was detected in both knockout lines.
(B) Quantification of protein band intensities of Westerns shown in C, performed with Image Studio Light (LI-COR) and plotted as
relative ratio mtACP to GAPDH. Mean ±SD is given. Two-tailed, unpaired Student t-test was performed to compare indicated subsets.
*p<0.05, **p<0.01, n=3 for all samples.
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mtACP has never been investigated in human cells. For this purpose, we generated HEK293T (human
embryonal kidney, Suppl. Figure 7) and SH-SY5Y (human neuroblastoma, Suppl. Figure 8) cell lines in
which PANK2 levels can be decreased by RNAi-induction using doxycyclin. Per cell line two independent
clones were generated. Efficiency of PANK2 downregulation was verified using Western blot and qPCR
analysis, demonstrated that in both cell lines PANK2 protein levels were undetectable, whereas based
on mRNA levels, PANK1, and PANK3 were not targeted by the PANK2 specific RNAi constructs (Figure
6, Suppl Figure 9-10). Next, we tested whether downregulation of human PANK2 influenced levels of
human mtACP. Levels of mtACP were slightly reduced in PANK2 depleted HEK293 cells (Figure 6A), in
contrast, levels of mtACP were strongly reduced in the PANK2 depleted neuroblastoma cell line (Figure
6B). These results show that in human cells, impaired function of PANK2 is associated with reduced levels
of mtACP in a cell type-dependent manner.
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DISCUSSION
Taken together, our results connect CoA synthesis, mitochondrial acyl carrier protein (mtACP) activation,
lipoic acid synthesis and PDH activation. This connection indicates that a decrease in CoA biosynthesis
ultimately results in decreased activity of PDH. Stimulation of PDH activity in a CoA-deprived background
rescued phenotypes ranging from viability to organ development, underscoring the causality of this
connection. Our results suggest that genetic defects associated with steps along this pathway would
result in a common phenotype and further that such a phenotype could be rescued by stimulation of the
final step of the pathway, the PDHc.
We used the versatility of Drosophila genetics to investigate the consequences of impaired CoA
metabolism on mtACP and how this affects downstream steps. Our findings in Drosophila were consistent
with our findings in a human neuroblastoma cell line, in which a decrease in mtACP levels was observed
upon specific downregulation of PANK2, the causative gene for PKAN. Consistent with our results in
Drosophila cells and what was previously reported34, the decrease in mtACP levels in human cells most
likely reflects decreased levels of holo-mtACP (4-phosphopantetheinylated-mtACP) since apo-mtACP
(non-4-phosphopantetheinylated-mtACP) is not stable and hardly detectable. Our results that the
phenotype was observed in PANK2-downregulated SHYSY-5 cells but not in HEK293T cells suggests a
redundancy between the four human pantothenate kinases (1-4) in kidney but not in neuronal derived
cells. A possible redundancy of pantothenate kinases in other tissues but not the brain could explain why
PKAN patients suffer from impaired neuronal functions whereas no other organs are affected. However,
the neurodegenerative predilection for the globus pallidus in all disorders listed in Figure 7 suggests
that this cannot be due to regional distribution of pantothenate kinases alone but instead, that it is the
consequence of a shared final common pathway which converges on PDH-E2.
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Recent developments in clinical and fundamental research reinforce the significance of this pathway.
Clearly, the CoA-PDH pathway is relevant for PKAN and CoPAN, diseases directly linked to CoA biosynthesis
(Figure 7). The pathophysiological importance of mitochondrial fatty acid synthesis was demonstrated
by the discovery of mutations in mitochondrial enoyl-CoA reductase (MECR), one of the four enzymes
involved in the elongation of the fatty acid chain coupled to mtACP; fibroblasts from these patients show
reduced lipoylation of proteins, including PDH-E235. The clinical phenotype of this childhood-onset
neurodegeneration, referred to as MePAN (Figure 7), is associated with damage to the globus pallidus,
the same brain region that is selectively damaged in PKAN and CoPAN. Moreover, mutations causing
impairment of the terminal component of the pathway proposed here, PDH-E2, lead to PDHc deficiency
which also shows neuroradiographic abnormalities restricted to the globus pallidus (Figure 7). In fact,
these disorders are reasonably considered in the each other’s differential diagnosis36,37. The clinical and
neuroradiographic similarities of PKAN, CoPAN, MePAN and PDH-deficiencies underscore the presence
of a common pathway, a shared pathogenesis, and a selective vulnerability of globus pallidus to defects
along this pathway.
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Figure 7: Phenotypic features of PKAN, CoPAN, MePAN and PDH-E2 deficiency and their proposed pathophysiological
interrelations
On the left, the names of the diseases PKAN, CoPAN, MePAN and PDH-E2 deficiency are given in full with their corresponding OMIM
numbers, clinical features and schematics of representative T2-weighted MR images. A schematic drawing is provided to identify
the relevant basal ganglia structures in healthy brain, including putamen, caudate nucleus, and globus pallidus interna and externa.
In healthy brain these structures appear isointense to surrounding grey matter until early adulthood on T2-weighted imaging; in all
four diseases, T2-hyperintensity is seen in the globus pallidus bilaterally, and, in PKAN and CoPAN, pallidal hypointensity is also seen,
indicative of high iron levels (indicated with an arrow). The pathway on the right of the figure shows the proposed pathophysiological
axis, explaining how mutations in four different genes all result in PDH-E2 deficiency and thus lead to shared phenotypic features.
From top to bottom: pantothenate kinase (PANK), phosphopantothenoyl cysteine synthetase (PPCS), phosphopantothenoyl cysteine
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decarboxylase (PPCDC), and coenzyme A synthase (COASY) are enzymes required for the de novo biosynthesis of coenzyme A.
Mitochondrial acyl carrier protein (mtACP) undergoes posttranslational modification, gaining a 4’-phosphopantetheine moiety that
is derived from coenzyme A in order to form the active holo-mtACP, holo-mtACP is required for lipoylation of PDH-E2, a requirement
for activation of the PDH complex. We propose that a decrease in CoA levels leads to decreased amounts of holo-mtACP, decreased
lipoylation of PDH-E2, and decreased activity of the PDHc. holo-mtACP is also required for the biogenesis of iron-sulfur clusters.
Impaired iron-sulfur cluster formation leads to iron dyshomeostasis; therefore, this model can also why iron accumulates in diseases
associated with defects upstream of holo-mtACP but not in those downstream of holo-mtACP.

Impaired oxidative metabolism, due to reduced PDHc activity may explain recent observations of PKAN
pathology. Histopathological abnormalities in PKAN-affected globus pallidus tissue are reminiscent
of hypoxic-ischaemic injury, leading to the notion that cellular hypoxia may contribute to PKAN
pathophysiology38. Derangement of the CoA-PDH pathway outlined here, converging on decreased
oxidative pyruvate metabolism, may explain the shared pathological features in PKAN and post-ischaemic
globus pallidus. In addition, models of PKAN display a reduced oxygen consumption rate6,8,39,40, as is
expected in pyruvate dehydrogenase complex deficiency.
A striking neuropathological difference between PKAN/CoPAN and MePAN/PDH-E2-deficiency is that
iron accumulation is observed in globus pallidus in the first two diseases but not in the others (Figure
7). This difference can be explained by postulating that the iron accumulation stems from dysregulation
of an intermediate downstream of PANK and COASY, but upstream of MECR and PDH-E2. A candidate
intermediate is holo-mtACP: it was recently shown that holo-mtACP, in eukaryotic cells is involved in ironsulfur clusters biogenesis and stability, with a crucial role for the 4′-phosphopantetheine–conjugated
mtACP41,42. Loss of mtACP leads to reduced iron-sulfur cluster formation, inactivation of iron-sulfur
cluster dependent enzymes such as aconitase and activation of iron-responsive factors42. Consistently
decreased Fe-S cluster levels result in mitochondrial iron overload43. Abnormal iron homeostasis and
reduced aconitase activity are characteristics of PKAN patient fibroblasts as well as IPSc-derived neurons
of patients8,44. Therefore, mitochondrial iron dyshomeostasis and accumulation as a consequence of ACP
dysfunction is observed in PKAN and CoPAN, diseases associated with steps upstream of holo-mtACP,
but not in MECR and PDH-E2 deficiencies, diseases associated with steps downstream of holo-mtACP.
Consistently, we predict that MECR deficiency compromises lipoic acid production without affecting
mtACP (Figure 7). As a corollary, this supports the notion that the iron accumulation is primarily an
epiphenomenon unrelated to the PDH-E2 dysfunction to which globus pallidus is vulnerable. However,
since iron accumulation is known to accelerate free radical formation by means of the Fenton reaction, it
may, once produced, exacerbate the ongoing degeneration. Nevertheless, the pathway proposed here
would predict that iron chelation therapy alone would be insufficient to counteract neurodegeneration
in patients with PKAN or CoPAN.
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The clinical similarities between PKAN/CoPAN/MePAN and PDH-E2-deficiency, the biochemical
knowledge of individual metabolic steps and the evidence presented here of a CoA-PDH pathway,
implicates a final common pathway in all four diseases, connecting CoA metabolism to the production
of lipoic acid and the function of the pyruvate dehydrogenase complex (Figure 7). Furthest upstream in
this pathway is the metabolic reaction defective in PKAN, followed by CoPAN, MePAN and finally PDH-E2
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deficiency. Based on this pathway, all diseases eventually cause impaired PDHc activity thereby leading to
a shared pathophysiology and the possibility of identifying a common therapeutic target for this group
of diseases.
Our results complement and are in agreement with the manuscript by Jeong et al., which in turn
underscores the clinical relevance of our findings. Jeong et al. demonstrate in a mouse model for PKAN,
the presence of a specific set of perturbations in the globus pallidus. These alterations include impaired
complex I function with decreased oxidative phosphorylation, impaired lipoic acid production with loss
of activity of lipoylated enzymes, and impaired iron-sulfur cluster biogenesis with iron dyshomeostasis
and loss of activity of dependent enzymes and processes, All their reported findings are consistent with
a primary defect in decreased levels of 4’-phosphopantetheinylated mtACP. Our results and the results
of Jeong et al., are also in line with a recent publication showing the requirement of acetylated and
4-phosphopantetheinylated mtACP in the assembly of the complexes of the electron transport chain
(ETC)45, demonstrating additional functions of mtACP, other than lipoic acid production.
We observed a strong rescue of phenotypes after stimulation of the PDH complex. This strong rescue
potential can be explained by the presence of a positive feedback loop previously proposed46. Stimulation
of PDH will lead to increased levels of acetyl-CoA, this will lead to increased levels of acetylated and
4-phosphopantetheinylated mtACP, leading to increased levels of lipoylation and further stimulation of
PDH. Moreover, other processes that depend on acetylated and 4-phosphopantetheinylated mtACP45
may be restored as well.
The question of whether pharmacologic PDH stimulation is a clinically feasible therapeutic strategy in
PKAN/CoPAN/MePAN remains unanswered. DCA is a reasonably well-tolerated blood-brain-barrier
permeating drug47,48 that has been investigated in the context of metabolic diseases as well as cancer27,49–51.
Despite achieving biochemical remission of lactic acidosis, it failed to impede neurological decline in
a genetically heterogeneous cohort of children with congenital lactic acidosis49. Nevertheless, a more
select patient population may show clinical benefit from DCA. Based on the mechanism outlined in
Figure 7, DCA is not expected to affect (possibly epiphenomenal) iron accumulation; however, as no
disease-modifying treatments are currently available for patients with PKAN, CoPAN, or MePAN, further
investigation of DCA as a clinical therapeutic is justified.
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MATERIALS AND METHODS
S2 cell culture, transfection, HOPAN and CoA treatment
Drosophila Schneider’s S2 cells were maintained at standard conditions as described previously 23. Here
cells in their exponential phase of growth were transfected (Effectene, Qiagen) with the mtACP WT or
mutant constructs listed below and grown for 2 days.
HoPan and CoA treatment were done on S2 cells in their exponential phase and treated with 0.5mM
HoPan in the presence or absence of 100 µM CoA. Cells were treated for 2,4 or 7 days, untreated S2 cells
were used as control.

Cloning of mtACP (mutant) constructs
In order to overexpress wildtype or mutant mtACP, constructs were created in the following manner.
A mtACP cDNA clone was obtained from the Bloomington stock centre (AT22870; FBcl0025645) and
multiplied by PCR using primers flanked by EcoRI and XhoI restriction sites:
The pAc5.1 vector (Invitrogen) was digested using EcoRI and XhoI and ligated with the mtacp PCR
product. Competent cells were transfected with the ligated construct and the purified construct was
sequenced to ensure its fidelity. Constructs overexpressing mutant mtacp were subsequently created by
site-directed mutagenesis of this construct using mutagenesis primers (Q5 Site-directed Mutagenesis
Kit, New England Biolabs). The fidelity of the resulting constructs was verified by sequencing. Primers
sequences are in table 1.
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Lentiviral transductions
Inducible lentiviral shRNA vectors targeting a non-targeted control (NTC) or hPANK2 were obtained
from Dharmacon (For sequences, see supplementary data) and lentivirus was produced as previously
described 54. HEK293T cells (ATCC CRL-3216) and SH-SY5Y cells (ATCC CRL-2266) were transduced in 2
consecutive rounds of 8 to 12 hours with lentiviral supernatant supplemented with 10% FCS and Polybrene
(4 μg/ml; Sigma). Transduced HEK293T and SH-SY5Y cells were selected in medium containing 0.6 µg/ml
or 0.2 µg/ml puromycin (Thermo Fischer Scientific) respectively for one week.

FACS analysis of transduced cells
After one week of puromycin selection, expression of the microRNA-TurboGFP cassette was induced with
doxycycline (Sigma, concentrations ranging from 0 -1.5 μg/ml) for 3 days and cells analyzed for TurboGFP
expression on an LSRII (Becton Dickinson) flowcytometer. Data was analyzed using FlowJo software
(FlowJo V10).
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Inducible hPANK2 KO cells
Cells were created as described above. HEK293T and SH-SY5Y inducible hPank2 KO cells were maintained
in Dulbecco’s modified Eagle’s medium (DMEM, Sigma) supplemented with 10% fetal bovine serum
(FBS, Greiner Bio-one) and antibiotics (penicillin/streptomycin, Invitrogen) in 5% CO2 at 37°C. Induction
of the microRNA-TurboGFP in SH-SY5Y was done with 0.5 µg/ml doxycycline for 7 days. Induction of
the microRNA-TurboGFP in HEK293T was done with 1 µg/ml doxycycline for 14 days, in custom made
DMEM without Vitamin B5 (Thermo Scientific) supplemented with dialyzed FBS (Thermo Scientific) and
antibiotics. HoPan treatment (0.25 mM) was done from day 7 till day 14.

Western blot analysis and antibodies
For Western blot analysis, cells were dissolved in 2x Laemmli buffer, sonificated and boiled for 5 minutes
with 5% β-mercaptoethanol (Sigma). Protein concentration was determined using DC protein assay
(Bio-Rad). Equal amounts of protein (10-30 µg) were loaded on a 10, 12 or 4-20% gradient gel (Bio-Rad),
transferred onto PVDF membranes using the Trans Blot Turbo System (Bio-Rad). Membranes were
blocked in 5% fat free milk for 1 hour at room temperature, rinsed in PBS-Tween 20. Incubations with
primary antibodies were done overnight at 4°C followed by incubations with HRP-conjugated secondary
antibodies (Amersham 1:5000) for 1.5 hours at room temperature. Detection was performed using ECL
reagent (Thermoscientific) and visualized using the ChemiDoc imager (Bio-Rad). The following primary
antibodies were used : anti-mtACP antibody (Abcam, 1:1000), -anti-Lipoic Acid (Merck, 1:1000), antiPDH-E2 (Abcam, 1:1000),anti-α-Tubulin (Sigma, 1:5000), anti-GAPDH (Fitzgerald, 1:10,000), dPank/Fbl (5,
1:1000) and hPANK2 (Origene 1:500).

PDH activity measurements
S2 cells were cultured as described above for 4 days in control medium or medium containing 500µM
HoPan. Cells were pelleted at approximately 106 cells/pellet and washed once with PBS: pyruvate
dehydrogenase complex activity was measured using the Pyruvate Dehydrogenase Activity Colorimetric
Assay Kit (Cat#K679-100, BioVision) according to manufacturer’s instructions. Three biological replicates
were used per measurement, with each biological replicate measured in (technical) triplicate. Protein
concentration was determined using BCA Protein Assay Kit (ThermoScientific) according to manufacturer’s
instructions. All measurements were recorded using a VarioSkan Lux plate reader; analysis was performed
with GraphPad (see section “Statistical analysis”).

Drosophila maintenance and genetics
Drosophila melanogaster stocks were maintained on standard cornmeal agar fly food (containing water,
agar 17 g/L, sugar 54 g/L, yeast extract 26 g/L and nipagin 1.3 g/L) at 22°C. Crosses were raised at various
temperatures as indicated in the text/legends. The stocks were either obtained from the Bloomington
Stock Centre (Indiana University, USA) or the VDRC (Vienna Drosophila RNAi Collection, Vienna, Austria).
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Drosophila stocks used
- UAS-dPANK/fbl-RNAi (P{KK109160}VIE-260B; VDRC ID #101437)
- UAS-dPPCDC/ppcdc-RNAi (P{KK109377}VIE-260B; VDRC ID #104495)
- UAS-mtacp-RNAi (y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.HM05206}attP2, Bloomington #29528)
- UAS-mtacp-RNAi (y[1] sc[*] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.HMS01634}attP2, Bloomington #37492)
- UAS-mtacp-RNAi (P{KK107702}VIE-260B, VDRC ID #107907)
- UAS-PDK-RNAi (y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF03050}attP2, Bloomington #28635)
- UAS-PDK-RNAi (y[1] sc[*] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.GL00009}attP2, Bloomington #35142)
- UAS-SIRT4-RNAi (y[1] sc[*] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.HMS00944}attP2, Bloomington #33984)
- UAS-SIRT4-RNAi (y[1] sc[*] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.GL00548}attP2, Bloomington #36588)
- UAS-Las-RNAi (y[1] sc[*] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.HMC04106}attP40), Bloomington #56885)
- UAS-bsk-RNAi (y[1] sc[*] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.GL00603}attP40, Bloomington #36643)
- UAS-EGFP (w[*]; P{w[+mC]=UAS-2xEGFP}AH2, Bloomington #6874)
- UAS-EYFP (y[*] w[*]; P{w[+mC]=UAS-2xEYFP}AH3, Bloomington #6660)
- w1118 (w[1118], Bloomington #3605)
- Actin-GAL4 (y[1] w[*]; P{w[+mC]=Act5C-GAL4}25FO1/CyO, y[+], Bloomington #4414), ubiquitous driver
- MS1096-GAL4 (w[1118] P{w[+mW.hs]=GawB}Bx[MS1096]; P{w[+mC]=UAS-Dcr-2.D}2, Bloomington
#25706), driver expressed in the wing-pouch, used here with or without the UAS-Dcr-2 element (see list
below for stocks created for individual experiments)
- nSyb-GAL4 (y[1] w[*]; P{w[+m*]=nSyb-GAL4.S}3, Bloomington #51635) , pan-neuronal driver
- Repo-GAL4/TM3-GFP (w[1118]; P{w[+m*]=GAL4}repo/TM3, Sb[1], Bloomington #7415), glial driver
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Stocks created for individual experiments, using the lines listed above:
- UAS-dPANK/fbl-RNAi (30B only, lines F10 and F20 established through recombination)
- UAS-dPPCDC/ppcdc-RNAi (30B only, lines P7 and P17 established through recombination)
- Actin-GAL4::UAS-GFP/CyO
- Actin-GAL4::UAS-dPANK/fbl-RNAi/CyO (30B only)
- MS1096-GAL4; UAS-GFP
- MS1096-GAL4; UAS- dPANK/fbl-RNAi/CyO (30B only)
- MS1096-GAL4; UAS-PPCDC-RNAi/CyO (30B only)
Crosses were raised at various temperatures as indicated in the text/legends.

Correction of UAS-dPANK/fbl-RNAi and UAS-dPPCDC/ppcdc-RNAi lines by recombination
Based on previous results (expression with various drivers, data not shown), we predicted that our UASdPANK/fbl-RNAi (#101437) and UAS-dPPCDC/ppcdc-RNAi (#104495) KK lines, obtained from the VDRC,
might contain not only the regular RNAi transgene at location 30B, but an additional one at 40D, which
has been shown to act as phenotypical enhancer able to cause nonspecific phenotypes, especially when
combined with ubiquitous or wing drivers52,53.
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To test those lines for RNAi transgene integration site occupancy we used genomic DNA preparation,
followed by PCR analysis, as described previously53. When both lines were confirmed to carry transgenes
at integration site 30B and 40D, we employed recombination to remove the one at 40D. Lines with
the remaining insertion at 30B were confirmed by PCR (Suppl Fig 2A) and tested for knockdown by
immunohistochemistry (anti-Fbl, Fig 4C-D) and qPCR (fbl and PPCDC, Suppl. Fig 2B-C). The “30B-only”
cleaned-up lines were used for all experiments presented in this publication unless stated specifically
otherwise.

Immunohistochemical analysis of Drosophila wing imaginal discs
For immunofluorescence of Drosophila wing discs, the crosses were raised at 29°C (MS1096-GAL4; UASGFP x UAS-GFP as control or x UAS-dPANK/fbl-RNAi) or 22°C (MS1096-GAL4; UAS-GFP x UAS-GFP
as control or x UAS-mtacp-RNAi #29528). Wandering L3 larvae (day 5) were collected and their wingdiscs dissected in ice-cold phosphate-buffered saline (PBS). The discs were fixed with 4% formaldehyde
(Thermo Scientific Pierce) for 30 mins, washed for 3x20 mins with phosphate-buffered saline (PBS) + 0.1%
Triton-X-100 (Sigma Aldrich) and afterwards incubated in primary antibody (rabbit anti-Fbl5, 1:500 or
rabbit anti-mtACP, ThermoFisher PA5-22191, 1:500) in PBS + 0.1% Triton-X-100 overnight to visualize the
presence/absence/localization of Fbl or mtACP. After an additional washing step of 3x20 mins in PBS +
0.1% Triton-X-100 the discs were incubated in secondary goat anti-rabbit-Alexa488 antibody (Molecular
Probes) for two hours at room temperature. DAPI (0.2ug/ml) (Thermo Scientific) was used to visualize
DNA. Finally the samples were mounted in 80% glycerol and analysed using a Zeiss-LSM780 NLO confocal
microscope with Zeiss software. Adobe Photoshop and Illustrator (Adobe Systems Incorporated, San
Jose, California, USA) were used for image assembly.

Drosophila eclosion rate experiments
Virgin female Actin-GAL4/CyO flies were crossed with males of either UAS-GFP or UAS-dPANK/fbl-RNAi
males at 29°C on standard fly food, or food supplemented with either sodium dichloroacetate (DCA,
Sigma) or pantethine (Pan, Sigma) at indicated concentrations. The flies were allowed to lay eggs for
5 days, after which the adults were discarded. The eclosing male flies were evaluated for presence or
absence of the CyO marker and counted daily over a period of 5 days to evaluate the total eclosion rate.
To calculate the eclosion rate, the number of non-CyO male flies was divided by the total number of male
flies that eclosed. At least 6 separate vials containing offspring were used per condition.

Mounting and imaging of adult fly wings
To image wings of adult flies from various crosses, F1 males or females of the indicated genotypes were
collected for a period of 3 days and kept for an additional 2-3 days after eclosion to allow for optimal
unfolding and clearance of the wings. Afterwards they were transferred into 70% ethanol and stored for at
least 2-3 days. The wings were removed by tweezers, mounted on slides in 80% glycerol and imaged with a
light microscope (Olympus BX-50) at 2x magnification. Adobe Photoshop and Illustrator (Adobe Systems
Incorporated, San Jose, California, USA) were used for visualization.
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Pharmacological- and genetic rescue of UAS-PPCDC-RNAi induced wing blisters
For the pharmacological rescue, MS1096-GAL4; UAS-GFP or MS1096-GAL4; UAS-dPPCDC/ppcdc-RNAi
females were crossed with UAS-GFP males at 29°C on standard fly food, or food supplemented with
sodium dichloroacetate (DCA, Sigma) at indicated concentrations.
For the genetic rescue MS1096-GAL4; UAS-GFP or MS1096-GAL4; UAS-dPPCDC/ppcdc-RNAi females
were crossed with UAS-GFP, UAS-PDK-RNAi (#28635 and #35142) or UAS-SIRT4-RNAi (#33984 and
#36588) males at 29°C on standard fly food.
The females were allowed to lay eggs for 5 days, after which the parents were discarded. F1 males were
collected and imaged as described above and analysed for the presence or absence of ‘blisters’.
A wing ‘blister’ occurs when the two layers of the wing do not adhere properly to each other and
hemolymph and cell debris collect in the space between the layers. Here we scored the imaged wings
as ‘blistered’ if either morphological deformations indicated the presence of a blister (Fig 4F’’, Fig 5C-D,
arrows) or if the wing appeared “bloated” and showed a brown discoloration (Fig 4E’’, E’’’, F’’’), indicating
an insufficient clearance of hemolymph and cell debris from the wing. In comparison wings were scored
as ‘not blistered’, if they appeared structurally normal and/or no discoloration was observed (Fig 4E-F, 5CD). For visualisation and quantification, Adobe Photoshop and Illustrator (Adobe Systems Incorporated,
San Jose, California, USA) and GraphPad Prism software (GraphPad Software, San Diego, CA, USA) were
used.
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Quantitative PCR
For quantitative real-time PCR (qPCR) from fly samples we collected 8 specimens, in most cases adult
flies, from crosses of Actin-GAL4 with UAS-dPANK/fbl-RNAi F10 and F20, UAS-dPPCDC/ppcdc-RNAi P7
and P17, UAS-PDK-RNAi #28635 and #35142 and UAS-SIRT4-RNAi #333984 and #36588. The cross of ActinGAL4 with both UAS-dPPCDC/ppcdc-RNAis results in mid to late pupal lethality, so we collected those
samples during pupal development. The samples were crushed with a motor pestle, lysed in Trizol (Life
Technologies) and RNA isolation was performed according to standard protocol. The isolated RNA was
treated with Turbo DNAse (Ambion) followed by addition of random primers and reverse-transcription
using M-MLV (Invitrogen). Quantitative PCR was performed using Sybr Green (Bio-Rad) on a CFX Connect
Real Time System (Bio-Rad). Quantitative PCR was performed using primer sets to detect dPANK/fbl,
dPPCDC/ppcdc, PDK and SIRT4 mRNA expression, and normalized against Rp49 mRNA-loading controls.
For the human cells qPCR, cells were collected and lysed in Trizol, from this point the same procedure was
followed as for the fly samples. Fly samples were normalized for rp49, human samples were normalized
for B2M and UBC.

Statistical analysis
All statistical analyses were performed using GraphPad PRISM software (GraphPad Software, San Diego,
CA, USA). The statistical test used is referred to in the legends.
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Supplementary Figure 1: PCR analysis of site occupancy in VDRC KK RNAi lines for dPANK/fbl and dPPCDC/ppcdc and cleaned
“30B-only” recombinants.
Original VDRC KK lines containing RNAi constructs directed against dPANK/fbl and dPPCDC/ppcdc contained, in addition to the
functional 30B transgene insertion site, an additional 40D transgene insertion site, causing, when overexpressed, a wing phenotype
unrelated to the RNAi construct 52,53. These unwanted extra insertion sites were removed by outcrossing and “cleaned-up” fly stocks
were generated and verified by PCR. The cleaned-up and thereby bona fide Drosophila strains were used for all experiments.
(A) The PCR was performed as previously described53 and run on a 2% agarose gel. M: 100bp marker; H2O: water-only control; w1118:
stock used for recombination, not containing either (30B/40D) element; UAS-dPANK/fbl-RNAi-KK: Original VDRC KK UAS-dPANK
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/fbl-RNAi line, containing both 30B and 40D elements; UAS-dPANK /fbl-RNAi-F10 and F20: “cleaned-up” recombinants containing
only the 30B element; UAS-dPPCDC/ppcdc-RNAi-KK: Original VDRC KK dPPCDC/ppcdc-RNAi line, containing both 30B and 40D
elements; PPCDC-RNAi-P7 and P17: “cleaned-up” recombinants containing only the 30B element.
(B) Efficiency of dPANK/fbl downregulation by RNAi was verified for two “cleaned-up” lines by qPCR.
(C) Efficiency of dPPCDC/ppcdc downregulation by RNAi was verified for two “cleaned-up” lines by qPCR.
For B and C mean ±SEM is given. Two-tailed, unpaired Student t-test was performed to compare indicated subsets. *p<0.05, **p<0.01,
***p<0.001. n=3 for all samples.

Lambrechts et al., Supplementary Figure 2
Control condition
A

UAS-GFP
UAS-GFP
UAS-GFP

Act-GAL4
Balancer

B

Experimental condition
C UAS-dPANK/fbl-RNAi

UAS-dPANK/fbl-RNAi

UAS-dPANK/fbl-i
UAS-dPANK/fbl-i

Act-GAL4
Balancer

UAS-dPANK/fbl-i
UAS-dPANK/fbl-i

Act-GAL4
Balancer

D 100%
75%
50%

Act-GAL4
UAS-GFP

UAS-GFP
Balancer

ER =

+

= 50%

25%
UAS-dPANK/fbl-i UAS-dPANK/fbl-i
Balancer
Act-GAL4

ER =

+

= 50%

UAS-dPANK/fbl-i UAS-dPANK/fbl-i
Balancer
Act-GAL4

ER =

+

= <50%

UAS- UASGFP dPANK/
fbl-RNAi

Supplementary Figure 2: Crossing scheme and illustration of eclosion rate in Act-Gal4/UAS-dPANK/fbl-RNAi flies
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(A-D) Flies carrying Act-GAL4 over a balancer are crossed with flies homozygous for UAS-GFP (A) or with flies homozygous for UASdPANK/fbl-RNAi (B/C). The eclosion rate (ER) of the progeny is calculated as the percentage of flies of the indicated genotype out
of the total eclosing flies. Green flies represent the Act-GAL4/UAS-GFP genotype (control cross with an expected ER of 50%, based
on Mendelian genetics), and red flies represent Act-GAL4/UAS-dPANK/fbl-RNAi (dPANK/Fbl downregulated) genotype. In case the
presence of UAS-dPANK/fbl-RNAi causes no reduced viability, the ER is 50% (B), in case it does cause reduced viability it is less than
50% compared to control (C/D). Black flies represent the UAS-lines/balancer genotype (control flies, expected ER of 50% based on
Mendelian genetics) of both crosses.
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Supplementary Figure 3: Specific downregulation of mtACP and LAS using RNAi constructs and the wing specific driver
MS1096-GAL4.
(A) Drosophila third instar control wing disc, expressing UAS-GFP under the control of MS1096-GAL4 and stained with anti-mtACP
antibody and the DNA-marker DAPI. GFP (green) marks the expression domain of the MS1096-GAL4 driver and mtACP protein
(magenta) shows a ubiquitous expression in the wing disc.
(B) Close-up of boxed area in A.
(C) Third instar wing disc, co-expressing UAS-GFP and UAS-mtacp-RNAi under the control of MS1096-GAL4 and stained with antimtACP antibody and DAPI. GFP (green) marks the expression domain of the MS1096-GAL4 driver. mtACP protein (magenta) shows a
partial knockdown in the wing pouch area.
(D) Close-up of boxed area in C.
(E) Third instar control wing disc, expressing UAS-GFP under the control of MS1096-GAL4 and stained with an antibody specific for
lipoylated proteins and the DNA-marker DAPI. GFP (green) marks the expression domain of the MS1096-GAL4 driver and lipoylated
proteins (magenta) are ubiquitously expressed in the wing disc.
(F) Close-up of boxed area in E.
(G) Third instar wing disc, co-expressing UAS-GFP and UAS-Lipoic-Acid-Synthase (Las)-RNAi under the control of MS1096-GAL4
and stained with an antibody specific for lipoylated proteins (magenta) and DAPI. GFP (green) marks the expression domain of the
MS1096-GAL4 driver and a reduction of the magenta signal represents a decrease of lipoylated proteins in the affected wing pouch
area.
(H) Close-up of boxed area in G.
Scale bars: A/C/E/G = 50 µm, B/D/F/H = 20 µm
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Supplementary Figure 4: Overexpression of mtacp-RNAi lines leads to
morphology defects, a reduction in size in the wings and lethality
(A-G) Adult wings from crosses in which MS1096-GAL4; UAS-GFP or MS1096GAL4; UAS-Dcr-2 were combined with UAS-GFP as control (A) and three different
UAS-mtacp-RNAi lines (#29528, #37492 and #107907) at 18/22°C (B-G). Wings of
females are depicted. In most cases male flies do not eclose.
(B) MS1096-GAL4; UAS-GFP/UAS-mtacp-RNAi#29528 – At 18°C, the wings are
blistered and show discolorations, but have a somewhat regular shape. At 22°C the
wing is still blistered with discolorations, but it also shows a strong reduction in size
and morphology defects.
(C) MS1096-GAL4; UAS-Dcr-2/UAS-mtacp-RNAi#29528. At 18°C the wing looks
comparable to the one depicted in B at 22°C. At 22°C the cross is pupal lethal and
no flies eclose.
(D) MS1096-GAL4; UAS-GFP/UAS-mtacp-RNAi#37492 – At 18°C, the wings are
strongly reduced in size and show morphology defects and do not inflate. The
cross is mostly pupal lethal with very few adult flies eclosing. At 22°C the crosses are
fully pupal lethal and no flies eclose.

(E) MS1096-GAL4; UAS- Dcr-2/UAS-mtacp-RNAi#37492 – At 18/22°C the crosses are fully pupal lethal and no flies eclose.
(F) MS1096-GAL4; UAS-GFP/UAS-mtacp-RNAi#107907 - At 18°C, the wings are blistered, curled and reduced in size. At 22°C the wings
show morphology defects and do not inflate. As with the cross shown in D the cross is mostly pupal lethal with very few adult flies
eclosing.
(G) MS1096-GAL4; UAS- Dcr-2/UAS-mtacp-RNAi#107907 - At 18°C, the wings are blistered and curled. At 22°C the crosses are fully
pupal lethal and no flies eclose.
Scale bar = 500 µm
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Supplementary Figure 5: Control crosses for MS1096; UAS-dPPCDC/ppcdc-RNAi to determine a baseline for the “blistering”
phenotype
(A-D) MS1096; UAS-dPPCDC/ppcdc-RNAi was crossed with different control stocks (UAS-GFP (A), UAS-YFP (B), w1118 (C) and a randomly
chosen TRiP-RNAi line #36643 (D) to determine a “baseline” for the blistering phenotype and to exclude the possibility that the PDK/
SIRT4-RNAi induced rescue was caused by genetic background. The four lines, which all have a different genetic background, show a
frequency of ~84-100% of blistering. No rescue of the blistering phenotype was observed. Scale bar = 500µm
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Supplementary Figure 6: Control crosses for the UAS-PDK- and UAS-SIRT4-RNAi lines
(A-E) Control-crosses between MS1096-GAL4; UAS-GFP and UAS-GFP (A), two UAS-PDK-RNAi lines (#28635 and #35142, B,C) and two
UAS-SIRT4-RNAi lines (#33984 and #36588, D,E). All of the RNAi wings reveal minor wing vein defects (see cut-outs), especially at their
distal ends. No blistering/morphology/size defects were observed. Scale bar = 500µm (A-E)
(F) Efficiency of PDK downregulation by RNAi (#28635 & #35142) was verified by qPCR.
(G) Efficiency of SIRT4 downregulation by RNAi (#33984 & #36588) was verified by qPCR.
For F and G mean ±SEM is given. Two-tailed, unpaired Student t-test was performed to compare indicated subsets. *p<0.05, **p<0.01,
***p<0.001. n=3 for all samples.
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Supplementary Figure 7: Verification of doxycycline induction of the RNAi hairpin in HEK293T cells
HEK293T cells were transduced with lentivirus targeting human PANK2 (only hairpins 2.1 and 2.3 are shown) or a nontargeted control
(NTC) and subsequently selected with 0.6 µg/ml puromycin. After 1 week, doxycycline was added for 3 days to induce the microRNA
coupled to a TurboGFP cassette, in order to enable selection by FACS sorting; the cells were subsequently analysed on an LSR-II
etfrom
al.,concentration
Supplementary
8
flowLambrechts
cytometer (only data
of 1 µg/ml isFigure
shown). Addition
of doxycycline causes a clear induction of TurboGFP
expression and hence the coupled microRNA.
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Supplementary Figure 8: Verification of doxycycline induction of the RNAi hairpin in SH-SY5Y cells
SH-SY5Y cells were transduced with lentivirus targeting human PANK2 (only hairpins 2.1 and 2.3 are shown) or a nontargeted control
(NTC) and subsequently selected with 0.2 µg/ml puromycin. After 1 week, doxycycline was added for 3 days to induce the microRNA
coupled to a TurboGFP cassette in order to enable selection by FACS sorting; the cells were subsequently analysed on an LSR-II
flow cytometer (only data from concentration of 1 µg/ml is shown). Addition of doxycycline causes a clear induction of TurboGFP
expression and hence the coupled microRNA.
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Supplementary Figure 9: Reduced mRNA expression of PANK2, but not other PANKs, in inducible HEK293T cell lines PANK2.1
and 2.3
qPCR on nontargeted control (NTC) and doxycycline inducible PANK2 HEK293T knockout lines, PANK2.1 and 2.3, with and without
doxycycline.
(A) mRNA expression levels of PANK1 are unaffected in the inducible PANK2 knockouts lines after doxycycline treatment.
(B) mRNA expression levels of PANK2 show a decrease in the inducible PANK2 knockouts lines after doxycycline treatment.
(C) mRNA expression levels of PANK3 are unaffected in the inducible PANK2 knockouts lines after doxycycline treatment.
(D) mRNA expression levels of PANK4 are unaffected in the inducible PANK2 knockouts lines after doxycycline treatment.
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Supplementary Figure 10: Full gel images for Western blots presented in Figure 2B-D and 3A
(A) Full gel images for the anti-mtACP/Tubulin Western blot presented in Fig. 2B. For anti-mtACP two different exposure times were
used to detect the different mtACP expressing constructs as well as endogenous mtACP. The part of the Western used for the main
figure is outlined by a dashed line.
(B) Full gel images for the anti-mtACP/Tubulin Western blot presented in Fig. 2C. For anti-mtACP three different exposure times are
presented. The whole Western blot was used for Fig 2C
(C) Full gel images for the anti-PDH-E2/Lipo-PDH-E2 Western blot presented in Fig. 2D. The part of the blot used for the main figure
is outlined by a dashed line.
(D) Full gel images for the anti-Tubulin /dPANK/Fbl Western blot presented in Fig. 3A. The part of the blot used for the main figure is
outlined by a dashed line.
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Supplementary Figure 11: Full gel images for Western blots presented in Figure 6A (HEK293T)
(A,B) Original images for the anti-hPANK2/mtACP/GAPDH Western blots presented in Fig. 6A. The Western blotting samples were run
on the same gel, blotted and the membrane then cut into smaller pieces (according to the expected protein size), which were probed
for mtACP and GAPDH separately (A). Black dashed lines indicate the individual blots, lying next to each other. A separate Western blot
was run to detect hPANK2 (B). A longer exposure time was needed to visualise hPANK2 and mtACP, while a shorter one was used for
the control GAPDH. Red dashed squares outline the parts used to assemble the Western in Figure 6A.
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Supplementary Figure 12: Full gel images for Western blots presented in Figure 6C (SH-SY5Y cells)
(A) Original images for the anti-hPANK2/mtACP/GAPDH Western blot presented in Fig. 6C. The Western samples were run on the
same gel, blotted and the membrane then cut into smaller pieces (according to the expected protein size), which were probed for
the three antibodies separately. Black dashed lines indicate the individual blots, lying next to each other. A longer exposure time was
needed to visualise hPANK2 and mtACP, while a shorter one was used for the control GAPDH. Red dashed squares outline the parts
used to assemble the Western in Figure 6C.
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