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SUMMARY

Maintenance of metabolic homeostasis requires
adaption of gene regulation to the cellular energy
state via transcriptional regulators. Here, we identify
a role of ceramide synthase (CerS) Schlank, a multi-
ple transmembrane protein containing a catalytic
lag1p motif and a homeodomain, which is poorly
studied in CerSs, as a transcriptional regulator.
ChIP experiments show that it binds promoter re-
gions of lipases lipase3 and magro via its homeodo-
main. Mutation of nuclear localization site 2 (NLS2)
within the homeodomain leads to loss of DNA bind-
ing and deregulated gene expression, and NLS2
mutants can no longer adjust the transcriptional
response to changing lipid levels. This mechanism
is conserved in mammalian CerS2 and emphasizes
the importance of the CerS protein rather than cer-
amide synthesis. This study demonstrates a double
role of CerS Schlank as an enzyme and a transcrip-
tional regulator, sensing lipid levels and transducing
the information to the level of gene expression.

INTRODUCTION

Organismal energy homeostasis (EHS) is a highly coordinated

process. Energy is stored in the form of triacylglycerides

(TAGs) in specialized organs such as mammalian adipose tissue

or the fat body (fb) of flies (Arrese and Wells, 1997; Rosen and

Spiegelman, 2006). Coordinating lipid storage and mobilization

during times of energy abundance or deprivation (Zechner

et al., 2005; Baumbach et al., 2014) is crucial for EHS. Lipases

are key enzymes that regulate TAG metabolism. Misregulation

of lipase function may lead to loss of the balance of lipolysis
Cell
This is an open access article under the CC BY-N
and lipogenesis and may have severe consequences leading

to metabolic abnormalities such as obesity, lipodystrophy syn-

dromes, and changes in the insulin signaling pathway (ILS).

Recent studies suggested a link between the ILS, ceramides

(Cers), and obesity-associated metabolic dysfunction (Reali

et al., 2017; Turpin et al., 2014). It was shown that C16-ceramide

accumulation alters the ILS. Yet a complete molecular under-

standing is currently lacking.

Ceramides are generated by linking coenzyme A-activated

fatty acids (FAs) of varying length to a sphingoid long-chain

base via N-acylation. De novo ceramide generation is catalyzed

by CerSs, the key enzymes in sphingolipid metabolism (Hannun

and Obeid, 2008). CerSs and their product ceramides have been

linked to many physiological and pathophysiological processes,

such as neurodegeneration (Ferlazzo et al., 2016), obesity-asso-

ciated metabolic dysfunction (Kolak et al., 2007), inflammatory

pathways, and insulin resistance (Schilling et al., 2013; Holland

et al., 2011).

The CerS gene family comprises a group of highly conserved

transmembrane (TM) proteins in eukaryotes (Park and Pewzner-

Jung, 2013; Voelzmann and Bauer, 2010). The number of CerSs

between species is quite variable. Whereas mammals express

six CerS orthologs, Drosophila encodes for only one CerS

gene, called schlank (Park and Pewzner-Jung, 2013; Bauer

et al., 2009). Each CerS family member shares a conserved

lag1p motif within a TLC (Tram-Lag1-CLN8) domain essential

for CerS activity (Spassieva et al., 2006). All vertebrate and insect

CerS orthologs except CerS1 variants contain a homeodomain

embedded in a protein carrying multiple TM regions (Voelzmann

and Bauer, 2010). However, its function is poorly understood.

Homeodomain proteins are important transcription factors

(TFs) that regulate diverse biological functions (de Mendoza

et al., 2013). Disruption of homeobox genes is linked tomany dis-

orders and diseases (Quinonez and Innis 2014; Purkayastha and

Roy 2015). Recently, genome-wide association studies identi-

fied a missense coding SNP (E115A) within the homeobox of
Reports 22, 967–978, January 23, 2018 ª 2017 The Author(s). 967
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the CerS2 gene that might be associated with indicators of

insulin resistance or impaired glucose tolerance (Raichur et al.,

2014).

We previously identified a nuclear pool of the entire CerS

Schlank at the inner nuclear membrane (INM) besides the

described CerS pool on the endoplasmic reticulum (ER) (Voelz-

mann et al., 2016). Rescue experiments in schlankG0061mutants,

which have reduced TAG levels and upregulated lipases (lipase3;

lip3) (Bauer et al., 2009, 2010), showed that the nuclear function

of Schlank is required for the regulation of lipid homeostasis

(LHS) via its homeodomain. Expression of enzymatically defi-

cient full-length Schlank (H215D mutation in the lag1p motif) or

of nuclear Schlank variants containing the intact homeodomain

without the lag1p motif in schlankG0061 mutant background

rescued the TAG phenotype. In contrast, a variant with a point

mutation in part of the atypical bipartite-like nuclear localization

site 2 (NLS2) motif within the homeodomain did not rescue

(Voelzmann et al., 2016). Information on whether the homeodo-

main of this enzyme has a function in vivo is missing by the

lack of an animal model.

Maintaining LHS requires monitoring of the lipids status and

adapting metabolism through the regulation of gene expression

accordingly. This task is often performed by proteins combining

the ability of TFs and the sensing of the energy status either alone

or in combination with other factors (Varga et al., 2011). TFs,

sterol regulatory element binding protein (SREBP; Rawson

2003), a membrane-bound TF, and peroxisome proliferator-acti-

vated receptor (PPAR; Varga et al., 2011), a member of the

nuclear receptor hormone superfamily, respond to changing

fat concentrations, thereby coordinating the genomic response

to altered metabolic conditions to promote either fat storage or

catabolism.

Currently, no molecular mechanism is known by which CerS

enzymes might link changing fat concentrations to altered tran-

scriptional response.

This study demonstrates an unprecedented function of the

enzyme CerS Schlank as a nuclear TF. We find that Schlank

binds DNA and directly regulates transcription. This mechanism

is conserved in mammalian CerSs. Upon treatment with fatty
Figure 1. Characterization of Engineered Schlank Alleles

(A–A0 0 0 0) Generation of KINLS2 mutants.

(A) Schematic of the schlank locus before targeting and (A0) after targeting (schla

(A00) Diagram showing the reintegration of the deleted WT gDNA to generate KIW

(A0 0 0) Diagram showing the reintegration of the deleted gDNA with mutations of t

(A0 0 0 0) Putative Schlank protein topology at the INM. Gray boxes indicate transmem

the lag1pmotif. Monopartite-like NLS1 (RPKK, aa 78–81) and atypical bipartite-like

Arrows indicate the region toward which the antibodies are directed, and the ma

(B–B00) KINLS2 mutants show growth defects. Food intake was controlled by fee

(B) Larval growth of w1118 (left) and KIWT (middle) controls compared with KINLS

(B00) Two-day-old KIWT and KINLS2 adults.

(C) Cell size is reduced in fb cells of KINLS2mutants. Lamin Dm0 (Lam; gray) and

bars represent 20 mm.

(D) Triacylglycerides (TAG) in KINLS2 L3 larvae are reduced. Relative TAG conte

(E and E0) Metabolic labeling experiment in larvae using [1-14C]-acetic acid to det

were applied to TLC plates, and percentage of the incorporated label was qua

comparison with w1118 and KIWT controls (E0), whereas (E) generation of TAG is

(F) Transcript levels of tested lipases in KINLS2 L3 larvae were quantified using q

Error bars indicate SEM. *p < 0.05, **p < 0.01, and ***p < 0.001.
acids, nuclear Schlank is increased while starvation leads to

diminished nuclear Schlank. Loss of the ability to bind DNA leads

to deregulation of a number of genes, as shown by qRT-PCR,

and disrupts the transcriptional adaption of target genes to

changing fat conditions.

In sum, our data indicate that CerS Schlank has a double role

as CerS and transcriptional regulator, thereby identifying a

mechanism by which information about the availability of fat is

directly transduced into regulated gene expression.

RESULTS

In Vivo Function of CerS Schlank Homeodomain in Body
Fat Metabolism
To study the homeodomain function in vivo, we used a homolo-

gous recombination and phage FC31 integrase-based genomic

engineering approach. First, we generated schlankKO (knockout

[KO]) lines (Figures 1A and S1A), which were verified by molecu-

lar and genetic tests (Figures S1A–S1D; Supplemental Informa-

tion). Next, target constructs containing the deleted genomic

DNA (gDNA) of schlank without (pGE-attB schlankKIWT; knockin

[KI] wild-type [KIWT]) and with a point mutation in part of the

atypical bipartite-like NLS2 (pGE-attB schlankKINLS2 [KINLS2])

lying within the third helix of the homeodomain (Figure 1A0 0 0 0)
were reintegrated into the native schlank locus in the

schlankKO founder line (Figures 1A0 0, 1A0 0 0, and S1A), restoring the

target locus (Figures S1A and S1B). qRT-PCR analyses revealed

that the transcript levels of schlank and of genes within or close

to its genomic locus were similar in schlank KIWT, schlank

KINLS2, and w1118 control animals (Figures S1E and S1F), con-

firming expression of reintegrated gDNA. Notably, KIWT flies

were indistinguishable from wild-type (WT) flies (w1118). Strik-

ingly, KINLS2 animals revealed a slimness phenotype (Figures

1B) similar to schlankG0061mutants (Bauer et al., 2009). However,

in schlankG0061 mutants, transcript levels and de novo CerS

activity were severely reduced. In summary, molecular and

phenotypic analysis of the engineered schlank alleles validated

our genomic engineering approach. Importantly, reintegration

of schlank gDNA completely reversed the mutant phenotype.
nkKO).

T.

wo arginines (R) into alanine (RLRR / ALAR) to generate KINLS2.

brane (TM) domains, blue marks the homeodomain and its helices, and yellow

NLS2 (RLDKKK-X19RLRR, aa 97–125) are depicted above the homeodomain.

genta bar within helix 3 indicates the NLS2 mutation.

ding red-colored yeast.

2 larvae (right) 96 hr (h) and (B0) 9 days (d) after egg laying.

Spectrin (Spec; gray) were used to mark the INM and the cell membrane. Scale

nt was normalized to dry weight.

ermine TAG and de novo ceramide generation. Equal amounts of radioactivity

ntified. Biosynthesis of ceramide in KINLS2 mutants showed no difference in

reduced in KINLS2 mutants.

RT-PCR (KIWT was used as control).
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Figure 2. Schlank Binds DNA, and the NLS2 Is Crucial for Binding

(A) Relative mean fluorescence intensities (MFIs) of nucleus/cytoplasm, determined in fb cells of KINLS2 and KIWT (L3) larvae using a-Schlank CT antibodies

(magenta). Cells were stained for Lamin Dm0 and Spectrin (green) and DAPI (blue). Scale bars represent 10 mm.

(B) A Schlank SWISS-MODEL follows the 3D structures of CerS6 and classical homeodomains Ubx or Pdx 1. H, helix, Drosophila melanogaster (Dm), Mus

musculus (Mm), Mesocricetus auratus (Ma).

(C) Homeodomain alignment showing a DNA recognition motif within the first and third helixes highlighted in pink.

(D) Schematic of the lip3 andmagro genomic locus with putative Schlank binding sites, selected according to the putative Schlank binding consensus sequence

(>85% matrix identity). Schlank sites depicted in green are within regions that were amplified by qRT-PCR on ChIP material.

(legend continued on next page)
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Thus, we conclude that phenotypes of KINLS2 mutants are

exclusively linked to the Schlank homeodomain function thereby

presenting an animal model to study its function in vivo.

Further analysis of KINLS2 mutants showed that they are de-

layed in growth, and about 35% reached the pupa stage at about

9–11 days after egg laying, of which some (10%) eclosed as

small-sized adults of normal proportion (Figures 1B00 and S2A)

showing locomotion deficits.

Because growth occurs almost exclusively during the larval

stage, we focused on KINLS2 larvae for further analyses, and

we usedmorphological criteria to ensure thatWT andmutant an-

imals of the same developmental stage were selected (wander-

ing third-instar larvae [L3]).

We found that KINLS2 larvae reaching the L3 stage were

almost similar in size as control larvae, but they appeared

slimmer. Furthermore, the size of fb cells in KINLS2 larvae was

smaller, and TAG levels were significantly reduced, consistent

with the observed phenotype (Figures 1C and 1D).

To rule out any contribution to the phenotype by any impair-

ment of the enzymatic function, we performed a metabolic label-

ing experiment on larvae fed for 18 hr with the radiolabeled lipid

precursor [1-14C]- acetic acid. In line with the overall loss of TAG

in KINLS2 larvae, the experiment showed that the de novo syn-

thesis of TAG was reduced, accompanied by slightly increased

de novo fatty acid synthesis (Figure 1E). Notably, there was

no difference in CerS activity, resulting in an unchanged

de novo ceramide synthesis between KINLS2 and control

w1118 or KIWT larvae (Figure 1E0). Therefore, and because there

were no differences in transcript levels of tested genes between

w1118 or KIWT animals (Figures S1E), we henceforth refer only to

KIWT as control.

In sum, the data from our animal model demonstrate an essen-

tial in vivo function of the Schlank homeodomain in the regulation

of body fat metabolism and growth.

Lipases Are Chronically Upregulated in KINLS2Mutants
Growth during developmental phases requires substantial

amounts of lipids for expansion of cellular membranes and en-

ergy supply. Organisms access energy stored in the form of

TAGs in the fb via the tightly coordinated action of lipases (lipol-

ysis). TAG levels were reduced in KINLS2 larvae, although they

feed. Therefore, we tested for the expression of lip3, which

was strongly upregulated in schlankG0061mutants and repressed

upon overexpression of schlank (Bauer et al., 2009). qRT-PCR

revealed an increase of lip3 transcript in KINLS2 larvae (Fig-

ure 1F). We next examined transcript levels of several lipases,

which have been recently studied in the context of LHS:

CG6295 (Palanker et al., 2009), CG6277 and CG8093 (Nirala

et al., 2013), and magro (Sieber and Thummel, 2009). The

expression of these lipases was also increased in fed KINLS2

animals (Figure 1F). The upregulation of all these lipases except
(E) Schlank binds lip3 andmagro promoter regions. Quantification by qRT-PCR o

antibodies as negative and positive controls, respectively. Promoter regions as

normalized to the relative expression of IgG-ChIP (n = 3).

(F) NLS2 mutation prevents ChIP of lip3 andmagro promoter regions. Quantificat

H215D-HA (n = 3), and HA-NLS2 using a-HA antibody (n = 4). Promoter regions

Error bars indicate SEM.
magro upon starvation was reported before in association with

reduced TAG levels (Palanker et al., 2009), which is in agreement

with the observed TAG reduction in KINLS2 larvae. Starvation

response genes other than lip3, such as insulin receptor (InR),

thor, and bmm, were not transcriptionally upregulated in KINLS2

larvae. However, their expression was induced upon starvation

(Figures S2B and S2C), indicating a normal starvation response.

These data suggest that transcript levels of these lipases are

chronically deregulated in KINLS2mutants regardless of energy

status.

TheCerSEnzymeSchlank Is a Transcriptional Regulator
Because mutation of the Schlank homeodomain affects tran-

scription, we sought to identify a mechanism by which Schlank

mediates transcriptional control. We previously reported that

the NLS2 within the Schlank homeodomain is functional and

that nuclear Schlank is required for body fat homeostasis

(FHS) (Voelzmann et al., 2016). Therefore, we asked whether nu-

clear localization might be impaired in KINLS2 animals. We used

specific antibodies (Voelzmann et al., 2016) to determine the dis-

tribution of nuclear versus cytoplasmic Schlank in fb cells of

KINLS2 and KIWT animals. Nuclear Schlank staining of fb cells

of KINLS2 larvae was moderately (�15%) but significantly

reduced compared with KIWT larvae (Figure 2A). However, this

reduction leaving considerable nuclear Schlank would not

explain the whole extent of the loss of nuclear Schlank function,

which is demonstrated by the severe phenotypes observed in

KINLS2 mutant animals.

Mostly, homeodomain proteins act as TFs and regulators of

differential gene expression programs in development (Gehring

et al., 1994). However, a previous study questioned whether

the homeodomain might act as a sequence-specific TF (Mesika

et al., 2007). Our modeling of the Schlank homeodomain re-

vealed that the folding corresponds to the commonDNA-binding

architecture (Figure 2B) of homeodomain TFs such as Ultrabi-

thorax (Ubx) or Pancreatic and duodenal homeobox 1 (Pdx 1).

In addition, a bioinformatics scan of the promoter region of li-

pases lip3 and magro identified sites (Figure 2D) conforming to

a supposed Schlank binding consensus, determined in a study

analyzing the pure homeodomain DNA-binding specificities of

putative Drosophila homeodomains (Noyes et al., 2008).

Thus, we wondered whether CerS Schlank might bind DNA

directly and act as a transcriptional regulator. To test this, we

performed chromatin immunoprecipitation (ChIP) experiments

on endogenous Schlank from Drosophila Schneider cells (S2

cells). We prepared chromatin and pulled down Schlank-associ-

ated DNA with anti-Schlank antibodies directed against the

C terminus (a-SchlankCT; Voelzmann et al., 2016) or an antibody

against the homeodomain (a-HOX; Figures 1A0 0 0 0 and S2D).

As positive and negative controls, we performed immunoprecip-

itations (IPs) using anti-histone a-H3 and a-IgG antibodies,
f ChIP material from S2 cell extract using a-HOX, a-Schlank CT, IgG, and a-H3

sayed were those of lip3, magro, and sty (negative control). Expression was

ion by qRT-PCR of ChIP material from S2 cell extract transfected with HA-WT,

assayed were those of lip3, magro, and sty (negative control).

Cell Reports 22, 967–978, January 23, 2018 971



respectively. Interestingly, qRT-PCR on the ChIP material re-

vealed that promoter regions of lipases lip3 andmagro (contain-

ing putative Schlank binding consensus sites with scores >90%

and 95%, respectively; Figure 2D) were strongly enriched in both

Schlank ChIPs compared with an unrelated genomic region of

sprouty (sty), which was used as negative control (Figure 2E).

These data indicate that the TM protein CerS Schlank binds

the lip3 and magro promoter region, identifying lip3 and magro

as direct Schlank targets.

Mutation of the NLS2 Motif Impairs DNA Binding and
Thereby Transcriptional Regulation
Our results shown above support amodel whereby Schlank DNA

binding is required to mediate a negative regulatory effect on

lipase transcription. The NLS2 mutations (RLRR to ALAR), which

affects part of the atypical bipartite-like NLS2 (RLDKKK-

X19RLRR, amino acids [aa] 97–125) overlap with the putative

DNA-binding region of helix three of the homeodomain. More-

over, it contains a defined key residue (arginine) for sequence-

specific DNA binding (B€urglin and Affolter, 2016) at position 50

(RLRR) of the homeodomain (Figure 2C). Therefore, we tested

whether this Schlank variant might no longer bind to DNA. To

this end, we used HAWT (UAS-HAschlank, N-terminal [NT] HA

tag), ceramide synthesis-deficient Schlank with an H215Dmuta-

tionH215D-HA (UASschlankH215D-HA, C-terminal [CT] HA tag),

andHA-NLS2 (UAS-HAschlankNLS2, NT HA tag). We expressed

these variants in S2 cells and performed ChIP. qRT-PCR on the

immunoprecipitated material revealed that promoter regions of

lip3 and magro were enriched in the HA-ChIP from an HA-WT

and H215D extract compared with the genomic region of the

negative controls sty or microRNA mir-278 (Figures 2F and

S2G). In contrast, promoter regions of lip3 and magro were not

enriched in the HA-ChIP from the HA-NLS2 variant (Figure 2F).

These data indicate that the Schlank NLS2 variant is not able

to bind to DNA, while an intact lag1p motif is not required for

DNA binding.

To further validate the quality of our ChIP data and to prove

that Schlank has a potential as transcriptional regulator, we

performed luciferase reporter assays. We therefore cloned a

1.7 kb lip3 upstream regulatory region (nucleotide position

�1665 to �75 with respect to the transcription start; Figure 2D)

into a firefly luciferase reporter. Our previous experiments

suggested a repression of lip3 transcription upon overexpres-

sion of Schlank WT or a ceramide synthesis-deficient H215D

variant (Bauer et al., 2009; Voelzmann et al., 2016). Indeed,

cotransfection of S2 cells with full-length Schlank WT or

H215D variants along with the lip3 reporter resulted in a strong

repression of lip3 reporter activity (Figure 3A). Increased or

no change of lip3 reporter activity upon cotransfection with

schlank RNAi or of an unrelated TF, AP-2, confirmed the effi-

cacy and specificity of the lip3 reporter (Figures S2H and

S2I). These data demonstrate that the lip3 region used in our

reporter assay serves as a Schlank-responsive cis-regulatory

promoter element.

To test whether transcriptional regulation of the lip3 activity

depends on DNA binding, we transfected S2 cells with lip3 re-

porter and HA-NLS2, which cannot bind DNA. Of note, the

NLS2 variant failed to suppress lip3 reporter activity (Figure 3A).
972 Cell Reports 22, 967–978, January 23, 2018
Thus, DNA binding of Schlank mediated via the homeodomain is

required for transcriptional regulation.

To further confirm our results in vivo, we expressed HA-

WT or WT-HA (UASschlank-HA, CT HA tag), H215D-myc

(UASschlankH215D-myc, CT myc tag), and HA-NLS2 Schlank

variants in KINLS2 mutants, using a specific fb driver (cgGal4;

Pastor-Pareja and Xu, 2011). Transcription of lip3 was strongly

reduced upon expression of the HA-WT or H215D variant. In

contrast, expressing the HA-NLS2 variant in KINLS2 mutants

did not repress lip3 expression (Figure 3B), demonstrating that

the DNA-binding capacity of Schlank is required to transcription-

ally control body FHS.

The data presented above provide mechanistic evidence

that CerS Schlank controls body FHS by binding DNA via the

intact homeodomain, thereby acting as transcriptional regulator,

whereas the catalytic activity is not required for the observed ef-

fects. In sum, these data suggest that CerS Schlank has a double

function as CerS enzyme and as a transcriptional regulator.

CerSs Are Conserved Transcriptional Regulators
Whereas Drosophila encodes for only one CerS, mammals ex-

press six CerS orthologs, and all except CerS1 contain a home-

odomain. Moreover, the homeodomain of mammalian CerSs

except for CerS3 contain NLS2-like motifs (Voelzmann et al.,

2016), suggesting a nuclear role similar to CerS Schlank.

We therefore asked whether other homeodomain containing

CerSs might also be able to directly regulate transcription. To

this end, we transfected S2 cells with the lip3 reporter and a mu-

rine WT HA-CerS2 (UAS-HA-CerS2, NT HA tag) or a catalytically

dead H215D variant CerS2-H215D-HA (UASCerS2-H215D-HA,

CT HA tag) CerS2 homolog. Interestingly, expression of both

the WT and H215D CerS2 variants resulted in a repression

of the lip3 reporter activity (Figure 3C) comparable with the

repression seen when overexpressing the corresponding

Schlank versions (Figure 3A). If the homeodomain of CerS2,

namely, the NLS2 within, is needed for transcriptional regulation,

then luciferase activity should not be reduced upon overexpres-

sion. Indeed, theCerS2-NLS2-HA (UASCerS2-NLS2-HA, CT HA

tag) variant could not suppress lip3 reporter activity (Figure 3C),

suggesting that the NLS2 is required for transcription. Thus, the

mammalian enzyme CerS2 appears to have the ability to regu-

late transcription at the promoter level.

Next we examined whether CerS2 has also a role as transcrip-

tional regulator in vivo. Therefore, we expressed HA-CerS2,

CerS2-H215D-HA, and CerS2-NLS2-HA variants in the fb of

KINLS2 mutants. Transcription of lip3 was repressed upon

expression of HA-CerS2 or CerS2-H215D-HA in KINLS2 mu-

tants. Strikingly, expression of a CerS2 NLS2 variant did not

repress lip3 expression (Figure 3D). These data strongly suggest

that the homeodomain function as transcriptional regulator

might be conserved among CerS enzymes.

Schlank Is Required for Adapted Transcriptional
Regulation
Under which conditions would Schlank modulate gene expres-

sion as transcriptional regulator? We observed deregulated

lipases, reduced de novo TAG, and increased de novo fatty

acid synthesis (Figures 1E and 1F). Fatty acids are important as



Figure 3. lip3 Is a Direct Schlank Target, Repressed upon Overexpression of an Intact Schlank and Mouse CerS2 Variant

(A) A 1.7 kb lip3 enhancer was introduced into a luciferase reporter plasmid containing an actin basal promoter and firefly luciferase (lip3 reporter). Relative

luciferase induction upon expression of HA-WT, H215D-HA, or HA-NLS2 is indicated, normalized to Renilla luciferase control transfection. The control bar is in

reference to luciferase activity upon UAS-GFP control expression (n = 3).

(B) Transcript levels of lip3 in L3 KINLS2mutant larvae upon expression of HA-WT orWT-HA,H215D-myc, or of a Schlank NLS2 variant (HA-NLS2) under control

of the cgGal4 driver line. Transcript levels were determined using qRT-PCR (n = 3).

(C) Relative luciferase induction upon expression of either HA-CerS2, CerS2-H215D-HA, or CerS2-NLS2-HA (n = 3).

(D) Transcript levels of lip3 in KINLS2 mutant larvae upon expression of HA-CerS2 or CerS2-NLS2-HA using the cgGal4 driver line. KINLS2 larvae carrying the

cgGal4 driver line but not expressing Schlank variants were used as control. Transcript levels were determined using qRT-PCR (n = 3).

Error bars indicate SEM.
structural components, fuel molecules, and signaling mediators

leading to the regulation of gene expression (Varga et al., 2011).

The availability of fatty acids is also important for de novo cer-

amide synthesis, raising the question of whether fatty acidsmight

have an effect on Schlank-mediated transcription regulation. To

test this, we treated fb and gut from KINLS2 and KIWT larvae

with fatty acids of different chain lengths ex vivo. Noteworthy, in

WT controls, ex vivo fatty acid treatment led to suppression of

lip3 and magro transcription (Figure 4A). In contrast, in samples

obtained from KINLS2 animals, ex vivo fatty acid treatment did

not lead to a suppression of lip3 and magro (Figure 4B).

To rule out an unspecific effect on transcriptional regulation by

the general gain of energy through increased b-oxidation upon
fatty acid treatment, we blocked b-oxidation with etomoxir

(a carnitine palmitoyltransferase [cpt] inhibitor) using the same

experimental setup. This did not affect the results (Figures S3A

and S3B). Thus, Schlank adapts transcriptional regulation ac-

cording to fatty acid status.

These data are in line with the observed localization of Schlank

upon starvation and under fed conditions in S2 cells. Nuclear

localization of the endogenous and tagged Schlank decreased

with increasing starvation time (Figures 4C, S3C, and S4), sug-

gesting that Schlank is thereby removed from DNA. Importantly,

a reduction of nuclear Schlank upon starvationwas also observed

in starving larvae, further confirming our data in vivo (Figure S3E).

Upon fatty acid treatment, however, nuclear accumulation of
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Figure 4. Ex Vivo Assay of Dissected Fat Bodies and Gut from schlankKIWT and schlankKINLS2 Larvae and Localization of Schlank in S2 Cells

(A and B) Incubation (6 hr) of ex vivo cultures in sugar-free Ringer’s solution supplemented with saturated fatty acids of different chain length (C12, C14, and C16)

coupled to BSA. BSA only was used as control.

(A) qRT-PCR on KIWT fat bodies/guts.

(B) qRT-PCR on KINLS2 fat bodies/guts. Error bars indicate SEM.

(C and D) Nuclear localization of Schlank determined in S2 cells after starvation (serum deprivation) (C) and supplementation with fatty acids (D). Schlank staining

was done with a-schlank CT antibodies. The ratio of colocalized Schlank and DAPI versus cytoplasmic Schlank was quantified and plotted as percentage of

nuclear Schlank.

(E) Quantification by qRT-PCR of ChIP material from S2 cell extract transfected withHA-WT, which then were fed or starved for 6 hr, using a-HA antibody (n = 3).

(F) Relative luciferase induction upon expression of either HA-WT in fed and starved S2 cells (n = 3).

Error bars indicate SEM.
Schlank was increased (Figures 4D and S3D). To further support

the model that Schlank DNA binding shifts during fed and starved

states,we expressedHA-WTSchlank in S2cells,which thenwere

either fed or starved, and performed ChIP. qRT-PCR on the
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immunoprecipitated material revealed that lip3 and magro were

enriched in the HA-ChIP from fed S2 cells compared with the

negative control. However, upon starvation, lip3 and magro pro-

moter regionswere no longer enriched in theHA-ChIP (Figure 4E).



Consistent with our ChIP data, we found that luciferase reporter

activity was not suppressed upon starvation of S2 cells that had

been transfected with the lip3 reporter (Figure 4F).

In sum, these data support the idea that Schlank may sense

fatty acid levels and adjust transcriptional regulation according

to the fatty acid status, thereby acting as transcriptional regulator.

DISCUSSION

Our results provide a molecular mechanism by which the

enzyme CerS Schlank, a multiple TM protein, for which we pre-

viously identified a nuclear pool at the INM (Voelzmann et al.,

2016), transduces the cellular energy state into adapted gene

expression, thereby acting as transcriptional regulator via its ho-

meodomain. All CerSs contain a catalytic lag1pmotif required for

ceramide synthesis and a homeodomain, which is conserved in

many species (Figure S5; Voelzmann and Bauer, 2010). Its role in

development or LHS is not known, because of the lack of animal

models, and remains a matter of debate.

In this study, we discovered an in vivo function of the Schlank

homeodomain in the regulation of body fat metabolism and

growth. KINLS2 mutants carrying a mutation in part of the

NLS2 motif lying within the homeodomain show reduced TAG

levels, a delay of larval development, and chronically upregu-

lated lipase expression regardless of the feeding status (Figures

1D, 1F, S2A, and S2C). In contrast to previous observed lipase

and TAG phenotypes in schlankG0061 mutants, transcript levels

and de novo CerS activity were not affected in our engineered

schlank NLS2 allele (Figures S1E and 1E0). Hence, the role in

LHS and the phenotypes detected can be exclusively assigned

to the homeodomain function, which was unresolved until now.

Furthermore, we found reduced nuclear Schlank staining in fb

cells of KINLS2 larvae (Figure 2A). This might be in part an expla-

nation for the observed phenotypes and is in agreement with

recent data showing that the import of CerS Schlank into the nu-

cleus requires the intact NLSs within its homeodomain (Voelz-

mann et al., 2016). However, functional analysis of the NLS sites

was done on the pure homeodomain only, not being embedded

in a protein carrying multiple TM regions. This may explain why

nuclear Schlank staining in KINLS2 animals is not severely

decreased. In addition, the NLS1 motif at the NT part of the

homeodomain is still intact, and only part of the bipartite NLS2

motif is mutated. In vivo, for efficient exclusion from the nucleus,

deletion of NLS1 or of both NLS motifs may be required. This

leaves the questions of how Schlank exerts its nuclear function

and how it is affected in NLS2 mutants.

In general, homeodomains fold into a stable three-helix bundle

preceded by a flexible NT arm. Positioning of a single ‘‘recogni-

tion’’ helix in the major groove and the NT arm in the minor

groove can establish interactions with a 5–7 bp DNA binding

site (Wolberger, 1996). Previous investigators doubted that the

homeodomains of CerSs can act as TFs because of many differ-

ences from the homeodomain consensus sequence and argued

that they may instead have a modifying role in modulating CerS

activity (Mesika et al., 2007; Levy and Futerman, 2010).

A key finding of this study is the identification of CerS Schlank

as a transcriptional regulator. Our ChIP data suggest that a pool

of the entire Schlank is nuclear and directly binds to promoter re-
gions of the lip3 and magro target genes via its homeodomain

(Figures 2E and 2F). We found that mutation of the NLS2 motif

within the homeodomain of Schlank, which coincides with the

DNA recognition stretch in classical homeodomains and con-

tains a residue for sequence-specific DNA binding (B€urglin and

Affolter, 2016) at position 50 (RLRR; Figures 1A0 0 0 0 and 2C), leads

to the loss of DNA-binding capacity, abolishing the transcrip-

tional control exerted by Schlank (Figures 2F and 3A). The

H215D mutation within the lag1p motif, which is outside the ho-

meodomain, did not affect its DNA-binding capacity (Figures 2F)

and demonstrates that enzymatic activity is not required for

the effects observed. Furthermore, although the NLS2 mutation

affects nuclear localization only moderately, it abolishes DNA

binding.

Notably, repression of upregulated lip3 in KINLS2mutants re-

quires an intact NLS2. In contrast, Schlank with mutated NLS2

could not repress the upregulation of lip3 (Figures 3A and 3B).

Similarly, mutation of the NLS2-like motif in the murine CerS2

led to a loss of transcriptional control and loss of the ability to

repress the upregulation of lip3 in KINLS2 mutants (Figures 3C

and 3D). This indicates that the NLS2 motif is also functional in

mammals. Mammals express six different forms of CerSs, and

all except CerS1 contain a homeodomain. All homeodomain-

containing CerSs except CerS3 have NLS2-like motifs. Our

data suggest that CerSs harboring NLS2-like motifs within the

homeodomain might have a dual function as CerS enzymes

and as transcriptional regulators. CerSswould thereby represent

a putative group of transcriptional regulators.

This role is further corroborated by the observation that in

peroxisome 19 (pex19) mutants, showing the major hallmarks

of the multiform pathologic symptoms of peroxisomal biogen-

esis disorders of Zellweger syndrome, nuclear Schlank is

reduced and lipolysis upregulated. Expression of a nuclear

Schlank variant repressed lipolysis and rescued pex 19mutants

to adulthood (B€ulow et al., 2017).

Why use two functions in one protein? Cells need to

coordinate gene expression and metabolic state. Metabolism

and gene regulation are usually conducted by different classes

of proteins.

However, there are examples of metabolic enzymes, such

as glyceraldehyde-3-phosphate dehydrogenase and inosine

monophosphate dehydrogenase (Zheng et al., 2003; Kozhevni-

kova et al., 2012), that perform double duty as transcriptional

regulators.

Here we show that Schlank adjusts transcriptional regulation,

which requires binding of Schlank to DNA via its intact homeodo-

main, according to energy status, which is also reflected by the

fact that Schlank DNA binding shifts during fed and starved

states (Figure 4E). NLS2mutants were no longer able to respond

to changing fatty acid levels (Figure 4B). This mechanistic model

is consistent with the phenotypes we observed in KINLS2 ani-

mals, which can no longer uphold LHS (Figures 1D and 1F).

Interestingly, the TFs PPAR and SREBP, either as receptor

molecules or by interacting with other molecules, sense chang-

ing fatty acid conditions and respond as TFs (Desvergne et al.,

2006).

Ceramide generation via the de novo pathway requires acti-

vated fatty acids at two steps: for the condensation of serine
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and acyl-CoA by serine-palmitoyl-CoA transferase and for

N-acylation of the sphingoid base by coenzyme A-activated fatty

acids (Futerman and Hannun, 2004). All CerSs contain a TLC

domain, a conserved lipid-sensing domain (Winter and Ponting,

2002), which also determines acyl chain specificity of CerSs

(Tidhar et al., 2012). Thus, like PPAR and SREBP, CerS Schlank

might sense fatty acid status and transduce the signal by regu-

lating gene expression via its homeodomain. Alternatively, as

suggested for SREBP (Dobrosotskaya et al., 2002), Schlank

might be required to monitor cell membrane lipid composition

and to adjust lipid synthesis accordingly. Of note, the anchoring

of Schlank in the membrane is apparently important, as the pure

homeodomain of Schlank, which is exclusively nuclear (Voelz-

mann et al., 2016), was not able to rescue the lip3 phenotype

when it was expressed in schlank mutants (Figure S2L). A very

recent publication supports the concept of a dual role of CerS

in metabolism and transcription (Mendelson et al., 2017). Muta-

tions in the NLS2-like site of the zebrafish CerS2b homeodomain

similar to our NLS2 mutations (Voelzmann et al., 2016) abolished

the ability to respond to changing sphingosine levels properly.

Future studies will be needed to reveal how CerS Schlank can

sense fatty acid levels ormetabolites andwhether it acts alone or

together with other partners to comply with the double function

as an enzyme and a transcriptional regulator.

Together, our data suggest a mechanism by which CerSmight

perform a double role as an enzyme and a transcriptional regu-

lator sensing lipid levels and transducing the information to the

level of gene expression. We found that Schlank can bind to

DNA via its homeodomain, suggesting a role as a transcriptional

regulator. Previous work provided valuable data on the regulato-

ry aspects of CerS biology on the basis of the enzyme activity

and the ceramides produced. Our data put the CerS protein

rather than ceramide synthesis into focus.

Finally, most CerSs have, in addition to the catalytic lag1p

motif, a homeodomain, suggesting the intriguing possibility that

CerSs might act to some extent as transcriptional regulators.

EXPERIMENTAL PROCEDURES

Schlank Genomic Engineering, Fly Strains, and Larvae Selection

Schlank knockout flies were generated by homologous recombination as

described (Huang et al., 2008). Primers and detailed procedures are described

in the Supplemental Information.

The following fly stocks were obtained from the Bloomington Stock Centre:

w1118; P{cg-GAL4.A}2 (#7011) and w1118; and Tb1 (#42220), Df(1)dx81,

w*/Dp(1;Y)dx+1/C(1)M5 (#5281). pP{UAS-schlank NTHA}, pP{UAS-schlank

CTHA}, pP{UAS-CerS2} (Bauer et al., 2009), pP{UAS-GFP}, and pP{UAS-

schlankNLS2} (Voelzmann et al., 2016) were described earlier. pP{UAS

CerS2NLS2HA} and pP{UAS-schlank-Hox} were generated by P element

transformation (Rubin and Spradling 1982) intow1118 flies. Phenotypic analysis

of Schlank alleles and rescue experiments were done as previously described

(Bauer et al., 2009; Voelzmann et al., 2016). Morphological criteria were used

to ensure that WT and mutant animals of the same developmental stage were

selected (wandering L3).

Cloning and Plasmids

CerS2-NLS2-HA (NLS2 mutation: RRRR to ALAR), CerS2-H215D-HA, or

schlankH215D-HA was inserted into pP{UAST} to produce pP{UASCerS2-

NLS2-HA}, pP{UASCerS2-H215D-HA}, and pP{UAS schlankH215D-HA}.

pUAS-GFP-schlank-aa 64–138 (Voelzmann et al., 2016) was used to produce

pP{UAS-schlank-Hox} transgenic flies. pP{UAS-schlank NTHA} and pP{UAS-
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HA-CerS2}, pP{UASschlankH215D} (Bauer et al., 2009), pP{UAS-GFP}, and

pP{UAS-schlankNLS2} (Voelzmann et al., 2016) were described earlier.

The luciferase reporter plasmid contains a 1.7 kb upstream regulatory region

of schlank cloned into pAc5.1 plasmid upstream of a firefly luciferase reporter

gene. Primers used are listed in Table S2.

Cell Culture and Luciferase Assays

Drosophila Schneider cells (S2) were grown in Schneider’s medium supple-

mented with 10% heat-inactivated fetal bovine serum and 1% penicillin/

streptomycin (Sigma-Aldrich, USA). Transfection was done 12 hr after plating

S2 cells (Effectene; QIAGEN) according to the manufacturer’s instruction.

Starvation and fatty acid treatment were done in Serum Free Optimem

with or without BSA-fatty acids for indicated times. Luciferase assays were

performed 48 hr after transfection of the corresponding plasmids with the

Dual-Luciferase Reporter Assay System (Promega) according the manufac-

turer’s protocol. Activity was determined using a MicroLumatPlus LB 96V lu-

minometer (Berthold Technology). Each experiment was repeated three times

and is the average of the reading of three different transfected wells. Antibody

staining on S2 cells was performed 48 hr after transfection of S2 cells.

TAG Assay

Organismal fat content (total glycerides) was quantified using a coupled color-

imetric assay. The lyophilized samples were weighed, and the dry weight was

used to normalize TAG amount. The measurements were carried on as previ-

ously described (Tennessen et al., 2014).

Metabolic Labeling of Lipids of Larvae

TAG, fatty acid, and CerS activity was determined bymeasuring de novo TAG,

fatty acid, and ceramide generation after 18 hr labeling of larvae with [1-14C]-

acetic acid. For metabolic labeling, larvae were fed with inactivated yeast

paste containing [1-14C]-acetic acid (61 Ci/mol) as a C1-precursor for lipids.

The procedure was carried on as previously described (Bauer et al., 2009).

Antibody Generation

Polyclonal antiserum (a-HOX antibody) was generated in rabbit (BioGenes,

Berlin, Germany) against a Schlank-specific oligopeptide (RSSRPKKAANVPI,

aa 75–87) conjugated to LHS (Figure S2D).

Immunohistochemistry

For immunohistochemical staining,we used anti-Schlank-CT fromguineapig or

sheep (a-Schlank) 1:50 (Voelzmann andBauer, 2011), anti-HA (a-HA, rat, 1:100;

clone 3F10; Roche); anti-Spectrin (a-Spectrin; mouse, 1:40) Developmental

Studies, Hybridoma Bank (DSHB), and mouse anti-Lamin Dm0 (DSHB) 1:100.

Tissue or cells were mounted with DAPI Fluoromount-G (SouthernBiotech).

The procedure was carried out as previously described (Bauer et al., 2009).

Ex Vivo Culture of Larval fb and Gut

Ex vivo organ culturewas performed according themethod of Britton andEdgar

(1998). In brief, L3 were opened and incubated in glucose-free Ringer’s solution

(120 mM NaCl, 4 mM KCl, 2 mM CaCl2, 4 mM MgCl2, and 5 mM HEPES) sup-

plemented with different BSA-conjugated fatty acids (C12, C14, and C16) to a

final concentration of 200 mM for 6 hr at 4�C. BSA was used as control. In par-

allel, etomoxir was added (200 mM). Following incubation, larvae were washed

in PBS, and fat bodies and gut were dissected and frozen in TRIzol (Invitrogen).

RNA Extraction and qRT-PCR

Isolation of total RNA was done in TRIzol. cDNA was transcribed using

the QuantiTect Kit (QIAGEN). qRT-PCR was performed in a reaction mix con-

taining cDNA template, primers, and iQ SYBR Green Supermix (Bio-Rad). The

experiments were performed in an iQ5 RT-PCR Detection System (Bio-Rad).

Ribosomal protein L32 (rp49) was used as a reference gene.

ChIP

ChIP was performed as previously described (Andresini et al., 2016). Briefly,

S2 cells were crosslinked with formaldehyde. The nuclei were subsequently

sonicated to yield DNA fragments of about 500 bp and immunoprecipitated

with the indicated antibodies. Crosslinking was reversed, DNA was extracted



using phenol/chloroform, and 1 ml of immunoprecipitated DNA was used

for qRT-PCR analysis. Expanded protocol is provided in the Supplemental

Information.

Quantification of Nuclear Schlank

S2 cells were imaged for Schlank (a-Schlank-CT, endogenous) or HA (a-HA;

expression of UAS-schlank NTHA [HA-WT]) and DAPI fluorescence. The nu-

clear area was defined as DAPI and cytoplasm as total Schlank signal minus

nuclear area. The mean fluorescence intensity (MFI) ratio of Schlank to DAPI

of nuclear versus cytoplasmic area per cell was determined and quantified

using the ImageJ ‘‘Intensity Ratio Nuclei Cytoplasm Tool’’ and plotted as

MFI (nucleus/cytoplasm). For fb cells, the nuclear area was defined as DAPI/

Lamin Dm0 stained region. The cytoplasmic area was defined as Spectrin

area minus nuclear area. The MFI ratio of Schlank fluorescence of nuclear

versus cytoplasmic area per cell was determined. For size determination, cells

in a comparable confocal plane were compared using DAPI staining, and

cell area was defined by Spectrin and outlined using the ‘‘Hand’’ tool. ImageJ

software was used for each quantification.

Bioinformatics and Statistical Analysis

Depiction of 3D Protein Data Bank (PDB) structures and phylogenetic analysis

data are detailed in the Supplemental Information.

Significance was tested using a two-tailed heteroscedastic Student’s t test

(Microsoft Excel) with at least three independent biological replicates (n), with

the Mann-Whitney U test or with one-way ANOVA as indicated (GraphPad

Prism) (*p < 0.005, **p < 0.01, and ***p < 0.001).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

five figures, and two tables and can be found with this article online at

https://doi.org/10.1016/j.celrep.2017.12.090.
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