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Abstract

Metazoan internal organs are assembled from polarized tubular epithelia that must set aside an 

apical membrane domain as a lumenal surface. In a global Caenorhabditis elegans tubulogenesis 

screen, interference with several distinct fatty-acid-biosynthetic enzymes transformed a 

contiguous central intestinal lumen into multiple ectopic lumens. We show that multiple-lumen 

formation is caused by apicobasal polarity conversion, and demonstrate that in situ modulation of 

lipid biosynthesis is sufficient to reversibly switch apical domain identities on growing 

membranes of single postmitotic cells, shifting lumen positions. Follow-on targeted lipid-

biosynthesis pathway screens and functional genetic assays were designed to identify a putative 

single causative lipid species. They demonstrate that fatty-acid biosynthesis affects polarity via 

sphingolipid synthesis, and reveal ceramideglucosyltransferases (CGTs) as endpoint biosynthetic 

enzymes in this pathway. Our findings identify glycosphingolipids (GSLs), CGT products and 

obligate membrane lipids, as critical determinants of in vivo polarity and suggest they sort new 

components to the expanding apical membrane.

Original inquiries into intrinsic polarizing components of membrane biogenesis1 were 

superseded by the characterization of specific membrane-associated polarity molecules: (1) 

plasma-membrane- and junction-associated protein complexes defining domain identities 

(identified by genetic morphogenesis screens in lower organisms); and (2) endomembrane-

based sorting signals directing transport (identified by the analysis of trafficking in 

mammalian cell lines2, 3). It is unclear how these distinct polarizing cues are integrated, how 
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they themselves are regulated, and how they relate to other polarity cues that arise during 

cell division, migration and tissue morphogenesis4, 5.

The limitation of genetic screens to identifying protein- or RNA-encoding genes may 

explain why lipids escaped numerous genetic screens instrumental in discovering in vivo 

core polarity determinants6, 7. In contrast, membrane lipids, particularly phosphoinositides, 

are well-established in vitro sorting signals8–10. GSLs, like phosophoinositides, are 

ubiquitous, asymmetrically assorted endo- and plasma-membrane lipids, but their polarity 

function is less clear in vitro and unknown in vivo. GSLs (with and without cholesterol) are 

thought to laterally self-assemble into membrane microdomains (rafts), and as such were 

implicated in the apical delivery of several molecules, particularly 

glycosylphosphatidylinositol(GPI)-anchored proteins, in mammalian cell lines11–15. A more 

general GSL role in partitioning apical proteins and lipids along endomembranes, originally 

proposed to generate polarity by segregating the GSL-rich apical plasma membrane domain, 

has not yet been demonstrated16–18. Studies are furthermore limited by uncertain effects of 

toxins and lipids used for the in vitro analysis of spingolipids. Additionally, GSL-

biosynthetic-enzyme knockouts, although demonstrating an essential GSL role in vivo, 

failed to confirm a polarity function19. GSLs' ability to generate polarized plasma membrane 

domains is therefore uncertain and their essential role in development unknown.

Here, a global C. elegans tubulogenesis screen, followed by targeted lipid-biosynthetic 

pathway screens, identifies GSLs, the CGT products, as a lipid species, whose loss, along 

with each of ten of its upstream biosynthetic enzymes, displaces apical domains on 

expanding membranes, generating multiple intestinal lumens. An unbiased genetic 

morphogenesis screen thus identifies a membrane lipid with an apical sorting function in 

mammalian cell lines as an apical domain identity cue during de novo membrane biogenesis 

of invertebrate tubular epithelia.

RESULTS

Interference with four distinct lipid-biosynthetic enzymes converts apicobasal polarity, 
generating lateral lumens

To examine tubulogenesis and lumen formation, a visual RNA interference (RNAi) screen 

was performed using C. elegans engineered with ERM-1∷GFP-labeled lumenal membranes 

(Methods). RNAi with all chromosome III genes (N=2278) revealed that most (>90%) 

informative phenotypes involved essential genes, to which further genome screening was 

then restricted. A highly penetrant intestinal polarity phenotype (Fig.1a) was identified by 

knockdowns of each of four different lipid-biosynthetic enzymes: POD-2, an acetyl-CoA-

carboxylase/ACC; LET-767, a steroid-dehydrogenase/3-ketoacyl-CoA-reductase/KAR; 

ACS-1, a long-chain-fatty-acid-acyl-CoA ligase; SPTL-1, a serine-palmitoyl-transferase/

SPT. Single-cell analysis of intestinal tubulogenesis revealed the same sequence of events in 

all: in either late-stage embryos (pod-2[RNAi]) or first-stage larvae (L1; let-767, acs-1-, 

sptl-1[RNAi], their respective arrest stages) ERM-1∷GFP decreased from the apical 

membrane and increased at basolateral membranes; lateral membranes transformed into ring 

structures; initially contiguous central apical ERM-1∷GFP fractionated into non-contiguous 
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lateral openings, suggesting multiple lateral ectopic lumens (Fig.1b, Fig.S1a,b). Digestive 

tract morphogenesis appeared otherwise unaffected and the epithelium intact (Fig.S2).

Additional apical submembraneous and integral membrane proteins were all similarly 

displaced to lateral membranes or the cytoplasm, including cortical actin and the apical 

Par(partitioning-defective)-polarity-complex component PAR-6. Basolateral molecules, 

including the polarity determinant LET-413/Scribble, were less affected, although partially 

displaced subapically (Fig.2a–h, Fig.S3a–d). Transmission-electron microscopy (TEM) 

revealed corresponding structural conversions of apical and basolateral domains: microvilli 

and the submembraneous terminal web were lost apically and acquired laterally, identifying 

lateral openings as true lumens rather than membrane adhesion defects or intracellular 

vacuoles (Fig.1c, Fig.S1c,S3h).

Apicobasal polarity defects of developing epithelia have been characterized as polarity loss 

through membrane equilibration and as unilateral, typically apical, domain expansion; both 

changes generally caused by apical junction defects3, 7. In contrast, we find polarity 

conversion: apical characteristics are coincidentally lost from the original apical, and gained 

by the original lateral domain. In further contrast, intestines lacked typical apical junction 

defects20: loss, fragmentation or displacement of AJM-1, HMP-1/Alpha-catenin, DLG-1/

Discs-large from apicolateral junctures; ultrastructural defects at apicolateral sealing 

positions; label uptake from fluorescently-labeled bacterial food into intercellular spaces. 

Conversely, after polarity conversion but before single lateral lumen formation, additional 

junctions formed between nascent lateral lumens, suggesting they contribute to de novo 

apical domain biogenesis on the lateral side rather than reflecting an assembly defect 

preceding and causing the polarity alteration (Fig.1c, Fig.2i–k, Fig.S3e–h).

We conclude that interference with any one of four distinct lipid-biosynthetic enzymes 

converts intestinal apicobasal membrane domain identities, generating separate lateral 

lumens.

Lipid-biosynthetic enzymes affect apical sorting during de novo membrane biogenesis

C. elegans intestinal cell division, migration and intercalation are complete at mid-

embryogenesis. To test if the late-embryonic or larval polarity changes reflected a role of 

lipid-biosynthetic enzymes in polarity maintenance rather than establishment, enzymes were 

RNAi-inactivated post-embryogenesis (Methods). This was sufficient to displace 

ERM-1∷GFP basolaterally and switch lumen position in the mature larval, but not adult, 

epithelium (Fig.S4a). Lipid-biosynthetic enzymes thus maintain postmitotic intestinal 

polarity, but only in larvae, not in adults (a potential early embryonic requirement, e. g. via 

maternal lipids, cannot be excluded).

The morphogenetic feature distinguishing larval from adult intestines is net growth21, 

suggesting that lipid-biosynthetic enzymes' polarity function was linked to epithelial 

expansion. Consistent with this, full polarity conversion, although confined to one stage (the 

arrest stage: late embryo or L1), required an extended period of time where animals grow 

(~two days at 20°C; Fig.3a). Notably, growth suppression via food deprivation22 attenuated 

it, indicating that membrane expansion was required to manifest the polarity change 
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(Fig.S4b–c). To explore the role of lipid-biosynthetic enzymes in de novo polarized 

membrane biogenesis, we searched for a newly apically-delivered polarized molecule that 

was laterally displaced upon lipid-biosynthesis perturbations. ERM-1∷GFP recovery after 

erm-1(RNAi) removal revealed that ERM-1 is continuously supplied to larval, but not adult, 

lumenal membranes (peak delivery in L1s; Fig.S5). Since ERM-1∷GFP is displaced from 

expanding, but not non-expanding (starved) larval or adult membranes, these enzymes must 

target new components to the apical membrane during its biogenesis.

If lipid-biosynthetic enzymes maintain polarity by sorting newly-synthesized membrane 

components, the effect of their loss might be reversible. To test this, their activity was 

restored in enzyme-depleted RNAi larvae with ectopic lumens. Strikingly, lipid-biosynthesis 

reactivation reversed apical membrane lateralization, closed lateral lumens, rebuilt a 

contiguous central lumen and rescued growth-arrest and lethality (Fig.3b; FigS4b–d for 

comparison to Dauer-dependent arrest reversal).

We conclude that specific components of lipid biosynthesis are required to sort apical 

molecules during de novo membrane biogenesis, sustaining apicobasal domain identities and 

a contiguous lumen in C. elegans intestinal epithelia.

Polarized membrane biogenesis requires saturated long-chain-fatty-acid (LCFA) 
biosynthesis

We considered that pod-2-, let-767-, acs-1- and sptl-1(RNAi)-induced polarity defects might 

result from the loss of a common single lipid product, although these enzymes were not 

components of an obvious biosynthetic pathway. We first examined POD-2, LET-767 and 

ACS-1, all biochemically defined fatty-acid-biosynthetic enzymes with intestinal 

localization23–25. Knockdowns were validated as specific and severe losses-of-functions by 

confirming ERM-1∷GFP displacement in pod-2(ye60) intestines25 (not shown) and 

demonstrating increasing polarity and tubulogenesis defects in an allelic series of let-767 

loss-of-function mutants26 (Fig.4a–b).

Disrupting biosynthetic pathways increases upstream substrates while decreasing 

downstream products. It was thus unlikely that toxic intermediates would induce polarity 

defects generated by losing different enzymes, including one catalyzing the first committed 

step in de novo lipid biosynthesis (POD-2). Confirming this, exogenous fatty acids rescued 

the phenotype, in addition to the previously demonstrated wild-type gene rescue23,25 (Fig.

4c–d). This result also excluded non-lipid-related dual enzyme functions and supported the 

assumption that losing one or more lipid compounds generated the phenotype.

Next, we knocked down 162 genes known or predicted to contribute to fatty-acid 

biosynthesis, metabolism or transport. Animals were examined for tubular polarity defects 

and negative results confirmed in selected germline mutants at pathway branch-points (Fig.

5, Tab.S1). One additional enzyme was identified: ELO-3, an elongase predicted to generate 

LCFAs (Fig.5, Fig.S6a). ELO-3's identification supported the prior identification of POD-2, 

LET-767 and ACS-1, the former catalyzing the first step synthesizing short- and medium-

length saturated fatty acids (SFAs; LCFA building blocks) and the latter directly 
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contributing to LCFA biosynthesis of straight or monomethyl-branched-chain fatty acids 

(mmBCFAs)23, 24, 27.

Since elongases condense fatty acids to ketoacyl-CoA, ELO-3 might generate the substrate 

for the 3-ketoacyl-CoA reductase LET-767. To examine the enzymatic step downstream of 

this reductase we searched the C.elegans genome for an ortholog predicted to use the 

LET-767 product 3-hydroxy-acyl-CoA as a substrate and identified 3-hydroxyacyl-CoA 

dehydratase homology in the PTP-like protein T15B7.2. Its knockdown copied the 

phenotype (Fig.5, Fig.S6b), suggesting that ELO-3, LET-767 and T15B7.2 catalyze 

consecutive steps in the biosynthesis of the presumed polarity-affecting lipid.

In contrast, desaturase gene knockdowns did not generate the polarity defect. Desaturases 

synthesize mono- and polyunsaturated fatty acids (MUFAs and PUFAs)28, 29. This negative 

result was confirmed in the non-redundant strong loss-of-function allele fat-2(wa17) that 

lacks normal PUFAs29 (Fig.5, not shown), although not additionally confirmed in germline 

mutants of redundant MUFA desaturases28.

We conclude that a putative common lipid species should contain saturated LCFAs, possibly 

MUFAs, probably mmBCFAs, but not PUFAs, excluding many lipid-signaling molecules 

and phosphoinositides as candidates for this specific polarity function.

Saturated long-chain-fatty-acid biosynthesis determines polarity via sphingolipid 
synthesis

We next examined the fourth identified enzyme, SPTL-1, predicted to condense a fatty acid 

with serine to form the long-chain-base (LCB) sphinganine as the first committed step in de 

novo sphingolipid synthesis (Fig.6a,7a). As expected, fatty acids did not rescue its RNAi 

phenotype (Fig.4c). Sphingolipid's role in polarity was, however, confirmed via 

sptl-1(RNAi) phenocopy by: double knockdowns of sptl-2 and sptl-3, two additional 

C.elegans SPTs (Fig.S6e); feeding Myriocin or Fumonisin B, mycotoxins specifically 

inhibiting SPT and ceramide synthase (CerS), respectively. Both inhibitors dose-

dependently induced the phenotype (Fig.7a, Fig.S6c). Since CerS generates ceramide from 

sphinganine, we infer that sphinganine itself, previously suggested to affect polarity in 

hepatoma cell lines30, is excluded here since both sphinganine loss (via Myriocin and 

sptl-1[RNAi]) and excess (via Fumonisin) generate the phenotype.

Ceramide (Cer), the building block of all complex sphingolipids, contains a second LCFA in 

addition to the one used for the LCB (Fig.6a). Sphingolipid synthesis is thus strictly 

dependent on LCFAs, generally SFAs, and, in C.elegans, mmBCFAs31, but not PUFAs, 

making sphingolipids good candidates for the putative common lipid compound. A series of 

experiments supported this idea. First, pod-2-, acs-1- and let-767(RNAi) phenotypes failed to 

efficiently reverse when sphingolipid synthesis was inhibited (Fig.6b). Second, mild sptl-1, 

pod-2 and acs-1 RNAi enhanced moderate let-767 alleles (not shown) and were themselves 

dominantly enhanced by let-767(s2819);sDp3. Third, mass spectrometry (MS) profiles of 

selected sphingolipids showed similar reductions in let-767, acs-1- and sptl-1(RNAi) animals 

(Fig.6d–e, Tab.S3). These profiles also confirmed that C. elegans sphingolipids utilize C17 

mmBCFAs for the LCB31, and demonstrated that saturated LCFAs are used for the 
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ceramide. Finally, exogenous sphingolipids partially rescued the polarity phenotype of fatty-

acid-biosynthetic-enzyme-deficient animals (see below).

We conclude that pod-2, let-767, acs-1, elo-3 and T15B7.2 are C. elegans sphingolipid-

biosynthesis pathway components, and as such required for tubular polarity. We also note 

that the essential but unknown mmBCFA function27 at least partially results from 

contributing to polarity and tubulogenesis via sphingolipid synthesis.

Polarity depends on ceramideglucosyltransferases

To identify the putative common polarity-affecting sphingolipid species, we knocked down 

85 genes predicted to contribute to complex lipid and sphingolipid metabolism and 

regulation, adding double and triple RNAi and RNAi-sensitive conditions to detect 

redundant enzymes and mild effects (Fig.7a, Tab.S2, Methods). The phenotype was found in 

the single knockdown of a predicted sphingolipid-fatty-acid hydroxylase, C25A1.5, and the 

double knockdown of the CGT orthologs cgt-1 and cgt-3 (Fig.S6d,f). CGTs only generate 

glucosylceramide (GlcCer), the GSL backbone17, and, in contrast to the previously 

identified enzymes, do not produce substrates for the biosynthesis of multiple lipids. This 

result therefore identifies GSLs as the furthest downstream polarity-affecting lipid species, 

and suggests that their loss generates the polarity defects induced by its ten upstream lipid-

biosynthetic enzymes.

Several findings further supported CGTs' and GSLs' role in tubular polarity. Prior studies 

determined that: C. elegans' CGTs are expressed and function cell-autonomously in the 

intestine; they synthesize GSLs in vitro and in vivo; arrested cgt-1,ctg-3-double and 

cgt-1,ctg-2,ctg-3-triple RNAi/mutant larvae have reduced although not absent GSL 

levels32–35. We found the polarity phenotype in double cgt-1(tm999);cgt-3(tm504) mutants, 

different combinations of cgt-1, cgt-3-double mutant/RNAi animals, and animals fed with 

the CGT inhibitor D,L-threo-PDMP (Fig.S6f–g, not shown; Methods). Although complex 

membrane lipids might not be expected to recapitulate their endogenous roles as 

endproducts on membranes36 (in contrast, exogenous fatty acids can function as metabolic 

intermediates or signaling molecules24, 25; compare Fig.4c–d), exogenous labeled and 

unlabeled sphingolipids were tested for rescue. Neither we nor others could rescue 

cgt-1;cgt-3-double-mutant/RNAi-induced lethality with exogenous GSLs34, however, 

feeding a mixture of synthetic sphingolipids (including GSLs), made to human templates, 

mildly improved ctg-1(tm999);ctg-3(RNAi) tubulogenesis defects, and C6-NBD-GlcCer 

uptake attenuated their severity (Fig.7b–c).

Without excluding other possible sphingolipid contributions, additional results suggested 

that GSLs mediate the polarity effect of their upstream fatty-acid- and sphingolipid-

biosynthetic enzymes: moderate cgt-1;cgt-3(RNAi) polarity phenotypes were dominantly 

enhanced by let-767(s2819);sDp3 (Fig.6c); ctg-1(tm999);ctg-(RNAi)-rescuing sphingolipids 

and GSLs likewise partially rescued let-767- and sptl-1-(RNAi) tubulogenesis defects that 

were similarly attenuated by C6-NBD-GlcCer (Fig.7b–c); MS profiles displayed comparable 

GSL losses in fatty-acid-and sphingolipid-biosynthesis-defective animals (Fig.S7a, Tab.S3). 

Of note, the complex membrane sphingolipids GSL and sphingomyelin [SM] ratio was 
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consistently altered, with a greater loss of GSLs, suggesting a corresponding change in 

membrane lipid composition (Fig.S7b).

We conclude that the furthest downstream lipid-biosynthetic pathway enzyme CGT, and its 

product GlcCer are required for tubular polarity, suggesting that GSLs are the polarity-

affecting common lipid species.

Polarity requires hydroxylated glucosylceramide, while further sugar modifications are 
dispensable

GSLs could affect polarity via GlcCer intermediates, derivatives, or GlcCer itself. The 

pathway screen's systematic approach largely excludes the first: gaining and losing multiple 

different intermediates of eleven GSL-biosynthetic enzymes equally disturbs polarity. This 

includes ceramide, GlcCer's immediate metabolite (single and double RNAi of 

glucocerebrosidases also failed to generate the phenotype, although multiple-null mutants 

were not tested [Tab.S2]). Since GSL metabolism occurs on endomembranes37, it cannot, 

however, be excluded that they function through an organelle-sequestered intermediate 

subfraction.

Further sugar modifications of GlcCer's backbone create the large GSL family38. Single 

knockdowns of 112 gene candidates for the biosynthesis or function of GlcCer-derivatives 

(Tab.S4), including those previously ordered into a biosynthetic pathway for insect-specific 

derivatives39, failed to generate the polarity phenotype. bre-3(ye26)/

Beta4Mannosyltransferase, a viable, presumed null allele catalyzing the first step in their 

biosynthesis, confirmed these negative results, excluding the arthro-series of GlcCer-

derivatives as required for this function (Fig.7d).

Our MS profile furthermore revealed the complete absence of lactosylceramide (LacCer) 

and consequently the entire GSL lacto-series (Fig.S7c–d), supporting previous assumptions 

that C. elegans, like Drosophila, exclusively uses the arthro-series of GlcCer-

derivatives39, 40. In the absence of as-of-yet unidentified novel GSL sugar modifications, 

these results suggest that GlcCer itself exerts the polarity effect, for which additional sugar 

modifications are dispensable.

Finally, our MS analysis characterized GlcCer as invariably hydroxylated, consistent with 

the identified sphingolipid fatty-acid hydroxylase, C25A1.5, and containing a saturated 

LCFA of C21–C26 chain length, with C22 in greatest abundance (Fig.7e).

We conclude that the polarity-affecting lipid compound is likely GlcCer-OH itself, with or 

without specific sugar modifications, with a C17-branched-chain LCB and a saturated 

LCFA of length C21–C26, probably C22 (Fig. 7e inset).

GSL biosynthesis affects vesicular trafficking

GSLs localize to endothelial vesicleand lumenal-plasma membranes, are synthesized on 

vesicle membranes, and apically sort several membrane molecules in mammalian epithelial 

cell lines8, 14, 41. Feeding partially rescuing C5–BODIPY-Cer and C12-NBD-GlcCer 
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suggested that both lipids also localize to vesicles and the lumenal membrane of the C. 

elegans intestine (Fig.8a).

Consistent with a conserved GSL trafficking function were the following findings: low-

temperature interference with trafficking suppressed the polarity conversion, suggesting 

vesicular transport was required to reveal the misdirection of apical membrane components 

(Fig.8b, Fig.S8a–g; note: low temperature also slows growth and development); 

sptl-1(RNAi) intestinal sections revealed vesicle paucity, along with distended endoplasmic 

reticular (ER) and Golgi membranes (Fig.8c, Fig.S8h–i); the pod-2-, let-767-, acs-1-, 

sptl-1(RNAi) and cgt-1(tm999)/cgt-3(RNAi)-induced polarity conversion depleted intestinal 

endosomes, primarily RAB-11-associated, presumed lumenal-membrane-forming 

vesicles4, 42 (Fig.8d, not shown). RAB-11-positive vesicles were first slightly enlarged, then 

lost from the apical membrane; RAB-5-associated early endosomes were occasionally 

mildly enlarged subapically; L1-specific RAB-7-positive apical clusters, but not the 

presumed Golgi-associated mid-cytoplasmic endosomes, were decreased in number or 

absent; RAB-10-associated basolateral recycling endosomes were least affected43. Alpha-

mannosidaseII(MANS)-associated Golgi membranes, distributed as mini-stacks throughout 

the wild-type C. elegans cytoplasm43, 44, contracted basolaterally, assuming a linear, 

possibly tubulated, pattern (Fig.8d).

Finally, C5–BODIPY-Cer and C12-NBD-GlcCer, which only mildly improve polarity 

defects, were themselves displaced to lateral ectopic lumenal membranes in sptl-1(RNAi) 

and cgt-1(tm999)/cgt-3(RNAi) intestines (Fig.8e), demonstrating that GSL biosynthesis also 

affects the targeting of lipids, including its own apical placement. Given GSLs' obligate 

membrane association, this finding further supports a function of GSL biosynthesis in the 

vesicular delivery of apically-destined molecules during membrane biogenesis.

DISCUSSION

GSLs' long-proposed essential role in development has remained mysterious, and their 

postulated contribution to in vivo polarity uncertain14, 19, 45, 46. Here, an unbiased genetic 

tubulogenesis screen uncovers an essential role for GSLs in maintaining polarity and a 

central lumen in the developing C. elegans intestine. Our analysis suggests that endoand 

plasma-membrane-associated GSLs determine polarity by sorting new components to 

expanding apical membranes: (1) their loss simultaneously decreases molecular and 

structural apical characteristics at original apical membranes while increasing them at 

original lateral membranes; (2) this polarity conversion diverts newly-synthesized 

membrane components from their apical path; (3) it requires cell growth and trafficking, but 

not cell division, migration or junction disassembly; (4) it is reversible in single cells upon 

restoration of lipid biosynthesis; (5) it depletes apical endosomes, including RAB-11-

associated lumenal vesicles; (6) it affects GSLs' own presumed membrane-associated apical 

delivery. Without excluding additional GSL roles in structural membrane biogenesis or 

other trafficking aspects, an apical sorting function is strongly supported by GSLs' 

documented in vitro ability to deliver several apical molecules8, 11, 12, 15. Our findings in 

turn now provide evidence for the relevance of these in vitro findings for polarized tissue 

morphogenesis in vivo, and for the proposition that GSLs could determine apical plasma 
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membrane domain identity47. GSLs, like phosphoinositides, may combine aspects of both 

endo- and plasma-membrane-based polarity cues, suggesting a mode of integration for these 

distinct membrane-associated polarity determinants2. Phosphoinositides, classical vesicle-

based sorting signals9, do, in fact, control plasma membrane domain identity and affect 

mammalian tubulogenesis in vitro.5, 48, 49

Previously characterized core polarity determinants of developing epithelia, such as the Par-, 

Crumbs-, and Scribble-related protein complexes, were characterized in proliferating and 

migrating cells or cell populations2, 3, 7. Our in vivo single-cell analysis of postmitotic 

expanding epithelia, that separated membrane biogenesis from proliferation- and migration-

dependent polarity cues, may have allowed the identification of these structural membrane 

lipids' innate sorting ability during de novo membrane biogenesis. This analysis also 

revealed unanticipated aspects of polarity and tissue plasticity: polarity remains dynamic in 

single postmitotic cells; the lumen position is flexible in a fully constructed tube epithelium; 

and both polarity and lumen position can be reversibly shifted on the growing membrane in 

situ by lipid-biosynthesis modulation. How could GSLs sort lumenal membrane 

components? GSLs' sorting function in mammalian cell lines was linked to the formation of 

rafts, thought to form on lumenal vesicle- and plasma-membrane leaflets10, 50, 51. However, 

GLcCer, the GSL backbone without sugar modification, is uniquely placed on cytoplasmic 

membrane leaflets, a location distinct from its derivatives and of unknown significance14. 

Here it could directly interact with apically-destined cytoplasmic molecules, polarity 

determinants, or coat complexes. Intriguingly, loss of tat-2, a C. elegans flippase that 

vertically translocates lipids between membrane leaflets, rescues the lethality of sptl-1 and 

mmBCFAs loss52. If TAT-2 were to flip GlcCer to the lumenal leaflet, its loss would 

increase GlcCer at the cytoplasmic leaflet where it could improve apical transport. A GSL-

specific flippase was postulated, but not yet identified14, 17.

While GlcCer sugar modifications are deemed critical for sorting in mammalian cell lines8 

(a finding unconfirmed by their biosynthetic enzymes' targeted deletions in mice19), we 

found it dispensable for tubular polarity in vivo. The vertebrate- and invertebrate-specific 

lactose- and arthro-series of GlcCer-derivatives can be swapped in Drosophila for 

developmental functions53, suggesting tolerance for sugar modifications, emphasizing the 

sphingolipid backbone's importance, and further supporting its interspecies conserved 

function. In intriguing agreement with our findings, epithelial polarization in mammalian 

cell lines was recently linked to GSL glycans54, and to an SM-to GSL-biosynthesis switch, 

with an increase in GSL fatty-acid length, saturation and hydroxylation55.

GlcCer (or GlcCer-OH), as part of complex GSLs, could also affect sorting via lipid-lipid-

microdomain or lipid-protein-shell formation on lumenal membrane leaftlets18, 50, 51. Our 

finding that GSL biosynthesis positions the apical domain during de novo membrane 

biogenesis is unexpectedly consistent with the original, but subsequently abandoned, 

proposition that GSLs segregate the apical plasma membrane via endomembrane maturation 

during bulk membrane biogenesis16. GSLs' dose-dependent effect on polarity and the rescue 

of moderate GSL-dependent polarity defects by growth restriction, suggest that GSLs' 

relative proportions are critical for polarized membrane biogenesis. The dependency of 

GSLs' apical placement on their own biosynthesis is consistent with a requirement for their 
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endomembrane-associated synthesis, a scenario compatible with the proposed polarizing 

component of membrane biogenesis by lipid-based self-organization16.

Despite known functions in polarized morphogenesis in vitro48, 49, lipids escaped 

identification in numerous genetic polarity screens. Lipid-biosynthetic enzymes identified in 

genetic screens are often not pursued since they typically synthesize multiple compounds. 

Here we show that systematic biosynthetic pathway targeting, combined with genetic 

interaction studies, can identify an endpoint biosynthetic enzyme, and thus a lipid species. 

Along with defining biosynthesis pathways (here, the C. elegans sphingolipid biosynthesis 

pathway), this approach can identify multiple proteins directly controlling a function of 

interest (here, eleven lipid-biosynthetic enzymes directly regulating tubular polarity), and 

may reveal novel functions of intermediates (here, the enigmatic mmBCFAs' role in tubular 

polarity). Notably, the simultaneous generation of multiple loss- and gain-of-function 

conditions for downstream products and upstream substrates, respectively, inherent to this 

approach, helps distinguish primary from secondary changes, a particular conundrum of 

lipid analysis where intermediates are interconverted and compensatory changes frequent56. 

The additional biosynthetic screen for sugar modifications demonstrated that an identified 

lipid species can be further defined as a chemical compound and suggests that such screens 

can also be used for the analysis of sugars. This approach should be generally applicable to 

extend the power of unbiased genetic screens to non-proteinaceous compounds, identifying 

their in vivo cellular roles beyond known metabolic functions.

METHODS

Methods and any associated references are available in the online version of the paper at 

http://www.nature.com/naturecellbiology/.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Apicobasal polarity conversion and ectopic lumen formation in the intestines of lipid-
biosynthetic-enzyme-depleted animals (see Fig.S1 for anatomy and phenotypic details)
1(a) Top - Schematic of the mature single-layered C. elegans intestine where all apical 

membranes form the lumenal surface. Boxed area is magnified below. Bottom - 

Epifluorescent dissecting micrographs of live animals (as identified in screen) showing 

displacement of the membrane-cytoskeleton linker ERM-1∷GFP57 from the apical = 

lumenal membrane in wild-type (left; for brevity, transgenic marker strains will be denoted 

as wild-type) to the basolateral membrane in lipid-biosynthetic-enzyme-depleted animal 

(right; left arrow: lateral side, right arrow: basal side; note wild-type intercalation pattern). 

Representative sptl-1(RNAi) L1 are shown; pod-2-, let-767-, acs-1 RNAi copy the 

phenotype. (Fig.S1b). Here and below, standard RNAi conditions (Methods) are shown if 

not otherwise indicated; anterior is left and dorsal up. (b) Typical phenotype development in 

RNAi L1s. Confocal sections showing: initial wild-type ERM-1∷GFP placement (top left); 

ERM-1∷GFP reduction from apical, and displacement to basolateral, membranes and 

enrichment in apicolateral angles (arrows; top right); multiple small lateral ectopic lumens 

(bottom left); ERM-1∷GFP fully displaced from the central lumen to large lateral ectopic 

lumens (bottom right, arrows bracket central lumen area where ERM-1∷GFP is missing). (c) 
TEM micrographs of intestinal cross-sections of wild-type (top left) and sptl-1(RNAi) L1s 

(all others). Wild-type oval lumen (L) with dense microvilli (long black arrows) and tightly 

adjacent terminal web (arrowheads); deformed main lumen in RNAi animals with either 

short (long black arrows) or absent microvilli (right-middle inset, white arrows), dehiscence 

of the terminal web (arrowheads) and ectopic lateral lumens (EL) with stunted microvilli 

(long black arrows). Intact apical junctions (short arrows) in both wild type and RNAi 

animals; note excess junctions between ELs in RNAi animals; N, nucleus. Upper right 

image shows INT I. (d) Model of the multiple-lumen intestinal phenotype. Early ectopic 

lumen development (Fig.1b, bottom-left image) in otherwise wild-type intestine is shown. 
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Twenty intestinal cells are arranged in bilateral symmetry to form nine INT rings (I – IX; 

INT I contains four cells); rings twist along the anterior-posterior axis. View is from the 

anterior left lateral aspect58.
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Figure 2. Apicobasolateral membrane and apical junction components in lipid-biosynthetic-
enzyme-depleted intestines (Fig.S4 shows additional components)
(a – e) Apical membrane. (a) Left (L) to right (R): Confocal image of actin (phalloidin) 

overlay (purple) with intermediate filaments (IFB-2) at apical, and LET-413 at basolateral, 

membranes; Nomarski images: early phenotype lacks visible changes, later stage shows 

lateral lumens (arrows). (b) L to R: apical actin/ERM-1 overlay (yellow); displaced 

basolaterally (yellow, lower arrow) and cytoplasmically (red, upper arrow); cortical actin 

(ACT-5)/IFB-2 overlay displaced to lateralized lumenal membranes (turquoise, left arrow) 

and cytoplasm (green, right arrow). (c) L to R: apical submembraneous IFB-2; unraveling 

from lumen; displaced to lateralized lumenal membranes (arrow indicates central-lumenal 

IFB-2 contiguity). (d) L to R: OPT-2, a transmembraneous oligopeptide transporter, 

positioned apical to IFB-2 (green w/o overlay); displaced basolaterally (arrow); displaced 

lateral to lateralized IFB-2 (green w/o overlay; note displacement to, but not expansion into, 

the lateral domain [arrow]). (e) L to R: IFB2/PAR-6 overlay (turquois); cytoplasmic PAR-6 

displacement at early and late stage (green). (f – h) Basolateral membrane. (f) L to R: ICB4 

stains an unknown panmembraneous marker in wild-type (wt); apicobasolateral ERM-1/

ICB4 overlay (turquoise, arrow) in early-stage mutant (RNAi) phenotype (mt); ICB4 

subapical accumulation (blue, arrow) in late-stage mt; same image with separated ICB4 for 

clarity. (g) NHX-7, a basolateral integral membrane Na+/H+ pump, retained at basolateral 

membranes, but partially cytoplasmically displaced in late-stage mt. (h) Basolateral 

LET-413/Scribble, a junction-mediated polarity determinant59, excluded from apical 

membrane in wt (no IFB2 overlap) and also from lateralized ectopic lumenal membrane in 

mt, but not displaced from the basolateral membrane (arrow). (i – j) Apical junctions. The 

junction integrity molecule AJM-159 and the adherens junction component HMP-1/alpha-
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catenin remain contiguous at apicolateral bounderies in both wt and mt (arrowheads), but 

additionally surround nascent lateral lumens in mt (arrows; note absence of fragmented 

junction pattern). (k) Feeding of dsRed-labeled bacteria fails to label ectopic lumens 

(arrows) or the cytoplasm of mt (same sections in all). Confocal images of representative L1 

intestinal sections are shown: pod-2-, let-767-, acs-1- and sptl-1 RNAi cause the same mis/

localization of all markers (N>40 for each marker).
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Figure 3. Lipid biosynthesis perturbations reversibly shift apicobasal domain identities and 
lumen position on expanding intestinal membranes in situ
(a) Tracking ERM-1∷GFP dis/placement after lipid-biosynthesis inhibition (0 hour = 

hatching of let-767[RNAi] progeny, not shown): 6hr, apical (excretory canal visible in this 

image, arrow); 12hr, as puncta in cytoplasm; 15hr, as puncta at basal membranes; 18hr, 

entire basolateral membranes outlined; 21hr, enriched at apicolateral angle and disappearing 

from apical membrane; 24hr, at lateral lumens in apicolateral angle; 30hr, at multiple ectopic 

lumens along lateral membranes; 33hr, at coalescing ectopic lumens; 36hr, at large lateral 

lumens, almost lost from original apical membrane (arrowheads bracket central lumen area, 

dotted line indicates missing apical ERM-1∷GFP). (b) Tracking ERM-1∷GFP re/placement 

upon lipid biosynthesis restoration (0 hour = removal from let-767 RNAi): 0hr, at multiple 

lateral lumens; 3hr, at smaller lateral lumens; 6hr, at lateral lumens and cytoplasmic; 12hr, 

cytoplasmic (blurred outlines of small lateral lumens still visible); 18hr, fully cytoplasmic, 

reappearing at widened contiguous apical membrane (hidden behind excretory canal, 

arrows); 24hr, at the centering apical/lumenal membrane, lateral lumens no longer visible; 

30hr, at the wide central apical membrane and lateral membranes, now without lumens; 

36hr, at the fully restored though undulating apical membrane; 42hr, at the apical membrane 

in the extended epithelium. 42hr-image encompasses 2 INT rings while 0hr-image includes 

all 9 INT rings: difference reflects epithelial expansion (note stage progression to L2 [30hr] 

and L3 [42 hr]; compare to L1 arrest 36hr post-RNAi induction [a]). Representative animals 

are shown, N>200; confocal sections or projections on the level of the intestine: full 

projections in b to encompass all ERM-1∷GFP; arrows indicate superimposed excretory 

canals.
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Figure 4. Germline mutations in fatty-acid-biosynthetic enzymes cause intestinal tubulogenesis 
defects that are rescued with exogenous fatty acids
An allelic series of let-767 point mutations26 includes: s2176, suggested null (early larval 

lethality); s2819, moderately severe (mid-larval lethality); and s2464, less severe allele 

(reaches adulthood with lethal progeny [maternal-affect]). (a) Top - confocal images of: 

s2819 with early basolateral ERM-1∷GFP displacement; bottom - s2176 with early ectopic 

lumen formation (let-767(s2167/s2819) dpy-17(e164) unc-32(e189)III; sDp3(III;f); 

fgEx13[perm-1∷erm-1∷gfp rol-6(su1006)]). Lateral ERM-1∷GFP displacement and ectopic 

lumen formation are obscured in Dpy background with widened intestinal lumen and body 

shape. (b) Penetrance and expressivity of tubulogenesis defects (speed of development and 

number and size of lateral lumens) increase with allelic severity. Higher penetrance by 

RNAi than in s2176 suggests maternal product requirement. All animals evaluated 30hr 

post-hatching. Mean +/− SD shown, n=5 (N>200 animals per experiment) for mutants and 

n=5 (N>1000 animals per experiment) for RNAi animals. (c) Rescue with exogenous lipids 

supplied by food. Monomethyl branched chain fatty acids (mmBCFAs) partially rescue 

let-767-, fully rescue acs-1-, but not pod-2(RNAi) tubulogenesis defects; straight-chain 

LCFAs partially rescue let-767-, fully rescue pod-2-, but not acs-1(RNAi). sptl-1(RNAi) 

defects are not rescued with either mmBCFAs or straight-chain LCFAs. Experimental and 

control animals were evaluated 60hr post-feeding with fatty acids/solvents (Methods). Mean 

+/− SD is shown, n=5 (N>200 animals per experiment), *P<0.05 and ***P<0.001, two-

tailed t test. (d) Top -moderately severe let-767(s2819) allele (later stage of phenotype 

development than in [a]), bottom - almost fully rescued with exogenous mmBCFAs.
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Figure 5. Tubular polarity requires saturated long chain fatty acid (LCFAs) biosynthesis
Conserved fatty-acid-biosynthesis pathways are shown56: POD-2/ACC and FASN-1/FAS 

catalyze the first steps in saturated small and medium chain fatty acid biosynthesis (SFA; 

top: Acetyl-CoA shown as primer example for even-numbered SFAs, Isovaleryl-CoA for 

odd-numbered mmBCFAs), subsequently elongated to LCFAs by elongases (middle: this 

area was probed in greater detail and has been expanded [see text]), variably desaturated by 

desaturases (right). All products are precursors for complex lipids (bottom). Presence or 

absence of polarity defects (wild-type [wt] or mutant [mt] indicated throughout by image 

insets) was evaluated in RNAi animals and/or germline mutants (see Tab.S1 for specific 

genes targeted [N=162], the majority of which lacked polarity defects; see Fig.S6 for 

phenotypes). Identified enzymes are shown in blue, corresponding genes in red. 

fasn-1(RNAi) was not identified here due to its early arrest (pod-2 and fasn-1 are the only 

lipid-biosynthetic enzymes previously shown to affect polarity, at the first-cell stage; the 

mediating lipid compound was not identified7). The precise pathway location of acs-1 is not 

known. Reducing cholesterol levels to trace amounts did not produce the phenotype (not 

shown; C. elegans is a cholesterol auxotroph, but requires such low amounts of cholesterol 

that its role as a structural membrane lipid has been questioned60).
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Figure 6. Fatty-acid biosynthesis determines tubular polarity via sphingolipid synthesis
(a) Ceramide: the sphingoid base (LCB) is linked to an LCFA via an amide bond (22:0 

hydroxy-15 methyl-2-aminohexadec-4-en-1, 3-diol is shown). (b) Reversal of polarity 

conversion, induced by fatty-acid-biosynthetic-enzyme depletion, requires sphingolipid 

synthesis. Note: Fumonisin (with and without sptl-1 RNAi), but not sptl-1(RNAi) alone (or 

Myriocin, not shown), suppresses pod-2(RNAi) polarity reversal. Thus POD-2 utilizes LCBs 

generated during its suppression, suggesting it predominantly generates ceramide LCFAs. 

Conversely, acs-1- and let-767(RNAi) polarity reversal is suppressed by sptl-1 alone, 

suggesting they lack such LCBs and thus contribute to their synthesis. This is consistent 

with let-767- and acs-1's role in mmBCFA-, and pod-2- and let-767's role in straight LCFA 

synthesis23–25 (the LCB requires mmBCFAs31) and with the rescue experiments shown in 

Fig.4B. Conditions of sphingolipid biosynthesis reduction were titrated to prevent induction 

of the phenotype on their own (Methods; under these conditions, sptl-1[RNAi] is enhanced 

by Fumonisin). For comparison, identical RNAi conditions were used throughout: different 

reversal efficiencies thus reflect phenotype severity (varies with each enzyme, see 

Fig.S1,S6; e.g., standard acs-1 RNAi induces a strong phenotype, less easily reversed). 

Mean +/− SD is shown, n=4 (N>60 animals per experiment) *P<0.05, **P<0.01 and 

***P<0.001, two-tailed t test. (c) Dominant genetic interactions between fatty-acid- and 

sphingolipid-biosynthetic enzymes. let-767(s2819);sDp3 are wild-type, thus any increase of 

polarity defect it induces in RNAi animals demonstrates enhancement. pod-2- and sptl-1 

RNAi were titrated to generate no phenotypes, cgt-1;cgt-3(RNAi) was induced at standard 

conditions. Mean +/− SD is shown, n=5 (N>300 animals per experiment), *P<0.05, two-

tailed t test. (d) Ion chromatogram of wild-type worm extracts shown for the [M+H]+ m/z 

250.3u fragment of their common d17:1 sphingoid base. Interpretation of mass ions from 
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each peak's mass spectra: 2.24min:d17:1ceramides(Cer), 

2.48min:d17:1hydroxyceramides(Cer-OH), 

6.27min:d17:1glucosylhydroxyceramides(GlcCer-OH), 7.65min:d17:1sphingomyelins(SM), 

8.19min:d17:1 hydroxysphingomyelins(SM-OH). Here and below: synchronized wild-type 

or enriched RNAi L1s were collected from ~800 plates each (Methods). (e) Reduced 

sphingolipid levels in both sphingolipid- and fatty-acid-biosynthesis-depleted animals. 

Relative amounts are plotted (C21–26-Cer, -Cer-OH, -GlcCer-OH, C21–23,25-SM and -

SM-OH; Tab.S3). Bars indicate median, wild-type arbitrarily set at 1, dots represent 

individual compounds. Concentrations calculated from the MS-derived response ratio of 

compound area/internal standard area of the corresponding period per sample dry weight.
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Figure 7. Tubular polarity requires ceramideglycosyltransferases (CGTs) and glycosphingolipids 
(GSLs)
(a) Conserved sphingolipid metabolic pathways are shown50. Left: de novo biosynthesis, 

right: salvage pathway, bottom: complex membrane sphingolipid biosynthesis. Presence/

absence of polarity defects were assessed in RNAi animals and/or germline mutants (see 

Tab.S2 for specific genes targeted [N=85], the majority of which lacked polarity defects; see 

Fig.S6 for phenotypes). Identified enzymes are shown in blue, corresponding genes in red. 

Sphingolipid fatty-acid hydroxylase's precise location is unknown. (b) sptl-1-, 

cgt-1(tm999);cgt-3-, and let-767(RNAi) tubulogenesis defects are partially rescued by 

exogenous sphingolipids. A sphingolipid standard mixture, containing ten different 

sphingolipid compounds, was fed with RNAi bacteria (Methods). The percentage of animals 

with tubulogenesis defects was evaluated 64–66 hours after feeding with lipids or solvents 

(control). Mean +/− SD is shown, n=5 (N>200 animals per experiment) N>1000, *P<0.05, 

two-tailed t test. (c) C6-NBD-GlcCer (NBDGSL) supplementation attenuates ectopic lumen 

formation in sptl-1-, let-767- and cgt-1(tm999);cgt-3-(RNAi) L1 intestines. Animals were 

evaluated for `severe' (discontinuous central lumen/large ectopic lumens) versus `mild' 

(partially contiguous central lumen/small ectopic lumens) phenotypes 5 and 6 days after 

feeding with GSLs or solvents (CON; supplied with RNAi bacteria). For sptl-1 RNAi, which 

induces the strongest phenotype, `severe' was defined as arrest/intestinal disintegration and 

`mild' as mobile/intestine not disintegrated. Confocal sections of representative animals are 

shown. Mean +/− SD, n=5 (N>200 animals per experiment), *P<0.05, two-tailed t test. (d) 
The arthro-series of GlcCer-derivatives is dispensable for GlcCer's function in tubular 

polarity. First steps of insect-type GlcCer-derivative biosynthesis are shown, corresponding 

C. elegans orthologs on left39. Inset demonstrates intact intestinal lumen (purple) in the 
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presumed null allele bre-3(ye28) combined with bre-3(RNAi) (animals grow to fertile 

adults)39. N>2000. (e) Accumulated mass spectra of wild-type GlcCer-OH with elution peak 

of 6.27min (Fig.6d). GlcCer with m/z 787.2, with a C17 sphingoid base and a hydroxylated 

saturated C22-fatty-acid chain, was present in greatest abundance (inset). 

Hydroxyacylamines with saturated C21 (m/z 773.4) and C23–26 carbon chains (m/z 801.3, 

815.4, 829.1, and 843.3, respectively) were present in low abundance. Peak m/z 769.2 could 

represent [M-4H] C21:0-d17:1 and peak m/z 797.3 [M-4H] C23:0-d17:1 GlcCer-OH 

compounds.
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Figure 8. Subcellular localization of exogenous sphingolipids and effects of sphingolipid-
biosynthesis suppression on vesicular trafficking
(a) C5-BODIPY-Cer (top) and C6-NBD-GlcCer (NBD-GSL, bottom), supplied with food, 

localize to intestinal vesicles (arrowheads) and apical/lumenal plasma membranes (arrows) 

of wild-type animals. Over time, both exogenous lipids accumulate in larger vesicles (NBD-

GSL-fed animal is shown immediately after lipid supplementation; Methods). Lumenal 

membrane lipids are distinguishable from intra-lumenal lipids in NBD-GSL-fed animal. 

Confocal images shown left and corresponding Nomarski images right. (b) Low temperature 

interference with trafficking61, 62 inhibits polarity conversion (compare Fig.S8). At 12°C, 

the let-767(s2176) typical moderate polarity defects are suppressed and animals progress 

beyond L1-arrest to L2/L3. Developmental stages (larval: L1 – 4, adult: Ad) at 12 and 22°C 

on days 3, 6, 9, 12 post-bleaching shown beneath bars (Methods). Mean +/−SD shown, n=4 

(N>120 animals per experiment) **P<0.01, ***P<0.001, two-tailed t test. (c) TEM L1 

intestinal cross sections (Fig.S8 shows whole intestines): vesicle abundance and variety in 

wild-type (left; including lipid-storage- [arrows] and yolk-vesicles [arrowheads]); vesicle 

paucity and profusion of distended ER/Golgi membranes (arrow shows example) in 

sptl-1(RNAi) (right; note lumen deformation and missing apical microvilli). L lumen, Nc 

nucleus. Scale bar, 2 microns. (d) Apical endosome populations become depleted during 

polarity conversion. Left to right shows progression to late-stage polarity defect 

(representative L1 intestines shown): Lumenal-membrane-associated RAB-11 (arrow) is 

lost; pancytoplasmic RAB-11-positive vesicles are first mildly enlarged (arrowheads), then 

mostly lost. Pancytoplasmic RAB-5-positive vesicles are more slowly and less severely 

depleted (arrowhead indicates occasionally enlarged subapical vesicles). L1-specific 

subapical RAB-7-positive vesicles aggregates (arrow) are lost; the pancytoplasmic fraction 
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is unchanged or moderately reduced. Pancytoplasmic RAB-10-positive vesicles are 

moderately decreased in number. The evenly dispersed vesicular Alpha-mannosidaseII/

(MANS)+-Golgi stacks (GFP::MANS) aggregate basolaterally in linear rather than vesicular 

structures (arrow; compare text). (e) C5-BODIPY-Cer displacement to ectopic lateral 

lumenal membranes in sptl-1(RNAi)- (top) and cgt-1(tm999)/cgt-3(RNAi) L1 intestines 

(bottom; confocal images left, corresponding Nomarski images right). Cer-positive ectopic 

lumenal membranes show lateral membrane connections (outlined by dots [top]) and are 

distinct from cytoplasmic vesicles; arrows indicate main lumen. All confocal images in this 

figure are collected at settings limiting autofluorescent vesicle interference.
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