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Sphingolipid biosynthesis generates lipids for membranes
and signaling that are crucial for many developmental and phys-
iological processes. In some cases, large amounts of specific sph-
ingolipids must be synthesized for specialized physiological
functions, such as during axon myelination. How sphingolipid
synthesis is regulated to fulfill these physiological requirements
is not known. To identify genes that positively regulate mem-
brane sphingolipid levels, here we employed a genome-wide
CRISPR/Cas9 loss-of-function screen in HeLa cells using selec-
tion for resistance to Shiga toxin, which uses a plasma mem-
brane-associated glycosphingolipid, globotriaosylceramide (Gb3),
for its uptake. The screen identified several genes in the sphin-
golipid biosynthetic pathway that are required for Gb3 synthe-
sis, and it also identified the aryl hydrocarbon receptor (AHR), a
ligand-activated transcription factor widely involved in devel-
opment and physiology, as being required for Gb3 biosynthesis.
AHR bound and activated the gene promoter of serine palmi-
toyltransferase small subunit A (SPTSSA), which encodes a sub-
unit of the serine palmitoyltransferase that catalyzes the first
and rate-limiting step in de novo sphingolipid biosynthesis. AHR
knockout HeLa cells exhibited significantly reduced levels of
cell-surface Gb3, and both AHR knockout HeLa cells and tissues
from Ahr knockout mice displayed decreased sphingolipid con-
tent as well as significantly reduced expression of several key
genes in the sphingolipid biosynthetic pathway. The sciatic
nerve of Ahr knockout mice exhibited both reduced ceramide
content and reduced myelin thickness. These results indicate
that AHR up-regulates sphingolipid levels and is important for
full axon myelination, which requires elevated levels of mem-
brane sphingolipids.

Sphingolipids (SLs)2 are an essential class of lipids involved in
diverse biological functions. They function as integral compo-

nents of eukaryotic membranes, and their metabolic interme-
diates, such as sphingosine-1-phosphate (S1P), are bioactive
signaling molecules (1). SLs are critical for embryonic growth,
development, and the maintenance of normal physiology (2–6).

Unlike the case with other major classes of lipids, such as
sterols and glycerolipids, our understanding of how SL synthe-
sis is regulated is limited. Homeostatic control of the de novo
pathway is now known to be achieved through feedback regu-
lation by the ORMDL family of proteins (7, 8). These small
endoplasmic reticulum proteins sense ceramide levels and
inhibit serine palmitoyltransferase (SPT), which catalyzes the
first committed step in de novo SL biosynthesis (7). A second
homeostatic control mechanism involves ceramide sensing via
sphingomyelin synthase–related enzyme (9). However, certain
developmental processes, such as myelination of axons and for-
mation of the skin permeability barrier, require high levels of
specific SLs (10 –13). The underlying mechanisms that mediate
the increased synthesis of SLs needed to fulfill such specialized
roles are not understood.

In our investigation to determine genes that positively regulate
membrane SL levels, a genome-wide CRISPR/Cas9 screen identi-
fied the aryl hydrocarbon receptor (AHR), a transcription factor
involved in diverse developmental and physiological processes
(14–19). We showed that AHR is required for normal mRNA
expression of several key SL biosynthetic genes, as well as regulat-
ing SL levels in cells and tissues. In addition, we found that AHR
is needed for full myelination of sciatic nerve, a developmental
process that depends on high levels of membrane SLs (6).

Results

Genome-wide CRISPR/Cas9 screen for positive regulators of SL
biosynthesis

Shiga toxin binds specifically to the cell-surface trisaccharide
glycosphingolipid receptor, globotriaosylceramide (Gb3), and
causes cell death after uptake as a result of toxin-mediated pro-
tein synthesis inhibition (20 –22). Production of the Gb3 recep-
tor requires the de novo ceramide synthesis pathway, as well as
three glycosyltransferases (UGCG, B4GALT5, and A4GALT)
for the addition of the trisaccharide structure to ceramide (Fig.
1A). Because the level of cell-surface Gb3 on HeLa cells corre-
lates with their sensitivity to the toxin (23, 24), we reasoned that
selection of Shiga toxin-resistant HeLa cells after transduction
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of a genome-scale knockout (KO) library could yield not only
the biosynthetic genes required for Gb3 synthesis, as has been
previously shown (25–27), but also identify novel positive reg-
ulatory genes that control membrane SL levels.

To undertake the screen, we used HeLa cells stably express-
ing Cas9. Shiga toxin at 2 ng/ml substantially reduced viability
of these HeLa cells over a 72-h period (Fig. 1B). To validate that
the Shiga toxin– dependent reduction in viability depended on
the SL de novo synthesis pathway, we generated SPTLC1 KO
HeLa cells, which were deficient in an essential subunit of the
SPT enzyme complex (4) (Fig. 1C). Compared with control
HeLa cells, SPTLC1 KO HeLa cells were resistant to Shiga toxin
treatment (Fig. 1B) and expressed significantly decreased cell-

surface Gb3 (Fig. 1D), indicating that Shiga toxin resistance was
due to the loss of Gb3 receptor caused by the deletion of
SPTLC1 (Fig. 1A).

Based on these results, we established a genome-wide loss-
of-function screen using Shiga toxin selection to identify genes
that positively regulate membrane SL levels. We used a lentivi-
rus genome-scale CRISPR/Cas9 knockout (GeCKO) library
with sgRNAs targeting 19,050 genes (28). HeLa cells stably
expressing Cas9 transduced with the library at a multiplicity of
infection (MOI) of �0.25 were grown in the presence or
absence of Shiga toxin, and genomic DNA of toxin-treated and
untreated cell pools was subjected to deep sequencing to iden-
tify the abundance of sgRNAs (Fig. 1E).

Figure 1. Genome-wide CRISPR/Cas9 screen for positive regulators of SL biosynthesis. A, schematic showing SL biosynthetic pathway leading to the
production of Gb3. Genes required for the pathway are shown in green. B, cell viabilities of WT HeLa cells (control) and SPTLC1 KO HeLa cells with or without
Shiga toxin (2 ng/ml) treatment for 72 h. Data are expressed as mean � S.D. (error bars) (n � 3). C, representative immunoblot analysis of SPTLC1 protein
expression in WT (control) and SPTLC1 KO HeLa cells. �-Actin was used as a loading control. D, flow cytometry analysis of WT (control) and SPTLC1 KO HeLa cells
stained with anti-CD77 antibody. Left, representative dot plot of cell-surface expression of Gb3. Right, quantification of Gb3 expression (mean � S.D.; n � 3).
Unpaired t test was used: **, p � 0.01; ***, p � 0.001. E, schematic representation of the genome-wide CRISPR/Cas9 screening strategy undertaken to identify
genes required for Shiga toxin resistance in HeLa cells. F, scatterplot showing the ranking of positively selected genes from MAGeCK analysis. The x axis indicates
positive ranking of individual genes, and the y axis indicates �log10 values of corresponding robust ranking aggregation (RRA) score. The 20 top-ranking genes
are highlighted and labeled. Inset, scatterplot showing log -fold change for all of the genes. Genes involved in the SL biosynthetic pathway that show positive
log -fold change in the toxin-resistant group are highlighted in green. AHR is highlighted in red.
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Relative abundance of sgRNAs present in toxin-treated over
untreated cells were compared using the MAGeCK algorithm
(29). Genes represented by individual sgRNAs were ranked
using the modified “robust ranking aggregation” score from
MAGeCK analysis (Fig. 1F and Table S1). Multiple genes
involved in the Gb3 biosynthetic pathway were identified. The
20 top-ranking genes included SPTSSA, UGCG, B4GALT5,
SPTLC2, A4GALT, and SPTLC1. These biosynthetic genes,
along with CERS2, also showed relatively high positive log -fold
changes in the toxin-treated cells compared with untreated
cells (Fig. 1F, inset), which is consistent with previous reports
(25, 26) and our finding that the SL biosynthetic pathway is

critical for Shiga toxin sensitivity in HeLa cells (Fig. 1B).
LAPTM4A and TM9SF2, which have been correlated with Shiga
toxin resistance (25–27), were also found to be highly enriched and
among the 20 top-ranking genes in our genetic screen. Surpris-
ingly, AHR, a transcription factor with broad physiological func-
tions (14–19), also showed high enrichment comparable with that
observed for the SL biosynthetic genes (Fig. 1F).

AHR is a positive regulator of SL levels in HeLa cells

To directly determine whether AHR regulates SL levels, an
AHR KO HeLa cell line was generated by Cas9-mediated
disruption of the AHR gene (Fig. 2A). Compared with con-

Figure 2. AHR is a positive regulator of SL levels in HeLa cells. A, representative immunoblot analysis of AHR protein expression in WT (control) and AHR KO
HeLa cells. �-Actin was used as a loading control. B, flow cytometry analysis of WT (control) and AHR KO HeLa cells stained with anti-CD77 antibody. Left,
representative dot plot of cell-surface expression of Gb3. Right, quantification of Gb3 cell-surface expression (mean � S.D. (error bars); n � 3). Unpaired t test;
*** p � 0.001. C, levels of total ceramide determined by HPLC-tandem MS on lipid extracts from WT (control) and AHR KO HeLa cells. Data are expressed as
mean � S.D. Unpaired Student’s t test; **, p � 0.01. n � 5 for control cells; n � 7 for AHR KO cells. D, RT-qPCR of SL biosynthetic genes in WT (control) and AHR
KO HeLa cells. Probes detect genes as labeled. Data are expressed as mean � S.D., normalized to transcript level of ACTB. Values from control were set at 1.0.
Unpaired t test was used: *, p � 0.05; **, p � 0.01; ***, p � 0.001. n � 4 for each genotype. E, vectors containing the promoters of SPTSSA, CYP1A1, or ACTB were
transfected into WT (control) or AHR KO HeLa cells, and luciferase assays were conducted 48 h later. Data are expressed as mean � S.D., normalized to the ACTB
promoter activity. Unpaired t test was used: ***, p � 0.001. F, top, schematic representation of AHR-binding sites in the promoter region of SPTSSA predicted by
Genomatix analysis. Bottom, ChIP with anti-AHR antibody followed by qPCR with probes designed against the SPTSSA promoter region containing predicted
AHR-binding sites. ChIP with mouse IgG was used as a negative control.
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trol cells, Gb3 cell-surface expression was significantly
reduced in AHR KO HeLa cells (Fig. 2B). Ceramide levels,
both for some individual species (Fig. S1) and total ceramide
(Fig. 2C), were significantly decreased in AHR KO cells com-
pared with control HeLa cells. The mRNA expression of SL
biosynthetic pathway genes SPTSSA, KDSR, UGCG,
B4GALT5, and A4GALT was significantly reduced in the
absence of AHR, whereas CERS2 expression was enhanced
(Fig. 2D). These results indicate that AHR is needed for nor-
mal expression of several key genes in the Gb3 biosynthesis
pathway and that SL levels, both ceramide and Gb3, are
reduced in the absence of AHR.

SPTSSA encodes a subunit of SPT, the rate-limiting enzyme
in the SL biosynthetic pathway (Fig. 1A) (30). Because the
reduced mRNA expression of SPTSSA could contribute to the
lower ceramide and Gb3 levels in AHR KO HeLa cells,
we next determined whether AHR was required for maximal
SPTSSA promoter activity. A reporter plasmid construct was
prepared containing �1 kb of genomic sequence upstream
of the transcriptional start site of SPTSSA fused to the lucif-
erase gene. We used a luciferase plasmid without a promotor
sequence inserted (empty vector) and a luciferase reporter
plasmid containing the promoter of the CYP1A1 gene, which
is known to be activated by AHR (14, 31), as controls. The
plasmids were transfected into either control HeLa cells or
AHR KO HeLa cells. After 48 h, luciferase activity normal-
ized to actin promoter activity in each cell type was deter-
mined. Whereas the empty vector control showed little pro-
moter activity in either cell type, both the SPTSSA and
CYP1A1 promoters induced luciferase activity in control
HeLa cells. Significantly less luciferase activity was detected
for both promoters in AHR KO cells, indicating that AHR
expression was needed for full activities of these promoters
in HeLa cells (Fig. 2E).

ChIP-quantitative PCR (qPCR) (32) was used to determine
whether AHR interacted directly with the promoter region of
SPTSSA, which contains two putative AHR-binding motifs
(Fig. 2F). AHR antibody specifically immunoprecipitated the
SPTSSA promotor sequences from HeLa cell sheared chroma-
tin as determined by PCR amplification. The SPTSSA promotor
sequences were not PCR-amplified after immunoprecipitation
of HeLa cell sheared chromatin with a control IgG (Fig. 2E).
These results suggest that AHR binds directly to the SPTSSA
promoter.

AHR is a positive regulator of SL levels in mice

To determine whether AHR has a physiologic role in regu-
lating SL levels, we established Ahr KO mice by Cas9-mediated
gene disruption (33). Mice carrying a null Ahr allele were gen-
erated by injection of C57BL/6J embryos with two sgRNAs tar-
geting Ahr exon 2, which is the first protein-coding exon (Fig.
3A). The Cas9-mediated targeting resulted in a 67-bp deletion
that is predicted to cause a premature stop codon. Immunoblot
analysis from homogenates of lung tissue, where Ahr is highly
expressed (34), showed undetectable AHR protein expression
in the Ahr KO mice compared with robust expression from WT
controls (Fig. 3B).

LC-MS analysis of liver tissue extracts showed a significant
decrease in some individual ceramide species (Fig. S2) and total
ceramide levels (Fig. 3C) in Ahr KO mice compared with WT
mice. No significant changes were observed in either total
hexosyl (Fig. 3D) or lactosyl ceramide (Fig. 3E) levels in liver
extracts from Ahr KO mice. In lungs, levels of some low-abun-
dance ceramide species were significantly reduced in Ahr KO
mice (Fig. S3), but no significant change was observed in total
ceramide levels in Ahr KO mice (Fig. 3C); however, both total
hexosyl and lactosyl ceramide levels were significantly de-
creased in Ahr KO mice compared with WT littermates (Fig. 3,
D and E). Plasma, which has much of its SLs supplied by liver
(35), had a significant decrease in both some individual species
of ceramide (Fig. S4) and total ceramide levels (Fig. 3C) No
change was observed in total hexosyl ceramide levels, but lac-
tosyl ceramide levels were significantly decreased (Fig. 3, D and
E) in Ahr KO mice compared with WT controls. Levels of S1P,
a signaling SL metabolite, were significantly reduced in Ahr KO
plasma compared with that observed in WT plasma (Fig. 3F).
Liver and lung S1P levels, which are relatively low compared
with plasma levels, were significantly elevated in the Ahr KO
mice (Fig. 3F).

RT-qPCR analysis of a panel of SL biosynthetic genes in Ahr
KO and WT mouse tissues demonstrated that mRNA levels of
the Kdsr, Cers2, and Cers4 genes were significantly reduced in
the liver of Ahr KO compared with WT mice. In lungs, mRNA
levels of 8 of the 14 SL biosynthetic genes tested were signifi-
cantly lower in the Ahr KO mice compared with WT mice (Fig.
3, G and H). These results indicate that AHR positively regu-
lates the expression of sphingolipid biosynthetic genes and sph-
ingolipid levels in mice.

AHR deficiency reduces SL levels and myelin thickness in
sciatic nerve

Ahr deficiency in mice has been reported to cause abnor-
mally thin myelin sheaths during development (36, 37). Myelin
formation is critically dependent on SL production, where SLs
constitute the majority of nonsterol lipid in the expansive
myelin membrane (12, 38). To evaluate myelination in our Ahr
KO mice, we performed ultrastructural analysis of actively
myelinating sciatic nerves (Fig. 4A). Myelinated axons in sciatic
nerves of Ahr KO mice had a significantly higher g-ratio (the
ratio of the inner axonal diameter to the total outer diameter)
compared with WT mice, which is indicative of thinner myelin
(Fig. 4B). A reduction in median myelin thickness in Ahr KO
sciatic nerve compared with that in controls was confirmed by
direct measurements (Fig. 4C).

LC-MS analysis of lipid extracts of sciatic nerves from Ahr
KO mice showed a significant decrease in levels of the major
ceramide long-chain fatty acid species (C24; Fig. S5), as well as
hexosyl (Fig. 4E) and lactosyl (Fig. 4F) ceramide, compared with
those of WT mice. Total ceramide was not significantly differ-
ent between WT and Ahr KO sciatic nerve (Fig. 4D). Determi-
nation of mRNA levels of genes in the SL biosynthetic pathway
in sciatic nerve revealed significantly decreased mRNA levels of
Sptlc1, Sptssa, Cers1, Cers5, Ugcg, B4galt5, and A4galt in Ahr
KO mice relative to WT mice (Fig. 4G). These observations
show that AHR is required for full myelination of the sciatic
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nerve axons, as well as normal mRNA expression of genes in the
SL biosynthetic pathway and regulation of SL levels in this
tissue.

Discussion

In a loss-of-function CRISPR/Cas9 genetic screen targeting
positive regulators of membrane SLs in HeLa cells, we identi-
fied the ligand-activated transcription factor AHR. Recently,
similar Shiga toxin-based genome-wide screens have been
reported in various cell types (25–27). As in our screen, they
have identified genes in the SL biosynthetic pathway and other
genes that regulate GB3 expression, notably LAPTMA and
TM9SF2. Our screen was unique in the identification of AHR.

We showed that AHR expression was needed for full mRNA
expression of several key genes in the SL biosynthesis pathway
in HeLa cells and mouse tissues, consistent with our finding of
decreased SL content in both HeLa cells and mouse tissues in
the absence of AHR expression. In actively myelinating axons of

the sciatic nerve, we found that AHR is needed to produce the
full thickness of the SL-rich myelin sheath. Collectively, these
results support the conclusion that AHR is a physiologically
important positive regulator of SL levels. Importantly, AHR had
previously been shown to be a regulator of the synthesis of other
classes of lipids, including sterols, fatty acids, and glycerolipids
(39, 40).

AHR is a basic-helix-loop-helix, Per-Arnt-Sim transcription
factor that is activated by small molecules derived from the diet,
the microbiome, endogenous metabolism, and the environ-
ment (41, 42). AHR exists in the cytosol as an inactive complex
and, upon ligand binding, translocates to the nucleus and het-
erodimerizes with aryl hydrocarbon receptor nuclear translo-
cator (ARNT). This heterodimer acts as a transcription factor
on promoters containing dioxin/xenobiotic response elements
(43). Whereas AHR has been well-established as an important
sensor of environmental xenobiotics, it is now appreciated that
the transcriptional activity of AHR is also important in devel-

Figure 3. AHR is a positive regulator of SL levels in mice. A, schematic illustrates the first three and the last intron-exon organization of the Ahr gene. Ahr KO
mice were produced by CRISPR/Cas9-induced mutations resulting in a frameshift and premature stop codon. The locations of sgRNA target sequences and
PAM sites (green) and the alignment of amino acid sequences, showing changes introducing a premature stop codon in the Ahr KO mice, are noted. B,
representative immunoblot analysis of AHR expression in lung tissue from 5-week-old WT and Ahr KO mice. �-Actin was used as a loading control. C–F, levels
of total ceramide, hexosyl ceramide, lactosyl ceramide, and S1P in tissues (liver, lung, and plasma) from 5-week-old WT and Ahr KO mice. Data are expressed as
mean � S.D. (error bars). Unpaired t test was used: *, p � 0.05. For liver and lung, n � 6 for each genotype. For plasma, n � 6 for WT mice and n � 5 for Ahr KO
mice. G and H, RT-qPCR of SL biosynthetic genes in liver and lung tissues from 5-week-old WT and Ahr KO mice. Probes detect gene sequences as labeled. Data
are expressed as mean � S.D., normalized to transcript level of ACTB. Values from control were set at 1.0. Unpaired t test was used: *, p � 0.05; **, p � 0.01; ***,
p � 0.001. For liver, n � 4 for WT mice and n � 3 for Ahr KO mice. For lung, n � 4 for each genotype. ND, not detectable.
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opment and the functioning of several physiological systems
(14, 15).

AHR agonists from endogenous and dietary sources include
metabolites of arachidonic acid, heme, tryptophan, indole, and
flavonoids (44). The influence of AHR activity on sphingolipid
levels suggests that sphingolipid metabolism may be regulated
by one or more of these AHR ligands, an area for future
investigation.

Myelin is �80% lipid by dry weight, with much of the non-
sterol lipid made up of SLs (38). The formation of the growing
Schwann cell myelin membrane, which expands several thou-
sand-fold during development, requires an extremely high
influx of new substrate produced through the SL biosynthetic
pathway, mostly in the form of hexosyl ceramide (galactosyl
ceramide) (45). Previous results have shown that Ahr KO mice
have thinner myelin sheaths, dysregulated myelin gene expres-
sion, and locomotor deficiencies (36, 37). We confirmed this
abnormally thin myelination and have now shown that some SL
gene expression levels, as well as the hexosyl ceramide levels
that are critical for myelin formation, are significantly reduced
in actively myelinating sciatic nerves of Ahr KO mice. Dietary
sphingolipids have been shown to contribute to CNS myelina-
tion under conditions of low SPT activity in developing rats
(46). Thus, the extent of myelination in the AHR KO mice may
be affected by the levels of sphingolipids in the diet.

AHR has also been shown to mediate homeostasis in skin, a
tissue whose development and function is critically dependent

on the SL biosynthesis pathway (19). Mice with a keratinocyte-
specific deficiency of ARNT, the AHR binding partner, exhibit
severe skin barrier dysfunction and die because of rapid dehy-
dration (47). In addition, these mice have impaired gene expres-
sion of an isozyme of dihydroceramide desaturase (Degs), a
gene in the de novo ceramide pathway (Fig. 1A), along with
changes in the ceramide composition of the epidermis. An Ahr
KO mouse has also been reported to have a disrupted skin per-
meability barrier (19), although not as severe as that observed in
the Arnt KO mouse model, suggesting that ARNT and AHR
may have partially divergent functions in skin. S1P is a bioactive
lipid found in relatively high amounts in the circulation (48). By
signaling through a family of G protein– coupled receptors, it
has important functions in the development and functioning of
the immune and vascular systems, which are also regulated by
AHR (14, 48). The significant reduction of plasma S1P levels
observed in the Ahr KO mouse suggests that AHR regulation of
circulating S1P levels may contribute to AHR’s role in the
immune and vascular systems.

In conclusion, we have found that AHR is a positive regulator
of SL levels, presumably through enhancing mRNA expression
of several key genes in the SL biosynthetic pathway. We also
demonstrated that AHR regulation is important in the context
of myelination, a process that requires high levels of membrane
SLs. The positive regulation of SL levels may also play roles in
the diverse functions mediated by AHR.

Figure 4. AHR deficiency reduces SL levels and myelin thickness in sciatic nerve. A, representative transmission EM images of sciatic nerve from 3-week-old
WT and Ahr KO mice. B, g-ratios for 3-week-old WT and Ahr KO mice sciatic nerve. Data are expressed as mean � S.D. (error bars). Unpaired t test was used: ***,
p � 0.001. n � 3 for WT mice; n � 4 for Ahr KO mice. C, median myelin thickness of axons in 3-week-old WT and Ahr KO mice. n � 3 for WT mice; n � 4 for Ahr
KO mice. Statistical significance was determined by nonparametric Mann–Whitney test; ***, p � 0.001. D–F, levels of total ceramide, hexosyl ceramide, and
lactosyl ceramide in sciatic nerve from 5-week-old WT and Ahr KO mice. Data are expressed as mean � S.D. Unpaired t test was used: *, p � 0.05. n � 6 for each
genotype. G, RT-qPCR of SL biosynthetic genes in sciatic nerve from 3-week-old WT and Ahr KO mice. Probes detect gene sequences as labeled. Data are
expressed as mean � S.D., normalized to transcript level of ACTB. Values from control were set at 1.0. Unpaired t test was used: *, p � 0.05; **, p � 0.01; ***, p �
0.001. n � 4 for each genotype. ND, not detectable.
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Experimental procedures

Genome-wide CRISPR screen

The genome-wide CRISPR screen was performed as de-
scribed (49). Human GeCKOv2 CRISPR knockout pooled
library was a gift from Feng Zhang (Addgene, catalog no.
1000000049). HeLa cells expressing Cas9 (5.6 � 107) were
transduced with the GeCKOv2 lentivirus library (28, 49) to
achieve a total coverage of �55� with an MOI of 0.25. Puro-
mycin (Thermo Fisher Scientific, catalog no. A1113803) (2
�g/ml) was added 24 h post-transduction. After 72 h of puro-
mycin selection, cells were collected and divided into two
groups (2.8 � 107 cells/group) and cultured for 2 weeks in
either the presence (resistant) or absence (control) of 2 ng/ml
Shiga toxin (List Biological Laboratories). After toxin treat-
ment, genomic DNA was extracted from cells using the Blood
and Cell Culture Midi Kit (Qiagen, catalog no. 13343).

Genomic DNA (130 �g) from each group was used as a tem-
plate DNA for the PCR to amplify the sgRNA region. Separate
(13 � 100 �l) reactions with 10 �g of genomic DNA were set up
using NEBNext UltraTM II Q5 master mix for PCR (New Eng-
land Biolabs, catalog no. M0544L) with the following primer
set: forward, 5�-AATGGACTATCATATGCTTACCGTAAC-
TTGAAAGTATTTCG; reverse, 5�-CTTTAGTTTGTATGT-
CTGTTGCTATTATGTCTACTATTCTTTCCA.

PCR product from the first round of PCRs (5 �l) was used as
a template for the second round PCR to amplify and attach
Illumina-compatible multiplexing sequencing adopters using
the same PCR conditions. Finally, PCR products were purified
and quantified. Barcoded PCR amplicons were subjected to
Illumina platform– based next-generation sequencing.

Animal model: Ahr KO mice

All animal procedures were approved by the NIDDK,
National Institutes of Health, Animal Care and Use Committee
and were performed in accordance with National Institutes of
Health guidelines. The C57BL/6J (Jackson Laboratory) strain
was used as an embryo donor. Fertilized oocytes were injected
with 100 ng/�l Cas9 mRNA and 50 ng/�l each sgRNA
(Synthego) (Fig. 3A). The injected oocytes were transferred
to the oviducts of pseudopregnant female mice. Tails from
21-day-old progeny mice were genotyped using forward prim-
er (5�-GTTTTTCTAGGTAAAATTTGCTTTAAAATCGTT)
and reverse primer (5�-GGAAAGTTAGTAACAGTTACAC-
ATTTAGCTTTG) with PCR conditions as follows: 94 °C for 10
min, 94 °C for 30 s, 64 °C for 15 s, 68 °C for 30 s for 40 cycles. WT
allele yielded a 722 bp band, and the KO allele yielded a 655 bp
band.

Sciatic nerves harvested from 3-week-old WT and Ahr KO
mice were fixed in 2% paraformaldehyde, 2.5% glutaraldehyde,
and 0.1 M cacodylate buffer. Sciatic nerves were fixed with 1%
glutaraldehyde, 4% paraformaldehyde at 4 °C for 24 h. Ultrathin
cross-sections were prepared and analyzed with an electron
microscope (Philips EM410). g-ratios were calculated by mea-
suring the mean g-ratio of all of the myelinated axons in three
independent microscopic fields with 1.25 � 103 magnification.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
(version 8.2.1). Significance was determined by unpaired t test,
with � � 0.05.
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Willecke, K., Riezman, H., Gröne, H. J., and Sandhoff, R. (2012) Loss of
ceramide synthase 3 causes lethal skin barrier disruption. Hum. Mol.
Genet. 21, 586 – 608 CrossRef Medline

ACCELERATED COMMUNICATION: AHR regulates sphingolipids

J. Biol. Chem. (2020) 295(13) 4341–4349 4347

http://dx.doi.org/10.1038/nrm.2017.107
http://www.ncbi.nlm.nih.gov/pubmed/29165427
http://dx.doi.org/10.1074/jbc.M109.031971
http://www.ncbi.nlm.nih.gov/pubmed/19801672
http://dx.doi.org/10.1016/j.jid.2017.06.028
http://www.ncbi.nlm.nih.gov/pubmed/28774589
http://dx.doi.org/10.1016/j.bbalip.2005.08.006
http://www.ncbi.nlm.nih.gov/pubmed/16216550
http://dx.doi.org/10.1073/pnas.96.16.9142
http://www.ncbi.nlm.nih.gov/pubmed/10430909
http://dx.doi.org/10.13188/2332-3469.1000035
http://www.ncbi.nlm.nih.gov/pubmed/30338269
http://dx.doi.org/10.1038/nature08787
http://www.ncbi.nlm.nih.gov/pubmed/20182505
http://dx.doi.org/10.1074/jbc.M114.588236
http://www.ncbi.nlm.nih.gov/pubmed/25395622
http://dx.doi.org/10.1083/jcb.200903152
http://www.ncbi.nlm.nih.gov/pubmed/19506037
http://dx.doi.org/10.1074/jbc.M610304200
http://www.ncbi.nlm.nih.gov/pubmed/17145749
http://dx.doi.org/10.1093/hmg/ddr494
http://www.ncbi.nlm.nih.gov/pubmed/22038835


12. Chrast, R., Saher, G., Nave, K. A., and Verheijen, M. H. (2011) Lipid me-
tabolism in myelinating glial cells: lessons from human inherited disorders
and mouse models. J. Lipid Res. 52, 419 – 434 CrossRef Medline

13. Yoshihara, T., Satake, H., Nishie, T., Okino, N., Hatta, T., Otani, H., Nar-
use, C., Suzuki, H., Sugihara, K., Kamimura, E., Tokuda, N., Furukawa, K.,
Fururkawa, K., Ito, M., and Asano, M. (2018) Lactosylceramide synthases
encoded by B4galt5 and 6 genes are pivotal for neuronal generation and
myelin formation in mice. PLoS Genet. 14, e1007545 CrossRef Medline

14. Fernandez-Salguero, P., Pineau, T., Hilbert, D. M., McPhail, T., Lee, S. S.,
Kimura, S., Nebert, D. W., Rudikoff, S., Ward, J. M., and Gonzalez, F. J.
(1995) Immune system impairment and hepatic fibrosis in mice lacking
the dioxin-binding Ah receptor. Science 268, 722–726 CrossRef Medline

15. Chng, S. H., Kundu, P., Dominguez-Brauer, C., Teo, W. L., Kawajiri, K.,
Fujii-Kuriyama, Y., Mak, T. W., and Pettersson, S. (2016) Ablating the aryl
hydrocarbon receptor (AhR) in CD11c� cells perturbs intestinal epithe-
lium development and intestinal immunity. Sci. Rep. 6, 23820 CrossRef
Medline

16. Gialitakis, M., Tolaini, M., Li, Y., Pardo, M., Yu, L., Toribio, A., Choudhary,
J. S., Niakan, K., Papayannopoulos, V., and Stockinger, B. (2017) Activa-
tion of the aryl hydrocarbon receptor interferes with early embryonic
development. Stem Cell Reports 9, 1377–1386 CrossRef Medline

17. Schmidt, J. V., Su, G. H., Reddy, J. K., Simon, M. C., and Bradfield, C. A.
(1996) Characterization of a murine Ahr null allele: involvement of the Ah
receptor in hepatic growth and development. Proc. Natl. Acad. Sci. U.S.A.
93, 6731– 6736 CrossRef Medline

18. Carreira, V. S., Fan, Y., Kurita, H., Wang, Q., Ko, C. I., Naticchioni, M.,
Jiang, M., Koch, S., Zhang, X., Biesiada, J., Medvedovic, M., Xia, Y., Rubin-
stein, J., and Puga, A. (2015) Disruption of Ah receptor signaling during
mouse development leads to abnormal cardiac structure and function in
the adult. PLoS One 10, e0142440 CrossRef Medline

19. Haas, K., Weighardt, H., Deenen, R., Köhrer, K., Clausen, B., Zahner, S.,
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