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Sterol and oxysterol synthases near the ciliary base
activate the Hedgehog pathway

Sarah Findakly®? Vikas Daggubati'?, Galo Garcia IIP@®, Sydney A. LaStellat?, Abrar Choudhury®*@®, Cecilia Tran*, Amy Li%, Pakteema Tong,
Jason Q. Garcia»?@®, Natasha Puri%? Jeremy F. Reiter>>, Libin Xu*®, and David R. Raleigh"?®

Vertebrate Hedgehog signals are transduced through the primary cilium, a specialized lipid microdomain that is required for
Smoothened activation. Cilia-associated sterol and oxysterol lipids bind to Smoothened to activate the Hedgehog pathway, but
how ciliary lipids are regulated is incompletely understood. Here we identified DHCR7, an enzyme that produces cholesterol,
activates the Hedgehog pathway, and localizes near the ciliary base. We found that Hedgehog stimulation negatively
regulates DHCR7 activity and removes DHCR7 from the ciliary microenvironment, suggesting that DHCR7 primes cilia for
Hedgehog pathway activation. In contrast, we found that Hedgehog stimulation positively regulates the oxysterol synthase
CYP7A1, which accumulates near the ciliary base and produces oxysterols that promote Hedgehog signaling in response to
pathway activation. Our results reveal that enzymes involved in lipid biosynthesis in the ciliary microenvironment promote
Hedgehog signaling, shedding light on how ciliary lipids are established and regulated to transduce Hedgehog signals.

Introduction

The Hedgehog pathway directs gene expression programs that
are essential for development and adult tissue homeostasis, but
misactivation of the Hedgehog pathway can cause congenital
disorders and cancer (Briscoe and Thérond, 2013). Smith-Lemli-
Opitz syndrome (SLOS) is an autosomal recessive condition
caused by inactivating mutations in the gene encoding 3f-hy-
droxysterol-A7-reductase (DHCR?), a rate-limiting enzyme that
catalyzes the last step of cholesterol biosynthesis and regulates
Hedgehog signal transduction (Jira et al., 2003). SLOS patients
have multiple congenital malformations, such as craniofacial
abnormalities, holoprosencephaly, syndactyly, and polydactyly.
Many of these phenotypic manifestations occur in tissues where
Hedgehog signaling is important for embryonic patterning and
are also observed in patients who were exposed to teratogenic
cholesterol biosynthesis inhibitors in utero or who have
Hedgehog ligand mutations (Cooper et al., 1998, 2003). These
data suggest that sterol biosynthesis is important for Hedgehog
signaling in humans, but DHCR7’s role in Hedgehog signal
transduction is controversial (Blassberg et al., 2016; Koide et al.,
2006; Kinnebrew et al., 2019). Broadly, sterol lipids are required
for vertebrate Hedgehog signaling, and both sterols and oxy-
sterols can bind to Smoothened to activate the downstream
pathway (Xiao et al., 2017; Raleigh et al., 2018; Byrne et al., 2016;

Cooper et al., 2003; Corcoran and Scott, 2006; Luchetti et al.,
2016; Dwyer et al., 2007; Myers et al., 2017, 2013; Nachtergaele
etal.,, 2012, 2013; Nedelcu et al., 2013; Huang et al., 2018; Qi et al.,
2019; Deshpande et al., 2019). Nevertheless, biochemical mech-
anisms underlying lipid biosynthesis-based regulation of the
Hedgehog pathway and accumulation of Smoothened-activating
lipids in primary cilia are incompletely understood (Kong et al.,
2019).

The primary cilium is a microtubule-based cellular projection
that is required for Hedgehog morphogens to pattern tissues
during development (Huangfu et al., 2003). Ciliary proteins and
lipids are different from those of other cellular membranes, and
the molecular structure of primary cilia is critical for signal
transduction (Garcia et al., 2018). Phosphoinositide lipids confer
distinct molecular identities to subcellular compartments, and
inositol polyphosphate-5-phosphatase E (INPP5E) localizes to
cilia (Balla, 2013; Ch4vez et al., 2015; Garcia-Gonzalo et al., 2015).
Moreover, loss of INPPSE attenuates Hedgehog signaling and
can inhibit the growth of Hedgehog-associated medulloblasto-
mas, the most common malignant brain tumors in children
(Conduit et al., 2017; Ostrom et al., 2017). We have shown that
cilia are also enriched in oxysterol lipids that activate Smooth-
ened and that hydroxysteroid 11-B-dehydrogenase 2 (HSD11B2),

IDepartment of Radiation Oncology, University of California, San Francisco, San Francisco, CA; 2Department of Neurological Surgery, University of California, San Francisco,
San Francisco, CA; 3Department of Biochemistry and Biophysics, Cardiovascular Research Institute, University of California, San Francisco, San Francisco, CA;
“4Department of Medicinal Chemistry, University of Washington, Seattle, WA; >Chan Zuckerberg Biohub, San Francisco, CA.

Correspondence to David R. Raleigh: david.raleigh@ucsf.edu.

This is a work of the U.S. Government and is not subject to copyright protection in the United States. Foreign copyrights may apply. This article is distributed under the
terms of an Attribution-Noncommercial-Share Alike-No Mirror Sites license for the first six months after the publication date (see http://www.rupress.org/terms/). After
six months it is available under a Creative Commons License (Attribution-Noncommercial-Share Alike 4.0 International license, as described at https://

creativecommons.org/licenses/by-nc-sa/4.0/).

Rockefeller University Press

J. Cell Biol. 2020 Vol. 220 No. 1  €202002026

W) Check for updates

https://doi.org/10.1083/jcb.202002026

620z Jequiada( 10 uo 3sanb Aq 4pd'92020020Z al/628.191/92020020Z8/1/02Z/pd-8lonie/qol/Bio-ssaidni//:dny woy pepeojumoq

10f13


https://orcid.org/0000-0002-0790-0891
https://orcid.org/0000-0001-8312-2457
https://orcid.org/0000-0001-5883-1630
https://orcid.org/0000-0003-1021-5200
https://orcid.org/0000-0001-9299-8864
mailto:david.raleigh@ucsf.edu
http://www.rupress.org/terms/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://doi.org/10.1083/jcb.202002026
http://crossmark.crossref.org/dialog/?doi=10.1083/jcb.202002026&domain=pdf

an enzyme participating in the production of Smoothened-
activating oxysterols, is dramatically enriched in Hedgehog-
associated medulloblastomas (Raleigh et al., 2018). Both
genetic and pharmacologic inhibition of HSD1IB2 attenuate
Hedgehog signaling and Hedgehog-associated medulloblastomas
in mice (Raleigh et al., 2018), but, like most enzymes involved in
sterol biosynthesis, HSD11B2 localizes to the endoplasmic retic-
ulum (Odermatt et al., 2001). Thus, how Smoothened-activating
sterols and oxysterols accumulate in the ciliary microenviron-
ment remains unknown, and proteomic studies have not iden-
tified enzymes involved in sterol or oxysterol biosynthesis in
primary cilia (Mick et al., 2015; Kohli et al., 2017; Sigg et al.,
2017).

We hypothesized that enzymes at the ciliary base may pro-
duce sterol or oxysterol lipids to establish the unique lipid
composition of cilia and regulate Hedgehog signal transduction.
To test this, we performed confocal and superresolution mi-
croscopy to discover that DHCR7 localizes near the ciliary base.
Our results further suggest that DHCR7 may function through
Smoothened to promote the Hedgehog pathway, but that
Smoothened accumulation in cilia in response to pathway acti-
vation does not require DHCR?. Using mass spectrometry-based
sterolomics and microscopy, we show that Hedgehog stimulation
negatively regulates DHCR7 activity and removes DHCR7 from
the ciliary microenvironment. In contrast, confocal and super-
resolution microscopy, CRISPR interference (CRISPRi), and mass
spectrometry-based sterolomics reveal that Hedgehog stimula-
tion positively regulates cytochrome P450 family 7 subfamily A
member 1 oxysterol synthase (CYP7Al), an enzyme that has
overlapping functions with HSD11B2 (Russell, 2003). In contrast
to our findings in HSD11B2, our results demonstrate that CYP7A1
accumulates near the ciliary base and promotes Hedgehog sig-
naling in response to Hedgehog pathway activation but does not
regulate Smoothened accumulation in primary cilia. In sum, our
results identify enzymes involved in lipid biosynthesis near the
ciliary base that promote Hedgehog signaling, shedding light on
how the lipid composition of cilia is established and regulated to
transduce Hedgehog signals.

Results and discussion

DHCRY activates the Hedgehog pathway by producing choles-
terol, which binds and activates Smoothened (Jira et al., 2003;
Blassberg et al., 2016; Kinnebrew et al., 2019). We performed
immunofluorescence confocal microscopy for DHCR? in ciliated
NIH 3T3 cells and found that endogenous DHCR7 predominantly
localized near the ciliary base (Fig. 1 A and Fig. S1 A). Super-
resolution microscopy, which has provided new insights into the
relationships between ciliary structure and function (Yangetal.,
2018; Shi et al., 2017), confirmed that DHCR? localized near the
ciliary base in NIH 3T3 cells and ciliated mouse embryonic fi-
broblasts (MEFs; Fig. 1 B and Fig. S1 B). In further support of
these findings, overexpressed exogenous DHCR7 with a Myc tag
could be found at the ciliary base in MEFs (Fig. S1 C). However,
exogenous DHCR7 with an HA tag that was overexpressed in
MEFs using a different transfection reagent localized to the cy-
toplasm and endoplasmic reticulum (Fig. S1 D), which was also
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the case for the majority of overexpressed DHCR7 with a Myc
tag. These data are consistent with previous reports (Koczok
et al., 2019), but contrast with our results for endogenous
DHCRY, underscoring the importance of localization studies that
focus on endogenous gene products rather than on over-
expression of exogenous constructs that may be influenced by
expression conditions or epitope tags.

With these contrasting data in mind, we sought to assess
the specificity of DHCR7 antibodies for studying endogenous
DHCR?. To do so, we generated NIH 3T3 cells stably expressing
the CRISPRi components dCas9-KRAB (NIH 3T3dCas9-KRAB) 5
system that relies on single-guide RNAs (sgRNAs) to sterically
and epigenetically inhibit gene transcription (Gilbert et al.,
2013). We transduced NIH 3T3dCas9-KRAB cells with lentiviral
particles harboring sgRNAs targeting Dhcr7 (sgDhcr7) and vali-
dated Dhcr7 suppression in monoclonal cell lines using quanti-
tative RT-PCR (qRT-PCR) and immunoblots (Fig. 1, C and D).
gRT-PCR for the Hedgehog target gene glioma-associated onco-
gene 1 (Glil) showed that Dhcr7 suppression inhibited basal
Hedgehog signaling compared with control (Fig. 1 E), suggesting
that DHCR? contributes to Hedgehog signal transduction even
without pathway activation. Single-molecule imaging studies
have identified Smoothened in cilia in the absence of pathway
activation and have revealed that Smoothened accumulation in
cilia is associated with changing diffusion coefficients suggestive
of interactions with proteins or lipids in the ciliary microenvi-
ronment (Weiss et al., 2019; Milenkovic et al., 2015). Although
the absence of transient activating interactions with the prod-
ucts of DHCR? activity in cilia may account for the decrease in
Glil expression we observed after Dhcr7 suppression (Fig. 1 E), it
is also possible that DHCR7 may contribute to Hedgehog signal
transduction downstream of Smoothened or through non-
canonical pathways. Nevertheless, mass spectrometry-based
sterolomics demonstrated that Dhcr7 suppression decreased
cellular levels of cholesterol, the product of DHCR7 activity
that activates Smoothened, and increased levels of 7-
dehydroxycholesterol (7-DHC), the substrate of DHCR7 activity
(Fig. 1 F). Consistently, the levels of nonenzymatic oxidation
products of 7-DHC (i.e., oxysterols such as 3p,5a-dihydroxy-
cholest-7-en-6-one [DHCEQ] and 7-keto-7-dehydroxycholesterol
[7-kDHC]) were also increased with Dhcr7 suppression compared
with control (Fig. S1 E; Xu et al.,, 2011a,b; 2013). Notably, Dhcr7
suppression did not change the cellular levels of other
Smoothened-activating sterol or oxysterol lipids, such as 24,25-
epoxycholesterol, 24-keto-cholesterol, or desmosterol (Fig. SI F).
Moreover, immunofluorescence confocal microcopy revealed that
Dher7 suppression attenuated DHCR? labeling near the ciliary base
in NIH 3T3dCas9-KRAB cells (Fig, 1, G and H; and Fig. S1 G), validating
the specificity of our endogenous localization studies.

DHCR7 promotes Hedgehog pathway activity (Blassberg
et al., 2016; Kinnebrew et al., 2019), and we found that sup-
pression of Dhcr7 in NIH 3T34C2s9-KRAB cells inhibited activation
of the Hedgehog transcriptional program after treatment with
recombinant Sonic Hedgehog (SHH; Fig. 1 I). Smoothened is
necessary for HSD1IB2 to promote the Hedgehog pathway
(Raleigh et al., 2018). To shed light on the mechanistic rela-
tionship between DHCR7 and Smoothened, we transfected
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Figure 1. DHCR? localizes near the ciliary base and activates the Hedgehog pathway. (A) Immunofluorescence confocal microscopy for DHCR7, the ciliary
protein acetylated tubulin (AcTub), and the centriole protein CEP164 demonstrates that DHCR7 localizes near the ciliary base in NIH 3T3 cells. DNA is marked
with Hoechst 33342. Main scale bar, 10 pm. Inset scale bar, 1 um. (B) Superresolution microscopy validates DHCR? localization near the ciliary base, at the level
of CEP164, in NIH 3T3 cells. Scale bar, 1 um. (C) qRT-PCR assessment of Dhcr7 expression in NIH 3T3 cells expressing the CRISPRi components dCas9-KRAB
(NIH 3T3dCas9-KRAB) after transduction of sgRNAs targeting Dhcr7 (sgDhcr7) demonstrates Dhcr7 suppression compared with transduction control (ANOVA).
(D) Immunoblot assessment of NIH 3T3dC2s9-KRAB |ysates after transduction with sgDhcr7 validates DHCR7 suppression compared with transduction control.
(E) qRT-PCR assessment of Glil expression in NIH 3T34Cas9-KRAB co||s after transduction of sgDhcr7 compared with control demonstrates that Dhcr7 suppression
inhibits the Hedgehog transcriptional program (ANOVA). (F) Mass spectrometry-based sterolomics demonstrate reduced expression of cholesterol and in-
creased expression of the 7-DHC in NIH 3T3dC2s9-KRAB cells transduced with sgDhcr7 compared with control (Student’s t test). (G and H) Quantitative im-
munofluorescence confocal microscopy for DHCR7 after transduction of sgDhcr7 in NIH 3T734C2s9-KRAB cells confirms that DHCR7 localizes near the ciliary base
and Dhcr7 suppression reduces DHCR? intensity near the ciliary base (ANOVA). Scale bar, 1 pm. (1) gRT-PCR assessment of Glil expression in NIH 373dCas9-KrAB
cells transduced with sgDhcr7 reveals Dhcr7 that suppression attenuates the Hedgehog transcriptional program in response to SHH (ANOVA). (J) qRT-PCR
assessment of Glil expression in Smo™~ MEFs transfected with Dhcr7, Smo, or both demonstrates that Smo is required for Dher7 to activate the Hedgehog
transcriptional program (ANOVA). (K) Quantitative immunofluorescence confocal microscopy for Smoothened in NIH 3T3dCas9-KRAB cells after sgDhcr7
transduction demonstrates that Dhcr7 suppression fails to block Smoothened accumulation in cilia in response to SHH compared with either control cells
treated with vehicle or cells expressing sgDhcr7 treated with vehicle (ANOVA). *, P < 0.05; **, P < 0.01; and ***, P < 0.001. Error bars represent SEM. The
sample size of each experiment is represented by the number of independent data points on each graph. Each experiment is representative of at least three
independent biological replicates.
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ciliated Smo~/~ MEFs with Dhcr7, Smoothened (Smo), or both,
and we assessed Hedgehog pathway activity using gqRT-PCR for
Glil. Exogenous Smoothened accumulates in cilia even in the
absence of pathway stimulation (Raleigh et al.,, 2018), and,
consistently, transfection of Smo into Smo~/~ MEFs mildly acti-
vated the Hedgehog transcriptional program (Fig. 1]). Although
transfection of Dher7 did not activate the Hedgehog transcrip-
tional program in the absence of Smoothened, we found that Glil
expression after cotransfection of Dhcr7 and Smo was greater
than Glil expression after transfection of Smo alone (Fig. 1J).
These data suggest that DHCR7 may contribute to Smoothened
activation upon Hedgehog pathway stimulation, and they fur-
ther suggest that DHCR7 does not activate Hedgehog signaling
downstream of Smoothened or through noncanonical pathways.
To determine if we could localize the impact of DHCR7 on
Smoothened activation or Smoothened accumulation in primary
cilia, we performed quantitative immunofluorescence confocal
microscopy for Smoothened in NIH 3T34Cas9-KRAB cells treated
with SHH or vehicle control. Interestingly, we found that Dhcr7
suppression failed to alter Smoothened accumulation in primary
cilia with or without Hedgehog pathway stimulation with
SHH (Fig. 1 K). These data indicate that DHCR7 contributes to
Hedgehog pathway activation but does not regulate Smoothened
accumulation in primary cilia.

Hedgehog ligand interaction with Patchedl (PTCHI) accu-
mulates Smoothened in cilia and activates the Hedgehog tran-
scriptional program (Corbit et al, 2005). To determine if
Hedgehog stimulation alters DHCR7 localization, we treated
ciliated cells with Smoothened agonist (SAG) and performed
quantitative immunofluorescence confocal microscopy for
DHCRY. Surprisingly, pharmacologic stimulation of the Hedge-
hog pathway removed DHCR7 from the ciliary microenviron-
ment in NIH 3T3 cells and MEFs (Fig. 2, A and B). Ptchl~/~ MEFs
display constitutive Hedgehog signaling due to Smoothened de-
repression, and quantitative immunofluorescence confocal mi-
croscopy in wild-type and Ptchl/~ MEFs demonstrated that
genetic activation of the Hedgehog pathway also attenuated
DHCRY localization near the ciliary base (Fig. 2 C). Ift88~/~ MEFs,
which lack cilia and cannot transduce Hedgehog signals, also had
less DHCRY near the centriole than wild-type MEFs (Fig. 2 D). In
sum, these data suggest that DHCR7 accumulates near the ciliary
base in the absence of Hedgehog signals but is removed upon
Hedgehog pathway activation or loss of cilia. To further test this
hypothesis, we suppressed Ptchl in NIH 3T3dCas9-KRAB cells by
transducing lentiviruses harboring sgRNAs targeting Ptchl
(sgPtchl). We validated monoclonal cell lines using immunoblots
(Fig. 2 E) and performed gRT-PCR to validate that Ptchl sup-
pression in NIH 3T3d4Cas9-KRAB cells activated the Hedgehog
transcriptional program (Fig. 2 F). Quantitative immunofluo-
rescence confocal microscopy further demonstrated that Ptchl
suppression in NIH 3T34C2s9-KRAB cells removed DHCRY? from the
ciliary microenvironment (Fig. 2 G). Importantly, neither
pharmacologic nor genetic activation of the Hedgehog pathway
altered the overall expression of Dhcr7 transcript or protein (Fig.
S2, A-G). Nevertheless, Hedgehog pathway activation in NIH
3T3dCas9-KRAB cells after transduction of sgPtchl was associated
with increased cellular levels of 7-DHC and 7-DHC oxysterols
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(Fig. 2 H), suggesting that removal of DHCR? from the ciliary
microenvironment was associated with decreased DHCR7 ac-
tivity. In support of this hypothesis, cellular levels of 7-DHC and
7-DHC oxysterols were also increased in Ptchl~/~ MEFs (Fig. 2 I)
and Ift88/~ MEFs (Fig. 2 J) compared with wild-type MEFs.
Moreover, cellular levels of cholesterol were not decreased in
NIH 3T34Cas9-KRAB cells after transduction of sgPtchl or in Ptchl~/~
or Ift88~/- MEFs compared with respective their controls (Fig.
S2 H). In sum, these data suggest that increases in the activity of
DHCR24, oxidosqualene cyclase, or other enzymes participating
in the cholesterol shunt pathway may compensate for changes in
DHCR? activity in some contexts (Russell, 2003).

Our results demonstrate that DHCR7 localizes near the ciliary
base and promotes Hedgehog signal transduction but is nega-
tively regulated by pathway activation. These data perhaps ex-
plain why conflicting studies have variably defined DHCR?7 as
both a positive and a negative regulator of the Hedgehog path-
way (Koide et al., 2006; Blassberg et al., 2016; Kinnebrew et al.,
2019). Alternatively, it is possible that aspects of DHCRY activity
on a shorter time scale than we were able to resolve in fibro-
blasts (as has been observed for INPPSE) may account for the
different functions ascribed to DHCR7 with respect to Hedgehog
signal transduction. Nevertheless, our data raise the possibility
that DHCR7 contributes to cholesterol enrichment in primary
cilia (Raleigh et al., 2018). Like ciliary cholesterol, ciliary oxy-
sterol regulation is incompletely understood. HSD11B2 produces
7-keto-cholesterol (7k-C), which is converted into oxysterols
that bind and activate Smoothened by CYP27A1 (Dwyer et al.,
2007; Raleigh et al., 2018; Myers et al., 2017). Because HSD11B2
does not localize to primary cilia (Odermatt et al., 2001), we
hypothesized that CYP7A1, which also generates 7k-C, may acti-
vate the Hedgehog pathway from the ciliary microenvironment.
To test this hypothesis, we performed immunofluorescence con-
focal microscopy of unstimulated NIH 3T3 cells and MEFs, but we
did not detect CYP7A1 near the ciliary base (Fig. 3, A and B).
However, activation of the Hedgehog pathway with SAG accu-
mulated CYP7A1 near the ciliary base in both cell lines (Fig. 3,
A-D). Moreover, superresolution microscopy confirmed that
CYP7A1 accumulated near the ciliary base after pharmacologic
stimulation of the Hedgehog pathway (Fig. 3, E and F).

Similar to DHCR?7, exogenous CYP7A1 with a Myc tag could be
found near the ciliary base in Ptchl/~ MEFs (Fig. S3 A), but
exogenous CYP7A1 with an HA tag that was overexpressed using
a different transfection reagent primarily localized to the cyto-
plasm and endoplasmic reticulum in wild-type MEFs, even after
activation of the Hedgehog pathway with SAG (Fig. S3 B). Thus,
to assess the specificity of CYP7AI1 antibodies for studying en-
dogenous CYP7Al, we transduced NIH 3T3d4Cas9-KRAB cells with
sgCyp7al and validated suppression of Cyp7al in monoclonal cell
lines using qRT-PCR (Fig. 3 G). After Hedgehog pathway stim-
ulation with SAG, we performed quantitative immunofluores-
cence confocal microscopy to discover that Cyp7al suppression
attenuated labeling near the ciliary base compared with control
(Fig. 3, H and I). Importantly, pharmacologic activation of the
Hedgehog pathway did not alter the expression of Cyp7al (Fig. S3
C), suggesting that changes in CYP7A1 accumulation in the ciliary
microenvironment were the product of coordinated signaling
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Figure 2. Hedgehog pathway activation removes DHCR7 from the ciliary microenvironment and attenuates DHCR7 activity. (A-C) Quantitative
immunofluorescence confocal microscopy for DHCR7 in NIH 3T3 cells, WT MEFs, and Ptch1~~ MEFs shows that pharmacologic stimulation and genetic de-
repression of the Hedgehog pathway remove DHCR7 from the ciliary microenvironment (Student’s ¢ test). Dotted lines denote average background intensity.
(D) Quantitative immunofluorescence confocal microscopy for DHCR7 in WT and Ift88~/~ MEFs shows that genetic deletion of cilia removes DHCR7 from near
the centriole (Student’s t test). (E) Immunoblot assessment of NIH 3T3dCas9-KRAB |ysates after transduction with sgPtchl validates PTCH1 suppression compared
with transduction control. (F) qRT-PCR assessment of Glil expression in NIH 3T3dCas9-KRAB cel|s demonstrates activation of the Hedgehog transcriptional
program after transduction of sgPtchl compared with control (ANOVA). (G) Quantitative immunofluorescence confocal microscopy for DHCR7 in NIH 373dCas9-KRAB
cells shows that Ptchl suppression leading to Hedgehog pathway activation removes DHCR7 from the ciliary microenvironment (ANOVA). (H) Mass
spectrometry-based sterolomics of NIH 3T34Cas9-KRAB cells show that transduction of sgPtchl inhibits the activity of DHCR7 compared with transduction control
(Student’s t test). () Mass spectrometry-based sterolomics of WT and Ptchl~ MEFs show that genetic de-repression of the Hedgehog pathway inhibits DHCR7
activity (Student’s t test). (J) Mass spectrometry-based sterolomics of WT and Ift88~/~ MEFs show that genetic deletion of cilia inhibits DHCR7 activity (Student’s
ttest). *, P < 0.05 **, P < 0.01; and ***, P < 0.001. Error bars represent SEM. The sample size of each experiment is represented by the number of independent data
points on each graph. Each experiment is representative of at least three independent biological replicates. 7-kDHC, 7-keto-7-dehydroxycholesterol; 4-OH-7-DHC,
4-hydroxy-7-dehydroxycholesterol.

events. In sum, these data demonstrate that CYP7Al accumulates  accumulation in NIH 3T39Ca9-KRAB (ilia in response to Hedgehog
near the ciliary base upon Hedgehog pathway activation. pathway activation with SHH (Fig. 4, C and D). However, in
To determine if CYP7Al participates in Hedgehog signal contrast to suppression of Dhcr7, Cyp7al suppression attenuated
transduction, we assessed Glil expression using qRT-PCR in  Smoothened accumulation relative to SHH treatment of control
monoclonal NIH 3T34Cas9-KRAB cells transduced with sgCyp7al.  cells. Cyp7al suppression in NIH 3T39Cas%-KRAB cells also attenuated
Cyp7al suppression in unstimulated NTH 3T34Cs9-KRAB cells in-  the Hedgehog transcriptional program in response to SHH (Fig. 4
hibited the Hedgehog transcriptional program (Fig. 4 A), likely  E). Moreover, overexpression of either Cyp7al or Dhar7 activated
resulting from a lack of oxysterols diffusing to the ciliary mi- the Hedgehog transcriptional program even without pathway
croenvironment from CYP7Al activity elsewhere in the cell activation (Fig. S3 E), suggesting that enzymatic activity in the
(Russell, 2003). Furthermore, Cyp7al suppression reduced cel- ciliary microenvironment may promote transient interactions in
lular levels of 7k-C but did not influence levels of 7-DHC, 7-DHC  cilia that activate Hedgehog signaling (Weiss et al., 2019;
oxysterols, or other Smoothened-activating oxysterols (Fig. 4 B Milenkovic et al., 2015). In sum, these data demonstrate CYP7Al
and Fig. S3 D). Consistent with suppression of Dhcr7 (Fig. 1 K), near the ciliary base promotes Hedgehog signaling.
quantitative immunofluorescence confocal microscopy re- To investigate the functional relationship between Cyp7al and
vealed that Cyp7al suppression failed to block Smoothened Dhcr7, we performed quantitative immunofluorescence confocal
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Figure 3. Hedgehog pathway activation accumulates CYP7A1 near the ciliary base. (A-D) Quantitative immunofluorescence confocal microscopy for
CYP7ALin relation to the ciliary protein acetylated tubulin (AcTub) and the centriole protein CEP170 demonstrates that CYP7A1 localizes near the ciliary base in
NIH 3T3 cells and MEFs after pharmacologic stimulation or genetic de-repression of the Hedgehog pathway. DNA is marked with Hoechst 33342. Main scale
bar, 10 um. Inset scale bar, 1 um. Student’s t test in C; ANOVA in D. Dotted lines denote average background intensity. (E and F) Superresolution microscopy
validates CYP7A1 localization near the ciliary base at the level of CEP170 in NIH 3T3 cells and MEFs. Scale bars, 1 um. (G) qRT-PCR assessment of Cyp7al
expression in NIH 3T3dCas9-KRAB cells after transduction of sgCyp7al demonstrates Cyp7al suppression compared with transduction control (ANOVA).
(H and 1) Quantitative immunofluorescence confocal microscopy for CYP7A1 after transduction of sgCyp7al in NIH 3T39C2s9-KRAB cells and pharmacologic
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activation of the Hedgehog pathway confirms that CYP7A1 localizes near the ciliary base (ANOVA). Scale bar, 1 um. **, P < 0.01; and ***, P < 0.001. Error bars
represent SEM. The sample size of each experiment is represented by the number of independent data points on each graph. Each experiment is representative

of at least three independent biological replicates.

microscopy for CYP7A1 in NIH 3T34Cas9-KRAB cells transduced
with sgDhcr7, and we found that Dher7 suppression, which ac-
tivated the Hedgehog pathway (Fig. 1 E), promoted accumulation
of CYP7AL1 near the ciliary base (Fig. 5 A). These data raise the
possibility that CYP7A1 may compensate for decreased DHCR7
activity upon Hedgehog pathway activation by maintaining
Smoothened-activating lipid levels in the ciliary microenviron-
ment. In support of this hypothesis, we found that concurrent
suppression of Cyp7al and Dhcr7 in NIH 3T34C2s9-KRAB celg in-
hibited SHH activation of the Hedgehog transcriptional program
more than Cyp7al suppression alone (Fig. 5 B).

The Hedgehog pathway regulates development through gene
expression programs and signaling events that are independent
of gene expression (Briscoe and Thérond, 2013). Moreover, some
functions of the Hedgehog pathway, such as cell cycle progres-
sion, involve expression of indirect target genes requiring
translation of intermediate transcription factors (Raleigh et al.,
2017). Thus, to shed light on the biochemical mechanisms reg-
ulating DHCR7 and CYP7A1 accumulation near the ciliary base,
we inhibited translation in NIH 3T3 cells with cycloheximide
(CHX) and performed quantitative immunofluorescence confo-
cal microscopy after pathway stimulation with SAG. We found
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that CHX blocked DHCR7 removal from the ciliary microenvi-
ronment, but it did not block CYP7Al accumulation near the
ciliary base in response to pathway activation (Fig. 5 C). These
data suggest that independent mechanisms downstream of
Hedgehog pathway activation regulate the subcellular localiza-
tion of these enzymes.

To shed light on how centriole structure at the ciliary base
contributes to sterol synthase accumulation in the ciliary mi-
croenvironment, we performed confocal microscopy of mouse
embryonic stem cells with a gene trap mutation in the OfdI locus
(Ofd16%) that disrupts centriole length and distal structure (Singla
et al., 2010). We found that neither wild-type nor OfdiS* mouse
embryonic stem cells expressed CYP7A1 and that DHCR? accu-
mulation near the centriole in OfdI®* cells was reduced compared
with wild-type mouse embryonic stem cells (Fig. 5 D). Thus, like
ciliary structure (Fig. 2 D), centriole structure appears to be
important for sterol synthase localization near the ciliary base.

DHCRY is a nine-pass transmembrane protein (Jira et al,
2003) and is likely embedded in a lipid bilayer at the ciliary
base. Thus, to determine if DHCR7 localized to the ciliary pocket,
we used the IN/OUT assay, which relies on NIH 3T3 cells stably
expressing a transmembrane ADP-ribosylation factor-like protein
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Figure 4. CYP7A1 activates the Hedgehog pathway. (A) qRT-PCR assessment of Glil expression in NIH 3T3dCas9-KRAB cel|s after transduction of sgCyp7al
compared with control demonstrates inhibition of the Hedgehog transcriptional program after Cyp7al suppression (ANOVA). (B) Mass spectrometry-based
sterolomics reveal reduced expression of 7k-C and no change in 7-DHC or 7-DHC oxidation by-products in NIH 3T3dC2s9-KRAB ce||s transduced with sgCyp7al
compared with control (Student’s t test). (C and D) Quantitative immunofluorescence confocal microscopy for Smoothened in relation to the ciliary protein
acetylated tubulin (AcTub) in NIH 3T3dCas9-KRAB col[s after transduction of sgCyp7al demonstrates that Cyp7al suppression fails to block Smoothened accu-
mulation in cilia in response to SHH compared with either control cells treated with vehicle or cells expressing sgCyp7al treated with vehicle (ANOVA, Student’s
t test). Scale bar, 1 um. Dotted lines denote average background intensity. (E) qRT-PCR assessment of Glil expression in NIH 3T3dCas9-KRAB col|s after
transduction of sgCyp7al reveals that Cyp7al repression attenuates the Hedgehog transcriptional program in response to SHH (ANOVA). *, P < 0.05; ***, P <
0.001. Error bars represent SEM. The sample size of each experiment is represented by the number of independent data points on each graph. Each experiment
is representative of at least three independent biological replicates.
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Figure 5. DHCR7 and CYP7A1 cooperate to activate the Hedgehog pathway near the ciliary base. (A) Quantitative immunofluorescence confocal mi-
croscopy for CYP7ALin NIH 3T3dCas3-KRAB ce|ls shows that Dhcr7 suppression leading to Hedgehog pathway activation accumulates CYP7AL near the ciliary base
(ANOVA). (B) qRT-PCR assessment of Glil expression in NIH 3T3dCas9-KRAB cel|s transduced with sgCyp7al and shRNAs targeting Dhcr7 reveals that concurrent
suppression of Cyp7al and Dhcr7 attenuates the Hedgehog transcriptional program greater than suppression of either enzyme alone in response to SHH
(ANOVA). (€) Quantitative immunofluorescence confocal microscopy for DHCR7 and CYP7A1 in NIH 3T3 cells treated the translation inhibitor CHX cells shows
that protein synthesis is required to remove DHCRY7 from the ciliary base, but is not required to accumulate CYP7A1 at the ciliary base, in response to Hedgehog
pathway activation with SAG (Student’s t test). (D) Quantitative immunofluorescence confocal microscopy for DHCR7 in WT and Ofd1° mouse embryonic stem
cells (MESCs) reveals disruption of centriole structure, as marked by centriolin (Cent), reduces DHCR7 localization near the ciliary base. Scale bar, 1 um
(Student’s t test). (E) Superresolution microscopy and the IN/OUT assay using NIH 3T3 cells stably expressing ARL13B with extracellular HA and intracellular
mCherry tags validates DHCR7 localization near the ciliary base. Scale bar, 1 um. (F) Network of Smoothened-activating sterol and oxysterol biosynthesis
constructed from the data in this paper and published literature (Raleigh et al, 2018). (G) Model of lipid enrichment in the ciliary microenvironment and
regulation of lipids in response to Hedgehog pathway activity. *, P < 0.05; **, P < 0.01; and ***, P < 0.001. Error bars represent SEM. The sample size of each
experiment is represented by the number of independent data points on each graph. Each experiment is representative of at least three independent biological

replicates.

13B (ARL13B) construct constitutively localizing to cilia and tagged
with an extracellular HA epitope and an intracellular mCherry
fluorophore (Kukic et al., 2016). Staining for the HA epitope in the
absence of cell permeabilization labels the ciliary body projecting
from the cell surface. In contrast, mCherry fluorescence in this
system projects both above and below the reflection of the plasma
membrane that forms the ciliary pocket (Fig. 5 E). When subse-
quently permeabilized and stained for DHCR?, the IN/OUT assay
validated our confocal and superresolution microscopy results
showing that DHCR? localized near the ciliary base (Fig. 5 E) and
not along the length of the ciliary pocket. These data suggest that
DHCR7 may localize to endosomes near the ciliary base or perhaps
at the nadir of the ciliary pocket, either of which may also be true
for CYP7A], a predicted single-pass transmembrane protein.

In conclusion, our results place DHCR7 and CYP7A1 in the
network of sterol and oxysterol synthases that activate the

Findakly et al.
Sterol synthases activate the Hedgehog pathway

Hedgehog pathway (Fig. 5 F). These data are consistent with a
model of lipid enrichment and regulation in cilia where DHCR7
produces cholesterol in the absence of Hedgehog signals to
prime the ciliary microenvironment for Hedgehog pathway ac-
tivation and CYP7AI contributes oxysterols to cilia to modulate
Hedgehog signaling when the pathway is on (Fig. 5 G). Ac-
cording to this model, DHCR7 may provide an initial pool of
cholesterol near the ciliary base to activate Smoothened, and,
once activated, Hedgehog signal transduction may be refined by
exchanging DHCR? for CYP7A1 (and cholesterol for oxysterols)
in the ciliary microenvironment. Consistently, we have shown
that primary cilia are enriched in cholesterol even in the absence
of Hedgehog pathway activation (Raleigh et al., 2018). It remains
to be established why DHCR?7 is removed from the ciliary mi-
croenvironment upon pathway activation, but it is notable that
nonenzymatic oxidation products of 7-DHC, such as DHCEO,
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antagonize Smoothened (Sever et al., 2016). Thus, it is possible
that accumulation of DHCEO near the ciliary base (in the ab-
sence of DHCR7) opposes the activity of CYP7Al and serves as a
negative feedback mechanism to restrain the intensity of
Hedgehog signaling after the pathway is activated. Indeed,
current paradigms of Hedgehog signaling and lipid biosynthesis
are reminiscent of negative feedback loops observed elsewhere
in the Hedgehog pathway, such as induction of the pathway
inhibitor Ptchl in response to activation of the Hedgehog tran-
scriptional program.

The contributions that DHCR7 and CYP71 make to the
Hedgehog pathway suggest that both cholesterol and oxysterols
can function as endogenous Smoothened agonists. Dissecting
the potentially redundant functions of these lipids may be
challenging due to tissue- or organism-specific expression of
enzymes participating in the production of Smoothened-
activating lipids. Indeed, human SLOS patients display multi-
ple congenital malformations, but developmental phenotypes
in mice lacking Dhcr7 are subtle, and mice lacking Cyp7al do not
have overt Hedgehog phenotypes (Pullinger et al., 2002). Fur-
thermore, we found that combined suppression of Dhcr7 and
Cyp7al fails to completely inhibit Hedgehog signal transduction
(Fig. 5 B), suggesting that other mechanisms or other enzymes
must contribute to Hedgehog pathway activation.

The list of enzymes participating in the production of
Smoothened-activating lipids is growing (Kinnebrew et al.,
2019), but our ability to understand mechanistic relationships
between Hedgehog signaling and ciliary lipids depends on the
emergence of new technologies to isolate primary cilia for mass
spectrometry-based sterolomics. Indeed, an important limita-
tion of our study is that our sterolomics were performed on
whole cells. The genetic perturbations necessary to repeat these
experiments in model systems where primary cilia can be iso-
lated for biochemistry, such as Stongylocentrotus purpuratus,
Salpingoeca rosetta, Nematostella vectensis, Chlamydomonas rein-
hardtii, or Sus scrofa cells, are currently not possible. Thus, sig-
nificant technical advances are necessary to improve our
understanding of Hedgehog signaling and ciliary lipids. Chief
among these is likely the improvement of cellular probes for
localizing cellular cholesterol (Courtney et al., 2018); these
probes are not as refined as reagents for studying phosphoino-
sitides in primary cilia (Balla, 2013; Chavez et al., 2015; Garcia-
Gonzalo et al., 2015).

Materials and methods

Cell culture, molecular biology, and overexpression

NIH 3T3 (CRL-1658; American Type Culture Collection), 293T
(CRL-3216; American Type Culture Collection), and MEF cells
were cultured in DMEM (10313021; Life Technologies) supple-
mented with 10% FBS (Life Technologies) and GlutaMAX (Life
Technologies). Mouse embryonic stem cells were cultured on
0.1% gelatin in KnockOut DMEM (10929-018; Life Technologies)
supplemented with 15% FBS, nonessential amino acids (Life
Technologies), GlutaMAX, 2-mercaptoethanol (BP176-100;
Thermo Fisher Scientific), the mitogen-activated protein kinase
kinase inhibitor PD0325901 (S1036; Selleck Chemicals), and the
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glycogen synthase kinase 3 inhibitor CHIR99021 (S2924; Selleck
Chemicals).

For ciliation and Hedgehog signaling assays, NIH 3T3 and
MEF cultures were transitioned to OptiMEM (31985062; Thermo
Fisher Scientific) and treated with recombinant Sonic Hedgehog
1 pg/ml (1845; R&D Systems), Smoothened agonist 100 nM
(566660; Calbiochem), or vehicle control, with or without CHX
25 pg/ml (C1988; Sigma-Aldrich) for 24 h. Of note, this dose,
concentration, and duration of CHX treatment are effective for
blocking expression of indirect Hedgehog target genes in NIH
3T3 cells (Raleigh et al., 2017).

For overexpression experiments, Myc-tagged Dhcr7
(RC200480) and Cyp7al (RC211019L1) in pCMV6-Entry were
purchased from OriGene and transfected using Lipofectamine
(A12621; Thermo Fisher Scientific) according to the manu-
facturer’s instructions. HA-tagged Dhcr7 and Cyp7al coding
DNA sequences were synthesized by Integrated DNA Tech-
nologies, cloned into pcDNA3 (Addgene), and transfected using
FuGENE HD reagent (E2311; Promega) according to the manu-
facturer’s instructions. For all constructs, cells were ciliated
48 h after transfection as described above.

CRISPR targeting and cloning

To suppress gene expression, CRISPRi was used to target dCas9-
KRAB to the promoter regions of target genes to sterically
repress transcription initiation. Protospacer sequences were
chosen from a previously generated genome-wide library
(Horlbeck et al., 2016) and were cloned into either pLV hU6-
sgRNA hUbC-dCas9-KRAB-T2a-Puro (71236; Addgene) or pLV
hU6-sgRNA hUbC-dCas9-KRAB-T2a-GFP (71237; Addgene) len-
tiviral plasmids following a BsmBI (R0580; New England Bio-
labs) restriction digest. Notably, Dhcr7 was found to have two
transcriptional start sites (TSSs) >1 kb apart. Thus, this gene was
targeted for knockdown by transduction of two protospacer se-
quences to target both TSSs (i.e., Dhcr7-Al + Dher7-A2). Cyp7al,
Dhcr7-A, and Pichl protospacers were cloned into the pLV hU6-
sgRNA hUbC-dCas9-KRAB-T2a-Puro, and Dhcr7-B protospacers
were cloned into pLV hU6-sgRNA hUbC-dCas9-KRAB-T2a-GFP.

The specific TSSs targeted are Cyp7al (chromosome 4, strand -,
primary TSS 5'-6275629, primary TSS 3’'-6275634, secondary
TSS 5'-6275629, secondary TSS 3'-6275634), Dhcr7-A (chromosome 7,
strand +, primary TSS 5'-143830204, primary TSS 3'-143830249,
secondary TSS 5'-143830204, secondary TSS 3'-143830249), Dhcr7-B
(chromosome 7, strand +, primary TSS 5'-143823057, primary TSS
3'-143823113, secondary TSS 5'-143823057, secondary TSS 3'-
143823113), and Ptchl (chromosome 13, strand -, primary TSS 5'-
63573400, primary TSS 3'-63573430, secondary TSS 5'-63573400,
secondary TSS 3'-63573430).

The specific protospacer sequences for each gene of interest,
and their genomic position relative to TSSs, are Cyp7al-1 (5'-GAA
GCAGGAAAACGTCCCAA-3', TSS+37), Cyp7al-2 (5'-GCAAGA
CGGTCCAGAAACTG-3', TSS-7), Cyp7al-3 (5'-GTAAGCACAGAT
TCTCCCCT-3’, TSS+19), Dhcr7-1 (A: 5'-GCCTGAGTGCGGAAT
CCAGG-3', TSS+44; B: 5'-GTCCAGGACGCTCTGACCTT-3', TSS+
59), Dhcr7-2 (A: 5'-GTCACCTGAGTGCGGAATCC-3’, TSS+47; B:
5'-CTCTGACCTTGGGCAACAG-3’, TSS+50), Ptchil-1 (5'-GGCACT
CCGCCGAAAGCCTG-3’, TSS+23), Ptchl-2 (5'-GGGCCGCCGCAG
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GCTTTCGG-3’, TSS+31), and Ptchl-3 (5'-GACGGAAAGTGTAAA
AACCC-3', TSS+60).

Lentivirus production and transduction

pLV hU6-sgRNA hUbC-dCas9-KRAB-T2a-Puro or pLV hUe6-
sgRNA hUbC-dCas9-KRAB-T2a-GFP was cotransfected into
293T cells with lentiviral packaging plasmids psPAX2 and
pMD2.G (12260 and 12259; Addgene). Briefly, 3.5 x 106 293T cells
were seeded in poly-D-lysine-coated (P6407; Sigma-Aldrich) 10-
cm plates. For each 10-cm dish, the following DNA was diluted
into 600 pl of OptiMEM: 4.5 pg of construct, 6 pg of psPAX2, and
1.5 pg of pMD2.G. Separately, 36 pl of TransIT-Lenti transfection
reagent (6603; Mirus Bio) was diluted into 600 pl of OptiMEM,
vortexed, and incubated for 5 min. The DNA and Mirus Bio
solutions were combined and allowed to incubate at room
temperature for 20 min. Meanwhile, the cell culture media on
293T cells was replaced with 9 ml of prewarmed DMEM sup-
plemented with 1% FBS and GlutaMAX. The transfection mixture
was added dropwise onto cells. Viral particles were harvested
48 h following transfection by passing the cell culture medium
through a 0.45-um polyvinylidene difluoride syringe filter. For
transduction, viral supernatant was added directly onto cells in
complete growth media supplemented with polybrene (TR-1003-
G; EMD Millipore) to a final concentration of 10 ug/ml.

For CRISPR targeting, lentiviral particles for three sgRNAs
targeting either Cyp7al or Ptchl and six sgRNAs targeting Dhcr7
were produced, and cells were transduced. Cells were then se-
lected with 2.5 pg/ml of puromycin and/or sorted for GFP flu-
orescence. Because Dhcr7 had two putative promoters targeted,
cells were sequentially transduced with “A” protospacers cloned
into pLV hU6-sgRNA hUbC-dCas9-KRAB-T2a-Puro, followed by
“B” protospacers cloned into pLV hU6-sgRNA hUbC-dCas9-
KRAB-T2a-GFP, resulting in three cell lines expressing two
protospacers each. For each sgRNA, single cells were seeded into
96-well plates, and the resulting clones were tested for suc-
cessful knockdown of the targeted gene by immunofluores-
cence, immunoblotting, and/or qRT-PCR before experiments
were carried out.

For shRNAs targeting Dhcr7, we used 5'-GCCATGACCACT
TTGGGTG-3' (Dharmacon SMARTvector lentiviral shRNA)
cloned into pPSMART mCMV/TurboGFP (V3SM11241-230979455;
GE Healthcare Life Sciences). Lentiviral particles were pro-
duced, and cells were transduced following the protocol de-
scribed above.

Immunoblotting

Immunoblot analysis was used to detect the expression of pro-
teins. Proteins were separated on precast SDS-polyacrylamide
4-20% gels (456-2093; Bio-Rad Laboratories), transferred to
nitrocellulose membrane, blocked in Odyssey blocking buffer
(927-50000; LI-COR Biosciences) for 30 min at room tempera-
ture, and labeled with PTCHI (ab53715, rabbit; Abcam), DHCR7
(ab103296, rabbit; Abcam), CYP7A1 (ab65596, rabbit; Abcam),
B-actin (20536-1-AP, rabbit; Proteintech), or GAPDH (MAS-
15738, mouse; Invitrogen) primary antibodies at 4°C overnight.
Secondary antibodies of donkey antimouse IgG polyclonal anti-
body (925-32212; LI-COR Biosciences) and goat antirabbit IgG
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polyclonal antibody (925-68071; LI-COR Biosciences) were used
for 1 h at room temperature. Proteins of interest were detected
using a LI-COR Odyssey imaging system (model 2800).

Immunofluorescence

Immunofluorescence for NIH 3T3 and MEF cilia was performed
on glass coverslips that were coated with gelatin 1% for MEFs.
Cells were fixed in 4% PFA, blocked in 2.5% BSA (Sigma-Aldrich)
and 0.1% Triton X-100 (Sigma-Aldrich) in PBS for 30 min at
room temperature, and they were labeled with Smoothened
(20787-1-AP, mouse; Proteintech), DHCR7 (PA5-48204, rabbit;
Invitrogen), CYP7Al (ab65596, rabbit; Abcam), pl50 Glued
(610473, mouse; BD Biosciences), centrosomal protein 164
(Cepl64; sc-240226, goat; Santa Cruz Biotechnology), Cepl70
(72-413-1, mouse; Invitrogen), centriolin (sc-365521, mouse;
Santa Cruz Biotechnology), or acetylated tubulin (see below)
antibodies at room temperature for 3 h. Cells were subsequently
labeled with donkey antimouse linked with Alexa Fluor 488
(A21202; Invitrogen), donkey antirabbit linked with Alexa Fluor
568 (A10042; Invitrogen), or donkey antigoat linked with Alexa
Fluor 647 (A32849; Invitrogen) secondary antibodies; Hoechst
33342 to mark DNA (H3570; Life Technologies); and acetylated
tubulin Alexa Fluor 647 conjugate (sc-23950, mouse; Santa Cruz
Biotechnology) to mark cilia, all for 1 h at room temperature.
Cells were mounted in ProLong Diamond Antifade Mountant
(Thermo Fisher Scientific).

The IN/OUT assay was performed in NIH 3T3 cells stably
expressing HA-CD8-Arl13b-mCherry with a modified protocol
(Kukic et al., 2016). In brief, cells were grown to confluency on
coverslips, fixed with 4% PFA in PBS, and stained for HA
(ab9110, rabbit; Abcam) in the absence of detergent followed by
a second fixation and permeability for DHCR7 staining as de-
scribed above in the presence of detergent. Of note, the IN/OUT
assay was attempted for CYP7A1 but was not successful due to
antibody incompatibility with the sequential fixation/per-
meabilization protocol necessitated by this assay.

Quantitation of sterols and oxysterols

Sterol and oxysterol quantitation was performed by ultrahigh-
performance liquid chromatography-tandem mass spectrometry
using stable isotope-labeled internal standards (d,-cholesterol,
dy-7-dehydrocholesterol, !*Cz;-desmosterol, and !3Cs-lanosterol
for sterols and d;-7-ketocholesterol for oxysterols) as described
previously (Herron et al., 2018; Raleigh et al., 2018). Each sterol
or oxysterol level was normalized to the corresponding protein
weight of the sample. In some instances, multiple monoclonal
gene edited cell lines were combined for sterolomics, as indicated
in the figure legends.

Microscope image acquisition and analysis

Fluorescence microscopy was performed on a Zeiss LSM 800
confocal laser-scanning microscope with a Plan Apo, 63x, NA 1.4,
oil-immersion objective using a Zeiss Axiocam 503 mono cam-
era. Fluorochromes are indicated alongside secondary anti-
bodies. Images were acquired at room temperature using Zen
software and were processed and quantified from five distinct
regions per coverslip using ImageJ. Fluorescence intensity was
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quantified by subtracting background intensity immediately
adjacent to the region of interest and normalizing the resulting
intensity to the average intensity within the control condition
for each experiment. In rare instances, background intensity
immediately adjacent to the region of interest was higher than
intensity in the region of interest, especially for conditions
where DHCR7 or CYP7A1 was absent from the ciliary base. In
these cells, image quantification yielded negative normalized
intensities, which are interpreted as within the margin of error for
fluorescence intensity quantification. For presentation, image in-
tensity was adjusted to suppress background staining from non-
specific interactions that were identified for each experiment
using secondary only controls. For superresolution microscopy,
including the IN/OUT assay, 3D structured illumination data were
collected on a DeltaVision OMX SR microscope equipped with a
Plan Apo N, 1.42 NA, oil-immersion 60x objective using a Zeiss
Axiocam 503 mono camera. Images were acquired at room tem-
perature, with fluorochromes indicated alongside secondary an-
tibodies, and were processed using Image].

qRT-PCR
RNA was isolated from cells using the RNeasy Mini Kit and a
QIAcube (QIAGEN), and cDNA was synthesized using the iScript
cDNA Synthesis Kit (Bio-Rad Laboratories) and a ProFlex ther-
mocycler (Thermo Fisher Scientific). Target genes were ampli-
fied using PowerUp SYBR Green Master Mix and a QuantStudio
6 thermocycler (Thermo Fisher Scientific). For each experiment,
expression of target genes was compared with Gapdh expression
using the 2-22¢t method with normalization to the control con-
dition. Normalized gene expression changes are shown in each
figure. All qRT-PCR primers span exon-intron-exon boundaries
and were located in the middle of target genes, far downstream
of sgRNA binding sites. The specific qRT-PCR primary se-
quences and their genomic position relative to the TSS(s) of each
gene of interest are Gapdh (sense, 5'-TGCCCCCATGTTTGTGATG-3/,
TSS+3274; antisense, 5'-TGTGGTCATGAGCCCTTCC-3', TSS+3552),
Ptchi (sense, 5'-CTCTGGAGCAGATTTCCAAGG-3', TSS+8049; anti-
sense, 5'-TGCCGCAGTTCTTTTGAATG-3', TSS+9692), Dhcr7 (sense,
5'-GCCAAGACACCACCTGTGACAG-3’, TSS+7718; antisense, 5'-TGG
ACGCCTCCCACATAACC-3', TSS+10277), Cyp7al (sense, 5'-GAAGCA
ATGAAAGCAGCCTC-3', TSS+4395; antisense, 5'-GTAAATGGCATT
CCCTCCAG-3', TSS+4462), and Glil (sense, 5'-GGTGCTGCCTATAGC
CAGTGTCCTC-3', TSS+10623; antisense, 5 -GTGCCAATCCGGTGG
AGTCAGACCC-3', TSS+10701).

Statistical analysis

All experiments were performed with at least three biological
replicates. Histograms and scatterplots show mean + SEM. Two-
tailed Student’s unpaired t tests, one-way ANOVA, and two-way
ANOVA were used to compare groups, as indicated in the figure
legends, with statistical significance defined as *, P < 0.05; **, P <
0.01; and ***, P < 0.001. The sample size of each experiment is
represented by number of independent data points on each graph.

Online supplemental material
Fig. S1 demonstrates DHCR?7 localization near the ciliary base.
Fig. S2 demonstrates that Hedgehog pathway activation does not
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influence DHCR? expression. Fig. S3 demonstrates that CYP7A1
localizes near the ciliary base.
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Figure S1. DHCR? localizes near the ciliary base. (A) Immunofluorescence confocal microscopy for DHCRY, the ciliary protein acetylated tubulin (AcTub),
and the centriole proteins p150Glued or centriolin, demonstrates that DHCR7 localizes near the ciliary base in NIH 3T3 cells. DNA is marked with Hoechst
33342. Main scale bar, 10 um. Inset scale bar, 1 um. (B) Superresolution microscopy validates DHCRY localization near the ciliary base (marked by AcTub) at the
level of CEP164 in MEFs. Scale bar, 1 um. (C) Immunofluorescence confocal microscopy of MEFs transfected with Dhcr7 in pCMV6-Entry using Lipofectamine
demonstrates that exogenous DHCR7 can localize near the ciliary base, as marked by the centriole protein CEP164. Scale bar, 1 um. (D) Immunofluorescence
confocal microscopy of MEFs transfected with Dhcr7t in pCDNA3 using FUGENE demonstrates that exogenous DHCR? can localize away from the ciliary base.
DNA is marked with Hoechst 33342. Scale bar, 10 pm. (E and F) Mass spectrometry-based sterolomics demonstrate increased expression of the 7-DHC
oxidation by-products DHCEO and 7-keto-7-dehydroxycholesterol (7-kDHC), but no change in expression of Smoothened-activating oxysterols produced by
other enzymes, in NIH 3T3dCas9-KRAB cel|s transduced with sgDhcr7 compared with transduction control (Student’s t test). (G) Immunofluorescence confocal
microscopy for DHCR7 after transduction of sgDhcr7 in NIH 3T3dCas9-KRAB cel|s confirms DHCRY localization near the ciliary base. DNA is marked with Hoechst
33342. Boxes correspond to Fig. 1 G. Note that speckled immunofluorescent staining away from the ciliary microenvironment does not attenuate with sgDhcr7
transduction, suggestive of nonspecific staining. Scale bar, 10 pm. *, P < 0.05. Error bars represent SEM. The sample size of each experiment is represented by
the number of independent data points on each graph. Each experiment is representative of at least three independent biological replicates. 24,25-EC, 24,25-
epoxycholesterol; 24k-C, 24-keto-cholesterol; Desm, desmosterol.
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Figure S2. Hedgehog pathway activation does not influence DHCR7 expression. (A and B) qRT-PCR and immunoblot assessment of NIH 3T3 cells
demonstrates that pharmacologic activation of the Hedgehog pathway fails to alter expression of Dhcr7 or DHCR7. (C and D) qRT-PCR and immunoblot
assessment of MEFs demonstrates that pharmacologic activation of the Hedgehog pathway fails to alter expression of Dhcr7 or DHCR7. (E) qRT-PCR as-
sessment of WT and Ptch1/~ MEFs demonstrates that genetic de-repression of the Hedgehog pathway fails to alter expression of Dhcr7. (F and G) qRT-PCR
and immunoblot assessment of NIH 3T3dCas9-KRAB cel|s transduced with sgPtchl validates that genetic de-repression of the Hedgehog pathway fails to alter
expression of Dhcr7 or DHCR7. (H) Mass spectrometry-based sterolomics of NIH 3T39C2s9-KRAB ce|ls and MEFs show that genetic inhibition of Ptchl does not
alter levels of cellular cholesterol, but genetic deletion of Ift88 increases levels of cellular cholesterol (Student'’s t test). *, P < 0.05. Error bars represent SEM.
The sample size of each experiment is represented by the number of independent data points on each graph. Each experiment is representative of at least three
independent biological replicates.
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Figure S3. CYP7A1 localizes near the ciliary base. (A) Immunofluorescence confocal microscopy of Ptchl™/~ MEFs transfected with Cyp7al™< in pCMV6-
Entry using Lipofectamine demonstrates that exogenous CYP7A1 can localize near the ciliary base, as marked by the centriole protein CEP164, after genetic
Hedgehog pathway activation. Scale bar, 1 um. (B) Immunofluorescence confocal microscopy of MEFs treated with vehicle control or SAG, and transfected
with Cyp7alf’* in pCDNA3 using FUGENE, demonstrates that exogenous CYP7al can localize away from the ciliary microenvironment. DNA is marked with
Hoechst 33342. Scale bar, 10 um. (C) qRT-PCR assessment of NIH 3T3 cells and MEFs reveals that pharmacologic activation of the Hedgehog pathway fails to
alter expression of Cyp7al. (D) Mass spectrometry-based sterolomics of NIH 3T34Cas9-KRAB cel|s show that transduction of sgCyp7al does not alter cellular
levels of Smoothened-activating oxysterols that are produced by other enzymes. (E) qRT-PCR assessment of NIH 3T3 cells demonstrates that overexpression
of Dher7" or Cyp7al"” activates the Hedgehog transcriptional program (ANOVA). *, P < 0.05; ***, P < 0.001. Error bars represent SEM. The sample size of each
experiment is represented by the number of independent data points on each graph. Each experiment is representative of at least three independent biological
replicates. 24,25-EC, 24,25-epoxycholesterol; 24k-C, 24-keto-cholesterol.
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