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Maria Elena Steidl"?%, Elisa A. Nigro'?, Anne Kallehauge Nielsen'?,

Roberto Pagliarini', Laura Cassina', Matteo Lampis"’, Christine Podrini®’,
Marco Chiaravalli', Valeria Mannella®, Gianfranco Distefano’, Ming Yang*?,
Mariam Aslanyan®, Giovanna Musco ® ¢, Ronald Roepman®, Christian Frezza® *®
& Alessandra Boletta®'

Depriving cells of nutrients triggers an energetic crisis, whichis resolved
by metabolic rewiring and organelle reorganization. Primary cilia are
microtubule-based organelles at the cell surface, capable of integrating
multiple metabolic and signalling cues, but their precise sensory function
isnot fully understood. Here we show that primary cilia respond to nutrient
availability and adjust their length via glutamine-mediated anaplerosis
facilitated by asparagine synthetase (ASNS). Nutrient deprivation causes
ciliaelongation, mediated by reduced mitochondrial function, ATP
availability and AMPK activation independently of mTORCI. Of note,
glutamine removal and replenishment is necessary and sufficient to
induceciliary elongation or retraction, respectively, under nutrient stress
conditions both in vivo and in vitro by restoring mitochondrial anaplerosis
via ASNS-dependent glutamate generation. Ift88-mutant cells lacking cilia
show reduced glutamine-dependent mitochondrial anaplerosis during
metabolic stress, due to reduced expression and activity of ASNS at the
base of cilia. Our dataindicate arole for ciliain responding to, and possibly
sensing, cellular glutamine levels via ASNS during metabolic stress.

Over 35 different pathologies caused by functional alterations of the
primary cilium have beenreported affecting various organs and physi-
ological systems, collectively called ciliopathies'?. These pathologies
are classified as motile ciliopathies when they are caused by disruption
of motilecilia, or sensory ciliopathies when they are caused by altera-
tionsin primary, non-motile, cilia. The kidney is frequently and severely
affectedinthe sensory ciliopathies, presenting with abroad spectrum
of phenotypes, including cyst formation, inflammation and fibrosis'~.

The function of primary cilia is still largely elusive. In most cell
types, it appears to act as a central hub receiving extracellular signals

andintegrating anintracellular response that orchestrates key cellular
functions, such as proliferation and autophagy'*. Ciliawere also shown
to regulate systemic metabolic responses via adipocyte hormone
receptors, providing a possible explanation for obesity as a frequent
manifestation in the ciliopathies*®. Metabolic reprogramming and
alterations in cellular bioenergetics are central features of polycystic
kidney disease (PKD)”"* the most frequent renal ciliopathy, whose pro-
gressionisretarded by fasting and by fast-mimicking compounds™™".

In this Letter, on this basis we investigated whether primary
cilia contribute to nutrient sensing. First, we exposed mouse
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Fig.1|Primary cilia sense nutrient availability. a, Representative fluorescence
images of MEFs stably expressing ARL13B-GFP, and IF images of hRPE, mIMCD3
and MDCK cellsin the indicated culture conditions. Cilia (ARL13B, green),

nuclei (DAPI, blue). Scale bar, 5 um. b, Top: quantification of cilialengthin one
representative experiment in the indicated cell lines in nutrient-rich (DMEM

or DMEM/F12 +10% FBS) or deprived (HBSS) medium. nindicates number of
ciliawhose length was measured in the same representative experiment in the
indicated cell line. Bottom: percentage (%) of ciliated cells of one representative
experiment in the same conditions. nindicates cilia percentage in three different
wells per condition of the same representative experiment. ¢, Experimental
design of NMR spectroscopy on MEF" (CT) and MEF"® (KO) conditioned
medium after 24 h culture in DMEM + 0% FBS. d, Hierarchical clustering of
extracellular metabolites assessed by NMR spectroscopy as in c. e, Box-and-
whisker plots of the levels of glutamine and glucose uptake, glutamate and
lactate production in MEF" (CT) and MEF”*¥ (KO) cells assessed by NMR

spectroscopy asinc, n=>5biological replicates. f, Quantification of cilialength
inonerepresentative experiment in MEFs and hRPE in HBSS + D-(+)-glucose
(Glc) (20 mM) or L-glutamine (Q) (4 mM). nindicates cilia length measured
inthe same representative experiment. g, Schematic representation of
glutamine utilization for OXPHOS. h, Left: analysis of OCR measurement of one
representative experiment in MEFs after 4 h culture in HBSS + Glc (20 mM) or Q
(4 mM) in basal condition and after sequential addition of oligomycin (O), FCCP
and antimycin/rotenone (A/R). Right: quantification of ATP-production-coupled
respiration as inleft. nindicates OCR measured in different wells of the same
representative experiment. Box-and-whisker plots show median and minimum
to maximum; datain dot and bar plots are mean + standard deviation. Statistical
analysis: Student’s unpaired two-tailed ¢-test or one-way ANOVA, followed

by Tukey’s multiple comparisons test; NS, not significant, ***P < 0.0001. n
reported in brackets. Additional replicate experimentsinb, fand hare shownin
Supplementary Fig. 1.
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embryonic fibroblasts (MEFs) to serum or nutrient deprivation for
24 h. Anti-acetylated tubulin staining showed the expected elonga-
tion of cilia in nutrient-full medium in the absence of serum and an
additional remarkable elongation under nutrient deprivation (Supple-
mentary Fig.1a). Torule out possible artefacts of the fixation required
forimmunofluorescence (IF), we used live imaging on MEFs transduced
with green fluorescent protein (GFP)-fused ARL13B, a ciliary-specific
protein'® (ARL13B-GFP, Fig. 1a,b). Data confirmed that removal of nutri-
entsstrongly induces ciliary elongation, without affecting the number
of ciliated cells, ruling out increased exit from the cell cycle as a trivial
explanation for our findings (Fig. 1a,b). Importantly, cilia elongation
uponnutrient deprivation could also be appreciated in human retinal
pigment epithelial cells (hRPE), murine inner medullary collecting
duct cells (mIMCD3) and Madin-Darby Canine Kidney cells (MDCK
typell), all epithelial cell lines extensively used for studies on primary
cilia.Inthese cell lines as well, cilia elongation occurred in the absence
ofincreased percentage of ciliated cells (Fig. 1a,b).

We next asked whether primary cilia might be involved in the
regulation of cellular metabolism. We generated MEFs and mIMCD3
cells ablated of the primary cilium by clustered regularly interspaced
short palindromic repeats (CRISPR)/Cas9 inactivation of the gene
encoding for the intraflagellar transport protein IFT88 (MEF/® and
mIMCD”8 hereafter), and matching controls (MEF*™ and mIMCD®")
leading to complete loss of cilia* (Extended Data Fig. 1a—-f). No overt
alterations in oxygen consumption, glycolysis or proliferation rates
were detected in these cells lines when grown under nutrient-rich
conditions irrespectively of serum supplementation (Extended Data
Fig. 1b-f). However, untargeted metabolomic by nuclear magnetic
resonance (NMR) profiling of the conditioned extracellular medium
in serum starvation (Fig. 1c,d and Extended Data Fig. 1g,h), revealed
significantalterations in the consumption/production of metabolites
in MEF”#8 cells as compared with MEF®" resulting in a clear separation
by principal component analysis and hierarchical clustering (Fig.1c,d,
Extended Data Tables 1and 2, and Extended Data Fig. 1g,h). Indeed,
MEF"%8 cells displayed multiple alterations in metabolites consump-
tionandrelease, including reduced glucose and glutamine consump-
tion (Fig. 1d,e), and a significant reduction in glutamate and lactate
production as compared with controls MEF" (Fig. 1d,e and Extended
Data Tables1and 2).

Thus, ablation of cilia results in subtle but significant differences
in the utilization of nutrients, in particular glucose and glutamine,
the two main carbon sources in cells. To investigate whether the dif-
ferent utilization of glucose and glutamine might indicate a differ-
ent sensing of these two carbon sources by cilia, we measured ciliary
length upon nutrient deprivation or supplementation with glucose
(25 mM) or glutamine (4 mM) (Fig. 1f). We found that glutamine, but
not glucose, reversed the ciliary elongation induced by nutrient dep-
rivationinall cell lines analysed (MEFs, hRPE, mIMCD3 and MDCK type
Il) (Fig. 1f and Extended Data Fig. 2a). This was interesting because,
while glucose is the preferred source of energy in steady-state condi-
tions, glutamine becomes instead the preferred source of carbon

for oxidative phosphorylation (OXPHOS) and ATP production under
metabolic stress conditions (such as reduced nutrient availability)
(Fig.1g) in cells' 2. Indeed, and inline with this, supplementation with
glutamine, but not with glucose, was sufficient to drive OXPHOS and
ATP production in cells exposed to nutrient deprivation (Fig. 1h and
Extended Data Fig. 2b-d).

Thus, we asked whether mitochondrial activity fuelled by glu-
tamine plays arole in cilia elongation. We reasoned that, if this is the
mechanism of action, inhibition of OXPHOS and mitochondrial activ-
ity should be sufficient per se to drive ciliary elongation, a finding
that was previously reported in neurons®. Indeed, exposing cellsto a
mitochondrial ATP synthase inhibitor (oligomycin) or to inhibitors of
complexIor complex Il of the mitochondrial electron chain (rotenone
and antimycin A, respectively) (Extended Data Fig. 3a) in nutrient-rich,
serum-deprived medium was sufficient toincrease cilialength inboth
MEFs and hRPE cells (Extended Data Fig. 3b). ATP availability is sensed
by the energy sensor AMP-activated protein kinase (AMPK), which was
strongly activated upon nutrient deprivation** as expected (Extended
Data Fig. 3c). Notably, pharmacological activation of AMPK using
5-aminoimidazole-4-carboxamide riboside (AICAR), a direct and
specific allosteric activator of the kinase?*”, in cells cultured under
nutrient-rich conditions (Extended Data Fig. 3¢) was again sufficient
todrive AMPK activity and a50%increaseinciliary lengthbothin hRPE
and mIMCD?3 cells, without affecting the percentage of ciliated cells
(Extended Data Fig. 3d-f). These data taken together indicate that a
reduced ATP production due to reduced OXPHOS and the consequent
AMPK activation facilitates cilia elongation and that replenishment of
glutamine restores ciliary length by reversing this process.

Notably cilia elongation upon nutrient stress was reversed by
glutamine in a dose-dependent manner and occurred at a low con-
centration of 0.2 mM (Fig. 2a). Furthermore, the ciliary response
to nutrients is rapid, as cilia elongation could be appreciated at 8 h
(Fig. 2b), while glutamine replenishment shortened the cilium
already at4 h (Fig. 2c). Finally, removal of glutamine from an otherwise
full medium was sufficient to drive cilia elongation (Fig. 2d). Thus,
glutamine regulates ciliary length in vitro.

We then assessed whether the process could be observed in vivo.
Totest this, we analysed primary cilialength in renal tubular epithelial
cells (labelled with Dolichos biflorus agglutinin, DBA) in mice fasted
for 24 or 48 h (Fig. 2e-h and Extended Data Fig. 4a,b). As evidence of
the fasting state, mice showed reduced glycaemic values (168 mg dI™
at 24 h, and 77 mg dI™ at 48 h) compared with controls (237 mg dlI™)
(Fig. 2h and Extended Data Fig. 4a,b). Fasted mice showed a signifi-
cantincrease in ciliary length compared with control, fed mice, both
at 24 and at 48 h of fasting (Fig. 2e~h and Extended Data Fig. 4a,b).
Next, we performed intraperitoneal (i.p.) injection of 800 mg kg™ of
glutamine for 24 or 40 h (Fig. 2e-h), and found that this reversed the
fasting-induced elongation of primary cilia (Fig. 2e-h), in the absence
of anincreased glycaemia (Fig. 2h). Of interest, fasting caused only a
minimal decrease of circulating glutamine (Extended Data Fig. 4¢),
in line with previous literature®®. Pharmacokinetic analysis revealed

Fig. 2| Primary ciliarespond to glutamine in vitro and in vivo. a, Quantifi-
cation of cilialength in one representative experiment in mIMCD3 after 24 h
culturein 0% FBS and HBSS + Q (0.2, 0.5,1,2and 4 mM). b, Quantification of
cilialengthin one representative experiment in mIMCD3 cultured for either 8
or24 hin 0% FBS and for 4, 6,8 and 24 hin HBSS. ¢, Quantification of cilialength
inone representative experiment in mIMCD?3 cultured for 24 hin either DMEM/
F12+0% FBS or HBSS and replenished with Q for 4, 6 and 24 h. d, Quantification
of cilialength in one representative experiment in mIMCD?3 after 24 h culture
inDMEM/F12 + 0% FBS + Q(0.5,1,2 and 4 mM). e, Experimental design of mice
treatment: Crl (fed), fasted (F) for 48 or 24 h, fasted for 24 h + 24 h treatment
with 800 mg kg™ of Q. Sac =Sacrifice. f, Left: distribution of the individual cilia
lengthinkidney sections of one representative experiment of mice treated as in
e.Right: average ciliary length calculated from three independent experiments

asine.g, Representative IFimages out of three independent experiments of
kidney sections of mice Crl (fed), fasted 48 h, and fasted 24 h + Q 24 h. Cilia
(ARL13B, green), DBA" tubular cells (DBA, red), nuclei (DAPI, blue). Scale bar,
5um. h, Average glycaemic values from three independent experiments in mice
treated asine.i, Left: experimental design of mice treatment: Crl (fed), fasted
for 24 h, and fasted for 24 h + treatment with 800 mg kg™ of Q. Right: average of
Qconcentration in the serum of mice treated as in left from four independent
experiments. j, Average of Q concentration normalized on the kidney weight
inmice treated asin e from three independent experiments. Datain dot and

bar plots are mean + standard deviation. Statistical analysis: one-way ANOVA,
followed by Tukey’s multiple comparisons test; NS, not significant, ****P < 0.0001.
nreported in brackets. Additional replicate experimentsin a-d are shownin
Supplementary Fig. 3.
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a peak of concentration 30 min after injection of glutamine, which
achieved 1.5 mM, just 1.5 times the baseline plasma concentration of
glutamine, to then return to baseline levels by 48 h (Fig. 2i). The con-
centration of glutamine in total kidney lysate evaluated at sacrifice
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revealed quite drastically decreased levels upon fasting, minimally
increased after 24 h from the injection of glutamine (Fig. 2j), prob-
ably reflecting a similar kinetic as plasma glutamine (Fig. 2i). These
dataindicate that primary ciliaelongate in response to nutrient stress
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Fig.3|Defective response to glutamine under stress conditions in cilia-
ablated cells. a, Experimental design of LC-MS targeted metabolomics in MEF™!
(CT) and MEF¢ (KO) after 24 h culture in HBSS + L-glutamine (Q) (4 mM).

b, Volcano plot of metabolites in KO versus CT cultured in HBSS for 24 h as
assessed by LC-MS targeted metabolomics asina. FC, fold change. Black dots:
P>0.05and-0.5<log,FC < 0.5; grey dots: P> 0.05 or -0.5 < log,FC < 0.5; red
dots: P<0.05and -0.5 > log,FC > 0.5. ¢, Box-and-whisker plots of ATP/AMP, GTP/
GMP and CTP/CMP ratio in MEF®" and MEF/** cells in HBSS for 24 h assessed by
LC-MS targeted metabolomics asin a, n =5 biological replicates. d, Top: Venn
diagram showing the metabolites that significantly change in KO versus CT in
HBSS and HBSS + Q. Light blue: 49 metabolites that change in KO versus CT only
in HBSS. Rose: 14 metabolites that change in KO versus CT only in HBSS + Q.
Purple: 37 metabolites that change in KO versus CT in HBSS and HBSS + Q.

Bottom: Heat map showing the FC of HBSS + Q versus HBSS, in CT and KO, of

the statistically different 51 metabolites. The 14 metabolites that change in KO
versus CTin HBSS + Q are expressed in bold. Inf = Infinite. e, Left: analysis of OCR
measurement of one representative experiment in MEF" (CT) and MEF/*¢ (KO)
after 4 hculture in either HBSS (CT, blue; KO, green) or HBSS + L-glutamine (Q)
(4 mM) (CT, red; KO, purple) in basal condition and after sequential addition of
oligomycin (O), FCCP and antimycin A/rotenone (A/R). Right: quantification of
basal respiration, ATP-production-coupled respiration and maximal respiration
asin left. Box-and-whisker plots show median and minimum to maximum; datain
bar plots are mean + standard deviation. Statistical analysis: Student’s unpaired
two-tailed ¢-test or one-way ANOVA, followed by Tukey’s multiple comparisons
test; NS, not significant, ***P < 0.0001. nreported in brackets. Additional
replicate experimentin e is shown in Supplementary Fig. 5.

andshorteninresponse to glutamine levels alsoin vivo. Finally, given
the role that mitochondrial activity plays in the regulation of ciliary
length in response to glutamine, we next examined ciliary length in
mice carrying kidney-specific inactivation of the gene Opal (ref. %)
(Extended Data Fig. 4d) in the same renal tubules that responded to
fasting/glutamine in the previous experiment (distal and collecting
ducts, DBA positive). These mutants display reduced fusion and cristae
formation in mitochondria (Cassina et al., unpublished), along with a
severeimpairment of OXPHOS (Extended Data Fig. 4e). We found that
DBA-positive renal tubules displayed a very prominent ciliaelongation
inthe Opal mutants. Thus, inline with our dataabove and witharecent
invitro study on astrocytes®, impairment of mitochondrial activity in
renal epitheliain vivo resultsinciliaelongation (Extended Data Fig. 4f).

We next investigated whether cilia-deficient cells present altera-
tionsin the response to metabolic stress?® 2, To this end, we performed
targeted metabolomics by liquid chromatography-mass spectrom-
etry (LC-MS) on MEF#® and MEF"" upon metabolic stress exposure
(Hank’s Balanced Salt Solution, HBSS) or glutamine supplementa-
tion (HBSS +4 mM Q) (Fig. 3a).Indeed, 49 of the 137 metabolites were
identified as significantly changed between MEF"* and MEF" under
HBSS exposure (Fig. 3b-d). Notably, among the most prominent
changes are the ratios ATP/AMP, GTP/GMP and CTP/CMP indicating
analterationinthe energy charge inresponse to nutrient deprivation
in cilia-deficient cells (Fig. 3c). Presence of glutamine in the nutri-
ent deprivation medium resulted in partial or complete rescue of
such metabolites in the MEF/ cells as compared with the MEF“*"
with the notable exception of 14 metabolites, which changed only
under HBSS + Q conditions (Fig. 3d). Among these, tricarboxylic acid
(TCA) cycle intermediates significantly changed in MEF”®S (Fig. 3d
and Extended Data Fig. 5a), suggesting a possible impairment of the
TCA cycle. Inline with this, mitochondrial functionin both MEF** and

mIMCD”*grown in HBSS or HBSS supplemented with 4 mM glutamine
revealed that cilia-deficient cells displayed reduced oxygen consump-
tionrate (OCR) upon glutamine replenishment in nutrient starvation
(Fig. 3e and Extended Data Fig. 5b,c). Thus, cells lacking cilia utilize
reduced levels of glutamine and display defective mitochondrial res-
piration under metabolic stress conditions.

Insearchforamechanism for our findings, we first hypothesized
that the mechanistic target of rapamycin complex I (mTORC1) (ref. )
might play arole, as the cascade was previously implicated in regula-
tion of ciliary function”° and glutamine is a known activator of the
pathway”*°.Indeed, mMTORC1 was inhibited in nutrient deprivation and
re-activated by glutamine replenishment as expected (Extended Data
Fig. 6a). However, rapamycin did not prevent the glutamine-induced
rescue of cilia elongation (Extended Data Fig. 6b). Furthermore, leu-
cine, another aminoacid known toinduce mTORCl activity” (Extended
Data Fig. 6¢), had no effect on ciliary length (Extended Data Fig. 6d).
Thus, the mechanism appears to be mTORC1independent.

Of interest, among the most prominent alterations that we
observedincilia-deficient cells were glutamine and asparagine, which
were reduced in mutant cells (Fig. 4a). We thus investigated whether
the enzyme asparagine synthetase (ASNS)** could mediate the anaple-
roticusage of glutamine and in so doing regulate the ciliary response.
Indeed, silencing Asns induced the expected elongation of cilia at
baseline and impaired the shortening of cilia upon glutamine replen-
ishmentat8and 24 h (Fig.4b,cand Extended DataFig. 6e,f). However,
neither supplementation with asparagine, nor treatment of cells with
asparaginase, which degrades extracellular asparagine, had an effect
on ciliary length indicating that the ciliary response to glutamine
does not depend on asparagine (Fig. 4d and Extended Data Fig. 6g).
Conversely, silencing of Asns greatly dampened glutamine-driven
mitochondrial respirationinboth MEFs and mIMCD3 cells exposed to

Fig.4|The glutamine response of ciliais mediated by the enzyme ASNS.

a, Box-and-whisker plots of the levels of intracellular glutamine and asparagine
in MEF and MEF”S cells in HBSS + L-glutamine (Q) assessed by LC-MS targeted
metabolomics asin Fig. 3a, n = 5biological replicates. b, Western blot for ASNS
and pS6RPS*%2%¢ of total cell lysates from mIMCD3 transiently knocked down for
Asns (siAsns) compared with control (Scr) after 24 hiin either 0% FBS or HBSS + Q
(4 mM). ¢, Average cilialength values from six independent experiments (in
each counting >50 cilia per condition) in siAsns mIMCD3 compared with Scr
after 24 h culture in either DMEM/F12 + 0% FBS or HBSS * Q. d, Quantification of
cilialength of one representative experiment in mIMCD3 after 24 hin either 0%
FBS + Asnase (5 U ml™), HBSS + Q, or Qand Asnase, or asparagine (N) (0.1 mM).
e, Left: analysis of OCR measurement of one representative experiment in
siAsns mIMCD3 compared with Scr after 4 h culture in HBSS (Scr, blue; sidsns,
red) followed by acute injection (+) of Q (Scr, green; siAsns, purple), in basal
condition and after sequential addition of oligomycin (O), FCCP and antimycin
A/rotenone (A/R). Right: quantification of acute response as in left. f, Scheme

of “N,-glutamine usage by ASNS. g, Levels of intracellular glutamine m + 2 and
asparagine m + 1 release assessed by ®N,-glutamine labelled LC-MS targeted
metabolomics in MEFS™ (CT) and MEF/®8 (KO) at 4 and 24 h. n =5 biological
replicates. h, Top: scheme of cilia enrichment by subcellular fractionation.

Bottom: representative westernblot for TSC1, IFT88, ASNS and S6RP of fraction
1(Frl: cytoplasmic), fraction 2 (Fr2: organelles), fraction 3 (Fr3: cilia) and total
extract (TE) frommIMCD3 as in top. i, Fluorescence live imaging of eGFP-ASNS
transiently transfected mIMCD3 cells in 0% FBS. eGFP-ASNS (green, arrows),
nuclei (Hoechst, blue). Scale bar, 10 um. Insets show magnification. Scale

bar, 5 pm. j, Representative IF images of eGFP-ASNS transiently transfected
mIMCD3 cellsin 0% FBS. eGFP-ASNS (green), cilia (ARL13B, red), nuclei (DAPI,
blue). Scale bar, 10 um. Arrows indicate eGFP-ASNS at the base of cilia. Insets are
magnifications (merged and single channels). Scale bar, 5 um. k, Representative
IF images of mNeon-ASNS stable mIMCD3 lines in HBSS (8 h). mNeon-ASNS
(green), centrosomes (y-tubulin, red), cilia (ARL13B, white), nuclei (DAPI, blue).
Scale bar, 10 um. Arrows indicate co-localization with centrosomes. Insets

are magnifications (merged and single channels). Scale bar, 5 um. Box-and-
whisker plots show median and minimum to maximum; datain dot and bar
plots are mean + standard deviation. Average plot is mean + standard error of
the mean. Statistical analysis: one-way ANOVA, followed by Tukey’s (a, d, e, g) or
Bonferroni’s (c) multiple comparisons test; NS, not significant, ***P < 0.0001. n
reported in brackets. Additional replicate experimentsind, eand hare shownin
Supplementary Fig.7.
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nutrientdeprivation (Fig. 4e and Extended DataFig. 6h), indicatingthat  (Fig.4e). Importantly, under these conditions, the silencing of Asnshad
under metabolic stress conditions ASNS supports glutamate genera-  no effect on the capability of glutamine to activate mTORCI1 (Fig. 4b),
tion from glutamine to sustain mitochondrial activity viaanaplerosis ~ further excludingarole for this kinase complex axis in the process.
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In line with these data, real-time quantitative reverse
transcription-polymerase chainreaction (QRT-PCR) revealed areduced
expression of ASNS in the cilia-deficient MEF"*® and mIMCD"* as
compared with controls (Extended Data Fig. 6i). ASNS uses glutamine
totransamidate aspartate, thus generating asparagine and glutamate
as products® (Fig. 4f). Stable isotope tracing using nitrogen-labelled
glutamine (*N,-glutamine) followed by LC-MS analysis, confirmed
that MEF”8 cells showed significant reduction in glutamine uptake
and asignificant reduction in the release of nitrogen-labelled aspara-
gine (m +1) as compared with controls (Fig. 4g), supporting areduced
activity of the enzyme ASNS in cilia-deficient mutants.

Our data prompted us to ask what could be the interconnection
between ASNS and primarycilia. A previous screening suggested that
Asns couldregulate ciliary length®?, while ASNS was described as a pos-
sible component of the ciliary proteome?®. However, none of these stud-
ies confirmed or validated these findings. To test whether ASNS could
indeedbeaciliary protein, we performed an ultracentrifugation-based
purification protocol to enrich for ciliary proteins**** (Fig. 4h). The
results confirmed that ASNS could be found enriched inthe ciliary frac-
tioninadditiontoits expected cytosolicexpression. Notably, two other
cytosolic proteins, S6RP and TSC1, were enriched only in the cytosolic
fraction, while the cilia-resident protein IFT88 was mostly enriched in
cilia, demonstrating the validity of the fractionation study (Fig. 4h).

Attempts atlocalizing the endogenous ASNSinto ciliaby IF failed
to identify a specific signal that could be ablated by Asns silencing
(not shown). We thus generated multiple fluorescent protein-tagged
versions of the ASNS protein. Transient transfection using a GFP-ASNS
construct followed by liveimaging in mIMCD3 cells revealed a diffuse
cytosolic staining as expected, and a quite prominent fluorescent
signalinto two perinuclear and intense spots resembling centrosomes
(Fig. 4i). Visualization of fixed cells to allow for counterstaining using
a specific ciliary marker (ARL13B) showed that one of the two spots
localized at the base of cilia (Fig. 4j). Double counterstaining of both
ARLI13B and the basal body and centriole marker y-tubulinin cells sta-
bly expressing ASNS with a different fluorescent tag (mNeon-ASNS)
validated the localization of ASNS at the basal body and daughter
centriole (Fig. 4k). We conclude that ASNS localizes, at least in part, at
the base of cilia (Fig. 4i-k).

In sum, our data collectively demonstrate for the first time that
primary cilia respond to glutamine levels, enabling and facilitating
the cellular response to glutamine during metabolic stress (glutamine
anaplerosis). Our data also collectively demonstrate that ASNS is a
novel centrosome/basal body protein,important to mediate the ciliary
retractionin the presence of glutamine when cells are under metabolic
stress, a condition associated with the required activity of ASNS to
convert glutamine into glutamate to fuel the TCA cycle (Extended
DataFig.7a).

Importantly, our data uncover a potential novel role for primary
cilia in sensing nutrient availability. Future work should concentrate
onidentification of the precise glutamine sensory mechanism, and on
theimplications for physiology and pathology, particularly relevant for
the ciliopathies and cancer, both areas of investigation left uncovered
by our current studies.

Methods

Cell lines and media

MEFsare described in ref.* and MDCK cells in ref.*”. mIMCD3 cells were
kindly provided by Dr Miriam Schmidts (Freiburg University, Germany).
hRPE cells were kindly provided by Dr Nicoletta Landsberger (San
Raffaele Scientific Institute, Milan, Italy). Ift88 knockout (KO) MEFs
(MEF”®%) and mIMCD3 (mIMCD"%) were generated by CRISPR/Cas9
technology (see below). MEFs were stably transduced with ARL13B-GFP
plasmid™ (Addgene, #40879) using lentiviral vectors. MEFs and MDCK
celllines were grownin 37 °C, 5% CO, incubators, in high-glucose Dul-
becco’s modified Eagle medium (DMEM; Thermo Fisher Scientific,

#41965062). mIMCD3 cells were cultured in DMEM/F12 medium with
GlutaMAX (Thermo Fisher Scientific, #31331093), supplemented
with 10% foetal bovine serum (FBS), 1% penicillin-streptomycin (Pen-
Strep; Thermo Fisher Scientific, #15070-063) and 1% sodium pyruvate
(ThermoFisher Scientific, #11360-039) or DMEM/F12 medium without
L-glutamine (Thermo Fisher Scientific, #21331046) supplemented
with 2.5 mML-glutamine (Thermo Fisher Scientific, #25030-024),10%
FBS and 1% PenStrep. hRPE cells were cultured in DMEM/F12 medium
without L-glutamine (Thermo Fisher Scientific, #21331046) supple-
mented with 10% FBS and 1% PenStrep. mNeonGreen-ASNS stable
mIMCD3 cells were cultured in high-glucose, pyruvate DMEM medium
(Thermo Fisher Scientific, #41966029) and Ham’s F-12 Nutrient Mix
(Thermo Fisher Scientific, #21765029) (1:1), supplemented with 10%
FBS, 400 pg ml™ hygromycin (Sigma-Aldrich, #H0654), and 1% sodium
pyruvate.

CRISPR/Cas9 generation of Ift88 KO cells

To generate Ift88 KO MEFs (MEF*%) and mIMCD3 (mIMCD"%),
U6gRNA-Cas9-2A-GFP plasmids (Sigma-Aldrich) carrying three distinct
custom-designed guide RNA (gRNA) sequences targeting exons 5, 11
and 14 were used (gRNA#1: GATCTGATCTAAGGCCATTCGG; gRNA#2:
CAAAAGACGCTTCGATCACAGG; gRNA#3: CAATGGGAAGACCGAT-
GACAGG). For mIMCD3 cells, the most efficient guide (gRNA#1) was
employed. Cells were plated on 150 mm? plates the day before the
transfection. Transfection was performed using Lipofectamine 3000
(Thermo Fisher Scientific, #.3000015) following the manufacturer’s
instructions with 5 pg of plasmid DNA and a 1:3 DNA:Lipofectamine
ratio. The CMV-Cas9-2A-RFP scrambled gRNA was used as a control.
Three days after transfection, cells were FACS sorted for GFP (potential
MEF”58 or mIMCD"*%) or RFP (control MEFs or mIMCD3) and plated as
single cellsinto 96-well plates. Vital clones were expanded and screened
for the absence of the protein by western blot. IF staining for ARL13B
confirmedthe absence of cilia in /ft88 KO MEFs or mIMCD3. Ten out of
18 vital MEF clones, and 5 out of 11mIMCD clones were [ft88KO. Clones
werekeptin culture separately, and fresh pools of three different clones
(withanequal proportion1:3 of each single clone) for control and /ft88
KO cells (both MEFs and mIMCD3) were used. The three individual
clones were derived from three different guides. For mIMCD?3 cells
that are more subject to clonality problems, most experiments were
also conducted with individual clones.

Invitro treatments

Toinduce ciliogenesis, cells were serum starved for 24 h. For nutrient
deprivation, cells were cultured in HBSS (Thermo Fisher Scientific,
#14025-050) for 24 h. To analyse primary cilium response to nutri-
ents, HBSS was supplemented with 0.2,0.5,1,2and 4 mM L-glutamine
(Thermo Fisher Scientific, #25030-024), 20 mM D-(+)-glucose
(Sigma-Aldrich, #G7021), 0.5 or 5 mM L-leucine (Sigma-Aldrich,
#1L8000), or 0.1 or 1 mM L-asparagine (Sigma-Aldrich, #A4159). For
AICAR treatment, complete medium was supplemented with 1 mM
AICAR (Sigma-Aldrich, #A9978) or dimethyl sulfoxide (DMSO;
Sigma-Aldrich, #D2650) for either 24 h (for IF) or 4 h (for western blot
analysis). For metformin treatment, complete medium was supple-
mented with 2 mM metformin (Sigma-Aldrich, #317240) for 4 h (for
western blot analysis). For mitochondrial respiratory chain complexes
inhibition, cells were treated with1 uM oligomycin (Agilent Technolo-
gies) and 0.5 pM antimycin A/rotenone (Agilent Technologies) for 24 h.
For rapamycin treatment, cells were treated with100 nM rapamycin (LC
Laboratories, #R-5000) for 24 h. For asparaginase treatment, cells were
treated with 5 U ml™ asparaginase (Sigma-Aldrich, #A3809) for 24 h.

Murine models and in vivo studies

For the fasting studies, wild-type C57BI/6N mice were starved for
either 24 or 48 h. Blood was collected from mice, and serum glycae-
miawas detected by Glucose Hexokinase Kit (Werfen, #00018259940)
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following the manufacturer’sinstructions. Glutamine concentrationin
mice serumwas measured by NMR spectroscopy. Mice were perfused
in phosphate-buffered saline (PBS) at 4 °C and killed at 48 h. Kidneys
were collected and fixed overnight in 4% paraformaldehyde (PFA)
and included in optimal cutting temperature compound (OCT). IF
for primary cilium detection was performed as described below. For
in vivo treatment with L-glutamine (Sigma-Aldrich, #G3126), mice
were starved for 8 hand injected with L-glutamine (800 mg mI™) by i.p.
injection two times after 8 hand 24 h of fasting. Mice werekilled at 48 h.
Alternatively, a single L-glutamine i.p. injection was performed after
24 hoffastingand mice werekilled at 48 h. Control mice were normally
fedad libitum, fasted for 24 h or fasted for 48 h. After sacrifice, kidneys
were either fixed or liquid-nitrogen snap frozen for primary cilia IF
and glutamine concentration measurement by NMR spectroscopy,
respectively. For the kinetics of circulating glutamine concentration,
mice were fasted for 24 h, injected withi.p. L-glutamine (800 mg ml™),
blood samples collected by retro-orbital withdrawal before fasting,
after 24 h of fasting and after 30 min, 2 h, 6 h and 48 h after i.p. injec-
tion of glutamine, serum prepared and analysed by NMR spectroscopy.
For the genetic ablation of Opal in the kidney, OpaF™/** mice (kindly
provided by Dr Luca Scorrano, VIMM, Padua, Italy) and KspCre mice
(kindly provided by Dr Peter Igarashi, University of Minnesota, Min-
neapolis, MN, United States) were inter-crossed to generate Opal™
fox:KspCre experimental mice ina pure C57BL/6N genetic background.
Intra-litter Opal™/*:KspCre or Opal™"*were used as controls. For all
animal work, mice were randomized with afemale-to-male ratio of 1:1.
Animal care was carried out according to the institutional regulations
and approved by the ethical committee for care and animal use at
the San Raffaele Scientific Institute, and next approved by the Italian
Ministry of Health (IACUC #921).

Antibodies and inhibitors

For IF analysis the following antibodies were used: rabbit ARL13B
(Proteintech, #17711-1-AP; 1:250), mouse acetylated a-tubulin
(Sigma-Aldrich, #T6793; 1:1,000), rabbit pericentrin (Covance,
#PRB-432C; 1:750) and mouse y-tubulin (Sigma-Aldrich, #T6557;
1:5,000). Fluorochrome-conjugated secondary antibodies were the
following: goat anti-rabbit AlexaFluor 488 (Thermo Fisher Scientific,
#A-21441; 1:1,000), goat anti-mouse AlexaFluor 546 (Thermo Fisher
Scientific, #A-11003; 1:1,000); chicken anti-mouse AlexaFluor 594
(Thermo Fisher Scientific, #A-21201; 1:1,000) and goat anti-rabbit
AlexaFluor 647 (Thermo Fisher Scientific, #A-21244;1:1,000). For
nuclear staining we used 4,6-diamidino-2-phenylindole (DAPI; Santa
CruzBiotechnology, #s¢-3598;1:5,000 or 1:10,000). For DBA-positive
renal epithelial cell staining, DBA Rhodamine (Vector Laboratories,
# RL-1032-2; 1:100) was used. For western blot analysis, the following
antibodies were used: p-AMPK (Thr172) (Cell Signalling Technology,
2535S;1:1,000), AMPK (Cell Signalling Technology, #2532;1:1,000),
ASNS (abcam, #ab111873), p-S6RP (s235/236) (Cell Signalling Tech-
nology, #2211s; 1:1,000), S6RP (Cell Signalling Technology, #2217;
1:1,000), Hamartin/TSC1 (Cell Signalling Technology, #4906;1:1,000),
IFT88 (Proteintech, #13967-1-AP; 1:1,000) and acetylated a-tubulin
(Sigma-Aldrich, #T6793; 1:750). For housekeeping protein expres-
sion, Vinculin V284 antibody (Millipore, #05-386;1:15,000) was used.
Horseradish peroxidase (HRP)-conjugated secondary antibodies were
from GE Healthcare: anti-rabbit IgG HRP linked (#934V), anti-mouse
IgG HRP linked (#NA9310V) and anti-rat IgG HRP linked (#NA935V).

IF oncells

For IF analysis, cells were plated on glass coverslips. For mIMCD3
and MDCK cell lines, coverslips were coated with fibronectin
(Sigma-Aldrich, #11051407001; 1 pug mI™ in PBS) before plating cells.
Cells were fixed for 10 minin cold methanol or 4% PFA (Electron Micros-
copy Sciences, #157-4) followed by permeabilization in 0.1% Triton
X-100 (Sigma-Aldrich, #T8787) in PBS. After 1 h blocking in 3% bovine

serum albumin (BSA; Sigma-Aldrich, #A7906) in PBS at room tem-
perature (RT), cells were incubated 1 h at RT or overnight at 4 °C with
primary antibody diluted in 3% BSA in PBS. Cells were then incubated
with secondary antibody diluted in 3% BSA in PBS for 1 h at RT and
nucleiwere stained with DAPI or for live imaging analysis with Hoechst
33342 (Thermo Fisher Scientific, #H3570). Glasses were then mounted
with Fluorescence Mounting Medium (Dako, #S3023). Images were
obtained using Zeiss Axio Observer.Z1, GE Healthcare DeltaVision Ultra
and Olympus FluoVIEW 3000 RS microscopes. Quantification of both
ciliary length and ciliated cells frequency was performed manually
or by Accumulation and Length Phenotype Automated Cilia Analysis
(ALPACA) tool using FIJI (FIJl Is Just Image]) software.

IF ontissues

The frozen formalin-fixed OCT-embedded sections from control and
Opal™/:KspCrekidneys samples and the relative controls were dried
for 1 h at RT under chemical hood. The OCT was removed through
three washings (10 min each) in PBS. The tissue sections were fixed in
4% PFA for 10 min and permeabilized with 0.2% Triton X-100 in PBS.
After1hblockingin3%BSA (Sigma-Aldrich, #A7906) 0.1% Triton X-100
in PBS at RT, tissue sections were incubated 1 h at RT or overnight at
4 °C with primary antibody diluted in 3% BSA in PBS. Secondary anti-
body wasincubated with DBA inblocking solution for1 h at RT. Nuclei
were stained with DAPI (1:10,000) in PBS for 10 min at RT. Slides were
mounted with Dako Fluorescence Mounting Medium. Representative
images were taken using GE Healthcare DeltaVision Ultra microscope.

COX and SDH staining

Kidneys were collected from Opa™*:KspCre and control mice at
postnatal day 30 (P30), weighted, and embedded directly in OCT after
cardiovascular perfusion with PBS at 4 °C. Cryostat serial kidney sec-
tions (8 um) were rehydrated with PBS, and in situ activity staining
for cytochrome c oxidase (COX) and succinate dehydrogenase (SDH)
enzymes was performed using COX stain (Bio-Optica; #30-30115LY)
and SDH stain kits (Bio-Optica, #30-30114LY) following the manufac-
turer’sinstructions. The slide sections were counterstained for 5 min
with Hematoxylin Solution, Harris Modified solution (1:10 in distilled
water; Bio-Optica) and mounted with the mounting medium. Images
were acquired using Zeiss Axiolmager M2m.

TEMimaging

Opal™*:KspCre mice at P2 were weighted, and fixed for 24 hat 4 °C
with 4% PFA and 2.5% glutaraldehyde in 125 mM cacodylate buffer.
Kidneys were collected and post-fixed for 1 h with 2% 0sO, in 125 mM
cacodylate buffer, washed, and embedded in Epon. Conventional thin
sections (60 nm) were collected on uncoated grids, stained with ura-
nyl and lead citrate. Imaging was performed using Zeiss Le0912 80kv
Transmission Electron Microscope.

Western blot analysis

For westernblot analysis, cells or kidneys were lysed in lysis buffer solu-
tion of 150 mM NacCl (Sigma-Aldrich, #s9625),20 mM Na,HPO, (BDH,
#10494 L)/NaH,PO, (BDH, #102455 S), 10% glycerol (Sigma-Aldrich,
#G7757),1% Triton X-100 (pH 7.2), complete protease inhibitor cocktail
(Roche, #11836145001) and phosphatase inhibitors (1 mM final concen-
tration of glycerophosphate (Sigma-Aldrich, #G9891), sodium orthova-
nadate (Sigma-Aldrich, #S6508) and sodium fluoride (Sigma-Aldrich,
#56521)). Total lysates were then quantified with Bio-Rad Protein Assay
Dye reagent (Bio-Rad Laboratories, #500-0006), and Laemmli buffer
atafinal concentration of 2x was added to the samples. Proteins were
next resolved in 4-12% Tris-glycine gradient gels (Life Technologies,
#NP0335BOX) and then transferred onto Immobilon-P polyvinylidene
fluoride membranes (Millipore, #IPVH00010). Membranes were
blocked with 5% milkin Tris-buffered saline, Tween 20 (Sigma-Aldrich,
#P1379) (TBS-T). All the primary antibodies for western blot analysis
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weredilutedin3% BSA in TBS-T. HRP-conjugated secondary antibodies
were diluted 1:10,000 in 5% milk, TBS-T, and detection was performed
with ECL (GE Healthcare, #RPN2106) alone or supplied with10% Super-
Signal West Femto (Thermo Fisher Scientific, #34095) when necessary.

Real-time PCR analysis
Total RNA wasisolated from cells or kidneys using the RNAspin Mini kit
(GE Healthcare, #25-0500-72). Complementary DNA was obtained by
reverse transcription of extracted RNA using Oligo(dT),; primers (Pro-
mega, #C1101) or Random Primers (Promega, #C1181) and ImProm-II
Reverse Transcriptase (Promega, #A3802). Quantitative real-time PCR
analysis was performed ontechnical duplicates usingiTaq Univer SYBR
Green (Bio-Rad Laboratories, #1725125) on CFX96 Touch Real-Time
PCR Detection System (Bio-Rad Laboratories). Primer sequences for
gqRT-PCRare reported below:
mHprtfw5’-TTATGTCCCCCGTTGACTGA-3’
mHprtrev5’-ACATTGTGGCCCTCTGTGTG-3’
mAsnsfw5’-GGTTTTCTCGATGCCTCCTT-3’
mAsnsrev5’-TGTGGCTCTGTTACAATGGTG-3’

Asns transient knockdown

For transient Asns gene silencing in mIMCD3 cells, 20 nM Asns siRNA
(Thermo Fisher Scientific, #AM16704/188316) and scramble (Scr)
siNegative n. 1 (Thermo Fisher Scientific, #AM4611) or n. 2 (Thermo
Fisher Scientific, #AM4613) for controls were used following the manu-
facturer’sinstructions. For siRNA transfection, cells were seeded on a
100 mm?plate. The transfections were performed two times over 2 days
using Lipofectamine 3000 or Lipofectamine RNAIMAX Transfection
Reagent (Thermo Fisher Scientific, #13778150) following the manu-
facturer’s protocol. After transfections, cells were plated for total RNA
extraction, protein extraction, IF and Seahorse analysis.

eGFP-ASNS transient transfection

The plasmids for expression of ASNS (p-ASNS) and N-terminally tagged
eGFP-ASNS recombinant protein (p-eGFP-ASNS) were generated by
Genscript Biotech Corp. For transient transfection of p-eGFP-ASNS,
mIMCD?3 cells were plated in12-well plates. Transfection was performed
using Lipofectamine 3000 (Thermo Fisher Scientific, #.3000015)
following the manufacturer’s instructions. One microgram of plasmid
DNA per well with1:2 DNA:Lipofectamine ratio was used. After transfec-
tions, cells were used for IF staining.

Cloning of ASNS plasmids
ASNS expression vector (p-ASNS) was used as a PCR template to gen-
erate an Entry clone for the Gateway cloning system (Thermo Fisher
Scientific). The Entry clone was sequence verified and used to create
anN-terminal mNeonGreen-ASNS fusion using apgLAP1-mNeonGreen
destination plasmid (DEST).

Generation of mIMCD3 cells stably expressing
mNeonGreen-ASNS

The stably expressing mNeonGreen-ASNS cell line was generated
using FIp-In mIMCD3 (a kind donation by Dr M. Nachury). Cells were
plated in triplicate on six-well plates at 15% confluency in DMEM/F12
medium, supplemented with 10% FBS and 1% sodium. The next day,
reaching 70% confluency, cells were co-transfected with 1 pg ml™ of
pOG44 vector (ThermoFisher, #V600520) and DEST vector using
Lipofectamine 2000 (ThermoFisher, #11668019) in a 1:2 dilution
(DNA:Lipofectamine) according to the manufacturer’s instructions.
pOG44isthe Flp-Recombinase Expression Vector, which allows for sub-
stitution of the FRT cassette with mNeonGreen-ASNS. After 48 h from
transfection, cells were grown in selection medium with 400 pg mi™*
hygromycin. Medium with hygromycin was refreshed every 2-3 days
for 1.5 weeks. IF and western blot confirmed protein expression of
construct.

Seahorse metabolic flux analysis

The Mito Stress Test (Agilent Technologies) was performed by seeding
20,000 cells per wellin 96-well Seahorse cell culture microplates and
incubating themina 5% CO,incubator at 37 °C overnight. Then, culture
mediumwas changed with pH adjusted (pH 7.4 + 0.1) with2 mM HEPES
bicarbonate-free HBSS, and pH adjusted with 2 mM HEPES HBSS sup-
plemented either with20 mMD-(+)-glucose or 4 mML-glutamine for 4,
16 and 24 h. The plate wasincubated at 37 °Cfor1hinanon-CO,incuba-
tor before starting the assay. OCR was measured using the Seahorse XF
Mito Stress Test Kit (Agilent Technologies, #103015-100) on an XFe96
Analyzer (Agilent Technologies) following the manufacturer’sinstruc-
tions. Briefly, cells were sequentially injected with 1 uM oligomycin,
1.5 pM carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP)
and 0.5 pM antimycin A/rotenone. For measuring OCR in response to
acute injection of nutrients, Mito Stress Test was performed on cells
treated for4 h (or16 hin Supplementary Information) with pH adjusted
with2 mM HEPES HBSS and acutely injected with20 mM D-(+)-glucose
or4 mML-glutamine. For measuring OCR of [ft88 control and KO MEFs
and mIMCD3 innutrient-rich condition cells either with or without FBS
cells were cultured for 24 hin DMEM or DMEM/F12 +10% FBS. Then,
culture medium was changed with Seahorse XF DMEM medium (Agilent
Technologies, #103575-100) and the plate was incubated at 37 °C for
1hinanon-CO,incubator beforestarting the assay. Cellnumbers were
normalized using CyQuant Cell Proliferation Assay (Thermo Fisher
Scientific, #C35011). All the analyses were performed with the Agilent
Seahorse Wave software (Agilent Technologies).

Ciliaenrichment

Cells were seeded on a 150 mm? dish at 90% confluence. Cells were
starved for 24 h or 48 h in DMEM/F12 with GlutaMAX supplemented
with 0% FBS and 1% PenStrep. After 10 min incubation in PBS supple-
mented with1 mM of EDTA cells were scraped, centrifuged at 200g for
5 min and washed with HBS (25 nM HEPES, 137 mM NaCl, 5 mM KCl,
0.7 mM Na,HPO,-2H,0 and 6 mM D-(+)-glucose pH 7.05). Pellet was
resuspended in 1 ml of Deciliation solution 20 mMHEPES pH 7,112 mM
NaCl, 3.4 mM KCI, 10 mM CacCl,, 2.4 mM NaHCO, and 20% ethanol)
with 10 pg ml™ cytochalasin D and 1% protease inhibitor cocktail for
15 min at4 °Crotating. After acentrifugation at1,000gfor 5 minat4 °C,
sequential centrifugations for 30 minat4 °C were performed. The first
centrifugation was performed at 2,000g to collect the first cytoplas-
mic fraction. The second centrifugation was performed at 10,000g
to collect the second organelles fraction. The third centrifugation
was performed at 16,000g to collect the third cilia-enriched fraction.

NMR exometabolome analysis

Ift88 control and KO MEFs were seeded in 100 mm? plates in com-
plete medium. Then, the culture medium was replaced overnight
with high-glucose DMEM medium supplemented with 0.5% FBS and
1% PenStrep. The day after, the culture medium was replaced with
high-glucose DMEM medium supplemented with 0% FBS and 1% Pen-
Strep for 24 h. Ablank control with non-conditioned medium was used
to calculate the metabolite relative quantification and consumption.
For NMR analysis of the extracellular medium, 530 pl of cell culture
medium were mixed with 60 pl of deuterated sodium phosphate
(Na;PO,) solution containing 4,4-dimethyl-4-silapentane-1-sulfonic
acid, as a chemical shift reference for proton dimension, and 10 pl
of 1.2% NaN, water solution. The final sample volume was 600 pl and
contained 50 mMsodium phosphate (Na,PO,), 0.02% NaN;and 50 pM
4,4-dimethyl-4-silapentane-1-sulfonicacid. NMR spectrawererecorded
at 298K on a Bruker Avance 600 Ultra Shield TM Plus 600 MHz spec-
trometer equipped with triple resonance cryoprobe, pulsed field
gradients and refrigerated autosampler (SampleJet). Samples were
stored at4 °C until data collection. 1D '"H NMR spectra (noesyprld) were
recorded withanacquisition time of 3 s, 128 transients and arelaxation
delay of 6 s. Spectral window was set to 14 ppm. 1D 'H NMR spectra
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were typically processed with zero filling to 128k points, and apodized
with an unshifted Gaussian and a1 Hz line broadening exponential
using Mnova 14.1 (MestreLab Research S.L, Santiago de Compostela).
Metabolites were identified and quantified using Chenomx NMR Suite
8.6 (Chenomx). Relative quantification (Rel.Quant.) was calculated
using the following equation:

[Meta]x — [Meta] mo

Rel.Quant. = [Meta]mo

where [Metalx represents the concentration of metabolites in the
medium conditioned by /ft88 control and KO MEFs; [Meta]lmo rep-
resents the concentration of metabolites in the non-conditioned
medium. Negative values corresponded to metabolites up-taken from
the medium, whereas positive values corresponded to metabolites
released in the medium.

Metabolite concentration, expressed in mM, was normalized for
the total number of cells. The reported concentration of the metabo-
lites is expressed as nM/number of cells.

Glucose or glutamine consumption was calculated using the fol-
lowing equation:

[Meta] mo — [Meta]x
finalnumberofcells

Consumption =

where [Metalx is the concentration of glucose or glutamine in the
medium conditioned by /ft88 control and KO MEFs, and [Meta]lmo
represents the concentration of metabolites in the non-conditioned
medium.

Principal component analysis was performed using the 25 identi-
fied and quantified metabolites in the exometabolome samples.

Raw data of NMR exometabolome analysis are reported in
Extended Data Table1.

Targeted metabolomic analysis in /ft88 KO MEFs

The unlabelled targeted metabolomics in /ft88 control and KO MEFs
were performed by plating the cells in five biological replicates,
and culturing for 24 h with either HBSS or HBSS supplemented with
4 mM glutamine. Cell pellets were extracted with 1 ml extraction
solution, that is, methanol for highly pure liquid chromatography
(Sigma-Aldrich): acetonitrile gradient grade for liquid chromatography
(Merck): ultrapure water (Sigma-Aldrich), 50:30:20 with 100 ng ml™
of HEPES (Sigma-Aldrich) per million cells. Extracellular metabolites
were extracted with 750 pl of extraction solution to 50 pl cell culture
medium (spun).

Samples were incubated at 4 °C for 15 min, centrifuged at 13,000
r.p.m, and the supernatant transferred into autosampler vials was
stored at—80 °C. Separation of metabolites by LC-MS chromatography
was performed using a Millipore Sequant ZIC-pHILIC analytical column
(5p1m,2.1x150 mm) equipped witha2.1 x 20 mm guard column (both
5 mm particle size) and abinary solvent system. Solvent Awas: 20 mM
ammonium carbonate and 0.05% ammonium hydroxide; solvent Bwas
acetonitrile. The column oven was kept at 40 °C and the autosampler
tray at 4 °C. The gradient for chromatographic separationran ata
flow rate of 0.200 ml min™: 0-2 min: 80% B; 2-17 min: linear gradient
from 80% B to 20% B; 17-17.1 min: linear gradient from 20% B to 80%
B; 17.1-22.5 min: hold at 80% B. Next, samples were randomized and
analysed by LC-MS injecting a volume of 5 pl. An equal mixture of all
individual samples was used to generate pooled samples next analysed
interspersed at regular intervals within sample sequence as a qual-
ity control. Metabolites were measured using a Thermo Scientific Q
Exactive Hybrid Quadrupole-Orbitrap Mass spectrometer (HRMS)
that was coupled to a Dionex Ultimate 3000 UHPLC. The full-scan,
polarity-switching mode was used to operate the mass spectrometer,
using the spray voltage set to +4.5 kV/-3.5 kV. Furthermore, the heated

capillarywasheld at320 °Cand the auxiliary gas heater at 280 °C. The
sheath gas flow was set to 35 units, the auxiliary gas flow to 10 units and
the sweep gas flow to O units. HRMS data acquisition was performedina
range of m/z=70-900, with theresolutionsetat 70,000, the AGC target
at1x10°and the maximuminjection time (Max IT) at120 ms. Theidenti-
ties of the metabolites was confirmed as follows: (1) using precursor ion
m/zwas matched within 5 p.p.m. of theoretical mass predicted by the
chemical formula; (2) using a retention time of metabolites within 5% of
theretentiontime of a purified standard that was runinidentical chro-
matographic conditions. The review of the chromatogram and that of
the peak areaintegration were performed using the ThermoFisher soft-
ware Tracefinder 5.0. The area of the peak for each detected metabolite
was normalized using the total ion count of the same sample to correct
for any variations that had been introduced by sample handling and
instrument analysis. All the normalized areas were used as variables
for further statistical dataanalysis. For glutamine tracing experiments,
Ift88 control and KO MEFs were cultured in HBSS supplemented with
4 mM"N,-glutamine (Cambridge Isotope Laboratories) for4 hor24 h.
Cellswere seeded inparallel plates and protein content was determined
by the Bradford method at 0 and 24 h post medium change. The extrac-
tionofintracellular and extracellular metabolites was carried outin the
same way as the unlabelled metabolomics. The theoretical masses of
N-isotopologues for each metabolite were calculated and added toa
library of predicted isotopologues. These masses were then searched
withina5 p.p.m. tolerance and integrated only if the peak showed less
than 1% difference in retention time from the [U-**N] monoisotopic
mass in the same chromatogram. Natural isotope abundances were
corrected using the AccuCor algorithm (https://github.com/Iparsons/
accucor). Percentage of intracellular pool from each isotopologue was
calculated respective of the control (for each metabolite).

M08, Mypssq < Mupssl08, Mupss+q > Mupss

TIC normalized data of LC-MS analysis are reported in Supple-
mentary Datal.

Metabolite analysis

We applied fold-change and ¢-test analysis to identify dysregulated
metabolitesin the different conditions. For each Pvalueresulting from
t-test, afalse discovery rate (FDR) has been computed by applying the
Benjamini and Hochberg procedure as in Podrini et al.?>. Then, only
metabolites having FDR <0.05 have been considered as significantly
deregulated. Heat maps have been created by applying the MATLAB*®
heatmap function with colormap represented in logarithmic scale.
Volcano plots have been obtained by a homemade MATLAB function
(available at https://github.com/RobertoPagliarini/PrimaryCilia).

Metabolite set enrichment analysis

Over-representation analysis has been employed, by using Metabo-
Analyst 5.0 (ref. *), toidentify pathways that are significantly enriched
in the Kyoto Encyclopedia of Genes and Genomes database*° starting
fromaninput list of metabolites. We applied the hyper-geometric test
to compute astatistical significance (Pvalue) for each pathway having
atleast three compounds captured in the input list. Hyper-geometric
testscores have been computed on the basis of cumulative binominal
distribution, while FDR has been obtained by applying the Benjamini
and Hochberg procedure.

Statistical analysis and replicate experiments

Differences between averages were established with Student’s ¢-test
or one-way analysis of variance (ANOVA) as indicated in the figure
legends; Tukey’s or Bonferroni’s post-tests were carried out for mul-
tiple comparisons. Dot plots show the individual datapoints with the
respective n indicated in brackets. Whenever representative of mul-
tiple experiments are shown, the replicate experiments are provided
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in Supplementary Information. Whenever average of the average of
multiple experiments is shown, this isindicated in the legend.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Source data are provided with this paper. All raw data related to the
studies shown in figures and extended data figures. The original
TIFF files used for generating the raw data relative to quantification
of ciliary length are available in Figshare (https://doi.org/10.6084/
m9.figshare.21922299).
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Extended Data Fig.1| Referred toFig. 1. a, Left: western blot for IFT88 of total
cell lysates from MEF/*¢ and MEF“" generated by CRISPR/Cas9 technology. Right:
Representative IFimages of MEF/®® and MEF"', Cilia (ARL13B, green), nuclei
(DAPI, blue). Scale bar: 10 pm. Arrows indicate cells in the insets. b, Growth curves
in MEF/$ and MEF" cultured in DMEM + 10% FBS for 8, 24, 48 hours. ¢, Analysis
of OCR measurement in one representative experiment in MEF/®® and MEF¢"!
culturedin DMEM +10% FBS in basal condition and after sequential addition of
oligomycin (O), FCCP, and antimycin A/rotenone (A/R). d, Left: western blot for
IFT88 of total cell lysates from mIMCD3"#® and mIMCD3“" generated by CRISPR/
Cas9 technology. Right: Representative IF images of mIMCD3"* and mIMCD3",
Cilia (ARL13B, green), nuclei (DAPI, blue). Scale bar: 10 um. Arrows indicate cells
intheinsets. e, Analysis of OCR measurement in one representative experiment

KO

inmIMCD3/% and mIMCD3“" cultured in DMEM/F12 +10% FBS in basal condition
and after sequential addition of O, FCCP, and A/R. f, Left: analysis of OCR
measurement in one representative experiment in MEF/®* and MEF" cultured
inDMEM + 0% FBS in basal condition and after sequential addition of O, FCCP,
and A/R. Right: analysis of OCR measurement in one representative experiment
inmIMCD3”*¢ and mIMCD3" cultured in DMEM/F12 + 0% FBS in basal condition
and after sequential addition of O, FCCP, and A/R. g, Principal Component
analysis (PCA) of extracellular metabolites assessed by NMR spectroscopy asin
Fig.1c. h, Hierarchical clustering of extracellular metabolites assessed by NMR
spectroscopy asin Fig. 1c, including metabolite concentrations in unconditioned
medium (MO) and media conditioned by MEF/* (KO) and MEF"! (CT) cells. Data
indot and bar plots are mean + SD.
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Extended Data Fig. 2 | Referred to Fig. 1. a, Quantification of cilialength in
one representative experiment in mIMCD3 and MDCK after 24 hours culture

in HBSS + L-Glutamine (Q) (4 mM). Shared control (HBSS) with Fig. 1b. b, Left:
analysis of OCR measurement in one representative experiment in MEF after
16 hours culture in either HBSS (blue) or HBSS + D-(+)-Glucose (Glc) (20 mM)
(green) or Q (4 mM) (red) in basal condition and after sequential addition of

0, FCCP, and A/R. Right: quantification of basal respiration, ATP-production
coupled respiration, and maximal respiration asin Left. ¢, Left: analysis of OCR
measurement in one representative experiment in MEF after 4 hours culture

in HBSS (blue) followed by acute injection (+) of either Glc (green) or Q (red)
and after sequential addition of O, FCCP and A/R. Right: quantification of basal
respiration, acute response, ATP-production coupled respiration, and maximal
respiration as in Left. d, Left: analysis of ECAR measurement referred to Fig. 1h.
Right: analysis of ECAR measurement referred tob. Datain dot and bar plots are
mean + SD. Statistical analysis: Student’s unpaired two-tailed ¢-test or one-way
ANOVA, followed by Tukey’s multiple comparisons test; ns: not significant,
***+*p <0.0001. nreported inbrackets.
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Extended Data Fig. 3 | Referred to Fig. 1. a, Scheme of Mitochondrial experiment in hRPE after 24 hours culture in the indicated conditions. Right:
Respiratory Chain Complexes targets of rotenone, antimycin, and oligomycin. % of ciliated cells in one representative experiment in hRPE after 24 hours
b, Quantification of cilialength in one representative experiment in MEF and cultureintheindicated conditions. f, Left: Quantification of cilia length in one
hRPE after 24 hours culture in DMEM or DMEM/F12 + 0% FBS + either A/R or representative experiment in mIMCD3 after 24 hours culture in the indicated
0.c¢, Westernblot for pAMPK™” of total cell lysates from MEF cultured for 1, conditions. Right: % of ciliated cells in one representative experiment in mIMCD3
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Referred to Fig. 2. a, Left: experimental design of mice
treatment: Crl (Fed), Fasted for 24 hours. Center: quantification of cilialength
inone representative experiment in kidney sections of mice treated asin Left.
Right: average from 3 independent experiments of glycaemia values in mice
treated asin Left. b, Left: experimental design of mice treatment: Crl (Fed),
Fasted for 48 hours. Center: quantification of cilialength in one representative
experimentin kidney sections of mice treated as in Left. Right: average from 3
independent experiments of glycaemia values in mice treated as in Left. c, Left:
experimental design of mice treatment: Crl (Fed), Fasted for 48 hours. Right:
average from 3 independent experiments of Q concentration in the serum of
mice treated as in Left. d, Scheme of renal tubular segment with Cre-recombinase
driveninactivation of Opal gene. e, Left: Transmission Electron Microscopy

(TEM) images of kidney sections of control (Crl) and Opal KO mice at P2.Scale
bar:1pm. Dashed Dots indicate mitochondria. Right: Enzymatic activity staining
for Succinate Dehydrogenase (SDH) and Cytochrome c Oxidase (COX) of kidney
sections of Crland Opal KO mice at P30 withzoomin. Dashed dots indicate
medullaedge. Scale bar: 500 pm. f, Left: representative IF images of kidney
sections of Crland Opal KO mice at P30. Right: quantification of cilialength in
onerepresentative experiment of DBA + tubular cellsin kidney sections of Crl
and Opal KO mice at P30. Cilia (ARL13B, green), DBA + tubular cells (DBA, red)
nuclei (DAPI, blue). Scale bar: 5 um. Arrows indicate ciliain the insets. Datain dot
and bar plots are mean + SD. Statistical analysis: Student’s unpaired two-tailed
t-test; ns: not significant, ***p < 0.0001. nreported in brackets.
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Extended DataFig. 5| Referred to Fig. 3. a, Heat-map showing the fold-change
of HBSS + L-Glutamine (Q) us HBSS, in MEF”**$ and MEF"", of the 49 metabolites
that change in a statistically significant way in the comparison between KO

vs CTinHBSS. b, Left: analysis of OCR measurement in one representative
experiment in MEF/®® and MEF“"' after 24 hours culture in either HBSS (CT: blue,
KO:green) or HBSS + Q (4 mM) (CT: red, KO: purple) in basal condition and after
sequential addition of oligomycin (O), FCCP, and antimycin A/rotenone (A/R).
Right: quantification of basal respiration, ATP-production coupled respiration,

and maximal respiration asin Left. ¢, Left: analysis of OCR measurementin one
representative experiment in mIMCD3% and mIMCD3“" cells after 4 hours
cultureineither HBSS (CT: blue, KO: green) or HBSS + Q (4 mM) (CT: red, KO:
purple), in basal condition and after sequential addition of O, FCCP, and A/R.
Right: quantification of basal respiration, ATP-production coupled respiration,
and maximal respiration asin Left Data bar plots are mean + SD. Statistical
analysis: one-way ANOVA, followed by Tukey’s multiple comparisons test; ns: not
significant, ***p < 0.0001. nreported in brackets.
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Extended Data Fig. 6 | Referred to Fig. 4. a, Western blot for pS6RPS?/2% of total
celllysates from mIMCD?3 cells after 24 hours culture in either DMEM/F12 + 10%
FBS or HBSS + L-Glutamine (Q) (4 mM). Vinculin is used as loading control. b,
Quantification of cilialength in one representative experiment in mIMCD3 cells
after 24 hours culture in either HBSS + Q or HBSS + Q + Rapamycin (100 nM).

¢, Western blot for pS6RPS22 of total cell lysates from mIMCD3 cells after

24 hours culture in either HBSS + Q or L-Leucine (L) (0.5 mM). d, Quantification
of cilialength in one representative experiment in mIMCD?3 cells after 24 hours
culturein either HBSS + D-(+)-Glucose (Glc) (20 mM) or Q (4 mM) or L (5 mM).

e, qRT-PCR analysis of Asns expression in one representative experiment in
mIMCD3 transiently knocked down for Asns (siAsns) relative to control (Scr). f,
Quantification of cilia length in one representative experiment in mIMCD3 after
8 hours culture in HBSS or HBSS + Q (4 mM). g, Quantification of cilialength
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inonerepresentative experiment in mIMCD3 after 24 hours culture in either
DMEM/F12 + 0% FBS or HBSS or HBSS + Q (0.5 or 4 mM) or HBSS + L-Asparagine
(N) (0.1or 1 mM). h, Left: analysis of OCR measurement in one representative
experiment in siAsns MEF cells compared to Scr after 4 hoursin HBSS (Scr: blue,
sidsns: red) followed by acute injection (+) of Q (Scr: green, sidsns: purple),
inbasal condition and after sequential addition oligomycin (O), FCCP, and
antimycin A/rotenone (A/R). Right: quantification of acute response asin Left. i,
qRT-PCR analysis of Asns expression in one representative experiment in MEF/
and mIMCD3"*¥ relative to MEF“" and mIMCD3", Data in dot and bar plots are
mean + SD. Statistical analysis: Student’s unpaired two-tailed ¢-test or one-way
ANOVA, followed by Tukey’s multiple comparisons test; ns: not significant,
***p < 0.0001. nreported in brackets.
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Extended Data Table 1| List of NMR metabolites

MO (mM) | IFT88 KO cells (mM) CTR cells (mM)
MOI1 | MO2 | MO3 | KO1 | KO2 | KO3 | KO4 | KOS5 [CTR1 |CTR2|CTR3|CTR4 |CTRS
2’Hydroxybutyrate | 0.025 | 0.009 | 0.024 | 0.087 | 0.090 | 0.100 | 0.094 | 0.106 | 0.075 | 0.094 | 0.083 | 0.078 | 0.080

Acetate 0.059 | 0.038 | 0.002 | 0.189 | 0.183 | 0.164 | 0.186 | 0.169 | 0.111 | 0.116 | 0.090 | 0.129 | 0.147
Alanine 0.000 | 0.007 | 0.008 | 0.257 | 0.285 | 0.264 | 0.280 | 0.252 | 0.134 | 0.157 | 0.174 | 0.151 | 0.134
Arginine 0.204 | 0.173 | 0.225 | 0.253 | 0.205 | 0.217 | 0.178 | 0.241 | 0.202 | 0.153 | 0.305 | 0.172 | 0.278
Ethanol 0.962 | 0.970 | 0.941 | 0.911 | 0.960 | 0.925 | 0.956 | 1.009 | 0.862 | 0.932 | 1.029 | 0.929 | 0.972
Formate 0.015 [ 0.015 | 0.015 | 0.353 | 0.355 | 0.347 | 0.348 | 0.342 | 0.211 | 0.208 | 0.228 | 0.211 | 0.207
Glucose 21.930(23.033(22.152(16.690(18.086|17.517|17.623|17.797|11.468 |15.103|16.520|15.940|15.764
Glutamate 0.009 | 0.007 | 0.042 | 0.319 | 0.236 | 0.288 | 0.236 | 0.263 | 0.573 | 0.707 | 0.720 | 0.559 | 0.545
Glutamine 1.347 | 1.596 | 1.602 | 0.513 | 0.654 | 0.615 | 0.643 | 0.561 | 0.327 | 0.455 | 0.529 | 0.416 | 0.416
Glycine 0.369 | 0.370 | 0.353 | 0.720 | 0.730 | 0.722 | 0.720 | 0.702 | 0.645 | 0.662 | 0.712 | 0.653 | 0.648
Histidine 0.128 | 0.176 | 0.170 | 0.197 | 0.161 | 0.157 | 0.168 | 0.198 | 0.184 | 0.178 | 0.223 | 0.149 | 0.136
Isoleucine 0.666 | 0.603 | 0.677 | 0.620 | 0.635 | 0.596 | 0.609 | 0.579 | 0.572 | 0.615 | 0.648 | 0.559 | 0.613
Lactate 0.065 | 0.051 | 0.001 | 4.398 | 4.509 | 4.391 | 4.374 | 4.151 | 6.992 | 7.145 | 7.707 | 7.040 | 7.366
Leucine 0.682 | 0.596 | 0.546 | 0.538 | 0.510 | 0.635 | 0.482 | 0.558 | 0.388 | 0.557 | 0.668 | 0.490 | 0.511
Lysine 0.436 | 0.609 | 0.529 | 0.784 | 0.355 | 0.608 | 0.503 | 0.554 | 0.583 | 0.552 | 0.726 | 0.580 | 0.535

Methionine 0.228 | 0.187 | 0.179 | 0.201 | 0.204 | 0.200 | 0.201 | 0.223 | 0.176 | 0.157 | 0.169 | 0.171 | 0.177
Niacinamide 0.027 | 0.030 | 0.030 | 0.032 | 0.026 | 0.024 | 0.028 | 0.030 | 0.000 | 0.025 | 0.024 | 0.029 | 0.022
Phenylalanine 0.372 | 0.393 | 0.377 | 0.384 | 0.375 | 0.362 | 0.365 | 0.359 | 0.314 | 0.362 | 0.405 | 0.357 | 0.342

Pyridoxine 0.017 | 0.018 | 0.014 | 0.008 | 0.015 | 0.015 | 0.027 | 0.007 | 0.012 | 0.000 | 0.015 | 0.014 | 0.007
Pyroglutamate 1.523 | 1.551 | 1.398 | 1.318 | 1.339 | 1.543 | 1.528 | 1.512 | 1.263 | 1.660 | 1.717 | 1.532 | 1.510

Pyruvate 0.006 | 0.012 | 0.018 | 0.143 | 0.153 | 0.146 | 0.150 | 0.138 | 0.069 | 0.075 | 0.093 | 0.069 | 0.065
Threonine 0.611 | 0.685 | 0.659 | 0.614 | 0.724 | 0.716 | 0.751 | 0.692 | 0.720 | 0.753 | 0.757 | 0.712 | 0.713
Tryptophan 0.071 | 0.062 | 0.075 | 0.076 | 0.072 | 0.077 | 0.069 | 0.056 | 0.062 | 0.064 | 0.058 | 0.062 | 0.048

Tyrosine 0.428 | 0.411 | 0.412 | 0.405 | 0.404 | 0.405 | 0.415 | 0.395 | 0.217 | 0.377 | 0.410 | 0.378 | 0.408

Valine 0.692 | 0.697 | 0.674 | 0.608 | 0.613 | 0.607 | 0.609 | 0.594 | 0.562 | 0.581 | 0.613 | 0.567 | 0.565

List of identified and quantified metabolites by NMR. For each metabolite, concentration is expressed as mM for unconditioned medium (MO) and for media conditioned by Ift88 KO and CTR
cells. For MO, three replicates have been used. For KO and CTR, five replicates have been used.
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Extended Data Table 2 | Univariate analysis NMR metabolites

IFT88 KO cells CTR cells Student t -test Fold
change
Average stdev Average stdev p-value sign (KO/CTR)
(nM/num (nM/num
of cells) of cells)

2’Hydroxybutyrate | 0.00742 | 0.00051 | 0.00603 | 0.00603 0.003 : E25T)
Acetate 0.01390 | 0.00112 | 0.00879 | 0.00879 0.001 * 1.581(1)
Alanine 0.02087 | 0.00181 | 0.01010 | 0.01010 | 0.000005 * 2.066(1)
Arginine 0.01700 | 0.00187 | 0.01548 | 0.01548 0.816 NS 1.098(=)
Ethanol 0.07415 | 0.00387 | 0.06965 | 0.06965 0.183 NS 1.065(=)
Formate 0.02718 | 0.00118 | 0.01568 | 0.01568 | 0.0000001 * 1.734(1)
Glucose 1.36705 | 0.07747 | 1.10325 | 1.10325 0.011 * 1.239(1)
Glutamate 0.02086 | 0.00224 | 0.04560 | 0.04560 | 0.000009 * 0.457(])
Glutamine 0.04662 | 0.00604 | 0.03152 | 0.03152 0.003 * 1.479(1)
Glycine 0.05600 | 0.00253 | 0.04890 | 0.04890 0.001 * 1.145(=)
Histidine 0.01366 | 0.00125 | 0.01275 | 0.01275 0.414 NS 1.072(=)
Isoleucine 0.04737 | 0.00299 | 0.04432 | 0.04432 0.166 NS 1.069(=)
Lactate 0.34013 | 0.01981 | 0.53440 | 0.53440 | 0.000004 * 0.636(])
Leucine 0.04235 | 0.00386 | 0.03847 | 0.03847 0.310 NS 1.101(=)
Lysine 0.04340 | 0.01108 | 0.04373 | 0.04373 0.952 NS 0.992(=)
Methionine 0.01602 | 0.00072 | 0.01252 | 0.01252 | 0.000278 » 1.280(1)
Niacinamide 0.00219 | 0.00022 | 0.00147 | 0.00147 0.100 NS 1.493(1)
Phenylalanine 0.02873 | 0.00131 | 0.02620 | 0.02620 0.053 NS 1.097(=)
Pyridoxine 0.00115 | 0.00065 | 0.00070 | 0.00070 0.234 NS 1.649(1)
Pyroglutamate 0.11274 | 0.00880 | 0.11314 | 0.11314 0.954 NS 0.996(=)
Pyruvate 0.01138 | 0.00083 | 0.00544 | 0.00544 | 0.000002 - 2.092(1)
Threonine 0.05454 | 0.00546 | 0.05384 | 0.05384 0.796 NS 1.013(=)
Tryptophan 0.00545 | 0.00071 | 0.00431 | 0.00431 0.012 * 1.263(1)
Tyrosine 0.03154 | 0.00144 | 0.02643 | 0.02643 0.116 NS 1.193(=)
Valine 0.04722 | 0.00202 | 0.04254 | 0.04254 0.005 * 1.110(=)

List of identified and quantified metabolites by NMR and the corresponding univariate analysis. For each metabolite, average and standard deviation calculated for KO and CTR samples.
Fold change (FC), considered as the ratio between the mean value of the two groups KO and CTR, metabolites with a FC >1.2 (1) indicates an increase of metabolite, FC <0.7 (V) indicates a
decrease, 0.7<FC<1.2is not a variation of metabolite (=). P value is calculated using Student’s two-tailed t-test (fourth column). Statistically significant differences in metabolites in KO versus
CTR are expressed in bold and asterisk. NS, not significant; *P < 0.05.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

/a | Confirmed

>

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] A description of all covariates tested
|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

X

D

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  No code required

Data analysis * Heatmaps have been created by applying the heatmap function of Matlab® r2019a with colormap represented in logarithmic scale.
* Metabolic analysis have been obtained by a homemade Matlab® function for which the code is provided as source data
(Matlab_Code_MetabolicData.m).

* MetaboAnalyst 5.0 has been employed for Metabolite Set Enrichment Analysis.
o For statistical analysis GraphPad Prism 8.2.1 and Matlab® were used using statistical analysis tool.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All raw data related to the studies shown in Figures and Extended Data Figures are available as Source Data. The original TIFF files used for generating the raw data
relative to quantification of ciliary length are available in Figshare at the link: https://doi.org/10.6084/m39.figshare.21922299.
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Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender N/A

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Each study in vivo was samples onto cohorts of three mice and whenever this was sufficient to reach significance no additional animals were
used in compliance with the 3R rule governing our Institutional work with animal models

For in vitro studies generally at least three wells per condition were utilized. For the cilia counting experiments at least three fields were
acquired per each coverslip. All visible cilia were counted and measured in length in each field of each coverslip and combined to reach the n
that is now indicated in brackets in each of the figures and shown as individual dots in the dotplots. For the seahorse analysis each cell line or
condition was plated in multiple wells (indicated in each dot-plot experiment shown). As per manifacturer's indication, when a single well was
an extreme outlier it was eliminated from the average (explaining the different n numbers in the different SeaHorse experiments, i.e. 5 vs 11
or 12 samples). Real time PCR analysis were performed in three biological replicates, each analyzed in two technical replicates and the
average of technical replicates represented the individual biological replicate point.

Data exclusions  No data were excluded from the analysis. As indicated above, the measurements of OCR or ECAR in indivual wells using the SeaHorse
instrument can be completely negative in which case the individual point is removed. The starting number of wells in our studies (i.e. 12)
allows to have sufficient biological replicates for analysis even in these samples.

Replication As a standard policy in our laboratory key findings are repeated in the hands of at least two individuals prior to submitting manuscripts. In this
case, some key findings were repeated by four investigators independently (EAN, MES, AKN, ML). Only data for which all replication studies
were successful are reported in this manuscript. Most of the shown data are the result of at least three independent experiments with the
exception of the metabolic profiling and tracing studies for which one experiment with 5 biological replicates was performed (individual data
shown). All replicates for all experiments shown in Figures and Extended data figures are reported in Supplementary Data Information.

Randomization  Mice were randomly utilized with respect to gender. No randomization was required because all treatments were performed on WT mice and
the genetically modified mice were analyzed with intra-litter matching controls.

Blinding In vivo experiments were not performed blindly because the same individual administering the fasting or glutamine administration was
collecting and preparing the samples for analysis. The acquisition of the images for cilia quantification was performed blindly and randomly
across the entire kidney tissues by a different individual. All analysis of ciliary length in vivo was carried out blindly by two individuals (E.A.N
and L.C), both unaware of the treatment (carried out by M.C.).




Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

Involved in the study n/a | Involved in the study

Antibodies |Z |:| ChIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry

Palaeontology and archaeology |Z |:| MRI-based neuroimaging
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Dual use research of concern

Antibodies

Antibodies used * rabbit ARL13B, Proteintech, #17711-1-AP
* mouse Acetylated alpha-Tubulin, Sigma-Aldrich, #T6793, Lot 059M4876V
« rabbit Pericentrin, Covance, #PRB-432C, Lot LN#14921602
¢ mouse y-tubulin, Sigma-Aldrich, #T6557, clone GTU-88
e rabbit p-AMPK (Thr172), Cell Signalling Technology, #2535S, Lot 21
« rabbit AMPK, Cell Signalling Technology, #2532, Lot 19
« rabbit ASNS, abcam, #ab111873
« rabbit p-S6RP (s235/236, Cell Signalling Technology, #2211s, Lot 23
« rabbit S6RP, Cell Signalling Technology, #2217, Lot 7
« rabbit Hamartin/TSC1, Cell Signalling Technology, #4906
« rabbit IFT88, Proteintech, #13967-1-AP
* mouse Vinculin V284 antibody, Millipore, #05-386, clone V284
* DBA Rhodamine, Vector Laboratories, # RL-1032-2
* HRP conjugated secondary antibodies were from GE Healthcare: anti-rabbit IgG HRP linked, #934V, Lot 17402176; anti-mouse 1gG
HRP linked, #NA9310V, Lot 17453977; anti-rat 1gG HRP linked (#NA935V), Lot 17344491
e Fluorochrome-conjugated secondary antibodies were from Thermo Fisher Scientific: goat anti-rabbit AlexaFluor 488, #A-21441;
goat anti-mouse AlexaFluor 546, #A-11003; chicken anti-mouse AlexaFluor 594, #A-21201; goat anti-rabbit Alexa Fluor 647, #A-21244

Validation All the antibodies were validated including proper negative controls. For Ift88, we used murine KO cells. For ASNS, murine knock-
down cells. For TSC1, we used Tsc1 murine KO cells. For pAMPK and mTOR pathway treatment (pS6Rp) with appropriate activators or
inhibitors was included in WBs in the same species that was used for the studies (mice). For Arl13b, cilia-less cells served as a
negative murine control. For vinculin, acetylated tubulin, pericentrin mouse gamma tubulin, DBA rodamine no validation was
performed as these are widely used by the scientific community. For HRP and fluorochrome secondary antibodies, staining in the
absence of a primary antibody was used as a negative control.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) * Mouse Embryonic Fibroblasts (MEFs) used are described in Distefano, G. et al. Mol Cell Biol 29, 2359-2371, doi:10.1128/
MCB.01259-08 (2009).
* Madin-Darby Canine Kidney type Il (MDCKII) cells are described in Boletta, A. et al. Mol Cell 6, 1267-1273, doi:10.1016/
$1097-1028 2765(00)00123-4 (2000) and were originally acquired from the American Type Culture Collection (ATCC) by Dr.
Lucia Monaco, Milan, Italy in 1996.
e Murine Inner Medullary Collecting Duct (mIMCD3) cells were kindly provided by Dr. Miriam Schmidts, Center for Pediatrics
and Adolescent Medicine, Medical Center, University of Freiburg Freiburg, Germany.
* Human Retinal Pigment Epithelial (hRPE) cells were kindly provided by Dr. Nicoletta Landsberger, San Raffaele Scientific
Institute, Milan, Italy.

Authentication No authentication was performed

Mycoplasma contamination All cell lines were tested negative for mycoplasma contamination

Commonly misidentified lines  None
(See ICLAC register)




Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

Wild type C57BL/6N mice; Opaflox/flox mice (kindly provided by Dr. Luca Scorrano, VIMM, Padua, Italy) and KspCre mice
(Cadherin-16-Cre, kindly provided by Dr. Peter Igarashi, University of Minnesota, Minneapolis, USA) were inter-crossed to generate
Opaflox/flox:KspCre experimental mice in a pure C57BL/6N genetic background (intra-litter Opaflox/+:KspCre or Opaflox/flox were
used as controls)

The study did not involve wild animals

Study findings were not applied to only one sex: the female to male ratio was 1:1, Except for the Pharmacokinetics studies in which
all the mice used were female. This because the dosage of glutamine was normalized for the weight and we wanted to decrease the
variability of the groups for the final volume injected. Mice were randomized for each experiment. Research into sex was determined
by the method of testis development recognition.

Total mice used: 46, divided into:

- Opal flox/flox at P2: 1 mutant vs 1 ct mouse;

- Opal flox/flox at P30: 3 mutant vs 3 cts mice;

- For the fasting studies: 24 wt mice, adults

- for the Pharmacokinetics studies: 14 wt mice (female), adults

The study did not involve samples collected from the field
All animal care and all protocols used were carried out according to the Institutional regulations and specifically approved by the

institutional care and use ethical committee at the San Raffaele Scientific Institute, further approved by the Italian Ministry of Health
(IACUC #921)

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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