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C1l30rf31 (FAMIN) is a central regulator of
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Single-nucleotide variations in C130rf31 (LACC1) that encode p.C284R and p.1254V in a protein of unknown function (called
‘FAMIN’ here) are associated with increased risk for systemic juvenile idiopathic arthritis, leprosy and Crohn’s disease. Here

we set out to identify the biological mechanism affected by these coding variations. FAMIN formed a complex with fatty acid
synthase (FASN) on peroxisomes and promoted flux through de novo lipogenesis to concomitantly drive high levels of fatty-acid
oxidation (FAO) and glycolysis and, consequently, ATP regeneration. FAMIN-dependent FAO controlled inflammasome activation,
mitochondrial and NADPH-oxidase-dependent production of reactive oxygen species (ROS), and the bactericidal activity of
macrophages. As p.1254V and p.C284R resulted in diminished function and loss of function, respectively, FAMIN determined
resilience to endotoxin shock. Thus, we have identified a central regulator of the metabolic function and bioenergetic state of
macrophages that is under evolutionary selection and determines the risk of inflammatory and infectious disease.

Immunological and inflammatory diseases arise from complex
environment-gene interactions. While the external triggers remain
unknown, human genetic studies have revealed the genomic-risk
‘landscapes’ of these conditions. Genes encoding proteins with estab-
lished immunological function have been predictably identified as
plausible candidates at various risk loci. The mechanistic contribution
of their polymorphic variants to disease pathophysiology has been
addressed experimentally for a few of these genes, although this is
currently based largely on conjecture for most. Furthermore, for a
large number of risk loci and genes, it remains entirely unclear how
their products are mechanistically involved in disease, including some
for which no biological function is known yet at all. We hypothesized
that studying uncharacterized gene products singled out by genetic
disease association might reveal novel biological mechanisms that
are important not only for human health but also for mammalian
biology in general.

Two coding polymorphisms in C130rf31 (LACCI), an open read-
ing frame that encodes a protein of unknown function, render this
gene and its product particularly notable. First, homoallelic carriage
of a rare missense mutation at g.43,883,879T>C, which leads to sub-
stitution of arginine for cysteine at position 284 (p.C284R), has been
linked in consanguineous families to systemic juvenile idiopathic

arthritis (sJIA) (a periodic fever syndrome) and to early-onset Crohn’s
disease (CD) (an inflammatory bowel disease)!2. Second, the hap-
lotype identified by the common single-nucleotide polymorphism
(SNP) rs3764147 (g.43,883,789A>G), which leads to substitution of
valine for isoleucine at position 254 (p.1254V), has been associated
with increased risk for leprosy (an infection caused by Mycobacterium
leprae) and CD34,

Here we found that the protein encoded by that open reading frame
served as ‘rheostat’ for the synthesis of endogenous fatty acids and their
mitochondrial oxidation and thereby controlled glycolytic activity and
overall ATP regeneration. As a consequence, the product of this poly-
morphic gene determined the mitochondrial and nicotinamide adenine
dinucleotide phosphate (NADPH)-oxidase-dependent production of
reactive oxygen species (ROS), bactericidal activity and inflammasome
activation in macrophages. These findings prompted us to call this
protein FAMIN’ (‘fatty acid metabolism-immunity nexus’).

RESULTS

Interaction of FAMIN with fatty acid synthase

Cl13orf31 mRNA has its highest expression in macrophages and is pre-
dicted to encode a cytoplasmic protein of 430 amino acids that lacks
similarity to other mammalian protein families>. We performed
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Figure 1 FAMIN interacts with fatty acid
synthase and localizes to peroxisomes.

(a) Immunoblot analysis (IB) of FAMIN and
FASN (right margin) in primary human
macrophages (M®) derived from peripheral
blood mononuclear cells and in U937 and
THP-1 macrophages differentiated with PMA
(below blots), assessed after immunoprecipitation
(IP) with antibody to FAMIN (anti-FAMIN), -
mouse immunoglobulin G (IgG; control) or Mi® Mo
anti-FASN (above lanes) or without immunoprecipitation

(Input; far right). Left margin, molecular size, in kilodaltons (kDa).
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(b) PLA of FAMIN and FASN (yellow) in THP-1 macrophages also stained with the DNA-binding dye DAPI (blue throughout). (¢) Immunoblot
analysis of FAMIN or GAPDH (loading control) in lysates of HEK293 cells transfected to express human FAMIN(p.2541) or FAMIN(p.254V) or

with vector alone (above lanes), assessed with (top blot) or without (bottom two blots) immunoprecipitation with anti-FASN. (d) Immunofluorescence
analysis of the co-localization of FAMIN (red) with PMP70 (green) in primary human macrophages (enlarged from areas outlined in Supplementary
Fig. 2a); far right, enlargement of the area outlined at left. (e) PLA of FAMIN and PMP70 (red) in THP-1 macrophages. (f) Immunofluorescence
analysis of the co-localization of FASN (red) with catalase (green) in mFamin*/* and mFamin~'~ M1 macrophages (M1®) and M2 macrophages
(M2®). (g) Quantification of the results in f. (h) PLA of FASN and catalase (yellow) in mFamin*/* and mFamin=- M1 and M2 macrophages.

(i) Quantification of the results in h. Scale bars (b,d-f,h), 5 um. Data are representative of three independent experiments (a—e) or one experiment
with three mice and six cells (f,g) or ten cells (h,i) imaged per sample (f-i; mean + s.e.m.).

an unbiased proteomics search for interaction partners to begin to
elucidate FAMIN’s function. After discounting proteins involved in
the synthesis, folding and degradation of proteins or cytoskeletal
organization, we found that fatty acid synthase (FASN; EC 2.3.1.85)
was the most abundant peptide detected with FAMIN tagged with
Strep-tag at the amino or carboxyl terminus, expressed as ‘bait’ in
HEK293T human embryonic kidney cells (Supplementary Fig. 1 and
Supplementary Table 1). Endogenous FAMIN reciprocally immuno-
precipitated together with FASN in lysates of primary human mono-
cytes differentiated into macrophages, as well as in lysates of THP-1
and U937 human monocytic cell lines differentiated into macrophages
(Fig. 1a). A proximity-ligation assay (PLA) further confirmed the
co-localization of FAMIN and FASN in situ (Fig. 1b). The two com-
mon polymorphic FAMIN variants with either isoleucine (p.254I)
or valine (p.254V) at amino acid position 254 exhibited equivalent
interaction with FASN in co-immunoprecipitation experiments
with lysates of HEK293T cells transfected with vector expressing
FAMIN (Fig. 1c), which further confirmed that FAMIN was in a
complex with FASN.

Mammalian FASN is a large cytoplasmic polypeptide multi-
enzyme central to de novo lipogenesis (DNL)7. FASN associates with
membranes in various subcellular compartments®. We therefore
performed confocal microscopy to determine the intracellular
localization of FAMIN in macrophages differentiated from primary
human monocytes and THP-1 cells. Immunofluorescence analysis
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revealed nearly perfect co-localization of FAMIN with the peroxi-
some markers PMP70 and catalase (Fig. 1d and Supplementary
Fig. 2a-c), while it had little co-localization with other
organelle markers (Supplementary Fig. 2d,e). Co-localization
between FAMIN and PMP70 was confirmed by PLA (Fig. le
and Supplementary Fig. 2f); this confirmed the peroxisomal
localization of FAMIN.

Peroxisomes are organelles involved in lipid metabolism that are
closely associated with lipid droplets and mitochondria®. Macrophages
exhibit metabolic and functional plasticity, epitomized by in vitro
culture under non-polarizing (MO), classical (M1) or alternative
(M2) activation conditions!?. While aerobic glycolysis is a defining
characteristic of ‘inflammatory’ M1 macrophages and is their chief
mechanism for the generation of ATP!!, ‘regenerative’ M2 macro-
phages rely on mitochondrial fatty-acid oxidation (FAO; also called
‘B-oxidation’) to fuel oxidative phosphorylation!2. To study FAMIN'’s
function, we generated mice in which we knocked out alleles of Lacc1
(9030625A04Rik, the mouse homolog of the human gene C130rf31;
called ‘mFamin’ here)!? (Supplementary Fig. 3). Similar to FAMIN,
FASN does not have a peroxisomal localization motif and has been
shown to form a complex with PMP70 on the cytoplasmic side of
peroxisomes®!4. Consistent with that, we found that a portion of
cellular FASN immunoreactivity localized together with catalase-
positive peroxisomes in mFamin*/* M1 macrophages (20% * 3%
(mean * s.e.m.)) and M2 macrophages (4% *+ 2%), and this was not
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Figure 2 FAMIN promotes glycolysis and e
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affected by the absence of FAMIN (Fig. 1f,g). PLA confirmed those
spatial relationships (Fig. 1h,i). Bone-marrow-derived macrophages
cultured under M0, M1 or M2 conditions all expressed mFamin
mRNA, with the highest expression in cells differentiated under M1
conditions (Supplementary Fig. 4a). Expression of Fasn mRNA was
similar in mFamin*/* macrophages and mFamin~'~ macrophages,
with the highest expression in cells cultured under M2 conditions
(Supplementary Fig. 4b). In addition, expression of FASN protein
was also equivalent in mFamin*/* M1 and M2 macrophages and their
mPFamin~/~ counterparts (Supplementary Fig. 4c). Together our data
indicated that FAMIN and FASN formed a complex on peroxisomes
and that the peroxisomal localization of FASN, particularly prominent
in M1 macrophages, was not impaired in mFamin~'~ cells.

Control of carbon flux via DNL by FAMIN
FASN catalyzes all steps in the synthesis of long-chain saturated
fatty acids (LCFAs) (predominantly C16:0 palmitic acid)!®. This
enzymatic reaction utilizes cytoplasmic acetyl-coenzyme A (acetyl-
CoA), malonyl-CoA (generated from acetyl-CoA by carboxyla-
tion) and NADPH!. Cytoplasmic acetyl-CoA is itself generated by
ATP citrate lyase after the export of mitochondrial citrate formed
during glucose- or amino-acid-fueled Krebs-cycle activity!®. In con-
sequence, FASN function allows the storage of excess energy, derived
from glucose and amino-acid oxidation, in lipid droplets after the
activation of LCFA and its esterification to LCFA-CoA and thence to
triacylglycerol!”. FASN also synthesizes fatty-acyl moieties of mem-
brane lipids and provides the precursors of many other cellular and
signaling lipids. Given the diverse functions of lipid moieties that are
dependent on FASN function, precise channeling of its products into
distinct metabolic pathways is essential'>17.

To assess FASN activity in situ, we pulse labeled mouse bone-
marrow-derived macrophages with [13C| ,]-glucose (Supplementary
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Fig. 5a). Uptake of 13C into total LCFAs and palmitic acid was below
the limit of detection in mFamin*/* and mFamin~/~ M1 and M2
macrophages (data not shown), consistent with limited turnover and
exogenous uptake of the large pools of free fatty acids. However, we
did observe incorporation of 13C into C16:0 and C18:1 fatty-acyl-
CoA esters (the activated forms of LCFAs used for lipid synthesis and
mitochondrial oxidation) in mFamin*/* M1 and M2 macrophages
(Fig. 2a-d). Together these data indicated that newly synthesized
fatty acids were immediately esterified to CoA for subsequent use
and thus did not determine the abundance of the free-fatty-acid pool.
Furthermore, we discovered that the incorporation of 13C into C18:1-
CoA in M1 macrophages and into C16:0-CoA and C18:1-CoA in M2
macrophages was much lower in mFamin™/~ cells than in mFamin*/*
cells (Fig. 2a—d). The abundance of total LCFA-CoA was also signifi-
cantly lower in mFamin~/~ M1 and M2 macrophages than in their
mPFamint/* counterparts (Fig. 2e,f), while total fatty-acid content,
including palmitic acid, was predictably indistinguishable in cells
of these genotypes (Supplementary Table 2). Together these data
indicated that FAMIN determined, via DNL, the availability of fatty-
acyl-CoA for processes such as FAO.

FAO requires the transport of CoA-activated LCFAs across mito-
chondrial membranes as acyl-carnitine esters!8. The exchange of
CoA for carnitine by the cytoplasmic carnitine palmitoyltransferase
CPT1a is the rate-limiting step of FAO!8. Consistent with the dimin-
ished specific availability of fatty-acyl-CoA, the incorporation of
[13C; »]glucose-derived 13C into fatty-acyl carnitine species (total
and C16:0) was much lower in mFamin~/~ M2 macrophages than
in mFamin*/* M2 macrophages (Fig. 2g,h), while its incorpora-
tion was below the limit of detection in M1 macrophages (data not
shown). Notably, while the incorporation of glucose-derived 13C into
acyl-CoA was substantial after a 24-hour pulse (~20-30% of C16:0-
CoA and C18:1-CoA in mFamint/* M2 macrophages), it was low
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Figure 3 FAMIN augments FAO. (a,b) OCR of M1®
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trolled the flux of glucose-derived carbon
into DNL and onward into acyl carnitine, with the latter possibly

involving an intermediary step via triacylglycerols!2.

Control of glycolysis by FAMIN via DNL

To determine whether loss of FAMIN consequently influenced
glycolytic metabolism in macrophages, we measured the extra-
cellular acidification rate (ECAR), an indicator of glycolysis!®, in
wild-type and mutant macrophages. We found that the ECAR was
much lower in mFamin~/~ M1 macrophages than in mFamin*/+
M1 macrophages, with a similar proportional decrease from the
expected lower baseline in M0 and M2 macrophages (Fig. 2i-k).
The difference in the ECAR was further enhanced after blockade
of the Fy subunit of mitochondrial ATP synthase with oligomycin
A (Fig. 2i-k), which stimulates the alternative generation of ATP
via glycolysis?{. This observation indicated that FAMIN-dependent
glycolysis was maximized under conditions in which mitochondrial
respiration was uncoupled from ATP synthesis. Differences between
mPFamin*/* macrophages and mFamin~~ macrophages in their
ECAR were abolished after inhibition of glycolysis with 2-deoxy-p-
glucose (Fig. 2i-k). Similarly, measurement of ECAR in the pres-
ence of exogenous pyruvate, which bypasses glycolysis, showed that
the ECAR of mFamin~/~ macrophages was indistinguishable from
that of mFamin*/* macrophages (Supplementary Fig. 5b). Together
these data demonstrated that FAMIN determined the baseline and
maximal glycolytic capacity of macrophages. Notably, the intra-
cellular concentration of citrate, which itself inhibits glycolysis
at the level of phosphofructokinase?!, was substantially higher in
mFamin~/~ macrophages differentiated under M1 conditions than
in their mFamin*/* counterparts (Fig. 21). The abundance of Krebs-
cycle intermediates other than citrate in mFamin~'~ M1 and M2

NATURE IMMUNOLOGY VOLUME 17 NUMBER 9 SEPTEMBER 2016

Time (min) Time (min)
macrophages remained indistinguishable from that in their mFamin*/*
counterparts (Supplementary Fig. 5¢), which indicated an absence
of direct effects of FAMIN on Krebs-cycle activity. Collectively, these
results indicated that the impairment in glycolysis might have been a
consequence of defective DNL.

Promotion of mitochondrial FAO by FAMIN

Since we had observed that the extent of carbon flux through DNL
into acyl carnitine was determined by FAMIN, we hypothesized that
FAMIN might control mitochondrial FAO. As expected, mFamin*/*
M2 macrophages had high basal oxidative phosphorylation, as
reflected by their high oxygen-consumption rate (OCR), whereas M1
macrophages had alow OCR that was refractory to treatment with oli-
gomycin, an inhibitor of ATP synthase (Fig. 3a-d). Impaired glycolysis
usually leads to a compensatory increase in oxidative phosphorylation
for the maintenance of ATP intracellular concentrations?2. However,
in addition to their defective glycolysis, mFamin~/~ M1 and M2
macrophages also concomitantly exhibited significantly lower basal
OCR than that of their mFamin*/* counterparts (Fig. 3a-d). Maximal
uncontrolled OCR (MU-OCR) is elicited by dissipation of the mito-
chondrial electrochemical proton gradient with the mitochondrial
uncoupler FCCP (carbonyl-cyanide p-tri-fluoro-methoxy-phenyl-
hydrazone), which also ‘unmasks’ the spare respiratory capacity
(SRC) (the difference between maximal capacity and basal respira-
tory capacity)!?. The MU-OCR was diminished and SRC could not
be elicited in mFamin~/~ M2 macrophages following uncoupling via
FCCP (Fig. 3b,e). Complete inhibition of mitochondrial respiration
via rotenone and antimycin A (inhibitors of electron-transport chain
complexes I and III, respectively) abolished the differences between
mFamin~~macrophages and mFamin*'* macrophages in their OCR
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(Fig. 3a,b). Together these data demonstrated that mFamin~/~ M1 and
M2 macrophages exhibited diminished oxidative capacity in not only
basal respiratory states but also uncoupled respiratory states.

A high basal OCR and SRC in M2 macrophages has been reported
to be secondary to FAO!2. We therefore considered defective FAO
as the cause for the impaired OCR that was particularly apparent in
mPFamin~/~ M2 macrophages. To test the hypothesis that FAMIN spe-
cifically affects mitochondrial FAO and not oxidative phosphorylation
fueled by other substrates, we inhibited the activity of CPT1a. Genetic
silencing of Cptla or blocking CPT1a with the irreversible inhibi-
tor etomoxir?® decreased the OCR in mFamin*/* M2 macrophages
to that in mFamin~/~ M2 macrophages (Fig. 3f and Supplementary
Fig. 5d). Notably, silencing Cptla in mFamin*/* M1 and M2 mac-
rophages reduced their basal ECAR to the low ECAR in mFamin~/~
macrophages, while silencing Cptla in mFamin~/~ cells did not
diminish the ECAR any further (Fig. 3g,h). In summary, our find-
ings demonstrated that loss of FAMIN led to decreased FAO that was
needed to sustain high rates of glycolysis.

FAMIN controls FAO of endogenously synthesized lipids

Given our finding that FAMIN controlled the flux of carbon from
glucose into acyl-CoA, we hypothesized that FAMIN might facilitate
FAO of de-novo-synthesized fatty acids. Blockade of FASN’s function
with the small-molecule synthetic inhibitor C75 (ref. 24) decreased
the basal OCR and SRC in mFamin*/* M2 macrophages and abolished
the differences between mFamin*/* cells and mFamin~/~ cells in OCR
and SRC (Fig. 3a—e). Notably, blockade of FASN with C75 decreased
ECAR in both mFamin*/* M1 macrophages and mFamin*/* M2 mac-
rophages and abolished the mFamin-genotype-related differences in
ECAR (Fig. 4a,b). To provide further support for those findings, we
measured OCR under conditions devoid of exogenous lipids, in which
FAO is thus entirely dependent upon lipids synthesized de novo by
FASN. As observed under lipid-replete conditions above, baseline
OCR and MU-OCR were lower in mFamin~/~ M2 macrophages than
in mFamin*’* M2 macrophages during culture in the absence of
exogenous lipids, and these differences were abolished by inhibition
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of CPT1a with etomoxir (Fig. 4c). Supplementation with exogenous
palmitic acid increased the basal OCR and MU-OCR in mFamin~/~
M2 macrophages to levels equivalent to those in mFamin*/* M2 mac-
rophages (Fig. 4d), which demonstrated that exogenous palmitic acid
was able to ‘rescue’ the lower basal and maximum OCR in ‘starved’
mFamin~'~ M2 macrophages. Finally, blockade of CPT1a in M2 mac-
rophages supplemented with exogenous palmitic acid decreased the
basal OCR and MU-OCR in mFamin™/* cells to rates identical to those
in mFamin~'- cells (Fig. 4e). These data demonstrated that FAMIN
supported FAO and glycolysis via a mechanism that involved DNL.

Control of macrophage energy stores by FAMIN

Given that FAMIN controlled the extent of FAO and glycolysis in
parallel and, notably, that these processes did not ‘cross-compensate’
for each other’s diminished function, we hypothesized that FAMIN’s
function would affect macrophage energy stores. The total cellular
ATP was much lower in bone-marrow-derived mFamin~'~ M1 and
M2 macrophages than in their mFamin*/* counterparts (a decrease
of 30% + 12% and 26% * 6% (mean * s.e.m.), respectively; Fig. 4f).
The concentration of cellular phosphocreatine, a rapidly mobilizable
energy store, was similarly lower in mFamin~'~ M1 and M2 macro-
phages than in their mFamin*/* counterparts (Fig. 4g). Transmission
electron microscopy demonstrated morphological changes in the
mitochondria of mFamin~'~ macrophages, characterized by elonga-
tion and narrowing (consistent with adaptation in response to ATP
depletion), relative to the morphology of mitochondria in mFamin*/+
macrophages?” (Fig. 5a,b). Hence, FAMIN promoted glycolysis, FAO
and, consequently, cellular energy stores in macrophages.

FAMIN and macrophage ROS production

Mitochondrial respiration generates ROS when electrons prema-
turely escape electron-transport-chain complexes I and I1I and react
with molecular oxygen to generate superoxide anions?®. Consistent
with diminished mitochondrial oxidation in the absence of FAMIN,
the abundance of mitochondrial ROS (mROS) was much lower
in mFamin~/~ M1 and M2 macrophages than in their mFamin*/+
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Figure 5 FAMIN-deficient macrophages have a
impaired mROS production and exhibit features
of mitochondrial injury and remodeling.

(a) Transmission electron microscopy

of mFamin*™* and mFamin~'- M1 and

M2 macrophages; arrowheads indicate
mitochondria. N, nucleus. Scale bars, 1 um.

(b) Mitochondrial length and width in cells as

in a. (c,d) mROS in unstimulated mFamin*/*
and mFamin~'- M1 macrophages (c) and M2
macrophages (d) stained with a red fluorescent
mitochondrial superoxide indicator; results

are presented in relative fluorescence units
(RFU). (e—i) eROS production in mFamin*+ c
and mFamin~'= M1 macrophages left untreated

or treated for 16 h with 20 uM C75 (e), for

1 h with 40 uM etomoxir (f) or for 1 h with a

scavenger of mitochondrial superoxide (500 uM 5
mitoTEMPO) (h), or treated with control siRNA
(g,i) or Cptla-specific siRNA (g) or Cybb-specific
siRNA (siCybb) (i), all followed by stimulation
with zymosan; results are presented as relative
light units (RLU) (left) or as the area under the
curve (AUC) (right, e,f,h). Each symbol (c,d)
represents an individual mouse; small horizontal 0
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through the use of small interfering RNA 0 20
approximately halved the production of
eROS in mFamin*/* macrophages polarized
under M1 or M2 conditions and abrogated the mFamin-associated
differences (Fig. 5e and Supplementary Fig. 6c-e). Inhibition
of CPTla with etomoxir diminished the zymosan-elicited gen-
eration of eROS in mFamin*/* macrophages to levels observed in
mFamin~/~ cells, regardless of whether the latter were treated with
etomoxir or not (Fig. 5f and Supplementary Fig. 6f). A similar
pattern of eROS production was observed after silencing of Cptla
(Fig. 5g and Supplementary Fig. 6g) and, notably, after scavenging
of mROS (Fig. 5h and Supplementary Fig. 6h). As expected, the
production of eROS was dependent on the gp91Phox NADPH
oxidase?’, since silencing the gene encoding gp91Phox (Cybb)
largely abolished the mFamin-genotype-related differences (Fig. 5i
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and Supplementary Fig. 6i). Notably, mFamin~/~ macrophages exhib-
ited diminished generation of eROS relative to that of mFamin*/*
macrophages despite greater availability of NADPH in mFamin=/~
macrophages than in mFamin*/* macrophages (Supplementary
Fig. 6j). In contrast to results obtained for macrophages, the
production of eROS elicited by the phorbol ester PMA in mouse
neutrophils was independent of FAMIN (Supplementary Fig. 6k),
consistent with absence of mFamin expression in mouse neutrophils®
(data not shown). In summary, FAMIN controlled mROS produc-
tion via a DNL- and FAO-dependent mechanism and mROS, in turn,
determined the capacity of the NADPH oxidase system to elicit eROS
in macrophages.
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Figure 6 FAMIN(p.1254V) is hypomorphic and FAMIN(p.C284R) leads to complete loss of

function. (a-d) ECAR (a,b) and OCR (c,d) in M1 macrophages (a,c) and M2 macrophages

(b,d) obtained from mFaminP254V, mFaminP254!, mFaminP284R and mFamin~'- mice (keys),
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oligomycin, FCCP and rotenone plus antimycin (c,d). (e) eROS production in mFaminP254V,
mFaminP254! mFaminP284R and mFamin~'- M1 macrophages stimulated with zymosan (presented

as relative light units). (f) eROS production in mFaminP254 and mFaminP254V M1 macrophages

left untreated or treated for 16 h with 20 uM C75 (key) and stimulated with zymosan. (g) Immunoblot
analysis of FAMIN, Strep-tag and B-actin (loading control throughout) in HEK293 cells with stable
expression of human FAMIN(p.2541), FAMIN(p.254V) or FAMIN(p.284R) tagged at the amino terminus
with Strep-tag or transfected with vector only (above lanes). (h) Immunofluorescence analysis of the
co-localization of FAMIN (green) and calreticulin (red) in HEK293 cells as in g (left margin). Scale bars,
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Impaired function of FAMIN p.1254V and p.C284R

We next investigated whether the metabolic mechanisms elucidated
above were affected by genetic variation in mFamin. Wild-type C57BL/
6N mice have the human ‘risk nucleotide guanine that encodes valine
at the corresponding amino acid position 254 (called ‘mFaminP254V”
here). Using the CRISPR-Cas9 gene-editing system, we introduced
single-nucleotide exchanges and generated mice homozygous for the
nucleotide (adenosine) that is protective against leprosy and CD and
that encodes isoleucine at amino acid position 254 (mFaminp2541)28
(Supplementary Fig. 3). We also generated mice homozygous for the
nucleotide (cytosine) at position g.43,883,879 that encodes arginine
at amino acid position 284 (the rare mFaminP28R variant linked to
monogenic sJIA and early-onset CD in consanguineous families)
instead of the highly conserved cytosine at that position (mFaminp284C)
(Supplementary Fig. 3). Metabolic flux was equivalent in mFam-
inP284R macrophages and mFamin~'~ macrophages, while m FaminP2>4!
macrophages exhibited the highest ECAR, basal OCR and MU-OCR,
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and mFaminP?>*V macrophages had intermediate levels of these
(Fig. 6a-d). Consistent with such diminished function and loss of
function for FAMIN(p.1254V) and FAMIN(p.C284R), respectively,
zymosan elicited greater production of eROS from mFaminP?>4! mac-
rophages than from mFaminP?>#V cells, while eROS production in
mFaminP?84R was diminished similar to its decrease in mFamin~~ mac-
rophages (Fig. 6e and Supplementary Fig. 7a). The genotype-related
differences between mFaminP?>*! macrophages and mFaminP?>*V mac-
rophages in zymosan-elicited production of eROS were abolished by
the inhibition of FASN with C75 (Fig. 6f and Supplementary Fig. 7b).
Overexpression of human FAMIN(p.254I) under control of a cytome-
galovirus promoter in HEK293T cells yielded FAMIN expression
indistinguishable from that of cells transfected with a construct encod-
ing FAMIN(p.254V) (Fig. 6g), while expression of FAMIN(p.284R)
was low and FAMIN(p.284R) localized together with calreticulin
(Fig. 6g,h), indicative of retention in the endoplasmic reticulum.
Together our results demonstrated that the substitution p.C284R
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Figure 7 FAMIN deficiency causes defective
bacterial clearance and inflammasome
activation in vitro. (a) Luciferase activity of 200 7 sk
mFamin*'+ and mFamin~= MO macrophages
at O, 4, or 24 h after infection with BCG
expressing a luciferase-reporter-encoding
gene; results are presented as relative
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caused complete loss of FAMIN function, while the single methyl-
group change in p.1254V resulted in diminished FAMIN function.

We next obtained peripheral blood from healthy humans
homozygous for the haplotype linked to greater risk of CD and
leprosy (rs3764147G/G) and the haplotype that is protective against
leprosy and CD (rs37641474/A). We isolated primary neutrophils and
monocytes from the donors and differentiated the latter in vitro into
macrophages under M2 conditions. The expression of FAMIN mRNA
in rs37641475/G M2 macrophages was indistinguishable from that
in rs37641474/A M2 macrophages (Supplementary Fig. 7c). Human
rs3764147G6/G M2 macrophages exhibited less zymosan-elicited
production of eROS than that of rs37641474/A M2 macrophages
(Fig. 6i). In contrast to mouse neutrophils, human neutrophils
expressed FAMIN® (data not shown). Treatment with PMA trig-
gered lower ROS production in rs37641475/G neutrophils than in
rs3764147A/A neutrophils (Fig. 6j); this extended the diminished
function that resulted from the rs37641475/G beyond macrophages.
These data demonstrated that the ‘risk haplotype’ for CD and leprosy
(rs3764147G/G) was associated with decreased production of eROS.
This was a phenocopy of our results obtained with macrophages from
mice in which corresponding nucleotides encoding the amino acid at
position 254 of FAMIN were edited. Collectively, these results identified
the non-synonymous SNP rs3764147 that encodes FAMIN(p.1254V)
as the causal genetic variation of this ‘risk haplotype’.

Control of bactericidal and inflammasome activity by FAMIN

Finally, we turn