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NLRC5 affects diet-induced adiposity in female
mice and co-regulates peroxisome
proliferator-activated receptor PPARg target genes
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Mona Scheurenbrand,2 Fjolla Rexhepi,3 Sheela Ramanathan,3 Philip Rosenstiel,4 W. Florian Fricke,2

and Thomas A. Kufer1,6,*

SUMMARY

Nucleotide-binding and oligomerization domain containing 5 (NLRC5) is the key
transcriptional regulator of major histocompatibility (MHC) class I genes. Recent
observations suggest a role for NLRC5 in metabolic traits and in transcriptional
regulation beyond MHC class I genes. To understand the function of NLRC5 in
metabolic disease, we subjectedNlrc5�/�mice to high-fat diet (HFD) feeding. Fe-
male Nlrc5�/� mice presented with higher weight gain and more adipose tissue
(AT) compared to wild-type (WT) animals. Mechanistically, we demonstrate that
NLRC5 enhanced the expression of peroxisome proliferator-activated receptor
(PPAR) g target genes in human cells. We identify Sin3A and negative elongation
factor (NELF) B as two novel NLRC5 interaction partners and show that Sin3A
partly modulates the synergistic transcriptional effect of NLRC5 on PPARg.
Collectively, we show that NLRC5 contributes to weight gain in mice, which in-
volves transcriptional enhancement of PPARg targets by NLRC5 that is co-regu-
lated by Sin3A.

INTRODUCTION

The rates of obesity have increased alarmingly fast in the last decades, especially in countries with a West-

ern industrialized lifestyle.1 According to data from the World Health Organization (WHO), the prevalence

of obesity worldwide has nearly tripled from 1975 to 2016, with 13% of the world’s adult population being

obese in 2016. The excess of adipose tissue (AT), which is themain characteristic of obesity, is accompanied

by several comorbidities, including the metabolic syndrome (MetS).2 Since the discovery that the AT pro-

duces tumor necrosis factor a (TNF-a) in a mouse model of high-fat diet (HFD)-induced obesity,3 it has

become more and more evident that our immune system plays an important role in the development

and maintenance of obesity-associated comorbidities (reviewed in4). One of the most obvious examples

for the close interconnection of obesity and immunological responses is the chronic state of low-grade,

sterile inflammation, which is a pathological feature of the MetS, as well as type 2 diabetes mellitus

(T2DM) and other obesity-associated comorbidities. This low-grade inflammatory response is believed

to originate mainly from the AT, with AT-resident macrophages (ATM) playing a key role in the develop-

ment of the inflammatory status associated with obesity.5–7 The key mediators of the innate immune system

are pattern-recognition receptors (PRR) which recognize microbe-associated molecular patterns (MAMPs)

or danger-associated molecular patterns (DAMPs) and in the following induce a pro-inflammatory

response.8,9 It was shown that knockout (KO) or knockdown of PRRs improved obesity-associated

comorbidities and inflammation in mice and human and murine cells.10,11 Nucleotide-binding and oligo-

merization domain (NOD)-like receptors (NLRs) are a group of cytosolic PRRs all sharing a common tripar-

tite structure, consisting of a central NACHT (oligomerization module, present in NAIP, CIITA, HET-E, TP-1)

domain, a variable number of C-terminal leucine-rich repeats (LRRs) and a varying N-terminal effector

domain.12 The major function of NLR proteins is to protect the host from invading pathogens by triggering

innate immune responses.13 However, in the last years increasing evidence has been presented that NLRs

are also involved in the low-grade inflammatory status associated with obesity and obesity-associated co-

morbidities (reviewed in14). Genetic deficiency of the NLR protein NOD1 in mice reduced HFD-induced AT

inflammation, weight gain and insulin resistance (IR).15–17 In humans, NOD1 expression is increased in
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Calwerstrasse 7, 72076
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patients with T2DM,18 gestational diabetes19 and MetS.20 For the NLR protein NLRP3, similar effects have

been reported, withNlrp3 KO inmice leading to reduced IR, AT-infiltration of macrophages and insulin and

glucose levels in the serum and protection against HFD-induced, interleukin (IL) -1b-mediated b-cell

fibrosis.21–23 In humans, NLRP3 and IL-1b levels in the AT are positively correlated with the extent of obesity

and IR.24–27 In contrast with NOD1 and NLRP3, the NLR proteins NOD2 and NLRP12 have been shown to

confer protective roles in obesity and associated morbidities in mice.28–31

Unlike most NLR proteins, the NLR protein Nucleotide-binding and oligomerization domain containing 5

(NLRC5) does not function as a classical PRR and its activating ligand here thereto is unknown. Instead,

NLRC5 has been described as the transcriptional master regulator of the major histocompatibility complex

(MHC) class I genes by several groups.32–36 To mediate this transcriptional regulation, NLRC5 is shuttling

into the nucleus and is, because of lacking a DNA binding domain (DBD), binding to promoters of MHC

class I genes indirectly via the so-called MHC enhanceosome.37–39 Beside its main function as a transcrip-

tional regulator, roles of NLRC5 in NF-kB40–46 and interferon (IFN) regulation,34,41,45,47,48 malignant trans-

formation49–53 and inflammasome activation46,54,55 have been described, suggesting multiple biological

activities of NLRC5. Recently, NLRC5 has also been implicated in metabolic traits. NLRC5 was identified

as a candidate gene to affect high-density lipoprotein cholesterol (HDL-C) levels in humans56 and single

nucleotide polymorphisms (SNP) in NLRC5 and its promotors have been associated with altered triglycer-

ide levels as well as dyslipidaemia.57,58 Moreover, specific DNA methylation patterns of the NLRC5 locus

are associated with obesity and body mass index (BMI) in a Ghanaian cohort.59 In mice, a contribution of

Nlrc5 to HFD-induced diabetic nephropathy60 and myocardial damage61 was reported. Together, these

studies strongly support novel roles of NLRC5 in metabolism and body weight regulation. However, the

underlying mechanisms remain elusive.

The peroxisome proliferator-activated receptor (PPAR) g is a nuclear receptor belonging to the steroid re-

ceptor superfamily and functions as a ligand-activated transcription factor.62 PPARg is expressed in brown

AT, large intestine and spleen, but the highest levels are found in white AT.63 In line with its expression

pattern, PPARg is considered the master regulator of adipogenesis.64–67 Heterozygous expression of a

dominant negative version of PPARg as well as AT-specific Pparg KO in mice results in the development

of lipodystrophy and IR.68,69 Accordingly, the dominant negative mutation PPARg Pro495Leu is resulting

in reduced AT generation and the development of IR causing T2DM and hypertension.70,71 The PPARg

gene contains separate promotors, which together with alternative splicing gives rise to two different

PPARg isoforms, PPARg1, and PPARg2, a longer version with additional 28 amino acids at the

N-terminus in humans.63,72,73 Activation of PPARg in adipocytes leads to the expression of proteins

involved in lipid metabolism and accumulation and drives adipocyte differentiation.74,75 One important

PPARg target is the fatty acid-binding protein (FABP) 4. FABP4 maintains adipocyte homeostasis and reg-

ulates lipolysis and adipogenesis through interaction with the hormone-sensitive lipase (HSL) and PPARg,

respectively.76,77

In this study, we show that Nlrc5 deficiency in female mice leads to higher body weight and larger adipose

tissues and adipocyte size on HFD. Furthermore, we confirm the interaction between theNACHT domain of

NLRC5 and themaster regulator of adipogenesis, PPARg, and show that NLRC5 in synergy with PPARg reg-

ulates PPARg target genes that are involved in lipid metabolism. Lastly, we identify two novel NLRC5 inter-

action partners, Sin3A and NELFB, and unravel a potential role of Sin3A in the syngeristic regulation of

PPARg targets by NLRC5 and PPARg.

RESULTS

Female Nlrc5�/� mice on HFD present with higher body weight gain and an increase in

adipose tissue

To investigate the effect of NLRC5 in HFD-induced obesity, 8-week-old female Nlrc5�/� mice (Figure S1)

and wild-type (WT) littermate controls were fed an HFD, containing 30% crude fat, or a control diet (ctrl.)

matched in protein content, containing 4% crude fat, for 11 weeks. As expected, all animals on HFD gained

significantly more weight compared to animals on control diet. Of interest, Nlrc5�/� mice on HFD gained

significantly more weight compared toWT animals on HFD (Figure 1A, Table S2). The higher weight gain of

Nlrc5�/� animals on HFD was not because of hyperphagia, as Nlrc5�/� and WT animals on both diets

consumed similar amounts of food (Figure 1B) and metabolizable energy intake was similar between

both genotypes on ctrl. or HFD (WT[ctrl.] 0.28 MJ/mouse/week; Nlrc5�/�[ctrl.] 0.28 MJ/mouse/week; WT
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[HFD] 0.36 MJ/mouse/week; Nlrc5�/�[HFD] 0.37 MJ/mouse/week). Nlrc5�/� mice on HFD presented with

significantly increased body length and, in accordance with the higher body weight, with increased waist

circumference compared to WT animals (Figure 1C, Table S2). No difference in body length and waist

circumference was observed forNlrc5�/� and WT animals on control diet (Figure 1C, Table S2). The higher

increase in body weight of the Nlrc5�/� animals was, at least in parts, because of an increase in body fat

mass. Nlrc5�/� animals at the end of the experiment presented with significantly larger epididymal and

inguinal AT depots compared to WT animals. Of interest, this effect was already evident, albeit not statis-

tical significant, for the KO animals on control diet, and largely reinforced by HFD feeding (Figure 1D,

Table S2). Because of this very pronounced effect ofNlrc5 KOon AT, we took a closer look into fixed epidid-

ymal AT sections of Nlrc5�/� and control animals on HFD. Nlrc5�/� mice presented with larger adipocytes

(Figure 1E, left panel) with increased mean adipocyte diameter and mean adipocyte area (Figure 1E, mid-

dle panel). In accordance, the size distribution of adipocytes in the epididymal AT shifted toward larger

adipocytes in the Nlrc5�/� compared to the WT animals (Figure 1E, right panel). Of interest, in contrast

to the highly increased weight gain and AT formation, Nlrc5�/� mice on HFD presented with a trend to

reduced serum cholesterol (Figure S2A) and reduced serum triglyceride levels (Figure S2B) compared to

WT controls. A trend to reduced triglyceride levels was also observed for Nlrc5�/� animals on control

diet (Figure S2B). By contrast, mRNA levels of the pro-fibrogenic and pro-inflammatory cytokines Tgf-b

and Tnf-a in epididymal AT (Figures S2C and S2D) and liver (Figures S2E and S2F), did not differ significantly

between Nlrc5�/� and WT animals on both diets. Similar results were obtained in a second independent

experiment using 3 mice per group (data not shown).

Thus, Nlrc5 deficiency in female mice on HFD led to an obesity-like phenotype with increased weight gain

and waist circumference, more AT and larger adipocytes in the epididymal AT. However, despite the pro-

nounced adiposity phenotype, lipid metabolism was not impaired nor were inflammatory reactions

affected by Nlrc5 deficiency.

Microbiome composition in Nlrc5�/� animals

Certain NLRs, such as NLRP12, may modulate the organismal threshold to obesity by affecting gut micro-

bial community composition.31 As the effect of NLRC5 on microbiota composition here thereto has not

been reported and to investigate if the observed HFD-induced phenotype in our Nlrc5�/� animals could

be related to microbial alterations in the gut, taxonomic profiling of fecal samples of Nlrc5�/� and WT an-

imals via 16S rRNA gene amplicon sequencing was performed. Overall, Nlrc5�/� mice showed a reduced

microbiota alpha diversity compared toWTmice, which was significant for the HFD group (HFD[KO vsWT]:

q = 0.018, control diet[KO vsWT]: q = 0.36, Shannon Index, WRST, Figure S3A). The alpha diversity was also

influenced by batch effects (separate amplification runs: p = 0.00025, WRST, Figure S3B), but an even dis-

tribution of samples across these two batches, as well as the inclusion of the batch as a fixed effect in sub-

sequent statistical analyses, were used to control for plate effects on compositional microbial analyses. The

differences in microbial diversity were accompanied by some alterations of the taxonomic composition as

determined by generalized linear mixed models (GLMM). In total, ten bacterial taxa were differentially

associated with either diet or genotype alone or the interaction between diet and genotype (Figure 2A).

Altered relative abundances because of Nlrc5 KO or the HFD only were identified for two genera each.

Comparing Nlrc5 WT to KO mice revealed increased Ruminococcaceae UCG 004 (q = 0.015) and

decreased Lachnospiraceae GCA 900066575 (q = 0.012) relative abundance, whereas in response to the

HFD, the genera Lactobacillus (q = 0.053) and Oscillibacter (q = 0.025) were both increased (GLMMFDR,

Figure 1. Nlrc5 deficiency aggravates HFD-induced obesity

Female WT and Nlrc5�/� mice (n = 5) were fed a control (ctrl.) or high-fat diet (HFD) for 11 weeks.

(A) Body weight of mice over course of feeding and representative pictures of WT andNlrc5�/�mice after 11 weeks of HFD feeding. Data showmeanG S.D.

of 5 animals per condition for each of the indicated time points.

(B) Average food uptake per mouse per week. Data show mean G S.D. of two cages with two or three animals.

(C) Mouse body lengths and waist circumferences after 11 weeks of feeding. Data show mean G S.D.

(D) Weights of epididymal and inguinal fat depots after 11 weeks of feeding. Data show mean G S.D.

(E) Average adipocyte diameter and area in PFA fixed epididymal adipose tissue sections of WT and Nlrc5�/� mice after 11 weeks of HFD feeding. Left:

representative pictures of PFA fixed epididymal adipose tissue sections from WT and Nlrc5�/� mice on ctrl. or HFD; middle: mean adipocyte diameter or

mean adipocyte area per mouse, data show mean G S.D.; right: histogram showing distribution of adipocytes by diameter or by area, data show pooled

results of 5 animals per condition. *p% 0.0332, **p% 0.0021, ***p% 0.0002, and ****p < 0.0001 two-way ANOVA with Tukey’s multiple comparisons test (A,

C, D; adjusted p value) or unpaired t-test (E). See also Figures S1 and S2 and Table S2.
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Figure 2A). Four taxa were further significantly associated with diet and genotype concurrently. The genus

Erysipelatoclostridiumwas increased by HFD (q = 0.031) andNlrc5 KO (q = 0.0027) independently, whereas

the abundance of the family Ruminococcaceae was reduced byNlrc5 deficiency (q = 0.0012) and increased

by HFD (q = 0.03). The two remaining taxa, Ruminococcaceae UCG 003 (q = 0.013) and Clostridiales Family

XIII AD3011 group (q = 0.006), as well as the genera LachnospiraceaeNK4A136 group (q = 0.006) andMar-

vinbryantia (q = 0.015) were associated with the interaction of diet and genotype by the GLMM (Figure 2A).

However, post-hoc analysis of subgroups by Tukey’s test revealed statistical significance only for the Lach-

nospiraceaeNK4A136 group. For this genus, HFD significantly increased the relative abundance in WT an-

imals (q = 0.049), but not HFD-fedNlrc5�/�mice (q = 0.044, Figure 2B). Similar trends were observed for the

genus Clostridiales Family XIII AD3011 group, were Nlrc5 deficiency (q = 0.077) and HFD (q = 0.144) were

separately correlated with increased relative abundance, whereas a combination of both diminished the

effect (q = 0.339, TukeyFDR, Figure 2C). For Marvinbryantia, HFD alone did not change the relative abun-

dance in WT animals (q = 0.574) but reduced it in KO animals (q = 0.0625, TukeyFDR, Figure 2D). Although

for this taxon associations with batch effects were identified (Figure S3C), because of the even distribution

of samples across both batches, no obvious clustering by diet or genotype was determined which could

explain the observed interaction effect of diet and genotype. For Ruminococcaceae UCG 003, the diet:ge-

notype interaction was primarily driven by genotype, as the taxon was only present in half of theWT animals

and further reduced when mice received HFD (q = 0.044, TukeyFDR, Figure S3D).

Taken together, HFD andNlrc5 deficiency alone as well as the interaction between diet and genotype influ-

enced taxonomic gut microbiota composition. These microbiota alterations might contribute to the meta-

bolic phenotype observed for Nlrc5�/� mice.

A

B C D

Figure 2. The high-fat diet induced phenotype in Nlrc5 deficient mice might be associated with the microbiota

composition

(A) GLMM analysis modeled with repeated measurements per mouse and littermates as random effects. Significant (q<

0.05) associations between relative abundance alterations of microbial groups and dietary intervention (d), gene knock

out (g), both (d:g) and technical procedures (p) are shown.

(B–D) Comparisons of estimated marginal means (EMM) by Tukey’s test revealed the Lachnospiraceae genus to be

significantly increased by the high-fat diet (HFD) but notNlrc5 deficiency. For the generaMarvinbryantia andClostridiales

Family XIII AD3011 group only trends of altered relative abundances in response to the diet or gene knock out were

observed. Data show median with first and third quartiles and upper and lower Whiskers of in total 39 (ctrl. diet) or 40

(HFD) fecal samples collected from each of the 5 animals per condition at 8 different time points. Relative abundances are

displayed on a log-scale. GLMM and Tukey’s test p values were BH-corrected with q R 0.05 ns, q < 0.05 *, q < 0.01 **,

q < 0.001 ***. See also Figure S3.
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NLRC5 interacts with PPARg1 via its NACHT domain

PPARg is the master regulator of adipocyte differentiation.64–66 As we observed changes in adipocyte size

in theNlrc5�/� animals on HFDwe wanted to test whether NLRC5 affects PPARg. To this end, we first tested

for protein-protein interactions and used co-expression of either PPARg isoform 1 or PPARg isoform 2 with

GFP-tagged NLRC5 in HEK293T cells. GFP-NLRC5 specifically co-precipitated with PPARg1, but not

PPARg2, and activation of PPARg by treatment with its specific agonist rosiglitazone slightly reduced bind-

ing of PPARg1 to GFP-NLRC5 (Figure 3A). Taking advantage of stable HeLa cell lines with doxycycline-

inducible expression of GFP-NLRC5 (HeLa GFP-NLRC5) or GFP (HeLa GFP) as control, the binding of

endogenous PPARg1, but again not PPARg2, to NLRC5 was confirmed (Figure 3B). This is in line with

data showing that NLRC5 interacts with PPARg in endothelial cell types,78 albeit the isoform specificity

was not addressed by these authors. To map the domain of NLRC5 responsible for interaction, PPARg1

was expressed together with different FLAG-tagged NLRC5 deletion constructs (Figure 3C) in HEK293T

cells and co-immunoprecipitation (co-IP) against FLAG was performed. Co-purification of PPARg1 was

observed for full-length FLAG-NLRC5 (FLAG-NLRC5 FL), for the NLRC5 construct lacking the N-terminal

death domain (FLAG-NLRC5 DDD) and, to a smaller extent, for NLRC5 isoform 3 (FLAG-NLRC5 Iso3), a

naturally occurring NLRC5 isoform lacking most of the LRRs34 (Figure 3D). Co-immunoprecipitation was

neither observed for the N-terminal death domain nor with the C-terminal LRRs (Figure 3D). This binding

pattern showed that the NACHT domain of NLRC5 was necessary for interaction with PPARg1.

A B

C

D

Figure 3. NLRC5 interacts with PPARg isoform 1 by its NACHT domain

(A) Immunoblots from anti-GFP immunoprecipitations (IP) of HEK293T cells transfected with GFP-NLRC5, PPARg isoform 1 or PPARg isoform 2 and

stimulated overnight with 0.4 mg/mL rosiglitazone where indicated. IPs and whole cell lysates (WCL) were probed for GFP and PPARg.

(B) Immunoblots from anti-GFP IPs of HeLa GFP and HeLa GFP-NLRC5 cells induced overnight with 1 mg/mL doxycycline. Blots were probed for GFP and

PPARg.

(C) Domain organization of the NLRC5 constructs used in (D).

(D) Immunoblots from anti-FLAG IPs from HEK293T cells transfected with PPARg isoform 1 and the indicated FLAG-NLRC5 construct. Blots were probed for

FLAG and PPARg. Representative blots of 1 (B) or 2 (A and D) experiment is shown. y, SDS-stable dimer; *, unspecific bands.

ll
OPEN ACCESS

6 iScience 26, 106313, April 21, 2023

iScience
Article



As the NACHT domain is a common structural feature of all NLR proteins, FLAG-tagged NOD1 and class II

transactivator (CIITA), two other NLR family members that are phylogenetically closely related to NLRC5,40

were tested for interaction with PPARg1. CIITA, like NLRC5, functions as transcriptional regulator and is

known as the master regulator of MHC class II genes.79 NOD1 in contrast functions as a classical PRR,

recognizing intracellular peptidoglycan and initiating pro-inflammatory responses.80 PPARg1 co-immuno-

precipitated with FLAG-CIITA to a similar extend as NLRC5 FL. In contrast, no binding over background

level of PPARg1 to FLAG-NOD1 was detected (Figure 3D). Thus, binding of PPARg1 to the NACHT domain

of NLRC5 seems to occur with high specificity, but not exclusivity, as PPARg1 also co-immunoprecipitated

with NLRC5’s closest phylogenetic relative, CIITA, but not with NOD1.

In summary, our data showed that PPARg isoform 1, but not isoform 2, interacts with NLRC5 by its central

NACHT domain, proposing a role of NLRC5 in the regulation of PPARg activity.

NLRC5 enhances transcription of PPARg target genes

Having demonstrated interaction betweenNLRC5 and PPARg1, in a next step we investigated the effects of

NLRC5 on PPARg-mediated transcriptional regulation. To this end, HeLa GFP and HeLa GFP-NLRC5 cells

were used which predominantly express PPARg isoform 1 (Figure S4A). Functionality of the cell lines was

verified on protein and mRNA level by immunoblot and qRT-PCR, respectively (Figures 4A and 4B). GFP

and GFP-NLRC5 proteins were only detected on doxycycline induction (Figure 4A). As expected, expres-

sion of human leukocyte antigen (HLA)-A or-B, two MHC class I molecules, was detectable on protein and

mRNA level only in HeLa GFP-NLRC5 cells (Figures 4A and 4B). HLA-A/B was detected in both, induced and

uninduced HeLa GFP-NLRC5 cells, to a similar extend (Figures 4A and 4B) because of a very low basal GFP-

NLRC5 expression in uninduced cells (Figure 4B). Thus, minor amounts of NLRC5 are sufficient to boost a

full MHC class I response, highlighting the potency of NLRC5 as transcriptional regulator. To analyze the

influence of NLRC5 on PPARg transcriptional activity, we measured the expression of cluster of differenti-

ation 36 (CD36) and fatty acid-binding protein 4 (FABP4), two known PPARg targets. Successful induction of

NLRC5 expression was verified on mRNA level (Figure 4C). To activate PPARg, cells were treated with ro-

siglitazone. As expected,81,82 rosiglitazone treatment led to increased expression of both PPARg targets in

HeLa GFP and HeLa GFP-NLRC5 cells (Figure 4C). Expression of NLRC5 by doxycycline treatment alone

was sufficient to increase FABP4 transcription to approximately the levels observed in rosiglitazone stim-

ulated HeLa GFP cells (Figure 4C). As seen for MHC class I genes, even the very low expression of

NLRC5 in uninduced HeLa GFP-NLRC5 cells was sufficient to drive FABP4 transcription (Figure 4C). Simul-

taneous rosiglitazone treatment and expression of GFP-NLRC5, both, basal and induced, led to a strong

synergistic activation of FABP4 transcription compared to rosiglitazone-treated HeLa GFP cells. As seen

for the cells without rosiglitazone treatment, only a slight further increase was observed when inducing

the expression of GFP-NLRC5 by doxycycline treatment (Figure 4C). For CD36, similar observations

were obtained, although the effect was less pronounced compared to FABP4 (Figure 4C).

To further investigate the positive synergistic effect of NLRC5 on PPARg-mediated transcription of target

genes, the expression of FABP4 in HeLa GFP and HeLa GFP-NLRC5 cells treated with increasing concen-

trations of rosiglitazone was analyzed (Figure 4D). As shown above, FABP4 expression was not detectable

in untreated HeLa GFP cells but increased on rosiglitazone treatment, expression peaking at a concentra-

tion of 0.2 mg/mL (Figure 4D, white bars). In HeLa GFP-NLRC5 cells, FABP4 expression was readily detect-

able without rosiglitazone treatment and treatment of these cells with rosiglitazone potentiated the

expression of FABP4 compared to HeLa GFP cells, validating a synergy in transcriptional activation be-

tween NLRC5 and PPARg. Minor amounts of NLRC5 were sufficient to mediate this synergistic transcrip-

tional activation of FABP4, as the leaky expression of NLRC5 in HeLa GFP-NLRC5 cells was sufficient to

drive this synergistic effect (Figure 4D, gray bars, middle panel) and induction of NLRC5 expression by

doxycycline treatment only slightly further enhanced this effect for the lower concentrations of rosiglita-

zone (Figure 4D, gray bars, right panel). The synergistic effect of NLRC5 and PPARg in activating FABP4

transcription was also verified in HEK293 cell lines expressing GFP or GFP-NLRC5 on doxycycline induction

with qualitatively similar results (Figures S4B and S4C). Inhibition of PPARg by the specific antagonist

GW9662 led to complete abrogation of the rosiglitazone-induced increase in FABP4 transcription in

both HeLa GFP and HeLa GFP-NLRC5 cells. GW9662 also abolished the synergistic effect of NLRC5 expres-

sion on FABP4 transcriptional upregulation in HeLa GFP-NLRC5 cells but did not affect NLRC5-induced

FABP4 expression (Figure 4E). These data conclusively support that PPARg and NLRC5 synergistically drive

the transcription of PPARg target genes.
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PPARg as a nuclear receptor is localized to the nucleus,83,84 whereas NLRC5 is predominantly present in the

cytoplasm but able to translocate into the nucleus.32,37,40,85 The nuclear shuttling is mediated by a nuclear

localization sequence (NLS) localized between the CARD and NACHT domains of NLRC5.32 In a next step,

we sought to investigate if NLRC5 localization is needed to mediate its synergistic effect with PPARg on

FABP4 transcription. For this, we used stable HeLa cell lines with doxycycline inducible expression of three

different NLRC5 variants which we recently characterized:37 NLRC5 NLS I harbors a mutation in the NLS

rendering it incapable of translocating to the nucleus, NLRC5 2xNLS possesses two SV40 NLS and there-

fore is predominantly localized to nucleus, and NLRC5 isoform 3, lacking most of the LRR domain, presents

with impaired nuclear export and thus is localized predominantly to the nucleus compared toWTNLRC5.37

Localization of the NLRC5 variants was verified by immunofluorescence (Figure S4D). As seen before, GFP-

NLRC5 expression in combination with rosiglitazone treatment led to a strong increase in FABP4 expres-

sion compared to a GFP expressing control cell line (Figure 4F). In contrast, expression of GFP-NLRC5NLS I

did not upregulate FABP4 and activation of PPARg in these cells led to a less pronounced increase in FABP4

transcription compared to HeLa GFP-NLRC5 cells (Figure 4F). As seen in previous work for MHC class I

A B

C D

E F

Figure 4. NLRC5 enhances FABP4 transcription

(A) Immunoblot of protein lysates from HeLa GFP and HeLa GFP-NLRC5 cells, induced overnight with doxycycline where

indicated. Probing for GFP, HLA-B and GAPDH as loading control is shown.

(B–F) Expression ofNLRC5 (B and C), HLA-A (B), CD36 (C) and FABP4 (C–F) in HeLa cell lines expressing GFP, GFP-NLRC5

(B - F) or GFP-tagged NLRC5mutants (F). (B) HeLa GFP and HeLa GFP-NLRC5 cells were treated with 1 mg/mL doxycycline

and 0.1 mg/mL rosiglitazone for 20–24 h, p = 0.0036 (NLRC5)/0.0250 (HLA-A) Kruskal-Wallis test. (C) HeLa GFP and HeLa

GFP-NLRC5 cells were treated with 0.2 mg/mL doxycycline and 0.02 mg/mL rosiglitazone 20–24 h, p = 0.0091 (NLRC5)/

0.0087 (CD36)/0.0091 (FABP4) Kruskal-Wallis test. (D) HeLa GFP and HeLa GFP-NLRC5 cells were treated with 1 mg/mL

doxycycline and the indicated concentrations of rosiglitazone for 20–24 h, p = 0.0012 Kruskal-Wallis test. (E) HeLa GFP and

HeLa GFP-NLRC5 cells were treated with 1 mg/mL doxycycline, 0.1 mg/mL rosiglitazone and 10 mM GW9662 for 20–24 h,

p = 0.0044 Kruskal-Wallis test. (F) HeLa GFP, HeLa GFP-NLRC5 WT or HeLa cells stably expressing GFP-tagged NLRC5

mutants were treated with 1 mg/mL doxycycline and 0.2 mg/mL rosiglitazone for 20–24 h, p = 0.0012 Kruskal-Wallis test.

(B–F) Gene expression was determined by qRT-PCR. Data show mean G S.D. of at least two independent experiments

conducted in technical replicates. See also Figures S4 and S5.
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genes,37 expression of GFP-NLRC5 Isoform 3 did not induce FABP4 transcription over the levels in HeLa

GFP cells. Expression of GFP-NLRC5 2xNLS failed to induce FABP4 expression and simultaneous activation

of PPARg in these cells led to a somewhat lower increase in FABP4 transcription compared to GFP-NLRC5

WT cells (Figure 4F). Thus, nuclear localization, nuclear shuttling, and the NLRC5 C-terminal LRR domain

are important for PPARg target gene activation by NLRC5, confirming a model in which direct interaction

in the nucleus is necessary for the observed biological effects.

To substantiate our results obtained in the HeLa cell lines, we used bone marrow-derived macrophages

(BMDMs) from WT and Nlrc5�/� animals. As NLRC5 has been shown to influence lipopolysaccharide

(LPS)-induced pro-inflammatory signaling,40,41 BMDMs were stimulated with 50 ng LPS for 6 h and Tnf-a

secretion was measured by ELISA. To investigate the effect of PPARg on LPS-induced pro-inflammatory

signaling, BMDMs were treated with rosiglitazone overnight before LPS stimulation. LPS stimulation highly

induced Tnf-a secretion in bothWT andNlrc5�/� cells.Nlrc5 KO cells showed higher Tnf-a levels compared

to WT cells, indicating an anti-inflammatory effect of NLRC5 in the context of LPS-induced pro-inflamma-

tory signaling. In accordance with the literature,86,87 PPARg activation by pre-treatment of BMDMs with

rosiglitazone markedly reduced Tnf-a secretion. This effect was obvious in both, WT and Nlrc5 KO cells

(Figure S5A). However, in Nlrc5�/� BMDMs the reducing effect of rosiglitazone was less stringent as in

the WT BMDMs (Figure S5B, 63% reduction of Tnf-a production in WT versus 48% reduction in KO

BMDMs). This finding substantiates our results obtained in the HeLa and HEK293T cell lines and points to-

ward a synergistic effect of NLRC5 and PPARg, not only in PPARg target gene induction but also in the

context of LPS-induced inflammation. This might indicate that besides a direct effect on adipocytes,

NLRC5 might also regulate pro-inflammatory macrophages in the AT.

Sin3A and NELFB interact with NLRC5 and Sin3A influences FABP4 transcription by NLRC5

To identify accessory factors that mediate the effect of NLRC5 on the induction of PPARg target genes, we

screened for novel NLRC5 interaction partners involved in transcriptional regulation. As we recently

showed that the N-terminal NLRC5 death domain (DD) has transcriptional activity and confers specificity

for MHC class I gene regulation,33 we performed a yeast two-hybrid (Y2H) screen using the DD of

NLRC5 (amino acids 1–139) as bait. Out of 73.5 million interactions tested, 228 clones showed interaction

and were sequenced and results ranked according to the predicted biological score (PBS), which takes into

account known false positives from other screens.88 Notably, several importin alpha proteins were identi-

fied as interaction partners, providing confidence in the approach, as NLRC5 shuttles into the nucleus in an

importin-dependent manner32 (Table S3). Amongst the very high and high-confidence candidates (PBS

scores A and B), Sin3A and negative elongation factor (NELF) B (COBRA1), two known transcriptional reg-

ulators, caught our interest. Sin3A is an essential scaffold for the histone deacetylase (HDAC) complex, in-

teracting with eight core proteins, and controls transcription both positively and negatively.89 NELFB is

part of the negative elongation factor (NELF) complex that binds and stalls the RNA polymerase II complex

at the promoter region downstream of the transcriptional start site.90,91 Overlapping the 38 different clones

encoding Sin3A fragments identified the interaction site of NLRC5 DD within aa 595–717 of Sin3A, corre-

sponding to the HDAC interaction domain (HID) (Figure 5A, schematic representation). For NELFB three

clones were obtained that overlapped in a fragment of aa 57–405 of NELFB (Figure 5B, schematic repre-

sentation). To validate the data from the Y2H screen, we transiently overexpressed different NLRC5 dele-

tion constructs in HEK293T cells and performed co-IP experiments. These confirmed the binding of NLRC5

FL, NLRC5 Isoform 3 an NLRC5 DD, but not of an NLRC5 construct lacking the DD (DDD), to FLAG-Sin3A

(Figure 5A). Similar results were obtained from co-IP experiments with NLRC5 deletion constructs and

ectopically expressed NELFB, with NELFB co-purifying with NLRC5 FL, Isoform 3 and DD, but not with

NLRC5 DDD (Figure 5B). These results proof the NLRC5 DD to be both necessary and sufficient for

Sin3A and NELFB binding.

As both Sin3A and NELFB function as transcriptional regulators,89–91 in a next step, we investigated the in-

fluence of Sin3A and NELFB on the NLRC5-mediated PPARg target gene expression. To this end, siRNA-

mediated knockdown (KD) of either Sin3A or NELFB was performed in HeLa GFP and HeLa GFP-NLRC5

cells. PPARg was activated by rosiglitazone treatment after KD and FABP4 mRNA levels were determined

by qPCR. As we showed above that the leaky expression of NLRC5 in combination with PPARg activation

was sufficient to induce high levels of FABP4 transcription, GFP-NLRC5 expression was not actively induced

by doxycycline treatment. KD of Sin3A and NELFB led to a significant reduction of the corresponding

mRNA level by more than 50% compared to non-targeting control siRNA (siNT) (Figure 5C). As shown
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A

B

C

Figure 5. Sin3A interacts with NLRC5 by its death domain and influences FABP4 induction by NLRC5

(A and B) Upper panel: schematic illustration of NLRC5 interaction with Sin3A (A) and NELFB (B). Lower panel: Immunoblots from anti-FLAG IPs of

HEK293T cells expressing the indicated myc-tagged NLRC5 constructs and FLAG-Sin3A (A) or FLAG-NELFB (B), respectively. Blots were probed for myc and

FLAG. Representative blot from 3 independent experiments is shown.
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above, PPARg activation highly increased transcription of FABP4 in HeLa GFP-NLRC5 cells compared to

HeLa GFP cells. Although KD of NELFB did not affect FABP4 mRNA expression in both cell lines, reduced

levels of Sin3A led to an increased expression of FABP4 in HeLa GFP as well as HeLa GFP-NLRC5 cells

compared to cells treated with a non-targeting control siRNA (siNT). Thereby, the effect was more pro-

nounced in HeLa GFP-NLRC5 than in HeLa GFP cells, as Sin3A KD in GFP-NLRC5 expressing cells led to

more than a 120% increase in FABP4 expression compared to a 92% increase in FABP4 mRNA for HeLa

GFP cells (Figure 5C). This effect of Sin3A KD was rather specific for the PPARg target FABP4 as Sin3A

KD did not significantly increase HLA-A mRNA levels compared to siNT control (Figure 5C). This was

also validated by western blot, where no effect of Sin3A KD on NLRC5-mediated MHC class I protein

expression was observed (Figure S6A) and by overexpression of Sin3A, that did not significantly affect

NLRC5-mediated B250 promotor activity measured by luciferase reporter assay (Figure S6B).

Taken together, Sin3A and NELFB were identified as novel NLRC5 interacting proteins that associate with

NLRC5 via its DD. Of these two known transcriptional regulators, Sin3A contributes to the synergistic tran-

scriptional regulation of FABP4 by NLRC5 and PPARg.

DISCUSSION

NLRC5 has been identified by us and others as the master regulator of MHC class I genes.32,33,37 Although

MHC class I regulation is undoubtedly a key function, NLRC5, like several other NLR proteins, in the recent

years has also been implicated in metabolic traits (reviewed in14). Two independent epigenome-wide as-

sociation studies identified the NLRC5 locus to be differentially methylated in normal weight versus obese

individuals, but with conflicting results, with Meeks et al.59 positively and Cao-Lei et al.92 negatively asso-

ciating methylation of the NLRC5 locus with obesity,59,92 BMI and waist circumference.59 In most cases,

DNA methylation mediates gene repression.93 Thus, our results are in line with the work of Meeks et al.

finding associations of lower accesibility of the NLRC5 locus with obesity.59 Of interest, another study

also reported a trend toward increased weight gain in Nlrc5 deficient animals on HFD, however without

mechanistically elaborating on this finding.61Nlrc5 deficient animals on HFD presented with significantly

increased body length compared to HFD-fed WT animals (Figure 1C) which might confound the signifi-

cantly increased body weight gain for Nlrc5�/� animals on HFD. However, when normalizing final body

weight to body length, the difference between the two genotypes was still significant (WT (HFD)

2.609 g/cm, S.E.M. 0.147; Nlrc5�/� (HFD) 3.272 g/cm, S.E.M. 0.095; adjusted p value 0.0007 two-way

ANOVA with Tukey’s multiple comparisons test). In this work, we identify a strong adiposity phenotype

for female Nlrc5 deficient mice. We did also include male mice in our feeding study, but the results were

inconclusive compared to the strong phenotype in female mice. Further work is needed to adress the po-

tential sex-specificity of Nlrc5 deficiency in the obesity context.

SNPs in NLRC5 have been associated with alterations in lipid metabolism.56–58 Charlesworth et al. showed

that SNPs inNLRC5 significatly correlated with HDL-C levels.56 In line, Hosseinzadeh et al. correlated SNPs

in NLRC5 with HDL-C, cholesterol and triglyceride levels57 and one SNP in NLRC5 (rs2178950) has been

associated with low-densitiy lipoprotein (LDL) and total cholesterol dyslipidemia.58 Together with our ob-

servations on reduced serum triglyceride levels forNlrc5 KO compared toWTmice (Figure S2B), these data

point toward an influence of NLRC5 on lipid metabolism, the nature of which remains to be determined in

more detail in further studies.

DNA methylation of NLRC5 also has been positively associated with circulating TNF-a concentration and

inversely correlated with the risk of coronary heart disease.94 The role of NLRC5 in inflammation is contro-

versially discussed. NLRC5 has been shown to inhibit NF-kB signaling in vitro in a HEK293T cell-based re-

porter gene assay40,41 and in RAW264.7 macrophages.43In vivo, Tong et al. found enhanced IL-6 and IFN-b

production in Nlrc5 deficient murine embryonic fibroblasts (MEF), peritoneal macrophages and BMDMs in

LPS or vesicular stromatitis virus-challenged Nlrc5 KO animals.45 In accordance, accelerated cardiac

fibrosis with increased NF-kB activation and Tnf-a and Tgf-b production in Nlrc5 KO mice on HFD was

Figure 5. Continued

(C) FABP4, HLA-A, Sin3A and NELFB expression in HeLa GFP and HeLa GFP-NLRC5 cells after siRNA-mediated Sin3A or NELFB knockdown. Cells were

treated with 0.2 mg/mL rosiglitazone for 22 h after 48 h of knockdown. p = 0.0163 (FABP4)/0.0032 (HLA-A)/0.0079 (Sin3A)/0.0110 (NELFB) Kruskal-Wallis test.

Gene expression was determined by qRT-PCR. Data show mean G S.D. of two (HLA-A) or three (FABP4, Sin3A, NELFB) independent experiments. See also

Figures S6 and S7.

ll
OPEN ACCESS

iScience 26, 106313, April 21, 2023 11

iScience
Article



reported.61 In contrast, Nlrc5 deficiency reduced diabetic kidney injury by supression of NF-kB and reduc-

tion of the TGF-b/Smad pathway compared to Nlrc5 sufficient mice.60 For some Nlrc5 KO mouse models,

no differences in NF-kB activation and downstream signaling were found.42,44,46 Our results on increased

Tnf-a secretion of Nlrc5 KO BMDMs is in accordance with the in vitro40,41,43 and some of the in vivo

data.45,61 However, in contrast to Ma and Xi,61 we found no differences in Tnf-a and Tgf-b mRNA levels

in liver and epididymal AT of Nlrc5�/� and WT animals (Figure S2). This discrepancy might be explained

as we examined different tissues (liver and AT vs. heart) and by differences in the study design, as we

used females and 11 weeks of intervention compared to male animals and 15 weeks of HFD.61

For other NLRs, effects on gutmicrobiota composition have been reported, that in the case of NLRP12 were

associated with weight gain.31 Fecal microbiome composition analysis by 16S rRNA sequencing revealed

10 bacterial taxa to be significantly altered and seven of those being associated with our dietary interven-

tion. Of those, most (Ruminococcaceae, Oscillibacter, Lactobacillus, Erysipelatoclostridium and Clostri-

diales Family XIII) have been described to be altered in abundance by HFD or in the obesity context

before,95–98 reflecting our result. Only for Lachnospiraceae NK4A136, our data is contradicting the finding

of reduced relative abundance upon HFD feeding, as described by others.99,100 The reasons for this

conflicting finding remain to be determined. Of interest, two of the three bacterial groups that were differ-

entially affected by diet:genotype interactions in a broader sense are associated with metabolic traits.

Lachnospiraceae NK4A136 has been shown to be increased in abundance in rats with T2DM.101 And the

relative abundance ofMarvinbryantia was increased in rats upon high fructose intake102 and in rabbits after

HFD feeding.103 The identified alterations in relative abundance were only small and based on composi-

tional data, which does not allow conclusion to be drawn about absolute changes of specific bacteria.104

Still, these microbial changes could partially contribute to the phenotype of Nlrc5 KO animals. This should

be subject of further studies.

NLRC5 functions as a transcriptional regulator of MHC class I and associated genes.32,39,105,106 As NLRC5 is

devoid of a bona fide DNA binding domain (DBD), its association with chromatin is mediated indirectly via

theMHC enhanceosome complex,37 a multiprotein DNA binding complex binding to conserved S/X/Ymo-

tifs in MHC class I gene promotors.32,37,106 We show here that NLRC5 is also involved in the regulation of

the PPARg target FABP4. FABP4 is an intracellular lipid chaperone responsible for lipid storage, lipolysis

and metabolism.107–110 For FABP4 induction, NLRC5 nuclear localization was needed and NLRC5 isoform

3 failed to mediate FABP4 transcription, similar to what was observed earlier for NLRC5-mediated MHC

class I gene expression,37,85 rendering it likely that nuclear shuttling of NLRC5 is a prerequisite for the tran-

scriptional activation of PPARg targets. Of interest, there is independent evidence that NLRC5 is a potent

transcriptional regulator beyond MHC class I genes.78,111 In accordance with our data, Luan et al. showed

reduced FABP4 and CD36 mRNA levels upon KD of NLRC5 in human aortic smooth muscle cells (HASMC)

and regulation of PPAR response element (PPRE) activity by NLRC5 in a HEK293 cell-based PPRE reporter

gene assay.78 This is in line with our hypothesis of a synergistic interplay between NLRC5 and PPARg in the

regulation of PPARg targets, although in our case the regulation of CD36 by NLRC5 and PPARg was only

marginal (Figure 4C). NLRC5 has also been reported to regulate the transcription of butyrophilin (BTN)

genes via an atypical S/X/Y module.111 Most importantly, both studies provide evidence for a functional

implication of the NLRC5-mediated regulation of non-MHC class I genes with NLRC5 via PPARg activation

alleviating vascular remodeling and neointima formation78 and NLRC5-regulated BTN3A gene expression

potentially aiding in anti-mycobacterial immunity.111 Thus, it is likely that the synergistic regulation of

PPARg targets by PPARg and NLRC5 observed by us is functionally connected to the obesity-phenotype

we observe in Nlrc5�/� animals.

In agreement with published work78 we show that PPARg interacts with the NACHT domain of NLRC5. We

further characterize this interaction by providing evidence that only PPARg isoform 1, but not isoform 2, is

binding to NLRC5. PPARg2 differs from PPARg1 only by possesing 28 additional N-terminal aminos

acids.63,73 Hence, it was unexpected that only the shorter PPARg isoform interacts with NLRC5, especially

taking into consideration that the binding site for NLRC5 has been mapped to the C-terminal ligand-bind-

ing domain (LBD) of PPARg.78 PPARg ligand-binding has been shown to be regulated via intra-domain

communications between the N-terminal domain and the LBD, and modifications of the PPARg

N-terminus result in altered ligand-binding affinity.112 Recently, NLRC5 was proposed to be a PPARg

ligand.78 Thus, differences in the isoforms’ N-termini could explain the differential binding of NLRC5.

We also observed the co-immunoprecipitation of CIITA, but not NOD1, with PPARg1. CIITA, like
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NLRC5, functions as a transcriptional activator, and is the master regulator of MHC class II genes.79 Phylo-

genetically, CIITA is NLRC5’s next closest relative, especially concerning the NACHT domain.40 The fact

that PPARg1 did not associate with NOD1, which is NLRC5’s next closest phylogenetic relative in the

NACHT domain after CIITA,40 highlights the high specificity of the PPARg1:NLRC5 interaction. PPARg

has already been shown to immunoprecipitate with CIITA in the context of collagen synthesis113 and

furthermore to be recruited to the CIITA promoter IV114 and to activate MHC class II genes.113 Mechanis-

tically, this opens up the possibility that PPARg and NLRC5 function as a transcriptional complex, binding

to the promoters of PPARg target genes via PPARg:PPRE interaction resulting in synergistic regulation of

transcription.

NLRC5 confers its transcriptional activity as well as its specificity towardMHC class I genes via its N-terminal

DD.33 In this study we identify Sin3A andNELFB as two novel interactors of the transcriptionally active DD of

NLRC5, with Sin3A silencing enhancing NLRC5-regulated FABP4 transcription. Sin3A is primarily known as

a transcriptional repressor by providing a scaffold for transcriptional complex formation, most prominently

the Sin3-HDAC1/2 complex. Sin3A has no intrinsic DNA binding activity and thus needs the interaction with

transcription factors, direct or via a third adaptor molecule, to be able to associate with the DNA.89 Murine

Sin3A has been shown to be recruited to the PPARg promoter by TGF-b1 stimulation in the scenario of car-

diac pressure overload, leading to PPARg repression.115 Of interest, Sin3A has also been shown to interact

and thus help with the recruitment of HDACs to the two co-repressor complexes nuclear receptor co-

repressor (NCoR) and silencing mediator of retinoic acid and thyroid hormone receptor (SMRT),116–119

both known to associate with and mediate the transcriptional repression of type II nuclear hormone recep-

tors, like PPARg, in unliganded state120 (reviewed in121). Upon ligand binding, the co-repressor complex is

released and co-activators are recruited.122,123

Thus, a possible working hypothesis would be a ‘‘double’’ negative transcriptional regulation of PPARg targets

in the absence of ligands: Once by the binding of the long-known transcriptional co-repressor/Sin3A/HDAC

complexes and once by Sin3A (via NLRC5’s DD) binding to andmediating additional HDAC recruitment to the

NLRC5:PPARg complex sitting at the FABP4 promoter (Figure S7A). Although the classical co-repressor com-

plexes are exchanged for co-activators on ligand-binding, the Sin3A/NLRC5 complex remains associated with

PPARg, thereby fine-tuning PPARg target gene transcription (Figure S7B). This role of Sin3A in refining tran-

scription would explain the moderate effect of Sin3A KD (Figure S7C) on FABP4 transcription and the un-

changedHLA-A levels on Sin3A silencing, as induction ofMHC class I genes is saturated byNLRC5 expression,

losing that moderating effect of Sin3A. In line with this working hypothesis, Sin3A has been shown to fine-tune

the transcriptional response of the thyroid hormone (TH) receptor, also a type II nuclear hormone receptor, via

interaction with a newly identified protein interacting with the DBD of the TH receptor.124

How exactly the synergistic regulation of FABP4 by NLRC5, PPARg and eventually Sin3A is connected to the

obesity-like phenotype of Nlrc5�/� animals on HFD remains to be clarified. Of interest, it has been shown

that Fabp4 deficient mice are protected against the development of diet-induced IR and impaired glucose

tolerance albeit the development of more severe obesity, and that adipoyctes of Fabp4�/� animals present

with reduced lipolysis efficiency.125 In line, genetically obesemice (ob/obmice) presented with significantly

reduced blood glucose levels and insulin sensitivity upon genetic disruption of Fabp4, which was accom-

panied by higher body weight and reduced plasma triglyceride and cholesterol levels.126 A more recent

study demostrated that RNA interferance (RNAi)-mediated germline KD of Fabp4 increased body weight

and fat mass in diet-induced obesity mice, but did not affect plasma glucose and lipid homeostasis or in-

sulin sensitivity.127 These data undermine our working model of NLRC5 co-regulating FABP4 transcription,

with NLRC5 deficiency leading to highly reduced FABP4 transcription and thereby increased adipose tis-

sues and adipocyte size (eventually because of defective adipocyte lipolysis) (Figure S7C), which is reflected

in the higher body weight (Figure 1), but improvements in serum cholesterol and triglyceride levels

(Figures S2A and S2B) in our Nlrc5�/� animals. As CD36 was also marginally upregulated in GFP-NLRC5

compared to GFP expressing cells (Figure 4C) and LPS-stimulated BMDMs from Nlrc5�/� mice responded

less to PPARg activation compared toWT cells (Figure S5), it is likely that also other PPARg targets involved

in metabolism and inflammation are co-regulated by NLRC5, with their dysfunctional regulation byNLRC5

deficiency possibly also contributing to the here-described role of NLRC5 in HFD-induced obesity.

In summary, we show thatNlrc5 deficiency in female mice under HFD leads to higher weight gain and more

fat accumulation compared to WT animals. We further describe a synergistic regulation of the PPARg
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target FABP4 by PPARg activation and NLRC5 expression and identify one of the two novel NLRC5 inter-

action partners, Sin3A, to be involved in this synergistic transcriptional regulation.

Limitations of the study

Limitations include the fact that a considerable part of the functional data was generated using human cell

lines and ectopical expression of NLRC5. In the mouse model, the use of only one diet and the lack of con-

ditional KO in particular cell types does not allow to draw conclusion on the cell types involved. Lastly, the

relevance of our findings in humans remains to be elucidated.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-PPARg Cell Signaling Cat#2443; RRID: AB_823598

Mouse monoclonal anti-GFP Roche Cat#11814460001; RRID: AB_390913

Mouse monoclonal anti-FLAG Sigma-Aldrich Cat# F3165; RRID: AB_259529

Mouse monoclonal anti-myc Sigma-Aldrich Cat# M4439; RRID: AB_439694

Mouse monoclonal anti-HLA-B Santa Cruz Cat#sc-55582; RRID: AB_831547

Rabbit polyclonal anti-GAPDH Santa Cruz Cat#sc-25778; RRID: AB_10167668

Mouse monoclonal anti-HLA-B/C Kind gift from Victor Steimle,

University of Sherbrooke, Canada

N/A

Goat anti-mouse IgG HRP conjugate BioRad Cat#170-6516; RRID: AB_11125547

Goat anti-rabbit IgG HRP conjugate BioRad Cat#170-6515; RRID: AB_11125142

Goat anti-mouse light chain

specific HRP conjugate

Jackson ImmunoResearch Cat#115-035-174; RRID: AB_2338512

Chemicals, peptides, and recombinant proteins

Rosiglitazone Sigma-Aldrich Cat#R2408

GW9662 Sigma-Aldrich Cat#M6191

Lipopolysaccharide (LPS) InvivoGen Cat#tlrl-peklps

HiPerFect transfection reagent Qiagen Cat#301705

Lipofectamine 2000 Thermo Fisher Scientific Cat#10696153

XtremeGene 9 Sigma-Aldrich Cat# 6365787001

Hoechst 33258 Sigma-Aldrich Cat#861405

cOmplete Mini Protease Inhibitor Cocktail Roche Cat# 11836170001

2xKAPA2G Fast HotStart Genotyping Mix KAPA Biosystems Cat#KK5621

GFP-Trap Agarose resin Chromotek Cat#gta

Anti-FLAG M2 affinity gel Sigma-Aldrich Cat#A2220

Clarity Western ECL Substrate BioRad Cat#1705061

SuperSignal� West Femto

Maximum Sensitivity Substrate

Thermo Fisher Scientific Cat#34094

Roti�-Histol Carl Roth Cat#6640.2

Hematoxylin Sigma-Aldrich Cat#GHS316

Eosin Sigma-Aldrich Cat#HT110116

Entallan� Sigma-Aldrich Cat#107960

Infinity� Cholesterol Liquid Stable Reagent Thermo Fisher Scientific Cat#TR13421

Infinity� Triglycerides Liquid Stable Reagent Thermo Fisher Scientific Cat#TR22421

Glycerol Standard Solution Sigma-Aldrich Cat#G7793

iQ SYBR Green Supermix BioRad Cat#1708880

GreenMasterMix Genaxxon Cat#M3023.0100

Critical commercial assays

DNeasy Blood & Tissue Kit Qiagen Cat#69504

iScript cDNA synthesis Kit BioRad Cat#1708890

TNF-a ELISA R&D Systems Cat#DY410
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Fecal DNA Miniprep Kit Zymo Research Cat#D6010

Quick-16S NGS Library Prep Kit Zymo Research Cat#D6400

RNeasy Plus Mini Kit Qiagen Cat#74134

RNeasy Plus Universal Mini Kit Qiagen Cat#73404

Deposited data

Nlrc5 WT and KO fecal microbiome

sequence data

This paper ENA at EMBL-EBI : PRJEB57871

Experimental models: Cell lines

HEK293T cells ATCC Cat#CRL-3216;

RRID: CVCL_0063

HeLa GFP This paper N/A

HeLa GFP-NLRC5 This paper N/A

HeLa GFP-NLRC5 Isoform 3 This paper N/A

HeLa GFP-NLRC5 NLS I This paper N/A

HeLa GFP-NLRC5 2xNLS This paper N/A

Experimental models: Organisms/strains

Mouse C57BL/6J Nlrc5�/� Generated by GenOway Philip Rosenstiel, University of Kiel, Germany

Oligonucleotides

For genotyping primer sequences, please

see section ‘‘mice’’ in STAR Methods

This paper N/A

For qRT-PCR primer sequences please see

section ‘‘qRT-PCR’’ in STAR Methods

This paper, if not

stated otherwise

N/A

siRNA targeting hSin3A, siSin3A_5 Qiagen SI02781240

siRNA targeting hSin3A, siSin3A_6 Qiagen SI03047611

siRNA targeting hCOBRA1_7 Qiagen SI04347854

Non-targeting siRNA control,

AllStars Negative Control siRNA

Qiagen SI03650318

Recombinant DNA

Plasmid: GFP-NLRC5 Neerincx et al.37 N/A

Plasmid: FLAG-NLRC5 Neerincx et al.34 Addgene #37521; RRID: Addgene_37521

Plasmid: FLAG-NLRC5 Iso3 Neerincx et al.34 N/A

Plasmid: FLAG-NOD1 Kufer et al.128 N/A

Plasmid: PPARg1 Tachibana et al.,129 Tanaka et al.130 N/A

Plasmid: PPARg2 Tachibana et al.,129 Tanaka et al.130 N/A

Plasmid: FLAG-NLRC5 LRR This paper N/A

Plasmid: FLAG-NLRC5 DD This paper N/A

Plasmid: FLAG-NLRC5DDD This paper N/A

Plasmid: FLAG-CIITA This paper N/A

Plasmid: myc-NLRC5 Neerincx et al.37 N/A

Plasmid: myc-NLRC5 Iso3 Neerincx et al.37 N/A

Plasmid: myc-NLRC5 DD Neerincx et al.37 N/A

Plasmid: myc-NLRC5DDD Neerincx et al.37 N/A

Plasmid: FLAG-Sin3A This paper N/A

Plasmid: FLAG-NELFB Kind gift from Patrick Mehlen,

Research Cancer Center of Lyon

N/A
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Thomas A. Kufer (thomas.kufer@uni-hohenheim.de).

Materials availability

Cell lines and plasmids generated in this study are available upon request.

Data and code availability

The microbiome sequence data has been deposited at the European Nucleotide Archive (ENA) at EMBL-

EBI and is publicly available as of the date of publication. The accession number is listed in the key re-

sources table.

This paper does not report original code.

Any additional information required to reanalyse the data reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Nlrc5+/+ (Nlrc5 WT) and Nlrc5�/� mice in C57BL/6N background were kindly provided by Philip Rosenstiel

(University of Kiel). Knockout mice (B6.129Sv/Pas-Nlrc5tm1) were generated by GenOway. Nlrc5 was tar-

geted in 129SvPas embryonic stem cells that were injected into a blastocyst of a C57BL/6J mouse. A target-

ing vector was designed in which exons 4–7 were replaced by a loxP-flanked neomycin resistance cassette.

Chimeric animals were mated to C57BL/6J mice. The Nlrc5 knockout mice were finally back crossed on

C57BL/6N background (B6.129Sv/Pas-Nlrc5tm1geno). Genotyping was performed by Endpoint PCR using

DNA isolated from tail tips. DNA was extracted using the DNeasy Blood & Tissue Kit (Qiagen) according to

manufacturer’s instructions. For Endpoint PCR, 2xKAPA2G Fast HotStart Genotyping Mix (KAPA Bio-

systems) and the following oligos were used: Nlrc5 ko fwd, GCCAGACAGCATAGACCAGATAGTGG;

Nlrc5 ko rev, CTACTTCCATTTGTCACGTCCTGCACG; Nlrc5 wt fwd, GAGTCACTCACTCTCCAGGGAC

AGTGG; Nlrc5 wt rev, CTGTTGAGCTGACGGTGGATGACC (Figure S1). Mice were imported by embryo

transfer into the SPF containment at the central animal facility of the University of Hohenheim and KO

and WT littermates were outcrossed on a C57BL/6N background. Animals were started on experimental

diet at the age of 8 weeks. For the experiment, mice were kept in the working area of the central animal

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Plasmid: HLA-B250 luciferase construct Neerincx et al.37 N/A

Plasmid: b-galactosidase Neerincx et al.37 N/A

Software and algorithms

Leica LasX software Leica RRID: SCR_013673

Fijii NIH RRID: SCR_002285

GraphPad Prism N/A RRID: SCR_002798

R (v3.6.1) N/A RRID: SCR_001905

QIIME2 v 2019.7 Bolyen et al.131 RRID: SCR_018074

Adipocyte U-NET Glastonurry et al.132 N/A

Other

Microtainer� SST� tubes BD Medical Cat#BDAM367953

Lysing Matrix D 2 mL tubes MP Biomedicals Cat#SGD135.55

Low-fat control diet SNIFF Cat#E15000

High-fat diet SNIFF Cat#E15186
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facility of the University of Hohenheim. WT andNlrc5�/�mice were not co-housed. All mice were fed a syn-

thetic low-fat control diet (SNIFF, E15000) ad libitum for 1 week to adapt the mice to the diet. Afterwards,

Nlrc5 WT and KO mice were randomly distributed on the intervention groups (n = 5), either receiving the

low-fat control diet or a synthetic high-fat diet containing 30% crude fat (SNIFF, E15186) (for detailed diet

composition see Table S1). Mice were fed ad libitum for a total of 11 weeks and were weighted twice a

week. Food uptake was determined once a week by back weighting the remaining food in each cage.

Mice were kept in a 12 h light/dark cycle. Mice were dissected directly after sacrifice by CO2 inhalation

and blood collection by heart puncture. Tissues for RNA isolation were snap-frozen in liquid nitrogen

and stored at�80�C until use. Tissues for histology were put in tissue embedding cassettes andmaintained

in 4% PFA at 4�C overnight before being dehydrated in an ascending ethanol series and paraffin-

embedded using the Leica TP1020 automatic benchtop tissue processor (Leica). The use of mice and all

following treatments were performed according to FELASA and institutional guidelines and were

approved by the local authorities of the state of Baden-Württemberg, in accordance with the animal pro-

tection law of Germany, under the license number V347/18 EM, 35-9185.81/0469 and are described in the

NTP 00024601-1-4.

Cell culture

HEK293T cells (ATCC, CRL-3216) were grown in DMEM supplemented with 10% heat-inactivated FBS. Sta-

ble, inducible cell lines expressing GFP-NLRC5 or GFP-NLRC5 mutants were generated by co-transfection

of pOG44 and pcDNA5/FRT/TO-GFP-NLRC5, pcDNA5/FRT/TO-GFP-NLRC5 NLS I, pcDNA5/FRT/TO-

GFP-NLRC5 2xNLS or pcDNA/FRT/TO-GFP-NLRC5 Iso3 into HeLa Flp-In T-REx cells (kindly provided by

the Hentze Lab, EMBL Heidelberg) or Flp-In T-REx HEK293 (Invitrogen/Thermo Fischer Scientific,

R78007) using Lipofectamine 2000 (Thermo Fisher Scientific). Transfectants were selected with 10 mg/mL

blasticidin and 100 mg/mL (HEK) or 600 mg/mL (HeLa) hygromycin. Single clones were selected and char-

acterized for inducible and uniform expression. Target gene expression was induced by 1 mg/mL doxycy-

cline for at least 20 h prior to further experiments. Stable cell lines were grown in DMEM supplemented with

10% heat-inactivated FBS. All cell culture media were supplemented with penicillin and streptomycin.

Where indicated, cells were treated with the indicated concentrations of rosiglitazone (Sigma-Aldrich) or

10 mM GW9662 (Sigma-Aldrich). Cells were routinely monitored for the absence of mycoplasma infection

by PCR.

Generation and stimulation of bone marrow-derived macrophages

Bone marrow cells were isolated from the respective animal and cultured in DMEM supplemented with 5%

heat-inactivated FBS, 1% penicillin and streptomycin, 1 mM sodium pyruvate, 1% non-essential amino

acids, 50 mM b-mercaptoethanol and 30% L929 cell supernatant. Fresh L929 cell supernatant was added

once (day 3) and bone marrow-derived macrophages were harvested after 6 days. When indicated, cells

were activated overnight with 0.4 mg/mL rosiglitazone (Sigma-Aldrich) and stimulated with 50 ng/mL LPS

(InvivoGen) for 6 h the next day.

METHOD DETAILS

Histology

Histological analysis was performed on 5 mmparaffin sections of mouse epididymal adipose tissue. Paraffin

sections were de-paraffinated with Roti�-Histol (Carl Roth) and rehydrated in ethanol baths with

decreasing concentrations (100–30%). After washing with ultrapure water, Hematoxylin (Sigma-Aldrich)

was applied for 3 sec. Tissue was dehydrated by ethanol baths (75% and 85%) before Eosin (Sigma-

Aldrich) was applied for 3 sec. Tissue was further dehydrated by short baths in ethanol (95% and 100%),

then treated with Roti�-Histol and fixed with Entallan�. Stained sections were imaged using a Leica

DMi8 microscope with a HC PL Fluotar L 20x/0.40 objective and processed using the Leica LasX software

and Fijii.133 For determination of adipocyte diameter, Fijii with the PlugIn Adiposoft134 was used. For deter-

mination of adipocyte area, the deep learning-based method Adipocyte U-Net132 was used as published,

except for setting the threshold for segmentation to 0.5 and excluding cells cut off by the picture frame.

Cholesterol and triglyceride measurement in serum

Blood was obtained by heart puncture directly after sacrifice. Serum was obtained by incubating the blood

for 3 to 4 h in Microtainer� SST� tubes (BD Medical), followed by centrifugation at 6,000 x g for 8 min.

Serum cholesterol and triglyceride concentrations were determined using the Infinity� Triglycerides Liquid
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Stable Reagent and the Infinity�Cholesterol Liquid Stable Reagent (Thermo Fisher Scientific). As standard,

a 500 mg/dL cholesterol solution prepared according to Abele and Khayam-Bashi135 for cholesterol mea-

surements and a glycerol standard solution of 2.5 mg/mL equivalent triolein concentration (Sigma-Aldrich)

for triglyceride measurements were used. Standards were prepared by 1:2 serial dilutions, the highest

standard being 500 mg/dL. 2 mL of standard solution or mouse serum were incubated for 15 min at 37�C
with 200 mL Infinity� Triglycerides or Infinity� Cholesterol Liquid Stable Reagent in a 96-well plate format.

Standards and samples were run in duplicates. Absorbance was measured at 540 nm, with a reference

wavelength of 660 nm. A standard curve was generated, and the serum cholesterol and triglyceride con-

centrations of the individual samples were calculated.

Taxonomic microbiota analysis

Mouse faeces were collected on three consecutive days in week 1, weekly in week 3, 6 and 9, and on two

days in week 11. Fecal samples were snap-frozen in liquid nitrogen immediately after collection and stored

at �150�C.

Metagenomic DNA was extracted via mechanical lysis by bead beating in 700 mL lysis buffer (Zymo

Research) for 40 seconds at 6 m/s in MP lysing matrix B tubes (0.1 mm silica spheres, MP Biomedicals). Sub-

sequently, the DNA was purified and eluted in 100 mL RNase-free water using the ZR Fecal DNA Miniprep

Kit (Zymo Research) according to the manufacturer’s protocol.

The 16S rRNA gene region V3-V4 was amplified and prepared for sequencing with the Quick-16S NGS Li-

brary Prep Kit (Zymo Research) according to the manufacturer’s recommendations. The pooled and

normalized library was sequenced on an Illumina MiSeq Instrument (MiSeq Reagent Kit v3, 600 cycles, Illu-

mina) at the University of Hohenheim, Stuttgart, Germany.

The processing of raw sequences was carried out with QIIME2 v 2019.7131 comprising the denoising of

data with the DADA2 plugin,136 adapter trimming and chimera checking. Amplicon sequence variants

(ASV) with less than 100 sequence reads were considered sequencing artifacts and excluded from sub-

sequent analyses resulting in a total of 5.26 million reads. The sequencing depth was rarefied to 15,203

reads per sample and the taxonomic composition determined via mapping ASV sequences to the Silva

Database.137 The sequence data has been deposited at the European Nucleotide Archive (ENA) at

EMBL-EBI under accession number PRJEB57871 (ENA: PRJEB57871) and is publicly available. Statistical

analyses and data visualizations of the microbiome data were carried out using R (v3.6.1) and the pack-

ages vegan, biomformat, phyloseq, moments, nortest, lmerTest, emmeans, sjPlot and ComplexHeatmap.

Anderson-Darling and Shapiro-Wilks tests were used to test for normal distribution of microbiota related

parameters. As non-normal distribution was confirmed, non-parametric tests like the Wilcoxon rank-sum

test (WRST) were used for group comparisons followed by Benjamini-Hochberg (BH) false discovery rate

correction (FDR) when multiple testing was applied. Associations between the taxonomic microbiota

composition with the dietary intervention or genotype were assessed via Generalized Linear Mixed

Models (GLMMs). Only taxa with a relative abundance of > 0.001%, which were found in at least two sam-

ples, were included. A pseudocount of 1 was added to all samples to replace zero counts and the result-

ing relative abundances centered-log ratio-transformed. Associations of each relative taxon abundance

with fixed effects including the dietary intervention (d), genotype (g), the interaction between both ef-

fects (d:g), and controls, i.e. the amplification plate batch effects, were assessed, while adjusting the

model for repeated sampling within individuals and litter mates as random effects. Model fits were veri-

fied using diagnostic plots, estimated marginal means (EMMs) of subgroups compared by Tukey’s Test

and p-values adjusted using the BH procedure across all taxa. Significance thresholds were chosen as

follows: q R 0.05 not significant, q < 0.05 *, q < 0.01 ** and q < 0.001 ***. Odds ratios (OR) with 95%

likelihood-based confidence intervals (CI), as well as marginal and conditional R2 were calculated and

reported for all significant models.

Plasmids and reagents

GFP-NLRC5,37 FLAG-NLRC5 FL (Addgene #37521) and FLAG-NLRC5 Iso334 and FLAG-NOD1128 have been

described previously. Expression plasmids for PPARg1 and PPARg2 have been described129,130 and were a

kind gift from Oliver Burk (Dr. Margarete Fischer-Bosch Institute of Clinical Pharmacology, Stuttgart).

FLAG-NLRC5 LRR, FLAG-NLRC5 DD and FLAG-NLRC5DDD were generated by molecular cloning of

NLRC5 myc-tagged vectors37 into pCMV-Tag2B vector (Stratagene). FLAG-CIITA was generated by
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molecular cloning from EBS-NPL-CIITA-FIII,138 kindly provided by Victor Steimle (University of Sherbrooke,

Canada), into the pCMV-Tag2B vector. Myc-NLRC5 constructs are described in.37 FLAG-Sin3A was gener-

ated bymolecular cloning from pMSCV ires/GFP hSin3A139 into the pCMV-Tag2B vector. FLAG-NELFB was

kindly provided by Patrick Mehlen (Research Cancer Center of Lyon). All plasmids (inserts, tags and flanking

regions) were verified by Sanger Sequencing.

siRNA-mediated silencing

HeLa Flp-In GFP and GFP-NLRC5 cells were transfected with 20 nM (siNT, siSin3A) or 10 nM (siCOBRA1)

siRNA using HiPerFect transfection reagent (Qiagen) according to the manufacturer’s conditions.

AllStars Negative Control siRNA (SI03650318, Qiagen), siSIN3A_5 (SI02781240, Qiagen), siSIN3A_6

(SI03047611, Qiagen) and siCOBRA1_7 (SI04347854, Qiagen) were used. Knockdown was performed for

48 h and efficiency monitored by qRT-PCR or immunoblot.

Co-immunoprecipitation

Co-immunoprecipitation of GFP-NLRC5 from HEK293T cells, transiently transfected with Lipofectamine

2000 (Thermo Fisher Scientific), or from HeLa Flp-In GFP and GFP-NLRC5 cell lines was performed

with GFP-Trap Agarose resin (Chromotek). Co-immunoprecipitation of FLAG-tagged NLRC5 constructs,

FLAG-tagged Sin3A or FLAG-tagged NELFB from HEK293T cells, transiently transfected with Lipofect-

amine 2000 (Thermo Fisher Scientific), was performed with anti-FLAG M2 affinity gel (Sigma-Aldrich).

Cells were lysed in NP-40 buffer for GFP pulldown [10 mM Tris/HCl pH 7.5 150 mM NaCl, 0.5 mM

EDTA, 0.5% NP-40, 100 nM b-glycerophosphat, 100 nM sodium orthovanadate, 1 mM NaF and cOmplete

Mini Protease inhibitor Cocktail (Roche)] and in Triton buffer for pulldown of FLAG-tagged NLRC5 con-

structs [10 mM Tris/HCl pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 1% Triton-X100, 100 nM b-glycerophos-

phat, 100 nM sodium orthovanadate, 1 mM NaF and cOmplete Mini Protease inhibitor Cocktail (Roche)].

For pulldown of FLAG-tagged Sin3A or FLAG-tagged NELFB, cells were lysed in modified NP-40-HEPES

buffer [10 mM HEPES, 50 mM NaCl, 0.1 mM EDTA, 0.1 mM EGTA, 0.1% NP-40 100 nM b-glycerophos-

phate, 100 nM sodium orthovanadate, 1 mM NaF and cOmplete Mini Protease Inhibitor Cocktail

(Roche)]. Lysates were cleared by centrifugation (10 min, 4�C, 20,000 x g for GFP pulldown and

10 min, 4�C, 2,000 x g for FLAG pulldown) before the supernatants were loaded onto the matrix. Precip-

itation was performed at 4�C for 3 h before matrix was washed with lysis buffer. Proteins were identified

by immunoblot.

Immunoblotting

Proteins were separated by Laemmli SDS-PAGE and transferred to a nitrocellulose membrane

(Amersham� Protran�). Proteins were detected by incubation of themembrane consecutively with primary

and secondary antibodies and finally with Clarity Western ECL Substrate (BioRad) or SuperSignal West

Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific). Signals were recorded on an electronic

camera system (Vilbert Fusion FX). Primary antibodies used: anti-GFP (Roche 11 814 460 001), anti-PPARg

(Cell Signaling #2443), anti-FLAG (Sigma-Aldrich F3165), anti-myc (Sigma-Aldrich M4439), anti-HLA-B

(Santa Cruz sc-55582), anti-HLA-B/C (kind gift from Victor Steimle, University of Sherbrooke, Canada),

anti-GAPDH (Santa Cruz sc-25778). Secondary antibodies used: goat anti-mouse IgG HRP conjugate

(BioRad #170-6516), goat anti-rabbit IgG HRP conjugate (BioRad #170-6515) and goat anti-mouse light

chain specific-HRP conjugate (Jackson ImmunoResearch #115-035-174).

qRT-PCR

qRT-PCR was performed using iQ SYBR Green Supermix (BioRad) or GreenMasterMix (Genaxxon) accord-

ing to the manufacturer’s instructions on cDNA obtained from isolated RNA of the indicated cell lines or

animal tissues. For cell lines, RNA was isolated using the RNeasy Plus Mini kit (Qiagen). For animal tissue,

100 mg adipose tissue or 30 mg liver were homogenized in 900 mL Qiazol in Lysing Matrix D 2 mL tubes (MP

Biomedicals) using the FastPrep�-24 Tissue and Cell Homogenizer (MP Biomedical) at 6.0 m/s for 40 sec.

Homogenates were centrifuged for 10 min at 12,000 x g at 4�C and RNA was isolated from the resulting

supernatants using the RNeasy Plus Universal kit (Qiagen) according to manufacturer’s instructions.

400 ng or 800 ng of total RNA was transcribed into cDNA using iScript cDNA Synthesis kit (BioRad) accord-

ing to the manufacturer’s instructions. Data is shown as normalized mean expression of each biological

replicate determined in technical duplicates. The following primer pairs were used:
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Indirect immunofluorescence

HeLa Flp-In cells were seeded on glass coverslips and expression of the indicated GFP-NLRC5 constructs

was induced by 1 mg/mL doxycycline overnight. Cells were fixed with 4% PFA in PBS, permeabilized with

0.5% Triton X-100 and blocked with 5% FBS in PBS. DNA was stained with Hoechst 33258 (Sigma). Images

were captured with a Leica DMi8 microscope using a HCX PL FL L 40X/0.60 objective and processed using

the Leica LasX software.

Measurement of cytokines

TNF-a release was measured in cell supernatants by ELISA (DY410, R&D Systems) according to the manu-

facturer’s instructions.

Luciferase reporter gene assays

Briefly, 3 3 104 HEK293T cells/well were seeded in 96-well plates. Cells were transfected with 10 ng of a

b-galactosidase-encoding plasmid, 20 ng of the HLA-B250 luciferase reporter plasmid, 0.5 ng of GFP-

NLRC5 and the indicated amounts of FLAG-Sin3A using XtremeGene 9 (Sigma-Aldrich) according to the

manufacturer’s instructions. 16–24 h post transfection, cells were lysed in 100 mL lysis buffer and the lucif-

erase activity was measured in a multiplate reader (Enspire, PerkinElmer LifeSciences) after addition of

100 mL reading buffer. Luciferase activity was normalized to b-galactosidase activity. See also.37

Yeast two-hybrid screening

AnULTImate yeast two-hybrid (Y2H) screen was performed by Hybrigenics, Paris. TheN-terminal domain of

human NLRC5 (amino acids 1–139) was used as bait and cloned into pB66 and pB35 vectors to encode for

GAL4-NLRC5 DD fusion proteins, which encompass the DNA binding domain of the Regulatory protein

Gal4 of Saccharomyces cerevisiae. Screening was performed with both constitutive pB66 and inducible

pB35 vectors at 0.5 mM 3AT against a human thymocyte cDNA prey library prepared form CD4+ and

CD8+T cells. Results were scored by global predicted biological score (PBS�) ranking.142

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analysed by two-way ANOVA with Tukey’s multiple comparisons test, unpaired t-test or Kruskal-

Wallis test. (Adjusted) p-value% 0.0332 was regarded as significant. Data was analysed and plotted using

GraphPad Prism version 7.00.

Target, Ref. Primer fwd Primer rev

CD3678 AGATGCAGCCTCATTTCCAC GCCTTGGATGGAAGAACAAA

FABP478 AACCTTAGATGGGGGTGTCC GTGGAAGTGACGCCTTTCAT

GAPDH GGTATCGTGGAAGGACTCATGAC ATGCCAGTGAGCTTCCCGTTCAG

H2K106 TTGAATGGGGAGGAGCTGAT GCCATGTTGGAGACAGTGGA

HLA-A39 AAAAGGAGGGAGTTACACTCAGG GCTGTGAGGGACACATCAGAG

Hprt140 CCCTGGTTAAGCAGTACAGCCCC AGTCTGGCCTGTATCCAACACTTCG

NELFB GGAGCCCAAGATGGAGGT CTCCTGCAGAAACTTAGTGAAG

Nlrc5 TTGATGGGTTGGATGAGGCT CAAAGCCCCACATGTGTACC

NLRC5 CTCCTCACCTCCAGCTTCAC GTTATTCCAGAGGCGGATGA

Sin3A141 CAGAATGACACCAAGGTCCTGAG CATACGCAAGTGAGAGGTGTGG

Tgf-b AGGAGACGGAATACAGGGCT GGATCCACTTCCAACCCAGG

Tnf-a AGAACTCCAGGCGGTGC AGGGTCTGGGCCATAGAACT
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