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SUMMARY

Thermogenic brown and beige adipocytes counteract obesity by enhancing en-
ergy dissipation via uncoupling protein-1 (Ucp1). However, the effect of genetic
variation on these cells, amajor source of disease susceptibility, has been lesswell
studied. Here we examined beige adipocytes from obesity-prone C57BL/6J (B6)
and obesity-resistant 129X1/SvJ (129) mouse strains and identified a cis-regula-
tory variant rs47238345 that is responsible for differential Ucp1 expression.
The alternative T allele of rs47238345 at the Ucp1 -12kb enhancer in 129 facili-
tates the allele-specific binding of nuclear factor I-A (NFIA) to mediate allele-
specific enhancer-promoter interaction and Ucp1 transcription. Furthermore,
CRISPR-Cas9/Cpf1-mediated single nucleotide polymorphism (SNP) editing of
rs47238345 resulted in increased Ucp1 expression. We also identified Lim
homeobox protein 8 (Lhx8), whose expression is higher in 129 than in B6, as a
trans-acting regulator of Ucp1 in mice and humans. These results demonstrate
the cis- and trans-acting effects of genetic variation on Ucp1 expression that
underlie phenotypic diversity.
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INTRODUCTION

While white adipose tissue (WAT) stores excess energy in the form of lipid, brown adipose tissue (BAT) dis-

sipates energy in the form of heat via mitochondrial uncoupling protein-1 (Ucp1) as well as through other

pathways. A subset of white adipocytes in WAT depots undergo ‘‘browning’’ in response to cold and

b-adrenergic stimulation. These types of thermogenic, Ucp1-positive adipocytes are called beige adipo-

cytes. We previously identified a transcription factor nuclear factor I-A (NFIA) as a regulator of brown

and beige adipocyte differentiation. NFIA activates the brown-fat-specific enhancers and facilitates the

binding of peroxisome proliferator-activated receptor g (PPARg), the master transcriptional regulator of

adipogenesis, to control the brown fat gene program (Hiraike et al., 2017). Since the re-discovery of human

thermogenic adipose tissue (Cypess et al., 2009; van Marken Lichtenbelt et al., 2009; Nedergaard et al.,

2007; Saito et al., 2009; Virtanen et al., 2009), these tissues have attracted interest as a promising target

for the treatment of obesity and its complications including type 2 diabetes. Thermogenic brown and beige

adipocyte activity is inversely correlated with body mass index (van Marken Lichtenbelt et al., 2009) and

age (Yoneshiro et al., 2011). However, its activity is highly variable even among lean and young individuals

(Yoneshiro et al., 2013). Interestingly, inbred mouse strains also show differential vulnerability to diet-

induced obesity and exhibit concordant adipocyte browning capability (Almind and Kahn, 2004; Guerra

et al., 1998; Soccio et al., 2017), suggesting the effect of genetic variation on thermogenic adipocyte activity

in mice and humans.

Genetic variation is a major source of diversity in phenotypes and disease susceptibility. Although coding

variants are obviously important in disease pathogenesis, more than 80% of disease-associated variants

identified by genome-wide association studies (GWAS) lie within non-coding regions (Maurano et al.,

2012), suggesting that these variants work by regulating target gene expression. Non-coding variants

affect target gene expression by altering transcription factor binding motif and also by long-range

chromatin interaction in a tissue-specific manner (Claussnitzer et al., 2015; Musunuru et al., 2010;
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Smemo et al., 2014). Recently, inbred mouse strains have been used to dissect the effects of genetic vari-

ation (Heinz et al., 2013; Soccio et al., 2015). Here, we comprehensively analyzed the effect of genetic vari-

ation on adipocyte browning using obesity-prone C57BL/6J (B6) mice, obesity-resistant 129X1/SvJ (129)

mice, and F1 offspring of these two strains as a model system. We focused on beige adipocytes because

Ucp1 expression in beige adipocytes is strongly affected by genetic variation among inbred mice strains,

while that in classical brown adipocytes is relatively constant across strains (Guerra et al., 1998). We

observed an extensive cis effect of genetic variation on expression levels of Ucp1, the most representative

effector gene of thermogenic adipocytes. Moreover, we identified a cis-regulatory variant, rs47238345, at

theUcp1 -12kb enhancer that is responsible for differential Ucp1 expression through allele-specific binding

analysis of nuclear factor I-A (NFIA). We also identified Lim homeobox protein 8 (Lhx8), whose expression is

higher in 129 than in B6, as a trans-acting positive regulator of Ucp1 expression.

RESULTS

The difference in browning potential between C57BL/6J and 129X1/SvJ is cell-autonomous

While B6 is the most commonly used inbred mouse strain in metabolism research, this strain is more prone

to diet-induced obesity than other strains such as 129. Consistently, the 129 strain is known to exhibit higher

browning capability compared to B6. To examine whether this difference is cell-autonomous, we isolated

stromal vascular fraction (SVF) from inguinal white adipose tissue (iWAT) of B6 and 129 mice, immortalized

the cells and induced adipocyte differentiation using cocktails for thermogenic adipocytes. B6- and

129-derived cells exhibited a comparable degree of adipocyte differentiation when evaluated by Oil red

O staining and mRNA expression of Pparg and its target Fabp4 (Figures 1A and 1B). Nevertheless,

129-derived cells showed significantly higher Ucp1 expression at both the mRNA and the protein levels

(Figures 1C and 1D). Among well-known canonical thermogenic genes, we found that RNA expression

of Ppargc1awas alsomoderately up-regulated, while that ofDio2was unchanged, in 129-derived cells (Fig-

ure 1C). We found no difference in mRNA expression of Tle3, a negative regulator of thermogenic gene

program (Pearson et al., 2019; Villanueva et al., 2013). We observed that mRNA expression of genes impli-

cated in Ucp1-independent thermogenesis (Chouchani et al., 2019) was comparable between B6 and 129

or even lower in 129 cells (in the case ofCkmt1, Figure 1E), suggesting that the difference in browning capa-

bility between B6 and 129 cells is predominantly, if not entirely, attributable to Ucp1-dependent thermo-

genesis. Of note, we did not find a difference in mRNA expression of known transcriptional regulators of

thermogenic adipocytes including Nfia, Ebf2, and Prdm16 (Figure 1F), or for protein expression of NFIA

(Figure 1D), suggesting that differences in browning capability are not explained by the abundance of

these known regulators. These results indicate that 129-derived adipocytes show higher Ucp1 expression

than B6-derived cells in a cell-autonomous manner; this difference is not explained by differential expres-

sion of known transcriptional regulators including NFIA.

Cis effect of genetic variation is a major driver of difference in Ucp1 expression between B6

and 129

To address the mechanism(s) by which genetic variation determines differences in browning potential and

Ucp1 expression between B6- and 129-derived cells, we performed a whole-genome sequencing analysis

of 129 cells and identified 5,434,592 single nucleotide variants (SNVs) compared to the ncbi37/mm9C57BL/

6J genome. As most GWAS signals map to non-coding regions and work as cis-regulatory variants, to

address the involvement of a cis effect of genetic variation on Ucp1 expression between B6 and 129, we

made F1 offspring of B6 and 129 mice and again isolated SVFs from iWAT of B6, 129 and F1 mice. The de-

gree of adipocyte differentiation was comparable among the three groups as evaluated by Oil Red O stain-

ing (Figure 2A). mRNA expression of Pparg, Fabp4, and Nfia were also comparable among the three

groups (Figure 2B). In this condition, 129 cells and F1 cells exhibited significantly higher Ucp1 expression

than B6 cells (Figure 2B).

To directly examine the possible cis effect on gene expression, we evaluated imbalanced gene expression

in F1 cells. We did not find an imbalanced expression of Nfia mRNA, whose expression was comparable

between B6 and 129, in F1 cells (Figure 2C, left). On the other hand, we did find a 129-favoring, significant,

and strong (>70%) imbalance in Ucp1 mRNA when examined using two independent single nucleotide

polymorphisms (SNPs, rs8257107 and rs8257143) using qPCR assays (Figure 2C, middle and right). Consis-

tently, we found a significant and strong imbalance in all the six SNPs that lie withinUcp1mRNA in RNA-seq

analysis of F1 cells (Figure 2D). Multiple genes located near Ucp1 also exhibited 129-favoring imbalance,

suggesting that genes within the same topologically associated domain (TAD) are coordinately regulated
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Figure 1. The difference in browning potential between C57BL/6J and 129X1/SvJ is cell-autonomous

(A) Stromal vascular fraction (SVF) from inguinal white adipose tissue (iWAT) of C57BL/6J and 129X1/SvJmice were immortalized and induced to differentiate

into thermogenic adipocytes. The cells were stained with Oil Red O at day 7 of differentiation. Scale bar, 100mm.

(B and C) Common adipocyte genes Pparg and Fabp4 (B) and genes involved in canonical thermogenesis such as Ucp1, Ppargc1a, Dio2, and Tle3 (C) were

quantified by RT-qPCR at the indicated time points (meanG SEM; n = 3 independent samples; **p < 0.01; N.S., not significant; significance was determined

by two-tailed Student’s t test).

(D) Western blot analysis of UCP1 and NFIA in C57BL/6J and 129X1/SvJ cells. b actin was used as a loading control.

(E and F) Genes indicated in Ucp1-independent thermogenesis (E) and transcriptional regulator of brown and beige adipocytes (F) were quantified by RT-

qPCR at the indicated time points (mean G SEM; n = 3 independent samples; **p < 0.01; N.S., not significant; significance was determined by two-tailed

Student’s t test).

ll
OPEN ACCESS

iScience
Article
in cis (Figure S1A). Publicly available Hi-C analysis of differentiating 3T3-L1 adipocytes suggests that these

genes are, indeed, located within the same TAD (Figure S1B).

Allelic imbalance of NFI binding at the Ucp1 -12kb enhancer

Imbalanced Ucp1 expression is predicted to result from imbalanced transcription factor binding at the Ucp1

enhancer. To address this, we performed chromatin immunoprecipitation coupled with high-throughput
iScience 25, 104729, August 19, 2022 3
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Figure 2. Cis effect on Ucp1 mRNA expression in F1 offspring of B6 and 129

(A) SVF from iWAT of B6, 129, and F1 mice were immortalized and induced to differentiate into thermogenic adipocyte differentiation. The cells were stained

with Oil Red O at day 7 of differentiation. Scale bar, 100mm.

(B) Ppag, Fabp4, Nfia and Ucp1 were quantified by RT-qPCR at the indicated time points. One-way ANOVA followed by Bonferroni’ post-hoc test. (meanG

SEM; n = 3 independent samples; *p < 0.05, **p < 0.01; N.S., not significant).

(C) Allelic imbalance of the mRNA as well as genomic DNA at the indicated locus were evaluated by qPCR analysis (mean G SEM; n = 3 independent

samples; *p < 0.05, **p < 0.01; N.S., not significant; significance was determined by two-tailed Student’s t test).

(D) A table showing the read count as well as allelic imbalance of all the six SNPs that lies within Ucp1 mRNA. Raw mapped counts of RNA-seq to reference

allele (B6) and alternative allele (129) are shown. Imbalance means the rate of the alternative count. p values were calculated using the binomial test. See also

Figure S1.
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sequencing (ChIP-seq) analysis in F1 cells using theNFI antibody, which reacts primarily with NFIA (Figure 3A).

We have shown previously that NFIA activates the brown-fat-specific enhancers even before differentiation

and facilitates the binding of PPARg to control the brown fat gene program (Hiraike et al., 2017). Therefore,

we sought to evaluate imbalanced NFI binding between the B6-derived allele and 129-derived allele in F1

cells using SNPs at the Ucp1 locus at day 0 of differentiation. Quite strikingly, we observed six consecutive

SNPs that exhibited significant and 129-favoring strong allelic imbalance at the Ucp1 -12kb enhancer (Fig-

ure 3B). This allelic imbalance was observed throughout the differentiation (Figure 3C). Furthermore, Hi-C

analysis of differentiated F1 adipocytes showed 129-favoring allele-specific long-range chromatin interaction

between the Ucp1 -12kb enhancer and its promoter (Figure 3D), strongly indicating that 129-favoring allelic

imbalance of NFI binding at theUcp1 -12kb enhancer results in allele-specific enhancer-promoter interaction,

in turn leading to allele-specific Ucp1 expression. Of note, because B6-derived and 129-derived alleles are

equally exposed to trans-acting effects in F1 cells, these results demonstrate that cis effects determine differ-

ential binding of NFI at theUcp1 enhancer in F1 cells. Having said that, we did not find an overlap between six

SNPs and the NF-1 motif nor the DR-1 motif, a binding motif for PPARg that is recruited to the Ucp1 enhancer

by NFIA during adipocyte differentiation (Figure 3E); this result suggests that differential NFI binding at the

Ucp1 -12kb enhancer cannot be explained by the alteration of motif for NFI itself nor that for PPARg.
rs47238345 at the Ucp1 enhancer disrupts the motif for vitamin D receptor (VDR) in the 129

allele, inhibits VDR binding, and facilitates reciprocal NFIA binding to increase Ucp1

expression

To explore a transcription factor whose binding motif is affected by the aforementioned six SNPs in an un-

biasedmanner, we searched for bindingmotifs that overlap with these six SNPs at the Ucp1 -12kb enhancer

(Figure 4A). An overlap between rs47238345 and the binding motif for RXRa:VDR heterodimer (DR-3 motif)

particularly raised our attention because the alternative T allele of rs47238345 in 129 cells disrupts second

direct repeats of the motif and was predicted to decrease the binding affinity of RXRa:VDR to the genome

(Figure 4B, note that reverse complementary sequence of the genome is shown to indicate canonical direct

repeat three motif, or two directly repeated AGGTCA-like motifs spaced by three base pairs). Moreover,

VDR has been reported to be a negative regulator of UCP1 expression in human adipocytes in a ligand-in-

dependent manner (Malloy and Feldman, 2013). In addition, VDR knockout in B6 mice resulted in increased

Ucp1 expression and protection from diet-induced obesity (Narvaez et al., 2009), and the previously pub-

lished ChIP-seq analysis for VDR in 3T3-L1 preadipocytes 4 hours after adding DMI (dexamethasone, meth-

ylisobutylxanthine, and insulin) cocktail revealed VDR binding at the Ucp1 -12kb enhancer (Siersbæk et al.,

2014) (Figure 4C). Protein expression of VDR was comparable between B6- and 129-derived preadipocytes

(Figure 4D).

To address the functional role of VDR on adipocyte differentiation as well as Ucp1 expression in our model

system, we performed a small interfering RNA (siRNA)-mediated knockdown experiment of VDR in B6 cells

(Figure 4E). Comparedwith 129-derived cells, B6 cells were predicted to possess a higher binding affinity to

VDR at the Ucp1 -12kb enhancer owing to their reference C allele of rs47238345. We observed a significant

knockdown of VDR at both the RNA and protein levels (Figures 4F and 4G). Although the degree of adipo-

cyte differentiation was comparable between control and knockdown cells when evaluated by Oil red O

staining (Figure 4E) and mRNA expression of Pparg and Fabp4 (Figure 4H), expression levels of Ucp1

were significantly up-regulated by knockdown of VDR (Figure 4I). On the other hand, expression levels

of Nfia as well as other well-known canonical thermogenic genes Ppargc1a and Dio2 were unaltered

(Figures 4I and S2A). Furthermore, ChIP-qPCR analysis showed that the binding of NFI to the Ucp1

-12kb enhancer was facilitated in knockdown cells, suggesting a competitive relationship between NFIA
iScience 25, 104729, August 19, 2022 5
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Figure 3. Allelic imbalance of NFI binding at the Ucp1 -12kb enhancer

(A) A ChIP-seq track for NFI in F1 cells at the Ucp1 loci before and after adipocyte differentiation.

(B) A plot showing the -log10 (p value) of the allelic imbalance of NFI binding signal at day 0 of adipocyte differentiation near the Ucp1 loci. p values for the

allelic imbalance were calculated using the binomial test.

(C) A table showing the 129-favoring allelic imbalance of NFI binding signal (the rate of ChIP-seq tag count for 129 alleles) of six SNPs located at the Ucp1

-12kb enhancer.

(D) Hi-C matrix and virtual 4C view near Ucp1 locus. Hi-C interaction matrix for B6-allele and 129-allele is shown, respectively, with 3kb bin. A virtual 4C view

(light blue graph) summarizes the interaction counts viewed from the transcription start site (TSS) of Ucp1.

(E) A ChIP-seq track for NFI and PPARg before and after differentiation at the Ucp1 -12kb enhancer. Location of six SNPs at the Ucp1 -12kb enhancer as well

as the location of NF-1 as well as DR-1 motifs are also shown.
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and VDR at theUcp1 -12kb enhancer (Figure 4J, left). The binding of NFIA to the Pparg2 77kb enhancer was

unchanged upon VDR knockdown (Figure 4J, right).

We also focused on an overlap between rs32957857 and the bindingmotif for BCL6b (B-cell CLL/lymphoma

six member B). Although the role of BCL6b in adipocyte differentiation has not yet been described, BCL6b

is known as transcriptional repressor and the alternative C allele of rs3295787 in 129 cells was predicted to

decrease the binding affinity of BCL6b to the genome (Figure S2B). siRNA-mediated knockdown of BCL6b

(Figure S2C) resulted in the up-regulation of Fabp4mRNA and down-regulation of PpargmRNA, whileNfia

mRNA was comparable between control and knockdown cells (Figure S2D). In this condition, we found

significantly up-regulated expression of Ucp1 mRNA (Figure S2E), suggesting that the de-repression of

Ucp1 by BCL6b in 129-alelle also contributes to 129-favoring allelic imbalance of Ucp1 mRNA expression

in F1 cells.
SNP editing of rs47238345 at the Ucp1 -12kb enhancer in mice resulted in increased Ucp1

expression

To directly examine the functional consequences of the alternative T allele of rs47238345 on the transcrip-

tional regulation of Ucp1, we performed SNP editing of rs47238345 in mice using clustered regularly inter-

spaced short palindromic repeats (CRISPR)-Cas9/Cpf1. We designed guide RNA to edit rs47238345 from

reference C (B6) to alternative T (129) in the B6 background (Figure 5A) and achieved successful editing

(Figure 5B). We isolated SVF from iWAT of wild-type and homozygously rs47238345-edited mice, immor-

talized the cells, and induced thermogenic adipocyte differentiation. The degree of adipocyte differenti-

ation was comparable between wild-type and rs47238345-edited cells when evaluated by Oil red O

staining (Figure 5C) and mRNA expression of Pparg and Fabp4 (Figure 5D). mRNA expression of Nfia

and Nr1i1 (which encodes VDR) were also comparable (Figure 5E). Nevertheless, we found significantly

up-regulated expression of Ucp1 in rs47238345-edited cells (Figure 5E), demonstrating the physiological

importance of rs47238345 in the transcriptional regulation of Ucp1 expression. Expression levels of other

canonical thermogenic genes such as Ppargc1a and Dio2 were unchanged (Figure S3A), suggesting the

specific effect of rs47238345 editing on Ucp1 expression. We also observed that protein expression of

Ucp1 was up-regulated in rs47238345-edited cells (Figure 5F). However, mRNA expression of Ucp1 in

rs47238345-edited cells was lower than that in 129 adipocytes (Figure S3B), suggesting that variant(s) other

than rs47238345, including rs32957857 (Figures S2A-S2D), also contributes to the effect of genetic variation

on Ucp1 expression between B6 and 129. Indeed, no difference was observed in body weight between WT

mice and rs47238345-edited mice on a high-fat diet at thermoneutrality (Figure S3C), indicating that edit-

ing of rs47238345 alone is not sufficient to protect mice from obesity.
Protein-coding single nucleotide polymorphisms have a limited effect on differences in

browning capability between B6 and 129

To gain further insights into the mechanism(s) by which genetic variation affects differential Ucp1

expression between B6 and 129, we also explored possible trans-acting regulator. In this regard, we iden-

tified the protein-coding, nonsynonymous variant rs32942538, which causes arginine (R) to glutamine

(Q) substitution at codon 761 of PRDM16 (Figure S4A, NM_001177995). We did not find nonsynonymous

variants in other representative regulators of thermogenic adipocytes such as PPARg, EBF2, and NFIA.

To examine the effect of the R761Qmutant on the function of PRDM16, we introducedwild-type and R761Q

mutant PRDM16 into C2C12 myoblasts using retroviral vectors (Figures S4B and S4C). We also included

DZF-1 mutant of PRDM16 which lacks a binding domain for PPARg and therefore lacks the ability to induce
iScience 25, 104729, August 19, 2022 7
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Figure 4. rs47238345 at the Ucp1 enhancer disrupts the VDR motif in the 129 alleles, inhibits VDR binding, and facilitates reciprocal NFIA binding

to increase Ucp1 expression

(A) A table showing the overlap between six SNPs at the Ucp1 enhancer and known transcription factor binding motifs. Overlap between rs48555627 or

rs51458827 and known transcription factor binding motifs were not observed in our computational analysis. The FIMO online software converted log-odds

scores into p values, assuming a zero-order background model.

(B) A consensus RXR:VDR motif logo is shown above the motif sequence in B6 and 129 strains at the Ucp1 -12kb enhancer. The location of rs47238345 is

indicated. Note that reverse complementary sequence of the genome is shown to indicate canonical direct repeat three motif (DR3 motif), or two directly

repeated AGGTCA-like motifs spaced by three base pairs.

(C) A ChIP-seq track showing the overlap of NFI binding sites in F1 cells and VDR binding sites in 3T3-L1 cells at the Ucp1 -12kb enhancer.

(D) Western blot analysis of VDR in B6 and 129 cells. b actin was used as a loading control.

(E) Control siRNA or siRNA for VDR was transfected into B6 cells and the cells were stained with Oil Red O six days after inducing adipocyte differentiation.

Scale bar, 100mm.

(F)Nr1i1 was quantified by RT-qPCR at the indicated time points (meanG SEM; n = 3 independent samples; **p < 0.01; significance was determined by two-

tailed Student’s t test).

(G) Western blot analysis of VDR in control and VDR knockdown cells. B actin was used as a loading control.

(H and I) Common adipocyte genes Pparg and Fabp4 (H) andNfia and Ucp1 (I) were quantified by RT-qPCR at the indicated time points (meanG SEM; n = 3

independent samples; **p < 0.01; N.S., not significant; significance was determined by two-tailed Student’s t test).

(J) ChIP-qPCR analysis of NFI. Ucp1 9.5kb and Pparg2 53kb are background sites (mean G SEM; n = 2 independent samples). The representative result of

multiple independent experiments is shown. See also Figure S2.
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brown adipogenesis (Kajimura et al., 2009; Seale et al., 2008), as a negative control (Figure S4C). Ectopically

introduced wild-type and R761Q PRDM16 exhibited similar protein expression, while DZF-1 PRDM16 ap-

peared to have a slightly lower expression (Figure S4D). In this condition, wild-type and R761Q, but not

DZF-1 mutant, were able to induce adipocyte differentiation as evaluated by Oil red O staining and

mRNA expression of Pparg and Fabp4 (Figures S3C and S3E). R761Q mutant was also able to induce

Ucp1 expression as wild-type PRDM16 (Figure S2E); this suggests that R761Q mutation does not affect

the brown adipogenic function of PRDM16, at least in this experimental condition.
Lim homeobox protein-8 (Lhx8) is a trans-acting browning regulator

We also examined the possibility that changes in the abundance of regulatory proteins might contribute

to differences in browning capability between B6 and 129. To this end, we performed RNA-seq analysis

of B6- and 129-derived adipocytes and found fourteen transcription factors whose expression levels

were significantly higher in 129 cells than in B6 cells (>2-fold, p value <0.05, Figure 6A). To prioritize candi-

date transcription factors that positively regulate adipocyte browning, we used a publicly available RNA-

seq dataset of inguinal WAT (iWAT) and epididymal WAT (eWAT)(Soccio et al., 2015) and hypothesized

that positive regulator of adipocyte browning exhibits higher expression in iWAT compared to eWAT

because iWAT is known to possess higher browning capacity. This led us to focus on a transcription factor

Lim homeobox protein-8 (Lhx8), and independently performed qPCR analysis validated the significantly

higher expression of Lhx8 in 129 compared to B6 cells (Figure 6B). We also confirmed that expression levels

of Lhx8 were significantly higher in iWAT compared to eWAT, of 16 weeks old, male B6 mice on a normal

chow diet (Figure 6C). Of note, Lhx8 has been proposed as a marker of classical brown adipocytes rather

than beige adipocytes (Petrovic et al., 2010), although this was later modulated by the same group (de Jong

et al., 2015).

To examine the endogenous role of Lhx8 on adipocyte differentiation and adipocyte browning, we per-

formed siRNA-mediated loss-of-function experiment using 129 cells (Figure 6D). siRNA for Lhx8 achieved

approximately 80% knockdown compared with control siRNA throughout the differentiation (Figure 6E).

Knockdown of Lhx8 resulted in severely impaired adipocyte differentiation both in terms of lipid accumu-

lation as evaluated by Oil red O staining (Figure 6D) and mRNA expression of Pparg as well as Fabp4

(Figure 6F). Accordingly, mRNA expression of Nfia and Ucp1 was severely impaired (Figure 6G). We also

performed a gain-of-function experiment using a retroviral vector that expresses 3xFLAG-tagged Lhx8

in B6 cells (Figure 6H). The introduction of 3xFLAG-tagged Lhx8 (Figure 6I) did not affect the degree of lipid

accumulation (Figure 6H) or mRNA expression of Pparg and Fabp4 (Figure 6J). However, we found signif-

icantly up-regulated expression of Ucp1 in Lhx8-expressing cells, while expression levels of Nfia were

unaltered (Figure 6K). Expression levels of Ppargc1a were somewhat decreased and that of Dio2 were un-

altered, suggesting that the effect of Lhx8 on the thermogenic gene program would be specific to Ucp1

(Figure 6K). Together, these results indicate that Lhx8, whose expression is higher in 129 than in B6, is

required for adipocyte differentiation and also a positive regulator of Ucp1 expression.
iScience 25, 104729, August 19, 2022 9
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Figure 5. SNP editing of rs47238345 at the Ucp1 -12kb enhancer in mice resulted in increased Ucp1 expression

(A) A guide RNA sequence, PAM site, and donor sequence for homology-directed repair (HDR) to edit rs47238345 fromC to T in the B6 background is shown.

(B) A sanger sequence showing successful editing of rs47238345 in wild-type, heterozygously and homozygously edited mice.

(C) SVF from iWAT of wild-type and homozygously edited mice were immortalized and induced to differentiate into thermogenic adipocytes. The cells were

stained with Oil Red O at day 7 of differentiation.

(D and E) Common adipocyte genes Pparg and Fabp4 (D) andNfia andUcp1 (E) were quantified by RT-qPCR at the indicated time points (meanG SEM; n = 3

independent samples; *p < 0.05; N.S., not significant; significance was determined by two-tailed Student’s t test).

(F) Western blot analysis of UCP1 and NFIA in WT and rs47238345 homozygously edited cells. b actin was used as a loading control. See also Figure S3.
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Expression levels of LHX8 and UCP1 in human perirenal brown adipose tissue were

concurrently higher in patients with pheochromocytoma

Finally, to explore the translational relevance of the role of Lhx8 on thermogenic adipocytes in humans, we

analyzed the perirenal BAT of human patients with pheochromocytoma and non-functioning adrenal tu-

mors. Perirenal BAT is activated in patients with pheochromocytoma (Nagano et al., 2015). We observed

that expression levels of LHX8 and UCP1 in perirenal BAT were concurrently higher in patients with pheo-

chromocytoma than in those who had non-functioning adrenal tumors, although the association between

expression levels of LHX8 and UCP1 did not reach significance (Figures 7A and 7B). We also found that

expression levels of ADRB1, ADRB2, and ADRB3 were up-regulated in patients with pheochromocytoma

(Figure 7A). Moreover, expression levels of these genes were significantly and positively correlated with

LHX8 expression (Figure 7B). These results suggest LHX8 may act as a trans-acting positive regulator of

thermogenic adipocytes also in humans.
DISCUSSION

Understanding how non-coding regulatory variants modulate target gene expression is key to translating

GWAS results into mechanistic insights and understanding the interindividual difference in disease suscep-

tibility. Using beige adipocytes from obesity-prone B6 and obesity-resistant 129 mouse strains as a model

system, we identified the causal SNP rs47238345 that is responsible for differential Ucp1 expression be-

tween these two strains. We showed that the alternative T allele of rs47238345 in 129-allele precludes

the binding of VDR, a negative regulator of Ucp1, by disrupting its binding motif and reciprocally facili-

tating the binding of NFIA, leading to the up-regulation of Ucp1 transcription. We directly demonstrated

the functional importance of rs47238345 through CRISPR-Cas9/Cpf1-mediated SNP editing in mice. Ther-

mogenic beige adipocytes derived from rs47238345-edited mice exhibited higher Ucp1 expression than

cells derived from wild-type mice. However, no difference was observed in body weight between WT

mice and rs47238345-edited mice on a high-fat diet at thermoneutrality, suggesting that other variant(s)

including rs32957857 also contribute to the effect of genetic variation on Ucp1 expression between B6

and 129. We also found that Lhx8, whose expression is higher in 129 than in B6, is a trans-acting positive

regulator of Ucp1 expression. Finally, we observed that LHX8 and UCP1 in human perirenal BAT were

concurrently up-regulated in patients with pheochromocytoma compared with non-functioning adrenal

tumors.

In this work, we thoroughly investigated the allele-specific regulation of Ucp1, the most representative

effector gene of thermogenic adipocytes. An alternative approach would include looking at allele-specific

transcription factor binding and allele-specific chromatin interaction in a genome-wide manner, focusing

on loci that exhibit significant 129-favored imbalance, and exploring previously unappreciated effector

genes that determine thermogenic adipocyte function. Accumulating evidence suggests that thermogenic

brown and beige adipocytes possess Ucp1-independent thermogenic pathways and that these cells also

exhibit physiological roles beyond heat generation (Chouchani et al., 2019; Kajimura et al., 2015). A

genome-wide allele-specific analysis will further identify previously unappreciated pathways that

contribute to the beneficial effect of thermogenic adipocytes to counteract obesity and diabetes.

The differential browning capability among various inbredmouse strains has been known for decades. Although

129 andA/J strains exhibit higher browning capacity, B6 strain exhibits lower browning capacity: accordingly, B6

strain is prone to obesity and insulin resistance (Almind and Kahn, 2004; Guerra et al., 1998; Surwit et al., 1998).

Efforts have beenmade to understand themechanism(s) underlying the differential browning capability and dif-

ferential Ucp1 expression among different strains (Li et al., 2019; Soccio et al., 2017; Xue et al., 2005). However,

causal SNP(s) that explain these differences have remainedelusive. In this study, using comprehensive genomics,

epigenomics, transcriptomics, and CRISPR-Cas9/Cpf1-mediated SNP editing in mice, we demonstrated that
iScience 25, 104729, August 19, 2022 11
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Figure 6. Lim homeobox protein-8 (Lhx8) is a trans-acting browning regulator

(A) A table showing the list of up-regulated transcription factors (TDs) in 129X1/SvJ cells compared to C57BL/6J cells in RNA-seq (>2-fold, p < 0.05).

(B) Lhx8 were quantified by RT-qPCR in B6 and 129 cells (mean G SEM; n = 3 independent samples; *p < 0.05; significance was determined by two-tailed

Student’s t test).

(C) Lhx8 were quantified by RT-qPCR in iWAT and eWAT, of 16 weeks old, male B6 mice on a normal chow diet (n = 4 independent samples; *p < 0.05;

significance was determined by two-tailed Student’s t test).

(D) Control siRNA or siRNA for Lhx8 was transfected into 129 cells and the cells were stained with Oil Red O seven days after inducing adipocyte

differentiation. Scale bar, 100mm.

(E-G) Lhx8 (E), common adipocyte genes Pparg and Fabp4 (F), andNfia and Ucp1 (G) were quantified by RT-qPCR at the indicated time points (meanG SEM;

n = 3 independent samples; *p < 0.05, **p < 0.01; significance was determined by two-tailed Student’s t test).

(H) Control and 3xFLAG-tagged Lhx8 expressing B6 cells were stained with Oil Red O seven days after inducing adipocyte differentiation. Scale bar, 100mm.

(I) Western blot analysis of 3xFLAG-Lhx8 in control and 3xFLAG-Lhx8-expressing cells. b actin was used as a loading control.

(J and K) Common adipocyte genes Pparg and Fabp4 (J), and genes involved in the thermogenic gene program Nfia, Ucp1, Ppargc1a, and Dio2 (K) were

quantified by RT-qPCR at the indicated time points (mean G SEM; n = 3 independent samples; *p < 0.05; N.S., not significant; significance was determined

by two-tailed Student’s t test). See also Figure S4.
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rs47238345 is responsible for, at least partly, the differential Ucp1 expression between B6 and 129 strains. We

assert that our strategy for identifying the causal SNP(s) between B6 and 129 is directly applicable also to human

studies. In this context, although UCP1 has not been implicated in obesity GWAS nor type 2 diabetes GWAS so

far, a UCP1 -3826 G to A variant rs1800592 is known to be associated with UCP1mRNA abundance (Esterbauer

et al., 1998) as well as BMI (Heilbronn et al., 2000). Additionally, aUCP1 50 UTR A toC variant that alters promoter

activity is reportedtobeassociatedwith type2diabetes (Mori etal., 2001).Unbiasedandcomprehensiveanalyses

to identify anddissect regulatory variant(s) associatedwithobesity anddiabetes viamodulatingUCP1expression

in human thermogenic adipocytes represent an attractive direction for future study.

In conclusion, here we identified rs47238345 as a causal variant that determines differential Ucp1 expres-

sion between obesity-prone B6 and obesity-resistant 129 mouse strains. rs47238345 works as a cis-regula-

tory variant and modulates the binding motif for VDR, resulting in a 129-favoring allele-specific binding of

NFIA. We also identified trans-acting regulator Lhx8 and its relevance to human thermogenic adipocytes.

These results would provide a platform for understanding the mechanism(s) by which genetic variation af-

fects human thermogenic adipocyte activity and opens a door toward implementing precision medicine in

anti-obesity therapy.
Limitations of the study

Here we identified the effect of genetic variation between C57BL/6J and 129X1/SvJ mouse strains on Ucp1

expression in a comprehensive manner. However, the effect of genetic variation on other functional genes

in thermogenic adipocytes remains unexplored. Also, allele-specific analysis using human samples would

be required to identify and dissect regulatory variant(s) that controls UCP1 expression in human thermo-

genic adipocytes. These experiments would establish thermogenic adipocytes as a target for the treatment

of obesity and diabetes via a precision medicine approach.
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Figure 7. Expression levels of LHX8 and UCP1 in human perirenal BAT were concurrently higher in patients with

pheochromocytoma

(A) Expression levels of LHX8, UCP1, ADRB1, ADRB2, and ADRB3 in perirenal brown fat of human patients with

pheochromocytoma or non-functioning adrenal tumors were quantified by RT-qPCR (mean G SEM; N = 7 independent

samples for non-functioning adrenal tumors and N = 11 independent samples for pheochromocytoma; *p < 0.05,

**p < 0.01; significance was determined by two-tailed Student’s t test). Expression levels of UCP1 and LHX8 mRNA were

re-analyzed by a qPCR run for this work using the same tissues used in Nagano et al. (2015).

(B) Correlation of mRNA expression between LHX8 and indicated genes. Pearson’s correlation coefficients and p values

are shown.
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Antibodies

Anti-NFIA Sigma HPA006111; RRID: AB_1854422

anti-UCP1 Abcam ab10983; RRID: AB_2241462

anti-VDR Santa Cruz Biotechnology sc-13133; RRID: AB_628040

anti-FLAG M2 Sigma F3165; RRID: AB_259529

anti-b actin Sigma A3854; RRID: AB_262011

anti-NFI Santa Cruz Biotechnology sc-30198; RRID: AB_2287441

anti-PPARg Santa Cruz Biotechnology sc-7273; RRID: AB_628115

anti-PPARg Perseus Proteomics A3409A; RRID: AB_843370

Biological samples

Human tissue samples Nagano et al., 2015 N/A

Chemicals, peptides, and recombinant proteins

Dexamethasone Wako 041-18861

IBMX Sigma 17018-1G

Rosiglitazone GlaxoSmithKline BRL49653C

Indomethacin Sigma I7378

Humulin R U-100 Eli Lily N/A

T3 Fluka 91990

Forskolin Sigma F3917

Critical commercial assays

KOD mutagenesis kit TOYOBO SMK-101

Lipofectamine RNAiMAX Invitrogen 13778-150

Lipofectamine 2000 Invitrogen 11668-019

TruSeq Stranded mRNA Library Prep Kit Illumina RS-122-2101

KAPA hyper prep kit KAPA Biosystems KK8502

Protein A Sepharose 4 Fast Flow GE 17-1279-02

Protein G Sepharose 4 Fast Flow GE 17-0618-02

MboI NEB R0147

biotin-14-dATP Life Technologies 19524-016

DNA Polymerase I, Large (Klenow) Fragment NEB M0210

T4 DNA Ligase NEB M0202

AMPure XP beads Beckman Coulter A63882

Dynabeads MyOne Streptavidin T1 beads Life Technologies 65602

Nextera DNA Sample Prep kit Illumina FC-121-1030

Deposited data

RNA-seq analysis of beige adipocytes from obesity prone C57BL/6J (B6),

obesity-resistant 129X1/SvJ (129) and F1 offspring.

This paper GSE188263

Whole genome-seq analysis of beige adipocytes from obesity-resistant

129X1/SvJ (129).

This paper GSE188263

ChIP-seq analysis of beige adipocytes from F1 offspring of obesity prone

C57BL/6J and obesity-resistant 129X1/SvJ (129).

This paper GSE188263

(Continued on next page)
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HiC analysis of beige adipocytes from F1 offspring of obesity prone C57BL/6J

and obesity-resistant 129X1/SvJ (129).

This paper GSE188263

Experimental models: Cell lines

ing WAT-derived SVF, C57BL/6J This paper N/A

ing WAT-derived SVF, 129X1/SvJ This paper N/A

ing WAT-derived SVF, F1 This paper N/A

ing WAT-derived SVF, C57BL/6J, rs47238345 homozygously edited This paper N/A

C2C12 ATCC CRL-1772

Plat E Cell Biolabs RV-101

Experimental models: Organisms/strains

C57BL/6J rs47238345-edited mice This paper N/A

Oligonucleotides

Guide RNA sequence, donor sequence for HDR and qPCR primers used

in this study

This paper Sequences are shown in Table S1

Control siRNA Santa Cruz Biotechnology sc-37007

siVDR Santa Cruz Biotechnology sc-36811

siBCL6b Santa Cruz Biotechnology sc-141670

Recombinant DNA

pMXs-3xFLAG-LHX8 This paper N/A

pMSCV-PRDM16 WT Hiraike et al., 2017 N/A

pMSCV-PRDM16 R761Q This paper N/A

pMSCV-PRDM16 DZF-1 This paper N/A

Software and algorithms

BWA-MEM 0.7.10 Li and Durbin, 2009 N/A

Picard software ver 2.9.4 Broad institute N/A

Novosort ver.1.03.01 Novocraft Technologies N/A

GATK HaplotypeCaller ver 3.7-0-gcfedb67 Depristo et al., 2011 N/A

batman aligner Tennakoon et al., 2012 N/A

MACS ver. 1.4.2 Zhang et al., 2008 N/A

STAR aligner ver. 2.7.3a Dobin et al., 2013 N/A

Hi-C pro pipeline ver. 2.9.0 Servant et al., 2015 N/A

FIMO ver. 4.12.0 Grant et al., 2011 N/A

Other

High Fat Diet 32 Clea Japan HFD32
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RESOURCE AVAILABILITY

Lead contact

Further information and request for resources and reagents should be directed to and would be fulfilled by

the lead contact, Yuta Hiraike.

Materials availability

Unique materials generated in this study is available upon complete materials transfer agreement.

Data and code availability

d High-throughput sequencing data have been deposited at the Gene Expression Omnibus (GEO) and are

publicly available as of the date of publication. The accession number is listed in the key resources table.
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d This work does not report original code.

d Any additional data or information required to reanalyze the findings shown here are available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture

Stromal vascular fraction (SVF) of inguinal white adipose tissue from 8 weeks-old male mice was isolated

as reported previously(Hiraike et al., 2020) using gentleMACS� Octo Dissociator with Heaters (Miltenyi

Biotec). The cells were then immortalized using retroviral vector expressing SV-40 large T antigen. For

adipocyte differentiation of immortalized SVF cells, at the confluence, cells were treated for 48 hours in me-

dium containing 10% FBS, 0.5 mM isobutylmethylxanthine, 125 nM indomethacin, 1 mM dexamethasone,

850 nM insulin, 1 nM T3 and 1 mM rosiglitazone. After 48 hours, cells were switched to medium containing

10% FBS, 850 nM insulin, 1 nM T3 and 1 mM rosiglitazone. Recombinant DNA experiments was approved by

the committee on genetically modified organisms of the Graduate School of Medicine, the University of

Tokyo and conducted according to the institutional guidelines at the University of Tokyo.

Mice studies

SNP editing of rs47238345 in mice using clustered regularly interspaced short palindromic repeats

(CRISPR)-Cas9/Cpf1 was performed in Laboratory of Animal Resources, Center for Disease Biology and

Integrative Medicine, Graduate School of Medicine, The University of Tokyo. We designed a guide RNA

to edit rs47238345 from C (reference, B6) to T (alternative, 129) in C57BL/6J background. Cas9 protein

(Guide-it recombinant Cas9 protein), sgRNA (Integrated DNA technologies) and ssDNA (FASMAC) were

delivered to C57BL/6J embryos at the pronuclear stage by microinjection. Briefly, embryos were trans-

ferred to M2 medium (M7167, SIGMA-ALDRICH), and microinjected with the mixture containing Cas9 pro-

tein (50 ng/mL), sgRNA (25 ng/mL) and ssDNA (5 ng/mL). After microinjection, survived embryos were

cultured in mWM for a night and were transferred into oviducts of 0.5-day-post-coitum recipients. Mutant

mosaic mice were crossed with C57BL/6J mice to obtain mice with germline transmission. Male mice were

used for all the experiment in this study, including primary cell isolation. A guide RNA sequence and a

donor sequence used for homology directed repair (HDR) in shown in Table S1A. All animal work was

approved by Institutional Animal Care and Use Committees (IACUC) of the University of Tokyo (P14-056,

H17-014 and P18-030) and conducted according to the institutional guidelines at the University of Tokyo.

Human studies

Perirenal BAT samples were obtained from eleven patients with pheochromocytoma (52.2 G 4.8 years old, 4

subjects weremale and 7 were female) and seven with non-functioning adrenal tumors (50.7G 5.0 years old, 2

subjects were male and 5 were female), as previously described (Nagano et al., 2015). All procedures were

approved by the Hiroshima University Ethics Committee and also by the research ethics committee of the

Graduate School of Medicine, the University of Tokyo. All the procedures were conducted according to

the Declaration of Helsinki, and all the patients gave written informed consent before taking part in the study.

METHOD DETAILS

Retroviral expression system

For gain-of-function experiments, we used the pMXs retroviral expression system as previously described

(Hiraike et al., 2017). Retroviral vectors expressing PRDM mutants were constructed using the KOD muta-

genesis kit (TOYOBO) according to the manufacturer’s instructions.

siRNA-mediated gene knockdown

For VDR or BCL6b knockdown experiments by lipofection, a control siRNA and a siRNA for VDR or BCL6b

was purchased from Santa Cruz Biotechnology (sc-37007, sc-36811 and sc-141670). The siRNA was trans-

fected using lipofectamine RNAiMAX (Invitrogen) 2 days before confluence, according to the manufac-

ture’s instruction.

RNA expression analysis

Total RNA from cultured cells or tissues was isolated using TRIzol reagent (Invitrogen) and RNeasy Mini

columns (QIAGEN). Isolated RNA was reverse-transcribed using ReverTra Ace qPCR RT Master Mix kit
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(Takara). Real-time quantitative PCR (SYBR green) analysis was performed onQuantStudio 7 Flex Real-Time

PCR System (Applied Biosystems). Rplp0 was used as an internal normalization control. For RNA-seq,

libraries were prepared using TruSeq Stranded mRNA Library Prep Kit (Illumina) according to the manufac-

turer’s instructions. A list of primers used for RT-qPCR analysis is shown in Tables S1B and S1C.

Western blotting

Tissues were lysed in radioimmunoprecipitation assay (RIPA) buffer containing 0.1% SDS, 1% NP-40, 0.5%

Na deoxycholate, 150 mMNaCl, 50 mM Tris-Cl (pH 8.0), 1 mM EDTA supplemented with protease inhibitor

(Roche). Proteins were separated by SDS-PAGE, transferred to nitrocellulose membrane, and detected

with the antibodies anti-NFIA (1:1000 dilution, Sigma HPA006111), anti-UCP1 (1:2000 dilution, Abcam,

ab10983), anti-VDR (1:100 dilution, Santa Cruz Biotechnology, sc-13133), anti-FLAG M2 (Sigma F3165),

and anti-b actin (Sigma A3854).

ChIP

ChIP was performed as described previously(Hiraike et al., 2017, 2020) with some modifications. Briefly,

samples were treated by nuclear extraction buffer (10 mM Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM MgCl2

and 0.1% IGEPAL CA-630) for 10 minutes and immediately cross-linked with 1% formaldehyde for 7.5 mi-

nutes at room temperature. Cross-linking was quenched using 125 mM glycine for 5 minutes. The chro-

matin was sheared by a probe sonicator (Branson) and was spun at 15,000 rpm for 5 minutes. Antibodies

were added for overnight incubation at 4�C. Mixes of Protein A and Protein G Sepharose (GE) added to

samples for 4 hours at 4�C. Subsequent procedures were performed as described previously. The anti-

bodies used were NFI (Santa Cruz Biotechnology, sc-30198) and PPARg (mix of Santa Cruz Biotechnology,

sc-7273, and Perseus Proteomics, A3409A). ChIP-seq libraries were prepared using KAPA hyper prep kit

(KAPA Biosystems) according to the manufacturer’s instructions. A list of primers used for ChIP-qPCR anal-

ysis is shown in Table S1D.

Hi-C

Hi-C experiments were performed following the previously published in-situHi-C protocol(Rao et al., 2014).

Briefly, five million cells were cross-linked with 1% formaldehyde following quenching with 0.2 M of glycine.

Cells were lysed with Hi-C lysis buffer (10 mM Tris-HCl pH8.0, 10 mM NaCl, 0.2% Igepal CA-630) and the

chromatin was digested byMboI (NEB, R0147) restriction enzyme. The both ends of the digested chromatin

were filled in and marked with biotin-14-dATP (Life Technologies, 19524-016) by DNA Polymerase I, Large

(Klenow) Fragment (NEB, M0210), and ligated by T4 DNA Ligase (NEB, M0202). The DNA was purified by

ethanol precipitation and sheared to 300–500 bp using Covaris E220 following size selection by AMPure XP

beads (Beckman Coulter, A63882). Then the DNA fragments were enriched by Dynabeads MyOne Strep-

tavidin T1 beads (Life Technologies, 65602). After repair of sheared DNA ends, the Illumina indexed

adapters were ligated to them. Hi-C libraries were amplified by 8–12 cycles of PCR before high-throughput

sequencing.

High-throughput sequencing

High-throughput sequencing was performed by using the HiSeq 2500, HiSeqX or MiSeq sequencer

(Illumina).

Whole genome sequencing (WGS) and variant calls

Whole genome sequencing libraries were prepared from genomic DNA using the Nextera DNA Sample

Prep kit (Illumina). The sequencing libraries were sequenced on a HiSeqX using TruSeq SBS kit v3 at Takara

Bio Inc, according to the manufacturer’s instructions. The one hundred and fifty cycles of single-end

sequencing was performed and the primary base call files were de-multiplexed and converted into

FASTQ format using bcl2fastq (ver1.8.4) pipeline. FASTQ reads were alignfed to reference mouse genome

build mm9 (canonical) by using BWA-MEM 0.7.10 with default parameters as previously described (Li and

Durbin, 2009; Mandai et al., 2017). The mapped reads were assigned to read groups and sorted using Pic-

ard software (ver 2.9.4). Presumed PCR duplicate reads were eliminated using Novosort ver.1.03.01 (Novo-

craft Technologies). The variant calling of single nucleotide variants (SNVs) was performed using Genome

Analysis Toolkit (GATK) Best Practice Workflow pipeline using HaplotypeCaller (ver 3.7-0-gcfedb67) ac-

cording to the GATK Best Practices for somatic short variant discovery(Depristo et al., 2011). This analysis

identified 5,434,592 SNVs in 129X1/SvJ compared to reference mouse genome build mm9 (C57BL/6J).
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ChIP-seq data processing

High-throughput sequence data were checked with fastqc (https://www.bioinformatics.babraham.ac.uk/

projects/fastqc/). The trimmed data were mapped to mm9 genome using batman aligner – ‘‘BatMis’’

version 3.0.0 with option ‘‘-n2 -m1’’ (using only uniquely mapped and allowing mismatch up to 2)(Tenna-

koon et al., 2012). Peak calling was performed using MACS(Zhang et al., 2008) ver. 1.4.2 with p values

10�5. Regarding the allelic imbalance analysis of ChIP-seq in F1 cells, we summarized the count for A

(C57BL/6J, B6) and B (129X1/SvJ,129) allele at the positions of 5,434,592 SNPs from the mapped BAM

file. We applied the null-hypothesis that both alleles were equally bound by the NFI transcription factor.

Then the count of A and B should follow binomial distribution. The probabilities of allelic imbalance

for each SNP position were calculated. Known transcription factor motifs that overlap with SNPs in the

Ucp1 -12kb enhancer was searched using the FIMO online software(Grant et al., 2011) version 4.12.0, using

‘‘JASPAR2018_CORE_vertebrates_non-redundant’’ as input motifs.
RNA-seq data processing

The sequenced data were mapped to mm9 genome and Refseq information derived at UCSC web site

(https://genome.ucsc.edu/). The STAR aligner(Dobin et al., 2013) version 2.7.3a was applied to make

RNA-seq count data with ‘‘FilterMultimapNmax 1’’. The RPKMdata for RNA-seq count were used for further

analyses. For the allelic imbalance analysis of RNA-seq in F1 cells, we followed the same strategy as the

imbalance analysis of ChIP-seq in F1 cells.
Hi-C data processing

Hi-C data were processed by Hi-C pro pipeline(Servant et al., 2015) vers. 2.9.0 considered with restriction

fragment information of MboI and mm9 mouse genome with default option. Briefly, this pipeline was able

to exclude low-quality mapped pairs. The valid pairs were used for further analyses. The allele-specific anal-

ysis was also processed by Hi-C pro with SNPs information between B6 and 129. Paired fragments were

mapped to 129 and 129, or B6 and B6 with approximately rate 3–4%. Those mapped to B6 and 129 respec-

tively were 0.1–0.2%. The Hi-C data were visualized using in-house program. Virtual 4C views were summa-

rized at any viewpoint of genomic position with any resolution.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics and reproducibility

Data were shown as meanG s.e.m unless otherwise specified. The exact numbers of replicates were shown

in each legend. Two-tailed student’s t-test was performed to determine the statistical significance between

two groups unless otherwise specified, with a p value of less than 0.05 considered significant. One-way

ANOVA analysis followed by Bonferroni’ post-hoc test was performed for multi-group comparison. Bino-

mial test was performed for the allelic imbalance analysis. The FIMO online software(Grant et al., 2011) was

used for the analysis of the overlap between known transcription factor motifs and SNPs, and the software

converted log-odds scores into p values, assuming a zero-order background model. We checked that the

data met the assumption of the statistic tests, and variances were similar between the groups being tested.
iScience 25, 104729, August 19, 2022 21

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://genome.ucsc.edu/

	NFIA determines the cis-effect of genetic variation on Ucp1 expression in murine thermogenic adipocytes
	Introduction
	Results
	The difference in browning potential between C57BL/6J and 129X1/SvJ is cell-autonomous
	Cis effect of genetic variation is a major driver of difference in Ucp1 expression between B6 and 129
	Allelic imbalance of NFI binding at the Ucp1 -12kb enhancer
	rs47238345 at the Ucp1 enhancer disrupts the motif for vitamin D receptor (VDR) in the 129 allele, inhibits VDR binding, an ...
	SNP editing of rs47238345 at the Ucp1 -12kb enhancer in mice resulted in increased Ucp1 expression
	Protein-coding single nucleotide polymorphisms have a limited effect on differences in browning capability between B6 and 129
	Lim homeobox protein-8 (Lhx8) is a trans-acting browning regulator
	Expression levels of LHX8 and UCP1 in human perirenal brown adipose tissue were concurrently higher in patients with pheoch ...

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Cell culture
	Mice studies
	Human studies

	Method details
	Retroviral expression system
	siRNA-mediated gene knockdown
	RNA expression analysis
	Western blotting
	ChIP
	Hi-C
	High-throughput sequencing
	Whole genome sequencing (WGS) and variant calls
	ChIP-seq data processing
	RNA-seq data processing
	Hi-C data processing

	Quantification and statistical analysis
	Statistics and reproducibility




