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Allograft inflammatory factor-1-like
is a situational regulator of leptin
levels, hyperphagia, and obesity

Dippal Parikh,” Smitha Jayakumar,” Gustavo H. Oliveira-Paula,” Vanessa Almonte,' Dario F. Riascos-Bernal,’
and Nicholas E.S. Sibinga™?*

SUMMARY

Mouse models enable the study of genetic factors affecting the complex patho-
physiology of metabolic disorders. Here, we identify reductions in leptin levels,
food intake, and obesity due to high-fat diet, accompanied by increased leptin
sensitivity, in mice that harbor the E2a-Cre transgene within Obrq2, an obesity
quantitative trait locus (QTL) that includes the leptin gene. Interestingly, loss of
allograft inflammatory factor-1-like (AIF1L) protein in these transgenic mice leads
to similar leptin sensitivity, yet marked reversal of the obesity phenotype, with
accelerated weight gain and increased food intake. Transgenic mice lacking
AIF1L also have low circulating leptin, which suggests that benefits of enhanced
leptin sensitivity are lost with further impairment of leptin expression due to loss
of AIF1L. Together, our results identify AIF1L as a genetic modifier of Obrq2 and
leptin that affects leptin levels, food intake, and obesity during the metabolic
stress imposed by HFD.

INTRODUCTION

Obesity is a major public health issue that affects staggering numbers of people, including adults and chil-
dren alike. The interaction of genetic risk factors with our modern obesogenic environment contributes
greatly to the rising incidence of this condition. Importantly, obesity is a major risk factor for a number
of chronic diseases, including diabetes, cardiovascular disease, fatty liver disease, and several types of can-
cer (Hubert et al., 1983; Li et al., 2016; Colditz and Lindsay, 2018); in the current pandemic, it increases the
risk of serious infection and death due to COVID-19 (Anderson et al., 2020; Tartof et al., 2020; Kompaniyets
etal., 2021; Kuehn, 2021). Existing therapies for obesity include dietary regulation, weight loss surgery, and
anti-obesity drugs, but the limited effectiveness, durability, and undesirable side effects of such ap-
proaches point to the need for better understanding of the pathophysiology of obesity that could lead
to new therapeutic strategies and/or more effective dietary interventions.

Chromosome substitution strains (CSSs) provide a valuable tool to identify novel candidate genetic factors
or modifier genes of known causal genes, regulating the pathophysiology of complex diseases such as
obesity and its associated metabolic syndrome. A CSS in which chromosome 6 is derived from the A/J
strain and the remainder of the genome is from the C57BL/6J strain shows resistance to diet-induced

obesity (DIO) (Buchner et al., 2008). Further studies with congenic and sub-congenic strains of this CSS 'Department of Medicine
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(Yazbek et al., 2010, 2011; Buchner et al., 2012).

Obesity is characterized fundamentally by excessive accumulation of fat in adipose tissue due to an imbal-
ance in energy intake and energy output. In addition to a central function in energy storage, adipose tissue

is a critical endocrine organ, secreting hormones called adipokines. Leptin, the first adipokine identified, *_Ci"lesmgdenc@ef
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mutations in the leptin gene also show increased body weight (Faroogi et al., 2001). Administration of
exogenous leptin in the setting of leptin deficiency decreases food intake reduction and promotes weight
loss (Faroogqi et al., 1999) (Pelleymounter et al., 1995). Most obese subjects, however, have high levels of
circulating leptin without a reduction in appetite, and do not eat less in response to exogenous leptin
administration—a phenomenon called leptin resistance (Ogus et al., 2003; Gruzdeva et al., 2019).

Since the identification of leptin 25 years ago, its physiology has been studied extensively, but the basis of leptin
resistance, especially under varied metabolic contexts, remains incomplete. A common aspect of several pro-
posed mechanisms, however, is that hyperleptinemia is necessary to drive leptin resistance (Knight et al., 2010).
Recent studies in mice suggest that a partial reduction in leptin levels can be beneficial in some settings (e.g.,
high-fat diet) because these mice are protected from leptin resistance (Zhao et al.,, 2019, 2020). Overall, these
observations put a much-needed spotlight on the definition and potential significance of “partial/low” leptin
levels. Thus, studies identifying different factors that regulate leptin levels will help provide a more comprehen-
sive view of its actions in physiological and pathophysiological conditions.

We previously reported that a protein called allograft inflammatory factor-1-like (AIF1L) is expressed in ad-
ipose tissues of mice and that AIF1L deficiency did not affect age-dependent weight gain or HFD-induced
obesity. We also noted that loss of AIF1L reduced expression of leptin transcripts in adipose tissues and
levels of leptin in the circulation (Parikh et al., 2020). In subsequent work, we have found that AIF1L can
modify susceptibility to HFD-induced obesity in some settings. This observation arises from studies in a
transgenic mouse model—the E2a-Cre transgenic mouse line, referred to hereafter as Cre+—that is widely
used to induce germline excision of floxed alleles (Lakso et al., 1996).

Our studies show that compared to WT mice, Cre+ mice display limited food intake and weight gain on HFD.
Interestingly, the E2a-Cre transgene maps to a previously characterized chromosome 6 obesity resistance locus,
Obrg2, that includes the leptin gene (Buchner et al., 2008). The presence of the transgene limits leptin levels at
baseline compared to WT; Cre+ mice on long-term HFD respond to exogenous leptin with decreased food
intake, while WT mice show no effect. Importantly, Cre+ mice show increased response to exogenous leptin
also after brief HFD feeding, when the bodyweights have not yet diverged. Cre+ mice that are also homozygous
for the loxP-modified Aif1/ allele (genotype Aif1 [loxP/1oxP.EDa-Cre+, and referred to as Aif1/7°%Cre+) maintain this
higher leptin sensitivity but have lower leptin levels shortly after starting on HFD.

In contrast to this apparently mild effect on leptin levels, AIF1L deficiency fully reverses the limited weight
gain phenotype of the Cre+ mouse—that is, on HFD, Cre+ mice eat less and weigh less, whereas
Aif1/19%.Cre+ mice eat more and become markedly obese. In pair-feeding studies, these differences in
weight gain disappear, implicating differential food intake as the major driver of obesity in Aif1/1°%Cre+
mice eating an HFD. Together, these findings suggest a genetic interaction between the Aif1l locus and
the integrated E2a-Cre transgene chromosomal region that may depend at least in part on leptin physi-
ology—including regulation of levels as well as sensitivity, but associated with significant effects on food
intake and obesity.

RESULTS

Compared to WT mice, Cre+ mice show limited weight gain upon HFD feeding

In our studies with normal (chow) diet, we observed that Cre+ and WT mice have similar body weights at
8-10 weeks of age (Figure 1A); incidentally, we observed that the Cre+ mice gain less weight compared to
WT mice when subjected to HFD feeding for 16 weeks (Figures 1B and 1C). To evaluate if there are energy
intake differences at this time point, we housed the mice individually and found that Cre+ mice have
reduced cumulative food intake compared to WT mice, as measured over 7 days (Figure 1D). The reduced
weight gain observed for the HFD-fed Cre+ mice was due to reduced fat as well as lean mass as measured
by Echo MRI (Figure 1E). At the end of the study, we harvested organs and found reduced inguinal subcu-
taneous adipose tissue (iSAT) and liver mass (Figure 1F). Overall, these results indicate that E2a-Cre trans-
gene integration limits food intake and HFD-induced weight gain.

The E2a-Cre transgene is integrated in a recognized obesity quantitative trait locus (QTL) on
chromosome 6 that includes the leptin gene

Jackson laboratories provides a rough estimate of the E2a-Cre transgene integration site using single
nucleotide polymorphism (SNP) testing, but the precise chromosomal location has not been previously
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Figure 1. E2a-Cre transgenic mice show limited weight gain upon HFD feeding, compared to WT mice

A) Body weight of 8-10 weeks old WT (n = 20) and E2a-Cre transgenic (Cre+) male mice (n = 31).

B) Body weight curves of WT (n = 14) and Cre+ (n = 26) mice on high-fat diet for 16 weeks.

C) Weight gain of WT (n = 14) and Cre+ (n = 26) male mice on high-fat diet for 16 weeks.

D) Cumulative food intake of single housed male mice measured every 24 h for 7 days (WT; n = 6) (Cre+; n = 4).

E) Fat mass and lean mass measurements of 16 weeks HFD-fed male mice, analyzed by Echo MRI (WT; n = 11-12) (Cre+;
n=18).

(F) Inguinal subcutaneous adipose tissue (iSAT), epididymal white adipose tissue (€WAT), and liver mass from 16 weeks
HFD-fed male mice (WT; n = 12) (Cre+; n = 15-18). Data are represented as mean + SEM.
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reported. To determine the exact site—and possibly gain insight into how its integration affects meta-
bolism—we used targeted locus amplification (TLA) to localize the transgene to chromosome 6
(Grecm38) at position 26,649,738 to 26,649,829 (Figures 2A and 2B). Transgene integration entails at least
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Figure 2. The E2a-Cre transgene is integrated in a recognized obesity quantitative trait locus (QTL) on
chromosome 6 that includes the leptin gene

(A) Targeted locus amplification (TLA) sequence coverage across the mouse genome of the transgenic mice.
(B) Precise location and expanded chromosomal region of the transgene integration site.

5 kb of cointegrated sequence and a 91 bp genomic deletion; no concatemers (transgene-transgene fu-
sions) were observed. This chromosomal location falls within a previously identified obesity quantitative
trait locus (QTL) called Obrg2 (Buchner et al., 2008; Yazbek et al., 2011). Importantly, Obrg2 sequences
are in synteny with regions on human chromosome 7 (7g21; 7931-35) that have been shown to be associ-
ated with obesity. We observed with interest that this integration site is relatively close to the leptin gene
(Figure 2B), but also noted prior linkage and linkage disequilibrium mapping analyses suggesting that at
least two other genes within this interval influence obesity (Li et al., 2003).

Cre+ mice on HFD show higher responsiveness to exogenous leptin

We then assessed if the mutation of Obrg2induced by transgene insertion affects leptin expression. Since
we found reduced food intake in long-term HFD-fed mice (Figure 1), we first checked leptin levels after
16 weeks of HFD feeding and noted a trend toward reduced levels of circulating leptin in Cre+ mice
compared to WT mice (Figure 3A). Body composition analysis of this cohort of mice showed reduced fat
mass of Cre+ mice compared to WT mice (Figure 3B). Plotting leptin levels as a function of fat mass did
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not reveal any further differences (Figure S1). However, these curious results with Cre+ mice—showing
reduced food intake, fat mass, and a trend toward lower absolute leptin levels relative to WT mice—led
us to test leptin sensitivity at this time point in regard to its effect on food intake. The mice were housed
singly and acclimatized for 1 week. To cover a range of doses, the leptin amount was escalated over
days. Interestingly, when we measured food intake by these mice over a course of 7 days, we found that
Cre+ mice responded to exogenous leptin administration with a reduction in food intake that was not
observed in WT mice (Figure 3C). To determine if Cre+ mice have differential sensitivity to leptin even
before the divergence in adiposity and body weight, we performed the same experiment in mice fed an
HFD for just 2 weeks. We observed a pronounced decrease in cumulative food intake in Cre+ mice, while
WT mice did not show a difference relative to PBS administration (Figure 3D). While leptin administration
on day 1 reduced food intake similarly in mice of both genotypes, subsequent higher doses of leptin
yielded further decreases in food intake in Cre+ but not WT mice (Figure 3E). Administration of PBS to
the same mice prior to leptin administration yielded no differences in food intake compared to a control
group receiving no treatment, while WT mice did show a reduction in food intake (Figures S2A-S2D).
This argues against a Cre+-dependent differential response to the stress of the injection.

These results show that in comparison with WT mice, Cre+ mice have increased leptin sensitivity after brief
as well as long-term HFD feeding. While studies have shown both beneficial and detrimental consequences
of partial leptin levels on diet-induced obesity (Begriche et al., 2008; Asai et al., 2020), a recent report
showed that global as well as adipocyte-specific loss of one allele of leptin gene resulted in decreased
weight gain upon HFD feeding (Zhao et al., 2020). We wanted to check if leptin levels are affected before
subjecting the mice to metabolic stress. We found that Cre+ mice have lower serum leptin levels compared
to the WT mice (Figure 3F). We hypothesize that this partial leptin reduction in Cre+ mice may contribute to
the observed increase in leptin sensitivity and associated reduction in weight gain. Overall, these results
suggest that insertion of the E2a-Cre transgene in the Obrg2 locus on chromosome 6 reduces baseline
circulating leptin levels, increases exogenous leptin sensitivity, protects mice from HFD-induced leptin
resistance, and opposes HFD-induced obesity.

Loss of allograft inflammatory factor-1-like (AIF1L) in Cre+ mice reduces circulating leptin
levels after short-term HFD feeding

We previously reported that loss of AIF1L reduces leptin transcripts in adipose tissues and levels of leptin in
circulation (Parikh et al., 2020). Intriguingly, studies of Cre+ mice showed increased AIF1L expression in
epididymal white adipose tissue (eWAT) (Figure 4A). These results, along with the observed regulation
of leptin in the Cre+ model, led us to evaluate a potential role for AIF1L in this context. To test possible
interactions between AIF1L and the Cre+ model, we generated Aif1[lex.
AIF1L while also bearing the Cre transgene. First, we checked leptin levels at baseline in adult mice and
[flox.Cre+ mice (Figure 4B). We then stressed the mice by sub-
jecting them to HFD feeding for 2 weeks and found that Aif1/°%;Cre+ mice have lower levels of circulating
leptin compared to Cre+ mice (Figure 4B). We further measured fat mass for a subset of this cohort (Fig-
ure S3A) and plotted leptin as a function of fat mass, which showed no differences between Cre+ and
Aif1/1e%,Cre+ genotypes, indicating that lower leptin levels are not due to lower fat mass (Figure S3B).
Given this observed partial reduction in leptin levels in Aif1/"°*;Cre+ mice, we utilized a separate cohort
of Aif1"°%Cre+ mice fed with HFD for 2 weeks to check leptin sensitivity relative to the WT and Cre+
HFD-fed mice, as reported in Figure 3. Like Cre+ mice, Aif1/19%Cre+ mice showed a reduction in food
intake in response to exogenous leptin when compared to WT mice intake (Figure 4C); however, we did
not observe any further reduction in food intake when compared to the Cre+ mice. This result suggests
that the observed increase in leptin sensitivity due to insertion of the E2a-Cre transgene in the Obrg2 locus
is maintained in Aif1/7°%.Cre+ mice. Overall, these results show that when the Obrg2 QTL is mutated by
transgene integration, AIF1L does not affect leptin levels at baseline but is required to maintain leptin
levels after short-term HFD feeding.

Cre+ mice that are deficient in

found no difference between Cre+ and Aif1

flox.
| OX:

Loss of AIF1L reverses the obesity resistance of Cre+ mice

Considering that AlIF1L-deficient mice have lower levels of circulating leptin than WT mice and maintain
greater leptin sensitivity after brief HFD feeding, we wondered if loss of AIF1L would also affect long-
term resistance of Cre+ mice to HFD-induced weight gain. To test this idea, we subjected 8- to 9.5-
week-old Aif1/f°%Cre+ mice to HFD feeding for 16 weeks. Remarkably, we found that Aif1119%Cre+ mice
displayed accelerated weight gain compared to the Cre+ mice (Figure 5A). Body composition analysis
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Figure 3. Cre+ mice on HFD show higher responsiveness to exogenous leptin

(A) Circulating leptin levels in serum from 16 weeks HFD-fed WT (n = 11) and Cre+ (n = 9) male mice.

(B) Fatmass of WT (n = 11) and Cre+ (n = 9) male mice after 16 weeks of HFD feeding (a subset of this cohort is also a part of
Figure 1C).

(C) Cumulative food intake of single housed 16 weeks HFD-fed male mice measured every 24 h in response to daily PBS or
leptin administration (WT; n = 6) (Cre+; n = 4).

(D) Cumulative food intake of single housed 2 weeks HFD-fed male mice measured every 24 h in response to daily PBS or
leptin administration (WT; n = 7) (Cre+; n = 4).

(E) Difference in food intake; food intake after leptin administration minus food intake after PBS administration (leptin-
PBS) (WT; n =7) (Cre+; n = 4).

(F) Circulating leptin levels in serum from adult WT (n = 15) and Cre+ (n = 24) male mice at baseline on normal diet. Data
are represented as mean + SEM. See also Figures ST and S2.
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Figure 4. Concurrent loss of allograft inflammatory factor-1-like (AIF1L) in Cre+ mice reduces circulating leptin
levels after short-term HFD feeding

(A) AIF1L protein expression in eWAT using immunoblotting in 8-9.5 weeks old WT and Cre+ mice, at baseline on normal
diet (n = 7).

(B) Circulating leptin levels in serum from adult Cre+ (n = 24) and Aif1[1°%Cre+ (n = 17) male mice at baseline (Repetition of
Cre+ mice data from Figure 3F, for a new comparison) and 2 weeks HFD-fed Cre+ (n = 12) and Aif1119%Cre+ (n = 11) male
mice.

(C) Difference in food intake; food intake after leptin administration minus food intake after PBS administration (leptin-
PBS) (Aif1/7°%:Cre+; n = 5) (Repetition of WT and Cre+ mice data from Figure 3E, for a new comparison). Data are
represented as mean + SEM. See also Figures ST and S3.

revealed that increases in both fat mass as well as lean mass contributed to the increased body weight (Fig-
ure 5B), and micro-computerized tomography (uCT) scans yielded similar results (Figure 5C). Additionally,
we harvested organs at the end of the study and found that Aif1l1°%Cre+ mice have increased iSAT and
liver mass relative to the Cre+ mice (Figure 5D). Representative macroscopic and histologic appearance
of the adipose depots and liver are depicted in Figures S4A and S4B, respectively. These findings show
an unexpected reversal of the Cre+ phenotype by loss of AIF1L and suggest a genetic interaction between

the Obrg2 locus—as affected by the transgene insertion—and Aif1l.

To assess a possible sexual dimorphic role for this genetic interaction, we also subjected female mice to
long-term HFD feeding. We found that female Aif1 [fox.Cre+ mice, like male Aif1l"%Cre+ mice, have
increased body weight, but with different kinetics—whereas male Aif1[flox.
by 6 weeks of HFD, in females, the weight curves did not diverge until 16 weeks of HFD feeding (Figure 5E).
We also observed an increase in fat mass, but no difference in lean mass (Figure 5F). uCT scans also showed
that 18 weeks of HFD caused greater fat accumulation in female Aif1[flox.
(Figure 5G). We then harvested the organs and found increases in the mass of iSAT, peri-ovarian white ad-
flox.

ipose tissue (poWAT), and livers from Aif1/"%,Cre+ mice compared to Cre+ mice (Figure 5H). These results
indicate that loss of AIF1L fully suppresses the obesity resistance phenotype of the transgenic mice in both

Cre+ were significantly heavier

Cre+ mice compared to Cre+ mice
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Figure 5. Loss of AIF1L reverses obesity resistance of E2a-Cre transgenic mice
(A) Weight gain curves of Cre+ (n = 26) and Aif1lf°*%Cre+ (n = 28) male mice over 16 weeks of HFD feeding (Cre+ data from Figure 1C is repeated here for a

new comparison).

(B) Fat mass and lean mass measurements of 16 weeks HFD-fed male mice, analyzed by Echo MRI (Aif1119%:Cre++; n = 18) (Aif1/19Cre+; n = 22) (Cre+ data
from Figure 1E is repeated here for a new comparison).
(C) Representative uCT sections of HFD-fed Cre+ and Aif111°%Cre+ male mice.
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Figure 5. Continued

(D) iSAT, eWAT, and liver mass from 16 weeks HFD-fed male mice (Cre+; n = 18) (Aif17°%Cre+; n = 22) (Cre+ data from Figure 1F is repeated here for a new
comparison).

(E) Weight gain curves of Cre+ (n = 9) and Aif1l1°%Cre+ (n = 10) female mice over 18 weeks of HFD feeding.

(F) Fat and lean mass measurements of 18 weeks HFD-fed female mice, analyzed by Echo MRI (Cre+; n = 6) (Aif11°%Cre+; n = 10).

(G) Representative uCT sections of 18 weeks HFD-fed Cre+ and Aif1/"°%Cre+ female mice.

(H) iSAT, periovarian white adipose tissue (poWAT), and liver mass from 18 weeks HFD-fed female mice (Cre+; n = 9) (Aif1lf°%Cre+: n = 10). Data are
represented as mean + SEM. See also Figures S4-56.

sexes. Also, these results further provide evidence for a genetic interaction between the transgene integra-
tion region on chromosome 6 and the Aif1l locus on chromosome 2. Overall, we demonstrate that AIF1L
limits HFD-induced weight gain when the Obrg2 obesity QTL is altered.

Loss of AIF1L does not alter energy expenditure, substrate utilization, or glucose tolerance
of the HFD-fed Cre+ transgenic mice

We next asked how the loss of AIF1L leads to weight gain in the Cre+ mice fed an HFD. Metabolic cage
analyses of mice fed an HFD for 16 weeks showed no difference in energy expenditure between Cre+
and Aif1/19%:Cre+ mice (Figure S5A). We then wondered if differences in energy expenditure—or other
metabolic parameters—early in HFD feeding could explain the phenotype. To test this idea, we performed
metabolic cage studies after 1 week of HFD feeding and found no differences in energy expenditure (Fig-
ure S5B), physical activity (Figure S5C), or substrate utilization preferences (Figure S5D) between the Cre+
and Aif1/1°%Cre+ mice. In addition, body length was not different (Figure S5E), which argues against an
effect on overall growth as an explanation for differences in body weight. We further assessed glucose
tolerance in adult Cre+ and Aif1/"°%Cre+ mice at baseline and after short-term HFD feeding, and found
no differences in fasting glucose levels (Figures S6A and S6D), individual glucose measurements with
GTT (Figures S6B and S6E), and mean area under the curve (AUC) quantification (Figures S6C and SéF).
These results indicate that AIF1L is not required to maintain basal glucose sensitivity of the transgenic
mice, and more importantly, that alterations in glucose sensitivity do not precede weight gain differences
upon HFD feeding. Altogether, the absence of significant differences in energy expenditure, substrate uti-
lization, and glucose tolerance between Cre+ and Aif1/19%;Cre+ mice suggested that food intake differ-
ences might underlie the observation that AIF1L limits weight gain by Cre+ mice on an HFD.

Differences in weight gain due to loss of AIF1L depend on food intake

To assess whether AIF1L affects food intake of the Cre+ mice on HFD (Figure 1D), we evaluated this param-
eter in singly housed Aif1/7°%Cre+ mice. We observed that cumulative HFD intake of Aif1/19%:Cre+ mice
was significantly higher compared to that of Cre+ mice (Figure 6A), indicating that loss of AIF1L restores
food intake of Cre+ mice to WT levels. To corroborate unequivocally whether AIF1L plays a role in regu-
lating energy intake in the Cre+ mice, we performed pair-feeding studies. Adult Cre+ and Aif1/7°%.Cre+
male mice were first socially housed and fed an HFD ad libitum for 3 weeks, which resulted in body weight
increases for the Aif1/"°%Cre+ mice relative to Cre+ mice (Figure 6B). For the following 8 weeks, the mice
were switched to single housing. The Cre+ mice were fed ad libitum, and the Aif1/7°%Cre+ mice were fed
the amount of food eaten by the Cre+ mice the previous day. This pair feeding of the Aif1/%;
resulted in normalization of the weight gain differences (Figures 6B and 6C). Subsequently, both groups
of mice were socially housed and fed ad libitum for 13 weeks (Figure S7A). At the end of the study, we
observed increased body weight of Aif1/1°%,Cre+ mice relative to Cre+ mice. Body composition analysis
revealed that this increased body weight was due to increased fat mass (Figure S7B). Direct measurements
of organs harvested from Aif1/"®:Cre+ and Cre+ mice showed an increase in mass of iSAT from
Aif1119%Cre+ mice (Figure S7C). In combination, these results confirm that energy intake differences drive
the weight gain and fat mass differences of the Cre+ and Aif1/7°%,Cre+ mice upon HFD feeding. At the
same time, these results indicate that AIF1L prevents HFD-induced weight gain of the Cre+ mice by limiting
food intake. Overall, our data reveal an unexpected regulatory function for AIF1L in the context of diet-
induced hyperphagia and associated weight gain.

Cre+ mice

DISCUSSION

With these studies, we have uncovered a previously unknown role for AIF1L in metabolism—specifically,
showing that in some settings AIF1L can limit HFD-induced obesity by suppressing food intake. We iden-
tified this function in a transgenic mouse line—the E2a-Cre transgenic (Cre+) mouse model—that
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Figure 6. Differences in weight gain due to loss of AIF1L depend on food intake

(A) Cumulative food intake of single housed HFD-fed WT (n = 6), Cre+ (n = 4), and Aif1lfl°%.Cre+ (n = 4) male mice
measured every 24 h for 7 days (WT and Cre+ data from Figure 1D are repeated here for a new comparison).

(B) Body weight curves of Cre+ and Aif1/7°%;,Cre+ male mice over 3 weeks of ad libitum HFD feeding followed by 8 weeks
of pairwise feeding (n = 6).

(C) Body weight of Cre+ and Aif1/°%Cre+ male mice at the end of the pair-feeding study (n = 6). Data are represented as
mean + SEM. See also Figure S7.

displayed limited food intake and decreased weight gain upon HFD feeding. Concurrent loss of AIF1L fully
suppressed these phenotypes in both male and female (Aif1/19%;Cre+) mice. Moreover, we found that pair
feeding of Aif1/1°%,Cre+ mice (i.e., limiting intake to that of Cre+ mice) normalized the weight gain differ-
ences. These findings support the idea that the AIF1L-dependent obesity phenotype is driven by differ-
ences in energy intake. This is the first report showing AIF1L as a context-dependent regulator of HFD-
induced hyperphagia and obesity.

We localized the integration site of the widely used E2a-Cre transgene to the Obrg2 QTL on chromosome
6. This QTL was recognized using chromosome substitution strains (CSS) combining the obesity-suscepti-
ble C57BL/6 and obesity-resistant A/J strains. The Obrg2 QTL was mapped to a 30.3 Mb interval between
the SNP markers rs13478633 and rs30218447 (Yazbek et al., 2011), an interval that includes the leptin gene.
Here, we show for the first time that modification of this chromosomal region—as by transgene integra-
tion—is associated with reduction of circulating leptin levels in adult mice. We previously reported that
AIF1L is expressed in adipose depots and that global loss of function in mice reduces both baseline levels
of leptin transcripts and levels of leptin in circulation (Parikh et al., 2020). Interestingly, here we observed
that brief HFD feeding reduced leptin levels in Aif1 [o%.Cre+ mice relative to Cre+ mice. These results, com-
bined with the reversal of obesity resistance in Cre+ mice due to loss of AIF1L, indicate a genetic interaction
between the transgene integration region on chromosome 6 and the Aif1l locus on chromosome 2, and
suggest that AIF1L acts in the context of HFD feeding as a modifier of the Obrg2 QTL and leptin levels.
While it has been shown that the magnitude of the effect of the Obrg2 QTL is highly dependent on neigh-
boring QTLs on the same chromosome (Shao et al., 2008; Riordan and Nadeau, 2017), to our knowledge,
other single locus modifiers of this QTL have not been identified, making Aif1l the first such candidate.

Arecent study shows that partial leptin deficiency in adult mice limits HFD-induced weight gain (Zhao et al., 2020);
this effect has been explained as protection from hyperleptinemia, which in turn maintains sensitivity to leptin.
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Furthermore, partially reducing the leptin levels in the settings of hyperleptinemia, like in obese mice, reverses
leptin resistance (Zhao et al., 2019). While the understanding of causes and consequences of hyperleptinemia
and complete leptin deficiency has significantly improved due to numerous studies with rodents and humans,
the physiology and pathophysiology of partial leptin deficiency is just beginning to emerge. In contrast to these
studies that elucidated beneficial effects, detrimental effects of partial leptin deficiency have also been reported
in mice as well as humans (Faroogi et al., 2001; Begriche et al., 2008; Asai et al., 2020). In view of these disparate
findings, a consensus on the definition of partial/low/extremely low levels of leptin levels is also pending, and crit-
ically important to help understand and possibly resolve these conflicting results. Here, we show that the partial
leptin reduction in adult Cre+ mice on normal diet is associated with higher leptin sensitivity and decreases in
food intake, fat mass, and weight gain. With HFD feeding and coincident loss of AIF1L, however, reduction in lep-
tin levels (by ~45%) is associated with increases in food intake, fat mass, and weight gain, thereby suppressing the
metabolic phenotype observed in the Cre+ mice. Further studies will be required to test whether the observed
increased leptin sensitivity in Cre+ mice after short-term HFD feeding is due to preexisting partial deficiency of
leptin and/or a direct effect independent of the levels. More importantly though, our study particularly highlights
the role of AIF1L, which shows modest effects on leptin levels but significant effects on HFD-induced hyperphagia
and weight gain.

It is now well established that obesity and its associated metabolic disorders are rarely monogenic; their
polygenic and epigenetic nature point to the value of identifying new and different kinds of mouse models
to study the underlying complex pathophysiology valuable. The data we report here provide a strong ratio-
nale to study the genetic interaction between Obrg2 and AIF1L in a more physiological model. Buchner
et al. have established congenic and sub-congenic strains for this QTL and sub-QTLs on chromosome 6
(Yazbek et al., 2011). Similar strains—wherein these regions of chromosome 6 are perturbed in a controlled
fashion—and mouse models with increased leptin sensitivity could be used toward these goals. In addition,
these models would make it feasible to study loss of AIFIL in a temporally and adipocyte-restricted
context, which is impossible in this transgenic model as the E2a-Cre promoter is active as early as the zy-
gotic stage. We also hypothesize that this interaction is bidirectional in nature, as we observe increase in
expression of AIF1L in the eWAT depot from adult Cre+ mice, compared to age-matched WT mice (Fig-
ure 4A). This is especially interesting, as we did not observe a similar difference in the iSAT depot. These
data provide a rationale for testing AIF1L expression in these depots from HFD-fed mice and studying
white adipocyte-specific loss of AIF1L. Further studies are required to check if AIF1L is differentially ex-
pressed in other metabolic organs.

In previous studies, we found that global loss of AIF1L did not affect weight gain, fat and lean mass, or
metabolic profile in mice on HFD, and we concluded from these observations that AIF1L is not essential
for HFD-induced obesity. We also showed that AIF1L is expressed in adipose tissues, brain, and kidney
of adult mice (Parikh et al., 2020). The data we report here—uncovered due to the incidental integration
of a transgene in chromosome é—show that AIF1L can indeed play a role in HFD-induced weight gain.
These findings provide some new understanding for this little-studied protein. In conclusion, we report
that AIF1L limits high-fat diet-induced hyperphagia and weight gain, in the settings of increased leptin
sensitivity, potentially through regulating leptin levels.

Limitations of the study

Some caveats for this work should be considered. For one, we have identified a genetic interaction of the
Aif1L and the Obrg2loci through an artificial event—mutation of the Obrg2locus induced by integration of
an engineered transgene. We are curious to know if the genetic interaction also occurs under different and
potentially more physiologic metabolic stressors. We also recognize that the observed diet-induced
weight gain phenotypes in our mouse models may be leptin independent, and note that other candidate
genes within the Obrq2 QTL interval remain to be investigated. The nearest coding region to the transgene
integration site on chromosome 6 is the gene Grm8, which encodes metabotropic glutamate receptor 8. In
the context of DIO, variant rs2237781 within GRM8 has been suggested to influence eating behavior in hu-
mans, potentially through pathways involved in addictive behavior (Gast et al., 2013). Further studies are
warranted to investigate the contributions of this and other potential candidate genes in Obrg2 interval,
and their interaction with Aif1lin regulating the observed fat mass phenotype.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-GAPDH Santa Cruz Biotechnology Cat# sc-25778; RRID: AB_10167668
Rabbit polyclonal anti-AlIF1L Sigma-Aldrich Cat# HPA020522; RRID: AB_2670463

Chemicals, peptides, and recombinant proteins

Recombinant Murine leptin Peprotech Cat#450-31

Critical commercial assays

Leptin ELISA kit Millipore Cat#EZML-82K
Experimental models: Organisms/strains

Mouse: E2a-Cre transgenic Jackson laboratories Cat#003724
Mouse: Aif1L "KO-first” allele on C57BL6/N KOMP/WTSI #333333; N/A
strain

Oligonucleotides

Primers for genotyping Parikh et al., 2020 N/A
Cre primer: for TLA This paper N/A
Forward- ATTACGTATATCCTGGCAGC

Cre primer: for TLA This paper N/A
Reverse- GCCAAGCTATCCCATAAGC

Backbone primer for TLA: Forward- This paper N/A
GTCCCAACTCACTCTTCTTG

Backbone primer for TLA: Reverse- This paper N/A
GCCAAGCTATCCCATAAGC

Software and algorithms

ImageJ National Institutes of Health https://imagej.nih.gov/ij/
GraphPad Prism 8 and 9 GraphPad https://www.graphpad.com
Other

High fat diet; 60% of kCal from fat Research Diets Cat#D12492i

Pico Lab mouse diet 20 5058 Lab Diet Code#5058
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Nicholas Sibinga (nicholas.sibinga@einsteinmed.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
@ Data reported in this paper will be shared by the lead contact upon request.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon reasonable request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse lines and conditions

Mice bearing the Aif1L "KO-first” allele on a C57BL6/N background were obtained from Knockout Mouse
Project repository (KOMP). They were backcrossed for 8 generations to the C57BL6/J strain before mating
them with E2a-Cre transgenic mice (Jackson laboratories #003724) to generate AlF1L-deficient mice with
the lacZ gene driven by the endogenous Aif1l promoter. Mice were studied between 8 and 24 weeks of
age; both male and female mice were evaluated, and results were analyzed and reported separately. All
animals were housed in pathogen-free conditions, and procedures were in accordance with the rules
and regulations of the Association for Assessment and Accreditation of Laboratory Animal Care
(AAALAC) and were approved by the Institutional Animal Care and Use Committee (IACUC) of the Albert
Einstein College of Medicine. All the WT and Cre+ mice used for weight gain studies were littermates. One-
third of the Aif1/1°%.Cre+ mice were littermates with WT and Cre+ mice. Breeders of non-littermate cohorts
came from the same founder animals. For weight gain studies, strategies used for mating were such that
the E2a-Cre transgene was always inherited paternally for all the Cre+ and Aif1/1°%,Cre+ mice. For baseline
and early HFD feeding studies, cohorts of maternally inherited transgenic mice were also included.

METHOD DETAILS

Genotyping

Genotyping was done using genomic DNA extracted from tail tips using tail lysis buffer and proteinase K
with overnight digestion at 56°C. Proteinase K was deactivated at 92°C for 20 min and samples were centri-
fuged to remove the debris. Supernatant was used to perform PCR reactions. Genotyping strategies,

primer information, and validation of this mouse line has been reported in our previous study (Parikh
et al., 2020).

Diet-induced obese mouse models

Mice aged 8-9.5 weeks were subjected to HFD feeding (Research Diets, D12492i; 60% of kCal from fat) for
periods as indicated in the figures. Two independent cohorts were analyzed. The mice were weighed
before switching and thereafter every 2 weeks unless otherwise indicated. At the end of the HFD-feeding
period, outlier tests were run, and the single outliers (n = 1) identified for each genotype were removed
from the analysis. In addition, 1 or 2 mice of each genotype developed skin wounds during the study,
and these animals were also removed from the final analysis.

Body composition and imaging
Lean mass and fat mass were acquired using an EchoMRI-100 Body composition analyzer. pCT scan was
performed with the following settings — 0.08 mm, 30 slices, and slow speed.

Indirect calorimetry analysis

Columbus Labs comprehensive lab animal monitoring systems (CLAMS, Einstein Animal Physiology Core)
were used to collect multiparameter metabolic data, including energy expenditure (EE), physical activity as
horizontal and vertical beam breaks, O, consumption, and CO, production to calculate respiratory ex-
change ratio (RER). All parameters were normalized to lean mass of each mouse. Data was continuously
collected for 5 days after 48h of acclimatization in the cages, in which the mice were individually housed.
These assays were done after either 1 week or 16 weeks of HFD feeding, as indicated in the figure legends.

Food intake

HFD-fed male and female mice were single housed and provided ad libitum access to food and water. After
acclimatization period of 2 days, remaining food was measured every 24h, just before the start of the dark
cycle begins (zeitgeber time (ZT) 13.5). The bedding of the cage was checked to account for littering in the
food intake analysis.

Pair feeding studies

Male mice aged 8-9.5 weeks were socially housed in groups 2-3 mice per cage and provided ad libitum
access to food and water for 3 weeks. Thereafter, the mice were switched to single housing. After the accli-
matization period of 2 days, food eaten over 24h by each Cre+ mouse was measured. The bedding of the
cage was checked for every cage to account for littering.
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The following day, Aif1/1°%,Cre+ mice were given the same amount of food eaten by Cre+ mice, and this
was repeated daily, for 8 weeks. Subsequently, the mice were again socially housed in the same groups
and were provided ad libitum access to food and water for 13 weeks. At the end of the study, body compo-
sition was measured and adipose tissues, and liver were harvested. In this study, a single mouse was
removed after switching to ad libitum feeding as it spontaneously developed a white eye.

Leptin sensitivity

Mice representing the mean and range of observed body weight for each genotype were fed an HFD for
16 weeks were switched to single housing and provided ad libitum access to food and water. After the accli-
matization period and measuring food intake without any injection, PBS was administered intraperitoneally
every 24h for indicated days to acclimatize the mice to the stress of the injection before starting leptin
administration, and to confirm if the effect seen with leptin is specific or a side effect of the injection itself.
Following this PBS administration period, mice were intraperitoneally injected with recombinant leptin (Pe-
protech, 450-31) with the following regime: 3 ng/g of BW for 2 days followed by 4 png/g of BW for 2 days
followed by 5 ng/g of BW for 2 days. Food intake measurements were done at 4 and 24h after the time
of injection. For mice fed HFD for 2 weeks, leptin was injected with the following regime: 1.5 ng/g of
BW for 2 days followed by 3 pg/g of BW for 2 days. Leptin or PBS was administered at the same time
each day, just before the start of the dark cycle (ZT 13.5).

Circulating leptin measurements

Blood samples were collected from mice at indicated time points without fasting. Serum was prepared by
low-speed centrifugation at 4°C. Aliquots were immediately frozen and stored at —80°C until analysis. Lep-
tin levels were measured by ELISA according to manufacturer’s instructions (EZML-82K Milipore).

Glucose sensitivity

Fasting blood glucose levels and intraperitoneal GTT were measured in tail blood using a OneTouch Ultra
2 glucometer, after fasting the animals overnight. Animals were challenged with 1 g/kg (according to body
weight) of glucose.

Tissue preparation
Mice at different time points, as indicated in figure legends were anesthetized with an intraperitoneal in-
jection of ketamine and xylazine. Organs were isolated and a small piece from each was immediately frozen

for RNA and protein isolation. Remaining parts were fixed in 10% formalin for 24h and then transferred to
70% ethanol.

Histological analysis
Tissue samples fixed for 24h were processed and embedded in paraffin at the Einstein Histopathology core
facility. They were sectioned at 5 um and a routine H&E staining was performed.

Immunoblotting

Frozen tissues were homogenized in RIPA lysis buffer (50 mM Tris-HCL pH 7.4, 1% NP40, 0.5% sodium de-
oxycholate, 0.1% SDS, TmM EDTA, 150 mM NaCl) with protease inhibitors (Complete, Roche) and phos-
phatase inhibitors (Roche; PhosSTOP Easypack 04906837001) for protein extraction and then centrifuged
to defat and remove debris. Protein concentrations were measured by a BCA protein assay kit (Pierce).
Equal amounts of protein (20-60 ng) were loaded, separated by 10-20% Tricine gel (Invitrogen;
EC6625BOX) electrophoresis and blotted onto 0.2 um pore size PVDF membranes (Immobilon-P, Milli-
pore). After blocking in TBST (Tris pH 8.0, NaCl 150 mM, 0.1% Tween 20) plus 5% (w/v) non-fat milk, blots
were incubated at 4°C overnight with primary antibodies. Signals were detected with horseradish peroxi-
dase-conjugated secondary antibody and chemiluminescence (ECL blotting substrate, Pierce; 32106).
Equivalent protein loading was tested with anti-GAPDH antibody (Santa Cruz, sc-25778, 1:5000 dilution).
Primary antibodies used: anti-AIF1L (Atlas antibodies, HPA020522, 1:500 dilution). Densitometric analysis
was performed using ImageJ software.

Targeted locus amplification

TLA was performed with frozen mouse splenocytes by Cergentis, Utrecht, Netherlands, to identify the
transgene integration site. Viable frozen mouse spleen cells were harvested and provided to Cergentis
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and were then processed at their facility according to an established protocol (de Vree et al., 2014). Two
primer sets were designed on the transgene. Cre primers: Forward- ATTACGTATATCCTGGCAGC
Reverse-GGAGTTTCAATACCGGAGAT. Backbone primers: Forward-GTCCCAACTCACTCTTCTTG. Rev-
erse- GCCAAGCTATCCCATAAGC. The primer sets were used in individual TLA amplifications. PCR
products were purified, and a library was prepped using the lllumina Nextera flex protocol and sequenced
on an Illumina sequencer. Reads were mapped using BWA-SW (Li and Durbin, 2010), version 0.7.15-r1140,
settings bwasw -b 7. The NGS reads were aligned to the Tg sequence and host genome. The mouse mm10
genome was used as host reference genome sequence.

QUANTIFICATION AND STATISTICAL ANALYSIS

Based on results of a pilot study for body weight gain curves on 60% HFD-fed WT mice, we used power
analysis to determine the minimum number of mice per group that would be adequate to ensure 80% po-
wer to detect 40% change in mean weight gain, assuming a two-sided test and alpha of 0.05. For single
time-point measurements, statistical analyses were performed using unpaired t tests with Welch’s correc-
tion for two groups. For repeated measurements, ANOVA was performed, with Bonferroni’s multiple com-
parison correction tests. AUC was measured for glucose and insulin tolerance tests. Cumulative food intake
differences were analyzed using nonlinear regression fit Gaussian model. Cumulative food intake differ-
ences without treatment were analyzed using two-way ANOVA with multiple comparison correction tests.
Leptin levels as a function of fat mass was analyzed using linear regression. A p value less than 0.05 was
considered statistically significant. All analysis was performed using GraphPad Prism 8 and data were ex-
pressed as mean + SEM.
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