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Defects in the Fanconi anemia (FA) DNA damage—response
pathway result in genomic instability, developmental defects,
hematopoietic failure, cancer predisposition, and metabolic dis-
orders. The endogenous sources of damage contributing to FA
phenotypes and the links between FA and metabolic disease
remain poorly understood. Here, using mice lacking the Fancd2
gene, encoding a central FA pathway component, we investi-
gated whether the FA pathway protects against metabolic chal-
lenges. Fancd2™'~ and wildtype (WT) mice were fed a standard
diet (SD), a diet enriched in fat, cholesterol, and cholic acid
(Paigen diet), or a diet enriched in lipid alone (high-fat diet
(HFD)). Fancd2™'~ mice developed hepatobiliary disease and
exhibited decreased survival when fed a Paigen diet but not a
HEFD. Male Paigen diet—fed mice lacking Fancd?2 had significant
biliary hyperplasia, increased serum bile acid concentration,
and increased hepatic pathology. In contrast, female mice were
similarly impacted by Paigen diet feeding regardless of Fancd2
status. Upon Paigen diet challenge, male Fancd2~'~ mice had
altered expression of genes encoding hepatic bile acid trans-
porters and cholesterol and fatty acid metabolism proteins,
including Scp2/x, Abcg5/8, Abcal, Ldlr, Srebfl, and Scd-1.
Untargeted lipidomic profiling in liver tissue revealed 132 lipid
species, including sphingolipids, glycerophospholipids, and
glycerolipids, that differed significantly in abundance depend-
ing on Fancd2 status in male mice. We conclude that the FA
pathway has sex-specific impacts on hepatic lipid and bile acid
metabolism, findings that expand the known functions of the FA
pathway and may provide mechanistic insight into the meta-
bolic disease predisposition in individuals with FA.
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Fanconi anemia (FA)? is a human genetic disorder character-
ized by developmental defects, sterility, hematopoietic failure,
cancer predisposition, and metabolic disease. FA is caused by
biallelic mutation of any of the 22 genes encoding components
of the FA pathway. Canonically, the FA pathway responds to
replicative stress, particularly to DNA interstrand cross-links.
FA-deficient cells are hypersensitive to genotoxins, such as
DNA cross-linking agents, irradiation, alkylating agents, and
oxidative stress. Endocrine and metabolic abnormalities are
also components of the FA phenotype (1-3). Close to 80% of FA
patients have at least one endocrine abnormality (2). Dyslipi-
demia has been reported in 55% of FA patients (3) and impaired
glucose tolerance in 27— 68% of FA patients (2—5). The endog-
enous agents contributing to DNA damage and the etiologic
connection between FA deficiency and the development of
metabolic disease remain incompletely characterized.

FA phenotypes may be the direct result of DNA damage aris-
ing from endogenous sources normally counteracted by the FA
pathway’s DNA repair functions. This is thought to be the
mechanism underlying the hypersensitivity of FA-deficient
cells to aldehydes and formaldehyde by-products generated as a
result of cellular metabolism (6 —8). Alternatively, the increased
risk of metabolic disease might be attributable to a direct con-
nection between the FA pathway and metabolic homeostasis.
Cells have numerous mechanisms to coordinate a DNA dam-
age response (DDR) with metabolic regulation, with several fac-
tors having dual roles, including p53, ataxia telangiectasia-mu-
tated (ATM), and others (9-11).

Evidence for a direct connection between the FA pathway
and metabolic homeostasis is accumulating. The FA pathway
modulates cellular antioxidant defenses (12, 13). FA-deficient
cells have altered energy metabolism and increased reliance on
glycolysis (14), and the FA pathway regulates energy metabo-
lism via ATP synthesis (15). The FA pathway also influences

2 The abbreviations used are: FA, Fanconi anemia; PD, Paigen diet; SD, stan-
dard diet; IHC, immunohistochemistry; BA, bile acid; DDR, DNA damage
response; HFD, high-fat diet; TG, triacylglycerol; DG, diacylglycerol; LPC,
lysophosphatidylcholine; PE, phosphatidylethanolamine; PC, phosphati-
dylcholine; Cer, ceramide; TUNEL, terminal deoxynucleotidyltransferase-
mediated deoxyuridine triphosphate nick-end labeling; TLS, translesion
synthesis; LXR, liver X receptor; ChE, cholesterol ester; HDL, high-density
lipoprotein; LDL, low-density lipoprotein; VLDL, very-low-density lipopro-
tein; H&E, hematoxylin and eosin.
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lipid metabolism (16). FA deficiency has been reported to
impact the abundance of lipids and other metabolites in multi-
ple cancer types, as well as FA cell lines and lymphoblasts (17—
20). Abnormal production of glycerophospholipids by FA bone
marrow mesenchymal stromal cells may contribute to altered
hematopoietic cell physiology (21). MicroRNAs that regulate
cholesterol and lipid metabolism, miR-122 and miR-206, have
decreased abundance in FA bone marrow mononuclear cells
and lymphoblast cell lines (22). Thus, regulation of cellular
metabolism, including lipid metabolism, may be an important
component of the tumor suppression roles of the FA pathway
and may relate to the metabolic phenotypes seen in FA patients.

We evaluated how FA deficiency alters the metabolic
impacts of challenge with a high-fat diet (HFD) or the high-fat/
high-cholesterol Paigen diet in vivo. HED is used routinely in
obesity and insulin-resistance models, whereas the Paigen
high-fat diet with cholesterol and cholic acid induces steato-
hepatitis and hepatobiliary disease without obesity (23). We
predicted that FA mutant mice would be hypersensitive to chal-
lenge with these diets through either increased DNA damage,
increased metabolic derangements, or both. The damaging
impacts of excessive lipid metabolism on hepatic physiology
include oxidative stress, lipid peroxidation, mitochondrial
damage, endoplasmic reticulum stress, cytokine imbalances,
and inflammation, factors in nonalcoholic fatty liver disease
and steatohepatitis (24). Our data indicate the FA pathway is
essential for protection against hepatobiliary disease in the face
of Paigen diet challenge and impacts hepatic lipid and BA
homeostasis in male mice.

Results

Male Fancd2™’~ mice have increased susceptibility to
hepatobiliary disease and hepatic damage when fed Paigen
diet

We aimed to test whether deficiency for FANCD2, a central
component of the FA pathway (25), would be associated with
increased sensitivity to hepatic metabolic challenge by feeding
mice a high-fat, high-cholesterol diet with cholic acid (Paigen
diet) or a diet enriched in lipid alone (HFD). Paigen diet feeding
led to increased morbidity and mortality in Fancd2 '~ mice
compared with WT controls when the Paigen diet was fed from
weaning or beginning at 6 months of age (Fig. 14, left and mid-
dle panels). No morbidity or mortality was observed in
Fancd2™'~ or WT mice fed HFD (Fig. 14, right panel) or fed
normal mouse chow (standard diet, SD). These data demon-
strate that Fancd2 '~ mice were hypersensitive to Paigen diet
feeding but not HFD feeding.

High-fat, high-cholesterol diets enriched with cholic acid
are lithogenic and cause severe hepatic pathology (26). At
necropsy, Paigen diet—fed mice of both genotypes had signifi-
cant hepatomegaly characterized by firm, pale livers with
rounded margins, whereas SD-fed mice of both genotypes had
grossly normal livers (Fig. 1B). Morbidity in both genotypes fed
Paigen diet was consistent with liver failure and/or cholestasis.
Icterus was an experimental end point, and choleliths and dis-
tended gallbladders were found at necropsy. Observed hepato-
biliary phenotypes were sex-dependent. In male mice, serum
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BA concentration increased upon Paigen diet feeding in
Fancd2~'~ mice by roughly 9-fold more than in WT mice (Fig.
1C), although in females, there was no genotype-dependent dif-
ference in serum BA concentration upon Paigen diet feeding
(Fig. S1A4). Additionally, male Fancd2™ "~ mice fed the Paigen
diet had hepatic biliary hyperplasia, with an increase in bile duct
profiles (Fig. 1D). Female mice of both genotypes had a non-
statistically significant trend toward increased bile ducts upon
Paigen diet feeding (Fig. S1B). Biliary hyperplasia was not
observed in mice of either genotype fed HFD (W'T average
1.15 * 0.09 ducts/triad; Fancd2 "~ average 1.15 *+ 0.074 ducts/
triad on HFD) or another DDR-deficient mouse model
(Atm~"") on a FVB/N background fed Paigen diet (Fig. S1C)
(27). These data indicate that the increased morbidity and mor-
tality observed upon Paigen diet feeding in Fancd2 ”~ mice
were associated with hepatobiliary disease consistent with bil-
iary outflow obstruction.

Concurrent with the biliary phenotype, male Fancd2 /"~
mice fed the Paigen diet had increased indices of hepatic dis-
ease. Male Fancd2 ™'~ mice fed the Paigen diet had an increased
liver weight relative to body weight versus Fancd2 '~ SD-fed
controls (Fig. 24), whereas Paigen diet-fed female mice of both
genotypes had a similar increase in liver weight (Fig. S24). No
difference by genotype was seen in mean liver weight for mice
fed HFD (WT 2.78 *+ 0.3%; Fancd2™ '~ 2.68 + 0.3%, p =
0.5476); we therefore focused subsequent analyses on the
Paigen diet-fed cohort. Male Paigen diet-fed Fancd2~ '~ mice
had significantly fewer hepatocytes per X20 field than SD fed
Fancd2~'~ mice (Fig. 2B), whereas Paigen diet—fed females of
both genotypes had a similar number of hepatocytes per field
(Fig. S2B). These data indicate that Paigen diet feeding resulted
in greater hepatomegaly and hepatocellular swelling in male
Fancd2™'~ mice.

The sex specificity of the phenotypes observed raised the
possibility that sex hormones influence the impact of dietary
challenge. Gonadal dysfunction is common in FA (3), and
Fancd2™’~ mice show testis degeneration and germ cell loss
(28). With the exception of one individual, male Fancd2 "~
mice in our study tended to have lower serum testosterone than
WT males, although individual mice varied significantly (Fig.
S3). Thus, male Fancd2~”~ mice may lack potential protective
effects of testosterone, leading to the Paigen diet-induced
hepatic pathologies observed, although we cannot rule out roles
for other sex-specific mechanisms influencing hepatic metab-
olism (29 -32).

Plasma was used for liver profile chemistry analysis. The
increase in alanine aminotransferase, a marker of hepatocellu-
lar injury, was 10.9-fold greater in male Fancd2 /" mice than
WT mice upon Paigen diet challenge (Fig. 2C, left panel). Hepa-
tobiliary disease is also typically associated with elevated alka-
line phosphatase. Male Fancd2 ”~ mice fed the Paigen diet had
higher alkaline phosphatase, although it was increased in both
WT and Fancd2™’~ male mice fed a Paigen diet (Fig. 2C, right
panel). In contrast, Paigen diet feeding resulted in similar
increases in these serologic markers of hepatic pathology in
female mice of both genotypes (Fig. S2, C and D). These data
indicate that Fancd?2 deficiency was associated with a greater
severity of liver damage upon Paigen diet feeding in male mice.
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Figure 1. Male Fancd2~’~ mice had increased susceptibility to hepatobiliary disease when fed a Paigen diet. A, Kaplan-Meier survival curves showing

increased mortality in Fancd2 ™/~ mice fed a Paigen diet beginning at 21 days (left; p = 0.014; Fancd2*/* = 5and Fancd2~’~ = 8) or 6 months (middle; p = 0.001;
Fancd2™* = 8and Fancd2™’~ = 10) of age relative to WT mice, and a lack of sensitivity to a high-fat diet (right; p = 1.0; Fancd2*/* = 8,Fancd2™/~ = 5). B, livers
were collected from mice fed SD or Paigen diet (PD) for 50-55 days, demonstrating Paigen diet-induced fatty liver disease. There were no grossly detectable
differences between genotypes on either diet. C, serum was collected from mice at 50-55 days for blood chemistry analysis using an Abaxis VetScan VS2
chemistry analyzer. Bile acid concentration was significantly increased in male Fancd2 ™/~ mice fed a Paigen diet relative to WT SD-fed mice (p = 0.012) and
Fancd2~’~ SD-fed mice (p = 0.010). D, hematoxylin and eosin (H&E)-stained liver sections focusing on portal triads. Bile ducts are lined by cuboidal epithelium
(arrows). Scale bar equals 100 wm. Quantification of the average number of bile ducts per hepatic portal triad. Fancd2~/~ Paigen diet-fed mice had significantly
more bile duct profiles than Fancd2~/~ SD-fed mice (p = 0.011) indicating Paigen diet feeding induced biliary hyperplasia in Fancd2~"~ mice. Error bars

represent S.E.

Hepatic disease can be associated with altered hepatic insulin
and glucose homeostasis. Although we did not observe differ-
ences in fasting glucose between diets or genotypes in either
sex, gluconeogenesis enzymes encoded by Gépc and Pckl
trended toward lower expression in Fancd2~~ male mice fed a
Paigen diet (Fig. S4). We found no evidence that Paigen diet
feeding leads to altered bone marrow or blood cell counts, sug-
gesting that metabolic by-products resulting from lipid metab-
olism did not overtly impact hematopoietic cells in Fancd2™"~
mice (supporting Results and Fig. S5).

However, male Fancd2 '~ mice fed the Paigen diet had a
significantly higher hepatic parenchymal polymorphonuclear
cell (inflammation) score versus WTs (Fig. 2, D and E). Inflam-
matory cell presence was accompanied by increased gene
expression for transforming growth factor 8 (Tgfb) and TGFB
receptor 2 (Tgfbr2) in male Fancd2™'~ mice upon Paigen diet
feeding (Fig. 2F). In contrast, female mice of both genotypes had

SASBMB

similar increases in hepatic inflammation score and gene
expression of Tgfb and Tgfbr2 (Fig. S2, E and F). Taken together,
these data demonstrate that Paigen diet feeding elicited more
severe biliary hyperplasia, hepatic injury, and inflammation in
male Fancd2-deficient mice as compared with Fancd2-profi-
cient controls. We therefore focused subsequent mechanistic
analyses on male mice.

Hepatic DNA damage was only modestly increased by Paigen
diet feeding in Fancd2 deficient mice relative to controls

As the canonical function of the FA pathway is in the DDR,
we evaluated whether the more severe hepatic phenotypes in
Paigen diet-fed Fancd2 '~ mice were associated with elevated
hepatic DNA damage. There was a trend toward increased
staining for the DNA damage marker yH2AX (Fig. 3A) in hepa-
tocytes from male Fancd2 '~ mice fed the Paigen diet. Apopto-
sis was also increased as measured by terminal deoxynucleoti-
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Figure 2. Paigen diet feeding induced greater hepatomegaly, hepatic damage, and hepatic inflammation in male Fancd2
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mice. Mice were fed PD

or SD for 50-55 days and then sacrificed. A, male Fancd2~”~ mice had increased liver weight relative to body weight on Paigen diet versus SD (p = 0.002). B,
Paigen diet feeding increased hepatocyte size, decreasing the average number of cells across ten 20X fields. Male Fancd2~"~ mice had marginally significantly
larger hepatocytes than male WT mice fed SD (p = 0.052) and significantly larger hepatocytes than male Fancd2 ™~ mice fed SD (p = 0.039). C, serum chemistry
analysis was performed after 5055 days of diet feeding using an Abaxis VetScan VS2 chemistry analyzer. Male Fancd2™~ mice fed the Paigen diet had
increased serum alanine aminotransferase (ALT) (left panel), a marker of hepatocellular damage, versus WT mice fed SD (p = 0.0496), and Fancd2~"~ mice fed
SD (p = 0.006). Male Fancd2~/~ mice fed the Paigen diet had increased alkaline phosphatase (ALP) (right panel), a marker of hepatobiliary damage, versus WT
mice fed SD (p = 0.011) and Fancd2™"~ mice fed SD (p = 0.038). WT Paigen diet-fed mice also had a significant increase in serum alkaline phosphatase versus
WT SD-fed mice (p = 0.049). D and E, H&E-stained liver sections were scored for hepatic parenchymal polymorphonuclear cells (inflammation, arrow). Scale bar
equals 100 um. Paigen diet feeding increased hepatic inflammation in male Fancd2 ™/~ mice versus all three other groups (p < 0.005 for all pairwise compar-
isons). F, Paigen diet feeding was associated with increased expression of the gene encoding the inflammatory marker TGF 3 (Tgfb1) in Fancd2 ™/~ mice versus
Fancd2™’~ mice fed SD (p = 0.047). Expression of the gene encoding the TGFf receptor 2 (Tgfbr2) increased in Fancd2™’~ mice fed the Paigen diet versus
Fancd2 " mice fed SD (p = 0.005) and WT mice fed SD (p = 0.014). Expression presented as fold change relative to the WT SD group. Error bars in dot plots
represent S.E. Box and whisker plots show 25th to 75th percentiles (box) and minimum and maximum (whiskers), with the median indicated by the horizontal

bar. p < 0.05 for all pairwise comparison indicated.

dyltransferase-mediated deoxyuridine triphosphate nick-end
labeling (TUNEL) staining (Fig. 3B). A similar trend toward
increased expression of p21, which encodes a cell cycle regula-
tor and indicator of DDR activation, was observed upon Paigen
diet feeding in Fancd2 '~ mice, whereas expression of Bbc3
(PUMA), encoding a pro-apoptotic Bcl-2 family member, did
not differ by genotype or diet (Fig. 3C). Although the trends
toward increased DNA damage and apoptosis seen in the
Fancd2~'~ Paigen diet—fed mice were consistent with hepato-
biliary pathology from accumulated BA and/or lipids, the mag-
nitude of the changes in the IHC and DDR gene expression data
suggest that Paigen diet feeding did not elicit a robust DDR in
either genotype.

Lipid peroxidation can result in DNA interstrand cross-links,
and FA pathway-directed repair of such lesions involves coor-

15626 J. Biol. Chem. (2019) 294(43) 15623-15637

dination of translesion synthesis (TLS) DNA polymerases (25,
33). Only in Fancd2 '~ male mice, Paigen diet feeding was
associated with a significant increase in expression of TLS po-
lymerase encoding genes Polf and Polk, but not PolA, Poln,
PolB, or Revl (Fig. 3D). Elevated Polk and Pol6 expression in
Fancd2™'~ mice suggests increased reliance on potentially
error-prone DNA damage tolerance mechanisms following
Paigen diet-induced DNA damage.

Oxidative stress is characteristic of FA-deficient cells, and
mitochondrial B-oxidation of free fatty acids generates reactive
oxygen species (34). We therefore quantified expression of
genes associated with GSH metabolism and superoxide detox-
ification. There were no significant differences by genotype or
diet in gene expression levels of GSH peroxidase 1 (Gpx1), glu-
tathione S-transferase 6 (Gstt), GSH synthetase (Gss), sestrin 1

SASBMB
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Figure 3. Male Fancd2~’~ mice showed modestly increased hepatocellular DNA damage when fed Paigen diet. IHC or quantitative PCR was performed
on livers collected after 50-55 days of PD or SD feeding. Comparisons were expressed as fold change relative to the wildtype (WT) SD group. A, IHC on liver
sections for yH2AX, a DNA damage marker, and quantification of yH2AX-positive hepatocytes (arrow) as a percentage of total hepatocytes. Male Fancd2 ™"~
mice fed the Paigen diet had a trend toward increased yH2AX-positive hepatocytes (p = 0.08 versus WT SD-fed mice). B, IHC of liver sections by TUNEL, which
labels DNA nicks associated with apoptosis, and quantification of TUNEL-positive apoptotic hepatocytes (arrow) quantified as the percent of total hepatocytes.
G, expression of DNA damage-response genes Cdkn1a (p21) and Bbc3 (PUMA). D, expression of genes encoding translesion synthesis DNA polymerases. Male
Fancd2~/~ Paigen diet-fed mice had increased expression of Polk relative to SD-fed WT (p = 0.043) and Fancd2 /= (p = 0.036) mice. Male Fancd2 /" Paigen
diet-fed mice had increased expression of Polf relative to FancdD2 ™/~ SD-fed mice (p = 0.014). E, expression of genes encoding enzymes involved in
detoxifying superoxide radicals and GSH metabolism. Error bars in dot plots represent S.E. Box and whisker plots show 25th to 75th percentiles (box) and
minimum and maximum (whiskers), with the median indicated by the horizontal bar. p < 0.05 for all pairwise comparison indicated. Scale bars are 100 um.

(Sesnl), or sestrin 2 (Sesn2) (Fig. 3E). However, male Fancd2~'~  aSD. A similar trend was seen in Sod I expression. This suggests

mice fed the Paigen diet had significantly lower superoxide dis- ~ Fancd2~’~ mice fed the Paigen diet may be less able to detoxify
mutase 2 (Sod2) gene expression than male Fancd2 '~ micefed superoxide due to lower Sod1/2 expression; however, up-regu-
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Figure 4. Differential expression of genes encoding proteins involved in BA metabolism was unlikely to be the cause of hepatobiliary disease in
Fancd2~’~ mice fed the Paigen diet. Mice were sacrificed after feeding PD or SD for 5055 days, and RNA was extracted from liver, reverse-transcribed, and
used for quantitative PCR. All comparisons are expressed as fold change relative to the WT SD group. A, expression of genes encoding the nuclear receptor
transcription factors regulating BA (Fxr and Shp) and cholesterol and lipid (Lxr). There was a small but significant reduction in expression of Nrlh3 (Lxr) in
Fancd2™/~ Paigen diet-fed mice relative to WT SD-fed mice (p = 0.036). B, expression of genes encoding BA synthesis and modification enzymes. WT and
Fancd2~’~ mice down-regulated BA synthesis enzyme gene expression when fed Paigen diet (p < 0.05 for all pairwise comparisons). C, expression of hepatic
canalicular and sinusoidal BA transporter-encoding genes. The expression of the sinusoidal BA exporter encoded by Abcb1 (Mdr1) increased upon Paigen diet
feeding in both genotypes, but the increase was larger and statistically significant only for Fancd2~/~ Paigen diet-fed mice versus SD-fed mice (p < 0.05 for
both pairwise comparisons). The expression of the sinusoidal exporter encoded by Slc57b increased upon Paigen diet feeding in both genotypes, but to alarger
degree in Fancd2 ™/~ mice (p < 0.05 for all pairwise comparisons indicated). D, expression of genes encoding hepatic BA uptake receptors. Fancd2 ™/~ Paigen
diet-fed mice had a significant reduction in the expression of three hepatic BA uptake receptor-encoding genes (Slc10a1 (Ntcp), Slc22a7 (Oat2), and Sic1aTl),
which is consistent with bile acid accumulation and cytotoxicity. Box and whisker plots show 25th to 75th percentiles (box) and minimum and maximum
(whiskers), with the median indicated by the horizontal bar. p < 0.05 for all pairwise comparisons indicated.

lation of antioxidant defenses was not observed in either geno-
type upon Paigen diet feeding. Female mice of both genotypes
had similar indices of DNA damage and DDR gene expression
levels (Fig. S6). Together, these observations that Paigen diet
sensitivity in Fancd2 ™'~ mice was not associated with a robust
DDR or antioxidant defense response suggested the possibility
of a noncanonical metabolic role for the FA pathway.

Sensitivity to hepatobiliary damage in male Fancd2~'~ mice
fed the Paigen diet is not due to gene expression differences
for rate-limiting enzymes in hepatic bile acid synthesis

As male Fancd2™'~ mice fed the Paigen diet had increased
susceptibility to hepatobiliary disease, increased serum BA, and
biliary hyperplasia, we probed expression of genes involved in
hepatic BA, cholesterol, and lipid homeostasis. Expression of
the genes encoding the nuclear BA receptor Fxr and its down-
stream mediator S/p did not differ by genotype or diet (Fig. 4A).
There was a slight but statistically significant reduction in
expression of Lxr, which encodes a nuclear receptor and cho-
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lesterol and lipid regulator, in Fancd2 ™'~ Paigen diet—fed male
mice. As expected with a cholic acid—enriched diet, expression
levels of genes encoding BA synthesis enzymes Cyp7Zal,
Cyp8bl, Cyp27al, and Cyp7bl were down-regulated in WT
and Fancd2~’~ male mice upon Paigen diet feeding (Fig. 4B).
Expression of Cyp3A11 and Sult2al, which encode enzymes
that modify BA, making them less cytotoxic, was not signifi-
cantly different by genotype or diet. Expression of canalicular
and sinusoidal hepatic BA exporters Abcb11 (Bsep), Abcc2
(Mrp2), and Mrp3 (Abcc3) did not differ significantly by diet or
genotype in male mice, although expression of Abchl (MdrI)
and Ostf (Slc51b) increased upon Paigen diet feeding in both
genotypes (Fig. 4C). Thus, it appears that Fancd2 /" mice were
capable of modulating gene expression following Paigen diet
challenge to decrease de novo BA synthesis and detoxify and
export BA.

We also quantified expression of genes encoding hepatic BA
importers. Male Fancd2~’~ mice fed the Paigen diet had a
greater decrease in expression of BA importer encoding genes
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Slc10al (NTCP; 2.59-fold greater decrease), Slc22a7 (Oat2;
1.95-fold greater decrease), and Slcolal (Oatplal; 4.92-fold
greater decrease) than WT Paigen diet—fed mice (Fig. 4D).
Reduction in these BA import receptors can be interpreted as a
compensatory hepatoprotective response to increased intracel-
lular BA accumulation. In addition to being consistent with the
observed morbidity, the decreased expression of hepatic BA
importer genes in Paigen diet—fed Fancd2~"~ mice likely con-
tributed to the observed increase in serum BA. In contrast to
males, female mice of both genotypes had similar expression of
genes encoding BA metabolism and export/import receptors
(Fig. S7).

Male Fancd2™~’~ mice have impaired cholesterol and lipid
regulation upon Paigen diet feeding

As we did not observe differential BA metabolism gene
expression that appeared causal for the hepatobiliary pathology
in Fancd2 ™’ mice upon Paigen diet feeding, we evaluated
whether the phenotype was associated with impaired choles-
terol metabolism. Serum and hepatic total cholesterol in-
creased in a genotype-independent manner upon Paigen diet
feeding (Fig. 5, A and B), and there was no detectable difference
in the proportion of serum cholesterol HDL and non-HDL sub-
types (Fig. S8). Expression of Scarbl (HDL receptor) did not
vary significantly. Expression of Ldlr (LDL receptor) decreased
in both genotypes on the Paigen diet; however, the decrease was
1.5-fold greater and statistically significant only in male
Fancd2~"~ mice (Fig. 5C). These data indicate that the hepato-
biliary phenotype observed in male Fancd2/~ mice was not
associated with gene expression changes predictive of in-
creased serum or hepatic cholesterol; however, factors regulat-
ing hepatic uptake of cholesterol may differ by Fancd?2 status.

We subsequently uncovered differential regulation of genes
encoding proteins involved in cholesterol transport, export,
import, and fatty acid synthesis in male Fancd2 ™"~ mice fed the
Paigen diet. The expression level of genes encoding cholesterol
synthesis enzymes Srebf2 (SREBP2) and Hmgcs2 (hydroxymeth-
ylglutaryl-CoA synthase) decreased in both genotypes upon
Paigen diet feeding, suggesting cholesterol synthesis decreased
irrespective of genotype. Expression of genes encoding sterol
carrier protein 2/sterol carrier protein-x (SCP-2/SCP-x), which
are generated via use of alternative transcriptional start sites
and involved in cholesterol trafficking and BA synthesis (35),
were differentially regulated by Fancd? status. Paigen diet feed-
ing was associated with significantly reduced Scp2 expression
and a 10-fold greater reduction in Scpx in male Fancd2™'~ mice
(Fig. 5C), but it did not significantly impact expression of
Scp2/x in WT mice, indicating that Fancd?2 loss impairs hepatic
expression of cholesterol transport and enzymatic conversion
genes.

Cholesterol is excreted from hepatocytes into bile via ABC
family members ABCG5/8 (36). Unlike male WT mice, male
Fancd2™’~ mice did not demonstrate increased Abcg5/8
expression upon Paigen diet feeding (Fig. 5C). Cholesterol is
also exported to lipoprotein particles in blood. ABCA1 pro-
motes the efflux of cholesterol and phospholipids to lipid-poor
apoA-I as part of the early formation of HDL particles (37).
Paigen diet feeding was associated with a significant increase in
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Abcal expression in WT mice only. ABCG1 exports phospho-
lipids and cholesterol to HDL, LDL, and phospholipid particles
and is involved in the intracellular movement of cholesterol
from the endoplasmic reticulum to the plasma membrane (37,
38). On the Paigen diet, only Fancd2 /" mice significantly up-
regulated expression of Abcgl. These data suggest that choles-
terol storage and export dynamics may have been altered in
male Fancd2~’~ mice upon Paigen diet challenge.

In addition to assessing genes regulating hepatic BA and cho-
lesterol metabolism, we probed expression of genes encoding
proteins involved in fatty acid and triglyceride metabolism.
Acetyl-CoA acetyltransferase (Acatl) generates acetoacetyl-
CoA from acetyl-CoA and is involved in the metabolism of
fatty acids, ketones, amino acids, and energy metabolism (39 —
41). Acatl gene expression was significantly decreased in
Fancd2™”~ mice fed the Paigen diet, and the decrease was 3.2-
fold greater than the nonsignificant decrease in Acatl expres-
sion in WT mice fed the Paigen diet (Fig. 5D). SREBP-1c
(Srebf1) is a transcription factor that regulates hepatic lipogen-
esis, glucose metabolism, and the expression of genes needed to
produce the fatty acid chains esterified to cholesterol (42).
Paigen diet feeding was associated with increased expression of
Srebfl in WT but not Fancd2™’~ male mice (Fig. 5D). This
alteration in the expression of a fatty acid regulating transcrip-
tion factor in livers of Fancd2 /~ mice fed the Paigen diet is
consistent with previously reported altered fatty acid metabo-
lism in FA lymphoblasts and lymphocytes (20). Stearoyl-CoA
desaturase is a rate-limiting enzyme that catalyzes the synthesis
of monounsaturated fatty acids that are important for hepatic
VLDL export and cholesterol esterification (44). On the Paigen
diet, WT mice had a significant increase in expression of Scd 1,
whereas the nonsignificant increase in ScdI expression in male
Fancd2™”~ mice was only one-half that seen in the WTs (Fig.
5D). Fancd? status did not affect expression of Mlxipl, encod-
ing a transcription factor (Carbohydrate Response Element
Binding Protein) regulating triglyceride synthesis, or Pparc,
which encodes a transcription factor that regulates fatty acid,
triglyceride, and glucose metabolism. These data suggest the
supply of fatty acids for cholesterol esterification and VLDL
formation could have been deficient in Fancd2™’~ mice, fur-
ther perturbing cholesterol homeostasis. Female mice of both
genotypes had similar expression of cholesterol metabolism
genes (Fig. S9).

We also fed an additional cohort of male mice the Paigen diet
for a longer 10-week period, initiated at 21 days of age, in an
attempt to potentially exaggerate the hepatobiliary phenotype.
Similar genotype-dependent differences in expression of cho-
lesterol metabolism genes were observed in this cohort as in
mice aged to 6 months and fed the Paigen diet for 50 -55 days
(Fig. S10). By contrast, transcriptional responses to HFD feed-
ing did not generally differ by Fancd2~ "~ status, indicating that
the phenotypes are not universal to high-fat diets and likely
are dependent on the inclusion of cholesterol and/or cholic
acid in Paigen diet (Fig. S11). Together, these data suggest
that male Fancd2~”~ mice had alterations in multiple genes
involved in cholesterol metabolism in response to Paigen
diet feeding which may impact hepatic cholesterol storage,
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intracellular transport and export, ultimately increasing
hepatoxicity (Fig. 5E).

Several of the cholesterol and lipid metabolism genes with
increased expression in WT but not Fancd2 '~ mice fed the
Paigen diet were transcriptional targets positively regulated by

the nuclear receptor LXR, including Abcg5/8, Srebf, Scd-1,
Acatl, and Lxr itself (44 —46), suggesting some LXR-dependent
transcriptional pathways were differentially regulated in
Fancd2™’~ mice. LXR also regulates CypZal (45), which was
decreased in Paigen diet—fed mice of both genotypes, although
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in response to HFD feeding Cyp7al had roughly half the
expression in Fancd2™’~ versus WT mice. However, when
treated with the synthetic LXR agonist T0901317, male WT
and Fancd2™’~ mice had similar up-regulation in LXR target
gene expression, indicating that Fancd2~’~ mice were capable
of appropriate LXR transcriptional activity when LXR was acti-
vated by this agonist (Fig. S12).

To further analyze hepatic lipid metabolism in Fancd2 ™/~
mice, we performed untargeted lipidomic profiling in positive
mode. Partial least-squares discriminate analysis revealed dis-
tinct clustering of Paigen diet—fed WT samples relative to
Fancd2~’~ samples (Fig. 6A). A total of 379 lipid species were
detected (Fig. S13A). Approximately 28% (107) of lipids had a
significant diet effect only, and notably, nearly 35% (132) of
lipids detected differed between WT and Fancd2 ™ groups,
with the vast majority of genotype differences (105) in lipid
abundance occurring on the Paigen diet (Fig. 6B). The top lipids
contributing to the component scores are shown in Fig. S13, B
and C. Fancd2 ”~ samples had numerous differences in mem-
brane, energy storage, and signaling lipids.

Fancd2™"~ mice fed the Paigen diet had significantly differ-
ent and largely elevated relative abundances of several species
of ceramides (Cer), including Cer 18:1/16:0, and sphingomy-
elins, classes of sphingolipids that are components of cellular
membranes and involved in many cellular functions (Fig. 6, C
and D, and Fig. S14, A—C). Numerous genotype-dependent dif-
ferences were detected in the abundance of glycerophospholip-
ids, the major class of lipids in cell membranes. Phosphatidyl-
choline (PC) species that differed by genotype on Paigen diet,
which were generally markedly elevated in Fancd2 ™ mice, are
shown in Fig. 6E, with all PC species shown in Fig. S15A. Lyso-
phosphatidylcholines (LPC) and phosphatidylethanolamines
(PE) also differed by diet and genotype (Fig. S15, B-E).
Fancd2™"~ mice fed the SD or Paigen diet had higher hepatic
concentrations of LPC (e.g. LPC 16:0 or 18:0).

Glycerolipids differed by Fancd?2 status as well. Triacylglyc-
erols (TG) were the most frequently detected lipids, and many
differed in abundance between genotypes on the Paigen diet
(Fig. 6F and Fig. S16A). Increased TGs are associated with lipo-
toxicity and insulin resistance (47), although interestingly,
many TG species were reduced in livers from Fancd2™’~ mice
fed the Paigen diet. Total hepatic TG was not impacted by diet
or genotype (Fig. S16B). Several diacylglycerols (DG), which
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can be reacylated and converted to TG, as well as function as
signaling molecules (48), were differentially impacted by diet
and genotype (Fig. S17, A and B). In addition to ceramides, DG
contributes to increased hepatic insulin resistance (49, 50). Col-
lectively, it would appear that fatty acids were partitioned away
from neutral lipid synthesis and toward sphingolipid and glyc-
erophospholipid production in Fancd2~’~ mice.

Cholesterols can exist as free or esterified forms. Esterified
forms are generated by acyl-CoA cholesterol acyltransferase
and are considered an inert storage form that protects cells
from free cholesterol accumulation (51). Seven cholesterol
esters were detected in our lipidomic screen, two of which (ChE
20:4NH, and ChE 22:6NH,) were significantly different
between WT mice fed the Paigen diet, in which they increased,
and Fancd2 /" mice fed the Paigen diet, in which they
decreased (Fig. S17C), suggesting that cholesterol esterification
and storage were altered in Fancd2 '~ hepatocytes upon
Paigen diet feeding. Sphingolipid, glycerophospholipid, and
glycerolipid metabolism are interconnected (48), and these
data indicate that altered lipid metabolism was characteristic of
FA hepatocytes, particularly when faced with dietary metabolic
challenge.

Discussion

The etiologic connection between a FA DDR pathway defect
and the metabolic abnormalities observed in FA patients and
cells is not understood. Furthermore, the specific DNA lesions
and cellular aberrations that arise and contribute to disease
phenotypes in the absence of an intact FA pathway are incom-
pletely characterized. Recent work suggests the FA pathway
regulates multiple components of cellular metabolism, includ-
ing energy and lipid metabolism, in addition to its canonical
functions in DNA repair (14, 15, 17-21). In this study, we tested
the in vivo sensitivity of FA-deficient mice to challenge with a
high-lipid HED or the high-fat, high-cholesterol cholic acid—
enriched Paigen diet to probe whether FA deficiency would
result in increased DNA damage accumulation and/or altered
cellular metabolism. Male Fancd2~ "~ mice were highly sensi-
tive to Paigen diet-induced hepatobiliary pathology relative to
WT mice in a sex-dependent manner, having increased serum
BA and markers of hepatobiliary damage, biliary hyperplasia,
greater hepatomegaly and hepatocellular swelling, increased
hepatic inflammation, and differing in hepatic lipid metabo-

Figure 5. Male Fancd2~/~ mice had differential cholesterol and lipid metabolism gene expression upon Paigen diet feeding. After feeding PD or SD for
50-55 days, livers were collected for RNA extraction and used for quantitative PCR. All comparisons are expressed as fold change relative to the WT SD group.
Total serum (A) and hepatic (B) cholesterol increased on Paigen diet feeding in both genotypes in male mice (p < 0.05 for indicated comparisons). C, expression
of genes encoding proteins involved in cholesterol metabolism and transport. Both genotypes decreased expression of Srebf2 (Srebp2), encoding the major
transcription factor regulating cholesterol synthesis and Hmgcs2, encoding a cholesterol synthesis enzyme, upon Paigen diet feeding. Fancd2™"~ mice had
decreased expression of the cholesterol transporters encoded by Scp2/x upon Paigen diet feeding and failed to up-regulate expression of the cholesterol
exporters encoded by Abcg5/8 and Abcal upon Paigen diet feeding, as was observed in WT Paigen diet-fed mice. Fancd2™’~ but not WT mice had a
significantly increased expression of the cholesterol exporter Abcg1 upon Paigen diet feeding. LDL receptor (LdIr) expression decreased in both genotypes
upon Paigen diet feeding but decreased significantly only in Fancd2™/~ mice. D, expression of genes involved in acetyl-CoA, fatty acid, and triglyceride
metabolism. Fancd2~/~ mice had decreased expression of Acat1, which converts two acetyl-CoAs to acetoacetyl-CoA as an early step in lipid, ketone, and
amino acid synthesis, whereas Paigen diet feeding did not significantly impact expression of Acat? in WT mice. Upon Paigen diet feeding, WT but not
Fancd2~/~ mice increased expression of Srebf1 (Srebp1c), the major transcription factor regulating fatty acid synthesis. A trend toward lower expression of Fasn
(fatty-acid synthase), a transcriptional target of SREPB1c, was seen in Fancd2 ™/~ mice fed the Paigen diet. Ppara, a gene regulating fatty acid oxidation,
decreased upon Paigen diet feeding in both genotypes, although the decrease was significant only for Fancd2™/~ mice fed the Paigen diet. E, summary of
differential expression of genes encoding proteins involved in cholesterol and lipid metabolism by FANCD2 status upon Paigen diet feeding in male WT (left)
and Fancd2~/~ mice (right). Solid lines indicate statistically significant up/down-regulation. Dashed lines indicate nonsignificant trends. Error bars in dot plots
represent S.E. Box and whisker plots show 25th to 75th percentiles (box) and minimum and maximum (whiskers), with the median indicated by the horizontal
bar. p < 0.05 for all pairwise comparisons indicated.
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Figure 6. Male Fancd2™/~ mice differed in hepatic sphingolipid, glycerophospholipid, and glycerolipid species abundance, particularly upon Paigen
diet feeding. After feeding PD or SD for 50-55 days, livers were collected and lipids extracted for untargeted lipidomics. A, partial least-squares discriminant
analysis revealing partial separation of WT and Fancd2 ™/~ mice on SD and separation of the genotypes on Paigen diet. B, proportions of the 379 lipid species
detected that differed significantly by diet or genotype. Heat maps of lipid species with significantly different abundances between WT and Fancd2™/~ mice
on Paigen diet: ceramides (Cer) (C); sphingomyelins (SM) (D); phosphatidylcholines (PC) (E); and triacylglycerols (TG) (F).

lism. Although it is possible that some pathologies were com-
mon to both WT and Fancd2™’~ mice but differed in severity,
several of the Paigen diet-induced pathologies were apparent
only in Fancd2 /" mice.

Two independent cohorts fed the Paigen diet for 55 days
or 10 weeks showed highly-similar genotype-dependent dif-
ferences in cholesterol gene expression (Fig. S10), suggesting
these cholesterol metabolism differences are intrinsic phe-
notypes in Fancd2™’~ mice upon Paigen diet challenge.
Genotype-dependentexpression differencesin TLS polymer-
ases and inflammation markers were not seen in the 10-week
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cohort, which may be due to increased damage in both gen-
otypes after the longer 10-week challenge. The transcrip-
tional differences were specific to Paigen diet feeding, as a
distinct high-lipid diet, HFD, did not elicit the same geno-
type-dependent cholesterol gene expression differences
(Fig. S11). The lack of transcriptional differences or hepatic
sensitivity to HED feeding in Fancd2 /" mice suggests the
cholesterol and/or cholic acid in the Paigen diet were key to
the observed hepatic pathology.

We initially evaluated evidence that canonical FA pathway
functions in DNA damage and oxidative stress responses pro-
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tected against hepatic pathology after Paigen diet feeding. It has
been proposed that redox imbalances and oxidative stress con-
tribute to cellular and organismal FA phenotypes, potentially
including the metabolic phenotypes seen in FA (2, 52, 53).
However, we found only mildly increased DNA damage in the
Paigen diet-fed Fancd2™’~ mice and no genotype-specific
Paigen diet-induced changes in antioxidant gene expression.
We also report the novel finding of increased expression of
genes encoding TLS polymerases Polf and Polk upon Paigen
diet feeding in male Fancd2 ™/~ mice. It has been reported that
Fancd?2 and Pol6 expressions are correlated in ovarian carci-
noma and that homologous recombination-deficient tumors
are hypersensitive to inhibition of Polf-mediated repair (54,
55). Our results are consistent with increased reliance on lower
fidelity repair pathways, such as alternative end-joining, in
Fancd2~’~ mice upon Paigen diet feeding. However, the sever-
ity of the hepatobiliary phenotype led us to explore additional
roles for FANCD?2 in hepatic metabolism.

As Paigen diet—fed male Fancd2™’~ mice were hypersensi-
tive to hepatic and biliary pathology, we quantified expression
of genes involved in hepatic BA and cholesterol metabolism.
We found no BA gene expression differences that appeared
causal of the phenotype. More likely to contribute to the Paigen
diet sensitivity, we report multiple cholesterol and lipid metab-
olism gene expression differences in Fancd2 '~ mice fed the
Paigen diet, including decreased hepatic expression of Ldir
(LDL receptor) and Scpx/2 (cholesterol transporters) and a lack
of a significant increase in Abcg5/8 (cholesterol exporters) as
well as Srebf and Scd 1 (fatty acid synthesis regulators).

Although LXR-target gene expression in Fancd2 "~ and WT
mice responded similarly to synthetic LXR agonist administra-
tion, our finding of altered LXR target gene expression is inter-
esting in light of reports that miR-206, which represses LXR
activity, is reduced in FA cells (16, 22). Multiple transcriptional
corepressors and coactivators have ligand-dependent interac-
tions with LXR (56); thus differential expression of LXR targets
in Fancd2™’~ mice could arise from differential context-de-
pendent activity of these cofactors. Additionally, as we have
shown many lipid species are present at altered levels in Paigen
diet—fed Fancd2 "~ livers, the endogenous ligands of LXR may
be present at different levels in Fancd2™"~ mice.

Although we did not detect differences in serum or hepatic
bulk cholesterol or differential proportions of serum choles-
terol species, untargeted lipidomic profiling revealed differ-
ences across sphingolipid, glycerophospholipid, and glycer-
olipid classes. As components of lipid rafts, sphingolipids
influence cholesterol trafficking and metabolism (57), promote
apoptosis, and impact cell- cell connections (58, 59). Elevated
ceramides are associated with insulin resistance and lipotoxic-
ity (60, 61). Recent work has demonstrated that C16:0-linked
ceramide is considered the principal sphingolipid antagonist of
insulin sensitivity (62). Future work should determine whether
insulin-stimulated glucose utilization is impaired by ceramide
in Fancd2™’~ mice. As saturated and unsaturated PC were
increased in Paigen diet-fed Fancd2™’~ mice, we expect that
the CDP-choline and phosphatidylethanolamine N-methyl-
transferase pathways were fully functional (63). Considering
that PC is required for VLDL assembly and secretion (64), the
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ability of Fancd2™”~ mice to modulate VLDL export deserves
further investigation. The finding of elevated LPCs in
Fancd2™’~ mice is of potential significance when we consider
the ability of long-chain LPC to regulate innate immunity and
inflammatory processes (65) and the observed elevation in
hepatic inflammation in male Fancd2 ”~ mice. Changes in
glycerophospholipid metabolism can alter membrane dynam-
ics (48, 66), and our finding of differential abundance of sphin-
golipids and glycerophospholipids in livers of Fancd2~’~ mice
is consistent with alterations in these lipid classes reported in
other cell types deficient in the FA pathway (17, 21). It should be
noted that euthanasia or anesthesia can impact some tissue
metabolites, and thus the carbon dioxide method of euthanasia
used throughout this study may have impacted some liver
metabolites measured (67).

Altered lipid abundances could both contribute to the hepa-
tobiliary phenotype observed in Fancd2™”~ mice upon Paigen
diet feeding, as well as result from hepatoprotective compensa-
tory responses. Altered lipid accumulation may have led to the
increase in hepatocyte size observed in Fancd2 /~ mice upon
Paigen diet challenge. Components of cholesterol-glyco-
sphingolipid rafts are protective against the cytotoxic effects of
bile acids (68, 69), and the ratio of PC and PE may be important
in hepatocyte protection from cholestatic liver injury (70).

Many FA patients have abnormalities in insulin and glucose
metabolism, dyslipidemia, and metabolic syndrome (2). Our
data revealing important impacts of FANCD?2 in lipid and BA
metabolism may be mechanistically related to these FA patient
phenotypes and suggest that FA patients may respond to conven-
tional therapy for metabolic syndrome differently from the general
population. It is not yet clear what components of the metabolic
alterations in FA cells are due to primary roles of the FA pathway
or secondary to other defects, and the mechanism of how the FA
pathway regulates lipid metabolism is unknown. The transcrip-
tional differences in cholesterol and lipid metabolism genes indi-
cate that at least some of the differences arise at the gene expres-
sion level. Although we did not detect transcriptional differences
in TG metabolism genes, lipidomics revealed many differences in
the relative abundance of triglyceride species. Likely, a combina-
tion of alterations in gene expression and enzymatic activities per-
turbs hepatic lipid metabolism in FA.

Metabolic derangements are a hallmark of cancer cells, and it
is possible some of the pre-existing metabolic phenotypes of FA
cells may be relevant to their genomic instability and tumor
predisposition. Potentially targeting these metabolic perturba-
tions as part of managing FA patients could reduce their risk of
cancer development. It is also possible that combining metab-
olism-altering therapies with genotoxic chemotherapy may
improve treatment for FA cancer patients, who are particularly
sensitive to the toxic effects of common chemotherapeutic
agents (71). Further exploration of the role the FA pathway
plays in hepatic and systemic metabolism may reveal therapeu-
tic targets for treatment and continue to expand the known
roles of the FA pathway beyond its function in DNA repair and
our understanding of the connection between the DDR and
cellular metabolism.
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Experimental procedures
Animal care

Fancd2~'~ mice on the 12954 background (28) were crossed
for a minimum of 10 generations onto the 12956 background.
Fancd2~'~ and WT littermates were generated from Fancd?2
heterozygote crosses. The Cornell University Institutional Ani-
mal Care and Use Committee approved all animal procedures,
and mice were cared for in compliance with the Guide for the
Care and Use of Laboratory Animals. Mice were fed one of
three diets: a SD (0% cholesterol, 0% cholic acid, 5.8% triglycer-
ide; 7012 Harlan Teklad LM-485 Mouse/Rat Sterilizable Diet);
a high-fat diet enriched in cholesterol with cholic acid (Paigen
diet) (1.25% cholesterol, 0.5% cholic acid, 15.8% triglyceride;
TD.880511, Harlan, Teklad Lab Animal Diets); or a diet high
in lipid alone (HFD) (~0.028% cholesterol, 0% cholic, 34.9%
triglyceride; D12492 Research Diets Inc.). For detailed diet
composition, housing conditions, and pathogen status, see
the supporting information. Male and female mice were fed
diets for 5055 days or 10 weeks (if the diet was started at 6
months of age or weaning, respectively) and fasted 12 h dur-
ing the dark cycle before euthanasia, which occurred during
the light cycle.

Tissue analysis

Mice were euthanized with CO, and weighed. Blood was
collected via cardiac puncture for glucometer reading (Accu-
Chek Aviva, Roche Applied Science) or into microtubes con-
taining heparin for serum chemistry or EDTA for serum lipid
analysis. The liver was removed aseptically and weighed. A por-
tion of the median lobe was frozen in liquid nitrogen for RNA
isolation. Portions of the remaining liver tissue were fixed in
paraformaldehyde, processed, and stained with hematoxylin
and eosin or IHC. Tissues were scored for inflammation by a
boarded veterinary pathologist blinded to sample identity. To
assess hepatocellular swelling, the number of hepatocytes
across ten 20X fields was counted. To avoid confounding dif-
ferences in hepatocyte size between liver zones, fields were cho-
sen to center around a central vein of 60-70 um in diameter.
For additional details, see supporting information.

Serum chemistry

Plasma was separated by centrifugation, flash-frozen in liq-
uid N,, and stored at —80 °C until analysis. An Abaxis VetScan
VS2 chemistry analyzer and the VetScan VS2 mammalian liver
profile kit was used to measure alkaline phosphatase, alanine
aminotransferase, total BA concentration, and cholesterol in
100 wl of plasma.

Serum testosterone quantification

Testosterone was measured in heparinized plasma via radio-
immunoassay using ImmuChem™" double antibody testoster-
one 125 RIA kit (MP Biomedicals) following the manufacturer’s
protocol.

Bone marrow and blood analysis

Heparinized blood was collected for hematocrit quantifica-
tion. Fresh blood smear and bone marrow slides were stained
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with Wright’s stain. The opposite femur and sternum were
fixed in paraformaldehyde for bone marrow histopathology.
Blood and bone marrow slides were scored by a boarded veter-
inary pathologist blinded to sample identity. See the supporting
information for the indices scored.

Immunohistochemistry

IHC was performed on paraformaldehyde-fixed, paraffin-
embedded 5-um liver sections. See supporting information for
details. DNA damage was assessed by yH2AX staining at 1:200
(Millipore). Secondary biotinylated anti-rabbit antibody (Invit-
rogen, Histostain) incubation was followed by staining with
3,3'-diaminobenzidine tetrahydrochloride (DAB) (Invitrogen)
to detect positive cells. Hepatocyte apoptosis was quantified by
terminal deoxynucleotidyltransferase-mediated deoxyuridine
triphosphate nick-end labeling per manufacturers recommen-
dation (TUNEL; ApopTag Kit; Millipore).

Quantitative PCR

RNA was extracted from liver samples using RNA Stat-60
(Tel-Test, Inc.). Complementary DNA (high-capacity cDNA
reverse transcription kit; Applied Biosystems) was synthesized
from total RNA and used for qPCR (C1000 Touch Thermal
Cycler, CFX96 Real-Time System, Bio Rad). Gene expression
was normalized to Rplp0 (Arbp) and/or Thp expression. Quan-
tification was determined via the AAC, method using the
Fancd2"”" SD group as the comparative A value. See support-
ing information for additional details and Table S1 for primer
sequences.

Serum lipoprotein agarose electrophoresis

Lipoproteins were quantified as described previously (72).
See supporting information for details.

Hepatic cholesterol and triglyceride quantification

Lipid extraction was modified from Ref. 73 (see supporting
information). Cholesterol was measured using Infinity ™ cho-
lesterol liquid stable reagent (Thermo Fisher Scientific), and
triglyceride was measured with Infinity™" triglyceride kit
(Thermo Fisher Scientific) with Data-Cal™" chemistry calibra-
tor (Thermo Fisher Scientific) for calibration. Absorbance was
read at 500 nm on a SpectraMax190 (Molecular Devices)
96-well plate reader.

LXR agonist administration

T0901317 (Cayman Chemical) was dissolved in DMSO to 50
mg/ml, which was then diluted 2:1 with sterile PBS on the day of
injection. Drug or DMSO only was administered at 50 mg/kg
via intraperitoneal injection to adult male mice of both geno-
types on the morning of days 1 and 2, and then the mice were
euthanized, and liver tissue was collected on the evening of day
2 following an 8-h fast.

Lipidomic profiling

Lipid extraction was performed as follows. Snap-frozen liver
tissues (10 mg) were homogenized in 300 ul of cold 50% meth-
anol, followed by addition of 50 ul of internal standard (25
pg/ml each of TG (15:0),, PC (17:0),, phosphatidylglycerol (14:
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0),, LPC (20:0), phosphatidylserine (16:0),, fatty acid (18:1),
C,,-ceramide (d18:1/17:0) and ChE (17:0). Then 600 ul of
dichloromethane was added, and the mixture was vortexed
for 10 s. 300 ul of LC-MS—grade water was then added and
vortexed again for 10 s. The tissue homogenates were cen-
trifuged at 13,000 X g for 15 min at 4 °C. A total of 370 ul of
the lower lipid-rich dichloromethane layer was then col-
lected into silica tubes, and the solvent was evaporated to
dryness under vacuum. Samples were reconstituted in 150 ul
of acetonitrile/isopropyl alcohol/H,O (65:30:5 v/v/v) prior
to injection. Two ul was injected for LC-MS, which was per-
formed on a Vanquish ultra-HPLC system with an Accucore
C30, 2.6-um column (2.1 mm inner diameter X 150 mm)
coupled to a Q Exactive™ hybrid quadrupole—Orbitrap
high-resolution mass spectrometer (Thermo Fisher Scien-
tific, San Jose, CA). Lipidomics filter criteria are listed in
Table S2. Lipidomics raw data are available in Table S3. Data
analysis was conducted with LipidSearch™ (Thermo Fisher
Scientific) and Metaboanalyst 4.0 software (43, 74). For addi-
tional details, see the supporting information.

Statistical analyses

Data were analyzed nonparametrically with Kruskal-Wal-
lis tests followed by Dunn post hoc tests for multiple com-
parisons with p values adjusted with the Benjamini-Hoch-
berg method. For histology and IHC data, an average number
per mouse was used with the exception of bile duct quanti-
fication, in which case all counts were included in the anal-
ysis and a random mouse effect was included in the linear
mixed effects model. Kaplan Meier survival curves were
compared by log rank test. qPCR comparisons were per-
formed on AC; values per mouse. p values of =0.05 were
considered statistically significant. Data are presented as
mean * S.E. of the mean or as box and whisker plots showing
25th to 75th percentiles (box) and minimum and maximum
(whiskers), with the median indicated by the horizontal bar.
All analyses were made with R-3.4.1 (R Core Team (2015))
and GraphPad Prism version 7.03 for Windows (GraphPad
Software). For lipidomics, analyses of normalized data col-
lected in positive ion mode were summed within lipid spe-
cies. Data were then generalized, log-transformed, auto-
scaled, and subjected to partial least-squares discriminant
analysis and analysis of variance with an adjusted p value
(false discovery rate) cutoff of 0.05 and post hoc analyses by
Fisher’s least significant difference test. Heat maps were gen-
erated using Euclidean distance measure and Ward cluster-
ing algorithm. All lipidomics analyses were performed in
Metaboanalyst 4.0 software (43, 74).
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