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SUMMARY

CREB-H is a key regulator of lipid homeostasis. We identi-
fied fasting- and CREB-H-induced protein as a CREB-H-

induced membrane and endosomal protein that binds to
phospholipids. Using Faci-deficient mice, we defined a new
function of fasting- and CREB-H-induced protein in the in-
hibition of intestinal lipid absorption and reversal of obesity.

BACKGROUND & AIMS: CREB-H is a key liver-enriched tran-
scription factor governing lipid metabolism. Additional targets of
CREB-H remain to be identified and characterized. Here, we identified
a novel fasting- and CREB-H-induced (FACI) protein that inhibits
intestinal lipid absorption and alleviates diet-induced obesity in mice.

METHODS: FACI was identified by reanalysis of existing tran-
scriptomic data. Faci”’/~ mice were generated by clustered regu-
larly interspaced short palindromic repeats (CRISPR)/CRISPR-
associated 9 (Cas9)-mediated genome engineering. RNA
sequencing was performed to identify differentially expressed

genes in Faci”/” mice. Lipid accumulation in the villi was assessed
by triglyceride measurement and Oil red O staining. In vitro fatty
acid uptake assay was performed to verify in vivo findings.

RESULTS: FACI expression was enriched in liver and intestine. FACI
isaphospholipid-binding protein thatlocalizes to plasma membrane
and recycling endosomes. Hepatic transcription of Faci was regu-
lated by not only CREB-H, but also nutrient-responsive transcription
factors sterol regulatory element-binding protein 1 (SREBP1), he-
patocyte nuclear factor 4« (HNF4«), peroxisome proliferator-acti-
vated receptor vy coactivator-la (PGC1l«), and CREB, as well as
fasting-related cyclic adenosine monophosphate (cAMP) signaling.
Genetic knockout of Faci in mice showed an increase in intestinal fat
absorption. In accordance with this, Faci deficiency aggravated high-
fat diet-induced obesity, hyperlipidemia, steatosis, and other
obesity-related metabolic dysfunction in mice.

CONCLUSIONS: FACI is a novel CREB-H-induced protein. Ge-
netic disruption of Faci in mice showed its inhibitory effect on
fat absorption and obesity. Our findings shed light on a new
target of CREB-H implicated in lipid homeostasis. (Cell Mol
Gastroenterol Hepatol 2022;13:1365-1391; https://doi.org/
10.1016/j,jcmgh.2022.01.017)
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ipids are key building blocks of the plasma mem-

brane and other intracellular membrane structures.
They are also vital to energy homeostasis, metabolism, and
signal transduction. Diet ingestion is the major source of
lipids in the human body. Excessive lipid ingestion is asso-
ciated with an increased risk of obesity, hepatic steatosis,
type 2 diabetes, and cardiovascular diseases."?

More than 95% of dietary fats are long-chain triglycerides
(TGs), which are mainly digested and absorbed in the small
intestine.> Within the small intestine, the ingested TGs are
emulsified by bile acids and hydrolyzed into monoglycerides
and free fatty acids (FFAs) by specific esterases. These
digested lipids cross the intestinal mucosa either via passive
diffusion or by protein-mediated transport mechanisms. The
cytosolic FFAs are bound by fatty acid-binding proteins, and
transported to endoplasmic reticulum (ER) and other or-
ganelles for further processing. In the ER, TGs are resynthe-
sized by monoglycerides and FFAs through the
monoacylglycerol pathway. Resynthesized TGs are either
packaged into chylomicrons (CMs) for secretion or cyto-
plasmic lipid droplets as temporary storage. CMs are the main
postprandial source of TGs for peripheral cells and tissues.*°

In addition to the master transcription factor sterol
regulatory-element binding protein (SREBP) that governs
lipid metabolism, CREB-H is another ER membrane-bound
transcription factor pivotally involved in the regulation of
lipid  metabolism.”®  Crebh”/~ mice are hyper-
triglyceridemic.”'’ CREB-H deficiency also results in famil-
ial hypertriglyceridemia, as seen in a subset of human
patients.' "' CREB-H is expressed primarily in the liver and
small intestine. Proteolytic activation of CREB-H releases an
active form known as CREB-H-ATC, which translocates to
the nucleus to activate the transcription of target genes
including Apoa4, Apoc2, Fgf21, and Cidec, which mediate the
effect of CREB-H on hepatic lipolysis, lipogenesis, fatty acid
oxidation, as well as lipid droplet growth and fusion.®*?
Intestinal overexpression of CREB-H has been found to
suppress cholesterol absorption by preventing the expres-
sion of the Npcll gene, which encodes a rate-limiting
transporter of cholesterol.'* In addition, intestine-specific
knockout of Crebh in mice also results in augmentation of
TG absorption from diet."””> However, CREB-H target genes
that specifically regulate intestinal TG absorption have not
been identified.

Our previous analysis of CREB-H has provided evidence
for its regulation of gluconeogenesis as well as the regula-
tory mechanism for its proteolytic activation and degrada-
tion.’**®'” Identification of additional CREB-H target genes
might provide new clues to its physiological function in lipid
homeostasis. To this end, we performed a comparative
analysis of differentially expressed genes in the liver of wild-
type (WT) and Crebh”™ mice by transcriptomics. Our anal-
ysis led to the identification of FL]22675 or C11o0rf86, an
uncharacterized novel target gene of CREB-H. Because it
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was found to be highly induced by fasting and CREB-H in
our subsequent study, it was renamed fasting- and CREB-
H-induced protein (FACI). In this study, we report on full
characterization of FACI in terms of its CREB-H inducibility,
expression profiles, subcellular localization to plasma
membrane and recycling endosome, phospholipid-binding
property, transcriptional regulation, and physiological
function. In particular, Faci’~ mice showed enhanced in-
testinal TG absorption and diet-induced obesity.

Results
Faci Is a Novel CREB-H-Induced Gene

Preferentially Expressed in Liver and Intestine
Transcriptome profiling of genes differentially expressed
in the liver of Crebh WT and Crebh”" mice has been avail-
able in 2 Gene Expression Omnibus (GEO) data sets.”'® Re-
analysis of these data led to the identification of the Faci
gene, which was underexpressed in Crebh”” mice
(Figure 14). Indeed, the expression of Faci transcript in the
liver of Crebh”" mice was reduced substantially (Figure 1B
and C). Consistent with this, pronounced induction of Faci
messenger RNA (mRNA) was observed as the consequence
of liver-specific transgenic expression of a constitutively
active version of CREB-H, known as CREB-H-ATC, in
Crebh”" mice (Figure 1D and E). In addition, enforced
expression of CREB-H-ATC and CREB-H-ATC-4A, which is a
stabilized form of CREB-H,"” robustly induced Faci mRNA
expression in HepG2, Hep3B, and AML12 cells (Figure 1F, H,
and /). HepG2 and Hep3B are 2 human hepatoma cell lines,
whereas AML12 is a seemingly normal noncancerous he-
patic cell line from mice.'”*' Luciferase assay also
confirmed potent activation of Faci promoter activity by
CREB-H-ATC and CREB-H-ATC-4A (Figure 1G, I, and K).
Faci is a hypothetical protein-encoding gene with no
known function. To verify that a protein can indeed be
expressed from the Faci gene, 2 versions of mouse FACI
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proteins carrying an N-terminal V5 tag and a C-terminal
6xHis plus V5 (HisV5) tags were expressed transiently in
HEK293T cells. V5-FACI and FACI-HisV5 protein bands of
the predicted sizes of 15 and 16 kilodaltons were detected
(Figure 1L, lanes 2, 4, and 5). A stabilizing effect of pro-
teasome inhibitor MG132 on the V5-FACI protein (Figure 1L,
lane 6 compared with lane 5) indicated that FACI likely
undergoes proteasome-mediated degradation. Consistently,
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protein bands of V5-FACI and endogenous FACI of the ex-
pected sizes of 15 and 14 kilodaltons were detected in ex-
tracts of V5-FACI-overexpressing HEK293T cells and mouse
liver, respectively (Figure 1M, lanes 1 and 3). Both bands
disappeared with the addition of the immunizing peptide
used to raise the rabbit antiserum (Figure 1M, lanes 2 and
4), lending support to the high specificity of our immuno-
blotting assay.
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In general, agreement with the expression pattern of
Crebh, reverse-transcription quantitative polymerase chain
reaction (RT-qPCR) analysis showed enrichment of Faci
mRNA in mouse liver and intestine (Figure 1N). In the
intestine, the mRNA abundance of Faci decreased pro-
gressively from the duodenum to the colon (Figure 1N). In
the liver, a single-cell RNA sequencing (RNA-seq) result®
retrieved from the GEO database indicated that the Faci
transcript was expressed primarily in hepatocytes, but not
in other types of liver cells (Figure 24). In the intestine,
Faci mRNA was found predominantly in the epithelium
(ie, villi and crypts) vs the mesenchyme as shown in the
RNA-seq results from GEO (Figure 2B). This pattern was
verified by our RT-qPCR analysis using isolated mouse
intestinal epithelial cells and the remaining mesenchymal
cells”® (Figure 2C). Another 2 single-cell RNA-seq re-
sults®>** in GEO also indicated specific expression of Faci
mRNA in enterocytes, but not in other types of epithelial
cells in the intestine (Figure 2D and E). In particular,
proximal and mature enterocytes in the small intestine
showed higher expression of Faci mRNA than distal and
immature ones. Hence, Faci is a hepatocyte- and
enterocyte-enriched gene.

FACI does not contain any known functional domain. It
is predicted to contain an N-terminal intrinsically disor-
dered region and C-terminal «-helical regions (Figure 34).
Through alignment of all mammalian FACI protein se-
quences from Uniprot, we identified 5 conserved motifs
designated A to E (Figure 3B). Interestingly, motif B
(YxxL) matches the tyrosine-based sorting motif Yxx® for
adaptor protein 2 (AP2)-mediated endocytosis or adaptor
protein 1 (AP1)-mediated transport.”>?° Likewise, motif D
(DxxLI) matches the acidic dileucine motif [DE]xxxL[LI],
which is another sorting motif for AP2-mediated endo-
cytosis or AP1-mediated transport.”>*° Although records
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from NCBI Orthologs Database suggested the origin of the
faci gene from reptiles, our protein sequence comparison
revealed that the uncharacterized genes SB:CB 1058 in
zebrafish and LOC115096979 in amphibians share 42.5%
and 48.1% similarity with faci in turtles, respectively.
SB:CB1058 and LOC115096979 also contain conserved C-
terminal motif E, motif B (YxxL), and motif D (DxxLI)
(Figure 3B and D). In addition, according to records from
the Zebrafish Information Network, zebrafish SB:CB1058,
similar to mouse Faci, is expressed mainly in liver and
intestine. Thus, from the perspective of molecular evolu-
tion, the earliest FACI ortholog was found in zebrafish
(Figure 3C and D). However, it is absent in snakes, croc-
odiles, or birds, and is likely lost in rabbits, but duplicates

in pigs.

Localization of FACI to Plasma Membrane and

Recycling Endosome

To analyze the subcellular localization of FACI, we
established multiple AML12, Caco2, and Calu3 stable cell
lines in which the expression of mEmerald-FACI or V5-FACI
might be induced by doxycycline (Dox). Although Caco2 is a
colorectal adenocarcinoma cell line, Calu3 is derived from
human lung adenocarcinoma.””-*® V5-FACI protein localized
to the plasma membrane and a discrete cytoplasmic speckle
in AML12 and Caco2 cells stably expressing V5-FACI protein
(Figure 4A). The induction of V5-FACI expression in AML12-
V5-FACI and Caco2-V5-FACI stable cells by Dox was verified
by immunoblotting (Figure 4B). A similar localization
pattern of mEmerald-FACI was observed independently in
AML12 and Caco2 cells stably expressing mEmerald-FACI
(Figure 4C).

To shed further light on the identity of FACI-containing
cytoplasmic speckle, co-localization study was performed

Figure 1.(See previous page). Faci is a CREB-H-regulated gene preferentially expressed in liver and intestine.
(A) Identification of Faci as a target of CREB-H. (B and C) Faci expression in the liver of WT and Crebh”" mice. Data were
retrieved from GEO data sets (B) GSE29643 and (C) GSE121096. Normalized mRNA expression intensities in arbitrary units
(AU) for GSE29643 and log> mRNA expression intensities for GSE121096 were statistically analyzed by the 2-tailed Student ¢
test. (D and E) Verification of Crebh and Faci mRNA expression by RT-gPCR. Six-week-old Crebh™”~ mice (male, n = 3 for each
group) were injected intraperitoneally with AAV-green fluorescent protein (GFP) or AAV-CREB-H-ATC. AAV-CREB-H-ATC
represents an AAV gene transfer vector expressing CREB-H-ATC driven by a liver-specific promoter and enhancers. Viral
dose for injection was 1 x 10" genome copies/mouse. After 2 weeks, mice were killed and total RNA in the liver was extracted
to detect (D) Crebh and (E) Faci mRNA expression by RT-gPCR. The Crebh mRNA detected encodes CREB-H-ATC protein.
The result was normalized to §-tubulin expression level. Data are means + SD. Statistical significance was evaluated by the 2-
tailed Student t test. (F—K) Induction of Faci mRNA expression or promoter activity by CREB-H-ATC. Expression levels of (F, H,
and J) Faci mRNA or (G, | and K) relative Faci-Luc activity in (F and G) HepG2, (H and /) Hep3B, and (J and K) AML12 cells that
are mock-transfected or transfected with CREB-H-ATC or CREB-H-ATC—-4A plasmid were analyzed by RT-qPCR or luciferase
reporter assay, respectively. The mRNA level was normalized to that of g-tubulin. The readout of firefly luciferase activity was
normalized to that of Renilla luciferase. Statistical significance was evaluated by 1-way ANOVA with the Tukey post hoc tests.
(L) FACI protein expression in transfected cells. HEK293T cells were transfected with plasmids encoding FACI-V5His and V5-
FACI. Although FACI-V5His carries C-terminal tags, the V5 tag appears at the N-terminal of V5-FACI. Proteasome inhibitor
MG132 was added to prevent protein degradation. (M) Expression of endogenous FACI protein. Polyclonal antiserum «FACI
was raised in rabbits against a synthetic peptide of FACI. HEK293T cells transfected with V5-FACI plasmid (lanes 1 and 2) and
mouse liver tissue (lanes 3 and 4) were harvested and lysed for protein extraction. Total protein samples were separated by
sodium dodecyl sulfate—-polyacrylamide gel electrophoresis and then probed with «FACI (lanes 1 and 3) and antibody-depleted
aFACI (lanes 2 and 4). Antibody depletion was performed by pre-incubating «FACI for 2 hours with the synthetic peptide used
as immunogen in antibody preparation. (§-tubulin was detected as a loading control. (N) Faci mRNA expression profile in
mouse tissues. Total RNA of indicated mouse tissues (n = 4) was extracted. The mRNA expression levels of Faci were
analyzed by RT-gPCR and normalized to those of g-tubulin transcript. *P < .05, **P < .01, and **P < .001.


https://&beta;-tubulin

2022

>

. liver
=
o
-
S 29
=
3
<
5 3
F4
g 1
o
x
[}
0 i i a—— — — —
& N D NS N N N X3
(;\ & L \6 & Pea Ped 6\ \0\ >
0 @ 2 & 0 ¢ NEF
L ¥ S & S & e
& o {."Q > &
& S T
R &K <
’06 ‘\’o

small intestine

expression In(1+CPM)

FACI Inhibits Intestinal Fat Absorption

C 1.5+

1369

13- small intestine jejunum
ok %k *k %k % %k
—~ 12 o 5
g ~+ o v
= 11 £ 1.0
< o hs
Z 10 S °
°E¢ o
5 9 E 0.5
© z 3 ;
Ll~ 8_ LL
7 T T 0 T T
N N N »
w2 Q' 2 2
& & & &
Q\ < \ (&)
< Qo QQ 00
09 Q,(’
& &
E ¢
— s large intestine
=
& .
(%} g
:‘—' 4 - *
= £
= e
o .
g .
P f _! — — — — ——
o
3 H .
@ ot e
0 : :
S & & & & O S
«© R o IS) R N
& & & & T K £
e o & S ®
® & & o &
@ \'Qs\@e
&

Figure 2. Faci is preferentially expressed in hepatocytes and enterocytes. (A) Faci mMRNA expression in different cell
clusters of liver. The single-cell RNA-seq data were retrieved from GEO: GSE109774. (B) Faci mRNA expression in mesen-
chymal and epithelial compartments of the developing intestine. The data were retrieved from GEO: GSE6383. Values
represent log, probe signal intensities. Statistical analysis was performed with the 2-tailed Student t test. (C) RT-gPCR
analysis. Epithelial and mesenchymal compartments of the jejunum were isolated from mice (n = 4). The total RNA was
extracted and Faci mRNA levels were analyzed by RT-gPCR. Relative mRNA expression levels were derived by normalizing to
the levels of B-tubulin transcript. The 2-tailed Student t test was performed to judge statistical significance. Faci expression in
different cell clusters of the (D) small intestine epithelium and (E) large intestine epithelium. The data on the small intestine
epithelium were retrieved from GEO: GSE92332. The data on the large intestine epithelium were retrieved from GEO:
GSE109774. **P < .001. CPM, counts per million; NK, natural killer.

with different organellar markers including GM130 for Golgi
apparatus, calreticulin-KDEL for ER, peroxisome-targeting
signal 1 (PTS1) for peroxisome, MitoTracker (Invitrogen,
Waltham, MA) for mitochondria, perilipin 2 (PLIN2) for lipid
droplet, pleckstrin homology (PH) domain of FYVE for early
endosome, Rab7a for late endosome, Ras-related protein 7A
(Rab7A) for recycling endosome, Rab4 for early and sorting
endosome that is rapidly recycling, lysosomal-associated
membrane protein 1 (LAMP1) for lysosome, and microtu-
ble-associated protein light chain 3 (LC3) for
autophagosome.?’ > FACI was found to co-localize perfectly
with FYVE and Rablla (Figure 4D). In contrast, FACI
showed poor or no co-localization with other organellar
markers, including Rab4 and Rab7a (Figures 4D and 5A4).
Thus, cytoplasmic FACI was concentrated in early endo-
somes and recycling endosomes, but almost absent from
other organelles including late endosomes and fast recycling

early endosomes. To further verify the subcellular localiza-
tion of FACI, biochemical fractionation was conducted with
lysates of AML12-V5-FACI cells. Consistent with confocal
results, V5-FACI was enriched in the total membrane
(plasma and organellar membranes) fraction, but not the
cytosolic fraction (Figure 4E).

FACI is expressed mainly in hepatocytes and enterocytes
in physiological conditions. Both are polarized epithelial
cells, showing apical and basolateral sides. To determine
whether the distribution of FACI in the plasma membrane at
the apical and basolateral sides of polarized epithelial cells
might differ, Caco2 and Calu3 cells stably expressing
mEmerald-FACI were induced to differentiate into a polar-
ized state. Z stacking then was used to show the fluorescent
intensities of mEmerald-FACI at consecutive focal planes of
the polarized cells. Although mEmerald-FACI was detected
on both basolateral and apical plasma membranes in
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polarized Calu3 and Caco2, the signal intensities of those at the apical side (Figure 5B). Hence, FACI localizes to
mEmerald-FACI, however, appeared to be much more plasma membrane and recycling endosome ambiently, but it
prominent at the basolateral side when compared with is more abundant in the basolateral plasma membrane.
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HESQGRTQEGRLH RQVREKSRPQGLD-GMERLEAPA TEQ - LRQYQQQVR VASFPS PETLLDANS- - -
QEPWGKPLESRLR| RQGQEKSRP- - SVGGPERRLDTPG TEQ - LKQYQ-QVR VSSFPS AQPPLGTTS- - -
QEPWGKPLESRLR| RQGQEKSRP- - SVGGPERLDTPG TEQ - LKQYQQQVR VSSFPS AQPPLGTTS- - -
QEPWGRPLAGRLR| RQEREKSRS- -SDGGPERLDAPG TEQ - LRQYQQKIR VTSFPN PQPSLGTTS- - -
QEPCGRPLAGQLR, RQGREKSRS- - SDGGPERLDAPG TEQ - LRQYQQKIR VTSFPS PQPSPGTTS- - -
QEPWGRPLAGRLR RQGGEKSRS- - SDRGPERLDAPG TEQ - LRQYQQKIR VTSFPS PKPSLGTTS- - -
QEPCGRPLAGQLR| RQGCEKSRS- - SDGGPEBRLDAPG TEQ . LRQYQQ- IR VTRFPS PQPSLGTTS- - -
QEPCGRPLAGQLR RQGCEKSRS- - SDGGPERLDAPG TEQ - LRQYQQKIR VTRFPS PQPSLGTTS: - -
QEPWGKPLESRLR| RQGHEESRP- -SIGGPERLDMPG TEQ - LKQYQQaVvR VSSFPG PQPPLGTTS- - -
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Membrane- and Phospholipid-Binding Property
of FACI

FACI lacks a classic transmembrane domain but localizes
to the plasma membrane. Both mEmerald-FACI and FACI-
mEmerald proteins localized to the plasma membrane
(Figures 4C and 6A4), indicating that the membrane-binding
property of FACI is not affected by the position of the
mEmerald tag. To further characterize this property, a series
of truncated FACI mutants (Figure 6B) were constructed.
Mutants C and D of FACI harboring motif E showed the same
localization pattern as that of the full-length FACI. In
contrast, mutants A and B without motif E completely lost
the localization to the plasma membrane (Figure 6C). Thus,
plasma membrane localization is mediated by motif E. Motif
E comprises the 22-amino acid long a-helix and its adjacent
region. Further mutational analysis indicated the loss of
plasma membrane localization in mutants E, F, and G of
FACI, in which the long «-helix or its adjacent region is
disrupted (Figure 6C). The plasma membrane localization
pattern of mutant H lacking the second half of the a-helix-
-adjacent  region, however, remained unchanged
(Figure 6C). Hence, both the long «-helix and its immediate
C-terminal residues are indispensable for localization of
FACI to the plasma membrane. The mutational analysis also
showed that motif E dictates the localization of FACI to early
and recycling endosomes (Figure 6C and D).

The long a-helix within motif E was predicted to form an
amphipathic helix (Figure 7A4) by the HeliQuest program
(https://heliquest.ipmec.cnrs.fr).>® Because amphipathic he-
lices are known to mediate protein binding to membranes
and lipid surfaces,”” we asked whether motif E could
interact with lipids. A motif E-containing synthetic peptide
comprising 77-115 amino acids of human FACI, designated
FACI-C, was subjected to protein lipid overlay assay. FACI-C
showed strong binding with P14, 5P,, PI4P, PI3, 4, 5P3, and
cardiolipin (Figure 7B). However, little or no binding was
observed to other lipids and sphingolipids (Figure 7B and
(). Further assessment of the binding affinity of FACI-C with
different phosphoinositides through serial dilution indicated
that FACI-C binds to P14, 5P;, and PI3, 5P, with high affinity;
to PI3P, PI4P, PI5P, and PI3, 4, 5P; with moderate affinity;
and to PI3, 4P,, and PI with low affinity (Figure 7D).

The interaction between FACI and phosphoinositides
was investigated further in cultured cells. Confocal and
super-resolution images indicated substantial co-
localization of FACI with mCherry-PLCD1-PH, a biosensor
of PI4, 5P,,*® but not with mCherry-TAPP-PH, a biosensor
of PI3, 4P,*° (Figure 7E). In addition, FACI also showed
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strong co-localization with enhanced green fluorescence
protein (EGFP)-AKT-PH, a biosensor for PI3, 4, 5P3 and PI3,
4P,,*° but not its dominant-negative version EGFP-AKT-PH
(Figure 7F). Thus, FACI likely interacts with membrane by
binding to membrane PI4, 5P, and other phosphoinosi-
tides through its motif E, which contains an amphipathic
helix.

Transcriptional Regulation of Faci

Mouse Faci and human FACI promoter regions were
annotated based on database searching and bioinformatic
analysis. Proximal to the transcription start site, 3
conserved regions named CR1, CR2Z, and CR3, were iden-
tified (Figure 84). Because most putative regulatory ele-
ments are concentrated in the region starting from -400 bp
to +80 bp, a DNA fragment corresponding to the region
that covers -770 bp to +80 bp of human FACI promoter
was cloned into pGL3-basic for promoter activity assay. A
variety of transcription factors as well as protein kinases
predicted to bind to FACI promoter or thought to be
involved in the regulation of lipid homeostasis were tested
for their effects on FACI transcription. Luciferase reporter
assays were performed with CREB-H serving as a positive
control. Liver- and intestine-enriched transcription factors
SREBP1a*' and HNF4a,*? other transcription factors
SREBP1c*' and CREB,*® as well as transcriptional coac-
tivators CRTC2"* and PGC1«™ are potent activators of FACI
promoter in HepG2 cells (Figure 8B). Although SREBP1la
and SREBP1c are 2 isoforms of SREBP1, a master regulator
of lipogenesis and cholesterol synthesis, CREB also is cen-
trally involved in the regulation of glucose and lipid
metabolism.*® The regulation of FACI transcription by this
combination of transcription factors is compatible with its
role in lipid homeostasis.

We next mapped the responsive elements of the earlier-
described transcriptional regulators in FACI promoter using
3 luciferase reporter constructs driven by progressively
truncated FACI promoter regions designated pA, pB, and pC
(Figure 8C). pB remained highly responsive to SREBP1a,
SREBP1c, CREB-H, CREB, PGCla, HNF4«, and CRTC2.
Although pC had no response to SREBP1a, SREBP1c, CREB-
H, or PGC1g, its response to CREB, HNF4¢«, and CRTC2 was
attenuated (Figure 8C). Although SREBP1a, SREBPIc,
HNF4q, and CRTC2 stimulated pA more robustly than pB,
CREB and PGCla activated pA and pB equally well
(Figure 8C). These results were consistent with the
requirement of the CR2 for the effects of all transcription

Figure 3. (See previous page). FACI sequence alignment and phylogenetic analysis. (A) Secondary structure prediction.
Secondary structure of FACI was predicted using JPred (www.compbio.dundee.ac.uk/jpred) and IUPred2A (iupred2a.elte.hu).
Two «-helical regions (red and orange) and 1 intrinsic disordered region (blue) are highlighted. (B) Multiple alignments of FACI
homologs among 65 mammalian species. Five conserved regions are boxed and labeled as A to E. (C) A phylogenetic tree of
FACI. FACI homologs exist in lizards, turtles, and mammals (blue), but are not found in cartilaginous fishes, snakes, crocodiles,
or birds (green). Uncharacterized ancestral versions of FACI were identified in amphibians and bony fishes (red). (D) Sequence
alignment of FACI homologs and ancestral forms. FACI homologs from Chelonia mydas (mammalia) and Phascolarctos cin-
ereus (reptilia), as well as FACI ancestral proteins from Rhinatrema bivittatum (amphibia), Erpetoichthys calabaricus
(osteichthyes), and Danio rerio (osteichthyes) were selected for analysis. Conserved motifs A, B, D, and E are boxed. N,
species without FACI homologs; P, species with ancestral versions of FACI; Y, species with FACI homologs.
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factors and regulators tested. The CR3 should contain spe- acting elements for SREBP1a, SREBP1c, CREB, HNF4¢, and
cific regulatory elements for CREB, HNF4«, and CRTC2. CRTC2, while the cis-acting elements for CREB and PGCla
Finally, the CR1 and AG repeat region should harbor cis- might be located in the CR2.
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Because both CREB-H and CREB are induced by fast-
ing,"® we asked whether Faci transcription also might be
induced by fasting. Indeed, hepatic expression of both
Faci and Crebh mRNAs is robustly induced by fasting
(Figure 8D). Likewise, Faci transcript also was up-
regulated by forskolin, a potent activator of CREB,
CREB-H, and cAMP pathway, in gonadal adipose
(Figure 8E). Consistent with this, transcription of human
FACI gene in adipose tissue was potently induced by
norepinephrine (Figure 8F), another stimulator of cAMP
and CREB signaling.*” Hence, Faci is regulated by multiple
nutrient-related stimuli. Fasting and fasting-related cAMP
signaling should be crucial in the induction of Faci mRNA
expression in the liver and adipose tissue.

Faci Deficiency Aggravated Diet-Induced Obesity
and Obesity-Related Metabolic Dysfunction in
Mice

To investigate the in vivo function of FACI, we generated
Faci”’”~ mice by clustered regularly interspaced short palin-
dromic repeats (CRISPR)/CRISPR-associated 9 (Cas9) tech-
nology (Figure 94). A DNA electrophoretogram verified
complete removal of the Faci gene from the mouse genome
(Figure 9B). RT-qPCR results further confirmed Faci
knockout at the transcription level. Faci mRNA was unde-
tectable in the liver and intestine of Faci”~ mice (Figure 9C).
The deletion of the Faci gene was nonlethal and Faci”’™ mice
were normally developed. With the exception of a slight
increase in body weight, which is discussed later
(Figure 10C and D), we did not identify other overt abnor-
malities in Faci”/~ mice.

The tissue distribution and transcriptional regulation of
Faci suggested that Faci might affect energy hemostasis and
particularly lipid metabolism. To explore this possibility, we
challenged Faci/~ mice with a high-fat diet (HFD) and
examined their metabolic changes under nutrient stress.
The 8-week-old Faci’/™ mice as well as their control litter-
mates were fed with normal chow diet (NCD) or HFD for 12
weeks. After HFD feeding, both WT and Faci”” mice showed
increased body weight relative to NCD-fed mice (Figure 104
and B). However, HFD-fed Faci”’/~ (HFD-Faci”’") mice gained
more weight than HFD-fed WT (HFD-WT) mice (Figure 104
and B). A slight increase in the body weight of Faci”~ mice in
the absence of nutrient stress also was noted here
(Figure 10C and D). In body composition analysis, HFD-
Faci’~ mice showed higher percentages of fat mass
compared with HFD-WT mice (Figure 10E). There was no
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significant difference in food intake between WT and Faci”/~
mice (Figure 10F and G).

Dyslipidemia and hepatic steatosis were associated
closely with obesity."® The effects of Faci deficiency on
dyslipidemia and steatosis were examined. HFD-Faci”™ mice
showed higher plasma cholesterol levels and slightly higher
plasma TG levels than HFD-WT mice (Figure 10H and I).
Compared with HFD-WT mice, HFD-Faci”’~ mice showed an
enlarged liver and increased liver weight and size on body
weight ratio (Figure 10/-L). Plasma alanine aminotrans-
ferase levels of HFD-Faci/~ mice also were increased,
indicative of more severe liver injury (Figure 10M). Liver
cholesterol and TG levels also were increased in HFD-Faci”~
mice relative to HFD-WT mice (Figure 10N and 0). H&E
staining and Oil red O staining showed more severe hepatic
lipid accumulation in HFD-Faci”/™ mice (Figure 10P). Hence,
HFD-Faci”’/~ mice developed more severe dyslipidemia and
steatosis.

The impact of Faci deficiency on glucose homeostasis
also was examined. HFD-Faci”’~ mice showed more severe
fasting hyperglycemia (Figure 114) and fasting hyper-
insulinemia (Figure 11B) than HFD-WT mice. In keeping
with this, homeostasis model assessment of the insulin
resistance index, a measure of insulin resistance, was
increased significantly in HFD-Faci”/~ mice (Figure 11C). An
intraperitoneal glucose tolerance test further indicated
worsened  glucose tolerance in HFD-Faci/~ mice
(Figure 11D-G). These findings suggested the development
of more severe insulin resistance in Faci’/~ mice under
challenge with HFD.

Collectively, our results consistently showed aggravation
of HFD-induced obesity as well as obesity-related steatosis,
dyslipidemia, and insulin resistance in Faci”" mice.

Enhanced TG Absorption in Faci”’~ Mice

We speculated that abnormal intestinal TG absorption in
Faci”’/~ mice might lead to its diet-induced obesity for 3
reasons. First, Faci is expressed most abundantly in the
small intestine. Second, intestinal Crebh deficiency results in
enhanced TG absorption plausibly through unknown tar-
gets. Third, the subcellular localization pattern,
phospholipid-binding property, and transcriptional regula-
tory mechanism of FACI are compatible with its possible
role in TG homeostasis. With these thoughts in mind, we
compared intestinal epithelial transcriptomes of WT (n = 3)
and Faci’~ mice (n = 3). Differentially expressed genes
(DEGs) were selected with the criteria of a false discovery

Figure 4. (See previous page). Subcellular localization of FACI. (A and C) AML12 and Caco? cell lines stably expressing (A)
V5-FACI or (C) mEmerald-FACI were fixed and then subjected to either immunostaining followed by confocal microscopic
analysis or confocal microscopic analysis directly. Nuclei were counterstained with 4’,6-diamidino-2-phenylindole (DAPI).
FACI-mEmerald or V5-FACI is shown in green. (B) Immunoblotting. Expression of V5-FACI in AML2-V5-FACI and Caco2-V5-
FACI stable cell lines was induced successfully by Dox. (D) AML12 cells were co-transfected with plasmids encoding V5-FACI
or mEmerald-FACI plus 1 of the endosomal markers mCherry-Rab11a, mCherry-FYVE, mCherry-Rab7a, and Tag-RFP-Rab4a.
Cells were fixed and subjected to either immunostaining followed by confocal microscopic analysis or confocal microscopic
analysis directly. Scale bars: 20 um. (E) Immunoblotting. Total membrane and cytosolic protein fractions of AML12-V5-FACI
cells were isolated. V5-FACI was enriched in the total membrane fraction but not the cytosolic fraction. GAPDH, glyceral-

dehyde-3-phosphate dehydrogenase.
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rate of less than 0.01 and a log; fold change of not less than
1. The Pearson correlation coefficient analysis indicated a
good positive correlation of all samples of either WT or
Faci’~ mice (Figure 124). A total of 17,676 genes were
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million mapped reads (FPKM) values in Faci’/~ mice were
undetectable (Figure 12B and Supplementary Table 2).

Gene ontology enrichment analysis of the up-regulated
DEGs showed that the most relevant gene ontology terms
included “brush border membrane,” “response to nutrient,”
“cholesterol homeostasis,” “phospholipid efflux,” and “lipo-
protein metabolic process” (Figure 12C). Plausibly, intesti-
nal lipid homeostasis is affected by Faci deficiency. The
enrichment analysis of the down-regulated DEGs, however,
was not productive.

The up-regulated DEGs in Faci”~ mice included a number
of lipid absorption-related genes (Figure 12D and
Supplementary Table 1). Selected DEGs were verified by
real-time RT-qPCR and immunoblotting. Expression of
Fabp2, Dgat2, Apob48, Apoc3, and Sgkl mRNAs was
increased in Faci’/~ mice (Figure 12E). The steady-state
levels of fatty acid-binding protein 2 (FABP2), diac-
ylglycerol O-acyltransferase 2 (DGAT1), apolipoprotien B48
(APOB48), apolipoprotein C3 (APOC3), and serum/gluco-
corticoid regulated kinase 1 (SGK1) proteins also were
increased in Faci’~ mice (Figure 12F). Fabp2, Dgat2, and
Apob48 are key genes that regulate lipid absorption.”*’
SGK1 is a regulator of the absorption of not only glucose
but also fatty acids.””°! Their increased expression in Faci”/~
mice is suggestive of a possible role of FACI in intestinal
lipid absorption.

The RNA-seq results prompted us to further explore
whether Faci knockout might enhance intestinal fat ab-
sorption. We first compared the length and general
morphology of the intestine between WT and Faci”™ mice.
Neither the intestinal lengths nor the villi lengths of WT and
Faci”’~ mice showed obvious differences (Figure 126G and H).
Fat absorption assays were performed next. Faci’/~ mice
showed increased plasma TG compared with WT mice after
oil gavage (Figure 121), indicating increased lipid absorption
in  Faci/~ mice. Because hepatic very-low-density
lipoprotein-TG secretion was similar between WT and
Faci”’~ mice (Figure 12]), we could rule out potential inter-
ference with the assay by endogenous TG production.
Furthermore, we observed enhanced postprandial lipid
accumulation in the villi of Faci/~ mice by quantitative TG
measurement (Figure 12K) and by Oil red O staining
(Figure 12L). Consistent with this, Dox-induced expression
of FACI in a Caco2 stable cell line (Figure 4B) significantly
decreased the uptake of boron-dipyrromethene (BODIPY)-
labeled C12 fatty acid (Figure 12M and N). Thus, although
Faci knockout augmented intestinal fat absorption, expres-
sion of FACI showed the opposite effect.
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Discussion

In this study we identified and characterized FACI, a
novel target of CREB-H transcription factor. FACI is highly
conserved among mammals and its expression is particu-
larly enriched in liver and intestine (Figures 1-3). FACI lo-
calizes to plasma membrane and recycling endosomes,
likely through its C-terminal amphipathic helix, which binds
to phosphoinositides (Figures 4-7). FACI expression in the
liver is regulated by nutrient-responsive transcription fac-
tors CREB-H, SREBP, HNF4«, CREB, and PGCl« (Figure 8),
as well as fasting-related cAMP signaling. Faci deficiency in
mice (Figure 9) exacerbated diet-induced obesity, hepatic
steatosis, and dyslipidemia (Figures 10 and 11), which
probably was caused by enhanced TG absorption
(Figure 12). Our findings have implications in the thera-
peutic intervention of obesity and metabolic syndrome.

The structural properties of FACI suggest that it might be
an integral monotopic protein or a peripheral membrane
protein, which is attached to the inner leaflet of the plasma
membrane and the outer leaflet of the endosomal mem-
brane.’* The C-terminal amphipathic a-helix domain of FACI
mediates its binding with membrane phosphatidylinositol.
The N-terminal region of FACI is a long intrinsically disor-
dered region (IDR), comprising approximately two thirds of
the protein (ie, 1-77 amino acids of mouse FACI). IDR refers
to a protein region that does not fold into a fixed or unique
3-dimensional structure in its native state.”®> Thus, the N-
terminal IDR of FACI might be string-like in the cytoplasm.
However, after binding to macromolecules, the structural
conformation of many IDRs can transit from fully disor-
dered into stable globular states. Whether the IDR of FACI
might follow this trend remains unknown.

FACI is a small protein with only approximately 115
amino acids. Except for the 5 conserved motifs, the other
regions of FACI are disordered and evolutionarily more
divergent. Plausibly, the 5 conserved motifs might be
required for the execution of critical FACI functions. We
have shown that motif E is responsible for membrane
localization of FACI. The other 4 motifs seem to be func-
tional short linear motifs. Short linear motifs generally are
situated in IDRs, and act as interaction modules recognized
by other biomolecules.”* The sequence of motifs B (YXXL)
and D (DXXXLI) just matches the sorting signals of adaptor
complexes AP1 and AP2.”° They plausibly mediate the
trafficking of FACI between plasma membrane and endo-
cytic vesicles. Online database PhosphoSitePlus (www.
phosphosite.org) indicated that motifs A and C are phos-
phorylated. They have a similar sequence pattern of RXXpS,

Figure 5. (See previous page). Further localization analysis of FACI. (A) Co-localization of FACI with various organelle
markers was examined. AML12 cells transiently expressing mEmerald-FACI (leff) or mCherry-FACI (right) were probed or
stained with various organellar markers including mCherry-ER3 for ER, GM130 for Golgi apparatus, MitoTracker for mito-
chondria, mCherry-lysosome for lysosome, EGFP peroxisome for peroxisome, EGFP-LC3 for autophagosome, and EGFP-
PLIN2 for lipid droplets. Nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI). (B) Distribution of mEmerald-FACI
in polarized Caco?2 (left) and Calu3 (right) cells was examined. Caco2-mEmerald-FACI and Calu3-mEmerald-FACI stable
cells were first differentiated into polarized states. Expression of mEmerald-FACI protein (green) then was induced with Dox.
Representative Z-stack layers as indicated, including the apical layer, the layers with tight junction and recycling endosome,
respectively, as well as the basal-lateral layer with nucleus, were imaged by confocal microscopy. Tight junction marker zonula
occludens-1 (ZO-1) was stained with antibody and nucleus was stained with DAPI. Scale bars: 20 um.
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Figure 6. Determination of the membrane binding region of FACI. (A) Subcellular localization of FACI-mEmerald with C-
terminal mEmerald. (B) A list of truncated FACI proteins. The region in red represents the conserved motif E. The «-helical
regions within motif E were impaired in FACI-E and FACI-F mutants. The adjacent regions within motif E were disrupted in
FACI-G and FACI-H mutants. The underlined sequence (ETLLDTNN) is present in mice but absent in human beings. (C) Co-
localization analysis of FACI mutants with Rab11a. AML12 cells were transfected with plasmids expressing mCherry-Rab11a
and the indicated mEmerald-FACI mutants. Cells were fixed and imaged by confocal microscopy. (D) Structured illumination
imaging showing co-localization of mEmerald-FACI-mutant C, which contains motif E, with mCherry-FYVE in AML12 cells.
Scale bars: 20 um. DAPI, 4’,6-diamidino-2-phenylindole.
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which matches the recognition site of AGC kinases.”” Phos- Proteins at the cell surface are dynamically regulated by
phorylation at these sites might serve key roles in the endocytosis and endosomal recycling.’® Under certain
regulation of FACI function. physiological conditions, such as ligand binding or
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recycling endosome and finally recycled back to the plasma
membrane.”” FACI localizes primarily to the plasma mem-
brane, early endosome, and recycling endosome, but it is
almost absent from the late endosome, lysosome, and other
organelles. Subcellular localization of FACI suggests a
functional link to endocytosis and endosomal recycling.
Considering that FACI affects intestinal lipid absorption, it
probably serves to regulate endocytosis and/or recycling of
membrane proteins such as lipid absorption-related
transporters.

The tissue-specific expression and subcellular localiza-
tion patterns of FACI as well as its transcriptional
inducibility by CREB-H, SREBP, HNF4«, CREB, and PGCl«
generally are consistent with the phenotypes of Faci’/~
mice in intestinal lipid absorption. Plausibly, the nutrient-
responsive transcription factors activate Faci transcription
in the liver and intestine. Through its C-terminal amphi-
pathic helix, FACI binds to selected phosphoinositides and
thereby attaches to the plasma membrane and recycling
endosome. Through an unknown mechanism, FACI im-
pedes intestinal TG absorption, leading to reduced energy
uptake. Ascribed to this property, FACI shows a protective
effect on diet-induced obesity, hepatic steatosis, and
dyslipidemia.

The mechanism by which FACI impedes intestinal lipid
absorption remains to be clarified. In this regard, the
following 3 possibilities warrant further investigations.
First, the inhibition of fatty acid uptake by FACI (Figure 12)
provides the impetus for further analysis of the impact of
FACI on endocytosis or endosomal recycling of key fatty
acid transporters. Fatty acid uptake across the apical
membrane of the enterocyte is mediated mainly by protein
transporters, such as CD36 and fatty acid transport protein
4 (FATP4).” FACI is localized to the plasma membrane and
endocytic vesicles. FACI might affect endocytosis or endo-
somal recycling of fatty acid transporters, leading to lipid
malabsorption. Second, the phospholipid-binding property
of FACI (Figure 7) suggests a possible role of FACI in
phospholipid remodeling, which requires further verifica-
tion. Recent studies have indicated that fatty acid absorp-
tion is regulated by intestinal phospholipid remodeling.”® It
will be of interest to see whether FACI, as a phospholipid-
binding protein, might affect fatty acid absorption by
modulating membrane phospholipid composition. Third,
the increased expression of FABP2, APOB, and APOC3 in
Faci’~ mice (Figure 12) merits further functional

Cellular and Molecular Gastroenterology and Hepatology Vol. 13, No. 5

characterization. FACI probably might affect fatty acid
transport, CM package, and CM trafficking through these
proteins.® The observation of APOB up-regulation in the
intestine of Faci”/~ mice is compatible with the activation of
the CM pathway of fatty acid absorption. It will be of
particularly great interest to see whether FACI might
interact physically with APOB as well as other up-regulated
proteins to modulate their function in intestinal lipid
absorption.

The increased body weight of HFD-Faci”~ mice as well as
the manifestation of insulin resistance, steatosis, and dysli-
pidemia (Figures 10 and 11) were caused at least in part by
the enhanced TG absorption in the intestine (Figure 12).
However, other potential reasons also may contribute to
such phenotypes. We have indicated that SGK1 is up-
regulated in the intestines of Faci”~ mice. SGK1 activation
exacerbated diet-induced obesity, metabolic syndrome, and
hypertension. Increased expression of intestinal SGK1 pro-
moted glucose uptake by enhancing glucose transporter
SGLT1 activity.so's‘) Therefore, increased SGK1 expression
also partially may mediate diet-induced obesity as well as
the metabolic syndrome of HFD-Faci”~ mice. On the other
hand, abundant expression of FACI in hepatocytes
(Figures 1 and 2) is suggestive of a potential hepatic func-
tion. Whether the absence of hepatic FACI exacerbates
steatosis and insulin resistance in HFD-Faci/~ mice merits
experimental validation.

Inhibitors of intestinal TG absorption have been devel-
oped as effective lipid-lowering drugs. Lomitapide, an in-
hibitor of microsomal triglyceride transfer (MTT) protein
that is critical in intestinal TG absorption, has been
approved for use as a lipid-lowering agent. Other MTT in-
hibitors such as JTT-130 and DGAT inhibitors such as PF-
04620110 also have been tested extensively for potential
use in the treatment of hypertriglyceridemia.”*°° In this
regard, FACI is a potential new target for therapeutic
intervention. Agents that stabilize FACI or enhance its ac-
tivity in intestinal lipid absorption might be further devel-
oped as lipid-lowering agents.

The increase in the hepatic cholesterol levels of
HFD-Faci”/~ mice (Figure 10) also is noteworthy. Intestine-
specific Crebh”” mice are known to have hypercholester-
olemia attributed to enhanced cholesterol absorption as a
result of increased expression of the Npc1l1 gene."? Several
questions concerning the impact of FACI on intestinal
cholesterol absorption remain unanswered. First, it is not

Figure 7. (See previous page). Phospholipid-binding property of FACI. (A) Helical region in FACI. Amphipathic helices were
identified in the C-terminus of FACI using Heliquest (heliquest.ipmc.cnrs.fr). The hydrophobic face is highlighted in yellow. The
values of hydrophobic moment (<uH>), hydrophobicity (<H>), and net charge (Z) are indicated. (B-D) Fat blot assays.
Synthetic peptide of 46 residues corresponding to the C-terminus of FACI (FACI-C) was biotin-labeled and incubated with the
(B) Membrane Lipid Strip, (C) Sphingo Strip, and (D) MultiPIP Grip. HRP-conjugated streptavidin was used to visualize the
biotin-labeled FACI-C peptide by enhanced chemiluminescence (ECL) reagents. Both ECL blot and bright field (BF) are shown.
(E) Co-localization of FACI protein with phosphoinositides to plasma membrane. mEmerald-FACI plus P14, 5P, marker PLCD-
PH or PI3, 4P, marker TAPP-PH were expressed in AML12 cells. PLCD-PH or TAPP-PH is indicated in red, while FACI is
indicated in green. For cells transfected with PLCD-PH, the plasma membrane layer was selected for confocal imaging. (F)
AML12 cells were co-transfected with plasmids expressing mCherry-FACI and either AKT-PH or AKT-PH-dominant negative
(DN). AKT-PH-DN is the dominant-negative form of AKT-PH. AKT-PH or AKT-PH-DN is shown in green. The red signals
indicate FACI proteins. Nuclei were stained by 4/,6-diamidino-2-phenylindole (DAPI). Co-localization in the merged panels is

shown in yellow. Scale bars: 20 um.
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known whether FACI also might inhibit intestinal choles-
terol absorption. Second, it is intriguing whether the
expression of Npclll mRNA also might be increased in
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Faci”~ mice. Finally, it remains to be elucidated whether
FACI might affect the function of NPC1L1 in intestinal
cholesterol absorption. Our ongoing studies focusing on
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these questions will establish the role and therapeutic im-
plications of FACI in cholesterol homeostasis.

Loss-of-function mutations of human CREBH locus have
been identified in patients with familial hyper-
triglyceridemia.** Phenotypic changes of Faci’/~ mice in
lipid homeostasis include increased plasma TG, hepatic
steatosis, and diet-induced obesity. In line with this, it will
be of interest to see whether loss-of-function mutations of
human FACI might be identified in patients with familial
hypertriglyceridemia, hypercholesterolemia, and obesity. In
addition to the function of FACI in lipid metabolism, bio-
informatic analysis has shown abnormal expression of FACI
in some other disease conditions. Ectopic high-expression of
FACI was observed in lung adenocarcinoma and pancreatic
adenocarcinoma, while FACI was underexpressed signifi-
cantly in the intestine of patients with colon adenocarci-
noma.”’ Genome-wide association studies also showed a
close association of some single-nucleotide polymorphisms
of FACI with familial lung cancer.®? Further investigations
also are required to elucidate the roles of FACI in the
pathogenesis of these diseases.

Materials and Methods

Reagents, Plasmids, and Oligonucleotides

Reagents, plasmids,“'64 primers, and single guide RNA
(sgRNA) oligonucleotides for Faci gene knockout are listed
in Supplementary Table 3.

Antibodies

Polyclonal rabbit anti-FACI antibodies were generated
by custom antibody service of GenScript (Piscataway, NJ)
using 1 synthetic FACI peptide as the immunogen. The
peptide sequence is CTLGDKEQLIQGQRG, which is unique to
mouse FACI. Commercial primary antibodies used in this
study included mouse anti-V5 (Invitrogen Waltham, MA),
mouse anti-B-tubulin (Sigma St. Louis, MO), mouse anti-(-
actin (Sigma St. Louis, MO), mouse anti-zonula occludens-1
(ZO-1) (Thermo Fisher Waltham, MA), mouse anti-GM130
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(BD Biosciences San Jose, CA), rabbit anti-APOB (Abcam
Cambridge, United Kingdom), rabbit anti-FABP2 (Pro-
teintech Rosemont, IL), rabbit anti-APOC3 (Abclonal
Woburn, MA), mouse anti-DGAT2 (Santa Cruz), and mouse
anti-SGK (Santa Cruz Dallas, TX). The secondary antibodies
used included mouse IgG horseradish peroxidase (HRP)-
linked whole antibody (Sigma St. Louis, MO) and rabbit IgG
HRP-linked whole antibody (SigmaSt. Louis, MO). HRP-
linked streptavidin was from Abcam. All antibody informa-
tion has been listed in Supplementary Table 3.

Cell Culture and Transfection

Human hepatoma cell line Hep3B, human embryonic
kidney cell line HEK293T, and human lung adenocarcinoma
cell line Calu3 were cultured in Dulbecco’s modified Eagle
medium (DMEM) (ATCC Manassas, VA) containing 10% fetal
bovine serum (FBS) (Life Technologies Carlsbad, CA). Hu-
man colorectal adenocarcinoma cell line Caco2 and human
hepatoma cell line HepG2 were cultured in Eagle’s minimum
essential medium (ATCC Manassas, VA) containing 10%
FBS. Mouse immortal hepatic cell line AML12 was cultured
in DMEM/F12 medium (Gibco Waltham, MA) supplemented
with insulin, transferrin, and selenium (Gibco), dexametha-
sone (Sigma), and 10% FBS. All cell lines were maintained at
37°C with a humidified atmosphere containing 5% CO5.

HEK293T, HepG2, and Hep3B cells were transfected with
GeneJuice transfection reagent (Novagen, Darmstadt, Ger-
many). AML12 cells were transfected using Lipofectamine
3000 (Invitrogen Waltham, MA) with P3000 (Invitrogen
Waltham, MA).

Differentiation of Caco2 and Calu-3

To induce epithelial polarity, Caco2 cells were plated and
grown on 12-mm Transwells (Corning Corning, NY) for 21
days in DMEM with 10% FBS and 1% penicillin-
streptomycin. Calu3 cells were plated and grown on 12-
mm Transwells for 14 days in the same medium as for

Figure 8. (See previous page). Transcriptional regulation of FACI. (A) Schematic diagrams of the promoter regions of
mouse Faci and human FACI. Conserved regions CR1 (green), CR2 (red), CR3 (blue), AG-repeat region (yellow), and the
putative genomic repeat sequences (black) are highlighted. (B) Dual-luciferase reporter assay in HepG2 cells. Stimulatory
effects on the FACI promoter were tested. HepG2 cells were co-transfected with pFACI-Luc (pW) and plasmids encoding the
indicated transcription factors or transcriptional regulators. The readouts of firefly luciferase were measured and normalized to
those of Renilla luciferase. Statistical significance for all groups was evaluated by 1-way ANOVA with the Dunnett post hoc
tests. (C) Mutational analysis of FACI promoter. pGL3-basic reporter plasmids driven by 3 truncated versions of FACI pro-
moter, designated pA, pB, and pC, were constructed (left). HepG2 cells were transfected with the indicated transcriptional
regulators. The activities of pFACI-Luc (pW) and the 3 truncated versions (pA, pB, and pC) were measured. The readouts of
firefly luciferase were measured and normalized to those of Renilla luciferase (right). Statistical significance was evaluated by
2-way ANOVA with the Tukey post hoc tests. *P < .05, **P < .01, and P < .001. The indicated groups were compared. The
asterisks were placed directly on top of the error bars when the comparison was made with the mock. (D) Faci (left) and Crebh
(right) mRNA expression in livers of fed and fasted mice. Mice with or without overnight fasting were killed and livers were
collected for total RNA extraction. The mRNA expression level of Faci and Crebh were measured by RT-gqPCR. Statistical
analysis was performed with 2-tailed Student t test. ™*P < .001. (E) Induction of Faci mRNA expression in gonadal white
adipose tissue (QWAT) by forskolin (FSK). Adipose tissue explants from 3 male mice were mock-treated with vehicle or treated
with forskolin for 2 hours. Total RNA was extracted and Faci mRNA expression was analyzed by RT-gPCR. *P < .05 by 2-tailed
paired Student t test. (F) Induction of FACI mRNA expression in human adipocytes by norepinephrine (norepi) treatment.
Biopsy specimens from abdominal subcutaneous adipose tissue of nondiabetic human subjects were obtained. Differentiated
adipocytes were stimulated for 4 hours with norepinephrine. Expression values represent transcripts per kilobase million. The
data were retrieved from GEO: GSE150119. Statistical analysis was performed with 2-tailed Student ¢t test. P < .01.
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DNA sequencing chromatogram of Faci”'mice
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Figure 9. Generation and genotyping of Faci”’~ mice. (A) Schematic diagram illustrating the strategy for generation of Faci™”
mice. Two gRNAs (gRNA1 and gRNA2) were designed for FACI knockout. Primers indicated were used for genotyping. A
3200-bp genotyping product was predicted for WT mice, while a 200-bp genotypin/g product was expected for Faci”~ mice. A
DNA sequence chromatogram of Faci”’~ mice also is shown. (B) Genotyping of Faci”- mice. Genotyping PCR produced distinct
products of 3200 bp for WT and 200 bp for Faci”~ mice. Both 3200-bp and 200-bp products were present in the heterozygous
Faci*”~ mice. (C) RT-gPCR analysis. Total mRNA of either intestinal epithelium from jejunum or liver of WT and Faci”~ mice (n =
4) was extracted. Faci mRNA expression was analyzed by RT-qPCR. Faci mRNA was undetectable in Faci”~ mice. **P < .001
by unpaired 2-tailed Student t test. HET, heterozygous; KO, Faci knockout; M, DNA markers.

Caco2. The medium was changed daily through the culture
duration for both cells.

Stable Cell Line Generation

Stable cell lines were generated with a lentiviral vector
system using the protocol as described previously.'’ A total
of 5 stable cell lines were established in this study, which
are listed in Supplementary Table 3. Briefly, the lentiviral
backbone vector was co-transfected into HEK293T cells
with packaging constructs. After a 48-hour incubation, the

culture medium was collected and filtered through a 0.22-
um filter. Virus-containing supernatant was concentrated
further with Lenti-X Concentrator (Takara Kusatsu, Japan)
and added to preseeded target cells with 8 ug/mL poly-
brene. The transduction was allowed for 48 hours, followed
by puromycin selection to Kkill the lentivirus-negative cells.

Mice
C57BL/6 Faci”’~ mice were generated with CRISPR/Cas9-
mediated genome engineering by Cyagen (Santa Clara, CA).



1382 Cheng et al Cellular and Molecular Gastroenterology and Hepatology Vol. 13, No. 5

Briefly, 2 gRNAs flanking the whole Faci gene were designed
and transcribed in vitro. The gRNAs as well as the Cas9
protein were microinjected into fertilized oocytes to
generate the founder mice. The founder mice were analyzed
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with C57BL/6 mice for 5 generations. Mice were housed in
the Center for Comparative Medicine Research of the Uni-
versity of Hong Kong with a daylight cycle from 7 am to 7
pm. All animal experiments were approved by the Com-
mittee on the Use of Live Animals in Teaching and Research
at the University of Hong Kong (Animal Ethics Approvals
3777-15 and 4776-18).

Adeno-Associated Virus—Mediated Transgene

Expression In Vivo

The recombinant adeno-associated virus (AAV)2/8
system was used for in vivo liver-directed transgene
expression.”” Two recombinant AAVs (rAAVs) were
generated in this study: a CREB-H-ATC-expressing rAAV
(AAV-CREB-H-ATC) and an EGFP-expressing rAAV (AAV-
EGFP) as control. The preparation and purification of rAAV
have been described previously.® pLSP1-EGFP, from which
EGFP expression is driven by a liver-specific human
al-antitrypsin promoter plus 2 copies of the human
apolipoprotein enhancer or pLSP1-CREB-H-ATC was
co-transfected with pXX6 and p5E18-VD2/8 at a ratio of
1:1:1 into the HEK293T cells for rAAV production. Viruses
were harvested from infected cells 2 days after transfection
by 4 freeze-thaw cycles. The rAAVs were purified further
via cesium chloride gradient ultracentrifugation and the
viral titers were determined by qPCR. For viral delivery,
mice were injected intraperitoneally with rAAV with a dose
of 1 x 10" genome copy/mouse. After 2 weeks, mice were
anesthetized, and liver tissues were collected for further
assays.

Diets

Eight-week-old male WT and Faci’~ mice were accli-
mated in the treatment environment for 1 week before ex-
periments. Mice were divided into 4 groups: WT mice fed
with NCD (NCD-WT, n = 4), Faci”” mice fed with NCD (NCD-
Faci’/", n = 4), WT mice fed with high-fat diet (D12108C;
Research Diets, New Brunswick, N]) (HFD-WT, n = 6), and
Faci”’~ mice fed with a HFD (NCD-Faci”/", n = 7). Mice were
fed ad libitum for 3 months. Food uptake and body weight
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were examined regularly. The body composition was
examined spin echo magnetic resonance imaging.

Isolation of Intestinal Epithelium

Intestinal  epithelium  was  isolated by the
EDTA-dithiothreitol separation method.”® Mice were killed
and the small intestine was excised. The second one-sixth
segment of the small intestine (jejunum) was collected
and washed with cold phosphate-buffered saline (PBS) to
flush off the feces. The intestine lumen was cut longitudi-
nally and incubated in PBS with 30 mmol/L EDTA and 1.5
mmol/L dithiothreitol on ice for 20 minutes. The tissue then
was incubated in 5 mL PBS with 30 mmol/L EDTA at 37°C
for 10 minutes. After incubation, the epithelial cells were
separated from the tissue by shaking the tube vigorously for
30 seconds 3 times. The epithelial cells were collected by
centrifuging at 1000 x g for 5 minutes.

Forskolin Treatment

Mice were killed and the gonadal fat pads were excised.
They were further cut into small pieces of 20 mg each and
incubated in DMEM containing 2% fatty acid-free bovine
serum albumin (BSA), with or without 10 umol/L forskolin
for 2 hours.

Blood Biochemistry Tests

All blood biochemistry tests were conducted following
the manufacturer’s instructions. Plasma insulin was
measured by an enzyme-linked immunosorbent assay kit
from Crystal Chem (Elk Grove Village, IL). Total TG, total
cholesterol, and alanine aminotransferase were examined
by kits from Stanbio (Kolkata, IN). Blood glucose was
determined by glucometer Accu-Chek, Indianapolis, IN. Ho-
meostasis model assessment of the insulin resistance index,
a measure of insulin resistance, was calculated using the
iHOMA?2 software (Oxford, United Kingdom).®”

Intraperitoneal Glucose Tolerance Test
Mice were fasted overnight before the assay. On the next
day, mice were injected intraperitoneally with glucose (2 g/

Figure 10. (See previous page). Faci deficiency aggravates diet-induced obesity, dyslipidemia, and hepatic steatosis in
mice. (A) Body weight and (B) weekly weight gain of male WT and Faci”~ mice on NCD or HFD diet (4 mice per NCD group, 6
mice per HFD-WT group, and 7 mice per HFD-Faci”~ group). Results are means + SD. Statistical significance of body weights
or weekly weight gain between HFD-WT and HFD-Faci”~ were assessed by 2-way ANOVA with repeated measures followed
by the Tukey test. Body weight of (C) female and (D) male Faci”~ mice at 4 months. For this measurement, 18-20 female mice
or 13-16 male mice were used in each group. *P < .05 by 2-tailed Student t test. (E) Fat percentages of male WT and Faci”~
mice on NCD or HFD diet for 11 weeks. Statistical analysis was performed with 1-way ANOVA with the Tukey post hoc test. (F
and G) Cumulative food intake of male WT and Faci”~ mice on NCD or HFD diet. (H and /) Plasma (H) total cholesterol (TC) and
() total TG levels of fasted male WT and Faci”~ mice on NCD or HFD diet for 12 weeks. Results were assessed statistically with
1-way ANOVA with the Tukey post hoc test. (J) Representative images of livers and hearts isolated from WT and Faci”~ mice on
HFD diet for 12 weeks. (K and L) Liver weight and liver-weight percentages (liver weight/body weight) of WT and Faci”~ male
mice on NCD or HFD diet for 12 weeks. Statistical analysis was performed with 1-way ANOVA with Welch correction followed
by Games Howell post hoc tests. (M) Hepatic alanine aminotransferase (ALT) levels of male WT and Faci”~ mice on NCD or
HFD diet for 12 weeks. Difference between HFD-WT and HFD-Faci”~ was assessed statistically with the Kruskal-Wallis test
with the Dunn post hoc tests. (N) Hepatic TG and (O) cholesterol levels of male WT and Faci”~ mice on NCD or HFD diet for 12
weeks. Results were assessed statistically by 1-way ANOVA with Tukey post hoc tests. (P) Representative images of H&E-
stained (top row) and Oil red O-stained (bottom row) liver sections from WT and Faci”~ mice on NCD or HFD diet for 12 weeks.
Scale bars: 100 um. *P < .05, **P < .01, and **P < .001.
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kg body weight), followed by examination of the blood
glucose level using a glucometer at 0, 15, 30, 45, 60, 120,
and 180 minutes after injection. Blood samples at the
mentioned time points were collected and plasma insulin
levels also were determined.

Cellular and Molecular Gastroenterology and Hepatology Vol. 13, No. 5

Very-Low-Density Lipoprotein Secretion Assay
Female WT and Faci/~ mice (n = 3 per group) were
HFD-fed for 5 days, fasted overnight, and injected intra-
peritoneally with 30% wt/wt poloxamer 407 (Sigma-
Aldrich) solution in PBS (1.5 g/kg body weight). Blood
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samples were collected at 0, 60, 120, 180, and 240 minutes
after injection by tail bleeding. Plasma TG was examined by
a reagent kit from Stanbio.

Intestinal TG Absorption

Male WT and Faci’/” mice (n = 4 per group) were
HFD-fed for 5 days, fasted for 6 hours, and injected
intraperitoneally with 30% wt/wt lipoprotein lipase in-
hibitor poloxamer 407 solution in PBS (1.5 g/kg body
weight). After 30 minutes, mice were orally gavaged
with olive oil (10 mL/g body weight). Blood samples
were collected at 0, 60, 120, and 240 minutes after
injection by tail bleeding. Plasma TG was examined by a
reagent kit from Stanbio.

RNA Extraction and Real-Time RT-qPCR

Total RNA was extracted with RNAiso Plus reagent
(Takara) according to the manufacturer’s instructions.
Extracted RNA was incubated with DNase I (Ambion Wal-
tham, MA) at 37°C for 30 minutes to digest the remaining
genomic DNA. Reverse-transcription was performed using
the Transcriptor First-Strand Complementary DNA Synthesis
reagents (Roche Basel, Switzerland).

SYBR green PCR master mix was purchased from Takara
and real-time qPCR was conducted using StepOne Real-Time
PCR system (Applied Biosystems Waltham, MA). Gene
expression was normalized to S-tubulin by the 27 24¢T
method. The primer sequences used are listed in
Supplementary Table 3.

RNA-seq

The total RNA from the intestinal epithelium of 4-month-
old WT and Faci”/” mice (n = 3 per group) was extracted by
RNAiso Plus reagent (Takara) and sent to the BGI Shenzhen
Genomics Institute (Shenzhen, China) of for RNA
sequencing. Briefly, RNA was quantified with a Nanodrop
spectrophotometer (Thermo Scientific) and RNA integrity
was verified with an Agilent Bioanalyzer 2100 system
(Agilent Technologies, Santa Clara, CA). Libraries for RNA
sequencing were prepared with standard protocol, which
includes mRNA enrichment, reverse-transcription, bubble
adaptor ligation, PCR amplification, and circular single-
strand DNA generation. RNA sequencing was conducted
on the BGISEQ-500 platform. The generated raw sequencing
reads were filtered and mapped to the reference genome
using HISAT.®® The clean reads were aligned to reference
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transcripts with Bowtie2.°” Gene expression levels were
calculated with RSEM.”” DEGs were identified with
DEseq2.”! Genes were considered significantly differentially
expressed if fold change was 1 or greater and the adjusted P
value was less than .05. Pathway enrichment analysis of
DEGs was performed with gene ontology analysis. Data
were deposited in the NCBI Gene Expression Omnibus un-
der accession number GSE193731.

Protein Extraction and Immunoblotting
Immunoblotting was performed as described previ-
ously.’” Cell or tissue samples were lysed in RIPA lysis
buffer (25 mmol/L Tris-HCI, pH 7.4, 150 mmol/L NaCl, 1%
NP-40, 0.1% sodium dodecyl sulfate, 0.5% sodium deoxy-
cholate) supplemented with protease inhibitor cocktails
(Roche) by a 30-minute incubation at 4°C. The protein
concentration of lysates was measured with the Bradford
dye-binding method (Bio-Rad Hercules, CA). Protein sam-
ples were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, electroblotted
onto polyvinylidene difluoride membranes (Millipore Bur-
lington, MA), incubated with primary and secondary anti-
bodies sequentially, and visualized by enhanced
chemiluminescence (Amersham Marlborough, MA).

Subcellular Fractionation Assay

Total membrane and cytosolic protein fractions of
AML12-V5-FACI cells were isolated using the Minute Plasma
Membrane Protein Isolation and Cell Fractionation Kit (In-
vent Biotechnologies, Eden Prairie, MN). The experimental
procedures were as suggested by the manufacturer.

Dual-Luciferase Reporter Assay

The dual-luciferase reporter assay was performed as
described previously.'” The firefly luciferase expression
plasmid pFACI-Luc (pW) and its mutant forms (pA, pB, and
pC) with truncated promoter regions are listed in
Supplementary Table 3. HepG2, Hep3B, and AML12 cells
were seeded into 24-well culture plates and transfected
with pFACI-Luc or its mutant forms together with a Renilla
luciferase expressing plasmid (pSV-RLuc from Promega
Madison, WI) as an internal control. Cells then were har-
vested 48 hours after transfection and lysed for luciferase
activity analysis. Each transfection was performed in trip-
licate and the result was normalized to Renilla luciferase
activity.

Figure 11.(See previous page). Faci deficiency exacerbates insulin resistance in mice. Overnight fasting (A) blood
glucose, (B) blood insulin, and (C) homeostasis model assessment of the insulin resistance index (HOMA-IR) of male WT and
Faci”~ mice on NCD or HFD diet for 11 weeks. Data were statistically analyzed with 1-way ANOVA with Tukey post hoc tests.
The HOMA-IR values were calculated using iIHOMA2 software. (D and E) Intraperitoneal glucose tolerance test (IPGTT) of male
WT and Faci”~ mice on NCD or HFD diet for 11 weeks (4 mice per NCD group, 6 mice per HFD-WT group, and 7 mice per HFD-
Faci”~ group). Mice were overnight-fasted and injected with 1 g/kg glucose intraperitoneally. The blood glucose levels were
examined at regular intervals. Results were statistically analyzed by 2-way ANOVA with repeated measures followed by the
Tukey test. (E) Areas under the curve (AUC) for IPGTT were calculated using Y = 0 as the baseline. Results were statistically
analyzed by 1-way ANOVA with Tukey post hoc tests. (F) Blood insulin levels during IPGTT were examined and statistically
assessed by 2-way ANOVA with repeated measures followed by the Tukey test. (G) The AUC was calculated using Y = 0 as
the baseline and judged statistically by 1-way ANOVA with Tukey post hoc tests. *P < .05, and **P < .01.
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Immunofluorescent Staining

Cells were fixed with 4% paraformaldehyde in PBS for
15 minutes, permeabilized for 4 minutes with 0.1% Triton
X-100 (Sigma, St. Louis, MO) in PBS, blocked with 3% BSA
for 1 hour, and incubated with primary antibody overnight
at 4°C sequentially. After washing, the cells were incubated
with secondary antibodies conjugated with fluorophores
(1:400) in a dark place at room temperature for 1 hour. The
cells were further rinsed and then mounted with 4/,6-
diamidino-2-phenylindole-containing mounting medium.

A B
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Confocal images were acquired with the Confocal Laser
Scanning Microscopes 780 or 880 (Zeiss Jena, Germany).
Super-resolution images were acquired by Structured Illu-
mination Microscopy (Zeiss ELYRA S1).

Histology, H&E Staining, and Pathologic
Assessment
After mice were Kkilled, liver tissues were obtained, fixed

in 4% paraformaldehyde in PBS overnight at 4°C,
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dehydrated in ethanol, and embedded in paraffin. Hepatic
sections of 6 um were made and stained with H&E. Images
were taken using an Olympus BX51 microscope (Tokyo,
Japan). The degree of steatosis was evaluated based on the
previous histologic scoring system for nonalcoholic fatty
liver disease.

Intestinal Villus Length Measurement

Small intestines dissected from mice were divided into 4
equal-length segments and immediately fixed by modified
Bouin’s fixative (50% ethanol and 5% acetic acid). The fixed
intestinal segments then were opened longitutively, Swiss-
rolled, fixed with 4% paraformaldehyde, and sectioned
and stained with H&E. Images were taken and stitched using
an Olympus BX51 Microscope and QuickPHOTO Micro
software (Promicra, Prague, Czech). Intestinal villus length
was measured as described.”? Briefly, a full image of 1
section was divided into 4 quadrants. Ten intact villi were
selected randomly from each quadrant and the villus
lengths were measured from the villi apex to the distal edge
of the crypt using Image] software (National Institutes of
Health, Bethesda, MD). The mean villus length then was
calculated, representing the corresponding small intestinal
segments.

Oil Red O Staining

After mice were killed, the proximal jejunum and liver
tissues were collected and completely washed in precooled
PBS. The tissues were fixed in 4% paraformaldehyde for 16
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hours at 4°C, dehydrated in 15% sucrose for 24 hours at
4°C, and embedded in Tissue-Tek OCT compound (Sakura
Torrance, CA) at -80°C. Serial sections (10 um) were cut,
stained with 0.5% Oil Red O for 10 minutes to visualize
neutral lipids, and stained with Mayer’s hematoxylin to
visualize nuclei. Images were taken under an Olympus BX51
microscope.

Fat Blot Assay

Membrane Lipid Strip (P-6002; Echelon Bioscience Salt
Lake City, UT), PIP Strip (P-6001; Echelon Bioscience), and
Sphingo Strip (P-6000; Echelon Bioscience) were used for
fat blot assay. The experiments followed the manufacturer’s
protocol. Briefly, the strip was blocked with 1% skim milk in
PBS at room temperature for 1 hour, followed by a 1-hour
incubation with biotin-labeled FACI-C peptide (1 ug/mL in
blocking buffer) or mock incubation at room temperature.
The membrane then was washed and probed by HRP-
conjugated streptavidin. The immunoblotting signals were
analyzed by Gel Documentation Systems (Bio-Rad). Biotin-
labeled FACI-C peptide was synthesized by GenScript. The
peptide sequence is GDTEQLIQAQ RRGSRWWLRR
YQQVRRRWES FVAIFPSVTL SQPASP (purity, >98%).

Lipid Extraction

Lipids were extracted from tissues following the Bligh
and Dyer method.”® Mouse liver tissues (50 mg) were ho-
mogenized in 360 uL cold PBS and mixed with 1 mL chlo-
roform and 2 mL methanol. After vortex, the solution was

Figure 12. (See previous page). Inhibition of mtestmal lipid absorption by FACI. (A-D) Transcriptomic profiles of intestinal
epithelium from jejunum between WT and Faci”~ mice (male, n = 3) by RNA-seq analysis. (A) Heatmap depicting the correlation
of 6 RNA-seq samples, that is, intestinal epithelium from 3 WT (WT1, WT2, and WT3) and 3 Faci”~ mice (KO1, KO2, and KO3)
by Pearson correlation coefficient analyses. (B) The volcano plot illustrates DEGs. DEGs were selected with the criteria of FDR
(false discovery rate) less than 0.01 and logs (fold change) (FC) of 2 or greater. Up-regulated and down-regulated DEGs are
shown in red and green, respectively. (C) The bubble plot depicts gene ontology of up-regulated DEGs. The Y-axis represents
GO terms. The X-axis indicates the gene ratio. Bubble colors represent log+o (FDR) and bubble sizes indicate gene counts. (D)
Heatmap illustrating the fold changes of lipid absorption-related DEGs in WT (WT1, WT2, and WT3) and Faci”~ mice (KO1,
KO2, and KOQ). Scaled FPKM values were used for heatmap generation (Supplementary Table 2). Up-regulation and down-
regulation are hlghllghted in yellow and blue, respectively. (E) RT-gPCR analysis. Total mMRNA of intestinal epithelium from
jejunum of WT and Faci”~ mice (male, n = 4) was extracted. The mRNA levels of the indicated genes were analyzed by RT-
gPCR. Results were statistically assessed by unpaired 2-tailed Student t test. (F) Immunoblotting. Total proteins of intestinal
epithelium from jejunum of WT and Faci”" mice (male, n = 3) were extracted. Expression of the |nd|cated proteins was
analyzed. g-actin was detected as the internal control. (G) Small intestine Iength of male WT and Faci”” mice at 3 months (n =
18-20 mice per group). (H) Duodenum villus length of male WT and Faci”~ mice at 3 months (n = 4 per group). (/) Plasma TG
measurement. Male mice (n = 4 per group) were HFD-fed for 5 days, fasted (6 hours), and injected intraperitoneally with 30%
wt/wt lipoprotein lipase inhibitor poloxamer 407 (1.5 g/kg body weight). After 30 minutes, mice were orally gavaged with olive
oil (10 mL/g body weight). Plasma TGs at the indicated time points were measured. Statistical analysis was based on 2-way
ANOVA with repeated measures, followed by the Sidak test. (J) Very-low-density lipoprotein secretion assay. Female mice (n =
3 per group) were fed with HFD for 5 days, fasted overnight, and injected intraperitoneally with Poloxamer 407 (1.5 g/kg).
Plasma TG was measured at the indicated time points. Data are shown as means + SD. (K) Measurement of TG in small
intestines. Male mice (n = 3 per group) were HFD-fed for 5 days, fasted overnight, followed by high-fat refeeding. Small in-
testines of mice were removed, washed, and homogenized. Lipids were extracted following the Bligh and Dyer method.®®
Statistical analysis was performed with an unpaired 2-tailed Student t test. (L) Oil red O staining of proximal jejunum. Male
mice were HFD-fed for 5 days, fasted overnight, followed by high-fat refeeding. Intestinal neutral lipids were visualized with Oil
red O staining. (M and N) Fatty acid uptake assay. BODIPY-C12 fatty acid uptake was measured using the QBT fatty acid
uptake kit (Molecular Devices). (M) Intracellular fluorescence signals were detected every 20 seconds for up to 80 minutes.
Fatty acid uptake was compared between FACI-expressing (Dox group, n = 6 wells) and mock-treated (no Dox group, n = 3
wells) Caco?2 cells. (N) Areas under the curve (AUC) for kinetic FA uptake were calculated. An unpaired 2-tailed Student t test
was performed to assess statistical significance. *P < .05, **P < .01. adj, adjusted; BP, biological process; CC, cellular
component; MF, molecular function; RFU, Relative fluorescence unit.
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mixed with 1 mL chloroform, after which 1.4 mL of 0.88%
NaCl solution was added. The mixtures were centrifuged
further at 2000 x g for 15 minutes at 4°C. The organic
phases containing lipids were dried and reconstituted in
200 uL of 2% Triton X-100 in H0. Liver TG and cholesterol
levels were determined by commercial kits (Stanbio) and
normalized to liver tissue weights.

For intestinal lipid extraction, overnight fasted mice
were refed with HFD and killed. Entire small intestines were
collected, completely washed, weighted, and homogenized.
Intestinal lipids were extracted following the Bligh and Dyer
method,”® with the solvent system consisting of chlor-
oform:methanol:water at 2:2:1.8 (vol/vol/vol).

In Vitro Fatty Acid Uptake

Fatty acid uptake was determined using the QBT fatty
acid uptake kit (Molecular Devices San Jose, CA) according
to the manufacturer’s protocol. FACI-V5-Caco2 cells were
seeded onto a clear-bottom, 24-well plate. After reaching
approximately 80% confluence, cells were treated with 1
ug/mL doxycycline for 48 hours to induce FACI expression.
Cells were prestarved with Eagle’s minimum essential me-
dium with 0.2% fatty acid-free BSA for 1 hour and then
raised in 300 uL QBT fatty acid uptake solution for kinetic
fluorescence reading. Fluorescence was monitored at 485-
nm excitation/515-nm emission every 20 seconds for 80
minutes by Varioskan flash spectral scanning multimode
readers (Thermo Scientific Waltham, MA).

Statistics

Results presented are means + SD. The statistical ana-
lyses were performed using GraphPad Prism 8 San Diego,
CA. All data were subjected to the Shapiro-Wilk test or the
Kolmogorov-Smirnov test for normality assessment. Statis-
tical analyses were performed with a 2-tailed unpaired
Student ¢ test or 1-way analysis of variance (ANOVA), fol-
lowed by the Tukey post hoc comparison, unless otherwise
stated. In detail, for normally distributed data with equal
variances (2 groups), the 2-tailed Student t test was used.
For normally distributed data with unequal variances (2
groups), the 2-tailed Student ¢t test with the Welch correc-
tion was used. The 2-tailed Student ¢ test also was applied
for planned 2-group comparison. For normally distributed
data sets with equal variances (>2 groups), 1-way ANOVA
was used followed by the Tukey post hoc comparison or the
Dunnett post hoc comparison. For normally distributed data
sets with unequal variances (>2 groups), 1-way ANOVA
with the Welch correction was used followed by Games
Howell post hoc comparison. For non-normally distributed
data sets, nonparametric tests were used. For data sets with
2 independent variables, 2-way ANOVA or 2-way ANOVA
with repeated measures was used, followed by the Tukey or
Sidak multiple comparison test as specified.
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