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Carcinoembryonic antigen-related cell adhesion molecule 1
(CEACAM]1) is expressed in the liver and secreted as biliary
glycoprotein 1 (BGP1) via bile canaliculi (BCs). CEACAM1-LF
is a 72 amino acid cytoplasmic domain mRNA splice isoform
with two immunoreceptor tyrosine-based inhibitory motifs
(ITIMs). Ceacaml™~ or Ser503Ala transgenic mice have been
shown to develop insulin resistance and nonalcoholic fatty liver
disease; however, the role of the human equivalent residue,
Ser508, in lipid dysregulation is unknown. Human HepG2
hepatocytes that express CEACAM 1 and form BC in vitro were
compared with CEACAMI™~ cells and CEACAMI1™~ cells
expressing Ser508Ala null or Ser508Asp phosphorylation
mimic mutations or to phosphorylation null mutations in the
tyrosine ITIMs known to be phosphorylated by the tyrosine
kinase Src. CEACAMI™ cells and the Ser508Asp and
Tyr520Phe mutants strongly retained lipids, while Ser508Ala
and Tyr493Phe mutants had low lipid levels compared with
wild-type cells, indicating that the ITIM mutants phenocopied
the Ser508 mutants. We found that the fatty acid transporter
CD36 was upregulated in the S508A mutant, coexpressed in
BCs with CEACAM]1, co-IPed with CEACAMI1 and Src, and
when downregulated via RNAi, an increase in lipid droplet
content was observed. Nuclear translocation of CD36 associ-
ated kinase LKB1 was increased sevenfold in the S508A mutant
versus CEACAMI1™"~ cells and correlated with increased acti-
vation of CD36-associated kinase AMPK in CEACAMI™ cells.
Thus, while CEACAM1~"~ HepG2 cells upregulate lipid storage
similar to Ceacaml™~ in murine liver, the null mutation
Ser508Ala led to decreased lipid storage, emphasizing evolu-
tionary changes between the CEACAMI1 genes in mouse and
humans.

The liver plays a central role in lipid homeostasis, including
the production of bile that contains both cholesterol and
phospholipids. Biliary glycoprotein 1 (BGP1) is the major
protein of bile (1). BGP1, now known as CEACAMI1 (2), is
highly expressed on the membranes of hepatocytes and bile
canaliculi (BC), and as a coreceptor of insulin receptor, is
responsible for insulin clearance in portal circulation (3). Since
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CEACAM1 binds to cholesterol in bile (4), is highly expressed
in the intestinal tract (5), and is a homotypic cell adhesion
molecule, it is likely that CEACAM1 plays a more general role
in lipid homeostasis, from lipid uptake in the intestine to
storage in the liver. Signaling of the cytoplasmic domain iso-
forms of CEACAMI-SF (short form, 12 amino acids) or
CEACAM1-LF (long form, 72 amino acids) has been studied in
epithelial cells (6), lymphocytes (7), endothelial cells (8), and
hepatocytes (3). Importantly, both the short and long isoforms
mediate homotypic cell adhesions that trigger G-actin and
annexin A2 binding via cytoplasmic domain proximal residues
Phe450 and Thr457 (9-12), allowing plasma membrane (PM)
signaling platforms to interact via the cytoskeleton. The long
isoform contains two immunoreceptor tyrosine inhibitory
motifs (ITIMs) that inhibit inflammation (7). As predicted for
tyrosines of ITIMs that are phosphorylated by Src kinases and
recruit Src homology domain-2 containing tyrosine phospha-
tases SHP1/2 (13), CEACAMI1-LF also is phosphorylated by
Src kinases (14) and recruits SHP1/2 (15, 16). The recruitment
of SHP2 to the insulin receptor (IR) in the liver has recently
been shown responsible for IR downregulation and insulin
resistance (17).

Ceacaml™~ mice are insulin-resistant and become
increasingly obese with age and develop nonalcoholic fatty
liver disease (NAFLD) even on normal chow (18). The
Ceacaml mutation Ser503Ala in transgenic mice had a similar
phenotype to Ceacaml ™™ mice, implying a negative regulatory
function (19, 20). The mechanism of the Ser503Ala null mu-
tation in mice was ascribed to modulation of insulin receptor
internalization (3). However, the coexpression of wild-type
Ceacaml in the transgenic mice complicates the interpreta-
tion of the role of the Ser503A mutation since wild-type versus
mutant expression levels were not measured. In the study of
Sippel et al. (21), Ser503 in rat CEACAM1-LF was shown to be
phosphorylated by PKC and was required for bile acid efflux,
along with an effect on the ITIM residue Tyr488. This study is
complicated based on three issues. The first is that trans-
fections were performed in heterologous cells, not in hepato-
cytes, the most active transporters of bile acids. Subsequently,
BSEP, NTCP, and OSTa/p were shown to perform these
functions in the liver (22) and not CEACAMI. Second, the
claimed ecto-ATPase activity of CEACAM1 in BCs (23) was
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CEACAM1 and lipid storage in hepatocytes

later shown to be due to NTPDase8 (24), not CEACAMI1. The
third was the demonstration that Ser503 was phosphorylated
by PKC since it was stimulated by forskolin and inhibited by
staurosporine (21), is unlikely in the case of human CEA-
CAM1. While the amino sequence of rat CEACAMI-LF,
preceding the critical Ser503 residue, indeed conforms to a
PKC consensus sequence in rat (25), the critical basic residues
are absent in humans (Fig. 1). In consideration of alternative
kinases, the downstream sequences following the conserved
Ser503 in rat and mouse or Ser508 in man conform to a
GSK3p consensus sequence including the requirement for the
priming phosphorylation site +4Ser (26, 27), conserved in 15/
16 mammalian species sequenced (28). In our companion
paper, we showed that when the cytoplasmic domain of
CEACAM1-LF was phosphorylated on Ser512 by PKA, Ser508
became a substrate for GSK3p. Thus, it is likely that, in the
course of evolution, the signaling kinases for CEACAM1 have
changed along with the amino acid sequences among species.

These observations, as well as the many studies that show
important differences between rodents and humans in hepatic
lipid storage and obesity (29) led us to examine CEACAM1-LF
signaling in a human hepatocyte model in which the human
CEACAM1 gene is highly expressed, similar to the liver (30).
We hypothesized that phosphorylation of Ser508, similar to
the murine equivalent Ser503, regulated phosphorylation of
tyrosines in the proximal and/or distal ITIMs. We further
hypothesized that subsequent recruitment of SHP2 by the
phosphorylated ITIMs would depend on which ITIM was
phosphorylated. To evaluate our hypotheses, we selected
HepG2 cells that highly express CEACAM1 (31, 32) and form
BCs in vitro (33). We knocked out CEACAMI by a Crispr/
Cas9 approach and compared the phenotype to the parental
cells, as well as the CEACAMI1~ cell lines transfected with
null and phosphorylation mimics of Ser508, and null mutants
of the ITIMs. Given the importance of lipid storage dysregu-
lation in the liver, we used lipid droplet formation with an
emphasis on the role of the fatty acid (FA) transporter CD36 as
a phenotypic readout for these cell lines.

The distribution of energy-rich fatty acids throughout the
body is mediated by endothelial lipoprotein lipase that hy-
drolyzes triacyl glycerides (TAGs) of postprandial circulating
chylomicrons and VLDL (34). The released FAs, especially the
long-chain FAs, are transported into the heart, skeletal muscle,
and hepatocytes primarily by the widely distributed and highly
regulated CD36 receptor (35). Upon binding its many ligands,
CD36 is phosphorylated by the Src kinase Fyn in the muscle
(36) and platelets (37). Notably, CEACAMI-LF is also phos-
phorylated by Src kinases resulting in activation of its ITIMs
(7). Similar to CEACAM1-LF, CD36 plays a prominent role in
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hepatic insulin resistance and hepatosteatosis (38). Since
transport of FAs (as opposed to inflammatory oxidized lipids)
to tissues is an essential function, it is perhaps surprising that
CD36 is often associated with inflammation (39) and steatosis
(40). We hypothesized that CEACAMI1-LF and CD36 are
biochemically connected in hepatocytes, since the absence of
CEACAM1 is involved in inflammation and hepatosteatosis,
and its liver levels are reduced in obesity (41). Furthermore,
genetic studies implicate CD36 in obesity (42) and regulation
of bile acid levels (43). A recent study has linked CD36 protein
levels in HepG2 cells to proprotein convertase subtilisin/kexin
type 9 (PCSK9), in which CD36 directly associates with PCSK9
and is degraded by it in the proteasome (44). These data
further connect CD36 to lipid storage since PCSK9 also reg-
ulates the levels of LDL receptor, a key lipid import receptor in
the liver (45). In addition, CD36 has been shown to form a
complex with AMPK and LKB1, and in the presence of FAs,
leads to the activation of AMPK (46). Based on these obser-
vations, we also investigated the effect of CEACAML1 signaling
on the expression of CD36 and its associated signaling proteins
LKB1, Src, PCSK9, and AMPK.

Results

Generation of HepG2 CEACAM1~"~ (KO) cells and expression
of CEACAM1-LF mutants in the KO cells

As stated above, HepG2 cells express high levels of CEA-
CAM1-LF and form BC under ordinary culture conditions, two
key features of human hepatocytes. CEACAM 1 was genetically
deleted from these cells by a CRISPR/Cas9 approach. Among
the 30 sgRNAs tested, three directed at exon 4 gave surveyor
nuclease treated DNA that showed fragmentation of the 806 kb
exon 4 PCR fragment into smaller fragments (Fig. 2, A and B).
Transfection of sgRNA 4.1 into HepG2 cells and FACS selection
led to a CEACAMI™" cell line lacking CEACAMI expression
(Fig. 2C). Ser-508 in the cytoplasmic domain of CEACAMI1-LF
was mutated to either Ala (S508A, kinase null mutation) or Asp
(S508D, phosphorylation mimic), as well as the Tyr null mutants
Y493F and Y520F (Fig. 2D) were generated and transfected into
the CEACAM1™" cell line. Immunoblot analysis of WT HepG2
cells shows high expression of human CEACAM1 compared
with another reference line, Huh7, and absence of its expression
in the genetically deleted line (Fig. 2E). Expression of the
transfected mutants into the CEACAMI ™~ line compared with
the WT cell line is shown in Figure 2F. The relative lower level
expression of the mutants Y493F and Y520F is a reproducible
phenotype for these mutants. Insulin treatment had little effect
on the expression of the CEACAMI-LF mutants, an expected
result in which expression is driven by a B-actin promoter.
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Figure 1. CEACAM1 cytoplasmic domain sequence homology and conserved functional domains. Partial sequences of rat (Rno), mouse (Mmu), and
human (Has) CEACAM1 sequences taken from Kammerer and Zimmermann (28). Conserved regions for 3-catenin binding (85) in blue, for ITIMs in green, and
for GSK3B in red. Key residues indicated in color. Double basic residues in rat preceding Ser503 underlined.
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Figure 2. Generation of CEACAM1~'~ cells and expression of CEACAM1 mutants in CEACAM1~"~ HepG2 cells. A, exon structure of human CEACAMT,
location of guide RNA sgRNA 4.1 and its target sequence in exon 4. B, surveyor nuclease restriction digest of DNA from untransfected 293T cells, vector
control transfected 293T cells, and 293T cells transfected with sgRNA 4.1 to 4.3. C, enrichment of KO HepG2 cells for deletion of CEACAM1 by negative
selection. Red trace = WT HepG2 cells. Blue trace = sgRNA transfected cells prior to negative selection. Green trace = sgRNA transfected cells after negative
selection of anti-CEACAM1 beads. D, sequence of human CEACAM-LF cytoplasmic domain with key residues marked. £, immunoblot staining (20 pg of
lysates per lane) for CEACAM1 in WT HepG2 and Huh7 (Huh) human hepatocyte cell lines, along with a CEACAM1-LF transfected cell line control (MCF). F,
immunoblot staining (20 ug of lysates per lane) for CEACAM1 in HepG2 WT, and mutant Ser508A, Ser508D, Tyr493F, and Tyr520 transfected into the

CEACAM1™~ cells before and after treatment with insulin.

Changes in total lipid, lipid droplet, and BC size in CEACAM1~"~
and mutant cells

When the cell lines were stained for lipid droplets with the
fluorescent dye Vala, the trend was CEACAMI™~ = S508D =
Y520F > WT > S508A > Y493F (Fig. 3, A—F). Quantitation of
the fluorescent staining (Fig. 3G) reveals a 60% increase in lipid
staining in CEACAMI™~ versus WT and an even greater in-
crease in the S508D and Y520F mutants, 80% and 78%,
respectively. The Y493F mutant had a 50% decrease in lipid
droplet staining compared with WT cells, suggesting that
abrogation of tyrosine phosphorylation at this site has a pro-
found effect on lipid droplet storage. When a number of lipid
droplets (LDs) per cell were analyzed according to large LDs
(21 pm) versus small LDs (<1 pum) (Table 1 and Fig. S1), the
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lowest numbers of LDs were for WT = S508A or Y493F and
highest number of LDs for CEACAMI™~ = S508D or Y520F.

Immunostaining for CEACAMI1 and F-actin (phalloidin) for
BCs (Fig. 3, H-M) of WT cells demonstrated a predominant
localization of BCs at the junctions of three cells (Fig. 3H). A
similar F-actin staining pattern was seen for CEACAMI ™~ and
WT cells, indicating that genetic ablation of CEACAMI did
not affect BC formation (Fig. 3H versus Fig. 31). In the case of
the S508A mutant, BCs were enlarged with enhanced staining
for CEACAM1 (Fig. 3)); however, BCs in the S508D mutant
were of similar size to those in the WT cells (Fig. 3, H and K).
The BC staining pattern for the tyrosine mutants (Fig. 3, L and
M) revealed that the Y520F mutant was similar to WT cells
and the S508D mutant, while the Y493F mutant was similar to
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Figure 3. Effect of CEACAM1~~ and mutant cell lines on lipid droplet
staining and bile canaliculi formation for HepG2 cells. A-F, lipid droplet
staining with Vala (green), nuclei (blue), and F-actin (red): A, WT. B, CEA-
CAM17~. C-F, CEACAM1™~ transfected with S508A mutant (C), S508D
mutant (D), Y520F mutant (E), and Y493F mutant (F). G, quantitation of lipid
staining of the six cell lines (see Experimental procedures). H-M, staining
with anti-CEACAM1 (green), F-actin (red), and nuclei (blue). H, WT. I, KO. J-M,
KO transfected with S508A mutant (J), S508D mutant (K), Y520F mutant (L),
and Y493F mutant (M). Magnification 40x, arrows indicated three repre-
sentative BCs located at junctions of three cells.

the S508 A mutant. Comparison of the lipid staining of the cell
lines in Figure 3, A—F to the BC staining in Figure 3, H-M
indicates a relationship between lipid content and BC size,
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indicating that the lower lipid content of the S508 A mutant is
associated with the increased size of the BCs.

Comparative changes in lipid composition in CEACAM1 KO
and mutant cells

LC/MS was used to determine if lipid composition was
affected in the cell lines. The results were normalized to POPC,
the most abundant phospholipid. The most abundant TAGs
(e.g, 16:0, 18:1, 18:1) were similar in all four cell lines (data not
shown). In order to compare the effects of the CEACAMI ™~
and mutant cells versus WT cells, the results were reported as
a ratio to WT (Table 2). Notably, 19 out of the 20 top upre-
gulated lipids in the CEACAMI™~ cells compared with the
WT cells were TAGs, whereas only five of the top 20 down-
regulated lipids were TAGs. Only six of the top 20 upregulated
lipids in the S508 A mutant were TAGs, while 15 of the top 20
upregulated lipids in the S508D mutant were TAGs. Thus, the
S508D mutant most closely resembles the CEACAMI1™~ cell
line in lipid composition. In terms of the constituent FAs of
the TAGs, 14/20 of the upregulated TAGs for the CEA-
CAMI™" versus WT analysis had exclusively unsaturated FAs
at all three positions, while only 3/20 had one unsaturated FAs
in their TAGs. On the other hand, the five downregulated
TAGs for the CEACAMI™~ versus WT had only saturated
FAs. Strikingly, 22:5 and 22:6 polyunsaturated FAs (PUFAs)
predominated in the upregulated TAGs. Docosapentaenoic
acid (22:5) and docosahexaenoic acid (22:6) are important
omega-6 PUFAs that are precursors to prostaglandins and
leukotrienes, important in the inflammatory response. Non-
TAG lipids upregulated in the S508A mutant were phospho-
lipids, suggesting that these are the lipids destined for efflux
via enlarged BCs, since phospholipids, not TAGs, are a com-
mon component of bile (47).

CEACAM1-SF also reverses lipid droplet accumulation
CEACAM1 KO cells

Since hepatocytes express both CEACAMI-LF and
CEACAM-SF (48) by alternative mRNA splicing, it was
important to determine if CEACAM-SF was also capable of
restoring normal function to HepG2 KO cells. Accordingly, a
c¢DNA encoding CEACAM1-SF was transfected into HepG2
KO cells and a cell line developed with high expression of
CEACAM1-SF (Fig. 4, A—C). When these cells were stained for
lipid droplets (Fig. 4D), lipid droplet numbers returned to WT
levels and lipid staining was comparable to the levels seen in
the S508A mutant transfected cells (Fig. 4E). These results
suggest that both isoforms play roles in lipid droplet regulation
in this hepatocyte model. In terms of functional analysis, we
have previously shown that CEACAMI-SF is both necessary
and sufficient to confer lumen formation on the breast
epithelial cell line MCF?7 either in vitro (49) or in an animal
model of mammary gland formation (50). In terms of signal
transduction mechanism, the 12 amino acid cytoplasmic
domain of CEACAMI-SF shares the ability with CEACAM1-
LF to interact with G-actin (50) and Annexin A2 (11), impli-
cating roles for cytoskeleton formation at the PM. Although
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Table 1
Lipid droplet sizes and number per cell for CEACAM1 WT, KO, and mutant HepG2 cell lines®
Size WwWT KO S508A S508D Y493F Y520F
>1 um 14 +£15 53+23 1.9 £ 17 3.6 £33 20+ 18 54 %29
<0.001 NS <0.001 NS <0.001
<1 pm 57 +21 10.2 £ 4.3 104 £ 4.5 74 + 34 54 + 0.4 109 £ 0.8
p value <0.001 <0.001 <0.01 NS <0.001

“ Cells were triple stained with Vala (lipid), DAPI (nuclei) and phalloidin (cell membrane).
for 50 cells. Repeat counts (three fields) were used to determine the standard deviations.
confidence interval of 95.

further studies on CEACAMI-SF are warranted, given the
numerous studies on CEACAMI-LF signaling in rodent liver
(51), the current study remains focused on CEACAMI-LF and
its signaling domain mutants.

Expression of CD36 in lipid droplets and BC formation in
CEACAM1™" and mutant cells

Since the import of FAs into the liver plays a major role in
the development of fatty liver (42), we measured the expres-
sion of CD36, the FA transporter most relevant to the liver, as
well as in muscle and adipose tissue (37). In addition, CD36
expression is directly involved in hepatosteatosis (38). CD36
staining exhibited the trend of S508A > S508D = CEACAM1~/
~ = Y520F = Y493F > WT (Fig. 5, A—F). Quantitation of CD36

Lipid droplets (Vala) counted per cell (DAPI) were scored as > or <1 pm and averaged
Analysis of variance versus WT was performed with one-way ANOVA with a post hoc

staining showed >threefold increase for CEACAM1 ™'~ versus
WT and >ninefold for S508A versus WT (Fig. 5G). The
highest CD36 expression was associated with the PM and BCs
in the S508A mutant (Fig. 5H). Thus, the S508A mutant
exhibited upregulation of CD36 and CD36 colocalized with
BCs compared with WT cells in which CD36 expression was
low. Downregulation of CD36 in the S508A mutant by CD36
RNAI reduced its expression and the number and size of BCs
per microscopic field compared with RNAi control-treated
cells (Fig. 5, I and J). CD36 and CEACAM1 colocalized at
PMs and BCs in the S508 A mutant (Fig. S2).

The effect of CD36 RNAIi on lipid droplet formation was
studied on high CD36 expressing Ser508 mutant cells. Lipid
droplet formation increased after treatment of the S508A

Table 2
Analysis of CEACAM1~~ and mutants compared with WT HepG2 cells®
Log 2 Log 2 Log 2
Lipid [KO/WT] Lipid [SA/WT] Lipid [SD/WT]
TG(20:1_22:5_22:5) - PC(10:1e_16:1) - TG(18:1_22:6_22:6) -
TG(18:1_22:6_22:6) PC(18:1_14:2) TG(18:2_14:1_17:1)
TG(18:1_22:4_22:5) 6.26 PG(16:0_18:1) 3.17 TG(16:1_22:6_22:6) 4.67
TG(16:1_22:6_22:6) 5.79 PI(18:1_20:3) 2.66 TG(14:0_22:6_22:6) 4.53
TG(16:1_22:5 22:6) 548 PC(26:1_18:1) 2.6 TG(16:1_22:5 22:6) 4.21
TG(14:0_22:6_22:6) 5.31 LPC(16:1e) 2.58 PC(10:1e_16:1) 3.85
TG(18:1_22:5_22:6) 521 PC(18:2e_18:0) 2.3 TG(14:0_17:1_22:6) 3.82
TG(16:0_22:5_22:6) 4.99 TG(14:0_17:1_22:6) 2.11 PC(18:1_14:2) 3.75
TG(18:1_20:3_22:6) 4.88 TG(16:0_18:1_22:6) 1.89 TG(18:1_20:3_22:6) 3.7
TG(20:1_22:5 22:6) 4.59 AcCa(17:1) 1.82 TG(20:1_22:5 22:6) 3.65
TG(20:1_22:4. 22:5) 4.47 PE(20:4 21:1) 17 TG(14:0_22:5 22:6) 3.43
TG(14:0_22:5_22:6) 442 TG(16:1_22:6_22:6) 1.63 TG(20:1_22:5_22:5) 3.27
TG(22:0_22:5_22:5) 4.21 TG(18:0_16:0_22:6) 1.59 PE(15:0_22:6) 3.23
TG(14:0_17:1_22:6) 4.2 LPC(26:1) 1.25 PE(18:0_22:6) 3.21
PG(22:6_22:6) 4.01 PE(15:0_22:6) 1.23 TG(22:6_14:1 17:1) 3.16
TG(16:1_18:3_22:6) 3.95 TG(18:0_22:0_22:0) 1.22 TG(16:0_22:5_22:6) 3.12
TG(18:1_20:3_22:5) 3.7 PC(16:1_14:0) 1.16 TG(18:1_12:2_17:1) 3.1
TG(16:0_20:4_22:6) 3.69 PG(16:1_22:6) 1.08 PG(22:6_22:6) 3.09
TG(22:6_14:1_17:1) 3.66 TG(16:1_17:1_18:1) 0.92 TG(18:1_20:3 22:5) 3.06
TG(18:1_18:2_22:6) 3.51 PE(26:1_22:6) 0.91 TG(18:1_17:1_22:6) 3.05
PI(16:1_18:1) ~2.01 PC(10:0e_14:1) -16 PS(16:0_20:5) ~3.66
PC(16:2e_22:0) -2.02 DG(16:0_23:1) -1.72 PS(16:0_16:1) -3.72
TG(20:0e_16:0_16:1) -2.05 Hex2Cer(d18:1_14:0+0) -1.78 PI(16:0_16:1) -3.74
Hex2Cer(d18:1_16:0+0) -2.08 Hex2Cer(d18:1_14:0) -1.81 PS(20:1_18:1) -3.86
Cer(d18:1_16:1) 21 PG(22:6_22:6) -1.93 PI(18:0_22:6) -3.92
PS(16:0_16:1) —2.11 TG(26:1_18:1_22:6) -1.94 PI(18:0_22:5) -4.01
TG(20:0e_16:0_20:1) -2.11 PI(16:1_16:1) -2.13 PS(16:0_14:0) -4.08
TG(20:0e_16:0_18:0) -2.13 DG(26:1_16:0) -2.13 PS(18:1_22:1) -4.11
PS(20:1_18:1) -2.18 LPC(18:1) -223 PS(17:1_16:1) -4.32
TG(20:0e_16:0_18:1) -2.22 LPC(25:1) -2.27 PC(18:3e_24:1) -4.35
PS(18:1_18:1) 24 ChE(30:6) -2.38 PS(16:1_18:2) —4.61
TG(16:0_18:1_18:1) -2.43 PC(16:2e_22:0) -2.39 PI(16:1_18:1) -4.72
PC(14:0_14:1) -2.56 PS(16:1_14:0) -2.5 PS(16:1_16:1) -5.11
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mutant cells with CD36 RNAi (Fig. 5, K—N). Expression of
CD36 mRNA by qRT-PCR (Fig. 50) also showed S508A mu-
tants expressed the highest levels of CD36, while after RNAi
treatment, the mRNA levels were essentially undetectable
(Fig. 5P). Flow analysis of cell surface levels of CD36 that show
highest expression in S508A cells (Fig. 5Q) agrees with the
confocal staining results (Fig. 5C). However, immunoblot
staining for CD36 (Fig. 5R) is discordant, suggesting that this
analysis is affected by the extraction of palmitylated CD36
from lipid raft microdomains (35). Thus, CD36 expression is
downregulated by CEACAMI1-LF signaling in WT cells, but in
the S508A mutant where CEACAMI1-LF phosphorylation is
blocked, CD36 is upregulated and colocalized with CEA-
CAMI1-LF to BCs. When expression of CD36 in the S508A
mutant was abrogated by RNAI, the number and size of BCs
were dramatically reduced, leading to increased retention of
lipid. Thus, lipid accumulation correlates with reduction of the
number and size of BCs, which in turn depends on the
expression of CD36. The S508A mutation led to not only high
CD36 expression, but also to CD36 accumulation in BCs and
low lipid droplet retention. We conclude that phosphorylation
of Ser508 in CEACAMI-LF regulates CD36 expression, and
that CD36 expression mediates the effects seen for CEA-
CAM1-LF shown in Figure 3.

Association of CD36 with CEACAM1, LKB1, and Src

The low expression of CD36 in WT cells is likely regulated by
coreceptors in addition to CEACAM], since CD36 is found in a
complex with the Src kinase Fyn, AMPK, and liver kinase B1
(LKB1) in muscle (46) and adipocytes (52), where Fyn
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phosphorylation of LKB1 promotes its import into the nucleus
preventing activation of AMPK. When CD36 binds FAs, it
causes the dissociation of the complex, shifting the equilibrium
toward cytosolic LKBI. The fact that C436~~ mice have
constitutively active AMPK in the heart and skeletal muscle is
consistent with this pathway (46). To interrogate these CD36
associations in WT versus CEACAMI™~ and the mutant cell
lines, immunostaining was first performed for nuclear LKBI.
Nuclear LKB1 staining revealed the following pattern: S508A
(45 £ 10%) > WT (24 £5%) > SD (14 + 5%) > CEACAMI ™~ (6 +
2%) (Fig. 6, A—D). Thus, compared with CEACAM 1 ~~ cells, the
S508A mutant cells had a sevenfold increase in LKB1 nuclear
localization and a twofold increase over WT cells. Costaining of
the S508A mutant cells for LKB1 and CD36 revealed that CD36
was mainly confined to the PM while LKB1 was mainly nuclear
(Fig. 6E). According to the CD36/LKB1/AMPK pathway in
muscle (46), low nuclear LKB1 as observed in CEACAMI~/~
cells would be expected to compensate for their excess lipids by
activating AMPK. Indeed, immunoblot analysis of the cell lines
for activated AMPK (pT'”?-AMPK) revealed the followed order:
CEACAMI™~ > S508A > WT = SD = Y493F > Y520F (Fig. 6F).
Thus, CEACAMI ™" cells had the lowest levels of nuclear LKB1
and highest levels of activated AMPK. Since NAFLD is known to
trigger a compensatory pAMPK response (53), the high
expression of pAMPK in CEACAMI™ cells that have high
levels of lipid droplets is not unexpected.

CD36 protein levels have been shown to be regulated by
PCSK9 in human HepG2 cells (44), similar to the regulation of
LDLR by PCSK9 in hepatocytes (45). PCSK9 knockout mice
fed a high-fat diet were found to have high levels of liver CD36
and lipid droplets, while knockdown of PCSK9 with shRNA in

SASBMB



S508A mutant 7

80

60

N
=]
=]
=]

-
3
o
£

40

Rel. fluorescence
-
o
o
o
% of Max

2]
1=
=]

— Secondary
— SD

— SA

WT KO SA SD Y493F Y520F 10 10 102 10°

CEACAM1 and lipid storage in hepatocytes

RNAI control 20x RNAI control 40x
K L 4y

E -~
& 1500 -
¢ 1000
2 500 -~
0 f _iﬂ | ~l— | |
P WT KO SA SD Y493F Y520F
2500
T —_—
E 2000 s
< 1500
(O]
— 1000
)
© 500
0 —r
Ctrl 1 2 1+2
kDa KO WT SA SD Y493F Y520F

<« CD36

< Actin

Figure 5. High CD36 expression in S508A mutant and effect of CD36 RNAi. A-F, staining of CD36 (green) in HepG2 cell lines. G, quantitation of CD36
staining for the six cell lines (see Experimental procedures). H-J, S508A mutants stained with CD36 (green), F-actin (red), and DAPI (blue). CD36 and BC
expression of untreated (H) and RNAi control-treated (/) SS08A mutant cells versus RNAi to CD36-treated S508A mutant cells (J). BCs are shown with arrows.
K-N, lipid droplet staining (green) of S508A mutant cells. Control RNAI treatment at 20x (K) and 40x (L). RNAi to CD36 treatment at 20x (M) and 40x (N).
O, mRNA expression levels in cell lines by gRT-PCR (in triplicate, relative to GAPDH). P, treatment of cell lines with no RNAI, control RNAi, RNAi-1, RNAi-2, and
RNAI-1 plus RNAI-2 to CD36 (in triplicate, relative to GAPDH). Q, cell surface levels of CD36 on four cell lines. R, SDS gel analysis of CD36 expression in six cell

lines. KO, knockout; SA, S508A mutant; SD, S508D

SASBMB

mutant; WT, wild type.

J. Biol. Chem. (2021) 297(5) 101311 7



CEACAM1 and lipid storage in hepatocytes

14+5%

45+x10%

KO WT S508A S508D Y493F Y520F

Figure 6. Nuclear expression of LKB1 in WT, CEACAM17~~, and S508A
and S508D mutants and AMPK expression. LKB1 nuclear expression in
WT (A) and in CEACAM1™~ (B) and in S508A (C) and $508D (D) mutants
(red = LKB1, blue = DAPI). Percent LKB1 positive nuclei per 50 cells counted
for three fields £SEM shown underneath each panel. Magnification 20x. E,
triple staining of S508A mutant for CD36 (green), LKB1 (red) and nuclei
(blue). Magnification 40x. F, immunoblots for the detection of activated
AMPK (green channel) in WT, CEACAM1 KO, and CEACAM1 mutants (tubulin
in red channel). Twenty micrograms of protein lysate loaded per lane.

HepG2 cells resulted in high levels of CD36 and lipid droplet
accumulation (54). It was concluded that high CD36 expres-
sion correlated with high lipid droplet accumulation in hepa-
tocytes and that its degradation by PCSK9 was responsible for
less lipid accumulation. In contrast, we found that the CEA-
CAM1-LF S508A mutant in HepG2 cells had high expression
of PM CD36 and low lipid droplet accumulation. To investi-
gate this apparent contradiction, we knocked down PCSK9
with RNAI in the S508A mutant cells (Fig. 7). As expected
PCSK9 expression was expressed in the cytoplasm for both
WT and S508A mutant HepG2 cells (Fig. 7, A and B), but
when the S508A mutant cells were treated with RNAi for
PCSK9, quite unexpectedly, CD36 expression was dramatically
reduced compared with control RNAi treated cells (Fig. 7, C
and D). The reciprocal experiment in which CD36 was
knocked down with RNAi and the cells stained for PCSK9
failed to reduce PCSK9 expression (Fig. 7, E and F), demon-
strating that PCSK9 regulates CD36 protein levels, but not vice
versa. The mRNA levels of PCSK9 as measured by qRT-PCR
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were reduced to background by PCSK9 RNAi, while CD36
mRNA levels were reduced by about 50% (Fig. 7, G and H).
Thus, CD36 expression is regulated by the interplay of PCSK9
(degradation pathway) and by CEACAMI1-LF signaling (inhi-
bition of degradation). This finding has similarities to the
LDLR paradigm in which reduction of PCSK9 has a positive,
not a negative, effect on lipid balance.

Tyrosine phosphorylation of CEACAM1 by Src kinase in
CEACAM1 KO and mutant cells

CEACAMI-LF is phosphorylated on ITIM Tyr488 (Tyr493 in
man) by insulin receptor in murine hepatocytes treated with
insulin (3). In contrast, human CEACAMI-LF is known to be
phosphorylated on its ITIM tyrosines by Src kinases in lympho-
cytes (7). When WT HepG2 cells were treated + insulin,
CEACAMI immunoprecipitated, and the IPs immunoblotted for
phosphotyrosine, the results show maximal activity at 10 min,
with sustained phosphorylation over 60 min (Fig. 84). In contrast
to CEACAMI1 phosphorylation by insulin receptor in murine
liver, maximal activity is within a few minutes (55). When the
time course of phosphorylation was repeated on the mutant cell
lines, the effect of added insulin was minimal on WT cells and
accounted for <25% of the response for the S508A and S508D
mutants (Fig. 8B). Notably, the tyrosine mutants, Y493F and
Y520F, that had WT Y520 and Y493, respectively, had virtually
undetectable levels of phosphotyrosine after insulin treatment
(Fig. S3), demonstrating that insulin did not play a role in their
phosphorylation. Based on these data, we investigated an alter-
nate explanation for their phosphorylation.

Since Src was strongly expressed in the WT, KO, and mutant
cells (Fig. S4), we hypothesized that Src, not insulin receptor,
was responsible for the majority of tyrosine phosphorylation in
CEACAMI1-LEF. The effect of Src inhibition, as well as PI-3K and
CaMK2 inhibition, on the levels of phosphotyrosine in the
S508A and S508D mutant lines was tested. As controls, CaMK2
inhibition was tested for its previous effect on phosphorylation
of CEACAMI (56) while PI-3K inhibition was tested based on
its effect of CEACAM1 phosphorylation on the B-cell receptor
(57). Almost complete inhibition of tyrosine-phosphorylation in
CEACAM1 by a Src inhibitor but not by the PI-3K or CaMK2
inhibitors was observed (Fig. 8, C and D). In agreement with Src
playing a major role in the tyrosine phosphorylation of both
CEACAM1 and CD36, the two proteins colocalized in both PMs
and BCs (Fig. 8, E and F). It is likely that CD36 may be associated
with Src in hepatocytes, since CD36 is tyrosine-phosphorylated
by Src kinases Fyn, Lyn, and Yes in platelets (36) and by Fyn in
muscle (46), further connecting CEACAMI1-LF and CD36
signaling.

CEACAM1, Src, LKB1, and annexin A2 co-IP with CD36 in the
S508A mutant

Given the high expression of CD36 in the S508A mutant cells
and its potential direct connection to CEACAM1-LF, as well as
LKB1, Fyn, and AMPK that were found together in muscle (46),
we immunoprecipitated CD36 and probed for CEACAM1, LKB1,
Fyn, and AMPK, as well as Src, PCSK9, and Annexin A2. We
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included Annexin A2 because of its role in Src-mediated
endocytosis (58) and its previously shown association with
CEACAMLI (11). The results show a strong association of CD36
with CEACAMI1 and Src and weaker associations with LKB1
and Annexin A2 (Fig. 9). Blots for Fyn, AMPK, and PCSK9 were
negative, although each was present in cell lysates (Fig. S5). It
should be noted that the immunoblot for CEACAMI1 in the
CD36 IP resulted in the detection of bands at 130 and 85 kDa,
the former corresponding to the expected molecular mass of
CEACAMI-LF, and the latter to the molecular mass of BGP1
(4). Given the lower molecular mass of BGP1 versus CEA-
CAM]1, it is likely that BGP1 is a proteolytic fragment of
CEACAML. These results further confirm that CD36 associates
with CEACAM1 and Src, while the absence of Fyn suggests that
the CD36-Fyn association is restricted to muscle (46) and
platelets (36), suggesting a cell-specific association of Src ki-
nases. The association of LKB1 with CD36 is especially inter-
esting in that loss of LKB1 in cultured hepatocytes impaired
ABCBI1 trafficking and BC formation (59), further linking
CD36 and CEACAMI1 to BC function.

SASBMB

SHP2 expression in CEACAM1 KO and mutant cells

Although tyrosine phosphorylation of CEACAMI has been
shown to recruit both SHP1 and SHP2 in epithelial cells (15),
recruitment of SHP2 is preferred in hepatocytes and regulates IR
endocytosis (17). When CEACAM1 was [Ped from WT or
CEACAMI mutant HepG2 cell lines and the IPs blotted for SHP2
or SHP1, only SHP2 was detected (Fig. S6). Importantly, SHP2
recruitment did not depend on insulin, in contrast to the reported
recruitment of SHP2 to tyrosine phosphorylated IRS1 and IRS2
(17). In addition, SHP2 was equally recruited to either the Y4A93F
or Y502F mutants, indicating both tyrosines of CEACAM1 were
phosphorylated by Src and served as substrates for SHP2. Thus,
two distinct SHP2-mediated mechanisms are available for IR
endocytosis, one mediated by insulin involving IRS1/2 (17), and
one mediated by Src involving CEACAM1.

Comparative RNAseq analysis in CEACAM1 KO and mutant cells

RNAseq was performed to obtain a global readout of the
gene expression of CEACAMI™~ and the mutants S508A and
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Magnifications were 40x (E) and 20x (F).

S508D in HepG2 cells. Over 3000 protein coding genes were
quantitated with the top upregulated genes for each cell line
shown in Table S1. Since the upregulated genes are dominated
by normal hepatocyte metabolism, a comparative analysis to
WT was more informative (Fig. 10). The first of the top 50
upregulated S508A/WT genes is AKNA, encoding a microtu-
bule organization and transcription factor regulated by a
complex of PKA-CREB-NF«B, that is, in turn, is involved in
inflammation (60). Since PKA is involved in phosphorylation
of Ser512 in CEACAMI-LF (61), AKNA expression may pro-
vide a new link to the inflammatory phenotype of hep-
atosteatosis. The second gene, ANO7 (anoctamin-7) is a
phospholipid scramblase with a potential role in PI-3K-AKT-
mTOR signaling (62), possibly connecting it to regulation of
IR at the PM. The third, DACT2 (dishevelled-associated
antagonist of [B-catenin) may indicate a further connection
between CEACAMI and B-catenin (63). Several of the PKA
adaptor proteins (AKAP6-8) appear in the top ten, suggesting a
role for PKA in the phosphorylation of CEACAMI-LF as
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described in the companion paper. The 13th hit was LPCAT3,
(lysophosphatidylcholine transferase-3), the enzyme that ac-
ylates lysophosphatidic acid with arachidonic acid (AA) and
plays an important role in the secretion of TAGs (64). Since
deletion of this gene in mice leads to hepatosteatosis (65), its
expression is critical to maintain TAG homeostasis in the liver
and may explain why it is upregulated in the S508A mutant.
This finding prompted us to examine other genes regulating
fatty acid metabolism in the RNAseq comparisons of the
mutants to the WT cells. This led to the identification of high
expression levels of Elongation of Very Long chain fatty acids
(ELOVL2) and Fatty Acid Desaturase 1 and 2 (FADSI and
FADS?2), genes involved in the synthesis of 22:5 and 22:6
polyunsaturated FAs (Fig. S7, A and B). Notably, these FAs
predominated in the upregulated TAGs of CEACAMI ™" cells
(Table 2). The dramatic upregulation of the delta-6 desaturase
gene FADS2 in the S508D mutant is especially interesting in
that upregulation of this gene correlates with NAFLD (66). In
addition, there was >200-fold increase in the expression of the
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Abhydrolyase domain 6 gene (ABHD6) in the S508A/WT
versus KO/WT (Fig. S7C). While ABHD5, also known as CGI-
58, activates ATGL, the first step in TAG lipolysis, at the
surface of lipid droplets (67), the related protein ABHD6 is a
lipase that releases AA from monoacylglycerols (68), poten-
tially connecting AA-TAGs and LPCAT3 to inflammation
given the role of AA in PGE synthesis. AA, a 20:4 PUFA, is a
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CEACAM1 and lipid storage in hepatocytes

precursor to the above mentioned 22:5 and 22:6 PUFAs. The
29th hit in the S508A/WT RNAseq data was CD36, a major
subject of interest in this study. The top hit for KO/WT was
AKT1IS1 encoding PRAS40. PRAS40 plays a prominent role in
insulin resistance since its phosphorylation by AKT1 (the
second top hit), a downstream target of IR activation, leads to
its association with mTORC1 (69). mTORCI, in turn can
inhibit activation of AMPK (70), which is further connected to
CD36 and FA binding (71). Since PPARY, a major transcrip-
tional regulator of CD36 (72), is not highly expressed in the
liver compared with PPARa (73), we compared their expres-
sion in the six cell lines as analyzed by RNAseq (Fig. S8).
Except for the WT cells, the levels of both PPARa and PPARy
were similar, suggesting that CD36 levels were mainly regu-
lated by the degradation pathway. Overall, comparative
RNAseq analysis provides further strength to the lipid storage
connection between CEACAMI1 and CD36 as probed by the
CEACAMI1 mutants.

Discussion

Although there is ample evidence for the association of
CEACAM1 with obesity, NAFLD, and insulin resistance in the
murine Ceacaml knockout model (74), including a potential
functional role for Ser503 in the cytoplasmic domain (19), the
evidence for analogous human CEACAM1 functional associ-
ations has not been established. As mentioned in the intro-
duction and analyzed in the companion paper, the amino acid
sequence around Ser508 (the human equivalent of rodent
Ser503) suggests that the kinase specificity may differ between
rodent and humans. If the kinase responsible for phosphory-
lation of Ser508 is not PKC in humans, then the regulatory
pathway requires a thorough investigation. In choosing an
appropriate human model for this study, we selected HepG2
cells that, like human hepatocytes, retain high expression of
CEACAM]1 and polarize to form BCs in vitro. The require-
ment for a BC model was evidenced in Figure 3, in which both
the genetic knockdown of CEACAMI and the reintroduction
of the Ser508 and Tyr493 and Tyr520 mutants into the
genetically ablated cells caused changes, not only in the lipid
droplet content, but also in their BC size. This relationship
suggests the possibility that the steady-state levels of lipid
droplets depend on BC function. Since it is well known that
reverse cholesterol transport from the liver to intestine occurs
through bile (75), and that BGP1 is a major cholesterol asso-
ciated component of bile (4, 76), it would not be a surprise if
hepatocytes also had the capacity to reverse transport other
lipids into bile. Indeed, phospholipids constitute a major
portion (10-20 mol percent) of bile (47). Since bile contains
phospholipids and not free FAs, FAs would need to be trans-
ferred to lysophosphatidylcholine by an enzyme such as
LPCATS3. In support of this possibility, LPCAT3 was the 13th
top hit of S508A/WT upregulated genes determined by
comparative RNAseq analysis (Fig. 10). Considering the vol-
ume of bile produce per day in the average human
(400-800 ml) and with up to 20% content of phospholipids,
the excretion of lipids back into the intestinal tract during
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feeding would help normalize the lipid content of the liver and
delay systemic reabsorption. This possibility is currently under
investigation by us.

The transport of FAs into hepatocytes is mediated by CD36
(35), which, like CEACAMI-LF, is associated with inflamma-
tion, especially in macrophages (39). We have established a
close association between CEACAMI-LF and CD36, in that
CD36 expression increases and associates with BCs in the
S508A mutant line that has the least amount of lipid droplets
and the largest BC size (Fig. 5) and that CEACAM1 and CD36
co-IP (Fig. 9). The fact that downregulation of CD36 with RNAi
reverses the phenotype suggests cross talk between the signaling
of CD36 and CEACAMI-LF, likely mediated by their similar
association with a Src kinase (Fig. 8) and supported by the co-IP
of Src with CD36 (Fig. 9). While previous studies showed that
PCSK9 regulates the protein levels of CD36 in hepatocytes and
that downregulation of PCSK9 resulted in elevated CD36 and
lipid droplets in hepatocytes (44, 54), we now show that the
lipid droplet levels can be lowered by high expression of CD36,
especially in BCs, when CEACAM1-LF signaling is abrogated at
the level of Ser508 (Fig. 7). We present a model that in-
corporates CEACAMI1 regulation of FA import into hepato-
cytes by CD36 and subsequent lipid storage (Fig. 11, A and B).
Depending on CEACAMI signaling at the level of Ser508 and
ITIM phosphorylation, the FA cargo would either be stored as
TAGs accompanied with degradation of CD36 by PCSK9
(S508D and Y520F phenotypes) or shunted to BCs via CD36
translocation (S508A and Y493 phenotypes) where the FA cargo
could be excreted, presumably as phospholipids.

The changes in lipid droplet accumulation observed in the
comparative study of WT versus genetically abrogated CEA-
CAMI and the mutant cell lines were further amplified in the
comparative lipidomic study that showed an increase in unsat-
urated FAs. Strikingly, 22:5 and 22:6 PUFAs predominated in the
upregulated TAGs of CEACAMI 7~ cells (Table 2).
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Docosapentaenoic acid (DPA 22:5) and docosahexaenoic acid
(DHA 22:6) are important omega-6 and omega-3 PUFAs. DPA is
derived from arachidonic acid by stepwise action of elongases and
desaturases, of which both transcripts were upregulated in the
comparative RNAseq analysis of the CEACAMI knockout cells
(Fig. S7, A and B). The PUFA arachidonic acid is the precursor to
the synthesis of prostaglandins, major mediators of inflamma-
tion. Thus, CEACAMI™~ cells exhibit a proinflammatory
phenotype in terms of their upregulated lipid profile, while WT
HepG2 cells have a lipid profile resembling normal liver (77).
Since CEACAM1-LF encodes two ITIM receptors, CEACAM1-
LF may play an important role in the suppression of inflammation
in the liver, while its loss would result in an inflammatory
phenotype. This may be a dual function of CEACAM1-LF, since
its loss also leads to an increase in lipid droplet retention in which
the lipid profile is upregulated in PUFAs. Furthermore, high
expression levels of CEACAM1 in human donor livers correlate
with successful liver transplantation (78).

Insulin resistance is highly correlated with the development
of NAFLD (79). The cause of this correlation in humans is
unknown. However, Ceacaml knockout mice exhibit both
insulin resistance and NAFLD (74) and reconstitution of
CEACAM1 liver expression in these mice reverses both phe-
notypes (80). The mechanism of insulin resistance in these
mice has been largely ascribed to the portal clearance of in-
sulin and subsequent internalization of IR by CEACAM]I, but
more recent studies have shown additional mechanisms. In
the study by Choi et al. (17), the mechanism of IR internali-
zation was regulated by SHP2 and MAPK, and the inhibition
of SHP2 restored IR translocation to the PM, rendering the
cells insulin responsive. In that study, SHP2 was found asso-
ciated with IRS1/2, substrates of the IR. In our study, SHP2
also was recruited to CEACAMI-LF, suggesting a common
mechanism for insulin clearance converging on SHP2
recruitment.
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F|gure 11. Model of FA import by CD36 and Ilpld droplet management
in WT, CEACAM1~", and CEACAM1 mutants in HepG2 cells. A, lipid
droplets (LDs) increase in CEACAM1~"~ versus WT cells and are reduced in
S508A mutant cells along with an increase in size of bile canaliculi (BCs). B
CD36 is found in a complex with CEACAM1, Src, LKB1, and AMPK. Src can
phosphorylate CEACAM1 on Y493 and Y520 located on either side of S508.
LKB1 can phosphorylate AMPK; however, phosphorylated LKB1 can trans-
locate to the nucleus, reducing phosphorylation of AMPK. CD36 can be
internalized to endosomes after binding long chain fatty acids and shunted
to either lysosomes for degradation or to BCs. C, phosphorylation of S512 by
PKA followed by phosphorylation of S508 by GSK3f can lead to high lipid
accumulation. Src phosphorylation of Y493 leads to high lipid accumulation,
while phosphorylation of Y520 leads to low lipid accumulation. Phosphor-
ylation of both tyrosines is influenced by the phosphorylation status of
S508. Thus, the null mutants of Y493 and Y520 can abrogate their normal
lipid regulation functions.

The role of SHP2 can also be explained, given the linkage
between Ser508 and tyrosine phosphorylation: the S508A null
mutation phenocopies the Y493F null mutant in which only
Y520 can be phosphorylated, while the S508D phosphorylation
mimic phenocopies the Y520F null phenotype in which only
Y493 can be phosphorylated. Thus, it is possible that the
phosphorylation status of S508 can determine the extent of
phosphorylation and/or SHP2 recruitment to Y493 or Y520.
Based on the kinetic studies performed on native versus PKA/
GSK3p phosphorylated CEACAMI-LF cytoplasmic domain
peptide in the companion paper, Src had a preference for Y520
over Y493 (not affected by S508 phosphorylation), and SHP2
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had a preference for dephosphorylation (a surrogate for its
recruitment to pTyr) that was affected by S508. Since both
phosphotyrosines can recruit SHP2 (Fig. S6), the role of Ser508
may set the balance of recruitment of SHP2 between the two
tyrosines: predominant pTyr-493 leads to increased lipid
storage, and predominant pTyr-520 leads to decreased lipid
storage (Fig. 11C). In WT cells, there is an obvious balance
between the two, but in CEACAMI™~ or in the Ser508D
mutant cells, the balance is tipped toward lipid storage because
of either the lack of CEACAMI1-LF signaling or the pro-lipid
storage signaling caused by the Ser508D mutation. This
mechanism would allow the liver to adjust to conditions of
high (feeding) versus low (fasting) lipid availability.

The requirement for Src kinase to phosphorylate the tyro-
sines of CEACAM1-LF is an important observation, for it not
only links signaling between CD36 and CEACAM]1, but also
brings into play LKB1 and AMPK. In muscle, CD36 is found in
a complex with Fyn, LKB1, and AMPK (46). Low levels of FAs
result in the phosphorylation of LKB1 by Fyn and sequestra-
tion of LKB1 in the nucleus, while high levels of FAs cause
dissociation of Fyn, promoting phosphorylation of AMPK by
LKB1. The situation in the liver has not been studied. Our
study suggests that nuclear LKB1 sequestration in hepatocytes
is regulated by CEACAM1-LE, since the S508A mutant cells
have about 45% of LKB1 sequestered in the nucleus, compared
with 14% in the S508D mutant (Fig. 6, A-D). CEACAMI™~
cells are almost completely unable to sequester LKB1 in the
nucleus, implying a profound disturbance in this pathway. The
result of loss of CEACAMI expression is hyperactivation of
AMPK (Fig. 6F), a compensatory response to hepatosteatosis
(53). Thus, lipid storage/metabolic regulation in hepatocytes
depends on the association of Src with both CEACAM1-LF
and the CD36/LKB1/AMPK complex. We propose that the
role of CEACAMI-LF is recruitment of Src to the complex,
wherein the absence of CEACAMI-LF prevents this
regulation.

For the regulatory mechanisms of human CEACAMI-LF to
be fully understood, the kinases responsible for the phos-
phorylation of Ser-508 must be identified. As shown in the
Introduction, there is a consensus sequence for GSK3p at Ser-
508, including the required priming +4Ser at Ser512. We show
in a companion paper that the cytoplasmic domain peptide of
CEACAMI1-LF was phosphorylated by GSK3p only when
pretreated with PKA and not with CKI the priming kinase for
glycogen synthase (26). Since many of the PKA adaptor pro-
teins (AKAPs) were upregulated in the S508 A mutant (Fig. 10),
the activation and membrane attachment of PKA would bring
it in close proximity to CEACAMI1. Since PKA can inactivate
GSK3p (81), continued PKA activation could limit the action
of GSK3p on Ser508 of CEACAM1-LF. This yin-yang regula-
tion is also observed for glucagon activation by PKA, in that
PKA inactivates glycogen synthase (glucose storage in the
liver) by inactivation of GSK3p. Thus, in WT CEACAMI1-LF,
PKA and GSK3p could act together to phosphorylate Ser508
(equivalent of S508D mutation) leading to lipid accumulation
(Fig. 11C) until PKA inactivates GSK3p leading to reduction of
lipid accumulation (equivalent to the S508A mutation). Since
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GSK3p is inactivated by AKT during insulin signaling (82),
GSK3p inactivation would prevent phosphorylation of Ser508
(equivalent to the S508A mutation) and reduce liver lipid
storage. In the case of insulin resistance in the liver, lipid
storage reduction would not occur, leading to hepatosteatosis
(Fig. 11C). The complete loss of CEACAMI-LF in the liver
would abrogate the fine control mechanism regulating lipid
storage in the liver, as observed for Ceacaml™~ mice fed
normal chow. There is also a potential role for B-catenin since
its binding of CEACAM1-LF would lead to sequestration of
CEACAM1 after phosphorylation of f-catenin with PKA. This
interaction requires the action of PKA on both CEACAM1-LF
and [B-catenin (see companion paper). Sequestration of CEA-
CAM1 would have a similar effect as the KO phenotype (lipid
accumulation), but not as severe since the majority of CEA-
CAM1 would be free. Since GSK3B phosphorylation of f-
catenin can lead to its destruction (83), a further level of
control may exist.

Conclusion

This study provides knockdown and mutation data showing
human CEACAMI-LF regulates lipid storage and FA
composition in human HepG2 cells. First: the CEACAMI1
knockdown cells phenocopy the lipid accumulation seen in
livers of Ceacaml knockdown mice. Second: mutational
analysis of Ser508 or ITIM Ty493 or Tyr520 in the cytoplasmic
domain of CEACAMI1 identifies these residues as de-
terminants of the lipid storage phenotype and correlates with
the action of PKA/GSK3p and Src kinase on these residues.
Third: CEACAM]I, Src, and LKB1 co-IP with the fatty acid
transporter CD36 that when knocked down with RNAi in-
creases lipid droplet accumulation in CEACAMI1 S508A
mutant cells. Moreover, LKB1, an AMPK kinase regulated by
CD36 and Src kinases, undergoes nuclear translocation
correlated with CEACAM1 and CD36 phenotypes.

Experimental procedures
Materials

Vala Science’s Lipid Staining reagent (4805) was from Vala
Sciences; anti-SRC (ab231081), anti-CEACAM1 (ab108397),
and anti-LKB1 (ab 15095) antibodies were from Abcam;
Phalloidin Red (5783), DAPI (5748/10), and anti-CD36 anti-
body (AF1955) were from R&D Systems. Alexa Fluor IgGs
(B40192) were from Life Technologies. CD36 small interfering
RNAs were from Life Technologies. HepG2 cells from ATCC
were cultured in Earl’s minimal essential medium (DMEM low
glucose) +10% Fetal bovine serum, 2 mM GlutaMAX, 5 mM
Glucose. RNA Easy and iScript cDNA Synthesis kits were from
Qiagen and BioRad, respectively. Oligonucleotides were from
Life Technologies or Qiagen (Table S2, A and B). Confocal
studies were performed on a Carl Zeiss confocal laser scanning
microscope.

Generation of CEACAM1~'~ and mutant cell lines

CEACAM1 was knocked out in HepG2 cells via CRISPR/
Cas9 deletion as follows: guide RNAs targeting CEACAM1
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were generated using the CRISPR web design tool (http://crispr.
mit.edu) and inserted into pSpCas9(BB)-2A-Puro (PX459,
Addgene plasmid # 62988), a gift from Dr Feng Zhang (Ran FA,
Hsu PD, Wright ], Agarwala V, Scott DA, Zhang F. Nat. Protoc.
2013 Nov;8(11):2281-308). Ten sgRNAs were screened using
the SURVEYOR nuclease Assay (Transgenomic 706020) and
transfected into HepG2 cells with Lipofectamine 2000. The
sgRNA that led to a successful CEACAM1™~ line was: 5'-
CACGCCAATAACTCAGTCAC-3'. HepG2 CEACAMI1™'~
cells were enriched by puromycin selection and negatively
sorted on a BD FACSAria Fusion cell sorter to produce a
CEACAMI1 ™'~ cell line. Flow cytometry and immunoblot anal-
ysis confirmed the loss of CEACAMI expression. Mutants were
generated by the Agilent site directed mutageneis kit and
transfected into the CEACAM1 ™~ cell line.

Lipidomics

Sample preparation and analysis were performed as previ-
ously described (84). Briefly, frozen cell pellets (1 million cells)
were suspended in 500 pl PBS containing 200 uM EDTA and
10 uM t-butylated hydroxytoluene (BHT), extracted with
1.5 ml chloroform methanol (2:1), concentrated and dissolved
in 100 pl 10% acetonitrile in isopropanol containing 10 mM
ammonium formate, separated by UHPLC at 300 pl/min in a
Phenomenex Kinetex C18 2.1 x 100 mm, 100A, 1.7 pm
maintained at 55 °C with gradient elution, and analyzed on a
Thermo Orbitrap Lumos. The data was analyzed by Thermo
Lipid Search v4.2. Only lipids with a p value <0.05 and an
identification score of A or B were selected in the final results.
The peak area of all lipids was normalized to POPC, the most
intense lipid in HepG2 cells. The data for each cell line was
reported as ratios to WT cells (Table 2). A complete analysis of
all lipids in the cell lines is available upon request.

Lipid staining of cell lines

HepG2 cells 3 x 10° cells per well were plated on 4-well
glass chamber slides for 24 to 72 h, fixed, and permeablized
with 4% paraformaldehyde in PBS and Vala Science’s Lipid
Staining reagent added in blocking buffer (10% normal goat
serum, 3% bovine serum albumin, 0.02% sodium azide, in PBS)
for 30 min to label neutral lipids in the green fluorescence
channel. The samples were then rinsed three times with PBS
and stained for nuclei by incubating for 20 min in DAPI
(250 ng/ml in 10 mM Tris, 10 mM EDTA, 100 mM NacCl,
0.02% sodium azide, buffered to pH 7.4). LDs, divided into
large (=1 pm) or small (<1 pm) were counted from three fields
of 50 cells, the mean values and SEMs determined, then p
values versus WT calculated by analysis of variance by one way
ANOVA with a post hoc confidence interval of 95.

Kinase inhibitor treatments

Cells were plated on 60-mm dishes at a density of 1 x
10° cells per dish over three nights to reach confluency in
DMEM-low glucose supplemented with 10% FBS, 1x
Antibiotic-Antimycotic, and 1 mM sodium pyruvate. Cells were
serum starved overnight in medium MEM. Cell culture media
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was changed to fresh MEM and 0.1% DMSO. Cells were either
pretreated with or without final concentration of 10 uM of ki-
nase inhibitors in 0.1% DMSO for 30 min prior to adding 15 pg/
ml of insulin. Media was removed and cells washed with PBS
following lysis of cells for immunoprecipitation of CEACAMI.

Immunoprecipitation and immunoblot analysis

CEACAM]1 IPs: Cells (10°) were serum starved overnight, +
insulin treatment (15 pg/ml) for 10 min, lysed at 4 °C with IP lysis
buffer (Thermo Scientific) containing sodium orthovanadate,
calyculin A, and protease inhibitors. Equal protein amounts of
lysates (BCA assay, Themo Scientific) were precleared with 50 pg
mlgG prebound to 50 pl Protein A/G plus agarose bead slurry
(Thermo Scientific) for 30 min, added to 50 pg anti-CEACAM1
T84.1 (49) prebound to 50 ul Protein A/G plus agarose bead
slurry, and incubated overnight at 4 °C. After washing three times
with 500 pl IP lysis buffer, samples were eluted with 50 pl of 2x
SDS sample buffer, and equal protein amounts (BCA assay,
Thermo Scientific) separated on SDS-PAGE gels and transferred
onto PVDF membranes (Invitrogen, IB401001) using iBlot
Transfer Stack with the iBlot Dry Blotting System. Blots stained
with ECL reagent were blocked with 5% BSA in TBS and blots
stained with LI-COR reagents were blocked with Intercept
Blocking Buffer (LI-COR, 927-60001) for 1 h at room temperature
on a shaker. LI-COR blots were stained with primary antibody in
Intercept T20 (TBS) Antibody Diluent (LI-COR, 927-65001)
overnight at 4 °C on a shaker and probed with anti-
phosphotyrosine 4G10 Platinum HRP conjugate (Millipore
Sigma) or anti-CEACAM1 antibody T84.1. CD36 IPs: Cells (10°%)
were serum starved, treated + insulin as above, lysed with 1 ml of
Ultra RIPA A (DiagnoCine, F015), and precleared as above. Goat
anti-human CD36 (50 pg; R&D, AF1955) was immobilized on a
Thermo Scientific IP column, 26149, washed 3x with lysis buffer,
incubated with cell lysates, washed 3x with lysate buffer, and
eluted with 2x SDS sample buffer. SDS gel electrophoresis and
transfer to PVDF membranes were performed as above. Blots were
immunostained with goat anti-human CD36 (R&D, AF1955),
mouse anti-human CEACAM1 (T84.1), rabbit anti-human Src
(Abcam, AB109381), mouse anti-human LKB1 (Invitrogen,
AHO01392), mouse anti-human 4G10 (Sigma-Aldrich, 05-321),
goat anti-human Annexin A2 (R&D, AF3928-SP), rabbit anti-
human phospho-Src (R&D, MAB2685), rabbit [-Catenin
(Abcam, Ab32572), rabbit anti-human PCSK9 (Invitrogen,
AHO01392), mouse anti-human AMPKa (Invitrogen, AH01332),
or mouse anti-human FYN (Invitrogen, MA1-19331). Secondary
antibodies were IRDye 800CW Donkey anti-Goat IgG Secondary
Antibody (LI-COR, 926-32214), IRDye 800CW Goat anti-Rabbit
IgG Secondary Antibody (LI-COR, 926-32211), or IRDye 680RD
Goat anti-Mouse IgG Secondary Antibody (LI-COR, 926-68070).

Confocal studies

Cells (3 x 10° cells per well) were plated on 4-well glass
chambers (Thermo Scientific) for 24 to 72 h. Basic culture
medium was removed, cells were washed with PBS, fixed with
4% paraformaldehyde in PBS for 30 min, and permeabilized
with NP40 containing 0.01% saponin for 15 min. The cells
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were washed with PBS and stained with anti CEACAMI1
antibody (mouse monoclonal antibody N-1(Santa Cruz),
phalloidin red and DAPI), and visualized on a Carl Zeiss
confocal laser scanning microscope.

Data availability

The raw data for these studies are available from the senior
author at jshively@coh.org.

Supporting article  contains

information.
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