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Fatty acid oxidation (FAO) defects cause abnormal lipid accumu-
lation in various tissues, which provides an opportunity to un-
cover novel genes that are involved in lipid metabolism. During
a gene expression study in the riboflavin deficient induced FAO
disorder in the chicken, we discovered the dramatic increase in
mRNA levels of an uncharacterized gene, ANKRD9. No func-
tions have been ascribed to ANKRD9 and its orthologs, although
their sequences are well conserved among vertebrates. To pro-
vide insight into the function of ANKRD9Y, the expression of
ANKRD9 mRNA in lipidperturbed paradigms was examined.
The hepatic mRNA level of ANKRD9 was repressed by thyroid
hormone (T3) and fasting, elevated by re-feeding upon fasting.
However, ANKRD9 mRNA level is reduced in response to
apoptosis. Transient transfection assay with green fluorescent
protein tagged- ANKRD9 showed that this protein is localized
within the cytoplasm. These findings point to the possibility that
ANKRD?9 is involved in intracellular lipid accumulation. [BMB
reports 2009; 42(9): 568-573]

INTRODUCTION

In the chicken, embryonic development in the second half is
almost solely fueled by fatty acid oxidation (FAQ). A strain of
rd/rd chicken which lack riboflavin binding protein lays eggs
deficient in riboflavin that is required for acyl-CoA dehydro-
genases (1, 2). Lacking the required cofactor for these enzymes,
FAQO in the Rf-deficient embryos is severely impaired (3), lead-
ing to the abnormal hepatic accumulation of lipids. In these
embryos, hepatic expression of PPARyand adipophilin (ADFP)
mRNA is elevated, accompanied by down regulation of the ex-
pression of protease inhibitor genes (reported separately). During
an initial gene expression profiling in these embryos, we dis-
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covered that ANKRD9 mRNA was dramatically elevated in the
Rf-deficient (Rf) embryos around 13" day of incubation. The
function of ANKRD9 and its orthologs is not yet known. We
reasoned that the elevation of ANKRD9 mRNA is a response
in order to accommodate surplus of fatty acids. Here, we re-
port an examination of this possibility.

RESULTS

ANKRD9 orthologs have an ankyrin repeat domain similar to
calcium-independent phospholipase A; and are highly
conserved among vertebrates

Microarray profiling of hepatic gene expression in riboflavin de-
ficient chicken embryos revealed over-expression of ANKRD9
mMRNA. A database search revealed that no function has been
assigned to any orthologs of vertebrate ANKRD9. An inver-
tebrate equivalent of ANKRD9 with significant sequence sim-
ilarity (BLAST bit score > 45) could not be identified from
GenBank database. The chicken ANKRD9 (cANKRD?9) encodes
a predicted peptide of 292 amino acids with a molecular mass
of 32 kDa, while the ortholog in humans encodes a peptide of
317 amino acids (GenBank accession # AAH27479). Alignment
of ANKRD9 orthologs indicates that this peptide is highly con-
served in vertebrates (Fig. 1). It lacks an apparent signal peptide
and transmembrane domain. The subcellular location of ANKRD9
cannot be unequivocally deduced by various prediction meth-
ods because it lacks a recognizable sorting signal that is recog-
nized by WoLF PSORT (http://wolfpsort.seq.cbrc.jp/) or LOCtree
(http://cubic.bioc.columbia.edu/cgi-bin/var/nair/loctree/query).
ANKRD?9 has an ankyrin repeat domain in the N-terminus. The
most closely related protein of ANKRD? is calcium-independent
phospholipase A2 which has 44% identical amino acids to the
central ankyrin repeat domain, but without a catalytic motif. No
significant homology to other proteins could be identified in the
N-terminus and C-terminus of ANKRD9.

Orthologs of ANKRD9 are located at Hsa14g32.31, Mmu12F1
and Gga5 in human, mouse and chicken respectively. The hu-
man ANKRD9 (hANKRD?9) has 4 exons with the entire peptide
encoded in exon 4. Alignment of EST sequences in humans
shows that hRANKRD9 mRNA has 7 alternative splicing variants.
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We have examined Gene Expression Omnibus data at GenBank

and Cancer Genome Anatomy SAGE. These expression data

show that levels of hANKRD9 mRNA expression vary widely.
The chicken ANKRD9 (cANKRD?9) also encodes the entire
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Fig. 1. Comparison of ANKRD9 amino acid sequences from chicken
(Gga), human (Hsa), mouse (Mmu) and zebra fish (Dre). Amino acids
are numbered on the right and identical or similar ones among species
are highlighted in black or grey background, respectively, while dash-
es represent gaps. Overall similarities of human ANKRD9 to its ortho-
logs in mouse, chicken and zebra fish are 85%, 70%, and 63%,
respectively. The region between the two arrows marked on top of
the sequences is the ankyrin repeat domain.
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peptide by the last exon. The chicken mRNA is expressed in a
variety of tissues, including heart, muscle, brain, and liver. We
noticed that a locus on chicken chromosome 3 was also anno-
tated as CANKRD?9 in Entrez Gene database (GenBank accession:
XM_419365). However, its hypothetical peptide shares only
68% similar amino acid residues with the one on chromosome
Ggab (represented by GenBank accession # XM _421377).

ANKRD9 mRNA levels are responsive to lipid metabolic
perturbation in vivo

Data obtained by our earlier gene expression profiling indicate
the over-expression of CANKRD9 in Rf-deficient chicken embryo.
A gRT-PCR analysis confirmed our microarray observation. We
examined hepatic mMRNA transcript abundance in Rf-rescued
(control) and Rf-deficient embryos at embryonic age (e) 9, 11,
13 and 15 days of incubation with gRT-PCR analysis. Chicken
hepatic CANKRD?9 transcripts were dramatically increased by
12- and 6.4-fold at €13 and e15 (respectively) in Rf-deficient (Rf )
embryos compared with age-matched Rf-rescued (Rf*) embryos
(Fig. 2A). We reasoned that the increase in ANKRD9 could result
from intracellular lipid accumulation. Therefore, we examined
whether lipid metabolic perturbations are associated with changes
in cANKRD9 mRNA abundance. Thyroid hormone T3 increases
energy expenditure (4, 5), reduces hepatic triglyceride content
(6), and decreases body fat content (7). Chickens treated with
dietary T3 showed decreased mRNA level of CANKRD9, com-
pared with chickens fed the control diet (Fig. 2B).

Next, we examined cANKRD9 mRNA levels in chickens
during fasting and refeed. Random grouped chickens were
subjected to 5 feeding treatments: (1) fully fed, (2) fasted for 16
h, (3) fasted for 48 h, (4) refeed for 4 h following 48-h-fast, and
(5) re-feed for 24 h following 48-h-fast. Hepatic cANKRD9
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Fig. 2. Regulation of ANKRD9 mRNA levels in chickens. (A) ANKRD9 mRNA levels in the liver of chicken embryos. Rf-deficient eggs were
injected with FMN (Rf*) or saline (Rf) before incubation and embryos were collected at embryonic age (e) indicated. Asterisks indicate significant
differences in mRNA levels between riboflavin deficient embryos (Rf ) and age-matched riboflavin rescued embryos (Rf") (*P < 0.05; **P <
0.01). (B) Hepatic ANKRD9 mRNA levels in thyroid hormone manipulated chickens. Juvenile cockerels were given control feed (CF), dietary
0.5% propylthiouracil (PTU) or dietary triodothyronine (Ts) for two weeks before collection of livers for qRT-PCR analysis. Asterisk denotes sig-
nificant difference from the control feed group (*P < 0.01). (O Hepatic mRNA levels in a slow growing strain of chickens after fasting and
re-feeding [FF, fully fed; F16, fast for 16 h; F48, fast for 48 h; R4, fed 4 h following 48 h fast; and R24, fed 24 h following 48 h fast]. Asterisks
denote significant differences from the fully fed group (*P < 0.05; **P < 0.01). There were four animals in each treatment group.
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mRNA levels were reduced in fasting birds when compared to
fully fed birds. The reduction in mRNA level was not fully re-
covered at 4 h after re-feeding, but was over expressed at 24 h
after re-feeding (Fig. 2C). This mRNA expression pattern of
ANKRD?9 is similar to that of PPARS and PPARY, but in con-
trast to that of PPAR [see Fig. 4 in ref (8)].

Chicken ANKRD9 mRNA level is reduced by geneticin-
induced apoptosis but less responsive to free fatty acid

On day 13 of incubation, Rf-deficient embryos exhibited many
secondary responses, including apoptotic cell death, to the lip-
id metabolic crisis. To investigate the possibility that the over-
expression of ANKRD9 mRNA is mediated through the apop-
totic pathway, we analyzed mRNA levels in two cell lines fol-
lowing apoptosis induction. HepG2 cells were treated with or
without G418, a cell death inducer through the apoptosis
pathway (9). As shown in Fig. 3A, upon 48 h treatment, the
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Fig. 3. Response of caspase 3 (CASP3), adipophilin (ADFP) and ANKRD9
mRNA levels to geneticin-induced apoptosis and oleic acid-induced
lipid accumulation. (A) HepG2 cells were treated with geneticin G418
(0 [CTRL], 600, and 1,200 ug/ml) for 48 h. Total RNA was analyzed
with qRT-PCR (n = 4, **P < 0.05 between any two bars of the same
gene with no common scripts by ANOVA). Data are representative
of two independent experiments. (B) HepG2 cells were treated with
oleic acid (0 [CTRL], 100, 200, and 400 pg/ml) for 24 h (n = 4; *P
< 0.05 between control and “P = 0.13 between control by t-test).
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mRNA level of caspase 3 (CASP3), a molecular marker of
apoptosis (10), was increased in a dose-dependent manner,
suggesting apoptosis was induced following G418 treatment.
However, the mRNA levels of hANKRD9 and adipophilin
(ADFP) were markedly reduced. Similar results were obtained
in HEK 293 cells (data not shown).

Since alteration of ANKRD9 mRNA levels is accompanied
by lipid metabolic perturbations in vivo, and PPARY is a potent
regulator of lipid accumulation, it was of interest to clarify
whether ANKRD9 transcription is enhanced by the activation
of PPARY. We investigated hANKRD9 mRNA levels in HepG2
and HEK 293 cells treated with or without oleic acid, an acti-
vator of PPARY (11). As shown in Fig. 3B, mRNA level of adi-
pophilin (ADFP), a target gene of PPARy and indicator of intra-
cellular lipid load (12, 13), was up-regulated in a dose depend-
ent manner, while the level of caspase 3 (CASP3) mRNA was
not changed by oleic acid treatment. The levels of hRANKRD9
mRNA showed a tendency of increasing.

GFP-tagged ANKRD? is not diffused in cells cultured in vitro
Subcellular location of a protein provides important information
about its possible function. We attempted to locate the sub-
cellular structure where ANKRD9 may assume its role. Two
expression vectors were constructed in which green-fluorescent

Fig. 4. Subcellular localization of ANKRD9-GFP fusion protein. Cells
were transiently transfected with GFP expression vector alone (A, D),
human hANKRD9- GFP fusion construct (B, C) or chicken cANKRD9-
GFP fusion construct (E, F) for 24 h. HepG2 cells were counterstained
with BODIPY ceramide (A-C). HEK 293 cells (D, E) and COS7 cells
(F) were not counterstained. The fusion protein appears to be re-
stricted to particle-like structures around the nucleus or other regions
in the cytoplasm of most transfected cells. The green fluorescence was
much brighter in most fusion-construct-transfected cells than that in
GFP-vector-alone-transfected cells. In order to show the detail of green
fluorescence in fusion construct transfected cells, two images were
captured under full argon laser power (C) and attenuated laser power
(B). Full laser power was used to capture images for GFP-alone- trans-
fected cells.
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protein (GFP) was fused with the N-terminus of CANKRD9 or
hANKRD9 coding sequence. The hANKRD9-GFP constructs
were used to transfect human cell lines HepG2 and HEK 293.
The cANKRD9-GFP constructs were used to transfect a COS7
cell line and a quail cell line QNR/D. The subcelluar locations
of the GFP and fusion proteins were examined with confocal
microscopy. As shown in Fig. 4, GFP alone was diffuse in the
cytoplasm and nucleus in cells transfected with the control
plasmid (Fig. 4A, D), while hANKRD9-GFP and cANKRD9-
GFP fusion proteins are restricted to the cytoplasm and form
particle-like structures (Fig. 4B, C, E, F) in most transfected
cells. These particles do not colocalize with Golgi complexes,
which were bright red after BODIPY ceramide stain (Fig. 4A-C).
Similar results were obtained when HepG2 (not shown), HEK
293 (Fig. 4D, E), COS7 (Fig. 4F) or QNR/D (data not shown)
cells were transfected with cANKRD9- GFP constructs.

DISCUSSION

The riboflavin-deficient chicken embryo is a model for the study
of fatty acid oxidation disorders. In these embryo, Rf-deficiency
results from a defect in riboflavin binding protein in hens (2).
Riboflavin, in the form of flavin adenine dinucleotide (FAD) or
FMN, is a cofactor of chain-length-specific acyl-CoA dehydro-
genases and electron transferring flavoprotein. In this chicken
embryo model, Rf-deficiency primarily impairs mitochondrial
FAO with symptoms similar to inherent defects of FAO en-
zymes, for example, very long chain and medium chain fatty
acyl dehydrogenases (3). Rf-deficient embryos die between 13-
15 days of incubation if they are not rescued with riboflavin
(14). A devastating pathological consequence of Rf-deficiency
in the chicken embryo is the depletion of carbohydrate re-
serves (14, 15). The inability of Rf-deficient embryos to switch
to fatty acid oxidation is reflected by decreased activity of
MCAD and abnormal accumulation of intermediate (Cs, Cio
and Cy,) substrates (3). Histological examination of the Rf-defi-
cient liver prior to death revealed an accumulation of lipid
droplets in hepatocytes. This is accompanied by the up-regu-
lation of genes that promote intracellular lipid storage, includ-
ing adipophilin, PPARy. Thus, it is possible that an increase in
ANKRD9 in Rf-deficient embryos around 13 days of in-
cubation is a response to lipid perturbation. We then exam-
ined ANKRD9 mRNA expression in chickens fasted or manip-
ulated for thyroid status. Increased plasma thyroid hormone re-
duces abdominal fat, as well as ADFP expression (7). Similarly,
reduction in the expression of ANKRD9 was also seen in thy-
roid manipulated chickens. During fasting, hepatic expression
of fatty acid utilization genes, for example PPARq, was in-
creased and expression of genes that promote lipid storage
was decreased (8). Accordingly, ANKRD9 mRNA was reduced.
These observations are consistent with the assumption that
ANKRD?9 participates in lipid metabolism. Interestingly, ANKRD9
is located within a quantitative trait locus for abdominal fat on
Ggab in the chicken (16). It is less likely that the increased ex-
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pression of ANKRD9 mRNA is a response to apoptotic cell
death because induced apoptosis in vitro did not lead to an el-
evation of ANKRD9 mRNA.

Another line of evidence that hints ANKRD?9 in lipid metab-
olism comes from the sequence analysis. ANKRD9 has an
N-terminal ankyrin repeat domain which in many cases is in-
volved in protein-protein interactions (17). Ankyrin-repeat-domain-
containing proteins are involved in various cellular functions,
including intracellular adaptor (18, 19), trafficking (20, 21),
transcription (22, 23), signal transduction (24) and stress re-
sponse (25). The ANKRD9 ankyrin repeat domain showed the
highest sequence similarity to calcium-independent phospholi-
pase A2 (iPLA2), an enzyme that catalyzes the release of fatty
acid from phospholipids [reviewed in (26, 27)]. Because
ANKRD9 does not have the lipase activity signature site
GXSXG, it is unlikely to have lipase activity. Interestingly, the
human iPLA2 has several splicing isoforms. Two isoforms also
lack a catalytic site (28). The function of these isoforms is un-
known. This sequence feature may render ANKRD9 as a mo-
lecular chaperone. Nevertheless, alterations of ANKRD9 ex-
pression by lipid perturbations strongly suggest that ANKRD9
does play a role in vertebrate lipid metabolism.

MATERIALS AND METHODS

Animals and RNA samples

A strain of Rf-binding protein-deficient (rd/rd) single comb
white Leghorn chickens (2) is maintained at the University of
Delaware. Fertilized eggs were collected from the rd/rd hens
and held at 8-12°C until setting. Prior to incubation, Rf-defi-
cient eggs were randomly assigned to two treatment groups
that were either injected with 0.2 mL flavin mononucleotide
(FMN, 5.4 mg/mL) dissolved in 0.9% sterile saline (Rf*, res-
cued control) or saline (Rf) alone into the egg white. After
sealing the injection site with glue (Duco®™ Cement), the eggs
were incubated at 39°C and 95% relative humidity. Liver sam-
ples were collected from 4 to 10 live embryos on embryonic
(e) day €9, el1, e13 and e15. Tissues were rapidly frozen in
liquid nitrogen and stored at —=80°C until isolation of total
RNA. The use of animals in these studies complies with the
University of Delaware Animal Care and Use Guidelines. Ex-
perimental paradigms for thyroid hormone manipulation and
nutritional management were described previously (7, 8, 29).
Total RNA samples were isolated using RNeasy mini kit
(Qiagen, Valencia, CA).

Real time RT-PCR

Messenger RNA levels were measured by real time quantita-
tive RT-PCR (qRT-PCR) using Quantitect SYBR green RT-PCR
kit (Qiagen). Total RNA was diluted in RNase-free water to a
concentration of 50 ng/ul. The concentration was reassessed
with Nanodrop spectrophotometer after dilution. Each reaction
mix (20 pl) contained 100 ng of total RNA, 0.5 uM primers
and 10 pl of master mix. For each sample, duplicated re-
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actions were conducted. All real time RT-PCR primers were
designed using Primer Express 2.0 (Applied Biosystems, CA).
Sequences of the primers used are available upon request.
Thermal cycles were setup following the manufacturer’s reco-
mmendation. For every experiment, a melting curve analysis
was performed. The level of mRNA is represented as 2,
where the ACt is the difference between threshold cycle (Ct) of
the sample and the Ct value that was used as one arbitrary unit
of RNA.

Cell culture and treatment

Cells were maintained in DMEM supplemented with 10% fetal
bovine serum, 100 U/ml of streptomycin and 100 U/ml peni-
cillin. Confluent cells were detached with 0.25% trypsin. For
treatment with oleic acid, cells were seeded in 12-well plates.
Stock oleic acid was prepared by dissolving in ethanol and
then mixing with 10% bovine serum albumin to 10 ug/ml.
Cells at confluent (2-3 days after plating) were treated with ole-
ic acid at concentrations indicated. Geneticin concentration
and times of treatment are indicated in Fig. 3B.

ANKRD?9 construct

The coding sequence of chicken ANKRD9 mRNA was ampli-
fied using forward (5-CAGTCGCAGAAGCAGTGCA-3") and
reverse (5-CGCAGTACAGACCTCACCTCAC-3’) primers. This am-
plified region of ANKRD9 encodes the entire chicken ANKRD9
except the first 13 amino acids at the N-terminus. The PCR
product was cloned into a pcDNA3.1/NT-GFP-TOPO vector
(Invitrogen) which contains a CMV promoter. The correct ori-
entation was verified by sequencing. To clone the human
ANKRD9 coding sequence, the primers were: forward 5-CC
ATGCCTTGAGGCCCA-3’ and reverse 5-AGGGTGCTCCGGG
CCTA-3'. This segment encodes the entire human ANKRD9
and 12 additional amino acid residues at the N-terminus. The
segment was also cloned in a pcDNA3.1/NT-GFP-TOPO vector.

Transfection and confocal microscopy

Cells were cultured in DMEM supplemented with 10% FBS,
penicillin, and streptomycin. At 24 h before transfection, cells
were plated in 4-well culture slides (BD, Franklin Lakes, NJ) at
1 x 10° per well. Transfection was carried out using lipofect-
amine 2,000 (Invitrogen, Carlsbad, CA) with 2 pg of either
ANKRD9-GFP construct or GFP plasmid alone. At 24 h after
transfection, cells were stained with 5 uM BODIPY TR ceram-
ide (Invitrogen) for 30 minute followed by a PBS wash and
fixed with freshly prepared 1% paraformaldehyde in PBS for
15 min. The slide was mounted with ProLong antifade reagent
(Molecular Probes, Eugene, Oregon, USA). Images were cap-
tured using a Nikon PCM 2,000 confocal microscope with an
argon laser (for green fluorescence) and a He/Ne laser (for red
fluorescence). Emission filters were 515/530 band pass and
565 LP. In order to prevent over excitation in fusion construct
transfected cells, some images were captured under attenuated
laser power as indicated in figures.
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