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Fatty acid metabolism and steroid biosynthesis are 2 major pathways shared by peroxisomes and
mitochondria. Both organelles are in close apposition to the endoplasmic reticulum, with which
they communicate via interorganelle membrane contact sites to promote cellular signaling and
the exchange of ions and lipids. To date, no convincing evidence of the direct contact between
peroxisomes and mitochondria was reported in mammalian cells. Hormone-induced, tightly con-
trolled steroid hormone biosynthesis requires interorganelle interactions. Using immunofluores-
cent staining and live-cell imaging, we found that dibutyryl-cAMP treatment of MA-10 mouse
tumor Leydig cells rapidly induces peroxisomes to approach mitochondria and form peroxisome-
mitochondrial contact sites/fusion, revealed by the subcellular distribution of the endogenous
acyl-coenzyme A-binding domain (ACBD)2/ECI2 isoform A generated by alternative splicing, and
further validated using a proximity ligation assay. This event occurs likely via a peroxisome-like struc-
ture, which is mediated by peroxisomal and mitochondrial matrix protein import complexes: peroxi-
somal import receptor peroxisomal biogenesis factor 5 (PEX5), and the mitochondrial import receptor
subunit translocase of outer mitochondrial membrane 20 homolog (yeast) protein. Similar results
were obtained using the mLTC-1 mouse tumor Leydig cells. Ectopic expression of the ACBD2/ECI2
isoform A in MA-10 cells led to increased basal and hormone-stimulated steroid formation, indicating
that ACBD2/ECI2-mediated peroxisomes-mitochondria interactions favor in the exchange of metab-
olites and/or macromolecules between these 2 organelles in support of steroid biosynthesis. Consid-
ering the widespread occurrence of the ACBD2/ECI2 protein, we propose that this protein might serve
as a tool to assist in understanding the contact between peroxisomes and mitochondria. (Molecular
Endocrinology 30: 763-782, 2016)

eroxisomes and mitochondria have been closely re-

lated in terms of their synergetic functioning in the
metabolism of fatty acids and reactive oxygen species, as
well as in steroid biosynthesis (1-3). Both organelles
make contact with the endoplasmic reticulum (ER) via
interorganelle membrane contact sites. These interactions
with the ER support cellular signaling and ion/lipid ex-
changes (4), as well as organelle biogenesis, where the
ER assists the mitochondria in defining the position of
mitochondrial division sites (5-7), and where it can
also provide a base for the origin of peroxisomes (8-
10). One-way communication from mitochondria to
peroxisomes has been proposed to occur via mitochon-
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dria-derived vesicles, but no convincing evidence exists
supporting the direct contact between peroxisomes and
mitochondria in mammalian cells, even though there
are a few reports from unicellular yeasts (11-13). How-
ever, whether these subcellular systems between yeasts
and mammals are comparable is widely controversial
(14, 15).

Abbreviations: ACBD, acyl-CoA-binding domain; ACBP, acyl-CoA-binding protein do-
main; CoA, coenzyme A; COX IV, cytochrome c oxidase subunit 4; dbcAMP, dibutyryl-
cAMP; DAPI, 4’,6-diamidino-2-phenylindole; ECH, enoyl-CoA hydratase; ECI2, enoyl-
CoA-8 isomerase 2; ER, endoplasmic reticulum; FBS, fetal bovine serum; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; GSEA, gene set enrichment analysis; In-cell
co-IP, in-cell coimmunoprecipitation; H+L, Heavy + Light chains; OMM, outer mitochon-
drial membrane; P*, peroxisomal cargo; PECI, peroxisomal A3,A2-enoyl-CoA isomerase;
PEX5, peroxisomal biogenesis factor 5; -PKL, a peroxisomal targeting signal 1 tripeptide
-proline-lysine-leucine; PLA, proximity ligation assay; PMP70, the 70-kDa peroxisomal
membrane protein; PTS1, peroxisomal targeting signal-1; gRT-PCR, quantitative real-time
PCR; Rr, Pearson’s correlation coefficient; SCP, sterol carrier protein; siRNA, Small inter-
fering RNA; TOMMZ20, translocase of OMM 20 homolog (yeast) protein; VDAC1, voltage-
dependent anion-selective channel protein 1.
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Peroxisomes and mitochondria share several compo-
nents in steroid biosynthesis as well as in fatty acid me-
tabolism (16-18). A family of acyl-CoA-binding domain
(ACBD)-containing proteins is strongly linked to this pro-
cess, where the ACBD3/PAP7 and ACBD1/DBI play sig-
nificant roles in steroidogenesis (19, 20). However, less
information is available regarding the ACBD2 or enoyl-
CoA-d isomerase 2 (ECI2) member of the family. It is of
great interest that ACBD2/ECI2 has been reported to be a
peroxisomal and/or mitochondrial protein, implying that
it plays a role in both organelles. ACBD2/ECI2 has been
confusingly named as either mitochondrial ECI2 or per-
oxisomal A3,A2-enoyl-CoA isomerase (PECI) (21). Due
to its dual subcellular localization, determined by Nyco-
denz gradient centrifugation, PECI was renamed ECI
(22), even though ECI is actually a general term to de-
scribe enzymes that convert cis- or trans-double bonds of
fatty acids at y-carbon to transdouble bonds at B-carbon.
The circumstances under which the ACBD2/ECI2 protein
targets either peroxisomes and/or mitochondria remain
unclear, thus hampering investigations of the cellular
functions of this protein. Both its core domains, ECI/
enoyl-CoA hydratase (ECH) and ACBD, are relevant to
fatty acid metabolism. ACBD2/ECI2 has a similar func-
tion as ECI1 in the metabolism of unsaturated fatty acids,
as Ecil knockout mice show no pronounced phenotype,
but knockdown of Eci2 in Ecil-deficient fibroblasts show
an accumulation of C12:1 acylcarnitine (23, 24). As a
matter of fact, the existence of a third paralogous gene,
Eci3, with high sequence similarity to Eci2, makes the
story intriguing. Furthermore, Acbd2/Eci2 has 3 known
sequence varieties that are generated from alternative pre-
mRNA splicing events, which are one of the mechanisms
involved in the posttranscriptional regulation of gene ex-
pression, leading to a wide variety of gene products (25).
The biological significance of alternative splicing events
of the Acbd2/Eci2 gene, however, remains unknown.

In the testis, peroxisomes were initially thought to be
exclusively present in the interstitial Leydig cells where
the androgen testosterone important for the establish-
ment of the male sexual characteristics and fertility is
produced (26). Steroid hormone biosynthesis is the result
of multiple biological processes, with the rate-limiting
step involving the import of the substrate cholesterol,
originating from various intracellular sources, into mito-
chondria, a process mediated by a protein complex in the
outer mitochondrial membrane (OMM) (27-30). In rat
Leydig cells, equivalent amounts of free and esterified
cholesterol are present before and after hormone stim-
ulation (31). During steroidogenesis, the remaining
side-product free acyl moieties cholesterol esters must
be shuttled into either the mitochondria and/or the per-
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oxisomes for B-oxidation, resulting in the production of
ATP and/or the formation of hydrogen peroxide. Peroxi-
somes present in Sertoli and germ cells have low level of
catalase, which is different from that found in Leydig cells
(32-34). The low levels of catalase, a peroxisomal
marker, in Sertoli and germ cell peroxisomes suggest that
multiple forms of peroxisomes exist; these forms are char-
acterized by distinct morphology and/or different compo-
sition of their matrix proteins (35).

We demonstrate here, for the first time, that the sub-
cellular distribution of ACBD2/ECI2 revealed a molecu-
lar basis of the close contact/fusion between peroxisomes
and mitochondria occurring via a “peroxisome-like struc-
ture” loaded with C-terminal peroxisomal targeting sig-
nal-1 (PTS1) peroxisomal matrix proteins. The proximity
between the peroxisomal ACBD2/ECI2 and mitochon-
drial import receptor subunit translocase of OMM 20
homolog (yeast) protein (TOMM?20) was validated using
in-cell coimmunoprecipitation (In-cell co-IP) methodol-
ogy. This process involves 2 organelle matrix protein im-
port receptor complexes: PEX5 and TOMM20, which
can be visualized by the dual targeting of ACBD2/ECI2
with a fluorescent tag. Subcellular distribution of ACBD2/
ECI2 isoform A has mechanistic implications in peroxi-
some-mitochondria contact and in the support of steroid
biosynthesis.

Materials and Methods

Sequence analysis and microarray data procession
Protein domain structures were retrieved from Pfam 27.0
(http://pfam.sanger.ac.uk). Each nucleotide sequence and its
corresponding deduced peptide sequence of proteins was re-
trieved from GenBank (http://www.ncbi.nlm.nih.gov/genbank)
using mouse ACBD2/ECI2 sequence as a query. The top 500
sequences with a hit were used for further sequence analysis.
Sequence alignments were performed using ClustalW (36), and
phylogenetic trees were constructed in MEGAS using the neighbor-
joining method, with the optional setting of Dayhoff PAM matrices
and pairwise deletion (37, 38). The data from the Affymetrix ar-
rays were analyzed using FlexArray Software V1.6 (Genome Que-
bec Innovation Center; http://gginnovationcenter.com). Raw
probe intensity data in the Affymetrix CEL files were evaluated
first, with noisy scanning datasets removed from further analy-
sis. The raw gene expression data were normalized using the
robust multichip average algorithm (39). The comparison of
datasets was performed using ANOVA within the FlexArray
Software V1.5 to test for differences across the experimental
factors (time points, replicates, and individual genes). Genes
with significant changes during cellular differentiation, which
were identified with a cut-off P = .001, were further analyzed by
fold changes. Gene set enrichment analysis (GSEA) was per-
formed; statistically significant, concordant differences in a set
of genes, as defined from the Molecular Signature Database,
were evaluated using the GSEA (www.broad.mit.edu/gsea/)
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(40). A false discovery rate for each set of genes was estimated
on the probability that a gene set with a given new enrichment
score represents a false-positive finding. The nominal P value
was estimated to show the statistical significance of the enrich-
ment score for a single gene set.

cDNAs, cloning, antibodies, subcellular fractioning,
and immunoblotting

Expressed sequence tag clones of mouse Acbd2/Eci2, Ecil,
Eci3, Tomm20, Pmp70(Abcd3), and Pex11B cDNAs were se-
lected for their possession of the longest inserts from Open Bio-
systems (http://dharmacon.gelifesciences.com). To make a fu-
sion protein with Discosoma red fluorescent protein monomer
(DsRed) tag, the open reading frame of each gene was subcloned
into either pDsRed-Monomer-N1 or pDsRed-Monomer-C1
(Clontech) vector: pAcbd2/Eci2-DsRed, pEcil-DsRed, pEci3-
DsRed, pDsRed-Acbd2/Eci2, pDsRed-Ecil, and pDsRed-Eci3.
Plasmid mito-DsRed-Eci2 derived from pDsRed-Acbd2/Eci2
was constructed by moving the presequence of ACBD2/ECI2 to
the front of DsRed. To visualize organelle juxtaposition, the
plasmid mito-DsRed-pero derived from pmito-DsRed-Eci2 was
constructed via replacement of the Acbd2/Eci2 gene by a per-
oxisomal sequence tripeptide -proline-lysine-leucine (—PKL). In
a similar strategy, to make a blue fluorescent fusion protein
(AmCyan) targeting peroxisomes, we made pAmCyan-pero.
The pmito-BFP (mitochondria in blue) was purchased from Ad-
dgene. Both plasmids (pAmCyan-mPEX118 and plasmid mouse
70-kDa peroxisomal membrane protein (PMP70)) are fused
with AmCyan tag using the pAmCyan-C1 vector. The pm-
TOMM20 was made fused with the cyan fluorescent protein tag
using the pCFP-N1 vector (Clontech). The plasmid mito-
roGFP1 with the mitochondrial targeting sequence in
pEGFP-N1 for mammalian expression (pRA306) was a gift
from James Remington at the University of Oregon. Oligos from
all plasmid constructs are listed in Supplemental Table 1. For
immunostaining, we used the primary goat anti-PECI poly-
clonal antibody (P-19; sc-82692; Santa Cruz Biotechnology,
Inc) and the secondary Alexa Fluor 488 donkey antigoat IgG
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Heavy + Light chains (H+L) antibody (A-11055; Molecular
Probes) (Table 1).

As to the subcellular fractioning, MA-10 mouse tumor Ley-
dig cells (gift from Dr Mario Ascoli, University of lowa) were
grown in 150-mm dishes to 70% confluence, washed with PBS,
and then harvested for further process. In brief, to prepare crude
membranes, cells were homogenized with a glass potter fol-
lowed by 3 cycles of freezing and thawing in isolation buffer 1
(225mM mannitol, 7SmM sucrose, and 30mM Tris-HCI; pH
7.4). Homogenates were centrifuged at 800g for 5 minutes at
4°C. The collected supernatants (containing cytosolic proteins)
were centrifuged twice 11 000g for 10 minutes at 4°C to obtain
crude mitochondria. These preparations were resuspended in
isolation buffer 2 (250mM mannitol, SmM HEPES [pH 7.4],
and 0.5mM EGTA). To confirm the enrichment of the crude
mitochondrial fraction, we performed immunoblots analysis us-
ing rabbit polyclonal anticytochrome ¢ oxidase subunit 4 (COX
IV) antibody (ab16056; Abcam) as mitochondrial loading con-
trol, rabbit monoclonal antisterol carrier protein (SCP)2 anti-
body (EPR9022), 58 kDa (ab140126; Abcam), as peroxisome
marker, rabbit polyclonal antiglyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) antibody (2275-PC-100; Trevigen) as
whole protein loading control, and finally mouse monoclonal
anti-ACBD2/ECI2 (sc-136374; PECI Antibody) as the target
protein detection (Table 1).

Establishment of the homogeneous stable cell line

Mito-H by fluorescence-activated cell sorting

Mouse MA-10 Leydig tumor cells were used to establish the
stable expression of mitochondrial roGFP1 (41, 42). Briefly,
MA-10 cells transfected with 4-ug plasmid pRA306 were
grown in DMEM/F-12 medium supplemented with 5% heat-
inactivated fetal bovine serum (FBS) and 2.5% horse serum at
37°C and 5% CO,. Cells were initially supplemented with 500
pg/mL of G418 and then maintained in the same medium with
400 pg/mL of G418. The stable expansion of a single colony
was further sorted by using a BD FACSAria II (high-speed cell
sorter) to separate cells with high expression of roGFP, desig-

Table 1. Information About the Antibodies Used
Antigen Species Raised Dilution

Peptide/Protein  Sequence Manufacturer, Catalog in Monoclonal Used

Target (if Known) Name of Antibody Number, or Name of Source or Polyclonal (IF, IB)

PECI/ECI2/ACBD2 Anti-PECI Santa Cruz Biotechnology, Inc, Goat 1:100 (IF)
P-19; sc-82692

TOMM20 Anti-TOM20 Santa Cruz Biotechnology, Inc, Rabbit 1:100 (IF)
FL-145; sc-11415

PECI/ECI2/ACBD2 Anti-PECI Santa Cruz Biotechnology, Inc, Mouse 1:100 (IF);
32; sc-136374 1:1300

VDAC1 Anti-VDAC1 Santa Cruz Biotechnology, Inc, Mouse 1:1300
B6; sc-390996

COX IV Anti-COX IV Abcam, ab16056 Rabbit 1:1300

SCPX Anti-SCP2 Abcam, ab140126 Rabbit 1:1000

GAPDH Anti-GAPDH Trevigen, 2275-PC-100 Rabbit 1:5000

Rabbit IgG HRP-linked antibody Cell Signaling Technology, 7074  Goat 1:1300

Mouse IgG HRP-linked antibody Cell Signaling Technology, 7076 ~ Horse 1:1300

Biotin HRP-linked antibody Cell Signaling Technology, 7075  Goat 1:3000

Rabbit IgG Rabbit IgG (H + L) Molecular Probes, A10040 Donkey 1:500

Mouse IgG Antimouse IgG (H + L)  Molecular Probes, P31582 Goat 1:500

Goat IgG Antigoat IgG (H + L) Molecular Probes, A-11055 Donkey 1:500
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nated as Mito-H (124 128 cells), and cells with a low expression
of roGFP, designated as Mito-L (144 610 cells). Cells were
grown in the same medium but with the addition of 1% peni-
cillin/streptomycin for 2 passages. After cell splitting, Mito-H
cells were maintained in DMEM/F-12 medium containing 400
wug/mL of G418.

Cell culture, plasmid transfection, small interfering
RNA (siRNA) knockdown, confocal laser
microscopy live imaging, and immunofluorescence
microscopy

Mito-H cells were maintained in DMEM/F-12 medium sup-
plemented with 5% heat-inactivated FBS, 2.5% horse serum,
and 400 pg/mL of G418. MA-10 cells were incubated under the
same conditions, except without adding G418. mLTC1 mouse
tumor Leydig cells were obtained from ATCC and cultured in
RPMI 1640 medium containing 10% FBS, according to the
guidelines provided by the supplier. Knockdown of the Pex$
gene in MA-10 cells was performed using Peroxin 5 siRNA (m)
(Santa Cruz Biotechnology, Inc), and the knockdown of Acbd2/
Eci2 gene was carried out using PECI siRNA (m) (Santa Cruz
Biotechnology, Inc). The control siRNA (Santa Cruz Biotech-
nology, Inc) was used as negative control(s). For confocal laser
microscopy live imaging, cells were cultured in 35 mm Fluoro-
Dish sterile culture dishes (World Precision Instruments) to
75% confluence. The next day, cells were transfected with plas-
mids of interest using Lipofectamine 2000 (Invitrogen). At 24
hours after transfection, cells were incubated with Hoechst
33342 (Invitrogen) to counterstain nuclear DNA. Cells were
examined using a scanning laser confocal microscope (Olympus
FluoView FV1000) with an oil immersion objective (UPLSAP,
%X 100) and the following excitation/emission wavelengths (nm):
blue (Hoechst) 350/461, green (roGFP) 498/516, and red (DsRed)
558/583. Images from a single optical slice were captured with
FluoView software (version 3.1; Olympus), and a representative
single optical slice of each image was presented, after processed
using Image-Pro Plus (version 6.3). Pearson’s correlation coef-
ficient (Rr) for fluorescent images was calculated using the in-
tensity correlation analysis, a plugin for Image] (http://image;j.
nih.gov). Statistical analysis of quantitative data was performed
using Student’s ¢ tests and Mann-Whitney tests (Prism V.5.0).

For the immunofluorescence microscopy, the MA-10 cells
cultured overnight with 50% confluence were treated with
1mM dibutyryl-cAMP (dbcAMP) for 2 hours and then stained
with MitoTracker CMXRos (Invitrogen) for 20 minutes at
37°C. The cells were fixed in a 4% paraformaldehyde solution
plus 0.1% Triton X-100 in PBS for 5 minutes and washed in PBS
for 5 minutes. After blocking with 1% BSA in PBS plus 10%
donkey normal serum for 30 minutes at 37°C, the cells were
incubated with goat anti-PECI polyclonal antibody (Santa Cruz
Biotechnology, Inc) overnight. The secondary antibody, Alexa
Fluor 488 donkey antigoat IgG (H+L) antibody (Invitrogen),
was applied to the cells for 1 hour at room temperature (Table
1). Cells were mounted using UltraCruz mounting medium con-
taining 4’,6-diamidino-2-phenylindole (DAPI) (Santa Cruz Bio-
technology, Inc).

Mol Endocrinol, July 2016, 30(7):763-782

Proximity ligation assay (PLA) or
Duolink-In-cell co-IP

The interaction between the peroxisomal protein ACBD2/
ECI2 and the OMM marker TOMM20 was detected by in situ
PLA, the Duolink in situ orange starter kit goat/rabbit kit
(DUO92106, O-Link; Bioscience). The PLA probe antirabbit
minus binds to the TOMM20 antibody (Santa Cruz Biotechnol-
ogy, Inc), whereas the PLA probe antigoat plus binds to the
PECI antibody (Table 1). The procedure followed was as rec-
ommended by the manufacturer. In brief, a signal with Duolink
PLA is generated if ACBD2/ECI2 and TOMM20 proteins are
within 40-nm proximity (43). After preincubation with a block-
ing buffer (1% BSA in 1X PBS or plus 10% goat normal serum)
for 1 hour, MA-10 cells or mLTC1 cells treated with or without
dbcAMP submitted to 4% PFA fixation and 0.1% fresh Triton
X-100 permeabilization were incubated overnight with the pri-
mary antibodies to PECI (1:150) and TOM20 (1:100). All wash
steps were performed using 1 X PBS. Images were acquired using
the Olympus FLUOVIEW FV1000 confocal laser scanning mi-
croscope, processed using FluoView software (version 3.1
Olympus) and digitally quantified using Duolink ImageTool
(Olink Bioscience). The bar graph of the blob numbers reflecting
the PLA signals and statistical analysis were performed using
GraphPad Prism version 5.00 (GraphPad).

Steroid measurement by RIA

RIA was performed, as previously described (44, 45). Briefly,
cells were plated at 0.3 X 10° cells per well into 6-well plates
overnight, washed with serum-free medium, and left untreated
or treated for 2 hours with TmM dbcAMP. Culture media were
collected, and progesterone production was measured by RIA
using antiprogesterone antisera (MP Biomedicals) and [1,2,6,7-
3H] progesterone (specific activity 94.1 Ci/mmol; PerkinElmer
Life Sciences) following the conditions recommended by the
manufacturer. The intra- and interassay coefficients of variation
were 2.6%—8.6% and 5.6 %, respectively. Antiprogesterone an-
tiserum was used at 1:1000 dilution after renaturation of the
powder, as supplied by the provider. Progesterone production
was normalized to the amount of protein in each well. RIA data
were analyzed using Prism V. 5.0.

Quantitative real-time PCR (qRT-PCR), melting
curve analysis, and sequencing

Total RNA at different time points from dbcAMP treatment
was prepared with TRIzol reagent (Invitrogen) and then subject
to deoxyribonuclease treatment and a removal reagent (DNA
free; Ambion) before cDNA synthesis. RNA was subsequently
diluted to 100 ng/uL using deoxyribonuclease/ribonuclease-free
water, and first-strand cDNA was synthesized using the Super-
Script first-strand synthesis system for qRT-PCR using the man-
ufacturer’s protocol (Invitrogen). The isoform-specific oligos
listed in Supplemental Table 1 were used for qRT-PCR per-
formed with the LightCycler 480 System (Roche Applied Science)
in 20-uL reactions using 96-well microwell plates. Reaction mix-
tures, which included 2 uL of a 1:5 dilution of first-strand cDNA,
10 L of LightCycler 480 SYBR Green 1 Master (Roche Applied
Science), and each primer at a final concentration of 250nM, were
added to each microwell. Reactions were cycled at 95°C for 5
minutes, followed by 45 cycles of 95°C for 10 seconds, 60°C for 10
seconds, and 72°C for 10 seconds, with a ramp rate of 4.4°C per
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A Predicted acyl-CoA-binding protein domain
subcellular localization (ACBP) domain and ECI3 possesses

Eﬁ@ﬂl"‘ -PKL e a partial ACBD domain (Figure 1A).
M ACBD2/ECI2/PECI - Isoform A The presence of both ACBP and
m PKL  p ECH domains in one protein have
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E AKL o names, such as ACBD2 or ECI2 or

ECI3 - PECI (as peroxisomal ECI), respec-

. | - tively (20, 21). The ACBD2/ECI2
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* 60
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genome are closely related to ACBD2/
ECI2 (Figure 1A). Among the 4 pro-
78 teins, both ACBD2/ECI2 isoform A
and ECI1 have an N-terminal mito-

80

mEci3 2 .

hACBD2/ECI2-isol 80 chondrial target sequence (M; prese-

hACBD2/ECI2-is02 50 quence), whereas all 3 proteins
(except ECI1) possess a C-terminal

C N 380 PTS1 sequence: —PKL or one con-

mACBD2 /ECI2-ISOA : AVNAEEC 3 CINA T MEF VERKEE 1 391 servative variant (P to the alanine,

MhcRgc/ECT2Ta0B G- MPRE[Y A KENIR N F A : gig A): —AKL (Figure 1A). Deduced
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hACBD2/ECI2-isol :
hACBD2/ECI2-1s02

LOE
LOE

Figure 1. Domain structures, isoforms, and sequence alignments of ACBD2/ECI2 proteins and
their closely related proteins. A, Comparison of the domain structures of ACBD2/ECI2, ECI3, and
ECI1/DCl proteins. Potential mitochondrial targeting sequence or presequence (M) and putative
PTS1s (P) are shown; the P sequences are indicated as —PKL (—Pro-Lys-Leu-COOH) and —AKL
(—Ala-Lys-Leu-COOH). ECH catalyzes the hydration of 2-transenoyl-CoA into 3-hydroxyacyl-CoA.
DCl, dodecenoyl-CoA isomerase as an alias for ECI1. B, Sequence alignment of the N termini of
ACBD2/ECI2 isoforms and ECI3 proteins from mouse (m) and human (h). The putative
mitochondrial presequences (M) are indicated for both human and mouse ACBD2/ECI2 isoform
A (MACBD2/ECI2-IsoA and hACBD2/ECI2-Iso1). C, Sequence alignment of the C termini of
ACBD2/ECI2 isoforms and ECI3 proteins as shown in B. The PTS1 (P) is indicated with a red box.

second, 2.2°C per second, and 4.4°C per second, respectively.
Melting curve analysis was performed by 1 cycle of 95°C for 5
seconds, 65°C for 1 minute, 97°C for 0 seconds, and then 1 cycle of
cooling at 40°C for 30 seconds. Results were analyzed using Light-
Cycler 480 software (release 1.5.9; Roche Applied Science). Final
PCR amplicons were also cloned into the pGEM-T easy vector
(Promega) for sequencing at McGill University and the Genome
Quebec Innovation Centre.

Results

ACBD2/ECI2 protein identity, molecular evolution,
and functional gene expression profiling
ACBD2/ECI2 belongs to the ECI protein family, where
all the members share a functional conserved ECI/ECH
domain, but the ACBD2/ECI2 protein has an N-terminal

1 394 amino acid sequence alignments
STot (:P)364 from both the N and C termini of

mouse and human ACBD2/ECI2, as
well as of ECI3, indicate that the
ACBD2/ECI2 protein isoform A
possesses a conserved presequence,
but the rest have a PTS1 sequence at
their C terminus, which falls within
the generic PTS1 pattern in the eu-
karyotic linear motif resource for all
eukaryotes: [SAPTC][KRH][LMFI|$
(http:/felm.eu.org/elms/elmPages/TRG_
PTS1.html) (Figure 1, B and C). The biological significance of
the ACBD2/ECI2 isoform A with dual targeting properties has
not yet been explored.

Because there is functional redundancy between ECI2
and ECI1 in unsaturated fatty acid oxidation, it is neces-
sary to present a comprehensible view of this protein
and its functional relationship to other members of ECI
proteins. We systematically analyzed the phylogeny of
ECI and other related gene families, as well as their re-
ported subcellular localization (24). Phylogenetic se-
quence analysis indicates that ACBD2/ECI2 represents a
separate gene family from other related genes, such as
mitochondrial ECH short-chain 1, peroxisomal ECHI1,
and ECI1, with the bootstrap support values over 50%, a
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statistical approach to estimate resampling distribution
(Supplemental Figure 1). Genome-wide analyses indeed
supported this concept, indicating that the Acbd2/Eci2
gene can be traced down to bacterial enoyl-CoA hydro-
lases, and its closest domain sequence is the ECH in mam-
malian testis-specific chromodomain Y-like proteins, in-
stead of the ECH domain of ECI1. Even though there is
such a divergence between the ECH domains from
ACBD2/ECI2 and ECI1, previous mouse gene disruption
studies proposed that these domains are functionally
complementary (23, 24). Sequence alignment and 3-di-
mensional mapping of important residues between these
2 protein families showed the conserved functional resi-
dues in isomerase, but with a slight shift in the alignment
that may reflect the preference of favorable substrates,
such as long-chain fatty acids or medium-chain fatty acids
within each subcellular niche (such as peroxisomes or
mitochondria) (data not shown).

To identify the biological function of the Acbd2/Eci2
gene relevant to our research focus on Leydig cell steroid
biosynthesis, we used the Molecular Signatures Database
(www.broadinstitute.org/gsea) and previously published
Rat Genome 230 2.0 Array dataset probed with RNAs
from rat Leydig cells isolated at different stages during
development (GEO, GSE26703). We performed a GSEA
and found that the fatty acid metabolism pathway was
enriched during Leydig cell development, because it was
present on the top ranking where the Acbd2/Eci2, Ecil,
and Echs1 genes are found within the same gene set; they
were found with increased transcriptional expression
during the developmental process from stem to adult Ley-
dig cells (Supplemental Figure 2) (46). All 3 probes used
for the Acbd2/Eci2 gene in this microarray platform
were up-regulated during this process, as well as under
the hormone treatment of the MA-10 mouse tumor
Leydig cells; this is a well-established cell model for
studying the cellular and molecular mechanisms of ste-
roidogenesis (47).

mRNA varieties encoding ACBD2/ECI2 protein
isoform(s) via alternative splice site selection

To further investigate the different features of the 3
known mRNA transcript varieties of the Acbd2/Eci2 gene
that encode protein isoforms A and B, we adapted iso-
form-specific primers to amplify the corresponding por-
tions of the gene. Surprisingly, in addition to the 3 known
Acbd2/Eci2 mRNA transcripts (A, B, and C), sequencing
of PCR amplicons generated using each transcript’s vari-
ety-specific primer showed the presence of 3 additional
new transcript varieties in the MA-10 cells, which were
designated as transcript varieties D, E, and F (Figure 2A).
It seems that mRNA transcript varieties D, E, and F, as
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Figure 2. Identification of new varieties of Acbd2/Eci2 mRNA
sequences from gene-specific PCR, Sanger sequencing, and genomic
mapping. A, Highlight of the genomic region from Exon 1 to Exon 2 of
the Acbd2/Eci2 gene, with 6 sequence varieties of Acbd2/Eci2
transcripts from this genomic locus. Isoforms A, B, and C are the same
sequence varieties as reported in GenBank (NM_001110331,
NM_011868, and NR_073427, respectively), and 3 additional new
sequence varieties found in MA-10 cells are presented as D, E, and F.
First ATG and alternative second ATG (red bar), as well as alternative
3’-end of Exon 1 (E1-3’) and 5’-end of Exon 2 (E2-5’) splicing, are
indicated with dotted lines. Gene-specific PCRs, either R/F or R'/F, for
amplification of the portion between Exon 1 and Exon 2 are shown in
the agarose gel photography (indel). M, 1 Kb plus DNA ladder
(Invitrogen). Arrows indicate the PCR amplicons. B, Sequence
chromatograms of Acbd2/Eci2 mRNA varieties are shown as VA, VB,
and VC, the 3 previously identified Acbd2/Eci2 transcripts, which were
further confirmed by sequence variety-specific PCRs; VD, VE, and VF
represent the 3 additional, newly identified mRNA varieties. The red
dotted rectangular square indicates the specific sequence,
TGTCCTGCAG, that was missed from other sequence varieties. The
red arrow indicates the site that misses 10 base sequence that is
present in VA, VB, VD, and VE.

well as B and C, use the second ATG as the start codon
for translation. Only the transcript variety A, encoding
protein isoform A, utilizes the first ATG as a start
codon, leading to an extended 5’-end sequence encod-
ing the N-terminal mitochondrial targeting prese-
quence (Figure 2B).
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Transcriptional response to dbcAMP and immunoflu-
orescent staining of endogenous peroxisomal ACBD2/
ECI2 protein and its relationship to mitochondria

Given that Acbd2/Eci2 has at least 3 known mRNA
sequence varieties, we performed an isoform-specific
melting curve analysis to distinguish which sequence va-
riety is responsive to hormone treatment in MA-10 cells.
The results obtained showed that the mRNA encoding the
protein isoform A appears after 2 hours of treatment with
the cAMP analog, dbcAMP, and after 10 hours without
any treatment (Figure 3A). Because the slightest differ-
ence among the 3 Acbd2/Eci2 mRNA varieties is only a
10 base deletion between 2 of the sequence varieties,
which leads the first start codon to shift to the second
available ATG, it results in the loss of the N-terminal
presequence (Figure 2). The Acbd2/Eci2 mRNA, with a

>

Derivative

6hr 10h

Control

1 mM dbcAMP, [
2hr

press.endocrine.org/journal/mend 769

few base sequence insertions, encodes the isoform A with
a mitochondrial presequence. This phenomenon is appar-
ently a result of alterative splice site selection (Figure 2).

To examine the subcellular distribution of the endog-
enous protein ACBD2/ECI2 proteins between mitochon-
dria and peroxisomes in MA-10 cells, we used a goat
anti-ACBD2/ECI2 polyclonal antibody in immunofluo-
rescent staining to show that endogenous peroxisomal
ACBD2/ECI2 was less colocalized with mitochondrial
staining in MA-10 cells (Figure 3, B and C), but the mi-
tochondrial colocalization was significantly increased in
response to dbcAMP treatment (Figure 3, D and E). To
validate the immunofluorescent staining of the endoge-
nous proteins, we used gene-specific siRNA to knock-
down the transcription of Acbd2/Eci2 mRNA and used
the control siRNA as negative control. The results ob-

Control siRNA
1 mM dbcAMP, 2 hr

Acbd2/Eci2 siRNA
1 mM dbcAMP, 2 hr

Mitochondria
without ACBD2-A

®
o0
P M0 g1 mM dbcAMP,
hr

2% 2
O
>°

n

pr Mz,
Mitochondria
with ACBD2-A

Figure 3. Emergence of Acbd2/Eci2 variant A after dbcAMP treatment detected by melting curve analysis and its confirmation by

immunofluorescence assay of endogenous ACBD2/ECI2 proteins. A, Melting curve profiles of each Acbd2/Eci2 mRNA isoform from different pools
of mMRNAs in MA-10 Leydig tumor cells. mRNAs were collected at 2, 6, or 10 hours after treatment with TmM dbcAMP. Fluorescence (derivative
reporter, —Rn) on the y-axis was plotted against temperature (°C) on the x-axis. The higher melting temperature corresponds to the longer size
and higher GC% of PCR products, which then determines the isoforms. VA, VB, and VC correspond to the Acbd2/Eci2 mRNA varieties: A, B, and
C, respectively. B and C, An immunocytofluorescence assay of ACBD2/ECI2 protein(s) in MA-10 cells before dbcAMP treatment. ACBD2/ECI2
proteins (green, by and large the isoform B) were detected in MA-10 cells by goat anti-PECI antibodies, which were imaged with secondary Alexa
Fluor 488 donkey antigoat IgG (H+L) antibody. DAPI (blue) and MitoTracker CMXRos (red) were used as nuclear and mitochondria
counterstaining, respectively. A highlighted region from the assay is shown in C, where the 2 separated channels (green and red) are shown on
the right. D and E, An immunocytofluorescence assay of ACBD2/ECI2 protein(s) in MA-10 cells after docAMP treatment. ACBD2/ECI2 proteins
(green, by and large the isoform B; yellow, the isoform A, the only form can be overlapped with mitochondrial staining) were detected in MA-10
cells by goat anti-PECI antibodies, which were imaged with secondary Alexa Fluor 488 donkey antigoat IgG (H+L) antibody. DAPI (blue) and
MitoTracker CMXRos (red) were used as nuclear and mitochondria counterstaining, respectively. A highlighted region from the assay is shown in E,
where the 2 separated channels (green and red) are shown on the right. Images were recorded using FV10-ASW 3.1 Viewer. P, peroxisomes; M,
mitochondria. Scale bar, 5 um. F and G, Knockdown of endogenous Acbd2/Eci2 mRNA using control siRNAs (F) or Acbd2/Eci2-specific SIRNAs (G)
after dbcAMP treatment. Inset, The magnified area within the cell showing the colocalization of the anti-ACBD2/ECI2 protein (green) and
MitoTracker CMXRos staining (red). The staining conditions are the same as shown in B-E. H, Correlation of immunocytofluorescent staining of
ACBD2/ECI2 proteins in green with mitochondria in red. Rr values are close to 0.4 after the dbcAMP treatment, which is significantly higher than
that of the control. Statistical analysis was performed using Student’s t test; *, P < .05; n = 6. |, A diagram indicates the association of
peroxisomal ACBD2/ECI2-isoforms B or B/A to mitochondria via peroxisomes (P) or P* before and after docAMP stimulation. TOMM20,
presequence recognition by the OMM receptor subunit.
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tained showed a dramatic reduction in the immunostain-
ing of ACBD2/ECI2 proteins in contrast to that seen after
treatment of the cells with control siRNA (Figure 3, F and
G). Furthermore, we found that Rr analysis before and
after the dbcAMP stimulation demonstrated the statisti-
cal significance of the colocalization between green/red
channels (Figure 3H). These findings indicate that more
ACBD2/ECI2 proteins were transported into the mito-
chondria of MA-10 cell in response to dbcAMP treat-
ment; it is noteworthy that the only the ACBD2/ECI2
isoform A is capable of moving into mitochondria
because of its N-terminal presequence (Figure 3I). This
hypothesis was further validated using confocal laser-
scanning microscopy for live-cell imaging and “In-cell
co-IP” in 2 different Leydig cell lines MA-10 and mLTC1.

ACBD2/ECI2 protein targeting to peroxisomes
and/or mitochondria

To determine whether and how ACBD2/ECI2 targets
peroxisomes and/or mitochondria in MA-10 Leydig cells,
we constructed 6 plasmids encoding ACBD2/ECI2-
DsRed, ECI1-DsRed, ECI3-DsRed, DsRed-ACBD2/ECI2,
DsRed-ECI1, and DsRed-ECI3, where the DsRed is a
monomer red fluorescent protein designed against pro-
tein aggregation and 2 parallel control proteins, namely
mitochondrial matrix protein ECI1 and the peroxisomal
matrix protein ECI3 (Supplemental Table 1). Moreover,
to avoid artifacts that may be generated when cotrans-
fecting 2 plasmids simultaneously likely leads one protein
affects another protein’s subcellular targeting, we estab-
lished a stable cell line that constitutively expresses mito-
chondrial roGFP, the Mito-H cell line, derived from
MA-10 mouse Leydig cells (Supplemental Figure 3, A-E).
Mito-H cells, generated by MA-10 cell transfection with
roGFP, and cell sorting with the highest excitation at 474
nm, were then characterized as having high potential for
steroid biosynthesis, likely due to its different redox sub-
cellular environment (Supplemental Figure 3F).

To avoid the nonspecific signals in immunofluorescent
staining of either the peroxisomal or mitochondrial ma-
trix soluble proteins, we adapted live-cell imaging and
confocal microscopy throughout this study that is less
prone to be affected by experimental artifacts (48, 49).
The typical plasmid constructs used in this study are
shown in Figure 4A, where the protein under investiga-
tion was tagged with either a C- or N-terminal DsRed-
monomer fluorescent protein, which apparently blocks
its either N-terminal or C-terminal functional signal se-
quence, if there is any. We found that DsRed-ACBD2/
ECI2 targets peroxisomes, using peroxisomal membrane
protein marker AmCyan-PEX113, which indicates that
the C-terminal PST1 of ACBD2/ECI2, —Pro-Lys-Leu-
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COOH, functionally directs the protein into the peroxi-
somal matrix (Figure 4B), which is likely with the assis-
tance of the PTS receptor PEXS as previously reported
(50, 51). In comparison with mitochondria, the DsRed-
ACBD2/ECI2 containing peroxisomes are approaching
the mitochondria and seem prone to penetrate the mito-
chondria (Figure 4C). In case of the ACBD2/ECI2 fused
with a C-terminal DsRed tag, ACBD2/ECI2-DsRed re-
markably targets to mitochondria by its predicted N-ter-
minal mitochondrial targeting sequence (specifically,
presequence) (Figure 4D), which is in assistance with the
mitochondrial import receptor TOMM?20 (52).

Similar subcellular localizations were observed with 2
control proteins: mitochondrial matrix protein ECI1 with
an N-terminal presequence and peroxisomal matrix ECI3
with a C-terminal PST1 (Supplemental Figure 4, A-D),
where ECI1-DsRed localized to mitochondria and ECI3-
DsRed was in cytosol (Supplemental Figure 1, A and B).
In contrast, DsRed-ECI1 with a blocked N-terminal pre-
sequence was in cytosol, whereas DsRed-ECI3 localized
in peroxisomes because of its C-terminal PTS1-Ala-Lys-
Leu-COOH tail (Supplemental Figure 4, C and D). These
data suggest that the C-terminal tag blocked the access of
the PTS1 receptor PEXS, whereas the N-terminal tag lim-
ited the access of its N-terminal presequence via
TOMM20. Similar results were obtained using the
mLTC1 mouse Leydig cell line where the DsRed-ACBD2/
ECI2 (isoform B) was localized in peroxisomes and
ACBD2/ECI2-DsRed (with blocked PTS1) was localized
in mitochondria (Supplemental Figures 5 and 6).

Of the most interesting observation, the N-terminal
presequence of DsRed-ACBD2/ECI2 is sufficiently potent
to permit its translocation close to the mitochondria, even
under the blockage effect induced by DsRed tag (Figure
5). These findings provide a tool to visualize the interac-
tions of the organelles, such as the increased contacts or
fusions after dbcAMP stimulation in MA-10 cells. To
analyze the colocalization between DsRed-ACBD2/ECI2
containing peroxisomes and mitochondria, we trans-
fected Mito-H cells with plasmid DsRed-ACBD2/ECI2.
Confocal live-cell images were collected from the 2
groups with or without dbcAMP treatment, and the co-
localized pixels between the green and red channels were
highlighted using FV10-ASW software (version 3.1;
Olympus). We found that dbcAMP treatment signifi-
cantly increased the numbers of peroxisome-mitochon-
dria contact sites or fusions, revealed by the colocaliza-
tion pixels (Figure 5B), whereas the phenomenon was not
observed with other 2 control proteins: DsRed-ECI1 and
DsRed-ECI3 (Supplemental Figure 4, C and D). The
quantification of green and red colocalized puncta that
reflect the 2 organelles’ contacts in the processed images
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DSR"" DsRed-ACBD2/ECI2
PKL\%

DsRed

"" ACBD2/ECI2-DsRed

Figure 4. Subcellular targeting of ACBD2/ECI2 revealed by fluorescence live-cell imaging with
confocal laser microscopy. A, Schematic diagrams of representative plasmid constructs DsRed-
ACBD2/ECI2 and ACBD2/ECI2-DsRed used for live-cell imaging. The open reading frame of
ACBD2/ECI2 was fused to either N terminus or C terminus of DsRed-monomer fluorescent
protein (DsRed). M, mitochondrial presequence; —PKL, PTS1 signal sequence. B, Peroxisomal
localization of DsRed-ACBD2/ECI2 fusion protein (red). AmCyan-PEX11, peroxisomal membrane
marker (green). PEX11p, a peroxisomal integral membrane protein 118. Hoechst 33342, nuclei
(blue). Scale bar, 2 um. Magnified area is highlighted in right panel, where peroxisomal
localization of DsRed-ACBD2/ECI2 is shown as yellow/red; and a diagram below indicates the
peroxisomal location of ACBD2/ECI2. P, peroxisomes. M, mitochondria. C, Mitochondrial
attachment of peroxisomal DsRed-ACBD2/ECI2 (red). Mito-roGFP was used as mitochondrial
matrix marker in Mito-H cells (green). Hoechst 33342, nuclei (blue). Scale bar, 2 um. Magnified
region is shown in the right panel, and a diagram indicates the mitochondrial attachment of
DsRed-ACBD2/ECI2. Colocalization between red and green, yellow. D, Mitochondrial localization
of ACBD2/ECI2-DsRed fusion protein (Red). Mito-roGFP, mitochondrial matrix marker (green).
Hoechst 33342, nuclei (blue). Scale bar, 2 um. Magnification of the overlap between red/green
channels is shown in the right panel, and a diagram indicates the mitochondrial localization of
ACBD2/ECI2-DsRed.
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was performed using Image] soft-
ware (V. 1.47;; NIH) (Figure 5, C
and D). To corroborate and validate
our observation, we adapted
Duolink, the In-cell co-IP assay to
assess the interaction between the per-
oxisomal ACBD2/ECI2 (note that only
the isoform A has potential mito-
chondrial targeting) and the OMM
marker protein TOMM?20. The pos-
itive  PLA signals revealed the
interaction between ACBD2 and
TOMM20, suggesting the dynamic
interplay between peroxisomes and
mitochondria. These data were fur-
ther validated using a different Ley-
dig cell line, mLTC1, as shown in
Supplemental Figure 7. The in-
creased peroxisome-mitochondria
interactions after dbcAMP stimula-
tion may reflect their coordinated
function in the metabolism of fatty
acids, removal of reactive oxygen
species/superoxide radicals, and ste-
roid biosynthesis (1, 53) (Figure 35,
E-H).

A peroxisome-like structure, the
“peroxisomal cargo” (P*), carrying
PTS1 proteins while approaching
mitochondria

To mimic the endogenous do-
main structure of ACBD2/ECI2, we
constructed a new plasmid, mito-
DsRed-ACBD2/ECI2, that produces
a protein with a structure similar to
its native protein, where the N-ter-
minal presequence of ACBD2/ECI2
was moved from its native position
to be in front of the DsRed tag, and
the C-terminal PTS1 remains un-
touched (Figure 6A). After transfec-
tion with this plasmid in Mito-H
cells, we observed interestingly that
the protein showed dual targeting to
both peroxisomes and mitochon-
dria, where the colocalization with
mito-roGFP (mitochondrial matrix
protein marker) indicates the mito-
chondrial localization of ACBD2/
ECI2, the colocalization with Am-
Cyan-PMP70 (peroxisomal membrane
protein marker) indicates the perox-
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Figure 5. Quantitative colocalization analysis of contact sites or “fusion” between peroxisomes and mitochondria in response to dbcAMP
revealed by DsRed-ACBD2/ECI2. A, A representative image of the cells showing the colocalization (white) of peroxisomal DsRed-ACBD2/ECI2 (red)
and mito-roGFP (green), as highlighted in insert. Arrows indicate the contact sites or fusions between the peroxisomes and mitochondria. Scale
bar, 10 um. B, Box-and-whiskers plots of the numbers of ACBD2/ECI2-mediated contact sites between peroxisomes and mitochondria before and
after dbcAMP treatment. The high-power image below the graph highlights an example of the quantified contact sites. Statistical analysis was
performed using a Mann-Whitney test (*, P < .05; n = 15 cells on single optical section). C and D, A scatterplot of red and green pixel intensities
of the image as shown in A. The scatterplot is split into 4 areas, quadrants (C). The upper-right quadrant represents pixels with high intensity levels
in both green and red, which can be used to calculate colocalization pixels from 2 channels: DsRed-ACBD2/ECI2 and Mito-roGFP as shown in D
and A. E and F, Colocalization between endogenous ACBD2/ECI2 (peroxisomes) and TOMM20 (mitochondria) visualized by the PLA Duolink-In-cell
co-IP (red) in cultures without (E) and at present of TmM dbcAMP for 2 hours (F). Inset, The magnified area to show the red blobs as the PLA
signals. G, Bar graphs of the quantification of colocalized ACBD2/ECI2 and TOMM20 puncta or contact sites revealed before and after 1TmM
dbcAMP treatment. Mean = SD; ***, Student's t test, P < .001; n = 291 (control) and n = 220 (TmM dbcAMP). H, A diagram of PLA between
ACBD2/ECI2 and TOMM20. ACBD2/ECI2-A appeared in response to dbcAMP treatment as the N-terminal presequence that binds to the OMM

receptor TOMM20. Anti-ACBD2 and anti-TOMM20mantibodis are indicated. PLA, red dots; P, peroxisomes; M, mitochondria.

isomal localization, and apparently some proteins present
in-between the mitochondria and the peroxisomes with
no colocalization with PMP70 that was estimated from a
total fluorescence intensity using mitochondrial and per-
oxisomal staining for the ROI (region-of-interest) calcu-
lation (Figure 6, B-D). These data strongly suggest that in
MA-10 cells the native ACBD2/ECI2 protein not only
localizes in the peroxisomes (Figure 6B), but it also local-
izes in the mitochondria (Figure 6C); in addition, a prom-
inent amount of protein was found between the peroxi-
somes and mitochondria and it seems that it is in an
ongoing “tug of war” between these 2 organelles viewed
as the mito-DsRed-ACBD2/ECI2 protein which may in-
volve the 2 matrix protein complex transporters: PEX5
and TOMM20 (see below), where the strong solid red
fluorescence indicates the protein localization outside the
mitochondria (labeled as P*), the weak cristae-like fluo-
rescence indicates its localization inside the mitochondria
(labeled as M), and the asymmetric localization of mito-
DsRed-ACBD2/ECI2 (red) with AmCyan-mPMP70
(green) (labeled as P) indicates that mito-DsRed-ACBD2/
ECI2 protein with the peroxisomes still associated with
mitochondrial targeting complex proteins (see below)
(Figure 6C). The percentage of total fluorescence intensity
per cell is 48 % in mitochondria, determined using roGFP
labeling, and 23% in peroxisomes, determined using
mPMP70 labeling, and the rest 29% found in the position

approaching mitochondria (P*) (Figure 6D), which was
not seen with the overexpression of the fluorescent tag
alone and with the 2 other control fluorescently tagged
proteins (Supplemental Figure 4; see below). Similar re-
sults were obtained using mLTC1 Leydig cells, where we
used a 3 colors system to visualize protein and organelle
localization: mito-DsRed-ACBD2/ECI2 (isoform A) seen
as red, peroxisomes (peroxisomal matrix protein AcGFP-
pero) seen as green, and mitochondria (mitochondrial
matrix protein mito-BFP) seen as blue (Supplemental Fig-
ure 8).

To further investigate whether and how the peroxi-
somal ACBD2/ECI2 is associated with mitochondria, we
did subcellular fractionation of the MA-10 cell whole-cell
lysates and immunoblot analysis (Figure 6E). Endoge-
nous ACBD2/ECI2 protein is strongly associated with the
mitochondrial fraction but weakly associated with perox-
isomal fraction, where the COX IV as mitochondrial
marker, SCPX as peroxisomal marker, and the GAPDH
as loading control. The ACBD2/ECI2-mitochondrial as-
sociation was confirmed by the colocalization data be-
tween the voltage-dependent anion-selective channel pro-
tein 1 (VDAC1) and ACBD2/ECI2 obtained with confocal
immunofluorescence imaging analysis (Figure 6F). The
dominant costaining of the VDAC1 and ACBD2/ECI2 was
seen as mitochondria shown as the large punctate struc-
tures, whereas some of the observed small punctate
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Figure 6. Reconstruction of native ACBD2/ECI2 protein isoform A. A, A diagram of the plasmid construct of mito-DsRed-ACBD2/ECI2, a mimic of
the native ACBD2/ECI2 protein structure, where both N and C termini are free. Two restriction enzymes used in the cloning are shown as Ncol and
BamHI. M, presequence; DsRed, DsRed-monomer fluorescent protein. B, Confocal laser microscopy live-cell imaging of mito-DsRed-ACBD2/ECI2
protein in Mito-H cells. Mito-DsRed-ACBD2/ECI2, red; Mito-roGFP, green indicating mitochondria; Hoechst (blue), nuclei. Higher magnification of a
partial image is shown in the right panel. P, peroxisomes; M, mitochondria. Scale bar, 2 um. C, Confocal laser microscopy live-cell image of mito-
DsRed-ACBD2/ECI2 protein (red) and peroxisomal membrane marker: AmCyan-mPMP70 (green), in Mito-H cells. Hoechst (blue), nuclei. Scale bar,
5 um. D, A pie chart depicting the representative quantitative analysis of the subcellular localization of mito-DsRed-ACBD2/ECI2 protein in a cell.
The fluorescence intensity of the protein in mitochondria (M) was determined to be 48% based on mito-roGFP labeling, 23% in peroxisomes (P)
based on mPMP70 labeling and 29% found between these 2 organelles (P*) determined as the ratio to the total fluorescence intensity per cell.
Left panel, An image extracted from B to show the mitochondrial mito-DsRed-ACBD2/ECI2. Right panel, An image extracted from C to show
the peroxisomal Mito-DsRed-ACBD2/ECI2. E, Immunoblot analysis of the endogenous ACBD2/ECI2 in the subcellular fractions of MA-10 cell
lysates. COX IV is used as an inner mitochondrial membrane marker protein (Mito); SCPX is used as peroxisomal marker (Pero); and GAPDH
as a whole-cell lysate-loading control. M, protein marker as indicated in kDa; Total, whole-cell lysate; Cyto, cytosol fractions; Mito,
mitochondrial-enriched fraction. F, Double immunofluorescent staining of endogenous ACBD2/ECI2 in MA-10 cells (in red) and VDAC1 (an
OMM marker; painted in green). Nucleus was also counterstained with DAPI (painted in green). The magnified partial staining is shown at

the right panel. Scale bar, 5 um.

dots may represent other subcellular compartments,
likely involving ER/mitochondria-associated mem-
branes (54).

To characterize the interorganellar distribution of
ACBD2/ECI2 between peroxisomes and mitochondria,
colocalization studies of mito-DsRed-ACBD2/ECI2 with
AmCyan-mPEX118 (peroxisomal membrane protein
marker) were performed in MA-10 cells. The results ob-
tained showed that the peroxisome-like structure lost the
peroxisomal integral membrane protein, PEX 11 (Figure
7A). However, it is colocalized partially with the Am-
Cyan-pero (peroxisomal matrix protein marker), indicat-
ing that the PTS1-targeting proteins can still be loaded
into the P* (Figure 7B). This phenomenon was not ob-
served using in the peroxisomal and mitochondrial dual-
targeting control protein, mito-DsRed-pero, where the
PEX11p as peroxisomal membrane protein marker and
mito-roGFP as mitochondrial matrix protein marker
(Figure 7, C and D). We believe that peroxisomes loaded
with ACBD2/ECI2 change their structure/composition

when approaching the mitochondria, as the P*, in the
interorganellar communication. It is likely that this find-
ing may represent an asymmetric distribution of ACBD2/
ECI2 in the peroxisomes, which likely be caused by the
competitive binding of peroxisomal receptor PEXS, of
mitochondrial receptor TOMM20, and/or other un-
known components involving in the ACBD2/ECI2
protein.

The association of ACBD2/ECI2 protein with the per-
oxisomal import receptor PEXS, the mitochondrial im-
port receptor subunit TOMM?20 and the PTS1 proteins
are illustrated as a tug of war as shown in Figure 8A,
where the PEXS binds the PTS1 signal of the peroxisomal
matrix proteins to assist the PTS1-protein peroxisomal
import, and TOMM20 assists the presequence-contain-
ing mitochondrial matrix proteins into the mitochondria
(55, 56). In both cases, the ACBD2/ECI2 protein involves
these 2 organelles’ matrix protein import receptor com-
plexes. Ectopic expression of TOMM20 leads to mito-
chondrial localization of the mito-DsRed-ACBD2/ECI2,
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Figure 7. Mito-DsRed-ACBD2/ECI2 mediated peroxisome-like structure, the P*. A, Colocalization analysis of mito-DsRed-ACBD2/ECI2 (red) with
the peroxisomal integral membrane protein AmCyan-mPEX118 (green). Hoechst (blue), nuclei. A magnified staining is shown in middle panel.

P, peroxisomes; P*, white arrow; M, mitochondria (dotted line). Scale bar, 2 um. A diagram in the right panel shows the relationship between
peroxisomes and mitochondria revealed by ACBD2/ECI2. Isolated peroxisomes (green) show that ACBD2/ECI2 (red) is inside the PEX118 or on one
side; the peroxisomes (red) associated with mitochondria are connected as P* via TOMM20. B, Colocalization analysis of mito-DsRed-ACBD2/ECI2
(red) with peroxisomal matrix protein AmCyan-pero (green). Hoechst (blue), nuclei. A magnified staining is shown in middle panel. P*, connected
to mitochondria; M, dotted line, indicated by ACBD/ECI2. Scale bar, 2 um. A diagram in the right panel shows the relationship between
peroxisomes and mitochondria revealed by ACBD2/ECI2. Isolated peroxisomes (green) show that ACBD2/ECI2 (red) is on one side of the organelle;
the peroxisomes (green) associated with mitochondria are connected as P* via TOMM20. C, Colocalization analysis of a dual-targeting control
protein, mito-DsRed-pero (red), with AmCyan-mPEX118 (green). Hoechst (blue), nuclei. A magnified staining is shown in middle panel. P, green/
yellow; M, red. Scale bar, 2 um. A diagram in the right panel shows that peroxisomes contain peroxisomal membrane protein PEX11p (green) and
matrix mito-DsRed-pero (red) located on one side of the organelle, whereas mitochondria contains only matrix mito-DsRed-pero (red).

D, Colocalization analysis of mito-DsRed-pero (red) with mitochondrial matrix protein Mito-roGFP (green). Hoechst (blue), nuclei. An enlarged
highlight is shown in middle panel. Scale bar, 2 um. A diagram in the right panel indicates that peroxisomes contain only matrix mito-DsRed-pero
(red), whereas mitochondria contain both matrix mito-DsRed-pero (red) and matrix Mito-roGFP (green).
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but not to the DsRed-ACBD2/ECI2, where it shows a
significant difference (P < .001) in Rr (Figure 8, B-D).
Knockdown of PEXS5 by siRNAs resulted in decreased
peroxisomal import, revealed by small peroxisomes with
significant less fluorescence intensity (Figure 8, E-G),
while leading to redistribution of mito-DsRed-ACBD2/
ECI2 from peroxisomes and P* to mitochondria (Figure
8, H-]). However, the control siRNA had no significant
effect on the redistribution of the dual-targeting protein
(Figure 8, K and M). It is of great interest that the 0.4 Rr
value obtained from the expression of artificial mito-
DsRed-ACBD2/ECI2 is similar to that observed with im-
munofluorescent staining of the endogenous peroxisomal
ACBD2/ECI2 (Figure 3H). Although the antibody used
recognizes all ACBD2/ECI2 isoforms, only the ACBD2/
ECI2 isoform A has the potential to be relocated to or
connected with mitochondria. Its biological significance
could have a wider implication, because the ACBD2/ECI2
isoform A was shown to be widely distributed in tissues/
organs other than those making steroids (Supplemental
Figure 9). Therefore, we believe that the mito-DsRed-

Figure 8. (Continued). sequence; TOMM20, mitochondrial import
receptor subunit; P, peroxisomes; M, mitochondria. B-D, Ectopic
express of TOMMZ20 (blue) has no effect on peroxisomal localization of
DsRed-ACBD2/ECI2 (red) (B) but leads to mitochondrial localization of
mitoDsRed-ACBD2/ECI2 (red) (C), with counterstaining of peroxisomes
using 70-kDa peroxisomal membrane protein-AmCyan-mPMP70
(green). Scale bar, 5 um. Rr from C is far from zero and is significantly
different from that in B, indicating the mitochondrial import of the
mito-DsRed-ACBD2/ECI2 protein (D). A diagram showing the
peroxisomal localization of DsRed-ACBD2/ECI2 and peroxisomal and
mitochondrial dual localizations of mito-DsRed-ACBD2/ECI2 is
indicated below each scatter plot. Statistical analysis was performed
using Student’s t test; ***, P < .001; n = 5. E-G, Knockdown of PEX5
using Pex5-specific siRNAs leads to less accumulation of
DsRed-ACBD2/ECI2 (peroxisomal matrix protein). The area of
peroxisomes before and after PEX5 knockdown was measured and the
PEX5 knockdown cells have significant low intensity and/or numbers.
Scale bar, 2 um. A diagram showing the peroxisomal localization of
DsRed-ACBD2/ECI2 and its decreased peroxisomal localizations under
the deficiency of PEX5 is indicated below each scatter plot. Statistical
analysis was performed using Student’s t test; ** P < .01; n = 5. H-J,
Knockdown of PEX5 using specific siRNAs validated from E-G leads to
the prevailing accumulation of the mito-DsRed-ACBD2/ECI2 in
mitochondria. The Rr values are close to 1 and significantly different
from that of control cells where P* can be formed, indicating the
mitochondrial localization of the mito-DsRed-ACBD2/ECI2 protein.
Scale bar, 2 um. A diagram showing the peroxisomal and
mitochondrial dual localizations of mito-DsRed-ACBD2/ECI2 and loss
of peroxisomal location under the deficiency of PEX5 is indicated
below each scatter plot. Statistical analysis was performed using
Student's t test; ***, P < .001; n = 5. K-M, Using control siRNAs
leads to no change of the subcellular distribution of mito-DsRed-ACBD2/
ECI2 protein, which is similar to the pattern from control cells in H. Scale
bar, 5 um. A diagram showing no change of the peroxisomal and
mitochondrial dual localizations of mito-DsRed-ACBD2/ECI2 using control
SiRNA is indicated below each scatter plot. Statistical analysis of the Rr
values was performed using Student's t test; P = .48; n = 9.

Mol Endocrinol, July 2016, 30(7):763-782

ACBD2/ECI2 could be used as a tool to monitor the
native protein behavior before and after the dbcAMP treat-
ment and its association with peroxisome-mitochondria in-
teractions in steroid biosynthesis in steroidogenic cells and
various metabolic pathways in nonsteroidogenic cells.

ACBD2/ECI2 mediated peroxisome-mitochondria
contacts lead to increased steroid formation

To further assess the biological significance of the
ACBD2/ECI2-mediated close contact between peroxisomes
and mitochondria, we constructed a series of plasmids that
encode the protein without the ACBP domain (No-Acbp),
and 3 control proteins such as the peroxisomal and mito-
chondrial dual-targeting matrix protein, mito-DsRed-pero
(DsRedc), peroxisomal DsRed-ACBD2/ECI2 (Pero), and
mitochondrial ACBD2/ECI2-DsRed (Mito), in addition to
the full protein mito-DsRed-ACBD2/ECI2 (isoform A) (Fig-
ure 9A). We then transfected each of them into Mito-H cells
and nontransfected cells were used as control; finally we
measured the progesterone formed in the media. Both ACBP
and ECH domains were found to be required for ACBD2/
ECI2 function in basal steroid biosynthesis, in addition to
their role in peroxisomes, mitochondria contacts (Figure
9B), and also the protein without the ACBP domain failed to
potentiate by 1.45-fold the dbcAMP maximally induced
progesterone formation in contrast to the mito-DsRed-
ACBD2/ECI2 which resembles the endogenous protein (Fig-
ure 9C). However, the expression of control protein DsRed
either in peroxisomes or in mitochondria or in both organ-
elles had no significant effect on steroid production (Figure
9, B and C).

Alternative splicing regulation controls the
subcellular localization of ACBD2-ECI2

Because only 1 of the 6 sequence varieties (at least) of
the Acbd2/Eci2 was identified to encode a protein with
potential dual targeting of both peroxisomes and mito-
chondria, and given that the rest encode a protein that
targets only peroxisomes, it is obvious that the phenom-
enon is initially controlled by a mechanism of active al-
ternative splicing regulation as previously reported in
fungi (57). The ACBD2/ECI2 isoform A targets both per-
oxisomes and mitochondria as illustrated with a diagram
and magnified confocal images in Figure 10. The mRNA
encoding this protein is controlled at the transcriptional
level via an alternative splicing site selection. This alter-
native splicing selection leads to the subcellular distribu-
tion of the protein(s) on dual targeting of the peroxisomes
and mitochondria via a P*, or at the peroxisomes, or at
the mitochondria alone under certain circumstances (Fig-
ure 10A). The dual-targeting feature of the ACBD2/
ECI2-A from unfolded nascent protein to mature protein
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and incomplete due to the lack of
precise information about this pro-
tein, hampering further exploration
into its biological significance. The

Mito-DsRed-ACBD2 (Isoform A)

Mito-DsRed-ACBD2-noACBD2 (No-Acbp)
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-PKL Acbd2/Eci2 gene encodes 2 protein
isoforms: A and B, and there is no an-
ti-ACBD2/ECI2 isoform-specific anti-

-PKL body available to distinguish these 2

isoforms. In addition, immunostain-
ing of endogenous soluble matrix pro-
teins would likely misidentify the sub-
cellular localization of the ACBD2/
ECI2 isoforms due to the technical
limitations of immunolabeling (49).
However, these limitations could be
overcome by live-cell imaging where
no diffusion through the membrane
permeabilization occurs (49).

Recent reports on the functional
redundancy in the oxidation of un-
saturated fatty acids between the
Acbd2/Eci2 and Ecil, generated
from knockdown and/or knockout
mice, could be properly interpreted
now by the characterization of pro-
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Figure 9.

packed as P*, which involves the 2 organelle matrix pro-
tein import receptor complexes PEXS and TOMM?20,
plays a role in MA-10 steroidogenesis via its contact be-
tween the peroxisomes and mitochondria (Figure 10B).

Discussion

Functional complementarity between ACBD2/ECI2
and ECI1 via the subcellular redistribution of
ACBD2/ECI2 isoform A

Current knowledge about the cellular localization and
function of the ACBD2/ECI2 protein has been confusing

Increased steroid production under the ectopic expression of native ACBD2/ECI2
protein isoforms A. A, Diagrams of 5 plasmid constructs were used in this study. Each plasmid
name is shown with an abbreviation in the brackets and also in the bar graphs (B and C). DsRed,
DsRed-monomer fluorescent protein; M, mitochondrial presequence; —PKL, the PTS1 peptide
sequence. B and C, Measurement of progesterone release from the Mito-H cells at the basal level
(B) and 2 hours after dbcAMP treatment (C). Bar graphs represent the progesterone
measurement (ng/mL protein) in Mito-H cells transfected with different plasmids: mitoHc,
control; DsRedc, mito-DsRed-pero plasmid as vector control; Mito-DsRed-Acbd2, mito-DsRed-
ACBD2/ECI2 plasmid; No-Acbp, mito-DsRed-ACBD2/ECI2 without ACBP domain; Pero, DsRed
with a C-terminal peroxisomal targeting; Mito, DsRed with an N-terminal mitochondrial targeting
sequence. Data are shown as the mean = SD from 4 independent experiments performed in
triplicate. Statistical analysis was performed using Student’s t tests; *, P < .05; **, P< .01; n = 4.

tein isoform identity, domain struc-
ture, sequence similarity, subcellular
compartments, as well as by the
ACBD/ECI2-mediated interorgan-
elle interplay. Although the ECH
domain in ECI1 is evolutionarily
distantly related to the one in
ACBD2/ECI2, it may share the same
and/or similar cellular functions
within different subcellular com-
partments. It is noteworthy that all
the ECH domains belong to the low-
similarity isomerase/hydratase or
crotonase superfamily (58, 59).
Among the various isoforms of
ACBD2/ECI2, the isoform A under certain conditions (for ex-
ample, cAMP stimulation) can be formed via alternative splic-
ing, and then moved/transported into the mitochondria in a
form of P* via its presequence (60) and its PTS1 tripeptide.
Therefore, the role of each protein may be determined by
specific subcellular segregation; the ECI1 is a mitochondrial-
targeting protein, both ECI3 and ACBD2/ECI2 isoform B
are peroxisomal-targeting proteins, and ACBD2/ECI2 iso-
form A is either a peroxisomal- or mitochondrial-targeting
protein, leading to the formation of a peroxisomal “cargo”
consisting of the 2 peroxisomal and mitochondrial matrix
transport complexes in tethering between these 2 organelles.
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Subcellular localization of ACBD2/ECI2 determined by
alternative splicing site selection
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Figure 10. Subcellular targeting of ACBD2/ECI2 determined by alternative splicing receptor site selection. A, A summary diagram of the protein
subcellular targeting via the alternative autosplicing site selection, as well as a representative image to show P*, peroxisomes (contact site), and
mitochondria viewed by fluorescent ACBD2/ECI fusion protein (red). Three different mature mRNAs lead to different protein transport pathways:
an ACBD2/ECI2-mediated dual-targeting pathway to both the mitochondria and peroxisomes at the same time via a competitive binding
mechanism between PEX5 and TMM20/HSP70, resulting in close contact between the 2 organelles left panel); folded peroxisomal matrix protein(s)
targeting to peroxisomes via PTS1 receptor PEX5 (middle panel); and unfolded mitochondrial matrix protein(s) targeting the mitochondria via the
mitochondrial import receptor complex, TOMM20/HSP70 (right panel). The dotted line in the diagram indicates an artificial transcript fused with a
fluorescence tag (a pink oval) at its 3'-end of —PKL. The corresponding representative highly magnified confocal image supporting each proposed
model is shown underneath each panel. Detailed distribution of the dual targeting protein between the peroxisome-like structure and
mitochondria is highlighted in a single red channel. Scale bar, 1 um. M, mitochondria; P, peroxisomes; MTS, mitochondrial targeting signal; —PKL,
the potential PTS1 sequence in ACBD2/ECI2 protein; HSP70, 70-kDa chaperone heat shock protein; PEX5, PTS1 receptor. B, A schematic diagram
of the P* mediated by ACBD2/ECI2 via PEX5 (gray dot) and TOMM20 (blue) in approaching the mitochondria. Red spots within peroxisomes,

P*, or mitochondria represent the mitochondrial and peroxisomal dual-targeting protein, ACBD2/ECI2. MTS, MTS with positively charged amino
acids (+++); —PKL, the potential PTS1 sequence of ACBD2/ECI2.

The finding that each one of these proteins has a distinct
subcellular organelle localization is in agreement with the
phenotype observed in the knockdown of Acbd2/Eci2 in
Ecil-deficient fibroblasts and under the presence of a third
paralogous Eci3 gene in the mouse genome (24). Thus, func-
tional redundancy between ECI1 and ACBD2/ECI2 isoform
A in mitochondria, and the same holds true for ECI3 and
ACBD2/ECI2 isoform B in peroxisomes, will set up the basis

upon which to interpret previous genetic studies in mice, and
to guide further experimental design in animal models.

Functional relationship of the Acbd2/Eci2 gene to
steroid biosynthesis and lipid metabolism during
Leydig cell development

During Leydig cell development, the transcription ex-
pression profiles of steroidogenic genes are dramatically
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up-regulated, as we expected from several previous re-
ports about the role of Leydig cells in steroidogenesis (46,
61-63). In addition, fatty acid metabolism-related gene
expression, including Acbd2/Eci2 and Ecil, is also up-
regulated, which is related to the B-oxidation of fatty
acids during Leydig cell development. Our observation is
consistent with the disappearance of lipid droplets in
morphology from the conversion of immature to adult
Leydig cells (62, 64). Considering that one of the main
sources of cholesterol used for steroid biosynthesis stems
from esterified cholesterol where a fatty acid must be
metabolized accordingly during this process, we suppose
that ACBD2/ECI2 plays an import role during this pro-
cess (31). We have confirmed that ACBD2/ECI2 isoform
A has a subcellular response to the human chorionic
gonadotropin’s second messenger cAMP, which is tested
here using its analog dbcAMP. This phenomenon is actu-
ally reflected in the increased functional interplay be-
tween the peroxisomes and mitochondria after cAMP
stimulation.

Peroxisome-mitochondria contacts in response
to dbcAMP treatment and it significance in
steroid biosynthesis

Several reports showed the functional relationship be-
tween peroxisomes and mitochondria in mammalian
cells, but few are on their close contact yet (1, 11, 65).
This interorganelle association between peroxisomes and
mitochondria was previously observed in the electron mi-
crographs of rat Leydig cells treated with gonadotropin
LH, where 3—4 organelle fusions were shown in each cell
(66). Additionally, few examples of morphological con-
nection between peroxisomes and mitochondria have
been presented in low eukaryotic organisms, such as fis-
sion unicellular yeasts and green algae (67, 68). Regard-
less of its morphology, an unknown mechanism underly-
ing this phenomenon remains. So far, we only know a
1-way connection from the mitochondria to the peroxi-
somes via mitochondria-derived vesicles (11, 69-71).
However, during the B-oxidation of very long-chain fatty
acids and other substrate metabolism, 2-way communi-
cation between the peroxisomes to the mitochondria is
essential because the final product of peroxisomal B-ox-
idation is octanoyl-coenzyme A, which is a preferred sub-
strate of mitochondrial B-oxidation enzymes, such as
ECI1, for the further production of acetyl-CoA in the
citric acid cycle (72). Aging-related reduced production of
testosterone in Leydig cells is likely due to changes in
intracellular processing and metabolism of cholesteryl es-
ters as well as cholesterol trafficking into mitochondria
and availability for steroidogenesis (73, 74). Considering
that the amount of the steroidogenic substrate cholesterol

press.endocrine.org/journal/mend 779

available is rate-limiting, but not the enzymes CYP11A1
and 3B-hydroxysteroid dehydrogenase responsible for its
metabolism of cholesterol to pregnenolone and then pro-
gesterone, the increased progesterone could reflect the
amount of cholesterol transported into mitochondria and
thus available for steroid formation (29, 41). Therefore,
ACBD2/ECI2 likely plays a role and/or assists in supply-
ing cholesterol used for steroid biosynthesis. Additional
accumulated evidence so far has shown the close func-
tional contact/relationship between peroxisomes and mi-
tochondria, and even the physical contact between these 2
organelles has been proposed diagrammatically in a re-
cent review. Nevertheless, those are mostly derived from
the studies in unicellular yeasts (65). Considering that the
yeast ortholog of ACBD2/ECI2 has no N-terminal prese-
quence, our report here provides a valuable tool in re-
viewing the physical contact between peroxisomes and
mitochondria, implying that it plays an essential role in
the striking close relationship between peroxisomes and
mitochondria in mammals.

The tug of war between peroxisomes and
mitochondria involves a peroxisome-like structure,
the P*

In addition to the fact that both the ACBP- and ECH-
domains of ACBD2/ECI2 are required for basal and db-
cAMP-induced steroid biosynthesis via a close contact
between the peroxisomes and the mitochondria, the na-
tive domain structure of ACBD2/ECI2 is required for
tethering of the P* to mitochondria, which differs from
the previously described juxtaposed elongated peroxi-
some-like structures, which mediates the effect of PEX11s
in membrane tabulation (75). Both PEX1183 and PMP70
are not present in the membrane of the P* that may rep-
resent a different form of peroxisomes (35). The live-cell
imaging of fluorescently tagged proteins could reflect the
endogenous proteins revealed by subcellular compart-
mentation of native ACBD2/ECI2 from immunofluores-
cence, even though the antibody cannot exclusively rec-
ognize the isoform A. In addition, both Rr values in the
dbcAMP stimulation and in the ectopic expression of the
ACBD2/ECI2 protein, indicating that the endogenous
protein isoform A is inducible and plays a role in steroid
biosynthesis. Overall, these findings indicate that the P*
mediated by ACBD2/ECI2 plays an essential role in es-
tablishing 2-way communication between the peroxi-
somes and the mitochondria for lipid metabolism and
steroid synthesis.

Alternative splicing regulation controls
subcellular localization

Alternative splicing is a primary mechanism for con-
trolling gene expression in a tissue-specific manner, and it
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even expands the proteome (25, 76). The specific mRNA
species encoding ACBD2/ECI2 isoform A is responsive to
the dbcAMP treatment of the MA-10 Leydig cells. Only a
few examples of alternative splicing have been linked to
function (77-79). Although the N-terminal sequence of a
protein provides a variety of organelle-targeting signals,
no study has ever shown that alternative splicing deter-
mines protein targeting via the manipulation of organelle-
specific targeting sequences (80). Given that the only one
sequence variety encoding a full mitochondrial targeting
presequence in the ACBD2/ECI2 isoform A is a result of
“proper” alternative splicing, the rest of the transcripts
could be regarded as either over or less autospliced prod-
ucts with 10-bp deletion and/or the embracing of more
intron sequences, which leads to the reading frame shift-
ing at their 5'-ends. Such a minor disparity among the
transcript varieties could challenge the current ap-
proaches that are used to study its function in detail. The
knockdown of the endogenous Acbd2/Eci2 gene seems to
be an attractive approach when studying its biological
function of the protein(s), as performed previously (24),
but it is a challenge to perform this sort of study to target
one specific isoform with only a 10-bp difference from the
rest. However, the effect of gene knockdown can be ex-
amined by its unique mitochondrial localization of
ACBD2/ECI2 isoform A.

Our report suggests the existence of a molecular switch
at the transcriptional level that extends beyond the dual-
targeting of ACBD2/ECI2 in either the peroxisomes, mi-
tochondria, or both organelles. Several examples of dual-
targeting proteins by a similar mechanism have been
reported previously (81-88), but none of them is related
to peroxisomes/mitochondria. Moreover, previous large-
scale peroxisomal proteomic studies have provided more
likely peroxisomal and mitochondrial dual-targeting pro-
teins (Supplemental Table 2) (89), but whether any other
protein behaves in the same way as ACBD2/ECI2 remains
be determined.

Conclusions

Alternative splicing of Acbd2/Eci2 pre-mRNA creates an
N-terminal mitochondrial presequence to the peroxi-
somal ACBD/ECI2 protein and then leads a tug of war
between peroxisomes and mitochondria. Visualization of
the mito-ACBD2/ECI2 subcellular localization could
serve as a valuable tool for studying the live interorganelle
tethering between peroxisomes and mitochondria, and its
function in cholesterol transport into mitochondria and
steroidogenesis. The accordant relationship between the
interorganelle connection and cellular function is associ-

Mol Endocrinol, July 2016, 30(7):763-782

ated not only with both N-terminal mitochondrial prese-
quence and C-terminal PTS sequence of ACBD2/ECI2,
but also with 2 core domains: ECH and ACBP, of the
protein. The ACBD2/ECI2 structural and functional
model in Leydig cell steroidogenesis as reported here
opens up a new avenue to address the dynamics of per-
oxisomes and their relationship to the biological contri-
butions of mitochondria.
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