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Abstract
The differentiation of sensory neurons involves gene expression changes induced by specific transcription factors. Vomeronasal
sensory neurons (VSNs) in the mouse vomeronasal organ (VNO) consist of two major subpopulations of neurons expressing
vomeronasal 1 receptor (V1r)/Gαi2 or vomeronasal 2 receptor (V2r)/Gαo, which differentiate from a common neural progenitor.
We previously demonstrated that the differentiation and survival of VSNs were inhibited in ATF5 transcription factor-deficient
mice (Nakano et al. Cell Tissue Res 363:621–633, 2016). These defects were more prominent in V2r/Gαo-type than in V1r/
Gαi2-type VSNs; however, the molecular mechanisms responsible for the differentiation of V2r/Gαo-type VSNs by ATF5
remain unclear. To identify a cofactor involved in ATF5-regulated VSN differentiation, we investigated the expression and
function of CCAAT/enhancer-binding protein gamma (C/EBPγ, Cebpg), which is a major C/EBP family member expressed
in the mouse VNO and dimerizes with ATF5. The results obtained showed that C/EBPγ mRNAs and proteins were broadly
expressed in the postmitotic VSNs of the neonatal VNO, and their expression decreased by the second postnatal week. The C/
EBPγ protein was expressed in the nuclei of approximately 70% of VSNs in the neonatal VNO, and 20% of the total VSNs co-
expressed C/EBPγ and ATF5 proteins. We examined the trans-acting effects of C/EBPγ and ATF5 on V2r transcription and
found that the co-expression of C/EBPγ and ATF5, but not C/EBPγ or ATF5 alone, increased Vmn2r66 promoter reporter
activity via the C/EBP:ATF response element (CARE) in Neuro2a cells. These results suggest the role of C/EBPγ on ATF5-
regulated VSN differentiation in early postnatal development.
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Introduction

The vomeronasal organ (VNO) is one of the main sensory
organs detecting pheromones and predator odors, which trig-
ger and modulate sexual and social interactions in mammals
(Liberles 2014). Vomeronasal sensory neurons (VSNs) in the
VNO express two major subclasses of vomeronasal receptors,
V1r and V2r, which are coupled to the G-proteins, Gαi2 and

Gαo, respectively, and are located in the apical and basal
vomeronasal epithelia (VNE), respectively (Dulac and Axel
1995; Jia and Halpern 1996; Herrada and Dulac 1997;
Matsunami and Buck 1997; Ryba and Tirindelli 1997). V1r/
Gαi2- and V2r/Gαo-type VSNs are derived from common
neural progenitors and precursors with the sequential expres-
sion of Mash1, Ngn1, and NeuroD1 (Cau et al. 1997; Murray
et al. 2003), which give rise to immature neurons that express
GAP43, β-tubulin III, and doublecortin (DCX) and ultimately
differentiate into mature OMP-positive VSNs with the expres-
sion of V1r or V2r (Enomoto et al. 2011; Oboti et al. 2015).
The transcription factors, Bcl11b and Tfap2e, are expressed in
VSNs to promote V2r/Gαo-type VSN differentiation
(Enomoto et al. 2011; Lin et al. 2018); however, the molecular
mechanisms responsible for the differentiation of V1r/Gαi2-
and V2r/Gαo-type VSNs remain unclear.

Wepreviously examined the effects of a deficiency in acti-
vating transcription factor 5 (ATF5) in VSNs using ATF5-
deficient (ATF5− /−) mice and demonstrated that the
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differentiation of VSNs was inhibited at the stage of matura-
tion in association with apoptosis (Nakano et al. 2016). The
expression of a series ofV1r andV2r geneswas significantly
decreased in the ATF5−/−VNO, indicating that the ATF5 de-
ficiency affected V1r/Gαi2- and V2r/Gαo-type VSNs.
However, the defect was more severe in V2r/Gαo-type than
inV1r/Gαi2-typeVSNs:OMPexpressionwasnormalinV1r/
Gαi2-type, but not in V2r/Gαo-type VSNs, and apoptotic
cells were frequently localized in the basal layer of the VNE,
suggesting the critical role ofATF5 in thematuration and sur-
vivalofV2r/Gαo-typeVSNs(Nakanoetal.2016).ATF5con-
trolscelldifferentiationandsurvival inothercell typesinclud-
ing olfactory sensory neurons, pancreaticβ-cells, and adipo-
cytes(Wangetal.2012;Zhaoetal.2014;Julianaetal.2017),in
partbythephysical interactionwithaCCAAT/enhancerbind-
ingprotein (C/EBP) transcriptionfactor (Zhaoetal.2014).To
identify a cofactor involved in ATF5-regulated VSN

differentiation, we investigated the expression and function
of C/EBPγ in VSNs. C/EBPγ is a small C/EBP familymem-
berthathasaC-terminalbZIPDNA-bindingdomainbut lacks
atransactivationdomain(Cooperetal.1995).C/EBPγdimer-
izes with ATF5 via the bZIP domain with higher affinity
among C/EBP family members (Nishizawa and Nagata
1992; Vinson et al. 1993; Newman and Keating 2003).
Furthermore, C/EBPγmRNAs are strongly expressed in the
sensoryneuron layerof themainolfactory epithelium(MOE)
and VNO in mouse embryos (Allen Brain Atlas: http://
developingmouse.brain-map.org/gene/show/12396). Here,
we demonstrated that C/EBPγ mRNAs and proteins were
broadly expressed in the immature and early mature VSNs
of the early postnatal VNO, and 20% of the VSNs co-
expressed C/EBPγ and ATF5 in their nuclei. We also found
that the co-expression of C/EBPγ and ATF5 increased V2r
promoter reporter activity in mouse neuroblastoma. These

Fig. 1 C/EBPγmRNA expression in the mouse vomeronasal epithelium.
a–j In situ hybridization with RNA probes to C/EBPγ (a, f), ATF5 (b, g),
Gαi2 (c, h), Gαo (d, i), and Vmn2r66 (e, j) on coronal sections of the
vomeronasal organ at P1 (a–e) and P15 (f–j). Arrows in f indicate
C/EBPγ-positive cells at the marginal region of the vomeronasal
epithelium. k–n Double in situ hybridization for C/EBPγ (purple)

combined with GAP43 (k), OMP (l), Gαi2 (m), or Gαo (n) in brown at
the marginal region of the vomeronasal epithelium (P15). Double arrows
indicate the overlapping expression of the marked genes. bv blood vessel,
l lumen, vne vomeronasal epithelium. Scale bars indicate 50 μm (a, k) or
100 μm (f)
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results indicate that C/EBPγ is expressed in VSNs and asso-
ciates with ATF5 to drive the maturation of VSNs in early
postnatal development.

Materials and methods

Mice

C57/BL6 mice were maintained and mated to obtain pups at
the animal facility at Tokyo University of Pharmacy and Life
Sciences under specific pathogen-free conditions. ATF5-
deficient (ATF5−/−) mice were generated as previously de-
scribed (Umemura et al. 2015). ATF5+/− mice were main-
tained with a C57/BL6 background and were mated to gener-
ate ATF5+/+ and ATF5−/− pups for analyses. The day of birth
was designated as postnatal day (P) 0. All mouse studies were
approved by the Institutional Animal Experiment Committee
of the university and were performed in accordance with in-
stitutional and governmental guidelines.

In situ hybridization

All mice were sacrificed by cervical dislocation. The snouts
and nasal cavities of pups (P0–P15) were fixed in 4% parafor-
maldehyde (PFA) in phosphate-buffered saline (PBS) at 4 °C
overnight. Snouts and nasal cavities at P15 were then im-
mersed in 0.5 M EDTA solution to decalcify at 4 °C for at
least 24 h. After washes with PBS, samples were
cryoprotected in 20% sucrose in PBS, embedded in Tissue-
Tek OCT compound, and cryosectioned. Coronal sections
(thickness of 10 μm) were collected on PLATINUM adhesive
coat glass slides (Matsunami, Osaka, Japan) and stored at −
80 °C until used.

In situ hybridization using digoxigenin (DIG)- and fluores-
cein (FITC)-labeled RNAprobes was performed as previously
described (Simmons et al. 2008; Nakano et al. 2016). Briefly,
sections on slides were fixed in 4% PFA/PBS, washed with
PBS, incubated with proteinase K (15μg/ml, 10min), re-fixed
with 4% PFA/PBS, acetylated (0.25% acetic anhydride in

0.1 M triethanol amine, pH 8.0), and hybridized with DIG-
labeled probes at 65 °C overnight (for double in situ hybridi-
zation, FITC-labeled probes were also added at this stage and
hybridized at 60 or 65 °C). Hybridization buffer contained 1×
salts (200 mM NaCl, 13 mM Tris, 5 mM sodium phosphate
monobasic, 5 mM sodium phosphate dibasic, and 5 mM
EDTA, pH 8.0), 50% formamide, 10% (w/v) dextran sulfate,
1 mg/ml yeast tRNA, 1× Denhardt’s solution (WAKO, Osaka,
Japan), and a cRNA probe. Posthybridization washes were
followed by a RNase A treatment (400 mM NaCl, 10 mM
Tris (pH 7.5), 5 mM EDTA, and 20 μg/ml RNase A) at
37 °C for 30 min. After blocking with 0.05 M maleic acid
buffer containing 2% blocking reagent (Roche Diagnostics,
Mannheim, Germany), 20% normal sheep serum, and 0.1%
Tween 20, sections were incubated with an anti-DIG antibody
(Roche Diagnostics) in blocking solution (1:1000 or 1:2500
dilution) at 4 °C overnight. After further washing, signals
were visualized using 4-nitroblue tetrazolium chloride
(NBT)/5-bromo-4-chloro-3-indolyl-phosphate (BCIP) as a
substrate. In double in situ hybridization, the anti-DIG anti-
body conjugated to alkaline phosphatase was inactivated at
65 °C in maleic acid buffer for 30 min, followed by 30 min
in 0.1M glycine (pH 2.2). Sections were blocked again for 1 h
and incubated overnight with an anti-FITC antibody (1:500 or
1:1000; Roche) at 4 °C. After washing, color was developed
using INT/BCIP (Roche) until a brown precipitate was visible.
In single NBT/BCIP coloring, slides were counterstained with
Nuclear Fast Red, dehydrated, cleared in xylene, and mounted
in Entellan (MerckMillipore, Darmstadt, Germany). In in situ
hybridization containing brown INT/BCIP precipitates, sec-
tions were mounted with aqueous mounting medium (Dako,
Glostrup, Denmark). Tissue sections were viewed under a
microscope (BX50, Olympus, Tokyo, Japan) equipped with
a charge-coupled device (CCD) camera (VB-6010, Keyence,
Osaka, Japan). Probes were prepared from the cDNA of
C/EBPγ (Cebpg) (nucleotides 264-738, NCBI reference se-
quence NM_009884), Atf5 (nucleotides 299-1150, GenBank
accession number AF375475), Gαi2 (Gnai2) (nucleotides
252-1195, NCBI reference sequence NM_ 008138), Gαo
(Gnao1) (nucleotides 816-1694, NCBI reference sequence

Table 1 The number of C/EBPγ
single-, ATF5 single-, or C/EBPγ
and ATF5 double-positive VSNs
in the vomeronasal epithelium
(VNE) with postnatal ages

Age Total VSNs C/EBPγ ATF5 C/EBPγ and ATF5

P0 658 ± 121 348 ± 88 (52.9%) 59 ± 30 (9.0%) 122 ± 29 (18.5%)

P7 1043 ± 82 557 ± 77 (53.4%) 53 ± 16 (5.1%) 226 ± 77 (21.7%)

P15 1338 ± 26 64 ± 13 (4.8%) 18 ± 3 (1.3%) 35 ± 11 (2.6%)

P21 1142 ± 59 90 ± 17 (7.9%) 16 ± 5 (1.4%) 23 ± 9 (2.0%)

P32 1155 ± 115 139 ± 65 (12.1%) 17 ± 12 (1.5%) 16 ± 9 (1.4%)

The number of immunopositive cells in the entire region of the VNEwithout the supporting layer was counted and
averaged in three or four tissue sections per mouse (positive cells/tissue section). Values represent the mean ±
standard deviation (SD) of three mice. Values in parentheses indicate the mean proportion of positive/total cells
(%)
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NM_010308), Vmn2r66 (nucleotides 1236-2046, NCBI refer-
ence sequence NM_001033878), GAP43 (nucleotides 219-
1210, NCBI reference sequence NM_008083), andOMP (nu-
cleotides 4-641, NCBI reference sequence NM_011010).
cDNA was generated by RT-PCR, cloned into pGEM-3zf
(+) or pBluescript KS (+), and verified by sequencing.

Immunofluorescence

The dissected snouts and nasal cavities of pups (P0–P32)
were fixed in 4% PFA in PBS at 4 °C for 3–4 h. Snouts at
P15–P32 were then immersed in 0.5 M EDTA solution to
decalcify at 4 °C for at least 24 h. After rinses with PBS,
nose samples were cryoprotected in 20% sucrose in PBS
and embedded in Tissue-Tek OCT compound. Coronal
cryosections were prepared to obtain VNO. Tissue sections
on the slides were blocked with PBS containing 3% bovine
serum albumin (BSA) and 0.3% Triton X-100 at room
temperature for 1 h. In some experiments, normal donkey
serum (5%) was used instead of BSA for blocking. After
blocking, an incubation with the primary antibody in PBS
containing 1% BSA, 0.1% Triton X-100, and 0.05% NaN3

(1% BSA/PBST) was performed at 4 °C overnight. The
following primary antibodies and dilutions were used: goat
anti-ATF5 (1:400, sc-46934, Santa Cruz, Dallas, TX,
USA), goat anti-OMP (1:2,000, 019-22291, WAKO,
Osaka, Japan), rabbit anti-C/EBPγ (1:300, HPA120124,
Sigma-Aldrich, St. Louis, MI, USA), and goat anti-DCX
(1:300, sc-8066, Santa Cruz). Regarding double labeling,
two primary antibodies were incubated together. After
three washes with PBS, sections were incubated with the
secondary antibody in 1% BSA/PBST at room temperature
for 2 h. The following secondary antibodies were used at a
1:200 or 1:400 dilution: Alexa 488-conjugated anti-goat
IgG (Thermo Fisher Scientific, Invitrogen, Waltham, MA,
USA), CFL 488-conjugated anti-goat IgG (Santa Cruz),
and CFL 555-conjugated anti-rabbit IgG (Santa Cruz).
Nuclei were stained with Hoechst 33342 (final concentra-
tion 5 μg/ml). After washes with PBS, tissue sections on
slides were mounted using fluorescent mounting medium
(Dako) and viewed under a fluorescent microscope
equipped with a CCD camera (Biorevo, BZ-9000,
Keyence).

To quantify C/EBPγ, ATF5, DCX, and OMP immunore-
activities and co-labeling in VSNs, thin cryosections (thick-
ness of 10 μm) were prepared as described above, and every
15th section (150-μm increments) was processed for C/EBPγ,
ATF5, DCX, and OMP immunofluorescences. The number of
immunopositive cells and total VSNs (Hoechst staining) in the
entire region of the VNE without the supporting layer were
counted using Photoshop and ImageJ software and averaged
in three or four VNO sections per mouse. Data represent the
average ± standard deviation (SD) of three mice.

qRT-PCR

The VNO was dissected out from postnatal pups (P0 and P14-
P15, ATF5+/+ and ATF5−/− genotypes) and then homogenized in
ISOGEN II reagent (Nippon Gene, Tokyo, Japan). Total RNA
was prepared, and first-strand cDNAwas then synthesized using
ReverTra Ace reverse transcriptase (TOYOBO, Osaka, Japan)
according to the manufacturer’s instructions. Real-time RT-PCR
was performed using the real-time PCR system Rotor-Gene Q
(Qiagen, Venlo, the Netherlands) with KAPA SYBR FAST
qPCR reagent (Nippon Genetics, Tokyo, Japan) according to
the manufacturer’s instructions. Data were normalized by β-
actin expression and expressed as relative values against the wild
type (ATF5+/+). Statistical analyses were performed using the
Student’s unpaired t test. P < 0.05 indicated a significant differ-
ence. The following primers were used for detection: C/EBPγ
(Cebpg)-F: TAGTGACGAATACCGCCAGC, C/EBPγ
(Cebpg)-R: GTGCGCATGCTCAAGAAACA, Gαi2 (Gnai2)-
F: AGTACCGTGCCGTGGTCTAC, Gαi2 (Gnai2)-R:
ATGACACCGGACAGGTCTTC, Meis2-F: TAGTGACG
AATACCGCCAGC, Meis2-R: GTGCGCATGCTCAA
GAAACA, Gαo (Gnao1)-F: GTCACCGACATCATCATTGC,
Gαo (Gnao1)-R: AGGTTAGACAGGGGCTTGGT, Tfap2e-F:
TTGCAGGCGATAGATGACCC, Tfap2e-R: CGGAGCAG
AAGACCTCACTG, Vmn1r8-F: GCCTATCCCACAGT
TACCCC, Vmn1r8-R: TACACACTTGCCACAGCACA,
Vmn1r42-F: CCCAGGAGGGATGGGTGATA, Vmn1r42-R:
CCTGTGCCCACGAATGAACT, Vmn2r28-F: GCAAGGTC
ATGGTTGCTGTAG, Vmn2r28-R: TGGTAGGTATGTAC
CAATTTCTCA, Vmn2r66-F: CCTTGCTTTACATTGGTCAT
CCC, Vmn2r66-R: TTCTTCTTCCTGGAACAGTAGCC, β-
actin-F: ATGGAATCCTGTGGCATCCATG, and β-actin-R:
CCACACAGAGTACTTGCGCTCA.

In silico analysis of the CARE on V2r promoters

The C/EBP:ATF response element (CARE, TGATGCAAT)
was searched for in the promoter region of intact 191 V1r

�Fig. 2 C/EBPγ protein expression in the mouse vomeronasal epithelium.
a–c Immunofluorescence of C/EBPγ (green) on vomeronasal organs at
P0 (a), P7 (b), and P15 (c). Nuclear Hoechst staining (magenta) is
merged. Arrows in a–c indicate C/EBPγ-positive cells in the
vomeronasal epithelium. d–k C/EBPγ-positive cells were characterized
using double immunofluorescence for C/EBPγ (red) combined with
doublecortin (DCX) or OMP (green) on the vomeronasal epithelium at
P0: DCX (d–g) and OMP (h–k). Images (e–g) and (i–k) are at a higher
magnification of the square region in d and h, respectively. Arrowheads
in e–g and i–k indicate double-positive VSNs for the marked genes. l–m
Double immunofluorescence of C/EBPγ (red) with DCX orOMP (green)
on the vomeronasal epithelium at P15. Arrows in l andm indicate DCX/
C/EBPγ- and OMP/C/EBPγ-positive VSNs, respectively. Scale bars in-
dicate 50 μm. n The percentage of DCX- (closed bar) or OMP-positive
cells (open bar) among C/EBPγ-positive VSNs in the vomeronasal epi-
thelium at P0, P7, P15, and P21. Data represent the average ± SD of three
mice
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and 121 V2r genes using the JASPAR algorithm (http://jaspar.
genereg.net; Khan et al. 2018). Since the transcriptional start
sites (TSS) of many V1r and V2r genes have not yet been
defined, the sequence of the region 2 kb upstream of the 5′
end of the 5′UTR or CDS of 191 V1r and 121 V2r genes was
retrieved from the UCSC genome browser database (mouse
GRCm38/mm10) and scanned for the CARE (TGATGCAAT)
using the ATF4-binding profile (ID: MA0833.1) in JASPAR
with the default setting.

Expression vectors and promoter reporters

Mouse ATF5 cDNA in pBlueScript (Shimizu et al. 2009) was
subcloned into the pcDNA3.1(+) expression vector (Thermo
Fisher Scientific, Invitrogen). C/EBPγ cDNAwas amplified by
PCR from mouse neonatal nose cDNA and cloned into the
EcoR-I and Xba-I sites in pcDNA3.1(+). The following primers
were used. C/EBPγ CDS Fw: CGGAATTCCGGTGT
TGGCAAAGGAACGTG, Rev.: GCTCTAGAGCACTG
CCCTGGGTTATCAGAA. The upstream region of the
Vmn2r66 gene (1420 bp: − 1251 to + 169) was amplified by
PCR from mouse genomic DNA and inserted into the pGL3
basic vector (Promega, Madison, WI, USA) using Mlu-I/Bgl-II
in the multi-cloning site immediately upstream of the start codon
of Firefly luciferase. The following primers were used:
pVmn2r66-Luc1 Fw: GGGACGCGTGCTGCCTACAA
AATTCCATCA, Rev: GGGAGATCTTTTTGTGAACC
CATCCAGGT. The TSS of Vmn2r66mRNAwas inferred from
the RNA sequencing data of the mouse VNO (Ibarra-Soria et al.
2014). We performed 5′-RACE cloning of Vmn2r66 mRNA
from P15 VNO, and obtained the clone with a 5′end correspond-
ing to the site near the TSS (+ 16 bp from TSS).

A deletion of the pVmn2r66-Luc1 construct was prepared
using PCR with the following forward primers: pVmn2r66-
Luc2: GGGACGCGTTTATAGTAAGAATTTTCACTC,
pVmn2r66-Luc3: GGGACGCGTAATATCTACAA
ATACTGGGGA, and pVmn2r66-Luc4: GGGACGCG
TTGAGTTCAGTTGGAGTCATTGG, and the pVmn2r66-
Luc1 reverse primer, as described above. A mutation in the
CARE site (− 176 to − 168: TGATGTAAT) in the Vmn2r66
promoter region was introduced into pVmn2r66-Luc4 as
GACGCGTCT using PCR with the following primers:
pVmn2 r 66 -Luc4mu t Fw : CGACGCGTCTCTG
AGGTAACTGTTTCAAAT and Rev: GTATTCCA
AATGAGTTTTACTAGAAATTAT.

Promoter reporter luciferase assay

Mouse neuroblastoma Neuro2a cells were maintained in
Dulbecco’s modified Eagle’s medium (Nissui, Japan), supple-
mented with 10% fetal bovine serum (FBS, Thermo Fisher
Scientific, Gibco) and 2 mM L-glutamine (Thermo Fisher
Scientific, Invitrogen) at 37 °C in an atmosphere of 5%

CO2. On the day of transfection, Neuro2a cells were plated
at 5 × 104 cells in 0.5 ml with 24-well formats and co-
transfected with 100 ng of pGL3 Firefly luciferase reporter
vectors, 20 ng of the pRL-SV40 Renilla luciferase control
vector (Promega), and 200 ng of pcDNA3.1 expression vec-
tors using Fugene 6 (Promega). Firefly and Renilla luciferase
activities were measured consecutively using the Dual-
Luciferase Reporter Assay System (GLOMAX 20/20
LUMINOMETER, Promega) 48 h after transfection.
Reporter luciferase activities were normalized to each
Renilla luciferase activity and expressed as relative values
against the parental vector (pcDNA). All experiments were
conducted in triplicate and repeated at least twice on different
days. All values are the average ± SD calculated from the
results of triplicates in two or three independent experiments.
The Student’s unpaired t test to compare pcDNA and
C/EBPγ+ATF5 or one-way ANOVA followed by a post hoc
test (Tukey-Kramer) to compare four treatments (pcDNA,
C/EBPγ, ATF5 and C/EBPγ+ATF5) was performed.
P < 0.05 indicated a significant difference.

Results

In situ hybridization data has demonstrated that C/EBPγ
mRNAs are strongly expressed in the embryonic MOE and
VNE in mice (Allen Brain Atlas: http://developingmouse.
brain-map.org/gene/show/12396). We examined the
expression of C/EBPγ mRNA in the VNE at the neonatal
stage (P0 or P1) and found that C/EBPγ mRNA was broadly
expressed in VSNs of the VNE (Fig. 1a). ATF5 as well as
C/EBPγ mRNA displayed a broad expression pattern in the
VNE (Fig. 1b). At this stage, Gαi2 is mainly expressed in the
apical region of the VNE (Fig. 1c), while Gαo is broadly
expressed in both the apical and basal regions of the VNE, as
previously described (Fig. 1d; Enomoto et al. 2011). Vmn2r66
(a V2r pheromone receptor) mRNA was detected in a few
VSNs at the basal VNE (Fig. 1e). We then examined the ex-
pression of C/EBPγmRNA on P15 when V1r/Gαi2- and V2r/
Gαo-type VSNs had fully separated into the apical and basal
layers of the VNE, respectively (Prince et al. 2013). At this
stage, the expression of C/EBPγ mRNAs was concentrated in
the marginal region of the VNE (Fig. 1f, arrows). In contrast,

�Fig. 3 Co-expression of C/EBPγ and ATF5 in vomeronasal sensory neu-
rons. (a–e”’) Double immunofluorescence of C/EBPγ (a) and ATF5 (b)
with nuclear Hoechst staining (c) on the vomeronasal epithelium at P0.
Fluorescent images were merged in (d). (e–e”’) Images are at a higher
magnification of the square region in (a–d). Arrows in (e–e”’) indicate C/
EBPγ and ATF5 double-positive VSNs. (f–k) Double immunofluores-
cence of C/EBPγ (f, i, red) and ATF5 (g, j, green) and merged images (h,
k) on the vomeronasal epithelium at P7 (f–h) and P21 (i–k). Arrows
indicate C/EBPγ and ATF5 double-positive VSNs. Scale bars indicate
50 μm (a, f, i) and 25 μm (e)
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ATF5 mRNA was still expressed throughout the entire VNE
(Fig. 1g), similar to the neonatal stage. We confirmed that the
expression of Gαi2 and Gαo was localized to the apical and
basal layers of the VNE, respectively (Fig. 1h, i). Furthermore,
Vmn2r66-positive VSNs were frequently observed at the basal
layer of the VNE (Fig. 1j). To characterize C/EBPγ-positive
cells in the marginal region of the VNE at P15, we performed
the double in situ hybridization of C/EBPγ combined with
GAP43 (immature VSN marker) or OMP (mature VSN mark-
er). We found that C/EBPγ and GAP43 signals overlapped in
theVSNs of themarginal region (Fig. 1k, double arrows).OMP
expression was mainly detected in the central region of the
VNE, and its signal partially overlapped with the C/EBPγ sig-
nal (Fig. 1l, double arrows). The strong overlapping between
C/EBPγ and GAP43 signals but not OMP ones was also ob-
served in the basal olfactory sensory neuron layers of the MOE
(Supplemental Fig. S1). We also performed the double in situ
hybridization of C/EBPγ combined with Gαi2 (apical VSN
marker) or Gαo (basal VSN marker) and found the co-
expression of C/EBPγ with Gαi2 and Gαo in the VSNs of
the marginal region (Fig. 1m, n, double arrows). These results
indicated that C/EBPγ-positive cells in the marginal region
largely corresponded to immature V1r/Gαi2- and V2r/Gαo-
type VSNs. To examine C/EBPγ protein expression in VSNs,
we performed an immunofluorescence studywith a commercial
anti-C/EBPγ antibody. The anti-C/EBPγ antibody specifically
detected themurine C/EBPγ protein (16.4 kDa) in Neuro2a cell
lysates with the overexpression of C/EBPγ in a Western blot
analysis (Supplementary Fig. S2). Consistent with in situ hy-
bridization results, C/EBPγ proteins were ubiquitously
expressed in the nuclei of approximately 70% of the VSNs
(71.4%, n = 3; Table 1) of the VNE at the neonatal stage
(Fig. 2a, arrows). C/EBPγ-positive VSNs remained broadly
distributed in the VNE at P7 (Fig. 2b, arrows) but drastically
decreased to approximately 7% at P15 (7.4%, n = 3; Table 1)
and were sparsely observed in the VNEwithout the localization
at the marginal region (Fig. 2c, arrows). C/EBPγ-positive cells
constituted 10–14% of the VSNs at P21 (9.9%, n = 3) and P32
(13.5%, n = 3; Table 1). To characterize C/EBPγ-positive
VSNs in the VNE, we performed the double immunofluores-
cence of anti-C/EBPγ with either anti-DCX (immature and
early mature VSNs; Oboti et al. 2015) or anti-OMP (mature
VSNs). DCX was ubiquitously expressed in the VSNs of the
VNE at P0 (Fig. 2d, green), and more than 90% of C/EBPγ-
positive VSNs co-expressed DCX (Fig. 2e–g, arrowheads and
n). In contrast, approximately 30% of C/EBPγ-positive VSNs
(28.1 ± 3.0%, n = 3; Fig. 2n) were co-labeled with OMP (Fig.
2 h and i–k, arrowheads). VSNs that co-expressed C/EBPγ and
OMP increased to 80% of C/EBPγ-positive cells at P7 (80.6 ±
2.9%, n = 3; Fig. 2n). At P15 and P21, over 90% of C/EBPγ-
positive VSNs co-expressed DCX andOMP in the VNE (Fig. 2
l, m, arrows and n). These results indicate that C/EBPγmRNAs
and proteins were broadly expressed in theVSNs of the VNO at

the neonatal stage; however, their expression drastically de-
creased by the second postnatal week. Double immunofluores-
cence demonstrated that C/EBPγ-expressing cells
corresponded to immature and mature VSNs in the VNE.

To examine the relationship between C/EBPγ and ATF5
expression in the postnatal VNO, we performed double im-
munofluorescence with anti-C/EBPγ and anti-ATF5 on VNO
sections at P0 (Fig. 3a–d) and found that the C/EBPγ protein
was co-expressed with the ATF5 protein in the nuclei of VSNs
(Fig. 3e–e”’, arrows). We noted that the intensities of the nu-
clear C/EBPγ and ATF5 signals varied in VSNs; however,
there was no correlation between C/EBPγ and ATF5 signal
intensities in individual VSNs (data not shown). We counted
the numbers of C/EBPγ single-, ATF5 single-, and C/EBPγ
and ATF5 double-positive VSNs in VNO sections at P0 and
found that approximately 20% of the total VSNs expressed
both C/EBPγ and ATF5 (18.5%, n = 3; Table 1), while ap-
proximately 50% and 10% of the VSNs expressed C/EBPγ
(52.9%, n = 3) or ATF5 alone (9.0%, n = 3; Table 1), respec-
tively. The co-expression of C/EBPγ and ATF5 was still
found in approximately 20% of the VSNs of the VNE at P7
(21.7%, n = 3; Table 1; Fig. 3f–h, arrows). We observed a
small portion of VSNs co-expressed C/EBPγ and ATF5 in
the VNE at P15 (2.6%, n = 3), P21 (2.0%, n = 3; Fig. 3i–k,
arrows), and P32 (1.4%, n = 3; Table 1).

To examine the effects of the ATF5 deficiency on C/EBPγ
expression in VSNs, we performed in situ hybridization with
theC/EBPγ probe on wild-type (ATF5+/+) and ATF5-deficient
(ATF5−/−) VNO sections at P0. The results obtained showed
that the expression of C/EBPγ in VSNs was similar between
ATF5+/+ and ATF5−/− VNOs (Fig. 4a, b). A quantitative PCR
(qPCR) analysis with C/EBPγ mRNA demonstrated that the
expression ofC/EBPγ in the ATF5−/−VNOwas similar to that
in the wild-type VNO at P0 (Fig. 4c). We also examined the
expression of apical-VSN marker (Gnai2 and Meis2), basal-
VSN marker (Gnao1 and Tfap2e), and vomeronasal receptor
genes (Vmn1r8, Vmn1r42, Vmn2r28, and Vmn2r66) and
found that only the expression of Vmn1r8 was significantly
decreased in the ATF5−/− VNO at this stage (Fig. 4c). We
extended the qPCR analysis with wild-type and ATF5−/−

VNOs at P14–P15 and found that the expression of C/EBPγ
was significantly reduced in the ATF5−/− VNO than in the

�Fig. 4 C/EBPγ expression in the ATF5-deficient vomeronasal epitheli-
um. a, b In situ hybridization of the C/EBPγ probe on ATF5+/+ (a) and
ATF5−/− (b) vomeronasal epithelia at P0. The scale bar indicates 50 μm.
c, dQuantitative PCR analysis on the expression of C/EBPγ, apical-VSN
marker (Gnai2 and Meis2), basal-VSN marker (Gnao1 and Tfap2e), and
vomeronasal receptor genes (Vmn1r8, Vmn1r42, Vmn2r28, and
Vmn2r66) in ATF5+/+ (closed bar) and ATF5−/− (open bar) vomeronasal
epithelia at P0 (c) and P14-P15 (d). Results were normalized by the
expression of ATF5+/+ types and represent the average ± SD of six (P0)
and three (P14–P15) different animals. The Student’s unpaired t test was
performed to compare the ATF5+/+ and ATF5−/− types (*P < 0.05)
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wild type (Fig. 4d). The expression of Gnao1 and all
vomeronasal receptor genes examined (Vmn1r8, Vmn1r42,
Vmn2r28, Vmn2r66) was significantly decreased in the
ATF5−/− VNO at this stage (Fig. 4d).

The expression of a series of V1r and V2r vomeronasal
receptors was significantly decreased in the ATF5−/− VNO
(Fig. 4c, d; Nakano et al. 2016), proposing that ATF5 may
directly regulate the transcription of V1rs and V2rs. We
searched for potential C/EBPγ and ATF5 heterodimer-
binding sites (CARE: TGATGCAAT) in the upstream region
(2 kb) of 191 V1r and 121 V2r genes using JASPAR software
(http://jaspar.genereg.net). We noted that 155 and 99 out of
191 V1rs (81.2%) and 121 V2rs (81.8%), respectively,
contained at least one CARE site in the suggested promoter
regions (Supplemental Table S1). To confirm whether C/
EBPγ and ATF5 regulate V2r transcription, we selected the
Vmn2r66 gene containing the predicted CARE with a high
score (12.157, Supplemental Table S1); constructed the lucif-
erase reporter plasmid, pVmn2r66-Luc1, containing the pro-
moter region of Vmn2r66 (approximately 1.4 kb; Fig. 5a); and
then tested luciferase activity in Neuro2a cells. As shown in
Fig. 5b, the co-expression of C/EBPγ and ATF5 synergisti-
cally increased luciferase activity, while the single expression
of either had a negligible effect on activity levels. We con-
structed promoter luciferase reporters with the Vmn2r28 and
Vmn2r69 genes (pVmn2r28-Luc and pVmn2r69-Luc) that
contained the predicted CARE with relatively low (8.50613)
and high (11.8258) scores, respectively (Supplemental
Table S1), and a promoter luciferase reporter with the
Vmn2r82 gene (pVmn2r82-Luc) that contained no predicted
CARE (Supplemental Fig. S3). We found that the co-
expression of C/EBPγ and ATF5 induced significant in-
creases of 2- and 5-fold in luciferase activity with
pVmn2r28-Luc and pVmn2r69-Luc, respectively, whereas
less than a 1.5-fold increase was observed with pVmn2r82-
Luc (Supplemental Fig. S3).We then constructed two deletion
mutants including pVmn2r66-Luc1 with different promoter
region sizes (1.0-kb pVmn2r66-Luc2 and 0.5-kb pVmn2r66-
Luc3; Fig. 5a) and found that 0.5 kb of the promoter was
sufficient to yield responses (Fig. 5c). We introduced the mu-
tation into the CARE site (TGATGTAATC) with pVmn2r66-
Luc4 containing 0.35 kb of the Vmn2r66 promoter and con-
structed pVmn2r66-Luc4mut (Fig. 5a). We found that lucifer-
ase activity induced by the co-expression of C/EBPγ and
ATF5 was attenuated with pVmn2r66-Luc4mut (Fig. 5d).
These results indicated that C/EBPγ and ATF5 affected the
promoter to induce V2r receptor transcription via CARE.

Discussion

In the present study, we investigated the expression and func-
tion of the transcription factor C/EBPγ, a heterodimer partner

with ATF5, in the mouse VNO.We demonstrated that approx-
imately 70% of the VSN expressed C/EBPγ during the first
postnatal week, while 20% of the total VSNs co-expressed C/
EBPγ and ATF5 in their nuclei. The co-expression of C/EBPγ
and ATF5 activated V2r-promoter-driven reporter gene ex-
pression via CARE. The ATF5 deficiency restrains V2r/
Gαo-type VSNs at their immature stages and induces apopto-
tic cell death (Nakano et al. 2016). The present results re-
vealed strong co-expression between C/EBPγ and ATF5 in
VSNs, suggesting a role for C/EBPγ in the ATF5-regulated
maturation and survival of VSNs in early postnatal
development.

The neurogenesis of rodent VSNs in the VNE starts
from embryonic day 11 (Cuschieri and Bannister 1975;
Suzuki et al. 2003; Enomoto et al. 2011); however, the
postnatal development is important for the full organiza-
tion of the VNE, including the segregation of two major
V1r/Gαi2- and V2r/Gαo-type VSN layers in apical and
basal VNE, respectively (Berghard and Buck 1996; Jia
and Halpern 1996; Herrada and Dulac 1997; Matsunami
and Buck 1997; Ryba and Tirindelli 1997; Enomoto et al.
2011; Prince et al. 2013), in addition to the localization of
mature VSNs in the central region and proliferating cells
and immature VSNs in the marginal region of the VNE
(Barber and Raisman 1978; Giacobini et al. 2000;
Martinez-Marcos et al. 2005; Brann and Firestein 2010;
de la Rosa-Prieto et al. 2010; Oboti et al. 2015). In the
present study, we demonstrated that C/EBPγ mRNA was
broadly expressed in the VSNs of the VNE in the neonatal
stage, and its expression was decreased and localized in the

�Fig. 5 Upregulation of Vmn2r66 promoter activity by the co-expression
of C/EBPγ and ATF5. a Schematic representation of Vmn2r66 promoter
luciferase reporter constructs. The Vmn2r66 promoter region (approxi-
mately 1.4 kb) was cloned upstream of the firefly luciferase coding region
of the pGL3 vector to produce pVmn2r66-Luc1, creating three different
5′ region deletion constructs (pVmn2r66-Luc2, pVmn2r66-Luc3, and
pVmn2r66-Luc4). Amutation was introduced into the CARE site (shown
by the square) in pVmn2r66-Luc4 to produce pVmn2r66-Luc4mut. b
Neuro2a cells in 24-well formats were transfected with pVmn2r66-
Luc1 and either C/EBPγ, ATF5, or C/EBPγ+ATF5 expression vectors
(pcDNA, total 200 ng/well). The plasmid pRL-SV40 expressing Renilla
luciferase was included as the loading control for transfection efficiency.
Reporter luciferase activities were normalized to each Renilla luciferase
activity and expressed as relative values against the parental vector
(pcDNA). Data are the average ± SD calculated from the results of trip-
licates from one of three independent experiments. A one-way ANOVA
followed by the Tukey-Kramer test was performed (different letters indi-
cate a significant difference, P < 0.05). c Effects of the deletion with the
Vmn2r66 promoter region on C/EBPγ and ATF5-induced luciferase ac-
tivities in Neuro2a cells. d Effects of a mutation with the CARE of the
Vmn2r66 promoter region on C/EBPγ and ATF5-induced luciferase ac-
tivities in Neuro2a cells. Reporter luciferase activities were normalized to
each Renilla luciferase activity and expressed as relative values against
the parental vector (pcDNA). Data are the average ± SD calculated from
the results of triplicates from one of two independent experiments. The
Student’s unpaired t test was performed to compare pcDNA and
C/EBPγ+ATF5 (*P < 0.05)
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marginal region of the VNE by P15. The expression pat-
tern was similar to that of Bcl11b, a transcription factor that
is critical for VSN differentiation (Enomoto et al. 2011).
C/EBPγ mRNA signals in the marginal region overlapped
with GAP43 (partially with OMP) and co-labeled with both
Gαi2 and Gαo, indicating that C/EBPγ-expressing cells
corresponded to immature and some mature V1r/Gαi2-
and V2r/Gαo-type VSNs. The co-localization of C/EBPγ
and GAP43 was also observed in olfactory sensory neurons
(OSNs) of the MOE (Supplemental Fig. S1), indicating
C/EBPγ was a common immature neuron marker in both
OSNs and VSNs. At the protein level, more than 90% of C/
EBPγ-positive VSNs were labeled with DCX (immature
and early mature marker) from P0 to P21, and the co-
labeled VSNs with OMP increased from 30% at P0 to more
than 80% of C/EBPγ-positive cells at P7 and, thereafter,
supporting C/EBPγ being strongly expressed in the imma-
ture and early mature stages of VSNs.

Double immunofluorescence revealed that C/EBPγ and
ATF5 proteins were co-expressed in the nuclei of 20% of the
VSNs for the first postnatal week, and these co-expressed cells
decreased to approximately 2% of the VSNs at P15 and, there-
after, indicating that the role of C/EBPγ and ATF5 is primarily
limited to the earliest postnatal stages. Neonatal VSNs achieve
the full development of endoplasmic reticulum (ER) in the
cytoplasm by the end of the first postnatal week (Garrosa
and Coca 1991). The ATF5 translation is facilitated by ER
stress response with Perk-mediated eIF2α phosphorylation
in various cell types, including OSNs and VSNs (Watatani
et al. 2008; Zhou et al. 2008; Dalton et al. 2013; Hatano
et al. 2013; Dalton 2018). In OSNs, olfactory receptor (OR)
expression triggers ER stress response and activates ATF5
translation, resulting in the maturation of OSNs with stable
expression of the selected OR (Dalton et al. 2013). We spec-
ulate that the active synthesis of vomeronasal receptors and
axon guidance molecules might cause ER stress and enhance
ATF5 translation in VSNs at the maturation phase. Our results
with the C/EBPγ expression in immature and mature VSNs
and the impaired maturation in ATF5-deficient VSNs
(Nakano et al. 2016) suggest the role of C/EBPγ and ATF5
to drive the maturation of VSNs. The reduction of VSNs co-
expressed with C/EBPγ and ATF5 at the later postnatal stages
(P15–P32) might be due to the decrease of proliferating cells
that supply early postmitotic VSNs since proliferating cells
are broadly distributed throughout the neonatal VNE but dras-
tically decrease and localized to the marginal region of the
VNE at P10 and thereafter (Weiler et al. 1999; Wakabayashi
and Ichikawa 2007). Proliferating cells can be stimulated in
regenerative VNO by the lesion of vomeronasal nerves (Brann
and Firestein 2010), which may give rise to C/EBPγ and
ATF5-expressing VSNs in the adult VNE. Transcription fac-
tors other than C/EBPγ and ATF5 are likely to play a role to
generate mature VSNs at later postnatal stages since the VSN

neurogenesis continues in the adult VNE (Barber and
Raisman 1978; Giacobini et al. 2000; Martinez-Marcos et al.
2005; Brann and Firestein 2010; de la Rosa-Prieto et al. 2010;
Oboti et al. 2015). Transcription factors Meis2 and Tfap2e are
exclusively expressed in apical and basal VSNs, respectively
(Enomoto et al. 2011; Chang and Parrilla 2016) for at least
postnatal 3 weeks (Chang and Parrilla 2016). Tfap2e-deficient
mice have recently revealed that Tfap2e is critical for basal
VSNs differentiation and V2r expression (Lin et al. 2018).

C/EBPγ did not appear to be a transcriptional target of
ATF5 because C/EBPγ mRNA expression in ATF5−/− VNO
was similar to that in ATF5+/+ VNO at P0. We observed a
significant decrease in C/EBPγ mRNA in ATF5−/− VNO at
P15 (Fig. 4d). Considering both V1r/Gαi2- and V2r/Gαo-
type VSNs expressed C/EBPγ mRNAs (Fig. 1m, n), the de-
crease in C/EBPγ in ATF5−/− VNO appeared to be due to the
loss of basal VSNs because the expression of Gαo (Gnao1) but
not Gαi2 (Gnai2) mRNAwas significantly reduced (Fig. 4d).

Since the ATF5 deficiency causes the decreased expression
of V1r and V2r genes in the VNE (Fig. 4c, d; Nakano et al.
2016), we hypothesized that C/EBPγ and ATF5 may regulate
V1r and V2r expression in VSNs. Our promoter reporter assay
results provide an insight into the potential role of C/EBPγ
and ATF5 in the transcription of some V2r genes via cis-
regulatory CARE. The co-regulation of C/EBPγ and ATF4
on many stress responsive genes in the reactive oxygen spe-
cies (ROS) pathway via CARE has recently been reported
(Huggins et al. 2016), supporting the importance of CARE
with C/EBPγ and ATF5 for V2r promoter activity. The
ATF5 deficiency is shown to promote the apoptosis of β cells
as well as VSNs (Nakano et al. 2016; Juliana et al. 2017).
ATF5 directly regulates the transcription of eIF4E-binding
protein 1 (4EBP1) via upstream CARE binding and thereby
prevents β cells from overloading proteins in ER (Juliana
et al. 2017). C/EBPγ and ATF5 may also target genes that
function in cell survival and apoptosis in VSNs. Further stud-
ies using C/EBPγ-deficient mice will contribute to clarifying
the function of C/EBPγ in the development of the
vomeronasal system. C/EBPγ-deficient mice die perinatally
and exhibit atelectasis of the lung (Kaisho et al. 1999: Huggins
et al. 2016). A deficiency in C/EBPγ has been shown to re-
duce the cytolytic activity of natural killer (NK) cells (Kaisho
et al. 1999) and induce abnormal lens formation (Huggins
et al. 2016).

In conclusion, we herein demonstrated the co-expression of
C/EBPγ and ATF5 in differentiating VSNs of the postnatal
VNO and their cooperative effects on V2r promoter activa-
tion, suggesting a potential role for C/EBPγ in ATF5-driven
VSN differentiation. C/EBPγ was expressed in immature and
early mature VSNs but lacked a transactivation domain, and,
thus, the transient co-expression with ATF5 translated by ER
stress response may provide a critical period for VSNs to
reach maturity and survive.
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