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The Bucentaur (BCNT) protein family is characterized by a conserved amino acid sequence
at the C-terminus (BCNT-C domain) and plays an essential role in gene expression and chro-
mosomal maintenance in yeast and Drosophila. The mammalian Bucentaur/Craniofacial de-
velopmental protein 1 (Bcnt/Cfdp1) is also a tentative component of the SNF2-related CBP
activator protein (Srcap) chromatin remodeling complex, but little is known about its prop-
erties, partly because few antibodies are available to examine the endogenous protein. In
this paper, we assigned the Western blot signal against the mouse Bcnt/Cfdp1 as a doublet
of approximately 45 kDa using anti-Bcnt/Cfdp1 antibodies, which were generated against
either of two unrelated immunogens, BCNT-C domain or mouse N-terminal peptide, and
in addition, the Cfdp1 knockdown mouse ES cell line and bovine tissue were used as po-
tential negative controls. Moreover, LC-MS/MS analysis of the corresponding doublet to the
Flag-tagged mouse Bcnt/Cfdp1 that was constitutively expressed in a HEK293 cell exhibited
that the upper band was much more phosphorylated than the lower band with preferential
Ser phosphorylation in the WESF motif of BCNT-C domain. Western blot analysis with these
evaluated antibodies indicated a preferential expression of Bcnt/Cfdp1 in the early stages
of brain development of mouse and rat, which is consistent with a data file of the expression
of Bcnt/Cfdp1 mRNA.

Introduction
The BCNT family members in yeast and Drosophila have been shown to play essential roles in gene
expression and chromosomal maintenance [1]. Mammalian Bcnt/Cfdp1 is also presumed to be a compo-
nent of the SNF2-related CBP activator protein (Srcap) chromatin remodeling complex, which is based
on the results using fractionation of cultured human cell extracts followed by mass spectrometry [2]. This
presumed frame is originally based on the analysis of Swc5, a budding yeast ortholog of Bcnt/Cfdp1, in
Swr1 (yeast Srcap) chromatin complex [3–5]. Although Swc5 is not integrated with the Swr1 complex, it
participates in the activation of the remodeler ATPase, Srcap, and the ATP-dependent histone exchange
reaction. The reaction replaces nucleosomal H2A–H2B with H2A.Z–H2B dimers by recruiting the vari-
ant H2A.Z in the transcription and DNA repair [6–8]. Swc5 is not essential for survival, yet its deletion
mutant swc5� cells caused lack in histone replacement activity for Swr1, resulting in genetic instability,
hypersensitivity to drugs, and transcriptional misregulation [9], [The Saccharomyces Genome Database
https://www.yeastgenome.org/].
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Figure 1. Domain structure of flag-tagged mBcnt, its expression as a doublet band, and isolation of each band

Top panel: Structural comparison of human BCNT/CFDP1 (Human BCNT) and mouse Bcnt/Cfdp1 (Mouse Bcnt). mBcnt is com-

posed of 295 amino acids and 4 amino acids less than the human counterpart. While the C-terminal 82 amino acid sequence of the

BCNT-C domain (blue boxes) is identical except for two amino acid residues (red letters), the N-terminal region has low homology

between mouse and human (75%). A yellow box attached to the N-terminal of mBcnt shows Flag-tag. (A) Flag-tagged mBcnt

(F-mBcnt) was detected as a doublet in both transient and constitutive expression. F-mBcnt or F-multi-cloning site (MCS) was ex-

pressed in T-REx cells, and the extracts were prepared after culturing for 46 h as transiently expressed samples (Lanes: F-MCS and

F-mBcnt). In addition, the extract of several candidate colonies that constitutively expressed F-mBcnt were prepared (Supplemen-

tary Figure S1) and their representative #1 (from ∼5 × 104 cells) was presented. These extracts were subjected to a Western blot

analysis with anti-Flag antibody (Ab) (left panel) or anti-BCNT-C Ab (right panel). The red bar below the structure of Bcnt indicates

the location of immunogen for anti-BCNT-C Ab production. (B) Isolation of the upper and lower bands of F-mBcnt doublet from the

#1 colony. The supernatant of the #1 colony extract isolated by centrifugation was mixed with anti-Flag-tag agarose beads, and the

adsorbed fraction was isolated by sequential elution with Flag peptide (Eluate #1 and #2), as shown in Supplementary Figure S2.

After evaluation of the chromatogram, the larger preparation was carried out on SDS/PAGE and detected by Coomassie Brilliant

Blue staining (CBB). The arrows indicate a doublet band.

Members of the Bcnt family generally consist of an acidic N-terminal region, a highly conserved C-terminal region
with approximately 80 amino acids (BCNT-C domain), and a hydrophilic region between them (Figure 1 and [1]).
Recently, the BCNT-C domain of the budding yeast Swc5 was found to be essential for the histone exchange reac-
tion [10]. On the other hand, a deletion mutant induced by one-base replacement of the Drosophila ortholog, Yeti,
which entirely lacks the BCNT-C domain, shows substantial chromosomal abnormalities, resulting in lethality before
pupation [11]. Thus, the metazoan Bcnt/Cfdp1 is essential for survival in contrast to the yeast swc5. Furthermore,
the chicken ortholog CENP-29 has been identified to be a kinetochore-associated protein [12]. Given a report that

2 © 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).



Bioscience Reports (2020) 40 BSR20194012
https://doi.org/10.1042/BSR20194012

Table 1 Properties of four anti-Bcnt/Cfdp1 Abs used in the study

Antibody name
Immunized
animal Antigen (Sequences/Location) Properties of antigens or Abs Reference

Anti-BCNT-C Ab Guinea pig NH2-CEELAIHNRGKEGYIERKA-COOH
Human BCNT/CFDP1 259-276th peptide

Common to almost mammals [17,18]

Anti-mBcnt-N Ab Guinea pig CH3CO-GEEQAEKTKGKRRKAQC-COOH
Mouse Bcnt/Cfdp1 41-56th peptide

Mouse and rat specific [18]

A305-624A-M
(BethyI)

Rabbit Human BCNT/CFDP1 249-299th petide
https://www.bethyl.com/product/a305-624A-M/CFDP1+
Antibody)

Detection of ∼48, ∼37, and ∼19 kDa
bands, immunoprecipitation ability

26636-1-AP
(Proteintech)

Rabbit Human BCNT/CFDP1 172-299th Recombinant
https://www.ptglab.com/products/CFDP1-Antibody-
26636-1-AP.htm

Validated by siRNA knockdown

Amino acid residues of antigen peptides are indicated in bold letters and their cysteine residues for conjugation with keyhole limpet hemo-
cyanin are also shown.

CENP-B protects centromere chromatin integrity by promoting histone deposition [13], these results imply that the
Bcnt members may play broader roles in the maintenance of the structure and function of the chromosome.

RNA sequencing analysis, as shown by the dramatic influence caused by genetic mutations of swc5 in fission yeast
[14], is a powerful method to clarify the mechanism of complex and dynamic processes, such as embryonic develop-
ment and stress adaptation. However, recent studies have shown a discordance between mRNA and protein expression
in such dynamic processes and argue that analysis at the transcriptional level is insufficient to predict protein levels
[15]. Since members of the Bcnt family may preferentially function to maintain the structure and function of the chro-
mosome in these dynamic processes, analysis of their protein dynamics is essential to understand those processes.
However, it is challenging to assign the correct signal by most of the currently available Bcnt/Cfdp1 antibodies (Abs),
even in Western blot analysis.

We previously characterized human BCNT/CFDP1 (hBCNT/CFDP1) using a cell line that constitutively expresses
its His-tagged molecule (His-hBCNT/CFDP1) [16] as well as Ab generated against an 18-mer peptide (EELAIH-
NRGKEGYIERKA) derived from BCNT-C (anti-BCNT-C Ab) (Table 1) [17]. His-hBCNT/CFDP1 has a calculated
mass of 34.9 kDa (33.6 kDa plus His-tag), but its immunoreactive signal was detected around 50 kDa as a dou-
blet band on SDS-polyacrylamide gel electrophoresis (SDS/PAGE). We showed that the difference between its cal-
culated and apparent molecular mass is mainly due to the acidic stretch located in the N-terminal region and Ser250

phosphorylation in the BCNT-C domain [16]. However, we could not identify the endogenous hBCNT/CFDP1 due
to a high background caused by anti-His Ab reactive proteins, and we also could not accurately assess the speci-
ficity of anti-BCNT-C Ab to endogenous hBCNT/CFDP1. Furthermore, we recently found that the anti-BCNT-C Ab
cross-reacts with an unrelated target, glutamine synthetase (GS) (mouse GS, NP 032157; EC 6.3.1.2), which is also
known as γ-glutamate: ammonia ligase [18]. In this paper, we assigned the Western blot signal against the endoge-
nous mouse Bcnt/Cfdp1 (mBcnt/Cfdp1) using various target-related materials, including flag-tagged mBcnt/Cfdp1
(F-mBcnt/Cfdp1) and Bcnt/Cfdp1 knockdown ES cells. We also present a scheme to prepare a potential negative
control for the western blot analysis to evaluate the Bcnt/Cfdp1 signal. Then, we demonstrate a high expression of
Bcnt/Cfdp1 at an early developmental stage of the brains of mice and rats by evaluating the Abs.

Materials and methods
Detailed information on material sources are listed in Supplementary Table S4.

Cell culture
T-REx-293 (a HEK293 cell derivative, T-REx) cells, their subcolonies which express Flag-multi-cloning site (F-MCS)
or F-mBcnt, and their clone G11 cells which express His-hBCNT/CFDP1 [16] were routinely maintained in a 5%
CO2 incubator using DMEM-GlutaMAX-1 (DMEM) supplemented with 10% fetal calf serum, 50 μg/ml gentamicin,
and with or without G418 (0.5 mg/ml). These cells were subcultured by incubating cell layers (2 ml medium in a
35-mm dish) with 0.75 ml of Accutase for 5 min at room temperature, dispersed by pipetting with a 1000-μl pipet
tip, and ∼1/15 of the suspension was directly plated on a dish preincubated with the medium. G418 was added on
the next day when needed. For preparation of cellular protein extract or transfection, after washing the cell layers
(5 ml of medium in a 60-mm dish or 10 ml of medium in a 100-mm dish) with prewarmed Hepes buffered saline
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(HBS [10 mM Hepes-NaOH, pH 7.5, 150 mM NaCl]), their cell suspension were prepared as described above with
the medium. TrypLE Express was also used in the earlier stage of the study (see below).

ES cell culture
35-mm dishes were precoated by incubating with recombinant human Laminin (iMatrix-511) at a final concentration
of 5 μg/ml in phosphate-buffered saline (PBS) either at room temperature or at 37◦C. Cfdp1-K1 (cell No: AyuK7D01)
and vdR2-4 (cell No: JCRB1658) cells were obtained from Japanese Collection of Research Bioresources (JCRB), and
were grown on precoated 35-mm dishes in ESGRO Complete Clonal Grade Medium plus GSK3β Inhibitor (50μl/100
ml), further supplemented with gentamicin (50μg/ml). After washing with prewarmed HBS, cell layers (2 ml medium
in a 35-mm dish) were incubated with 0.75 ml of Accutase at room temperature and dispersed by pipetting with a
1000-μl pipet tip after 5 min, and 1 ml of DMEM containing 0.1% polyvinyl alcohol (DMEM-PVA) was added. The
cells were collected into a 15-ml tube after washing the dish with DMEM-PVA. While counting its cell number, the
suspension was centrifuged (100 x g , 3 min, room temperature), resuspended in a new medium and seeded at the
density of ∼ 2.5 × 105 cells per 35-mm dish. In order to prepare protein extracts or total RNA, cell suspensions were
washed twice with chilled HBS, dispensed at ∼1 × 106 cells per 1.5-ml tube, and centrifuged (100 × g, 5 min, 4◦C).
After removing the buffer, cell pellets were softly vortexed, snap-frozen in liquid nitrogen, and stocked at −80◦C until
use.

Generation of T-REx colonies expressing Flag-mBcnt
T-REx cells (∼2 × 106 per 100-mm dish) were culture for one day, transfected with each 5μg of Flag-MCS-pcDNA3.1
(Accession No. LC311018) or Flag-MCS-pcDNA3.1 plasmid carrying mBcnt using Lipofectamine 3000 according to
the manufacturer’s protocol. Just before transfection, each half medium was once removed, saved, and returned to the
culture ∼5 h after transfection. After culturing for a total of 44–48 h, each cell layer was washed with prewarmed HBS,
dispersed with TrypLE Express for 10 min at 37◦C, harvested with the medium into a 15-ml tube, centrifuged, and
resuspended in the medium. The number of resuspended cells was counted, and ∼60 cells were seeded in a 48-well
plate preincubated with the medium. After 4 h, G418 was added to a final concentration of 0.75 mg/ml. Colonies
growing in 48-well plates were sequentially expanded to 24-well plates and 35-mm dishes. Each colony was then
cultured in the presence of 0.5 mg/ml G418.

Preparation of protein extracts of T-REx cells and their subcolonies
After washing with chilled HBS, cells on a 100-mm dish were lysed by adding 0.5 ml of lysis buffer (20 mM
Hepes-NaOH, pH 7.5, 150 mM NaCl, designated L-buffer) supplemented with both inhibitors of proteinases and
phosphatases, then cells were collected with a cell scraper (17-mm width). The suspension was transferred into a
1.5-ml tube, sonicated by a Bioruptor (BM Equipment) in an ice-water bath (15 × 10-s pulses at 10-s intervals), and
centrifuged (25000 × g, 30 min, 4◦C, Kubota 3780, rotor AF-2536A). The supernatants were aliquoted, snap-frozen
in liquid nitrogen, and stored at −80◦C until use. The obtained pellets were dissolved in 50 μl of lysis buffer contain-
ing SDS (1% SDS, 1 mM EDTA in 10-mM Hepes-NaOH, pH 7.5, designated LS-buffer), sonicated, and centrifuged
(10000 × g, 1 min, 4◦C. After measurement of the protein concentration, the sample was boiled in SDS/PAGE sample
buffer.

Isolation of Flag-mBcnt using anti-Flag antibody-conjugated agarose
beads
The frozen supernatant of the subcolony #1 cells was thawed, and Nonidet P-40 (NP-40) was added to a final con-
centration of 0.05%. After sonication for 30 s in an ice-water bath followed by centrifuging at 10000 × g for 1 min
at 4◦C, the supernatant (1.2 mg in 1 ml) was mixed with anti-Flag-conjugated agarose beads (20 μl settled volume)
in a 1.5-ml siliconized tube and incubated in a rotary shaker for 2 h, at 4◦C. The mixture was centrifuged for 30 s,
and the supernatant was saved as the unbound fraction. The pellet was resuspended in 100 μl of L-buffer containing
0.05% NP-40 plus inhibitors and transferred to a spin column using a 200-μl wide-bore tip. The tube was once more
washed with L-buffer plus NP-40, and the suspension was recovered to the spin column. The flow-through fraction
obtained by centrifugation was saved as the first wash fraction. The protein-bound agarose was washed twice with
the same buffer, followed by washing once with HBS, and then the bound proteins were eluted by incubating with 50
μl of Flag peptide solution (150 μg in HBS) at 4◦C for 30 min (Eluate #1) and another 5 min (Eluate #2), sequentially.
The agarose was further treated with 50 μl of glycine-HCl (50 mM, pH 2.5), and its eluate and the agarose in the
column were immediately neutralized with 2 M Tris. Finally, 50 μl of 1 × SDS/PAGE sample buffer was added to the
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column, vortexed, and boiled for 5 min. All of the fractionated samples except the fraction eluted with SDS/PAGE
sample buffer, were boiled in 1 × SDS/PAGE sample buffer after being adjusted with 4 × SDS/PAGE buffer. Each
sample was separated on 12.5 % SDS/PAGE and followed by western blot analysis using anti-Flag Ab. For LC-MS/MS
analysis, Eluate #1 and Eluate #2 described above (each ∼40 μl) were concentrated with acetone according to a pro-
tocol (http://tools.thermofisher.com/content/sfs/brochures/TR0049-Acetone-precipitation.pdf). The dry pellet was
once dissolved in 6 μl of LS-buffer, and 2 μl of 4 × SDS/PAGE sample buffer was added, followed by boiling for 3
min. After separating the sample on 12.5% gel SDS/PAGE 10 min longer than usual to ensure the separation of the
upper and lower bands, the gel was fixed with 50% MeOH-10% acetic acid solution, stained with 0.25% CBB, and
then de-stained in 10% MeOH-7% acetic acid solution.

Preparation of protein extracts from mouse and rat brain
The whole brain and cerebellum were dissected from C57BL/6J mice (P0, male) and Wistar rats (P0-P56, male),
respectively, after euthanasia by diethyl ether anesthesia. These samples were snap-frozen in liquid nitrogen and
stored at −80◦C until use. Frozen samples were crushed with a hammer on dry ice and immediately transferred
to a glass-Teflon homogenizer containing LS-buffer (1 ml per 100 mg of samples). Then, tissues were homogenized
at 600 rpm using a digital homogenizer and boiled for 5 min. The homogenates were sonicated (12 × 10-s pulses at
20-s interval) and centrifuged (28000 × g, 30 min, 20◦C). In a case of a mouse brain of the embryonic day around 17,
a frozen piece (∼40 mg) was wrapped with aluminum foil, crushed with a plier cooled with liquid nitrogen, trans-
ferred to a 1.5-ml Bio Masher, and soaked in 200 μl of chilled LS-buffer. Then, the tissues were homogenized cooling
in ice, boiled for 5 min, sonicated, and centrifuged (15000 × g, 10 min). The supernatants were used for Western blot
analysis. The protein concentrations of the supernatants were estimated using a Bicinchoninic Acid protein assay kit
(BCA kit) with bovine serum albumin as a standard.

Enrichment of bovine Bcnt/Cfdp1 using Phos-tag agarose
Bovine placenta (Holstein on 116th day of the pregnancy) as small frozen pieces, which were a gift from Dr Kazuyuki
Hashizume (Iwate University, Morioka), were stored in liquid nitrogen until use. Tiny frozen tissue was obtained
by cutting the pieces with a knife (∼30 mg); then, they were further minced with a razor blade, and proteins were
extracted in the following two ways. The minced pieces were placed in a 1.5-ml BioMasher, soaked in 200 μl of cold
L-buffer plus inhibitors, homogenized, and then mixed with 10 μl of 20% SDS, followed by boiling for 5 min. The
extract was sonicated for 2.5 min, centrifuged (15000 × g, 10 min, 22◦C), and the supernatant was used as a whole
extract. For enrichment of Bcnt/Cfdp1 content, the minced tissue pieces in the 1.5-ml BioMasher were homogenized
in 100 μl of chilled RIPA buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.5% sodium deoxycholate, 1% NP-40, 1
mM EDTA) plus both inhibitors of proteinases/phosphatases. After washing with another 100 μl of RIPA buffer, the
suspension was centrifuged (15000 × g, 10 min, 4◦C) and the supernatant was aliquoted, snap-frozen in liquid nitogen
and stored in −80◦C until use. After dilution of the supernatant with RIPA buffer to 200μg/100μl, the suspension was
mixed with Phos-tag agarose (100 μl settled volume) in a spin column, and the protein-bound beads were washed
three times with each 200 μl of washing buffer and eluted three times with each 100 μl of elution buffer per tube
according to the manufacturer’s protocol. Each eluate was precipitated with TCA and washed twice with acetone
according to a protocol. After heating at 95◦C, 50 μl of 1 × SDS/PAGE sample buffer was added and solubilized by
a mixer (Tomy MT-360) for the Western blot analysis. Bcnt/Cfdp1 content in the above pellets (PPT) was estimated
by adding 6.7 μl of 4 × SDS/PAGE sample buffer to PPT (∼20 μl), boiling for 5 min, and sonicating for 2.5 min. For
larger scale preparation, the above 700 μg of the extract was used.

Immunoblotting
Procedures of SDS/PAGE using 12.5% or 15% gel and blotting onto membranes were virtually the same as previously
described [16,18]. Abs against Bcnt/Cfdp1 are listed in Table 1. All immunoreactivity was visualized by a chemilu-
minescence method using horseradish peroxidase (HRP)-conjugated secondary Abs as described previously [18],
except for using HRP-conjugated goat anti-mouse IgG light chain instead of anti-mouse IgG (H+L).

Mass spectroscopy analysis
The upper and lower bands of a doublet of F-mBcnt, which were detected by CBB staining, were separately cut out
from the gel and digested with API, AspN, and chymotrypsin. Each digest was analyzed by nano-LC-MS/MS using a
Q Exactive mass spectrometer, virtually the same as described previously [16]. Peptides derived from the upper and
lower bands were quantified by a label-free quantification method using Proteome Discoverer Ver 2.2.0.388 (Thermo
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Fisher Scientific). The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium
via the PRIDE [19] partner repository with the dataset identifier PXD019016 and 10.6019/PXD019016.

Isolation of total RNA
Frozen ES cells were homogenized with TRI reagent, and total RNAs were purified using PureLink RNA Mini kit
according to the manufacturer’s protocol. Purified total RNAs were treated with TURBO DNase to eliminate con-
taminating genomic DNA, extracted with phenol/chloroform/isoamyl alcohol (pH 5.2), and re-purified using RNA
Clean & Concentrator -25 kit. The concentration of the total RNA was determined by the absorbance at 260 and 280
nm using NanoDrop One (Thermo Fisher Scientific), and the quality was estimated using a 2100 Bioanalyzer (Ag-
ilent). RNA sequencing was outsourced using each total RNA from Cfdp1-K1 and vdR2-4, respectively (A269/280:
2.07 and 2.03; RIN: 9.9 and 9.6∼9.9, respectively) (Macrogen Japan Corp., Kyoto).

Reverse transcription-PCR, plasmid construction, and PCR product
analysis
cDNAs were synthesized from purified total RNAs of Cfdp1-K1, vdR2-4 cells, and whole mouse brain of a P56
C57BL/6J male by Superscript III First-Strand Synthesis SuperMix according to the manufacturer’s protocol using
oligo-(dT) 20. The full-length ORF of mBcnt or the fragment of mBcnt exons 1-5 fused with Hph (hygromycin
phosphotransferase) was amplified from each cDNA (1 ng of total RNA) by PCR using KAPA HiFi HotStart DNA
polymerase, and PCR products were analyzed as described previously [18]. The primer sequences for detection
of the gene trapped mBcnt are 5′-gagctcggatccgccgccatggaggaattcgactccgaag-3′ (SacI-BamHI-mBcnt, forward) and
5′-gagctcctcgagccgatgcaaagtgccgataaac-3′ (hph-XhoI-SacI, reverse), respectively.

Transcriptome analysis
The following is a summary of the report from Macrogen Corp Japan (Supplementary Appendix S1). The two cDNA
libraries from the RNA of Cfdp1-K1 or dvR2-4 cells were prepared, and their sequences were obtained. The trimmed
paired-end reads (read length 101) of 45,262,214 from Cfdp1-K1 or 52,245,252 from vdR2-4 were mapped to a mouse
reference genome (UCSC GRCm38.p4/mm10, annotation RefSeq 2017 06 12).

Results
Detection of Flag-tagged mBcnt as a doublet band with differential
phosphorylation
To characterize mammalian endogenous Bcnt/Cfdp1, we previously expressed exogenous His-hBCNT/CFDP1 as a
reference. However, proteins that crossed the anti-His tag Ab provided a relatively high background, making it difficult
to assign the signals of the endogenous target in the Western blot [16]. This time, as another reference, we expressed
F-mBcnt in T-REx cells.

mBcnt/Cfdp1 is composed of 295 amino acids (aa), which is 4 aa less than the human counterpart (Figure 1, top
panel, [1]). While 82 aa sequences of both BCNT-C domains are identical except for two aa residues, the N-terminal
region has low homology between mouse and human (75%) and can be used as species-specific immunogens. T-REx
cell colonies constitutively expressing F-mBcnt were isolated using G418 selection. Both the number and size of the
antibiotic-resistant colonies expressing F-mBcnt were significantly lower and smaller than those expressing F-MCS
as a control. The extracts from several colonies of each transfectant were prepared and evaluated with either anti-Flag
Ab or anti-BCNT-C Ab (Table 1) using Western blot analysis. The signal with anti-Flag Ab showed no or two bands,
whereas anti-BCNT-C Ab detected single or three bands (Figure 1A; Supplementary Figure S1A and B).

When comparing the doublet pattern between transiently expressing cells and constitutively expressing cells, the
upper band of the transient expression was significantly stronger than that of the constitutive expression (Figure 1A).
These features are similar to those of His-hBCNT/CFDP1, as previously reported [16].

To reveal the molecular difference between the upper and lower bands, they both were isolated from lysates of
T-REx-derived colony #1, which constitutively express F-mBcnt, using anti-Flag Ab-conjugated agarose beads (Sup-
plementary Figure S2 and Figure 1B). Each band excised from the gel was digested with three different proteases, and
each digest was subjected to LC-MS/MS analysis (PXD019016 and 10.6019/PXD019016). The ratios of the upper to
lower bands for each set of fragments and their phosphorylation sites are systematically presented in Supplementary
Table S1 and Figure S3. The upper band is much more phosphorylated than the lower band. In particular, serine 246th
mBcnt/Cfdp1, which corresponds to S250 of hBCNT/CFDP1 [16], is a preferential site of phosphorylation.
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Figure 2. Comparative assessment of Western blot signals between two antibodies: anti-BCNT-C and A305-624A-M

Top panel: Structures of human BCNT/CFDP1 (Human BCNT) and mouse Bcnt/Cfdp1 (Mouse Bcnt) are shown as in the top panel

of Figure 1, and the location of each immunogen of anti-BCNT-C antibody (Ab) (red bar) or A305-624A-M (green bar) is presented. (A)

Comparison of mobilities between Flag-tagged (F-mBcnt) and tag-free mouse Bcnt/Cfdp1 (mBcnt) on SDS/PAGE. HEK239T cells

were transfected with Flag-MCS-pcDNA3.1 plasmid carrying mBcnt or mBcnt in BsrGI-MCS-pcDNA3.1 (Accession No. LC311017),

and their extracts were subjected to Western blot analysis with anti-BCNT-C Ab. Left panel: None and Vector indicate untreated and

a blank vector control, respectively. The results published in [18] were rearranged and shown. (B) The supernatants were prepared

from each cell lysate of T-REx or G11 cells (His-hBCNT/CFDP1 expressing clone) by centrifugation. Equal amounts of protein (20

μg) were subjected to Western blot analysis with either anti-BCNT-C Ab (left two lanes) or A305-624A-M (right two lanes).

Evaluation of anti-BCNT-C antibody
Based on the results of the Western blot analyses with anti-BCNT-C Ab [16], we previously presumed that the
∼50-kDa signal corresponded to endogenous hBCNT/CFDP1 in both T-REx cells and its G11 clone, the latter of
which constitutively expressed exogenous His-hBCNT/CFDP1. F-mBcnt is 306 aa in length, which is 7 aa longer
than hBCNT/CFDP1 and is similarly phosphorylated (Supplementary Table S1 and Figure S3). Furthermore, the ef-
fect of acid Flag tag (DYKDDDDK) on mobility in SDS/PAGE is more significant than that of the 11 aa diference
(1.2 kDa) between F-mBcnt and mBcnt (Figure 2A and [18]). Thus, it should be larger than His-hBCNT/CFDP1.
However, F-mBcnt appeared below the ∼50-kDa band (Figure 1). From these results, the ∼50-kDa is a band that is
not likely derived from endogenous hBCNT/CFDP1.

Thus, we reexamined the previous Western blot data of His-hBCNT/CFDP1 [16] by introducing two other com-
mercially available anti-Bcnt/Cfdp1 Abs: 26636-1-AP and A305-624A-M (Table 1). We chose these two Abs from
the following criteria. The main antigen regions are from BCNT-C domain, and the candidate signal (s) is reported
in a region that is significantly smaller than 50 kDa from the Western blot analysis. However, as we detected an
extra ∼50 kDa signal in 26636-1-AP (shown below), we compared the western signal patterns of cell lysates be-
tween anti-BCNT-C Ab and A305-624A-M. Both Abs recognized exogenously expressed His-hBCNT/CFDP1 in
the G11 extract but showed distinctly different patterns in the parental T-REx extract (Figure 2B). It is notewor-
thy that anti-BCNT-C Ab reacted to a band above the doublet detected with A305-624A-M. The difference between
the two patterns was confirmed by reprobing with each of the replaced Abs (Supplementary Figure S4). Whereas
anti-BCNT-C Ab revealed a few other bands, A305-624A-M detected mainly the doublet band; however, so far, no
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direct evidence suggests that it corresponds to the doublet of F-mBcnt shown in Figure 1. Since we confirmed the abil-
ity of A305-624A-M to immunoprecipitate His-hBCNT/CFDP1 using G11 cell extract and anti-His Ab, we inferred
that the distinct ∼50-kDa band detected with the anti-BCNT-C Ab shown in Figure 1 and Supplementary Figure S1
is an off-target signal.

Assignment of the candidate signal of mBcnt/Cfdp1 using ES mutant
cells
To assign the endogenous Bcnt/Cfdp1 signal using Western blot analysis, we utilized a mouse embryonic stem (ES) cell
line (Cfdp1-K1) listed as homozygous mBcnt/Cfdp1 mutant cells (i.e. double-knockout cell line) [20]. The gene trap
vector is reported to be inserted in intron 5 of mBcnt/Cfdp1 (Figure 3A) (GenBank: accession number AG999723.1).
As BCNT-C is encoded by exons 6 and 7 (Figure 3A), the Cfdp1-K1 cell lysate can be used as a potential negative
control (knockout cell extracts) to evaluate the Abs generated against antigens derived from BCNT-C if the cells are
homozygous mBcnt/Cfdp1 mutants.

First, we examined by reverse transcription-polymerase chain reaction (RT-PCR) whether Bcnt/Cfdp1 is knocked
out in Cfdp1-K1. After subculturing in the presence or absence of G418 and puromycin, both of which can delete the
feeder layer cells, we prepared cDNAs from Cfdp1-K1 (mutant) and its parental cells, vdR2-4 (wild-type). We then
examined the expression of mBcnt/Cfdp1 mRNA by RT-PCR and DNA sequencing of the products. In the cDNA
from Cfdp1-K1, we detected PCR products corresponding to the full-length mBcnt/Cfdp1 ORF as well as the fusion
gene coding Bcnt/Cfdp1 exons 1-5 and Hph derived from the gene trap vector (Figure 3B). This result indicates that
Bcnt/Cfdp1 was not double knockout in Cfdp1-K1 cells, even though the gene trap vector was inserted adequately
into intron 5. Further comparative transcriptome RNA sequencing between Cfdp1-K1 and vdR2-4 revealed that 694
genes were expressed with more than a 2-fold difference, while 188 genes were up-regulated, and 506 genes were
down-regulated (Supplementary Appendix S1 and Table S2). Among them, Bcnt/Cfdp1 mRNA in the Cfdp1-K1
cells was reduced to 74.4% to that of the parent cells (101.75 vs. 136.79 FPKM, the top row of Supplementary Table
S3). Besides, the mRNA of the flanking genes Bcar1/Cas and Tmem170 (https://www.ncbi.nlm.nih.gov/gene/23837)
and several housekeeping genes frequently used as internal controls were also significantly altered (Supplementary
Table S3).

Next, we examined whether anti-BCNT-C Ab and A305-624A-M can detect the differential expression of
Bcnt/Cfdp1 between mutant and parental cells using western blot analysis. Of the several bands detected by
anti-BCNT-C Ab, one band of ∼45-kDa (indicated by a red arrow in Figure 3C) was distinctively reduced in the
Cfdp1-K1 cells compared with vdR2-4 cells, which was also observed with A305-624A-M. These results suggest that
the ∼45-kDa band is a candidate for the endogenous mBcnt/Cfdp1 in mouse ES cells.

Evaluation of the anti-mBcnt-N antibody and assignment of the
mBcnt/Cfdp1 signal
As mentioned above, the C-terminal region of BCNT members is highly conserved, but the N-terminal region is
variable among species. To further investigate whether the ∼45-kDa band is a valid signal, an anti-mBcnt/Cfdp1
Ab was generated using a mouse N-terminal peptide as an immunogen (anti-mBcnt-N Ab, Table 1 and top panel of
Figure 4). Rat Bcnt/Cfdp1 has the same sequence as the immunogenic peptide derived from mBcnt/Cfdp1, but the
bovine counterpart has a distinctively different amino acid sequence (Figure 4, middle panel), suggesting that the
cross-reactivity with the anti-mBcnt-N Ab was expected to be low. Thus, we can use tissue extracts of bovine and
rat as a potential negative control and positive control, respectively, to evaluate the specificity of anti-mBcnt-N Ab
against the endogenous mBcnt/Cfdp1 in the Western blot analysis. After concentrating the Bcnt/Cfdp1 content in
the bovine extract with Phos-tag agarose [21] to enrich the phosphorylated proteins (Supplementary Figure S5), we
showed that anti-mBcnt-N Ab detected the ∼45-kDa signal in mice and rats but not in cattle (Figure 4A, left filter),
while A305-624A-M detected the ∼45-kDa signal in all tissue extracts (Figure 4A, right filter). This result strongly
suggests that anti-mBcnt-N Ab specifically recognizes endogenous mBcnt/Cfdp1 despite nonspecific cross-reactions
with multiple unknown proteins. We further confirmed that the ∼45-kDa signal was a valid target signal using an-
other anti-hBCNT/CFDP1 Ab, 26636-1-AP (Figure 4B, right filter).

Using anti-mBcnt-N Ab or A305-624A-M, we performed Western blot analysis with two kinds of Cfdp1-K1 cell
lysates prepared after passages in the presence or absence of G418 / puromycin (Figure 5A). The results showed
that both Abs exhibited a ∼45-kDa band with an intensity that is distinctively reduced in both Cfdp1-K1 lysates
as compared with that in the parental cell lysate. Finally, we confirmed that all four anti-Bcnt/Cfdp1 Abs used in the
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Figure 3. Assignment of the endogenous Bcnt/Cfdp1 signal using mutant ES cells by Western blot analysis

(A) Location of the inserted gene trap vector in mouse Bcnt/Cfdp1 and the expected fusion protein. The mouse Bcnt/Cfdp1 gene

is located in the chromosome 8 (Chr 8) and consists of 7 exons. Dashed lines indicate corresponding regions of each exon to

Bcnt/Cfdp1. A brown box on Chr 8 indicates the gene trap vector. Red and green bars under Bcnt/Cfdp1 indicate each location

of immunogens to raise anti-BCNT-C antibody (Ab) and A305-624A-M, respectively. At the top, the structure of expected fusion

protein is shown, which is encoded by Bcnt/Cfdp1 exons 1-5 and Hph (hygromycin phosphotransferase) derived from the gene

trap vector. Four blue arrows at the top of each structure of the fusion protein and Bcnt/Cfdp1 indicate the location of two sets

of PCR primers for RT-PCR analysis. (B) RT-PCR analysis of Bcnt/Cfdp1 mRNA. Using each cDNA from Cfdp1-K1 (Mutant), its

parental cells vdR2-4 (wild-type, WT), or mouse brain (Cont), RT-PCR was carried out. Lanes a and b indicate RT-PCR products

corresponding to the full-length ORF of mBcnt/Cfdp1 (928 bp) (a) and the fused gene of mBcnt exons 1-5 and a part of Hph in the

gene trap vector (948 bp) (b), respectively. The PCR products and DNA size ladder markers were separated in agarose gel, followed

by staining with ethidium bromide. (C) Assessment of Western blot signal of endogenous Bcnt/Cfdp1 using extracts of Cfdp1-K1

and its parental cells. Cell extracts from an equal number (∼2 × 105 cells) of vdR2-4 (WT) and Cfdp1-K1 (Mutant) cells, latter which

had been serially passaged in the presence [Mutant (2)] or absence [Mutant (1)] of G418/puromycin were subjected to Western blot

analysis with either anti-BCNT-C Ab (left filter) or 305-624A-M (right filter). A red two-headed arrow indicates a candidate signal of

the endogenous mouse Bcnt/Cfdp1.

present study exhibited reasonable signals of ∼45-kDa (Figure 5B). From these results, we conclude that the ∼45-kDa
signal corresponds to the endogenous mBcnt/Cfdp1.

Expression of mBcnt/Cfdp1 in the early stage of brain development
RNA profiling data of mouse and rat (https://www.ebi.ac.uk/gxa/home) show that Bcnt/Cfdp1 mRNA expresses ubiq-
uitously and preferentially in the early stage of development. However, recent studies have revealed pervasive dis-
cordance between mRNA levels and protein levels, especially in embryonic development [15]. Therefore, we exam-
ined Bcnt/Cfdp1 expression during the developmental stages of mouse brain and rat cerebrum using the evaluated
anti-Bcnt/Cfdp1 Abs described above. The results showed that Bcnt/Cfdp1 preferentially expresses in the early stages
and significantly decreased according to the postnatal stages in the rat cerebrum (Figure 6).
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Figure 4. Validation of the anti-mBcnt-N antibody

Top panel: Structure of mouse Bcnt/Cfdp1 and amino acid sequence alignment of the immunogen to raise the anti-mBcnt-N

antibody. The structure of mBcnt/Cfdp1 is schematically shown. Three colored bars present the locations of each immunogens

to generate the anti-mBcnt-N antibody (Ab) (purple), A305-624A-M (green), and 26636-1-AP (ocher), respectively. Middle panel:

Alignment of the immunogen for the anti-mBcnt-N Ab generation and its counterparts of rat and bovine. Red letters indicate different

amino acids from the immunogen peptide. (A and B) The specificity of anti-mBcnt-N Ab concerning a ∼45 kDa band. (A) Bovine

placenta extract enriched for Bcnt/Cfdp1 content (20 or 30 μg), and brain extracts of mouse and rat (15 or 20 μg) were separated

on SDS/PAGE, followed by Western blot analyses with either anti-mBcnt-N Ab (left filter, the larger amounts of protein, i.e. 20 or 30

μg) or A305-624A-M (right filter, the smaller amounts of protein, i.e. 15 or 20 μg). (B) Each filter was reprobed with A305-624A-M

(left filter) and 26636-1-AP (right filter), respectively. Two red two-headed arrows indicate the candidate signals of the endogenous

Bcnt/Cfdp1.

Discussion
In the present study, we assigned the signal of the endogenous mBcnt/Cfdp1 as a ∼45-kDa protein using Western
blot analysis by utilizing various target-related materials, and we showed that mouse and rat Bcnt/Cfdp1 are expressed
preferentially at early stages of brain development. Moreover, based on the problems encountered during the present
study, we discuss immune-cross reactions with off-target proteins.

We generated F-mBcnt-expressing cells instead of those of His-hBCNT/CFDP1 because the latter turned out to be
unsuited to assign the endogenous hBCNT/CFDP1 band due to the difficulty to distinguish anti-BCNT-C Ab positive
signals from the high background of the anti-His tag Ab positive proteins [16] such as Nono (p54rnb), which contains
the HHQHHH sequence in the N-terminus region (NP 001138880) (Supplementary Figure S6). F-mBcnt appeared
as a doublet using Western blot analysis, and the upper band was much more phosphorylated than the lower band.
In particular, the phosphorylation of the Ser246 residue in the WESF motif of BCNT-C domain was characteristic.
The doublet of mBcnt/Cfdp1 was probably caused by the presence or absence of Ser246 phosphorylation as shown in

10 © 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).



Bioscience Reports (2020) 40 BSR20194012
https://doi.org/10.1042/BSR20194012

Figure 5. Assignment of the mouse Bcnt/Cfdp1 signals by Western blot analysis

(A) Equal amounts of cell extract (20 μg protein) of vdR2-4 (WT) and Cfdp1-K1 (Mutant) cells, latter which were serially passaged in

the presence [Mutant (2)] or absence [Mutant (1)] of G418/puromycin, were subjected to a Western blot analysis with anti-mBcnt-N

antibody (Ab) (left filter) or A305-624A-M (middle filter). A red arrow indicates a signal of mouse Bcnt/Cfdp1. A filter was stained

with Coomassie Brilliant Blue (CBB) to check the amounts of loading proteins (right filter). (B) Four filters were prepared as the same

as (A) but without [Mutant (1)], and Western blotting was performed with four anti-Bcnt/Cfdp1 Abs used in the present study shown

below each filter. Red arrows indicate signals of mouse Bcnt/Cfdp1. A band detected with the anti-mBcnt-N Ab at ∼75 kDa (shown

as *) is probably the fusion protein of a part of mBcnt/Cfdp1 (exon 1-5) and hygromycin phosphotransferase, as schematically

shown at the top of Figure 3A, which has a calculated molecular mass of 63.9 kDa, but may run slowly on SDS/PAGE due to the

acid stretch located in the N-terminal region of the mouse Bcnt/Cfdp1 [16].

hBCNT/CFDP1 [16] because the characteristic phosphorylation is similar [16]. However, the ratio of the upper and
lower bands was variable, and the reason for this is currently unknown.

We first evaluated a custom-made anti-BCNT-C Ab that detected an extra band in F-mBcnt-expressing cell
lysates (Figure 1 and Supplementary Figure S1). We initially presumed that the band was hBCNT/CFDP1. We
used A305-624A-M, which was confirmed for immunoprecipitation ability using the His-hBCNT/CFDP1-expressing
G11 cell extract with anti-His tag Ab (data not shown). We compared the immune-positive signals detected with
ant-BCNT-C Ab and A305-624-M and found that their patterns were distinctively different in the parental cell extract,
whereas both Abs recognized the exogenous hBCNT/CFDP1 in the extract of the G11 clone (Figure 2B). Therefore,
we utilized a Cfdp1-K1 cell line that was listed as a mouse Bcnt/Cfdp1 homozygous mutant. The cell is a product of
a library of random mutations introduced by gene trap vector insertion in Bloom-deficient ES cells and was selected
for populations of homozygous mutant cells following mitotic recombination [20]. However, RT-PCR analysis of the
cDNA from Cfdp1-K1 revealed the presence of mRNA corresponding to the full-length ORF of the mBcnt/Cfdp1.
Indeed, a comparative analysis of the transcriptome RNA sequencing results showed that Bcnt/Cfdp1 mRNA lev-
els of Cfdp1-K1 were 74.4% of its parental cells. Splicing may efficiently occur by skipping the acceptor site in the
gene trap vector, which is located in the intron 5 that spans over 50 kb (Figure 3A). Although Cfdp1-K1 was not a
double-knockout cell line of mBcnt/Cfdp1, it was useful as a mBcnt/Cfdp1 knockdown cell to select a promising
candidate signal of mBcnt/Cfdp1 at ∼45 kDa.

On the other hand, an attempt was made to generate Bcnt/Cfdp1 knockout MDCK (Madin-Darby Canine Kidney)
cells by targeting its exon 1 by CRISPR-Cas9 technology as in production of β- and γ-catenin double knockout cells
[22]; the expected cells were not obtained so far (W. Kobayashi, personal communication). By using Cfdp1-K1 and
its parental cells, we were finally able to assign the signal of endogenous mBcnt/Cfdp1 detected by two Abs raised
against unrelated immunogens: a mouse N-terminal peptide and a peptide derived from BCNT-C domain, the latter
of which is highly conserved in mammalian Bcnt/Cfdp1.

The following pieces of evidence show that the ∼45-kDa band is the signal of endogenous Bcnt/Cfdp1 using West-
ern blot analysis. First, among several signals detected by anti-BCNT-C Ab, the ∼45-kDa signal was distinctively
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Figure 6. Preferential expression of Bcnt/Cfdp1 in the early developmental stages of mouse and rat brains

Mouse brain extracts of approximately embryonic day17 (E17) and postnatal day 0 (P0), and of rat cerebral extracts from postnatal

day samples (denoted by P# on the top of each lane) were loaded (each 20 μg amounts of protein) and subjected to a Western blot-

ting analysis with A305-624A-M (left panel). The filter was stripped and reprobed with 26636-1-AP (right panel). A red two-headed

arrow indicates the signals of the endogenous Bcnt/Cfdp1.

reduced in the Cfdp1-K1 cell extract compared with the signal of the parental cell extract (Figures 3C and 5). Sec-
ond, the differential ∼45-kDa signal was also detected by three other antibodies for Bcnt/Cfdp1 (i.e. anti-mBcnt-N
Ab, A305-624A-M, and 26636-1-AP), two of which were generated using mutually unrelated immunogens (Figures
4 and 5). We confirmed the immunoprecipitation ability of A305-624A-M among these Abs. More importantly, we
validated the specificity of the anti-mBcnt-N Ab concerning the ∼45-kDa signal using a potential negative control by
preparation of enriched Bcnt/Cfdp1 content in the bovine tissue with Phos-tag agarose (Figure 4 and Supplementary
Figure S5).

The apparent molecular size of the target band (∼45-kDa) on SDS/PAGE appears significantly smaller than those of
signals reported by many available anti-Bcnt/Cfdp1 Abs, including anti-BCNT-C Ab. The molecular behavior of the
∼50-kDa band(s) was significantly different from that of endogenous Bcnt/Cfdp1; therefore, the 50-kDa protein(s)
is probably an off-target(s). Our initial conjectures based on the results using anti-BCNT-C Ab in our previous ar-
ticles are all misdirected, including conjectures on the 50-kDa signal (refer to Abstract in [16]), the 43-kDa signal
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(glutamine synthetase, [18] refer to Figure 3C in [17] and Figure 1B in [23]), and the intracellular localization of
Bcnt/Cfdp1 by immunostaining (refer to Figure 6B in [24]).

We recently introduced two-dimensional gel electrophoresis for the separation of Cfdp-K1 cell extracts and de-
tected a broad smear and doublet bands around 45 kDa with an expected isoelectronic point using A305-624-M
(Calculated IP value: 4. 80, Iwashita and Nakashima, unpublished data). On the other hand, we did not detect two
bands at ∼37 and ∼19 kDa with A305-624A-M, which is shown in its catalog.

It was evident that anti-BCNT-C Ab detected a weak signal to endogenous Bcnt/Cfdp1 with many proteins that are
distinct for the target (Figures 3C and 5). A similarly severe situation that Abs have no ability to detect the endoge-
nous target protein due to many nonspecific bands have been reported (e.g. [25,26]). Concerning the troublesome
evaluation of anti-Bcnt/Cfdp1 Abs, which has caused inappropriate assignments using Western blot analysis, several
factors could be avoided, while others would be difficult to avoid. First, the expression information of Bcnt/Cfdp1
mRNA should be used more efficiently. It is highly expressed in mouse embryo brains, which is much more suitable
than adult samples to identify the target and to evaluate anti-Bcnt/Cfdp1 Abs. Second, although other independent
anti-Bcnt/Cfdp1 Abs were required and had been prepared using such as the N-terminal region as immunogens,
no Abs was obtained, which satisfied the criteria of a single band at the appropriate molecular range. However, it is
not necessary to follow single-band criteria, if we have appropriate information concerning the interest target(s) in
the Western blotting analysis. In spite of many nonspecific proteins (Figure 4), we were able to show the specificity
of anti-mBcnt-N Ab concerning the target ∼45 kDa band. Many similar cases such as anti-Rho Ab [27] have been
reported. Third, although nonspecific proteins are generally various, which are recognized by multiple Abs raised
against different immunogens of the same target, a relatively strong signal(s) near 50-kDa seemed to be commonly
detected by many available anti-Bcnt/Cfdp1 Abs including anti-BCNT-C Ab and 26636-1-AP, resulting in an incor-
rect assignment. The second and third points may be related to the properties of Bcnt/Cfdp1, which mainly consists of
structurally disordered regions. It is noteworthy that the epitopes from the antigen of disordered regions are smaller
than those of the ordered regions and that the former epitopes interact more efficiently with their Abs [28]. Thus, the
commonly available anti-Bcnt/Cfdp1 Abs that have been consequently generated against immunogens of its struc-
turally disordered regions may cause cross-reactions with various proteins with high affinity, resulting in the poor
quality of Ab. Fourth, complex migration of Bcnt/Cfdp1 on SDS/PAGE made it challenging to assign a valid signal.
hBCNT/CFDP1 as well as mBcnt/Cfdp1 is expressed as a doublet band and migrates more slowly on SDS/PAGE than
expected from the calculated molecular mass (33.6 kDa of hBCNT/CFDP1 and 32.7 kDa of mBcnt/Cfdp1). This fea-
ture may be mainly due to the acid stretch of the N-terminal region and the Ser phosphorylation of BCNT-C domain
[16].

Off-target problems have been widely discussed in many Ab validation studies (e.g. [25,26]), including specific
in-depth efforts for Ab evaluation (e.g. [29]). Moreover, a strategy for Ab validation has been proposed [30]. However,
the focus of this discussion appears to be blurred, at least regarding Western blot analysis. Abs do not act under the
confined all-or-nothing modes via specific reactions. It is noteworthy that Abs recognize target molecules based on
their physicochemical environment, which is the chemical entity of the epitope and does not necessarily correspond
to the linear amino acid sequence [18,31,32]. For example, the following two cases reflect topological or stereochem-
ical similarity of spatially limited environments that determine the common epitopes between completely different
proteins: Bcnt/Cfdp1 and glutamine synthetase [18], and phosducin and β-actin [33], respectively.

Although Western blot analysis is much more powerful to examine the target proteins of extracts than mass spec-
troscopy analysis, these tools are fundamentally different—that is, individual Ab is not a tool to identify a molecule
but rather a tool for checking inconsistencies such as with differential tissue distribution of mRNA expression. The
specificity of an Ab depends largely on the relative expression level of the target molecule. Therefore, it is critical to
understand the efficacy and limitations of the Ab used in any experiments.

Recently, mass analysis tools have become remarkably advanced and widely available. Thus, it is now much easier
to identify molecules that have been considered to be false targets due to nonspecific cross-reaction with Abs. These
trials to identify the off-targets may provide byproducts of the excellent Abs, such as conformation-specific antibodies
against the proteins.

As a more reliable anti-Bcnt/Cfdp1 Ab (e.g. A305-624A-M) becomes available, it is then possible to more accurately
characterize endogenous Bcnt/Cfdp1, including subcellular localization and tissue distribution. On the other hand,
the comparative transcriptome analysis of Cfdp1-K1 cells revealed that only a 25% decrease in Bcnt/Cfdp1 mRNA
resulted in a marked up-regulation or down-regulation of many genes (Supplementary Tables S2 and S3). The finding
is consistent with a report by Messina that suggests that extensive effects on vital cellular functions were caused by
RNAi-depletion of Bcnt/Cfdp1 in HeLa cells [34].
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Recently, the budding yeast Swc5 has been clearly shown to preferentially bind to Histone H2A via the tan-
dem DEF/Y motifs in the N-terminus [35], while an additional regulatory factor(s) might be involved in vertebrate
Bcnt/Cfdp1. This result implicates that the broad effect of Bcnt/Cfdp1 deficit caused by RNAi-depletion [34] or shown
as in genome-mediated knockdown of Cfdp1-K1 cells may be directly caused by impairing the histone exchange reac-
tion of chromatin remodeling complex. However, the natural genetic variation also indicates that extensive abnormal
expression of mRNA, antisense and noncoding RNAs may be caused by a mutation in the fission yeast Swc5 that
does not encode the DEF/Y motif in the N-terminus [14]. To further elucidate the functional role(s) of Bcnt/Cfdp1,
comprehensive analyses are required not only—at the protein levels with more appropriate Abs but also at RNA and
DNA levels—using different materials, such as knockdown and knockout cells or mice and further disease model
animals.
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Project Results Summary

In this study, Mus musculus whole transcriptome sequencing was performed in order to examine the

different gene expression profiles, and to perform gene annotation on set of useful genes based on gene

ontology pathway information.

Analyses were successfully performed on all 2 paired-ends samples. Figure 1 shows the throughput of

raw data and trimmed data. Figure 2 shows the Q30 percentage (% of bases with quality over phred score

30) of each sample’s raw and trimmed data.

Raw data vs. Trimmed data (Throughput)

Throughput(Gb)

Figure 1. Throughput output of Raw and Trimmed data

Raw data vs. Trimmed data (≥Q30)

Q30(%)

Figure 2. Q30 score of Raw and Trimmed data
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Trimmed reads are mapped to reference genome with HISAT2. Figure 3 shows the overall read

mapping ratio, the ratio of mapped reads to trimmed reads.

Overall read mapping ratio(%)

Figure 3. Overall read mapping ratio(%)

After the read mapping, Stringtie was used for transcript assembly. Expression profile was calculated

for each sample and transcript/gene as read count and FPKM (Fragment per Kilobase of transcript per

Million mapped reads).

DEG (Differentially Expressed Genes) analysis was performed on a comparison pair

(Cfdp1-K1RNA_vs_vdR2-4RNA) as requested using FPKM. The results showed 694 genes which satisfied

|fc|>=2 conditions in comparison pair.

Figure 4 shows the result of hierarchical clustering (distance metric= Euclidean distance, linkage

method= complete) analysis. It graphically represents the similarity of expression patterns between

samples and genes.
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Figure 4. Heatmap for DEG list

DEG list was further analyzed with Gene Ontology (http://geneontology.org/) for gene set

enrichment analysis per biological process (BP), cellular component (CC) and molecular function (MF).

The Figure 5, 6 and 7 show the significant gene set by each category.
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Figure 5. Gene Ontology terms related to Biological Process
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Figure 6. Gene Ontology Terms related to Molecular Function
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Figure 7. Gene Ontology Terms related to Cellular Component
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1. Experimental Methods and Workflow

Figure 8. RNA Sequencing Experiment Workflow

Nat Rev Genet. 2011 Sep 7;12(10):671-82

1) Isolate the Total RNA from Sample of interest (Cell or Tissue).

2) Eliminate DNA contamination using DNase.

3) Choose an appropriate kit for library prep process depending on the types of RNA. For mRNA with

poly-A tail, use mRNA purification kit; for non-coding RNAs, such as lincRNA, use ribo-zero RNA

removal Kit to purify RNA of interest.

4) Randomly fragment purified RNA for short read sequencing.

5) Reverse transcribe fragmented RNA into cDNA.

6) Ligate adapters onto both ends of the cDNA fragments.

7) After amplifying fragments using PCR, select fragments with insert sizes between 200-400 bp. For

paired-end sequencing, both ends of the cDNA is sequenced by the read length.
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2. Analysis Methods and Workflow

Figure 9. Analysis Workflow

1) Analyze the quality control of the sequenced raw reads. Overall reads’ quality, total bases, total reads,
GC (%) and basic statistics are calculated.

2) In order to reduce biases in analysis, artifacts such as low quality reads, adaptor sequence,
contaminant DNA, or PCR duplicates are removed.

3) Trimmed reads are mapped to reference genome with HISAT2, splice-aware aligner.

4) Transcript is assembled by StringTie with aligned reads.

5) Expression profiles are represented as read count and normalization value which is based on
transcript length and depth of coverage. The FPKM (Fragments Per Kilobase of transcript per Million
Mapped reads) value or the RPKM (Reads Per Kilobase of transcript per Million mapped reads) is used
as a normalization value.

6) In groups with different conditions, genes or transcripts that express differentially are filtered out
through statistical hypothesis testing.

7) In case of known gene annotation, functional annotation and gene-set enrichment analysis are
performed using GO and KEGG database on differentially expressed genes.
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3. Summary of Data Production

3. 1. Raw Data Statistics

(Refer to Path: result_RNAseq/Analysis_statistics/rawData/raw_throughput.stats)

The total number of bases, reads, GC (%), Q20 (%), Q30 (%) are calculated for 2 samples. For

example, in Cfdp1-K1RNA, 46,100,372 reads are produced, and total read bases are 4.7Gbp. The GC

content (%) is 49.57% and Q30 is 93.77%.

Table 1. Raw data stats

Index Sample id Total read bases* Total reads GC (%) Q20 (%) Q30 (%)

1 Cfdp1-K1RNA 4,656,137,572 46,100,372 49.57 97.87 93.77

2 vdR2-4RNA 5,331,793,636 52,790,036 50.52 98.66 95.75

(* Total read bases = Total reads x Read length)

· Total read bases: Total number of bases sequenced

· Total reads: Total number of reads

· GC (%): GC content

· Q20 (%): Ratio of bases that have phred quality score greater than or equal to 20

· Q30 (%): Ratio of bases that have phred quality score greater than or equal to 30
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3. 2. Average Base Quality at Each Cycle

(Refer to Path: Analysis_statistics/rawData/A_fastqc/)

The quality of produced data is determined by the phred quality score at each cycle. Box plot

containing the average quality at each cycle is created with FastQC.

The x-axis shows number of cycles and y-axis shows phred quality score. Phred quality score 20

means 99% accuracy and reads over score of 20 are accepted as good quality.

http://www.bioinformatics.babraham.ac.uk/projects/fastqc

Figure 10. Read quality at each cycle of Cfdp1-K1RNA (read1)

Figure 11. Read quality at each cycle of Cfdp1-K1RNA (read2)

· Yellow box: Interquartile range (25-75%) of phred score at each cycle

· Red line: Median of phred score at each cycle

· Blue line: Average of phred score at each cycle

· Green background: Good quality

· Orange background: Acceptable quality

· Red background: Bad quality
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3. 3. Trimming Data Statistics

(Refer to Path: result_RNAseq/Analysis_statistics/trimmedData/trim_throughput.stats)

Trimmomatic program is used to remove adapter sequences and bases with base quality lower

than three from the ends. Also using sliding window method, bases of reads that does not qualify for

window size 4, and mean quality 15 are trimmed. Afterwards, reads with length shorter than 36bp are

dropped to produce trimmed data.

Table 2. Trimming Data Stats

Index Sample id Total read bases Total reads GC(%) Q20(%) Q30(%)

1 Cfdp1-K1RNA 4,543,927,517 45,262,214 49.59 98.39 94.57

2 vdR2-4RNA 5,253,493,756 52,245,252 50.53 98.99 96.25

· Total read bases: Total number of read bases after trimming

· Total reads: Total number of reads after trimming

· GC (%): GC Content

· Q20 (%): Ratio of bases that have phred quality score greater than or equal to 20

· Q30 (%): Ratio of bases that have phred quality score greater than or equal to 30
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3. 4. Average Base Quality at Each Cycle after Trimming

(Refer to Path: result_RNAseq/Analysis_statistics/trimmedData/A_fastqc/)

Figure 12 and 13 show average base quality at each cycle after trimming.

Figure 12. Average base quality of Cfdp1-K1RNA (read1) at each cycle after trimming

Figure 13. Average base quality of Cfdp1-K1RNA (read2) at each cycle after trimming

· Yellow box: Interquartile range (25-75%) of phred score at each cycle

· Red line: Median of phred score at each cycle

· Blue line: Average of phred score at each cycle

· Green background: Good quality

· Orange background: Acceptable quality

· Red background: Bad quality
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4. Reference Mapping and Assembly Results

4. 1. Mapping Data Statistics

(Refer to Path: result_RNAseq/Analysis_statistics/mapping.hisat.stats)

In order to map cDNA fragments obtained from RNA sequencing, UCSC mm10 was used as a

reference genome. Table 3 shows the statistic obtained from HISAT2, which is known to handle

spliced read mapping through Bowtie2 aligner. You can check number of processed reads, mapped

reads.

Table 3. Mapped Data Stats

Sample ID # of processed reads # of mapped reads (%) # of unmapped reads (%)

Cfdp1-K1RNA 45,262,214 44,725,812
(98.81%)

536,402
(1.19%)

vdR2-4RNA 52,245,252 51,767,696
(99.09%)

477,556
(0.91%)

· Processed reads: Number of cleaned reads after trimming

· Mapped reads: Number of reads mapped to reference

· Unmapped reads: Number of reads that failed to align
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4. 2. Expression Profiling

Known genes and transcripts are assembled with StringTie based on reference genome model.

After assembly, the abundance of gene/transcript is calculated in the read count and normalized

value as FPKM (Fragments Per Kilobase of transcript per Million mapped reads) for a sample.

4. 2. 1. Known Transcripts Expression Level

(Refer to Path: result_RNAseq_excel/Expression_profile/StringTie/

Expression_Profile.mm10.transcript.xlsx)

Table 4 is an example of known transcript expression level per sample in expression value. This

result is obtained by -e option of StringTie does not consider novel transcript assembly.

Table 4. Known transcripts Expression Level (example)

· Transcript_ID: Splicing variant (isoform/transcript)

· Gene_ID: Gene ID

· Gene_Symbol: Symbol of gene

· Gene_Description: Description of gene

· Transcript_Locus: Transript locus

· Transcript_Length: Transcript length

· [Sample Name]_Read_Count: Read count of a sample

· [Sample Name]_FPKM: FPKM normalized value of a sample
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4. 2. 2. Known Genes Expression Level

(Refer to Path: result_RNAseq_excel/Expression_profile/StringTie/

Expression_Profile.mm10.gene.xlsx)

Table 5 is an example of known gene expression level per sample in expression value. This result

is obtained by -e option of StringTie does not consider novel transcript assembly.

Table 5. Known genes Expression Level (example)

· Gene_ID: Gene ID

· Transcript_ID: Splicing variant (isoform/transcript)

· Gene_Symbol: Symbol of gene

· Gene_Description: Description of gene

· [Sample Name]_Read_Count: Read count of a sample

· [Sample Name]_FPKM: FPKM normalized value of a sample
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5. Differentially Expressed Gene Analysis Results

5. 1. Data Analysis Quality Check and Preprocessing

There is a process that sorts differentially expressed gene among samples by FPKM value of known

genes. In preprocessing, there are data quality and similarity checks among samples in case of

biological replicates exist.

(Refer to Path: result_RNAseq_excel/DEG_result/Analysis_Result.html)

5. 1. 1. Sample Information and Analysis Design

Total of 2 samples was used for analysis. For more information of samples and comparison pair,

please refer to Sample.Info.txt file.

Index Sample.ID Sample.Group

1 vdR2-4RNA vdR2-4RNA

2 Cfdp1-K1RNA Cfdp1-K1RNA

Comparison pair and statistical method for each pair are shown below.

Index Test vs. Control Statistical Method

1 Cfdp1-K1RNA vs. vdR2-4RNA Fold Change, Hierarchical Clustering
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5. 1. 2. DATA Quality Check

(Refer to Path: result_RNAseq_excel/DEG_result/Data Quality Check/)

For 2 samples, if more than one FPKM value was 0, it was not included in the analysis. Therefore,

from total of 24,532 genes, 9,558 were excluded and only 14,974 genes were used for statistic

analysis.

5. 1. 3. Data Transformation and Normalization

To facilitate log2 transformation, 1 was added to the raw signal (FPKM). This process is

performed because raw signals are scattered along wide range and most signals are concentrated

on the low signal value, so log transformation reduces the range of the signals and produces more

even data distribution. After log transformation, in order to reduce systematic bias, quantile

normalization is used with preprocessCore’ R library.
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5. 1. 3. 1. Boxplot of Expression Difference between samples.

Below boxplots show the corresponding sample’s expression distribution based on percentile

(median, 50 percentile, 75 percentile, maximum and minimum) based on raw signal (FPKM), Log2

transformation of FPKM+1 and Quantile Normalization.
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5. 1. 3. 2. Expression Density Plot per sample

Below density plots show the corresponding samples expression distribution before and after

of raw signal (FPKM), Log2 transformation of FPKM+1 and Quantile Normalization.
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5. 1. 4. Correlation Analysis between samples

The similarity between samples are obtained through Pearson’s coefficient of the normalized

value. For range: -1≤ r ≤ 1,the closer the value is to 1, the more similar the samples are.

Correlation matrix of all samples is as follows.

23



5. 2. Differentially Expressed Gene Analysis Workflow

Below shows the orders of DEG (Differentially Expressed Genes) analysis.

1) the FPKM value of known genes obtained through -e option of the StringTie were used as the

original raw data.

· Raw data
(Refer to Path: result_RNAseq_excel/Expression_profile/StringTie/

Expression_Profile.mm10.gene.xlsx)

: 24,532 genes, 2 samples

2) During data preprocessing, low quality transcripts are filtered. Afterwards, log2 transformation of

FPKM+1 and quantile normalization are performed.

· Processed data

(Refer to Path: result_RNAseq_excel/DEG_result/data2.xlsx)

: 14,974 genes, 2 samples

3) Statistical analysis is performed using Fold Change per comparison pair.

The significant results are selected on conditions of |fc|>=2.

· Significant data

(Refer to Path: result_RNAseq_excel/DEG_result/data3_fc2.xlsx)

: 694 genes

4) For significant lists, hierarchical clustering analysis is performed to group the similar samples and

genes. These results are graphically depicted using heatmap and dendogram.

· Hierarchical Clustering (Euclidean Distance, Complete Linkage)

(Refer to Path: result_RNAseq_excel/DEG_result/Cluster image/)

5) For significant lists, gene-set enrichment analysis was performed based on gene ontology(

http://geneontology.org/).

Please refer to the gomap_stat sheet and the gomap_genes sheet of data3 file.

Following result are provided.

· gomap_stat

· gomap_genes
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5. 3. Significant Gene Results

(Refer to Path: result_RNAseq_excel/DEG_result/Plots/)

These are DEG result of Cfdp1-K1RNA_vs_vdR2-4RNA meeting fc2 by example.

5. 3. 1. Up, Down Regulated Count by Fold Change

Shows number of up and down regulated genes based on fold change of comparison pair.
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5. 3. 2. Distribution of Expression Level between two groups

Shows distribution of normalized value of each group for comparison pair.
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5. 3. 3. Scatter Plot of Expression Level between two groups

Shows expression levels between comparison pair as a scatter plot. X-axis is control and Y-axis

is average normalized value of the group.
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5. 3. 4. Volume Plot

Expression volume is defined as the geometric mean of two group’s expression level. In order to

confirm the genes that show higher expression difference compared to the control according to

expression volume, volume plot is drawn. (X-axis: Volume, Y-axis: log2 Fold Change).

For example, even though fold change might be different by two-fold, the genes with higher

volume may be more credible.

· Red dot: Top five genes by volume which satisfies, |fc|>=2
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5. 3. 5. Hierarchical Clustering Analysis

(Refer to Path: result_RNAseq_excel/DEG_result/Cluster image/)

Heatmap shows result of hierarchical clustering analysis (Euclidean Method, Complete Linkage)

which clusters the similarity of genes and samples by expression level (normalized value) from

significant list.
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5. 4. GO Enrichment Analysis

(Refer to Path: result_RNAseq_excel/DEG_result/GO)

For Gene-Enrichment test which based on Gene Ontology (http://geneontology.org/) DB was

conducted with significant gene list.

Progressing about 3 categories of GO. The gene or gene product, molecule associated with GO ID

was summarized by parsing the ontology file and the annotation file (multispecies annotation

provided by Uniprot, or the annotation provided by each type reference DB for the GO consortium)

for the GO graph structure.

- Link for the ontology documentation: http://geneontology.org/page/ontology-documentation

- Link for the ontology files: http://geneontology.org/page/download-ontology

- Link for the annotation files: http://geneontology.org/page/download-annotations

The two results are provided for enrichment analysis.

· gomap_stat

· gomap_genes
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5. 4. 1. gomap_stat Sheet

The result of associated gene and enrichment test was summarized by GO ID. The significance

of specific GO ID in enrichment test with DEG set was calculated by modified fisher's exact test.

· Namespace: 3 categories of Gene ontology (Cellular Component, Molecular Function, Biological

Process)

· GOID: Gene ontology ID

· Term: Gene ontology term

· count: The number of unique genes associated with GO ID

· Genes: Associated genes with GO ID (connect by comma)

· Sig.NotIn.GO: The number of genes which are not associated GO ID

· Genome.In.GO: The number of genes associated with GO ID of total sample of gene species

· Genome.NotIn.GO: The number of genes which are not associated with GO ID of total sample of

gene species

· PValue: Raw p-value was calculated by modified fisher's exact test

· Bonferroni: Adjusted p-value by Bonferroni

· FDR: Adjusted p-value by FDR
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5. 4. 2. gomap_genes Sheet

The result of associated GO ID and DEG analysis was summarized based on gene. The GO ID

which associated with specific gene was summarized with statistic such as fold change, p-value,

volume, and normalized value.

· InID: Iuput ID for GO enrichment analysis

· OutID: Mapping ID as gene symbol from input ID through GO enrichment analysis

· GOID: Gene ontology ID

· Term: Gene ontology term

· Namespace: 3 categories of gene ontology (Cellular Component, Molecular Function, Biological

Process)

· PValue: Raw p-value was calculated by modified fisher's exact test

· Bonferroni: Adjusted p-value by Bonferroni

· FDR: Adjusted p-value by FDR
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The bar plot below shows the results of the enrichment analysis based on Gene Ontology DB for

significant genes.

(These plots were made based on gomap_stat result.)
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6. Data Download Information

6. 1. Raw Data

Raw data is the FASTQ file that isn't trimmed adapter sequence.

Download link File size md5sum

Cfdp1-K1RNA_1.fastq.gz 1.2G 34d313aab0592c10d9a8c1181e14dfb5

Cfdp1-K1RNA_2.fastq.gz 1.23G 68288067dba6036df06abc1a1fef372e

vdR2-4RNA_1.fastq.gz 1.31G a793383ab0387867c2d5edaae7627c38

vdR2-4RNA_2.fastq.gz 1.35G ed193bf6585ada34d4a1d450d52971f1

· fastq.gz : This is a zip file of raw data used in analysis.

· md5sum : In order to verify the integrity of files, md5sum is used. If the values of md5sum are the

same, there is no forgery, modification or omission.

6. 2. Analysis Results

Download link File size

HN00101712_result_RNAseq.zip
(md5sum: 7f33ecd78a315ed837bf635cddbec896)

30.45M

HN00101712_result_RNAseq_excel.zip
(md5sum: 621bddc7040d0df14b635ddd4db9ce28)

14.35M
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The data retention period is three months,
please send an e-mail (ngs@macrogen.com)

or contact representative if you want longer retention period.
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7. Appendix

7. 1. Phred Quality Score Chart

Phred quality score numerically express the accuracy of each nucleotide. Higher Q number

signifies higher accuracy. For example, if Phred assigns a quality score of 30 to a base, the chances of

having base call error are 1 in 1000.

Quality of phred score Probability of incorrect base call Base call accuracy

10 1 in 10 90%

20 1 in 100 99%

30 1 in 1000 99.9%

40 1 in 10000 99.99%

Phred Quality Score Q is calculated with -10log10P, where P is probability of erroneous base call.

Q-Score Binning

Illumina NovaSeq sequencer groups quality scores into specific ranges, or bins, and assigns a value

to each range. Q-scores is typically updated when significant characteristics of the sequencing

platform changes, such as new hardware, software, or chemistry versions.
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7. 2. Programs used in Analysis

7. 2. 1. FastQC v0.11.7
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/

FastQC is a program that performs quality check on the raw sequences before analysis to make

sure data integrity. The main function is importing BAM, SAM, FastQ files and providing quick

overview on which section has problems. It provides such results as graphs and tables in html files.

7. 2. 2. Trimmomatic 0.38
http://www.usadellab.org/cms/?page=trimmomatic

Trimmomatic is a program that performs trimming depending on various parameters on illumina

paired-end or single-end.

· ILLUMINACLIP: Cut adapter and other illumina-specific sequences from the read.

· SLIDINGWINDOW: Perform a sliding window trimming, cutting once the average quality

within the window falls below a threshold.

· LEADING: Cut bases off the start of a read, if below a threshold quality.

· TRAILING: Cut bases off the end of a read, if below a threshold quality.

· CROP: Cut the read to a specified length.

· HEADCROP: Cut the specified number of bases from the start of the read.

· MINLEN: Drop the read if it is below a specified length.

· TOPHRED33: Change quality score to phred33.

· TOPHRED64: Change quality score to phred64.

7. 2. 3. HISAT2 version 2.1.0, Bowtie2 2.3.4.1
https://ccb.jhu.edu/software/hisat2/index.shtml

HISAT2 is a fast and sensitive alignment program for mapping next-generation sequencing reads

to genomes. Its first implementation based on an extension of BWT for graphs, designed a graph

FM index (GFM). In addition to using one global GFM index, HISAT2 uses a large set of small GFM

indexes that collectively cover the whole genome (each index representing a genomic region of 56

Kbp, with 55,000 indexes needed to cover the human population). These small indexes (called local

indexes), combined with several alignment strategies, enable rapid and accurate alignment of

sequencing reads. This new indexing scheme is called a Hierarchical Graph FM index (HGFM).

7. 2. 4. StringTie version 1.3.4d
https://ccb.jhu.edu/software/stringtie/

StringTie is a fast and highly efficient assembler of RNA-Seq alignments into potential

transcripts. It uses a novel network flow algorithm as well as an optional de novo assembly step to

assemble and quantitate full-length transcripts representing multiple splice variants for each gene

locus.
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