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Abstract

The relationship between D-AA metabolic enzymes and cancer development remains unclear. We aimed to investigate this
relationship using mice deficient in D-A A-related metabolic enzymes. We examined mice lacking these enzymes for approxi-
mately 900 days and the effects of altered D-A A metabolism on cancer development based on lifespan, pathological findings,
and gene expression. The lifespan of female DASPO -knockout (DASPO™") mice was shorter than that of the other group
mice; furthermore, these mice showed tumor-like masses in the liver, spleen, and small intestine. A pathological diagnosis
of diffuse large B-cell lymphoma (DLBCL) was made. RNA sequencing of the liver samples showed specific alterations in
the expression of 71 genes in DASPO™~ mice compared with that in wild-type B6 mice; RGS 1, MTSS1, and SMARCD 1
were identified as DLBCL-related genes. Patients with DLBCL exhibiting low DASPO expression demonstrated a shorter
survival period than those showing high expression. However, the role of DASPO in DLBCL development is unclear.
Therefore, future research should focus on B cells. DASPO may serve as novel biomarkers and therapeutic targets in cancer.
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Graphical abstract
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DAO: D-amino acid oxidase, DDO: D-aspartate oxidase, SRR: Serine racemase, DLBCL: Diffuse large B-cell lymphoma
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Introduction

For many years, only L-type amino acids were thought to
exist in the human body and have biologically active func-
tions. Chiral amino acid metabolomics (Miyoshi et al.
2012a, b) has revealed the existence and bioactive effects
of D-amino acids (D-AAs) in humans (Iwata et al. 2022;
Kimura et al. 2016; Nakade et al. 2018). D-Amino acid
oxidase (DAAO) and D-aspartate oxidase (DASPO) are
degrading enzymes that regulate D-AA levels (Ohide et al.
2011). DAAO uses neutral and basic D-AAs as substrates,
whereas DASPO uses acidic D-AAs (D-glutamic acid and
D-aspartic acid) as substrates and converts them to a-keto
acids through oxidative deamination. Serine racemase (SR)
is another D-A A-related enzyme that catalyzes the racemiza-
tion of L-serine to b-serine (Wolosker et al. 1999).

The D-AA levels in the body are mainly regulated by
D-AA-related metabolic enzymes and microbiota (Iwata
et al. 2022; Nakade et al. 2018) under normal conditions.
DAAO and SR activities are altered during renal fail-
ure (Nakade et al. 2018). Thus, D-AA-related metabolic
enzymes may be involved in disease onset and progression.
However, the congenital defects of these enzymes them-
selves and the long-term consequences of the abnormal
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D-AA metabolism caused by the defects remain unknown.
The relationship between D-AAs and cancer development
has been gaining attention (Bastings et al. 2019). Cancer
cells utilize D-AAs by altering their metabolism for efficient
cell growth (Pavlova and Thompson 2016). Therefore, we
aimed to investigate the relationship between D-AA-related
metabolic enzymes and cancer development using mice defi-
cient in D-AA-related metabolic enzymes.

Materials and methods
Mice

B6 mice (CLEA Japan, Osaka, Japan) were housed and bred
at Kanazawa University. DAAOSBIR  DASPO-knockout
(DASPO™"), and SR-knockout (SR™~) mouse lines gener-
ated and maintained in a B6 background were utilized in
the study. We have previously reported that these mice lack
target genes and cannot metabolize the relevant amino acids
(Miyoshi et al. 2012a, b; Tojo et al. 2009; Han et al. 2015).
The plasma amino acid profiles of approximately 100-day-
old mice are shown in Fig. 1. The mice (n=20-23) were
bred and evaluated for longevity compared with the lifespan
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Fig. 1 Plasma amino acid profiles. a, ¢, e Plasma D-AA concentra-
tions in B6 and gene-deficient mice. b, d, f Comparisons between
male and female mice. The concentrations of serine, alanine, aspara-
gine, and proline, the major substrates of DAAQO; serine, a substrate
of SR; glutamic acid and aspartic acid, substrates of DASPO, were

measured. D-AA, D-amino acid; DAAO, D-amino acid oxidase;
DASPO, D-aspartate oxidase; SR, serine racemase; D-Ser, D-serine;
D-Ala, D-alanine; D-Asn, D-asparagine; D-Pro, D-proline; D-Glu,
D-glutamic acid; D-Asp; D-aspartic acid
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Fig. 1 (continued)
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of B6 mice (Fig. 2). The evaluation of lifespan was con-
ducted at 800 days of age. The mice were euthanized via
isoflurane inhalation at approximately 900 days of age,
and their brain, heart, liver, spleen, pancreas, kidney, small
intestine, colon, mesenteric lymph node, and thigh muscle
were examined (Figs. 3 and 4 and Online Resources 1 and
2). The breeding period before euthanasia did not exceed
30 days. Some mice died naturally during the 900-day breed-
ing period. Approximately 20 mice were used to assess the
survival period in the context of long-term breeding. All
mice used in the experiment were evaluated. Randomization

was not employed as we focused on comparing the lifespan
of each KO mouse with that of B6 mice. The number of mice
that survived for 900 days and the number of mice that died
naturally are presented in Fig. 2 (survival rate: number of
live mice/total number of mice). Cancer was confirmed as
the cause of death. To monitor the health of the mice, regu-
lar assessments, including recording of weight, examina-
tion of hair unruliness, measurement of blood pressure, and
sampling of blood and urine, were performed. Evaluations
were conducted every 100 days until day 900. The research
staff involved in the animal experiment at the Kanazawa

Fig.2 Survival curve. Sur- a.
vival rates were calculated at 1.07 == B6 Male
800 days of age. Survival curve n = 16/20 (Live/Total)
of a all B6 and D-AA-related == B6 Female
metabolic enzyme-knockout n = 13/21 (Live/Total)
mice (DAAOC'S'R DASPO™-, 087 DAAOSEIR Male
and SR™7) and b all female B6 _ N = 12/23 (Live/Total)
and D-AA-related metabolic g == DAAQCEIR Female
. >
enzyme-knockout mice. A = N = 11/20 (Live/Total)
= 0.6
log-rank test was performed 5 DASPO/-Male
for survival time analysis. % N = 15/20 (Live/Total)
D-AA, D-amino acid; DAAO, S == DASPO”/- Female
D-amino acid oxidase; DASPO, § 04- N = 3/17 (Live/Total)
D-aspartate oxidase; SR, serine o ' ‘ == SR/- Male
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University Animal Experiment Facility have received basic
training.

To clarify the expression changes in genes involved in
tumor (diffuse large B-cell lymphoma [DLBCL]) forma-
tion, we used the liver tissues of mice at 500 days of age
(before disease onset), which was estimated to be just before
tumor (DLBCL) formation based on the findings of long-
term rearing (Fig. 2). To evaluate gene expression over time,
the liver tissues from both B6 and DASPO™~ mice on days
50 (postnatal control) and 500 (pre-onset) were used in the
analysis. The tumor site (DLBCL) was not included in the
evaluation because it was assumed to exhibit significant
changes in gene expression. The liver samples from 500-day-
old female DASPO~"~ mice did not show grossly apparent
tumor findings.

Histopathology

The organs were fixed in 10% neutral buffered formalin and
embedded in paraffin. At least five sections were prepared
for histologic observation (hematoxylin and eosin staining)
and immunohistochemistry. The deparaffinized and rehy-
drated sections prepared for immunohistochemistry were

microwaved in 10 mM citrate buffer for 20 min in a micro-
wave oven. After blocking endogenous peroxidase, these
sections were incubated overnight at 4 °C with antibodies
against CD3 (rabbit monoclonal, clone SP7, diluted 1:150;
Abcam), CD20 (rabbit monoclonal, clone SP32, diluted
1:100; Abcam), CD10 (rabbit monoclonal, clone EPR22867-
118, diluted 1:500; Abcam), or CD5 (rabbit polyclonal,
diluted 1:250; Invitrogen), and then at room temperature
for 1 h with Histofine® Simple Stain™ Mouse MAX PO®
(Nichirei, Tokyo, Japan). After benzidine reaction, the sec-
tions were lightly counterstained with hematoxylin. As a
negative control, isotype-matched immunoglobulin normal
rabbit IgG (AB-105-C; R&D systems) was used as the pri-
mary antibody.

RNA sequencing

Total RNA was extracted from the liver samples of 50-
and 500-day-old DASPO™~ and B6 mice (n=4 per group)
using the NucleoSpin RNA kit (Macherey—Nagel, Diiren,
Germany). The concentration and quality of the extracted
RNA were determined using TapeStation and BioAna-
lyzer, respectively (Agilent Technologies, Santa Clara, CA,

@ Springer
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Fig.4 Pathological findings of
each organ in female DASPO™~
mice. a The liver showing
multiple nodular infiltrations

of lymphocytes. b A higher-
magnification image of the liver.
A mass consisting of medium to
large atypical lymphocytes can
be observed. ¢ Small intestine
showing cellular thickening of
the wall. d A higher magnifica-
tion of the small intestine show-
ing the accumulation of medium
to large atypical lymphocytes. e
The atrial septum shows monot-
onous lymphocytes accumu-
lated in the impulse-conducting
system of the heart. f The spleen
shows several multinucleated
megakaryocytes. g Immunohis-
tochemistry for CD20. Atypical
lymphocytes were positive for
CD20. h Immunohistochem-
istry for CD3. CD3-positive
cells were scattered but among
normal lymphocytes. Original
magnification x40 (a, ¢),x100
(e), x200 (b, d, f, g, h). DASPO,
D-aspartate oxidase

USA). cDNA libraries were generated from DASPO~~ and
B6 mouse liver RNA using the SMART-Seq v4 Ultra Low
Input RNA Kit for Sequencing (Takara Bio, Japan) and the
Nextera XT DNA Library Prep Kit (Illumina, San Diego,
CA, USA) for RNA sequencing (RNA-Seq). RNA-Seq was
performed on NovaSeq 6000 (Illumina) in the 2’ 150-bp
paired-end mode, providing an average of 69 million reads
for each sample. The RNA-Seq reads were mapped to the
mouse genome (GRCm39), and gene-level expression was

@ Springer

quantified (per gene read counts) using the DRAGEN Bio-IT
Platform (Illumina). Differential gene expression analysis in
all pairwise comparisons was performed with the read count
dataset using the edgeR package (Robinson et al. 2010) in
the R environment (version 4.2.0) (R Foundation for Statis-
tical Computing, Vienna, Austria). Differentially expressed
genes were determined based on Bonferroni-corrected P val-
ues and fold-changes in expression between groups. Gene
Ontology (GO; biological process) term enrichment analysis
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of DASPO™"~-related genes was performed using the R pack-
age clusterProfiler.

DASPO expression analysis in patients with DLBCL

Gene Expression Profiling Interactive Analysis 2 (GEPIA2)
(Tang et al. 2019) (http://gepia2.cancer-pku.cn/#index) was
used to analyze the relationship between DASPO expression
and survival in patients with DLBCL.

Statistical analysis

Student’s #-test and Mann—Whitney U test were used to com-
pare two groups (Fig. 1). A log-rank test was performed
for survival time analysis (Fig. 2). The Bonferroni method
was used to compare gene expression (Fig. 5 and Online
Resources 3-5). Statistics version 23 software (IBM, Tokyo,
Japan) and R (https://www.r-project.org/) were used for
statistical analyses. Results were considered significant at
P<0.05.

The animal experiments have been described according
to the ARRIVE 2.0 guidelines (The ARRIVE Guidelines
2.0 2024).

Results

Plasma amino acid profiles of D-AA-related
metabolic enzyme-knockout mice

The multidimensional data from the plasma D-amino acid
analysis results were plotted in a low-dimensional plot using
the principal coordinate analysis (PCoA) to visualize diver-
sity and similarity. For example, in Fig. 1a (left), the x-axis
of the loading data demonstrates the difference between B6
and DAAO™~ mice. Deviation from the 0.0 value signifies a
higher discrimination ability. The y-axis indicates the influ-
ence of other factors, such as sex. Figure 1a (right) shows the
outcomes of distinguishing DAAO™"~ mice (red dots) from
B6 mice (blue dots) using these amino acids. The results
of the ROC analysis, which showed the greatest difference
between D-AA gene-deficient and B6 mice, are also shown.

The PCoA results showed that DAAO®3’% mice had dif-
ferent plasma D-AAs profiles compared to B6 mice, and
the ROC analysis showed that plasma levels of D-Proline
and D-Serine were significantly higher in DAAO™" than in
B6 mice (Fig. 1a). PCoA results showed a different trend
in the D-AA profiles of male and female DAAO“/8/R mice.
However, no sex differences were observed in the levels of
DAADO substrates D-alanine and D-serine (Fig. 1b).

The PCoA results confirmed that DASPO™'~ mice had
different plasma D-AA profiles compared to B6 mice. The
ROC analysis showed that the plasma level of D-aspartate, a

substrate of DASPO, was significantly higher in DAAO™~ mice
than in B6 mice (Fig. Ic). PCoA results showed a different
trend in the D-AA profiles of male and female DASPO™~ mice.
However, no sex differences were observed in the levels of
DASPO substrates D-glutamate and D-aspartate (Fig. 1d).

The PCoA results confirmed that SR™~ mice had differ-
ent plasma D-AA profiles compared to B6 mice. The ROC
analysis showed that the level of D-serine, a substrate of
SR, was significantly lower in SR~~ mice than in B6 mice
(Fig. 1e). PCoA results showed a different trend in the D-AA
profiles of male and female SR~ mice. However, no signifi-
cant difference in D-serine level was observed between male
and female mice (Fig. 1f).

These results indicate that mice deficient in the DAA-
related metabolic enzyme gene have altered plasma D-AA
profiles.

Lifespan of D-AA-related metabolic
enzyme-knockout mice

The lifespan of female DASPO™" mice was the shortest
among all groups of mice (log-rank, P=0.007) (Fig. 2a).
Next, only female mice were evaluated to correct for the
effects of sex differences. Even under these conditions, the
lifespan of female DASPO™~ mice was shorter than that of
the other group mice (log-rank, P=0.045) (Fig. 2b).

Changes in the macroscopic findings of organs
in D-AA-related metabolic enzyme-knockout mice

Macroscopic findings of organs were evaluated to deter-
mine the cause of death of female DASPO™~ mice. Female
B6 mice showed no masses in their organs (Fig. 3a). How-
ever, in female DASPO ~~ mice (Fig. 3a, b), mice express-
ing a natural variant that inactivates DAAO (DAAOCU'8IR)
(Fig. 3a and Online Resource 1a), and SR~ mice (Fig. 3a
and Online Resource 1b), masses were observed in the liver,
spleen, and small intestine. These masses were especially
frequent in the liver of female DASPO™" mice (Fig. 3a).

Male B6 mice showed masses in the liver, spleen, and
mesenteric lymph nodes. Male DASPO™~ (Online Resource
2a, b), DAAO®'8'R (Online Resource 2a, ¢), and SR~ mice
(Online Resource 2a, d) also showed masses in the liver,
spleen, small intestine, and mesenteric lymph nodes.
Although no masses were observed in the kidneys, blis-
ters were noted in B6, DAAO®'8'% and SR~ mice (Online
Resource 2¢).

Pathological findings of each organ in female
DASPO™"~ mice

To identify the cause of mass development in female
DASPO™~ mice (Fig. 4), we analyzed the pathological
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B6 mice compared with that in 50-day-old female B6 mice. Age (DASPO™"): Number
of genes whose expression was altered in 500-day female DASP~~ mice compared with
that in 50-day female DASP™~ mice. DASPO™~ (50D): Number of genes whose expres-
sion was altered in 50-day-old female DASPO™~ mice compared with that in 50-day-old
female B6 mice. DASPO™~ (500D): Number of genes whose expression was altered in
500-day-old female DASPO™~ mice compared with that in 500-day-old female B6
mice. b Expression levels. ¢ Heatmap of 71 genes. Yellow highlights
indicate DLBCL-related genes. d: Genes with altered expression with
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Bonferroni-corrected P<0.05 are shown in red and those with expres-
sion ratio>twofold (logFC>1 or logFC< —1) are shown in green for
comparison between 50-day-old female DASPO ~~ mice and 50-day-old
female B6 mice. e: Genes with altered expression with Bonferroni-cor-
rected P<0.05 are shown in red and those with expression ratio > twofold
(logFC>1 or logFC< —1) are shown in green for comparison between
500-day-old female DASPO™~ mice and 500-day-old female B6 mice.
DASPO, D-aspartate oxidase
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Fig.5 (continued)

findings of the organs. Medium or large atypical lympho-
cytes were distributed in the thoracoabdominal organs. The
liver, showing a suspected relation to death, showed atypi-
cal lymphocytes diffusely infiltrating the sinusoidal space
with scattered mass-forming cells (Fig. 4a, b). An abnormal
localized dilatation was macroscopically recognized in the
small intestine. In the distal neighborhood, a microscopic
examination revealed cellular thickening of the intestinal
wall and marked infiltration and mass formation by atypical
lymphocytes from the submucosal to subserosal layers with-
out mucosal involvement (Fig. 4c, d). In the myocardium,
atypical lymphocytes were scattered in the atrial septum
and focally accumulated in the impulse-conducting system
(Fig. 4e). The kidney showed dilatation of the proximal
tubule and mild lymphocytic infiltration in the interstitial
space. The spleen had scattered multinucleated megakaryo-
cytes, indicating extramedullary hematopoiesis (Fig. 4f).
The immunohistochemical analyses revealed that these pro-
liferating lymphocytes were mostly CD20-positive B lym-
phocytes and that CD3-positive T lymphocytes were sparse
(Fig. 4g, h). Based on the pathological findings, DLBCL or
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follicular lymphoma was considered a differential diagno-
sis; however, DLBCL was confirmed by the abundant Ki67-
positive cells and a lack of definite follicular formation. The
mass formed by these lymphoma cells was limited to the
liver and small intestine and was not found in any systemic
lymph nodes.

RNA-Seq of liver samples from female DASPO~'~
mice

The results are presented as a Venn diagram based on Bon-
ferroni-corrected P < 0.05 and expression ratio > twofold
(logFC>1 or logFC < —1) (Fig. 5a). A comparison of 50-
and 500-day-old female B6 mice revealed that the expres-
sion of 101/16 711 genes was altered by aging (Fig. 5a:
Age [B6]; Online Resource 3). A similar comparison of
50- and 500-day-old female DASPO™~ mice indicated that
the expression of 180/16 711 genes was altered by aging
(Fig. 5a: Age [DASPO~""]; Online Resource 4). A compari-
son of 50-day-old female B6 mice with 50-day-old female
DASPO™~ mice revealed that the expression of 59/16 711
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genes was altered at baseline (Fig. Sa: DASPO™~ [50D];
Online Resource 5). Excluding the genes whose expression
was altered with aging and at baseline, the expression of 71
genes was found to be altered in the comparison between
500-day-old female B6 and DASPO™~ mice (Fig. 5a:
DASPO™~ (500D), B). Multiple Experiment Viewer (MeV;
https://mev.tm4.org/#/about) was used to analyze the clus-
tering of the 71 DASPO™-related genes. This analysis also
confirmed that genes in B6 and DASPO™~ mice can be
clustered into two major groups (Fig. 5¢). Among the 71
DASPO™ -related genes, RGS 1, MTSS1, and SMARCD 1
are known DLBCL-related genes (Fig. 5b, d, e). No tumors
were grossly and histologically confirmed in the livers of the
50- and 500-day-old mice sampled. Therefore, this change
was not tumor-induced but was caused by a gene affected by
the genetic background of DASPO™~ mice.

The GO analysis to predict the biological processes of
the 71 DASPO™"-related genes revealed three GO terms:
generation of precursor metabolites and energy, cellular car-
bohydrate metabolic process, and carbohydrate biosynthetic
process (Online Resource 6a, b).

Kaplan-Meier curve of D-AA-related enzyme gene
expression levels in patients with DLBCL

The low-DASPO group showed a trend toward a shorter sur-
vival period than the high-DASPO group (Fig. 6a). In con-
trast, the low- and high-DAAO groups showed no changes in
survival (Fig. 6b). The low- and high-SR groups also showed
no changes in survival (Fig. 6¢). These results in humans
were consistent with those in mice.

Discussion

In the present study, after long-term rearing, mice deficient
in D-amino acid-related metabolic enzymes showed tumor
development. Female DASPO~~ mice exhibited a higher
frequency of mass formation and shorter lifespan, and the
masses were pathologically diagnosed as DLBCL. The
expression of 71 genes was altered in DASPO™~ mice. Addi-
tionally, human patients with DLBCL showing low DASPO
expression presented shorter survival period. These findings
suggest that congenital dysregulation of DASPO may con-
tribute to DLBCL development.

In animals, DASPO is expressed in tissues throughout
the body and is particularly active in the brain, lung, liver,
spleen, and kidney (Van Veldhoven et al. 1991). Similarly,
in humans, DASPO expression has been confirmed in all
organs (Online Resource 7) (Uhlén et al. 2015). In our
human study, patients with DLBCL with lower DASPO
expression tended to have shorter survival rates than those
with higher DASPO expression (Fig. 6). Interestingly,

DASPO expression is higher in female individuals than in
male individuals (Kera et al. 1993; Nagasaki 1994). In the
present study, the lifespan of female DASPO™~ mice was
shorter than that of male DASPO~~ mice, suggesting that
female mice may be more affected by DASPO deficiency
than male mice. This interpretation is consistent with the
findings of Kera et al. (1993) and Nagasaki (1994).

In addition, D-Asp and D-Glu, substrates of DASPO, have
been reported to be associated with the development of can-
cer (Du et al. 2019; Han et al. 2015, 2018). DASPO™~ mice
had higher plasma D-Asp levels compared to B6 mice. On
the other hands, there was no difference for D-Glu (Fig. 1).
Therefore, it was thought that D-Asp might affect carcino-
genesis in this study. An association between D-Asp levels
and cancer has been reported. In human MCF-7 breast can-
cer cells, the D-Asp level is higher than that in non-neo-
plastic MCF-10A breast epithelial cells (Du et al. 2019).
At this time, however, there are many unknowns regarding
the relationship between D-Asp and DLBCL and the influ-
ence of gender differences. Overall, the relationship between
DSPAO deficiency and DLBCL development needs further
research.

In the present study, histopathology indicated that the
tumors developed in female DASPO~~ mice were DLBCL.
Then, we assumed the underlying metabolic change in tissue
cell, especially micro environments of liver, may induces
prominent tumor growth. Therefore, we examined altera-
tions in the expression of genes associated with DLBCL
development in these mice. RNA-Seq of the liver, which
had the highest tumor frequency, showed that the expres-
sion of 71 genes was specifically altered in DASPO™" mice
compared with that in B6 mice; these genes included RGS 1,
MTSS1, and SMARCD 1, which are associated with DLBCL
development. High RGS 1 expression is associated with poor
overall survival in patients with DLBCL (Carreras et al.
2017), consistent with our results. RGS I upregulation is
reportedly associated with shorter survival period in patients
with breast and lung cancers (Huang et al. 2021) and those
with DLBCL. The association between RGS I and cancer
development reportedly involves its upregulated expression
via type Il interferon-signal transducer and activator of tran-
scription 1 signaling and impaired trafficking of circulating
T cells to tumors via inhibition of calcium influx and sup-
pressed activation of the kinases ERK and AKT. Further-
more, RGS 1 is associated with CD8+ T-cell exhaustion (Bai
et al. 2021). MTSS1 expression was upregulated in mice in
the present study. The relationship between MTSS1 expres-
sion and DLBCL development has been reported (Xu and
Xu 2018; Du et al. 2022). Decreased MTSS1 expression pro-
motes the proliferation, invasion, and metastasis of DLBCL
OCI-LY10 cells (Xu and Xu 2018). In contrast, patients with
high levels of MTSS] transcripts have a favorable progno-
sis compared to those with reduced or no expression (Du
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Fig.6 Kaplan—Meier curve of D-AA-related enzyme gene expression
levels generated using GEPIA2. Survival analysis based on human a
DASPO, b DAAO, and ¢ SR gene expression levels. Adapted from

et al. 2022). In addition to these three genes, we identified 68
genes whose expression was altered, and they may be novel
DLBCL-related genes. Some of these genes were predomi-
nantly related to the generation of precursor metabolites
and energy, cellular carbohydrate metabolic process, and
carbohydrate biosynthetic process as indicated by the GO
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GEPIA2 (http://gepia2.cancer-pku.cn). DASPO, D-aspartate oxidase;
DAAO, D-amino acid oxidase; SR, serine racemase

analysis. The association between these genes and DLBCL
development needs to be investigated to elucidate the novel
pathogenesis of DLBCL.

In the present study, mice deficient in D-AA-related
enzymes, DAAO and SR, showed no changes in lifespan
but showed the formation of masses. DAAO has attracted
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attention as a candidate for a new enzyme prodrug therapy
in cancer treatment. Previous studies have confirmed that
hydrogen peroxide generated by DAAO exerts cytotoxic-
ity on tumor cells (EI Sayed et al. 2012). In particular,
efforts are being made to enhance the tumor specificity
of the enzyme and suppress adverse effects via modifica-
tion using protein engineering and nanotechnology (Rosini
et al. 2020, 2021, 2022). It has also been reported that
DAAO expression is associated with B cell regulation,
suggesting that metabolic changes in D-amino acids and
DLBCL may be related (Suzuki et al. 2021). SR is report-
edly associated with cancer development (Miyoshi et al.
2012a, b; Ohshima et al. 2020). SR activation supports
the growth of colorectal cancer cells, whereas SR inhibi-
tion inhibits cancer growth (Ohshima et al. 2020). Thus,
although there are only a few reports, D-AA-related meta-
bolic enzymes and cancer may be closely related. Further
elucidation of the detailed mechanism is needed.

This study has some limitations. Although we evalu-
ated underlying metabolic changes in liver, in which prom-
inent tumors are identified, gene analysis of B cell is not
performed. Therefore, the association between DASPO
deficiency and development of DLBCL remains unclear.
In the future, it is necessary to focus on B cells and inves-
tigate the mechanism of DLBCL development in associa-
tion with DASPO deficiency. As D-AA-related metabolic
enzyme-deficient mice showed diverse phenotypes, organ
and histological abnormalities other than those affected
by DLBCL may be influenced by D-AA-related enzyme
deficiency. Furthermore, brain function and nervous sys-
tem activity were not evaluated. Organs such as the eye,
thyroid, testis, and ovary were also not examined, warrant-
ing further research.

Overall, this study showed that DASPO™ mice have a
shorter lifespan because of changes in the expression of 71
genes and development of DLBCL. Patients with DLBCL
who showed low DASPO expression also showed a trend
of poor long-term prognosis compared to those who
showed high DASPO expression. Furthermore, DAAO,
DASPO, and SR deficiencies were found to induce tumor-
like mass development in mice. These results elucidate the
importance of DASPO as novel biomarkers and therapeutic
targets in cancer.

Data availability statement

The RNA-Seq data (FASTQ reads) generated have been
deposited at the DNA Data Bank of Japan (DDBJ) under
DDBJ Sequence Read Archive (DRA) accession number
DRAO014804.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00726-024-03426-1.

Acknowledgements We would like to thank Editage (www.editage.
com) for English language editing. This work was supported by 34th
Hokkoku Cancer Fund (Y.N.) and Grants-in-Aids from the Ministry of
Education, Culture, Sports, Science, and Technology of the Japanese
Government under Grant Numbers 16K15326 and 19H03557 (T.W.)
and AMED under Grant Number JP21ek0310012 (T.W.).

Author contributions Yusuke Nakade, Yasunori Iwata, and Takashi
Wada conceived and designed the experiments; Yusuke Nakade, Ken-
ichi Harada, Yasuharu Sato, Taku Kobayashi and Mayo Hayashi per-
formed the research; Yusuke Nakade, Kenichi Harada, Yasuharu Sato,
Yuta Yamamura, Tadashi Toyama, and Atsushi Tajima analyzed the
data; Masashi Mita, Kenji Hamase, and Ryuichi Konno contributed
new methods or models; Yusuke Nakade, Yasunori Iwata, Kenichi
Harada, Atsushi Tajima, and Takashi Wada wrote and/or edited the
manuscript.

Funding Open Access funding provided by Kanazawa University.
This work was supported by 34th Hokkoku Cancer Fund (Y.N.) and
Grants-in-Aids from the Ministry of Education, Culture, Sports, Sci-
ence, and Technology of the Japanese Government under Grant Num-
bers 16K15326 and 19H03557 (T.W.) and AMED under Grant Number
JP21ek0310012 (T.W.).

Declarations
Conflict of interest The authors declare no competing interests.

Research involving animals All animals were maintained and used
according to Kanazawa University guidelines, and experiments were
conducted upon approval from Kanazawa University (approval no.
AP-204160).

Informed consent Not applicable.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Bai Y, Hu M, Chen Z, Wei J, Du H (2021) Single-cell transcriptome
analysis reveals RGS1 as a new marker and promoting factor for
T-cell exhaustion in multiple cancers. Front Immunol 12:767070.
https://doi.org/10.3389/fimmu.2021.767070

Bastings JJAJ, van Eijk HM, Damink SWO, Rensen SS (2019) D-amino
acids in health and disease: a focus on cancer. Nutrients 11:2205.
https://doi.org/10.3390/nul11092205

@ Springer


https://doi.org/10.1007/s00726-024-03426-1
http://www.editage.com
http://www.editage.com
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fimmu.2021.767070
https://doi.org/10.3390/nu11092205

4 Page 16 of 16

Y. Nakade et al.

Carreras J, Kikuti YY, Bea S et al (2017) Clinicopathological char-
acteristics and genomic profile of primary sinonasal tract diffuse
large B cell lymphoma (DLBCL) reveals gain at 1q31 and RGS 1
encoding protein; high RGS 1 immunohistochemical expression
associates with poor overall survival in DLBCL not otherwise
specified (NOS). Histopathology 70:595-621. https://doi.org/10.
1111/his. 13106

Du S, Wang Y, Alatrash N et al (2019) Altered profiles and metabolism
of 1- and d-amino acids in cultured human breast cancer cells vs.
non-tumorigenic human breast epithelial cells. J Pharm Biomed
Anal 164:421-429. https://doi.org/10.1016/j.jpba.2018.10.047

Du P, Ye L, Li H, Yang Y, Jiang WG (2022) The tumour suppressive
role of metastasis suppressor-1, MTSS1, in human kidney cancer,
a possible connection with the SHH pathway. J Exp Ther Oncol
10:91-99

El Sayed SM, El-Magd RM, Shishido Y et al (2012) D-amino acid
oxidase-induced oxidative stress, 3-bromopyruvate and cit-
rate inhibit angiogenesis, exhibiting potent anticancer effects.
J Bioenerg Biomembr 44:513-523. https://doi.org/10.1007/
$10863-012-9455-y

Han H, Miyoshi Y, Koga R, Mita M, Konno R, Hamase K (2015)
Changes in d-aspartic acid and D-glutamic acid levels in the tis-
sues and physiological fluids of mice with various D-aspartate
oxidase activities. ] Pharm Biomed Anal 116:47-52. https://doi.
org/10.1016/j.jpba.2015.05.013

Han M, Xie M, Han J, Yuan D, Yang T, Xie Y (2018) Development
and validation of a rapid, selective, and sensitive LC-MS/MS
method for simultaneous determination of D- and L-amino acids
in human serum: application to the study of hepatocellular car-
cinoma. Anal Bioanal Chem 410:2517-2531. https://doi.org/10.
1007/s00216-018-0883-3

Han, Yurika Miyoshi, Reiko Koga et al (2015) Changes in D-aspartic
acid and D-glutamic acid levels in the tissues and physiological
fluids of mice with various D-aspartate oxidase activities. J Pharm
Biomed Anal 116:47-52. https://www.sciencedirect.com/science/
article/abs/pii/S073170851500299X

Huang D, Chen X, Zeng X et al (2021) Targeting regulator of G protein
signaling 1 in tumor-specific T cells enhances their trafficking to
breast cancer. Nat Immunol 22:865-879. https://doi.org/10.1038/
s41590-021-00939-9

Iwata Y, Nakade Y, Kitajima S et al (2022) Protective effect of
d-alanine against acute kidney injury. Am J Physiol Ren Physiol
322:F667-F679. https://doi.org/10.1152/ajprenal.00198.2021

Kera Y, Nagasaki H, Iwashima A, Yamada R (1993) Gender depend-
ence of D-aspartate oxidase activity in rat tissues. Comp Biochem
Physiol B 104:739-742. https://doi.org/10.1016/0305-0491(93)
90206-k

Kimura T, Hamase K, Miyoshi Y et al (2016) Chiral amino acid
metabolomics for novel biomarker screening in the prognosis of
chronic kidney disease. Sci Rep 6:26137. https://doi.org/10.1038/
srep26137

Miyoshi Y, Koga R, Oyama T et al (2012a) HPLC analysis of naturally
occurring free D-amino acids in mammals. J] Pharm Biomed Anal
69:42-49. https://doi.org/10.1016/j.jpba.2012.01.041

Miyoshi Y, Konno R, Sasabe J et al (2012b) Alteration of intrinsic
amounts of D-serine in the mice lacking serine racemase and
D-amino acid oxidase. Amino Acids 43:1919-1931. https://doi.
org/10.1007/s00726-012-1398-4

Nagasaki H (1994) Gender-related differences of mouse liver D-aspar-
tate oxidase in the activity and response to administration of
D-aspartate and peroxisome proliferators. Int J Biochem 26:415-
423. https://doi.org/10.1016/0020-711x(94)90062-0

@ Springer

Nakade Y, Iwata Y, Furuichi K et al (2018) Gut microbiota-derived
D-serine protects against acute kidney injury. JCI Insight
3:€97957. https://doi.org/10.1172/jci.insight. 97957

Ohide H, Miyoshi Y, Maruyama R, Hamase K, Konno R (2011)
D-Amino acid metabolism in mammals: biosynthesis, degrada-
tion and analytical aspects of the metabolic study. J Chromatogr
B 879:3162-3168. https://doi.org/10.1016/j.jchromb.2011.06.028

Ohshima K, Nojima S, Tahara S et al (2020) Serine racemase enhances
growth of colorectal cancer by producing pyruvate from serine.
Nat Metab 2:81-96. https://doi.org/10.1038/s42255-019-0156-2

Pavlova NN, Thompson CB (2016) The emerging hallmarks of cancer
metabolism. Cell Metab 23:27—47. https://doi.org/10.1016/j.cmet.
2015.12.006

Robinson MD, McCarthy DJ, Smyth GK (2010) edgeR: a Biocon-
ductor package for differential expression analysis of digital gene
expression data. Bioinformatics 26:139-140. https://doi.org/10.
1093/bioinformatics/btp616

Rosini L, Pollegioni L (2020) PEG-DAAO conjugate: a promising tool
for cancer therapy optimized by protein engineering. Nanomedi-
cine 24:102122. https://doi.org/10.1016/j.nan0.2019.102122

Rosini E, Pollegioni L (2022) Reactive oxygen species as a double-
edged sword: the role of oxidative enzymes in antitumor therapy.
Review Biofactors 48:384—-399. https://doi.org/10.1002/biof.1789

Rosini E, Volpi NA, Ziffels B et al (2021) An antibody-based enzy-
matic therapy for cancer treatment: the selective localization
of D-amino acid oxidase to EDA fibronectin. Nanomedicine
36:102424. https://doi.org/10.1016/j.nan0.2021.102424

Suzuki M, Sujino T, Chiba S (2021) Host-microbe cross-talk governs
amino acid chirality to regulate survival and differentiation of B
cells. Sci Adv 7:eabd6480. https://www.science.org/doi/https://
doi.org/10.1126/sciadv.abd6480?url_ver=739.88-2003 &rfr_id=
ori:rid:crossref.org&rfr_dat=cr_pub%20%200pubmed

Tang Z, Kang B, Li C, Chen T, Zhang Z (2019) GEPIA2: an enhanced
web server for large-scale expression profiling and interactive
analysis. Nucleic Acids Res 47:W556-W560. https://doi.org/10.
1093/nar/gkz430

The ARRIVE Guidelines 2.0. ARRIVE Guidelines. https://arriveguid
elines.org/arrive-guidelines. Accessed 27 Oct 2024

Tojo Y, Hamase K, Konno R et al (2009) Simple and rapid genotyping
of D-amino acid oxidase gene recognizing a crucial variant in the
day strain using microchip electrophoresis. J Sep Sci 32:430-436.
https://doi.org/10.1002/jssc.200800587

Uhlén M, Fagerberg L, Hallstrom BM et al (2015) Tissue-based map
of the human proteome. Science 347:1260419. https://doi.org/10.
1126/science.1260419

Van Veldhoven PP, Brees C, Mannaerts GP (1991) D-aspartate oxi-
dase, a peroxisomal enzyme in liver of rat and man. Biochim Bio-
phys Acta 1073:203-208. https://doi.org/10.1016/0304-4165(91)
90203-s

Wolosker H, Sheth KN, Takahashi M et al (1999) Purification of serine
racemase: biosynthesis of the neuromodulator D-serine. Proc Natl
Acad Sci USA 96:721-725. https://doi.org/10.1073/pnas.96.2.721

Xu M, Xu T (2018) Expression and clinical significance of miR-23a
and MTSSI in diffuse large B-cell lymphoma. Oncol Lett 16:371—
377. https://doi.org/10.3892/01.2018.8657

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1111/his.13106
https://doi.org/10.1111/his.13106
https://doi.org/10.1016/j.jpba.2018.10.047
https://doi.org/10.1007/s10863-012-9455-y
https://doi.org/10.1007/s10863-012-9455-y
https://doi.org/10.1016/j.jpba.2015.05.013
https://doi.org/10.1016/j.jpba.2015.05.013
https://doi.org/10.1007/s00216-018-0883-3
https://doi.org/10.1007/s00216-018-0883-3
https://www.sciencedirect.com/science/article/abs/pii/S073170851500299X
https://www.sciencedirect.com/science/article/abs/pii/S073170851500299X
https://doi.org/10.1038/s41590-021-00939-9
https://doi.org/10.1038/s41590-021-00939-9
https://doi.org/10.1152/ajprenal.00198.2021
https://doi.org/10.1016/0305-0491(93)90206-k
https://doi.org/10.1016/0305-0491(93)90206-k
https://doi.org/10.1038/srep26137
https://doi.org/10.1038/srep26137
https://doi.org/10.1016/j.jpba.2012.01.041
https://doi.org/10.1007/s00726-012-1398-4
https://doi.org/10.1007/s00726-012-1398-4
https://doi.org/10.1016/0020-711x(94)90062-0
https://doi.org/10.1172/jci.insight.97957
https://doi.org/10.1016/j.jchromb.2011.06.028
https://doi.org/10.1038/s42255-019-0156-2
https://doi.org/10.1016/j.cmet.2015.12.006
https://doi.org/10.1016/j.cmet.2015.12.006
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1016/j.nano.2019.102122
https://doi.org/10.1002/biof.1789
https://doi.org/10.1016/j.nano.2021.102424
https://doi.org/10.1126/sciadv.abd6480?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%20%200pubmed
https://doi.org/10.1126/sciadv.abd6480?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%20%200pubmed
https://doi.org/10.1126/sciadv.abd6480?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%20%200pubmed
https://doi.org/10.1093/nar/gkz430
https://doi.org/10.1093/nar/gkz430
https://arriveguidelines.org/arrive-guidelines
https://arriveguidelines.org/arrive-guidelines
https://doi.org/10.1002/jssc.200800587
https://doi.org/10.1126/science.1260419
https://doi.org/10.1126/science.1260419
https://doi.org/10.1016/0304-4165(91)90203-s
https://doi.org/10.1016/0304-4165(91)90203-s
https://doi.org/10.1073/pnas.96.2.721
https://doi.org/10.3892/ol.2018.8657

	Effect of D-amino acid metabolic enzyme deficiency on cancer development—diffuse large B-cell lymphoma onset and gene expression analyses in DASPO-knockout mice
	Abstract
	Graphical abstract

	Introduction
	Materials and methods
	Mice
	Histopathology
	RNA sequencing
	DASPO expression analysis in patients with DLBCL
	Statistical analysis

	Results
	Plasma amino acid profiles of D-AA-related metabolic enzyme-knockout mice
	Lifespan of D-AA-related metabolic enzyme-knockout mice
	Changes in the macroscopic findings of organs in D-AA-related metabolic enzyme-knockout mice
	Pathological findings of each organ in female DASPO−− mice
	RNA-Seq of liver samples from female DASPO−− mice
	Kaplan–Meier curve of D-AA-related enzyme gene expression levels in patients with DLBCL

	Discussion
	Data availability statement
	Acknowledgements 
	References


