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Diamond-Blackfan anemia is a congenital bone marrow failure syndrome characterized by red blood cell
(RBC) aplasia with varied malformations in infants. Elevated activity of adenosine deaminase (ADA) has
been considered as a useful biomarker of Diamond-Blackfan anemia, and ADA assay has been shown to
be more sensitive than genetic diagnosis. Approximately, 80% of the examined patients showed elevated
ADA activity, whereas genetic tests of ribosome subunit genes identified mutations in approximately 60% of
the patients. We previously reported that reduced glutathione (GSH) levels in RBCs may serve as a
biomarker of Diamond-Blackfan anemia. In this study, to confirm the universality of our data, we extended
the analysis to seven RBC enzymes and GSH of 14 patients with Diamond-Blackfan anemia and performed
a cross-analysis study using enzyme activity assay and recently reported proteome data. Statistical
analysis revealed that both data exhibited high similarity, upregulation in the hexokinase and pentose-
phosphate pathway, and downregulation in glycolytic enzymes such as phosphofructokinase and pyruvate
kinase, in the RBCs obtained from the subjects with Diamond-Blackfan anemia. The only discrepancy
between enzyme activity and proteome data was observed in glucose-6-phosphate dehydrogenase
(G6PD), as increased G6PD activity showed no relation with the significant elevation in protein levels.
These results suggest that our enzymatic activity data of Diamond-Blackfan anemia are universal and that
the enzymatic activation of G6PD via a hitherto-unveiled mechanism is another metabolic feature of RBCs
of Diamond-Blackfan anemia.
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Introduction

Diamond-Blackfan anemia (DBA) is an extremely rare
form of congenital bone marrow failure syndrome
diagnosed at a frequency of several to tens of cases per
million births (Ohga et al. 2004; Vlachos et al. 2008). The
pathogenesis of DBA has been extensively studied, and
genetic analysis has revealed the existence of gene
mutations in ribosome subunit proteins (RPs). Thus far, 20
different ribosome gene mutations have been identified (Da
Costa et al. 2018) since the first observation of a mutation
in the RPS19 gene (Draptchinskaia et al. 1999).

Although translation is an essential physiological step

in gene expression, the phenotype of DBA caused by RP
gene mutations is mainly limited to anemia owing to the
disturbance occurring in erythroid differentiation/
maturation (Narla and Ebert 2010). The RP gene mutation
destroys the ribosome assemblies and induces the migration
of ribosomal protein L11 (RPL11) and/or RPL5 from the
cytoplasm into the nucleus. The subsequent binding of
RPL11/RPLS to MDM2 results in the inhibition of MDM2-
mediated suppression of p53, eventually leading to cell
cycle arrest mediated by p53 activation (Gazda et al. 2008;
Zheng et al. 2015). Additionally, hemoglobin (Hb)
production, the major protein produced in RBCs, depends
on the coordinated synthesis of heme and globin (Doty et
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al. 2015), and defects in the translation of the globin chains
account for the accumulation of free heme in RBC
cytoplasm, leading to cell death mediated by reactive
oxygen species derived from excess heme accumulation.

RBC adenosine deaminase (ADA) activity has served
as a useful biomarker in DBA diagnosis since the first
report authored by Glader et al. (1983), and high RBC ADA
activity is listed as one of the supporting criteria recently
published by the US DBA registry group (Vlachos et al.
2008). We determined ADA activity in Japanese DBA
cases and found that approximately 20% of the patients
showed no elevation despite being diagnosed with DBA
based on clinical symptoms (Utsugisawa et al. 2016),
blood/bone marrow findings, and RP gene mutation
analysis. Only 60% of the DBA cases showed RP gene
mutations, suggesting the need for establishing a more
sensitive and specific screening test in clinics.

Reduced glutathione (GSH) is the most important
antioxidant present in red blood cells. GSH is
biosynthesized via a two-step reaction involving
y-glutamylcysteine synthetase (GC-S) and glutathione
synthetase (GSH-S). GSH is converted to oxidized
glutathione (GSSG) by the enzymatic reaction of
glutathione peroxidase (GSH-Px) to prevent peroxidation
of proteins and lipids in erythrocytes, and GSSG is reduced
to GSH by the action of glutathione reductase (GR). The
GR coenzyme, NADPH, is produced by the pentose
phosphate pathway via enzymatic reactions by glucose-6-
phosphate dehydrogenase (G6PD) and 6-phosphogluconate
dehydrogenase (6PGD). In cases of deficiencies of GC-S,
GSH-S, or G6PD, a decrease in GSH level has been
observed, i.e. a marked decrease in GC-S and GSH-S
deficiencies, and a slight decrease in G6PD deficiency.

We have reported that GSH level is elevated in most
DBA cases examined, and that the simultaneous
measurement of ADA and GSH activities enables the
diagnosis of DBA (Utsugisawa et al. 2016). Subsequent
enzymatic analysis showed an elevation in G6PD, 6PGD,
and GSH-Px levels, but GC-S and GSH-S activity remained
unchanged. Based on these observations, we suggest that
the activation of the pentose-phosphate pathway, but not the
upregulation in the de novo synthesis of GSH, is attributed
to the high GSH content, a characteristic of RBCs derived
from patients with DBA. Additionally, high GSH-Px
activity may be reflected in the increased requirement for
detoxification of hydrogen peroxide (Utsugisawa et al.
2016).

Pesciotta et al. (2015) recently reported data involving
proteome analysis using Hb-free cytosolic proteins and
showed that several protein levels increased in RBCs,
including those of ADA and Hb subunit gamma, both of
which are known to be upregulated in DBA (Pesciotta et al.
2015). These authors also identified the previously
undescribed upregulated/downregulated proteins and
suggested that the pattern of alterations in cytosolic protein
levels in DBA was similar to that reported after the

elicitation of inflammatory responses. The proteome
analysis led to the acquisition of comprehensive data
including those on the cytosolic enzymes assayed, thereby
enabling the performance of a cross-analysis that confirmed
the data obtained in our enzyme-based study. The
metabolic changes occurring in RBCs in response to DBA
have been also discussed.

Materials and Methods

Patient samples

Fourteen patients with DBA and fourteen control sub-
jects were included in the study. All clinical samples were
obtained with informed consent from 14 pediatric and/or
hematology departments throughout Japan. The partici-
pants included patients aged < 16 years. Written informed
consent was obtained from the legal guardian. To reduce
contamination arising from transfused RBCs, blood sam-
pling was performed after a minimum interval of 4 weeks
following the previous RBC transfusion. Gene mutations
in the enrolled patients have been previously confirmed.
This study was approved by the Ethics Committee of Tokyo
Women's Medical University Graduate School of Medicine.

Analysis of RBC enzyme activities

We determined GSH content (Miwa et al. 1989) and
the activities of the following RBC enzymes by adopting
the standard method using a spectrophotometer (Beutler et
al. 1977) : ADA, G6PD, 6PGD, GSH-Px, HK, PFK, and
PK. All reagents were obtained from Sigma-Aldrich (St.
Louis, MO, USA) or Boehringer-Mannheim (Mannheim,
Germany).

Cross-analysis

We performed a cross-analysis using our enzymatic
data and the proteome data described by Pesciotta et al.
(2015) We selected data on five patients with DBA and six
normal subjects from the study reported by Pesciotta et al.
(2015), as one of the six patients exhibited responses to the
treatment. Isozymes are tissue (cell)-specific enzymes
expressed in the form of HK, PFK, and PK. Since HK],
PFKM, PFKL, and PKLR are expressed in erythrocytes,
respectively, we examined the variability of the isozymes in
erythrocytes of DBA patients. We calculated the relative
activity and content of the following RBC cytosolic
enzymes: ADA, HK-1, PFK (muscle- and liver-type [PFKM
and PFKL, respectively]), PK isoenzymes R/L (PKLR),
G6PD, and 6PGD. Statistical analyses were performed
using the Wilcoxon rank-sum test. P-values < 0.001 were
considered significant.

Results

To deduce the enzymatic profile of RBCs and GSH
contents in patients with DBA, we reanalyzed the cases of
14 patients diagnosed with DBA by investigating the
mutations in RP genes (Table 1) and compared using the
data derived from 14 normal subjects. As shown in a
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Table 1. Reduced glutathione (GSH) and adenosine
deaminase (ADA) of the Diamond-Blackfan
anemia patients with ribosomal protein (RP)
gene mutations.

Paticnt RP GSH ADA
genemutation (mg/gHb) (IU/gHb)

1 RPLS 106 297
2 92.0 5.09
3 97.0 5.91
4 100 3.09
5 RPLI1 118 10.0
6 122 7.73
7 124 4.99
8 RPL35a 108 1.75
9 114 1.87
10 RPS10 103 2.96
11 RPS19 114 0.95
12 92.3 1.93
13 93.4 3.59
14 96.5 2.64

The reference values: GSH, 62.4-98.9 mg/gHb; ADA,
0.46-1.50 TU/gHbD.

previous study (Utsugisawa et al. 2016), a significant
elevation in the levels of GSH, ADA, G6PD, 6PGD, and
GPX was observed. We also evaluated the levels of
enzymes such as HK, PFK, and PK (Table 2). The
comparison of the mean values between DBA subjects and
controls revealed an elevation in the levels of GSH, ADA,
G6PD, 6PGD, and GPX, as previously observed. The
elevated activity of HK and decreased activity of PFK and
PK were statistically significant (Fig. 1).

Based on the supplemental data reported in the
relevant paper authored by Pesciotta et al. (2015), we found
a significant increase in the protein level of ADA, HK1, and
6PGD. In contrast, a significant decrease in the levels of
PFKL and PKLR was reported. PFKM, an isoenzyme

expressed in RBCs, showed no significant changes (Table
3). The average and variance of protein amount and the
area under the curve (AUC) based on logistic regression
were calculated for the two groups. In the item with AUC
of 1, the patient group and the control group were
completely separable and data on HK1, PFKL, 6PGD, and
PKLR were included in addition to ADA.

The protein level of ADA in the RBCs from the DBA
patients was approximately three times higher than that in
the RBCs derived from normal subjects in the cited article.
In contrast, the enzymes involved in GSH synthesis, such
as GCLS, GCLM, and GSH-S, showed no changes between
the patient and control groups, as indicated in our previous
report. Both enzymes from the pentose phosphate pathway,
G6PD and 6PGD, showed a significant increase in their
activities. However, only an increase in the protein amount
of 6PGD was significant in this analysis.

Table 4 shows a summary of the cross-analysis of
proteomic and enzymatic studies of RBC enzymes in DBA.
Combined proteomic and enzymatic data analyses for 19
patients with DBA and 20 control subjects are shown.
ADA, 6PGD, and HK showed elevated levels and
enzymatic activities. PFK and PK showed decreased
activity and protein levels. G6PD showed elevated enzyme
activity, but no change in its protein levels was reported.

Consistent with previous reports (Utsugisawa et al.
2016), cases with RPL11 mutations presented with higher
levels of ADA and GSH. G6PD, 6PGD, and HK levels
tended to be higher in cases with the RPLS mutation, but no
such tendency was observed for the most common
mutation, RPS19. For other mutations, the tendency could
not be defined because of the small number of cases
investigated (Fig. 2).

Discussion

Premature erythroid cell death is considered the
primary cause of DBA (Dutt et al. 2011), and extensive
studies have been undertaken to understand the underlying
mechanism. The clinical diagnosis of DBA is gaining

Table 2. The activities of the red blood cell enzymes in Diamond-Blackfan anemia (DBA).

(mean iDSBDA,n =14) (mean ioéllt)r,o 11 =14) Refez/e gﬁi)\’alue DBA/ Control p-value

GSH 105.7 £ 11.1 82.3+6.7 62.4-98.9 (mg) 1.28 <0.001
ADA 4.0+25 1.2+£03 0.46-1.50 (IU) 3.19 <0.001
G6PD 11.1£2.7 92+12 6.20-9.70 (IU) 1.2 0.024
6PGD 13.5+2.2 10.5+1.0 7.58-11.3 (IU) 1.29 <0.001
GSH-Px 452 +11.9 42.7+£5.0 30.1-52.7 (IU) 1.06 0.487
HK 25+0.8 1.4+£0.2 0.84-1.94 (IU) 1.86 <0.001
PFK 14.0+1.7 183+24 10.2-21.0 (IU) 0.76 <0.001
PK 12.8+3.8 19.3+£39 13.7-21.0 (IU) 0.67 <0.001

GSH, reduced glutathione; ADA, adenosine deaminase; G6PD, glucose-6-phosphate dehydrogenase; 6PGD, 6-phosphoglu-
conate dehydrogenase; GSH-Px, glutathione peroxidase; HK, hexokinase; PFK, 6-phosphofructokinase; PK, pyruvate

kinase.
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Table 3. The proteome analysis of the red blood cell enzymes in Diamond-Blackfan anemia (DBA).
Protein names Gene names DBA mean Control mean DBA/Cont_r ol- p-value
mean ratio
Adenosine deaminase ADA 3,350,100 1,004,465 3.33 0.008*
Glucose-6-phosphate 1-dehydrogenase G6PD 13,717,400 13470450 1.01 0.930
6-phosphogluconate dehydrogenase, decarboxylating PGD 92,231,700 6.84E+07 1.35E+00 0.008*
Glutathione peroxidase 1 GPX1 23,008,100 1.56E+07 1.48E+00 0.120
Hexokinase-1 HK1 2,706,940 1,471,817 1.83 0.008*
Glucose-6-phosphate isomerase GPI 18,113,200 2.40E+07 7.56E-01 0.648
6-phosphofructokinase, muscle type PFKM 2,497,760 3.50E+06 7.15E-01 0.055
Glyceraldehyde-3-phosphate dehydrogenase GAPDH 154,874,000 1.24E+08 1.25E+00 0.022%*
Phosphoglycerate kinase 1 PGK1 134,420,000 1.32E+08 1.02E+00 0.315
6-phosphofructokinase, liver type PFKL 10,226,070 1.93E+07 5.30E-01 0.008%*
Pyruvate kinase isozymes M1/M2 PKM 872,956  354,031.667 2.47E+00 0.522
Pyruvate kinase isozymes R/L PKLR 14,960,450 3.08E+07 4.86E-01 0.008*
Glutamate cysteine ligase catalytic subunit GCLC 36,084,100 4.36E+07 8.28E-01 0.235
Glutamate cysteine ligase regulatory subunit GCLM 11,010,270 1.30E+07 8.49E-01 0.082
Glutathione synthetase GSS 11,564,040 1.48E+07 7.79E-01 0.648
Adenylate kinase isoenzyme 1 AK1 45,354,600 6.33E+07 0.71 0.035
Representative data derived from the proteome analysis of red blood cell (RBC) enzymes reported by Pesciotta et al. (2015).
*p-values < 0.01 were considered statistically significant.
Table 4. Cross-analysis of proteome and activities of the red blood cell (RBC) enzymes in Diamond-Blackfan anemia (DBA).
DBA/Control ~ 95% confidence interval
p-value X L L confidence interval of ratio
mean ratio  upper limit  lower limit
Proteome ADA 0.008 3.34 1.94 4.95
ADA Enzyme ADA < 0.001 3.19 1.98 453
Integrated ~ ADA/ADA < 0.001 3.26 2.49 4.10
Protcome G6PD 0.930 1.02 0.79 1.39 ——
G6PD Enzyme G6PD 0.024 1.20 1.02 1.39 —e—i
Integrated ~ G6PD/G6PD 0.097 1.11 0.99 1.28 —o—1
Proteome PGD 0.008 1.35 1.17 1.55 —e—i
6PGD Enzyme PGD < 0.001 1.29 1.16 1.43 et
Integrated ~ PGD/PGD < 0.001 1.32 1.22 1.42 ot
Proteome HK1 0.008 1.84 1.40 241 ——
HK Enzyme HK < 0.001 1.86 1.51 222 ——
Integrated HK1/HK < 0.001 1.85 1.60 2.11 —e—i
Proteome PFKL 0.008 0.53 0.41 0.66 —e—
PFK Enzyme PFK < 0.001 0.76 0.69 0.84 ro
Integrated PFKL/PFK < 0.001 0.65 0.62 0.74 -
Proteome PKLR 0.008 0.49 0.34 0.66 —eo—i
PK Enzyme PK < 0.001 0.67 0.54 0.81 o
Integrated ~ PKLR/PK < 0.001 0.58 0.49 0.68 ot
Ratio 1.0 2.0 3.0 4.0 5.0

ADA, adenosine deaminase; G6PD, glucose-6-phosphate dehydrogenase; 6PGD, 6-phosphogluconate dehydrogenase; HK, hexoki-

nase; PFK, 6-phosphofructokinase; PK, pyruvate kinase.

momentum through the consideration of clinical features,
laboratory data, and genetic testing. Elevated ADA activity
in RBCs was reported by Glader et al. (1983); it reportedly
serves as a biomarker, which is more sensitive than the
genetic testing of RP genes. The criteria proposed by the
US DBA registry are useful in clinics (Vlachos et al. 2008).

However, hematologists continue to face difficulties in the
diagnosis of patients with atypical DBA when both ADA
activity and RP gene tests show normal results. In our
previous study, we demonstrated that GSH was a novel
biomarker of DBA (Utsugisawa et al. 2016; Ichimura et al.
2017; Noguchi et al. 2017; Sonoda et al. 2018). Hence, the
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Fig. 1. Glycolytic repression and pentose phosphate pathway activation in Diamond-Blackfan anemia (DBA) erythrocytes.
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6PGD, 6-phosphogluconate dehydrogenase; GR, glutathione reductase; GSH-Px, glutathione peroxidase; GSS, glutathi-
one synthetase; GC-S, gamma glutamyl cysteine synthetase; GSH, reduced glutathione; GSSG, glutathione disulfide.
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simultaneous assessment of ADA and GSH may facilitate
distinguishing between patients with DBA and unaffected
family members, as well as normal subjects.

GSH is synthesized via two enzymatic reactions cata-
lyzed by two enzymes (Wu et al. 2004), GC-S and GSH-S,
and undergoes conversion from GSSG to prevent peroxida-
tion of RBC proteins and lipids (Kondoh et al. 2007).
GSSG is reduced by GR for reuse. NADPH, a coenzyme
of GR, is produced by the reduction of NADP" by G6PD
during the initial stage of the pentose phosphate pathway.
To clarify the cause of the elevation of GSH in RBCs of
DBA patients, we determined the activities of six enzymes
and found that the activities of G6PD, 6PGD, and GPX
were elevated. Furthermore, GC-S and GSH-S levels were
unchanged, suggesting that GSH was presumably increased
by upregulating the reducing reaction of GSSG, but not by
promoting the de novo synthesis of GSH (Raftos et al.
2010). It seems reasonable that activation of the pentose
phosphate pathway is necessary for the reduction of GSSG,
as NADPH production is inevitably required. An increase
in GSH-Px activity is supported by the upregulation of
GSH levels. In the cross-analysis reported in the present
study, we noticed that the protein level of G6PD did not
increase significantly, suggesting that the discrepancy
between activity and protein levels was attributable to the
oxidation/reduction states of G6PD (Luzzatto 1967,
Taniguchi et al. 2016), the glycosylation states of G6PD
(Rao et al. 2015), the post-translational deacetylated state
(Wang et al. 2014), and the stimulation caused by the phos-
phorylation of G6PD (Matte et al. 2020).

Premature death of erythroblasts in DBA is caused by
cell cycle arrest in response to p53 activation, which
induces the suppression of the glycolytic pathway (Danilova
et al. 2011). In the present study, we examined the activity
of glycolytic enzymes, HK, PFK, and PK, in RBCs derived
from patients with DBA and normal control subjects. The
levels of these enzymes were determined by referring to the
proteomic data by Pesciotta et al. (2015). The activity and
levels of HK enzymes were significantly elevated. On the
contrary, two important rate-limiting enzymes of glycolysis,
PFK and PK, showed decreased activity and enzyme levels.
The high demand for NADPH production through the
pentose phosphate pathway necessitates a decrease in the
consumption of glucose in the glycolytic pathway.
Furthermore, the activation of p53 leads to the suppression
of the glycolytic pathway, as previously reported (Bensaad
et al. 2006). Although we did not examine the RBC
metabolome in DBA, the present data indicated the
suppression of glycolysis in the RBCs of DBA subjects.

Several isozymes are involved in the glycolytic
pathway. The activity of HK in RBCs is associated with
the type 1 isozyme, HK1. Two isoenzymes are known to be
expressed at almost the same levels in PFK, namely liver-
type and muscle-type isozymes, and they are encoded by
different structural genes, namely PFKM and PFKL. The
two types of PK isozymes are expressed in the early stage

of erythropoiesis, and the R-type PK encoded by PKLR is
suggested to be exclusively expressed in mature RBCs. In
the proteomic analysis data, the amount of PFKL protein
significantly decreased, but the PFKM level remained
unchanged. Moreover, the expression level of PKLR
protein also decreased, indicating that the expression levels
of the two key rate-limiting enzymes of glycolysis were
downregulated in RBCs. The decreased expression of
PKLR is the most prevalent cause of congenital hemolytic
anemia among the defects of the glycolytic pathway. We
have previously demonstrated that ineffective erythropoiesis
may be partly responsible for the pathogenesis of PK
deficiency (Aizawa et al. 2005). Hematologically, RBC
aplasia and hemolysis exhibit distinct pathological
conditions, and PK activity in patients with DBA may not
be as profoundly decreased, as observed in hemolytic
anemia associated with PK deficiency (Bianchi et al. 2019).
It was also noted that the expression of isoenzyme PFKL
was decreased in DBA. PFK deficiency is one of the rare
causes of congenital hemolytic anemia owing to the
occurrence of glycolytic defects, and the patients analyzed
thus far have shown mutations in PFKM. The physiological
significance of PFKL isozymes in RBCs remains unknown.

We performed the metabolic study to analyze the
RBCs derived from patients with DBA to identify a useful
biomarker for DBA diagnosis. We confirmed the alteration
in RBC enzymatic activity using an increased number of
patients and normal subjects. Thus far, no definitive expla-
nation on ADA activity and increase in the GSH content in
the RBCs derived from patients with DBA has been
reported. Furthermore, the mechanism by which RP gene
mutations cause cell death in a particular lineage of hema-
topoietic cells remains unknown. It is important for us to
detect the key metabolic changes in the pathological path-
way leading to DBA, and hence, we will continue to com-
prehensively analyze the metabolome of DBA in future
studies.

Acknowledgments
We wish to thank Takako Aoki and Akemi Kinoshita
for analyzing a substantial number of samples. This work
was supported by a Health Labor Sciences Research Grant.

Author Contributions
Taiju Utsugisawa, Toshitaka Uchiyama, and Hitoshi
Kanno wrote the manuscript. Keiko Shimojima-Yamamoto,
Tsutomu Toki, Shouichi Ohga, and Etsuro Ito analyzed the
data and edited the manuscript. All authors approved the
final version of the manuscript.

Conflict of Interest

The authors declare no conflict of interest.

References

Aizawa, S., Harada, T., Kanbe, E., Tsuboi, 1., Aisaki, K., Fujii, H.
& Kanno, H. (2005) Ineffective erythropoiesis in mutant mice



Altered RBC Enzyme Levels in Diamond-Blackfan Anemia

with deficient pyruvate kinase activity. Exp. Hematol., 33,
1292-1298.

Bensaad, K., Tsuruta, A., Selak, M.A., Vidal, M.N., Nakano, K.,
Bartrons, R., Gottlieb, E. & Vousden, K.H. (2006) TIGAR, a
p53-inducible regulator of glycolysis and apoptosis. Cell,
126, 107-120.

Beutler, E., Blume, K.G., Kaplan, J.C., Lohr, G.W., Ramot, B. &
Valentine, W.N. (1977) International committee for standard-
ization in haematology: recommended methods for red-cell
enzyme analysis. Br. J. Haematol., 35, 331-340.

Bianchi, P., Fermo, E., Glader, B., Kanno, H., Agarwal, A., Barcel-
lini, W., Eber, S., Hoyer, J.D., Kuter, D.J., Maia, T.M., Manu-
Pereira, M.D.M., Kalfa, T.A., Pissard, S., Segovia, J.C., van
Beers, E., et al. (2019) Addressing the diagnostic gaps in
pyruvate kinase deficiency: consensus recommendations on
the diagnosis of pyruvate kinase deficiency. Am. J. Hematol.,
94, 149-161.

Da Costa, L., Narla, A. & Mohandas, N. (2018) An update on the
pathogenesis and diagnosis of Diamond-Blackfan anemia.
F1000Res, 7.

Danilova, N., Sakamoto, K.M. & Lin, S. (2011) Ribosomal protein
L11 mutation in zebrafish leads to haematopoietic and meta-
bolic defects. Br. J. Haematol., 152, 217-228.

Doty, R.T., Phelps, S.R., Shadle, C., Sanchez-Bonilla, M., Keel,
S.B. & Abkowitz, J.L. (2015) Coordinate expression of heme
and globin is essential for effective erythropoiesis. J. Clin.
Invest., 125, 4681-4691.

Draptchinskaia, N., Gustavsson, P., Andersson, B., Pettersson, M.,
Willig, T.N., Dianzani, 1., Ball, S., Tchernia, G., Klar, J.,
Matsson, H., Tentler, D., Mohandas, N., Carlsson, B. & Dahl,
N. (1999) The gene encoding ribosomal protein S19 is
mutated in Diamond-Blackfan anaemia. Nat. Genet., 21,
169-175.

Dutt, S., Narla, A., Lin, K., Mullally, A., Abayasekara, N., Meger-
dichian, C., Wilson, F.H., Currie, T., Khanna-Gupta, A.,
Berliner, N., Kutok, J.L. & Ebert, B.L. (2011) Haploinsuffi-
ciency for ribosomal protein genes causes selective activation
of p53 in human erythroid progenitor cells. Blood, 117, 2567-
2576.

Gazda, H.T., Sheen, M.R., Vlachos, A., Choesmel, V., O’Donohue,
M.F., Schneider, H., Darras, N., Hasman, C., Sieff, C.A.,
Newburger, P.E., Ball, S.E., Niewiadomska, E., Matysiak, M.,
Zaucha, J. M., Glader, B., et al. (2008) Ribosomal protein L5
and L11 mutations are associated with cleft palate and
abnormal thumbs in Diamond-Blackfan anemia patients. Am.
J. Hum. Genet., 83, 769-780.

Glader, B.E., Backer, K. & Diamond, L.K. (1983) Elevated eryth-
rocyte adenosine deaminase activity in congenital hypoplastic
anemia. N. Engl. J. Med., 309, 1486-1490.

Ichimura, T., Yoshida, K., Okuno, Y., Yujiri, T., Nagai, K., Nishi,
M., Shiraishi, Y., Ueno, H., Toki, T., Chiba, K., Tanaka, H.,
Muramatsu, H., Hara, T., Kanno, H., Kojima, S., et al. (2017)
Diagnostic challenge of Diamond-Blackfan anemia in mothers
and children by whole-exome sequencing. Int. J. Hematol.,
105, 515-520.

Kondoh, H., Lleonart, M.E., Bernard, D. & Gil, J. (2007) Protec-
tion from oxidative stress by enhanced glycolysis; a possible
mechanism of cellular immortalization. Histol. Histopathol.,
22, 85-90.

Luzzatto, L. (1967) Regulation of the activity of glucose-6-phos-
phate dehydrogenase by NADP+ and NADPH. Biochim.
Biophys. Acta, 146, 18-25.

Miwa, S., Luzzatto, L., Rosa, R., Paglia, D.E., Schréter, W., Flora,
A., Fuyjii, H., Board, P.G. & Beutler, E. (1989) Recommended
methods for an additional red cell enzyme (pyrimidine
5’-nucleotidase) assay and the determination of red cell

adenosine-5’-triphosphate, 2,3-diphosphoglycerate and
reduced glutathione. Clin. Lab. Haematol., 11, 131-138.

Matte, A., Lupo, F., Tibaldi, E., Di Paolo, M.L., Federti, E.,
Carpentieri, A., Pucci, P., Brunati, A.M., Cesaro, L., Turrini, F.,
Gomez Manzo, S., Choi, S.Y., Marcial Quino, J., Kim, D.W.,
Pantaleo, A., et al. (2020) Fyn specifically regulates the
activity of red cell glucose-6-phosphate-dehydrogenase.
Redox Biol., 36, 101639.

Narla, A. & Ebert, B.L. (2010) Ribosomopathies: human disorders
of ribosome dysfunction. Blood, 115, 3196-3205.

Noguchi, J., Kanno, H., Chiba, Y., Ito, E. & Ishiguro, A. (2017)
Discrimination of Diamond-Blackfan anemia from parvovirus
B19 infection by RBC glutathione. Pediatr. Int., 59, 838-840.

Ohga, S., Mugishima, H., Ohara, A., Kojima, S., Fujisawa, K.,
Yagi, K., Higashigawa, M. & Tsukimoto, I.; Aplastic Anemia
Committee Japanese Society of Pediatric Hematology (2004)
Diamond-Blackfan anemia in Japan: clinical outcomes of
prednisolone therapy and hematopoietic stem cell transplanta-
tion. Int. J. Hematol., 79, 22-30.

Pesciotta, E.N., Lam, H.S., Kossenkov, A., Ge, J., Showe, L.C.,
Mason, P.J., Bessler, M. & Speicher, D.W. (2015) In-depth,
label-free analysis of the erythrocyte cytoplasmic proteome in
Diamond Blackfan anemia identifies a unique inflammatory
signature. PLoS One, 10, ¢0140036.

Raftos, J.E., Whillier, S. & Kuchel, P.W. (2010) Glutathione
synthesis and turnover in the human erythrocyte: alignment of
a model based on detailed enzyme kinetics with experimental
data. J. Biol. Chem., 285, 23557-23567.

Rao, X., Duan, X., Mao, W., Li, X, Li, Z., Li, Q., Zheng, Z., Xu,
H., Chen, M., Wang, P.G., Wang, Y., Shen, B. & Yi, W. (2015)
O-GlcNAcylation of G6PD promotes the pentose phosphate
pathway and tumor growth. Nat. Commun., 6, 8468.

Sonoda, M., Ishimura, M., Ichimiya, Y., Terashi, E., Eguchi, K.,
Sakai, Y., Takada, H., Hama, A., Kanno, H., Toki, T., Ito, E. &
Ohga, S. (2018) Atypical erythroblastosis in a patient with
Diamond-Blackfan anemia who developed del(20q) myelo-
dysplasia. Int. J. Hematol., 108, 228-231.

Taniguchi, M., Mori, N., Iramina, C. & Yasutake, A. (2016) Eleva-
tion of glucose 6-phosphate dehydrogenase activity induced
by amplified insulin response in low glutathione levels in rat
liver. ScientificWorldJournal, 2016, 6382467.

Utsugisawa, T., Uchiyama, T., Toki, T., Ogura, H., Aoki, T., Hama-
guchi, [, Ishiguro, A., Ohara, A., Kojima, S., Ohga, S., Ito, E.
& Kanno, H. (2016) Erythrocyte glutathione is a novel
biomarker of Diamond-Blackfan anemia. Blood Cells Mol.
Dis., 59, 31-36.

Vlachos, A., Ball, S., Dahl, N., Alter, B.P., Sheth, S., Ramenghi, U.,
Meerpohl, J., Karlsson, S., Liu, J.M., Leblanc, T., Paley, C.,
Kang, E.M., Leder, E.J., Atsidaftos, E., Shimamura, A., et al.
(2008) Diagnosing and treating Diamond Blackfan anaemia:
results of an international clinical consensus conference. Br. J.
Haematol., 142, 859-876.

Wang, Y.P., Zhou, L.S., Zhao, Y.Z., Wang, S.W., Chen, L.L., Liu,
L.X., Ling, Z.Q., Hu, F.J., Sun, Y.P.,, Zhang, J.Y., Yang, C.,
Yang, Y., Xiong, Y., Guan, K.L. & Ye, D. (2014) Regulation
of G6PD acetylation by SIRT2 and KAT9 modulates NADPH
homeostasis and cell survival during oxidative stress. EMBO
J., 33, 1304-1320.

Wu, G, Fang, Y.Z., Yang, S., Lupton, J.R. & Turner, N.D. (2004)
Glutathione metabolism and its implications for health. J.
Nutr,, 134, 489-492.

Zheng, J., Lang, Y., Zhang, Q., Cui, D., Sun, H., Jiang, L., Chen,
Z., Zhang, R., Gao, Y., Tian, W., Wu, W., Tang, J. & Chen, Z.
(2015) Structure of human MDM2 complexed with RPL11
reveals the molecular basis of p53 activation. Genes Dev., 29,
1524-1534.

55



