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transfusions die before TTI evaluation.?® In fact, when we
inquired about the outcomes of transfusions with compo-
nents containing verified HBV at medical facilities, 99
(42%) of 238 patients who had been transfused with such
components had already died (JRC data from 2009 to
2010). The transmissibility of ID-NAT-positive donations
might require reevaluation because of the low numbers of
patients analyzed in the previous study’ (30 and 22 for
OBI- and WP-related cases, respectively). The fact that a
large proportion of elderly patients are immune to HBV
due to prior infection might also contribute to the low
figure for established TT-HBV and, finally, anti-HBs in
cotransfused components neutralizes HBV. Classified WP
donation that is anti-HBs positive and could be attributed
to possible vaccine breakthrough infection or anti-HBc—
negative chronic OBI could also be a factor influencing
infectivity. However, we have not encountered any impli-
cated WP donations with anti-HBs among established
TT-HBV infections.

Because of the high probability of a residual risk of
TT-HBY, novel strategies that reinforce the safety of blood
components but do not damage the blood supply should
be implemented. Transfusion with I[D-NAT-negative
infectious components currently cause 15 and 25% of
OBI- and WP-related TT-HBV infections, respectively
(Table 2), and screening with ID-NAT would interdict 85
and 75% of these infections, respectively (Table 5). With
respect to this, the ID-NAT screening of only donations
with low anti-HBc and anti-HBs titers that are currently
qualified has been suggested.?® However, screening with
ID-NAT might not be as effective as expected. For
example, the variability in viral load in individuals with
OBI might allow persistent OBI-related TT-HBV infection;
some individuals might have an intermittently elevated
viral load.*** Such donations could be identified as HBV
positive only when the viral load exceeds the detection
threshold of ID-NAT screening. Alternatively, the detec-
tion of intermittent viremia might reflect the stochastic
phenomenon inherent in NAT technology, particularly at
very low viral concentrations. Moreover, one report
describes a donor in whom viral load increased in blood
samples over a period of several years.* Nine among 48
blood donations from this donor were ID-NAT positive,
and two of four ID-NAT-positive and three ID-NAT-
negative blood transfusions had caused TT-HBV infec-
tions. The diverse fluctuation of viremia described above
has supposedly hindered the efficient detection of viremic
donations by pool-based NAT screening,® which is pre-
dictable even in the event of ID-NAT screening. Table 5
shows that ID-NAT is not sensitive enough in 16% of
established OBI-related transmission events although
most of those events are caused by FFP or PC transfusions
and ID-NAT screened RBC transfusions are relatively safe.
Moreover, although viremia is considered undetectable in
most individuals with OBI, this assumption might be
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dependent on the sensitivity of the NAT used; a consider-
able number of donations might have viremia with a viral
load below the ID-NAT detection limit.

Another strategy that might increase the safety of
OBI-derived donations could be to accept only those OBI-
derived donations with a profile that is safer than the
current standards, if such a profile can be found and sys-
tematically applied. We initially expected to find that OBI
donations with a very low anti-HBc titer would be safer
based on ID-NAT. However, the finding from the ID-NAT
trial was that the frequency of viremia does not correlate
with anti-HBc titers in the range of S/CO 1.0 to 11.9.
Therefore, we concluded that the risk of TT-HBV infection
will not be mitigated by implementing a strategy that
qualifies only donations with very low anti-HBc titers such
as S/CO between 1.0 and 3.0.

We speculated during 2003 that more than 4% of
donations ‘would be disqualified if the anti-HBc cutoff
were set at 2!, that is, if all donations with low anti-HBc
and anti-HBs titers are rejected. We thought that the loss
of so many donations would cause catastrophic damage
to the blood inventory and thus that cutoff was not
implemented. However, based on current data, the
number of donations received in 2010 with low anti-HBc
and anti-HBs titers was 69,000, which accounts for 1.31%
of all donations in Japan. Given this ratio, we consider
that to eliminate all donations with low anti-HBc and
anti-HBs titers is feasible. We verified that severe hepati-
tis is caused more often by OBI- than WP-derived blood.
The fact that two patients died of fulminant hepatitis
related to OBI-related donations is also serious. Rejecting
this category of donations would eliminate nearly all
those harboring a risk of OBI-related infection.?®
However, a slight, but distinct risk of TT-HBV infection
might persist because a small fraction of OBI donors
have an anti-HBc titer of less than 1.0 S/CO, and these
donors as well as NAT WP donors present a TT-HBV
risk.* A committee of the Ministry of Health, Labour and
Welfare of the Japanese government has just discussed
and authorized the implementation of a new policy in
which all donations with low anti-HBc and anti-HBs
titers would be rejected.

In conclusion, ID-NAT screening of donations with
low anti-HBc and anti-HBs titers revealed that nearly 2%
of these donations were associated with low-level viremia
and that viremia was identified over the entire range of
anti-HBc titers. Importantly, anti-HBc titer did not corre-
late with the frequency of viremia. The elimination of all
donations with low anti-HBc and anti-HBs titers would be
important to any strategy aimed at preventing OBI-related
TT-HBV infections in countries such as Japan that have a
slightly elevated HBV prevalence in blood donations. If
this strategy is implemented, the only acceptable donors
with OBI in Japan will be those with high anti-HBs titers
(=200 IU/L).
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Extensive gene deletions in Japanese patients with Diamond-Blackfan anemia
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Fifty percent of Diamond-Blackfan ane-
mia (DBA) patients possess mutations in
genes coding for ribosomal proteins
(RPs). To identify new mutations, we in-
vestigated large deletions in the RP genes
RPL5, RPL11, RPL35A, RPS7, RPS10,
RPS17, RPS19, RPS24, and RPS26. We
developed an easy method based on
quantitative-PCR in which the threshoid
cycle correlates to gene copy number.
Using this approach, we were able to

diagnose 7 of 27 Japanese patients
(25.9%) possessing mutations that were
notdetected by sequencing. Among these
farge deletions, similar resuits were ob-
tained with 6 of 7 patients screened with a
single nucleotide polymorphism array. We
found an extensive intragenic deletion in
RPS18, including exons 1-3. We aiso
found 1 proband with an APLS deletion,
1 patient with an RPL35A deletion, 3 with
RPS17 deletions, and 1 with an APS189

deletion. In particular, the large deletions
in the APLS and RPS17 alleles are novel.
All patients with a large deletion had a
growth retardation phenotype. Our data
suggest that large deletions in RP genes
comprise a sizable fraction of DBA pa-
tients in Japan. In addition, our novel
approach may become a useful tool for
screening gene copy numbers of known
DBA genes. (Blood. 2012;118(10):
2376-2384)

Introduction

Diamond-Blackfan anemia (DBA; MIN# 105650) is a rare congeni-
tal anemia that belongs to the inherited BM failure syndromes,
generally presenting in the first year of life. Patients typically
present with a decreased number of erythroid progenitors in their
BM.! A main feature of the disease is red cell aplasia, but
approximately half of patients show growth retardation and congeni-
tal malformations in the craniofacial, upper limb, cardiac, and
urinary systems. Predisposition to cancer, in particular acute
myeloid leukemia and osteogenic sarcoma, is also characteristic of
the disease.?

Mutations in the RPS19 gene were first reported in 25% of DBA
patients by Draptchinskaia et al in 1999.? Since that initial finding,
many genes that encode large (RPL) or small (RPS) ribosomal
subunit proteins were found to be mutated in DBA patients,
including RPL5 (approximately 219%), RPLIl (approximately
9.3%), RPL35A (3.5%), RPS7 (1%), RPS10 (6.4%), RPSI7 (1%),
RPS24 (2%), and RPS26 (2.6%).*” To date, approximately half of
the DBA patients analyzed have had a mutation in one of these
genes. Konno et al screened 49 Japanese patients and found that
30% (12 of 49) carried mutations.® In addition, our data showed
that 22 of 68 DBA patients (32.4%) harbored a mutation in
ribosomal protein (RP) genes (T.T., K.T., RW., and E.L, unpub-

lished observation, April 16, 2011). These abnormalities of RP
genes cause defects in ribosomal RNA processing, formation of
either the large or small ribosome subunit, and decreased levels of
polysome formation,*6%1* which is thought to be one of the
mechanisms for impairment of erythroid lineage differentiation.

Although sequence analyses of genes responsible for DBA are
well established and have been used to identify new mutations, it is
estimated that approximately half of the mutations remain to be
determined. Because of the difficulty of investigating whole allele
deletions, there have been few reports regarding allelic loss in
DBA, and they have only been reported for RPSI9 and RPL35A.5:13
However, a certain percentage of DBA patients are thought to have
alarge deletion in RP genes. Therefore, a detailed analysis of allelic
loss mutations should be conducted to determine other RP genes
that might be responsible for DBA.

In the present study, we investigated large deletions using our
novel approach for gene copy number variation analysis based on
quantitative-PCR and a single nucleotide polymorphism (SNP)
array. We screened Japanese DBA patients and found 7 patients
with a large deletion in an allele in RPLS, RPL35A, RPSI17, or
RPS19. Interestingly, all of these patients with a large deletion had
a phenotype of growth retardation, including short stature and
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Table 1. Primers used for synchronized quantitative-PCR (s-q-PCR) of RPL proteins

Gene Primer name Sequence Primer name Sequence Size, bp

L5-05F AGCCCTCCAACCTAGGTGACA L5-05R GAATTGGGATGGGCAAGAACT

L5-19F ATTGTGCAAACTCGATCACTAGCT L5-19R GTGTCTGAGGCTAACACATTTCCAT 103

L5-28F TCCACTTTAGGTAGGCGAAACC L5-28R TCAGATTTGGCATGTACCTTTCA 102

L11-20F GAGCCCCCTTTCTCAGATGATA L11-20R CATGAACTTGGGCTCTGAATCC 108

RPL1S L19-02F TGGCCTCTCATAAAGGAAATCTCT L19-02R GGAATGCAGGCAAGTTACTCTGTT 103

L19-16F GGTTAGTTGAAGCAGGAGCCTTT L18-16R TGCTAGGGAGACAGAAGCACATC 102

RPL26 L26-08F TCCAAAGAGCTGAGACAGAAGTACA L26-03R TCCATCAAGACAACGAGAACAAGT 102

L26-18F ATGTTTTAATAAGCCCTCCAGTTGA L26-18R GAGAACAGCAAGTTGAAAGGTTCA 102

RPL35A L35A-01F TGTGGCTTCTATITIGCGTCAT L35A-01R GGAATTACCTCCTTTATTGCTTACAAG 121

L35A-17F GCCCACAACCTCCAGAGAATC L35A-17R GGATCACTTGAGGCCAGGAAT 104

RPL36 L36-02F CCGCTCTACAAGTGAAGAAATTCTG L36-02R CTCCCTCTGCCTGTGAAATGA 102

L36-17F CCCCTTGAAAGGACAGCAGTT L36-17R TTGGACACCAGGCACAGACTT 114

Table 2. Primers used for s-q-PCR of RPS proteins
Gene Primer name Sequence Primer name Sequence Size, bps

S$10-03F CTACGGTTTTGTGTGGGTCACTT

S10-17F AATGGTGTTTAGGCCAACGTTAC S10-17R TTTGAACAGTGGTTTTTGTGCAT 100

S14-05F ACAACCAGCCCTCTACCTCTTTT S14-05R GGAAGACGCCGGCATTATT 102

RPS17 $17-03F ACTGCTGTCGTGGCTCGATT §17-03R GATGACCTGTTCTTCTGGCCTTA 121

$17-12F CTATGTGTAGGAGGTCCCAGGATAG 817-12R CCACCTGGTACTGAGCACATGT 102

GCCTTGTATGTAGCTGGAAAT

S27A-18F
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Figure 1. s-q-PCR can determine a large gene deletion in DBA. (A} Concept of the DBA s-4-PCR assay. The difference in gene copy number between a heaithy sample and
that with a largs delstion is 2-fold (i). When all genomic s-q-PCR for genes of interest synchronously amplify DNA fragments, a 2-fold difference in the gene copy number is
detected by a 1-cycle differenca of the Ct scores of the s-q-PCR amplification curves {ii). Also shown is a dot piot of the Ct scores {i#). (B) Results of the amplification curves of
s-g-PCH performed with a healthy person (i) and a DBA patient (patient 3; if). The top panei shows the results of PCR cycles; the bottom panel is an extended graph of the PCR

cycles at logarithmic amplification. {C) Graph showing Ct scores of s-g-PCR. If all specific

primer sets for DBA genes show a 1-cycle delay relative to each other, thisindicatss a

large deletion in the gene. Gene primer sets with a large deletion are underiined in the graph. P < .001.

small-for-gestational age (SGA), which suggests that this is a
characteristic of DBA patients with a large gene deletion in Japan.

Methods

Patient samples

Genomic DNA was extracted using the GenElute Blood Genomic DNA Kit
(Sigma-Aldrich) according to the manufacturer’s protocol. Clinical manifes-

168

tation of patients from a Japanese DBA genomic library are listed clsewhere
or are as reported by Konno etal® The study was approved by the
institutional review board at the National Institute of Infectious Discases
and Hirosaki University.

DBA gene copy number assay by s-g-PCR

For s-q-PCR, primers were designed using Primer Express Version 3.0
software (Applied Biosystems). Primers are listed in Tables 1 and 2.
Genomic DNA in water was denatured at 95°C for 5 minutes and
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immediately cooled on ice. The composition of the s-g-PCR mixture was
as follows: 5ng of denatured genomic DNA, 0.4mM forward and
reverse primers, 1X SYBR Premix Ex Taq II (Takara), and 1X ROX
reference dye II (Takara) in a total volume of 20 pL (all experiments
were performed in duplicate). Thermal cycling was performed using the
Applied Biosystems 7500 fast real-time PCR system. Briefly, the PCR
mixture was denatured at 95°C for 30 seconds, followed by 35 cycles of
95°C for 5 seconds, 60°C for 34 seconds, and then dissociation curve
measurement, Threshold cycle (Ct) scores were determined as the
average of duplicate samples. The technical errors of Ct scores in the
triplicate ‘analysis were within 0.2 cycles (supplemental Figure 1,
available on the Blood Web site; see the Supplemental Materials link at
the top of the online article). The sensitivity and specificity of. this
method was evaluated with 15 healthy samples. Any false positive was
not observed in all primer sets in all healthy samples (supplemental
Figure 2). We performed direct sequencing of the s-g-PCR products. The
results of the sequence analysis were searched for using BLAST to
confirm uniqueness. Sequence data were obtained from GenBank
(http://www.ncbi.nlm.nih.gov/gene/) and Ensemble Genome Browser
(http://uswest.ensembl.org).

Genomic PCR

Genomic PCR was performed using KOD FX (Toyobo) according to the
manufacturer’s step-down PCR protocol. Briefly, the PCR mixture con-
tained 20 ng of genomic DNA, 0.4mM forward and reverse primers,
1mM dNTP, 1 X KOD FX buffer, and 0.5 U KOD FX in a total volume of
25 pL in duplicate. Primers are given in supplemental Figure 3 and
Table 2. PCR mixtures were denatured at 94°C for 2 minutes, followed
by 4 cycles of 98°C for 10 seconds, 74°C for 12 minutes, followed by
4 cycles of 98°C for 10seconds, 72°C for 12 minutes followed by
4 cycles of 98°C for 10 seconds, 70°C for 12 minutes, followed by
23 cycles of 98°C for 10 seconds and 68°C for 12 minutes. PCR
products were loaded on 0.8% agarose gels and detected by LAS-3000
(Fujifilm).

DNA sequencing analysis

The genomic PCR product was purified by the GenElute PCR clean-up kit
(Sigma-Aldrich) according to the manufacturer’s instructions. Direct se-
quencing was performed using the BigDye Version 3 sequencing kit.
Sequences were read and analyzed using a 3120x genetic analyzer (Applied
Biosystems).

SNP array-based copy number analysis

SNP array experiments were performed according to the standard protocol
of GeneChip Human Mapping 250K Nsp arrays (Affymetrix). Microarray
data were analyzed for determination of the allelic-specific copy number
using the CNAG program, as described previously.'* All microarray data
are available at the EGA database (www.ebi.ac.uk/ega) under accession
number EGAS00000000105.

Results

Construction of a convenient method for RP gene copy number
analysis based on s-q-PCR

We focused on the heterozygous large deletions in DBA-
responsible gene. The difference in copy number of genes
between a mutated DBA allele and the intact allele was 2-fold
(N and 2N; Figure 1Ai). If each PCR can synchronously amplify
DNA fragments when the template genomic DNA used is of
normal karyotype, it is possible to conveniently detect a gene
deletion with a l-cycle delay in s-g-PCR analysis (Figure
1Aii-iii).
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Table 3. Summary of mutations and the mutation rate observed in
Japanese DBA patients

Gene

Sequencing analysis

RPS17 1

Mutations, n (%) 22 (32.4%)

To apply this strategy for allelic analysis of DBA, we prepared
primers for 16 target genes, RPLS5, ‘RPL1l, RPL35A, RPSI0,
RPS19, RPS26, RPS7, RPS17, RPS24, RPL9, RPL19, RPL26,
RPL36, RPS14, RPS15, and RPS27A, under conditions in which
the Ct of s-g-PCR would occur within 1 cycle of that of the other
primer sets (Tables 1 and 2). At the same time, we defined the
criteria of a large deletion in our assay as follows. If multiple
primer sets for one gene showed a 1-cycle delay from the other
gene-specific primer set at the Ct score, we assumed that this
represented a large deletion. As shown in Figure 1Bii and 1Cii, the
specific primer sets for RPL5 (L5-02, L5-05, L5-17, L5-19, and
L5-28) detected a 1-cycle delay with respect to the mutated allele
of patient 3. This assessment could be verified by simply confirm-
ing the difference of the cycles with the s-g-PCR amplification
curves.

Study of large gene deletions in a Japanese DBA genomic
DNA fibrary

Sixty-eight Japanese DBA patients were registered and blood
genomic DNA was collected at Hirosaki University. All samples
were first screened for mutations in RPLS, L11, L35A, §10, §14,
8§17, §19, and S26 by sequencing. Among these patients,
32.4% (22 of 68) had specific DBA mutations (Table 3 and data
not shown). We then screened for large gene deletions in 27 pa-
tients from the remaining 46 patients who did not possess
mutations as determined by sequencing (Table 4).

‘When we performed the s-g-PCR DBA gene copy number
assay, 7 of 27 samples displayed a 1-cycle delay of Ct scores:
1 patient had RPLS (patient 14), 1 had RPL35A (patient 71), 3 had
RPS17 (patients 3, 60, 62), and 2 had RPSI9 (patients 24 and 72;
Figure 2 and Table 4). Among these patients, the large deletions in
the RPL5 and RPS17 genes are the first reported cases of allelic
deletions in DBA. From these results, we estimate that a sizable
number of Japanese DBA patients have a large deletion.

Based on our findings, the rate of large deletions was approxi-
mately 25.9% (7 of 27) in a category of unspecified gene mutations.
Such mutations have typically gone undetected by conventional
sequence analysis. We could not find any additional gene deletions
in the analyzed samples.

Confirmation of the gene copy number for DBA genes by
genome-wide SNP array

We performed genome-wide copy number analysis of the
27 DBA patients with a SNP array to confirm our s-g-PCR
results. SNP array showed that patient 3 had a large deletion in
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Table 4. Characteristics of DBA patients tested

Patient Age at Sex Hb, g/dL. Large deletion Large deletion Inheritance Malformations

by s-q-PCR by SNP array

mém mb; fla A
hypoplasia, fetal hydrops, short stature,
leaming disability

ASD, PFQ, melanosis, underdescended
testis, SGA, short stature

ND indicates not detected; NT, not tested; CR, complete remission; ASD, atrial septal defect; and PFO, persistent foramen ovale.
“Status data of Japanese probands 3to 63 is from a report by Konno et al.?
tLarge deletions of the parerts of 5 DBA patients (3, 24, 60, 62, and 72) were analyzed by s-q-PCR, but there were no deletions in DBA genes in any of the 5 pairs of parents.

Response o first
steroid therapy
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Figure 2. Detection of 7 mutations with a large A
deletionin DBAp Gi ic DNAof 27 Jap

DBA patients with unknown mutations were subjected to
the DBA gene copy number assay. (A) Amplification curve
of s-q-PCR of a mutation with a large deletion. The
deleted gene can be easily distinguished. (B) Ct score
(cycles) of representative s-g-PCR with DBA genomic
s-g-PCR primers. Results of the 2 gene-specific primer
pairs indicated in the graph are representative of at least
2 sets for each gene-specific primer (carried out in the
same run). **P < .001;"P < .01

23 24 28 26 27 28

22 23 24 25 25 2v 28

22 23 24 25 28 27 28

chromosome 1 (chl) spanning 858 kb (Figure 3A); patient
71 had a large deletion in ch3 spanning 786 kb (Figure 3B);
patients 14, 60, and 62 had a large deletion in chl5 spanning
270 kb, 260 kb, and 330 kb, respectively (Figure 3C); and
patient 72 had a large deletion in ch19 spanning 824 kb (Figure
3D). However, there were no deletions detected in chl9 in
patient 24 (Figure 3D). Genes estimated to reside within a large
deletion are listed in supplemental Table 1. Consistent with
these s-q-PCR results, 6 of 7 large deletions were detected and
confirmed as deleted regions, and these large deletions con-
tained RPL5, RPL35A, RPSI7, and RPSI9 (Table 4 and
supplemental Table 1). Other large deletions in RP genes were
not detected by this analysis. From these results, we conclude
that the synchronized multiple PCR amplification method has a
detection sensitivity comparable to that of SNP arrays.
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Detailed examination of a patient with intragenic deletion in the
RPS19 allele (patient 24)

Interestingly, for patient 24, in whom we could not detect a large
deletion by SNP array at s-q-PCR gene copy number analysis,
2 primer sets for RPS19 showed a 1-cycle delay (RPS19-36 and
RPS19-40), but 2 other primer pairs (RPS19-58 and RPS19-62)
did not show this delay (Figure 4A). We attempted to determine
the deleted region in detail by testing more primer sets on
RPS19. We tested a total of 9 primer sets for RPS19 (Figure 4B)
and examined the gene copy numbers. Surprisingly, 4 primer
sets (819-24, $19-36, S19-40, and 819-44) for intron 3 of RPS19
indicated a l-cycle delay, but the other primers for RPSI9
located on the 5'untranslated region (5'UTR), intron 3, or
3’UTR did not show this delay (S19-57, S$19-58, §19-28,
S19-62, and S19-65; Figure 4B-C). These results suggest that
the intragenic deletion occurred in the RPS19 allele. To confirm
this deleted region precisely, we performed genomic PCR on
RPS19, amplifying a region from the 5'UTR to intron 3 (Figure
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Figure 3. Results of SNP genomic microarray (SNP-

A chip) analysi DNA of 27 Jap DBA
patients with unknown was jusing a
SNP array, Six patients had large delstions in their
chromosome (ch), which included one DBA-responsible
gene. Patient 3 has a large deletion in ch1 (A}, patient
71 has a deletion in ch3 (B), patients 14, 60, and 62 have
deletions In ¢hi5 (C), and patient 72 has a deletion in
chi8 (D).
C
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4B). In patient 24, we observed an abnormally sized PCR
product at a low molecular weight by agarose gel electrophore- Discussion

sis (Figure 4D). We did not detect a wild-type PCR product from
the genomic PCR. This finding is probably because PCR tends
to amplify smaller molecules more easily. However, we did
detect a PCR fragment at the correct size using primers located
in the supposedly deleted region. These bands were thought to
be from the products of a wild-type allele. Sequencing of the
mutant band revealed that intragenic recombination occurred at a
homologous region of 27 nucleotides, from — 1400 to ~1374 in the
5’ region, to +5758 and +5784 in intron 3, which resulted in the
loss of 7157 base pairs in the RPS19 gene (Figure 4E). The deleted
region contains exons 1, 2, and 3, and therefore the correct RPSI19
mRNA could not be transcribed.

Genotype-phenotype analysis and DBA mutations in Japan

Patients with a large deletion in DBA genes had common
phenotypes (Table 4). Malformation with growth retardation
(GR), including short stature or SGA, were observed in all
7 patieats. In patients who had a mutation found by sequencing,
half had GR (11 of 22; status data of DBA patients with
mutations found by sequencing are not shown). GR may be a
distinct phenotypic feature of large deletion mutations in
Japanese DBA patients. Familial mutations were analyzed
for parents for 5 DBA patients with a large deletion (patients
3, 24, 60, 62, and 72) by s-g-PCR. There are no large deletions
in all 5 pairs of parents in DBA-responsible genes. Four of
the 7 patients responded to steroid therapy. We have not
observed significant phenotypic differences between patients
with extensive deletions and other patients with regard to
blood counts, responsiveness to freatment, or other
malformations.
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Many studies have reported RP genes to be responsible for DBA.
However, mutations have not been determined for approximately
half of DBA patients analyzed. There are 2 possible reasons for this
finding. One possibility is that patients have other genes respon-
sible for DBA, and the other is that patients have a complicated set
of mutations in RP genes that are difficult to detect. In the present
study, we focused on the latter possibility because we have found
fewer Japanese DBA patients with RP gene mutations (32.4%)
compared with another cohort study of 117 DBA patients and 9 RP
genes (approximately 52.9%).* With our newly developed method,
we identified 7 new mutations with a large deletion in RPLS,
RPL35A, RPS17, and RPSI9.

The frequency of a large deletion was approximately 25.9%
(7 of 27) in our group of patients who were not found to have
mutations by genomic sequencing. Therefore, total RP gene
mutations were confirmed in 42.6% of these Japanese patients
(Table 5). Interestingly, mutations in RPSI7 have been observed at
a high rate (5.9%) in Japan relative to that in other countries
(1%).51516 Although the percentage of DBA mutations differs
among different ethnic groups,®'7-19 a certain portion of large
deletions in DBA-responsible genes are likely to be determined in
other countries by new strategies.

In the present study, we analyzed patient data to determine
genotype-phenotype relations. To date, large deletions have
been reported with RPS19 and RPL35A in DBA patients.3&1?
RPSI9 large deletions/translocations have been reported in
12 patients, and RPL35A large deletions have been reported in
2 patients.' GR in patients with a large deletion has been
observed previously with RPSI9 translocations,>%?! but it
was not found in 2 patients with RPL35A deletion.’ Interest-
ingly, all of our patients with a large deletion had a phenotype
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Figure 4. Result of s-g-PCR gene copy number assay A B
for patient 24. (A) Results of s-g-PCR gene copy number
assay for RPS19with 4 primer sets. (Bi) The APS19gene 26 - - SUTR E1EZX3 E4ES €6 JUTR
copy number was analyzed with 8 specific primer sets for - i
RPS15that span from the 5'UTR to the 3'UTR. (il) Primer 8 POPS N
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of GR, including short stature and SGA, which suggests that
this is a characteristic of DBA with a large gene deletion in
Japan. Our study results suggest the possibility that GR is
associated with extensive deletion in Japanese patients. Al-
though further case studies will be needed to confirm this
possibility, screening of DBA samples using our newly devel-
oped method will help to advance our understanding of the
broader implications of the mutations and the correlation with
the DBA genotype-phenotype.

Table 5. Total mutations in Japanese DBA patients, including large
gene deletions

G

Mutations, n (%)
Tot ed, N

?9(42.6%) B
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Mutation rate

Copy number variation analysis of DBA has been performed by
linkage analysis, and the RPSI9 gene was first identified as a
DBA-susceptibility gene. Comparative genomic hybridization ar-
ray technology has also been used to detect DBA mutations in
RPL35A, and multiplex ligation-dependent probe amplification has
been used for RPS19 gene deletion analysis.>5!322 However, these
analyzing systems have problems in mutation screening. Linkage
analysis is not a convenient tool to screen for multiple genetic
mutations, such as those in DBA, because it requires a high level of
proficiency. Although comparative genomic hybridization technol-
ogy is a powerful tool with which to analyze copy number
comprehensively, this method requires highly specialized equip-
ment and analyzing software, which limits accessibility for research-
ers. Whereas quantitative PCR-based methods for copy number
variation analysis are commercially available (TagMan), they
require a standard curve for each primer set, which limits the
number of genes that can be loaded on a PCR plate. To address this
issue, a new method of analysis is needed. By stringent selection of
PCR primers, the s-q-PCR method enables analysis of many DBA
genes in 1 PCR plate and the ability to immediately distinguish a
large deletion using the s-q-PCR amplification curve. In our study,
6 of 7 large deletions in the RP gene detected by s-g-PCR were
confirmed by SNP arrays (Figure 3). Interestingly, we detected
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1 large intragenic deletion in RPS19, which was not detected by the
SNP array. This agreement between detection results suggests that
the s-g-PCR copy number assay could be useful for detecting large
RP gene deletions.

In the present study, 7 DBA patients carried a large deletion in
the RP genes. This type of mutation could be underrepresented by
sequencing analysis, although in the future, genome sequencing
might provide a universal platform for mutation and deletion
detection. We propose that gene copy number analysis for known
DBA genes, in addition to direct sequencing, should be performed
to search for a novel responsible gene for DBA. Although at
present, it may be difficult to observe copy numbers on all
80 ribosomal protein genes in one s-q-PCR assay, our method
allows execution of gene copy number assays for several target
genes in 1 plate. Because our method is quick, easy, and low cost, it
could become a conventional tool for detecting DBA mutations.
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The earliest thymic T cell progenitors sustain B cell
and myeloid lineage potential

Sidinh Luc!-3, Tiago C Luis"!?, Hanane Boukarabila'%, Jain C Macaulay’, Natalija Buza-Vidas'*,

Tiphaine Bouriez-Jones!, Michael Lutteropp!%, Petter S Woll', Stephen J Loughran!, Adam J Mead!,

Anne Hultquist?, John Brown?, Takuo Mizukami!, Sahoko Matsuoka!, Helen Ferry", Kristina Anderson?,
Sara Duarte!, Deborah Atkinson!, Shamit Soneji®, Aniela Domanski, Alison Farley?, Alejandra Sanjuan-Pla%,
Cintia Carella’, Roger Patient?, Marella de Bruijn?, Tariq Enver>?, Claus Nerlov?, Clare Blackburn?,
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The stepwise commitment from hematopoietic stem cells in the bone marrow to T lymphocyte—restricted progenitors in the
thymus represents a paradigm for understanding the requirement for distinct extrinsic cues during different stages of lineage

restriction from multipotent to lineage-restricted progenitors. However, the commitment stage at which progenitors migrate from
the bone marrow to the thymus remains unclear. Here we provide functional and molecular evidence at the single-cell level that
the earliest progenitors in the neonatal thymus had combined granulocyte-monocyte, T lymphocyte and B lymphocyte lineage
potential but not megakaryocyte-erythroid lineage potential. These potentials were identical to those of candidate thymus-seeding

progenitors in the bone marrow, which were closely related at the molecular level. Our findings establish the distinct lineage-
restriction stage at which the T cell lineage—commitment process transits from the bone marrow to the remote thymus.

At the heart of developmental and stem-cell biology, as well as regen-
erative medicine, is the fundamental process of lineage commitment
from self-renewing multipotent stem cells to lineage-restricted pro-
genitors. In all species and organ systems, this process occurs first
during embryonic development but is recapitulated postnatally and
in adult life by adult multipotent stem cells that replenish cell lineages
with a limited lifespan. Hematopoiesis represents the mammalian
paradigm of how multilineage diversity can be achieved through the
commitment of multipotent stem cells to lineage-committed progeni-
tors and the establishment of distinct blood cell lineages’. However,
the exact cellular commitment pathways remain unclear!2,
Whereas lineage-restricted progenitors for all other blood cell
lineages can be generated from self-renewing hematopoietic stem
cells (HSCs) in the postnatal bone marrow, the final steps of restric-
tion to the T lymphocyte lineage take place in the thymus3. Because
the thymus cannot sustain HSCs, continuous thymopoiesis can
be secured only through regular replenishment by bone marrow-
resident thymus-seeding progenitors (TSPs)%. However, the commit-
ment stage(s) at which these progenitors migrate from the bone marrow
to the thymus is (are) unknown. The thymus contains multiple blood
cell lineagess'é, as does the bone marrow; however, the identification

of multipotent progenitors in the thymus that match the lineage
potential of candidate TSPs in the bone marrow has not been possible
so far. Early thymic progenitors (ETPs) have been extensively studied
in the adult thymus, but their exact lineage potentials and relationship
to candidate TSPs in the bone marrow have remained unclear’.
Studies evaluating the lineage potential of ETPs at the single-
cell level have shown that a large fraction of ETPs from adult mice
have combined T cell and myeloid (granulocyte-monocyte (GM))
potential®®. B cell lineage potential, however, was not detected for
single, highly purified ETPs from adult mice, which suggests that
the most primitive progenitor in the thymus might have potential
restricted to T cells and granulocytes-monocytes®?, Similar studies
of fetal thymus have supported the proposal that the potential of
ETPs is restricted to T cells and granulocytes-monocytes and have
failed to show any B cell potential!®!!. However, other studies have
reported even rarer ETPs from adult mice with combined T cell and
B cell (but not myeloid) potential®, and candidate TSPs identified in
the bone marrow?’, such as common lymphoid progenitors (CLPs)!?,
lymphoid-primed multipotent progenitors (LMPPs)!? and HSCs!, all
have B cell potential. The megakaryocyte-erythroid (MKE) potential
of ETPs is of particular relevance to the ongoing debate on whether
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the first lineage-commitment step in hematopoiesis results in strict
separation into common pathways for commitment to the myeloid
and lymphoid lineage, as presented in the still-prevailing textbook
hierarchical model of hematopoiesis'4, or whether early lymphoid
progenitors sustain GM potential but not MKE potential®!*15, as
reported in human studies as well'%!7, The MKE potential of puri-
fied ETPs has yet to be investigated®6%9,

The fact that no multipotent thymic progenitors with the same
lineage potentials as those of candidate multipotent TSPs in the bone
marrow have been identified yet contributes to the considerable gap
in understanding of the distinct roles of the local bone marrow and
thymus environments in promoting distinct prethymic and thymic

the single-cell level the existence of postnatal ETPs with combined
T cell, GM and B cell potential but no MKE potential, establishing
the exact lineage commitment step at which the multipotent T lym-
phocyte progenitors must migrate to the thymus to allow the final
steps of restriction to the T cell lineage to be completed. The data
reported here provide further support for a myeloid-based model of
commitment of hematopoietic-lineage cells to the T cell lineage.

RESULTS

ETPs have combined T cell, B cell and GM potential

The present knowledge about candidate TSPs and ETPs can be rec-
onciled (Supplementary Fig. 1) only if a progenitor restricted to the

stages of commitment to the T cell lineage. Here we demonstrate at T cell-GM lineage can be identified in the bone marrow, a T cell-GM
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Figure 1 ETPs are multipotent lympho-myeloid restricted progenitors. {a) Flow cytometry profiles and gating strategies for the detection of
Lin"CD4-CD8o-CD25~¢-KithiFIt3hi ETPs from young adult mice (4-6 weeks). Numbers in plots indicate percent ETPs among total thymocytes. DAPI,
DNA-intercalating dye; FSC, forward scatter; SSC, side scatter; -W, width; -H, height. (b} Frequency of B cell potential of cultures seeded with a single
Lin-Sca-1*c-Kit*FIt3" bone marrow cell (LMPP; n = 320); a single FIt3" ETP (n = 73 cells) or ten Fit3" ETPs (n = 960 cells); ten Flt3~ ETPs
{n = 960 celis); or other DN thymocyte progenitor populations (DN1-DN4; n = 2,400 cells {seeded with 100 cells per well})}, all from adult mice.
{¢) Flow cytometry profiles and gating strategies as in a, for cells from newborn mice {1 d). (d) Frequency of B cell potential as in b, for cultures of cells
from newborn mice, seeded as single FIt3" ETPs (n = 348 cells) or single FIt3~ ETPs (n = 210 cells), and other DN thymocyte progenitor populations
seeded at 100 cells per culture (n = 4,200-6,000 cells). (e) Expression of enhanced yelliow fluorescent protein (eYFP) in ETPs from neonatal mice
{n = 4) expressing Cre from the Cd79a promoter. (f) Frequency of cells with B cell potential (B; n = 348 cells), T cell potential (T; n = 204 celis}, natural
kitler cell potential (NK; n = 48 cells), GM potential {(grown in liquid (GM(L); n = 600 celis) or on stroma (GM(S); n = 64 ceils)), megakaryocyte potential
{grown in liquid (Mk(L); n = 1,080 cells) or on semisolid support (Mk(SS); n = 6; 200 cells per replicate)) or erythroid potential (E; n = 8; 500-1,000
cells per replicate) among Fit3+ ETPs from neonatal mice (positive controls, Supplementary Fig. 5). (g) Expression of myeloid markers Mac-1, Gr-1 and
lysozyme M (reporied as eGFP expression; left and middle), and morphological analysis {right) of sorted granulocytes (top) and monocytes (bottom) from
cultured Fit3* ETPs from neonatal mice. Scale bars, 5 uM. (h) Quantitative analysis of the expression of genes associated with lymphoid cells, myeloid
cells and megakaryocytes—erythroid cells by purified Fit3* ETPs from newborn mice (n = 6; 25 cells per replicate); results are presented relative to
the expression of Hprt (encoding hypoxanthine guanine phosphoribosyl transferase). *, <0.001 (below detection limit). Data are representative of four
experiments (a); fourteen experiments (c); seven (b) or sixteen (d) experiments {FIt3" ETPs); sixteen experiments (bone marrow; b); four experiments
(Fit3~ ETPs (b} and other DN populations (b,d)); ten experiments (FIt3~ ETPs; d); one experiment (e); two to sixteen experiments (f); one experiment
(g); or two experiments (h; mean and s.e.m. in b,d,f; average and s.d. of six replicates in h).
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progenitor can be generated in the passage from the bone marrow to the
thymus and/or a thymic cell population with combined T cell, GM and
B cell lineage potential can be identified among or beyond the ETPs. In
the last scenario, the ETP could either be a lymphoid-GM-restricted
multipotent progenitor or a pluripotent hematopoietic stem cell or pro-
genitor cell that also has MKE potential. ETPs have been studied mostly
in adult mice>689. However, thymic involution (the physiological
shrinking of the thymus with age that occurs in all vertebrates) indicates
that thymopoiesis, and therefore thymus seeding, is much more active in
the early postnatal thymus?®. The B cell potential of early thymocytes, at
the population level, is much higher (although still low) in the neonatal
thymus than in the adult thymus!®. In agreement with published studies,
lineage-negative (Lin~) CD4 - CD80."CD257c-Kith! ETPs represented
only 0.01% of adult thymocytes®, but as many as 40% of ETPs had cell-
surface expression of the cytokine tyrosine kinase receptor Flt3, a greater
frequency than reported before?® (Fig. 1a). Also in agreement with
published findings52%, a low but highly reproducible frequency of Flt3-
expressing ETPs from adult mice generated B cells (3.5%~4.5%), whereas
no other thymocyte progenitors from adult mice, including Fit3~ ETPs,
had any detectable B cell potential (Fig. 1b and Supplementary Fig. 2).
The frequency of Lin"CD4~CD80 CD25 ¢-Kit"iFlt3h ETPs was
more than tenfold higher in newborn mice than in adult mice (Fig. 1¢)
and, most notably, the frequency of Lin"CD4~CD8a-CD25 ¢c-Kit™Flt3h!
ETPs with B cell potential was 25% (Fig. 1d and Supplementary
Fig. 3). Neither Lin~CD4 CD8~CD25 c-Kit"Flt3~ thymo-
cytes nor downstream populations at CD4-CD8~ double-negative
stages 2-4 (DN2-DN4) in the neonatal thymus had any B cell
potential (Fig. 1d). Lin"CD4~CD8¢"CD25¢-KithFlt3h ETPs from
newborn mice also produced B cells i vivo when transplanted into
irradiated mice deficient in recombination-activating gene 1 (Ragl~~)
but produced only very low numbers of short-lived myeloid cells
(Supplementary Fig. 4).

Because B cell activity in the thymus might reflect the presence
of cells already committed to the B cell lineage?!?2, which overlap
with the CD25-CD44* phenotype of DN1 thymocytes, we did a fate-
mapping experiment with mice expressing Cre recombinase from the
promoter of the gene encoding the immunoglobulin-associated antigen

CD79A (Cd79a), in which all committed B cell progenitors and their
progeny are labeled with enhanced yellow fluorescent protein?>2¢. In
agreement with published studies?, cells of the B cell lineage, includ-
ing all CD19*B220*CD43*¢c-Kit* pro-B cells, as well as a fraction of
Ly6D* CLPs (Lin"CD19-B220"Sca-1%°c-Kitl°Flt3*IL-7Re:*Ly6D™),
were labeled in the bone marrow (Supplementary Fig. 5a,b). We
observed no cells expressing enhanced yellow fluorescent protein
among Lin"CD4~CD8aCD257¢-Kit" ETPs (Fig. 1e) or among Ly6D"
CLPs (Lin~CD19-B220"Sca-11%-Kit°Flt3*IL-7Ra* Ly6D") or LMPPs
(Lin~Sca-1*c-KithFlt3; Supplementary Fig. 5b,c).

In addition to producing B cells, Lin"CD4 CD8o~CD25~
c-KithiFlt3 ETPs from newborn mice gave rise efficiently to cells
of the T cell, natural killer cell and GM lineages, as demonstrated
before with ETPs from adult mice>%87 (Fig. 1f,g and Supplementary
Fig. 6a). In contrast, ETPs from newborn mice were completely devoid
of MKE potential (Fig. 1f). ETPs from adult mice lacked megakaryo-
cyte potential as well but, in agreement with published studies®?, had
GM potential (Supplementary Fig. 6a). Quantitative gene-expression
analysis showed that purified Lin"CD4~CD80-CD25 ¢-KithiFlt3hi
ETPs from newborn mice expressed many genes associated with
granulocytes-monocytes and lymphoid cells but not those associated
with megakaryocytes or erythroid cells (Fig. 1h). Single-cell PCR
showed- that as many as 65% of newborn Lin"CD4"CD80."CD25"
c-KithiFlt3h ETPs coexpressed genes of granulocytes-monocytes and
lymphoid cells, whereas they lacked expression of genes of megakary-
ocytes and erythroid cells (Fig. 2a).

To establish whether the T cell, B cell and GM potential of ETPs
from neonatal mice reflected the existence of a multipotent lympho-
myeloid progenitor in the thymus or only a mixture of lineage-
restricted progenitors, we assessed the combined lineage potential
of single Lin-CD4~CD8a~CD25-c-KithiFlt3hi ETPs. We sorted
single ETPs onto OP9 bone marrow stroma to allow each single ETP
to proliferate for 54 h, after which we split the expanded cell cul-
tures and transferred them for an additional week to OP9 stroma
and OP9 stroma expressing the Notch ligand Delta-like 1 (OP9-
DL1 stroma) to promote differentiation into B cells and com-
bined differentiation into T cells and myeloid cells, respectively.
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Figure 2 ETPs have combined T cell, B cell ng __,w.,@ i Fﬁggg -~——->ml oy P ® g % T-B-GM
and GM lineage potential. (a) Single-cell g . g 20
analysis of the expression of genes associated with lymphoid cells, myeloid cells and megakaryocytes-erythroid © g
cells, by purified FIt3h ETPs from newborn mice, among cells that express Kit (left; 96-98% of total 20 5 10 ]T.B
cells; n= 176 cells). Right, frequency of ETPs with combined lymphoid-GM gene expression based on

coexpression {Ly-GM) of one or more genes of the lymphoid program {/17r and sterile IgH} and myeloid-GM program

(Csflrand Mpo) but not of the MKE program (Gatal and Epor). (b} Flow cytometry and morphology analysis of a clone

from a single FIt3*ETP cell from a newborn wild-type mouse, with combined T cell-B cell (white arrowhead) and myeloid (black arrowhead) lineage
potential. Scale bar, 5 um. {c,d) Cloning frequency (left) of ETPs generating CD45* cells {(open bars) and CD45* cells that are also positive for T cell,

B cell and/or GM markers (filled bars), assessed for wild-type mice (c) or vavP-Mc/I-trangenic mice (d). Right, lineage distribution of clones from single
ETPs from wild-type mice (¢; n= 132 celis) or vavP-Mc/I-trangenic mice (d; n = 167 cells). Data are from two experiments (a,d) or three experiments

{b,c; mean and s.d. in a and mean and s.e.m. in ¢,d).
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Although the frequency of ETP-derived clones with detectable GM  represented the most multipotent progenitors in the neonatal thymus.
potential was lower than that of assays in which only the GM differen-  The lack of detectable MKE potential in Lin"CD4-CD8c.~CD25~
tiation of ETPs was promoted (Fig. 1f), we demonstrated the existence  c-Kit¥Flt3% ETPs did not rule out the possibility of the presence of
of single Lin"CD4~CD8¢CD25 c-Kit™Flt3% ETPs with combined  rare pluripotent hematopoietic stem cells or progenitor cells in the
T cell, B cell and GM lineage potential (9.2% of clones with a lineage  neonatal thymus. Thus, we first used highly sensitive flow cytometry
‘readout’; Fig. 2b,c and Supplementary Fig. 7a). In fact, we tracked  to investigate the expression of three antigens, CD150 (ref. 26), CD201
all the GM potential from wild-type ETPs to cells that not only had  (ref. 27) and Mpl®¥; each with high expression on most if not all HSCs
T cell potential, as demonstrated before®?, but also had B cell lineage  as well as multipotent progenitors with sustained MKE potential. None
potential (Fig. 2c). Next we used ETPs purified from mice expressing  of these antigens was expressed on Lin"CD4~CD80o"CD25"c-Kit
Mcll (encoding the antiapoptotic protein Mcl-1) from the vavP trans-  ETPs (Fig. 3a). Similar to a subfraction of bone marrow LMPPs, all
genic vector® to evaluate whether enhanced cell survival could better  ETPs expressed Ragl, as assessed through the use of a green fluores-
sustain short-lived myeloid cells in the assay for combined myeloid  cent protein (GFP) reporter under control of the Ragl promoter??,
and T lymphoid development. Whereas the B cell potential in thy-  and most expressed the chemokine receptor CCR9 (Fig. 3b), in agree-
muses from neonatal MclI-transgenic mice remained restricted to  ment with published studies of ETPs, LMPPs and CLPs from adult
Lin~CD4~CD80~CD25c-Kit"Flt3" ETPs (Supplementary Fig, 7c), mice?®3L No bone marrow HSCs expressed either the Ragl-driven
the frequency of ETPs that generated combined T cell-B cell-GM  GFP reporter or CCR9 (Fig. 3b).

progeny was 20% of all single ETPs (relative to 9.2% of wild-type ‘Whole thymocytes from neonatal mice transplanted intravenously
ETPs) producing one or more hematpoietic lineages (Fig. 2d and  or intrafemorally (to bypass potential changes in bone marrow-
Supplementary Fig. 7b). These findings obtained with single-cell homing properties after entry into the thymus) into irradiated wild-
clonal assays established the existence of thymic ETPs with combined  type mice transiently reconstituted T cells and small amounts of B cells

T cell, B cell and GM lineage potential. (Fig. 3c,d) but failed to sustain any long-term multilineage reconstitu-

tion (Fig. 3e,f), in further support of the idea that the postnatal thymus
Lymphomyeloid ETPs are the most muitipotent thymic does not contain any HSCs. To enhance the detection of HSCs poten-
progenitors tially present in the thymus, we depleted whole-thymocyte samples

‘We next explored whether the Lin"CD4-CD80"CD25-¢-KithiFlt3h  of CD4* and CD8* cells and transplanted these into recipient mice
ETPs with combined T cell, B cell and GM lineage potential intravenously or intrafemorally (Fig. 3g,h). The absence of long-term
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CD8* celis (Lin-depleted; g,h), from neonatal mice expressing eGFP driven by Vwf (in which all platelets express eGFP) or wild-type mice. Numbers at
top indicate the frequency of reconstituted mice relative to total mice in group. Each symbol represents an individual mouse; horizontal lines indicate
the mean (and s.d.). Data are representative of two experiments (a,b} or one experiment (c-h).
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Figure 4 The gene expression of ETPs clusters closer to that of candidate
TSPs in the bone marrow than to that of other thymic progenitors. Two-
and three-dimensional principal-component analysis of normalized global
gene-expression profiles of purified HSCs, IL-7Ra* LMPPs, ETPs, DN2
cells and DN3 cells from neonatal mice (a; n = 3 replicates), and purified
HSCs (n = 3 replicates), |L-7Ra* LMPPs (n = 3 replicates), CLPs (n =4
replicates}, ETPs (n = 3 replicates), DN3 cells (n = 3 replicates) and
pro-B cells (n = 3 replicates) from neonatal mice (b} and ETPs from adult
mice (b; n = 2 replicates), with 1,600-2,000 cells per replicate. Each
symbol represents an individual biological sample (sorted from a different
pool of mice). Numbers adjacent to lines in a indicate Euclidean distances
between average x and y values for each population measured in the first
two principal components. Data are representative of three experiments
(a) or two to three experiments (b).

myeloid reconstitution in all major hematopoietic organs, as well as
the lack of thymocyte-derived T cell progenitors in the thymus after
13 weeks in all but one transplanted mouse, further confirmed
the absence of pluripotent HSCs in the thymus (Fig. 3g,h and
Supplementary Fig. 8a-d). Collectively, these results demonstrated
the absence of HSCs in the postnatal thymus, a finding compatible with
the proposal that ETPs with combined T cell, B cell and GM lineage
potential are the most multipotent progenitors in the thymus.
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& & & &

ETPs are closely molecularly related to bone marrow TSPs

Because our findings indicated that Lin-CD4-CD8a~CD25~
c-KithiF1t3hi ETPs in the neonatal thymus had the same lineage poten-
tial as Lin~Sca-1*c-KithFlt3hi LMPPs expressing the Ragl-driven GEP
reporter (which also had high expression of interleukin 7 receptor o
(IL-7Rat); Supplementary Fig. 9a) in the bone marrow!>32, we
next investigated the molecular relationship between ETPs and
IL-7Ro" LMPPs and HSCs in the bone marrow of neonatal mice.
We also compared ETPs with the next stages of lineage restriction in
the thymus: Lin-CD44*CD25*c-Kit! DN2 cells, which sustain com-
bined T cell and GM lineage potential but no B cell lineage poten-
tial®?, and Lin~CD44-CD25* DN3 cells, which represent the first
T cell-restricted progenitors in the thymus33, Global gene-expression
analysis done as described before!, demonstrated that the gene-
expression profile of ETPs clustered much closer to that of IL-7Rat*
LMPPs in the bone marrow than to that of thymic DN2 or DN3 pro-
genitors or bone marrow HSCs. Moreover, the gene-expression profile
of LMPPs clustered closer to that of ETPs than to that of HSCs, and
that of DN2 cells was closer to that of DN3 cells than to that of ETPs
(Fig. 4a). Because CLPs have been suggested to be candidate TSPs’
and have been shown to not only have lymphoid potential but also sus-
tain some myeloid potential similar to LMPPs35, we also compared the
molecular profiles of ETPs with those of the two candidate TSP popula-
tionsin the bone marrow: IL-7Rot* LMPPs and Lin"CD197B220"Sca-1'°
c-KitloFlt3+1L-7Rot*Ly6D~ CLPs (Fig. 4b). The molecular profiles of
ETPs from neonatal mice clustered closely with those of CLPs as well
as those of LMPPs and were more distant from those of HSCs, DN3
cells and also pro-B cells. Moreover, the molecular profiles of ETPs
from neonatal and adult mice clustered closely together with those of
LMPPs and CLPs (Fig. 4b). These findings established a close molecu-
lar relationship between Lin“CD4-CD80:"CD25 ¢-KithFlt3h ETPs in

Figure 5 ETPs, IL-7Ra" LMPPs and CLPs have closely related T cell- and myeloid-lineage transcriptional profiles. Expression of genes associated with
the T cell lineage (a) or GM lineage (b) by purified HSCs (n = 6 replicates), IL-7Ra* LMPPs (n = 6 replicates), CLPs (n = 4 replicates), ETPs (n=6
replicates), DN2 cells (n = 3 replicates) and DN3 cells (n = 6 replicates) from neonatal mice, and ETPs from adult mice (n = 2 replicates), with
1,600-2,000 celis per replicate (derivation of gene lists, Online Methods and Supplementary Note). Numbers in boxes indicate normalized median
values obtained by the robust multiarray average method: darker shading indicates higher expression; lighter shading indicates lower expression.
Dendrograms above indicate relationships between samples according to their gene profiles. Data are representative of two to four experiments.
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Figure 6 Expression of genes associated with myeloid and fymphoid
cells, Quantitative gene-expression analysis of genes associated with
myeloid cells and with lymphoid and T cells, assessed in purified HSCs
(n = 6 replicates), IL-7Ra* LMPPs (7 = 4 replicates), ETPs (n =6
replicates), DNZ cells {n = 6 replicates) and DN3 cells {n = 6 replicates)
from neonatal mice {25 cells per replicate); resulls are presented
relative to Hprt expression. *, £0.001 (below detection limit). Data are
representative of two experiments (average and s.d.).

the thymus and candidate TSPs with lympho-myeloid potential in the
bone marrow (Fig. 4a,b and Supplementary Fig. 9b,c).

To more specifically assess gene expression associated with the T cell
and GM lineages, we derived lists of genes associated with T cells and
granulocytes-monocytes from the literature and from published data
sets’”38 (Supplementary Note). When we compared the programs asso-
ciated with the T cell and GM lineages, we found that those of ETPs from
adult and neonatal mice clustered closely for both the T cell and GM lin-
eage, and closer to those for IL-7Roc* LMPPs and CLPs than to those for
DN2 or DN3 cells in the thymus or HSCs in the bone marrow (Fig. 5a,b
and Supplementary Fig. 9d,e). Notably, many T cell-associated
genes that eventually undergo considerable upregulation in DN2 cells
and even further after T cell commitment of DN3 cells, had already
been upregulated in LMPPs and CLPs, relative to their low expression
in HSCs. There was less change in expression of these T cell-associated
genes in LMPPs and CLPs relative to their expression in ETPs
(Fig. 5a). By quantitative RT-PCR, we investigated in greater detail
some genes related to myeloid cells, lymphoid cells, T cells and Notch
(Fig. 6). In addition to confirming the combined expression of genes
associated with the GM lineage (Mpo, Csfir and Csf2rb) and lymphoid
lineage (sterile IgH, 1I7rand Rag!) in ETPsand LMPPs, these data also
showed that characteristic early T cell-specific genes (Ptcra, Cd3eand
Cd3g) were not significantly upregulated in either multipotent IL-7Rot*
LMPPs or ETPs. In contrast, Notch was upregulated in LMPPs and even
further upregulated in ETPs and, in agreement with that, the Notch
target genes Il2ra (Cd25), Gata3 and, in particular, Hesl (ref. 39) were
upregulated in the transition from LMPPs to ETPs. Finally, whereas
HSCs lacked expression of Ccr7 and Ccr9, which encode chemokine
receptors critical for migration to the thymus®%3!, these genes showed
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considerable upregulation in IL-7Ret* LMPPs, in further support of the
idea that LMPPs are TSPs. Collectively, these results demonstrated that
ETPs and candidate TSPs such as LMPPs and CLPs had closely related
gene-expression profiles, which reinforced the proposal that ETPs are
more probably derived from lympho-myeloid-restricted TSPs than
from HSCs in the bone marrow.

DISCUSSION

Here we have identified ETPs in the neonatal thymus with combined
T cell, B cell and GM lineage potential but no MKE lineage poten-
tial, and we have demonstrated a close functional and molecular link
between ETPs and candidate TSPs in the bone marrow. The observa-
tion that ETPs lacked MKE potential was notable for reconciliation of
the ongoing debate about the roadmap for commitment to different
hematopoietic lineages, as the classical model for such commitment
indicates that the first lineage-commitment step of HSCs results in
strict separation of the myeloerythroid- and lymphoid-commitment
pathways™!%. According to that model, any cell with combined lym-
phoid and GM potential should also have MKE potential. However, we
found that Lin"CD4-CD80~CD25 c-Kit"iFlt3" ETPs with combined
T cell, B cell and GM lineage potential were devoid of megakaryocyte
or erythroid lineage potential. These cells coexpressed, at the
single-cell level, genes related to lymphoid cells and granulocytes-
monocytes, but not megakaryocytes or erythroid cells, similar to LMPPs
with identical lineage potentials in the bone marrow!*%3%, Thus,
our study has provided further support for a myeloid-based lineage-
commitment model>!*15-17 by demonstrating the existence of T cell-
B cell-GM-restricted progenitors in the postnatal thymus. Such cells
have been identified before in the bone marrow and fetal liver!334,
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The real frequency of Lin"CD4-CD80-CD25 c-KithFlt3h ETPs
from neonatal mice with T cell-B cell-GM potential is probably
higher than we were able to demonstrate. Analysis of clones grown
from single ETPs from newborn mice demonstrated that most ETPs
with T cell potential simultaneously had B cell potential, but less than
20% of these also showed GM potential in wild-type mice, although
under optimized GM conditions more than 50% of ETPs demon-
strated GM potential. We speculated that the lower detection of cells
of the GM lineages in the multilineage clonal assay reflected the short
lifespan of vulnerable myeloid cells, and in agreement with that,
transgenic expression of the antiapoptotic protein Mcl-1 enhanced
the generation of myeloid cells from ETPs with combined T cell,
B cell and GM potential in neonatal mice, most probably through the
enhanced survival of myeloid cells. Our findings also suggest that
the T cell-B cell-GM restricted progenitor identified is the most
multipotent progenitor in the neonatal thymus, as we did not detect
any MKE lineage potential or MKE-specific gene expression among
highly purified ETPs. Furthermore, we also demonstrated that there
were 1o phenotypic or in vivo reconstituting HSCs or multipotent
progenitors in the neonatal thymus.

Published studies have suggested that the earliest fetal thymic
progenitors in the embryo have combined T cell and myeloid line-
age potential but no B cell lineage potential’®!!, which raises the
possibility that the progenitors that seed the embryonic thymus
might be distinct from and more committed than those in the post-
natal thymus. In contrast to the seeding of the neonatal thymus,
which was the focus of our study, it remains unclear if the adult
thymus is also seeded with ETPs with combined T cell, GM and
B cell lineage potential. As thymopoiesis is much less active in adult
thymus than in newborn thymus, it can be predicted that the most
multipotent ETPs are much more infrequent in adult thymus than
in the neonatal thymus. Although the low frequency of B cell line-
age potential of ETPs from adult mice reported before®?” and con-
firmed here does not allow definitive demonstration of the combined
T cell, GM and B cell lineage potentials of ETPs from adult mice
with the present clonal lineage-potential assay, it is notable that rare
Lin~CD4~CD8o~CD25 c-Kit"iFlt3h ETPs were the only thymocytes
from adult mice with B cell potential. In addition, we found that ETPs
from adult mice, like ETPs from neonatal mice, had GM potential
but not megakaryocyte potential, and global gene-expression analysis
indicated a close molecular relationship between ETPs from neona-
tal mice and those from adult mice. Collectively, these data suggest
that the adult thymus, like neonatal thymus, might also be seeded
by rare T cell-B cell-GM progenitors, which we were unequivocally
able to identify in neonatal thymus. Nevertheless, there are distinct
differences among HSCs and hematopoietic progenitor cells from
fetal, neonatal and adult mice. The regulated migration of TSPs to
the thymus might also differ in the fetus, newborn and adult, so it
remains possible that the lineage potentials of TSPs from embryos,
newborns and adults might be different.

Although our studies have established the extent of ETP multipo-
tentiality (T cell-B cell-GM) and the close phenotypic and molecu-
lar relationship of ETPs, LMPPs and CLPs with the same lineage
potentials in the bone marrow!3323435 they do not exclude the
possibility that other candidate progenitors in the bone marrow
might seed the thymus®®. A published study has suggested that
T cell-GM-restricted progenitors might exist in the bone marrow?!,
although such progenitors remain to be purified and characterized
in further detail. The GM potential of ETPs is limited, and studies
have suggested that it has little if any functional relevance to these
progenitors’ acting as myeloid progenitors in the thymus?>42,
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Likewise, it seems unlikely that ETPs have any important physiologi-
cal role as B cell progenitors. Instead, the importance of these sus-
tained lineage potentials of ETPs is to provide a better understanding
of the lineage-restriction steps required for lineage commitment
from pluripotent HSC in the bone marrow to a T cell-restricted
progenitor in the thymus. Specifically, progenitors with combined
T cell-B cell-GM potential, such as LMPPs and CLPs, are derived
in the bone marrow from HSCs that have shut down the MKE tran-
scriptional programs and lineage potential. Unlike HSCs, LMPPs
and CLPs upregulate CCRY, which enables their transfer to the
thymus®%31, Migration to the thymus seems critical for the next
T cell lineage-restriction steps, first to 2 T cell-GM progenitor®?
and finally to a fully T cell-restricted progenitor.

Our studies have provided new insight into the normal stepwise
process of commitment to the T cell lineage in the bone marrow and
thymus. In addition, they are also relevant to the clinically, pheno-
typically and molecularly distinct group of mixed T cell-GM acute
lymphoblastic leukemias that are mostly observed in children but also
seen in adults, called ‘ETP leukemias'®. Furthermore, the sustained
B cell potential of ETPs might explain why the MLL-AF4 fusion onco-
gene that is highly specific for human B cell malignancies can give rise
to B cell malignancies even if targeted to thymic progenitors*%.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/natureimmunology/.

Accession code. GEO: microarray data, GSE29382.
Note: Supplementary information is available on the Nature Inmunology website.
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