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We describe here a family with a high incidence of B-cell precursor
acute lymphoblastic leukemia (BCP-ALL) affecting 3 children (II.1,
11.2,and [1.3)at 11, 17, and 25 years old, respectively (Figure 1A,C;
supplemental Figure 1, available on the Blood Web site). Both
parents were asymptomatic. After a first relapse, the proband (I1.2)
underwent a familial allogeneic hematopoietic stem cell trans-
plantation (HSCT) with his 11-year-old younger brother (II.3)
leading to a complete remission (CR) for 20 years, but he relapsed
a second time and died very soon after intracranial hemorrhage.
His sister (I.1) developed BCP-ALL for which she was treated by
chemotherapy leading to a CR even 30 years after her initial di-
agnosis. 11.3 developed BCP-ALL 14 years after being an HSCT
donor for 1.2 and died of infectious complications after HSCT from
an unrelated donor (supplemental Figure 1).

Because the family history was compatible with a germline
transmission of the disease, whole-exome sequencing was per-
formed on I1.3, which identified a PAX5 germline heterozygous
¢.113G>A mutation resulting in an R38H substitution. The R38H
substitution is predicted to alter the protein affinity to DNA' and
concerns a highly conserved residue located within the N-terminal
DNA-binding paired domain (supplemental Figure 2A-C; sup-
plemental Tables 1 and 2). This mutation is associated with leu-
kemic progression in murine models with Pax5 haploinsufficiency?
or PAX5-ELN fusion.® This mutation was subsequently detected in
all affected patients at BCP-ALL diagnosis and at remission, and in
1 asymptomatic parent without a history of malignancy (Figure 1B;
supplemental Figure 1; supplemental Table 3). PAX5 somatic al-
terations are present in one-third of the patients with sporadic
BCP-ALL,*®> but PAX5 germline mutations leading to BCP-ALL have
been identified only recently.é® PAX5 encodes a critical tran-
scription factor for B-cell differentiation®™! repressing B-lineage
“inappropriate” gene expression and promoting the transcription
of specific B-cell genes.''*

As described in other germline PAX5 pedigrees,®® the existence
of asymptomatic carriers and the absence of immunodeficiency
before the onset of BCP-ALL suggest the requirement of addi-
tional genetic alterations that lead to the development of leu-
kemia. Patients .2 and 1.3 had a normal karyotype at the BCP-ALL
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stage. Additional cytogenetic abnormalities were found in 1.2 at
his first (before transplantation) and second (after transplantation
with his brother, consequently named 11.3/2) relapses. Somatic
CDKN2Ahomozygous loss and RAS pathway mutations, recurrent
features of BCP-ALL, were detected in all analyzed BCP-ALL
samples (1.2, 11.3, and 11.3/2) (supplemental Figure 3; supplemental
Tables 3 and 4). A second PAX5 mutation was detected at
diagnosis: Y371fs in 11.1 and R140L in 1.3 and 11.3/2 (Figure
1D-F; supplemental Table 3). Next-generation sequencing of
1.3 complementary DNA (cDNA) showed that these 2 PAX5
mutations were mainly detected on different alleles (data not
shown).

More than 20 years separate HSCT allograft in 1.2 from his donor-
related (11.3/2) leukemia and 14 years from the allograft to di-
agnosis of BCP-ALL in I1.3 (supplemental Figure 1). The leukemic
samples from 1.2 and 1.3 harbored distinct IGH clonal re-
arrangements (supplemental Figure 4), suggesting that the R140L
mutation occurred independently in both patients. Interestingly,
the R140L mutation is recurrently associated with the R38H mu-
tation in sporadic BCP-ALL because 10 of 11 patients reported to
have an R140L mutation in the literature also had the R38H
mutation, which suggests a cooperation between these 2 mu-
tations'® rather than just a biallelic inactivation of PAX5.1¢

The onset of BCP-ALL in patients with PAX5 G183S germline
mutations located in the octapeptide domain is very early with a
median age of 2 years, and it is associated with a loss of chro-
mosome 9p, leading to the simultaneous losses of the second
PAX5 allele and CDKN2A.%7 In contrast, the germline R38H
variant (in this study and in Yazdanparast et al®) is associated with
an older age of onset (11 to 25 years old) and a normal karyotype
(supplemental Figure 5; supplemental Table 5).

To functionally address the impact of the R38H mutation on
B-cell differentiation, we transduced PAX5 wild-type (WT) and/or
R38H murine fetal liver Pax5~/~ B cells (Figure 2A) and the
murine plasmacytoma 558LuM cell line that does not express
Pax5 and Cd79%a (supplemental Figure 6). As expected, PAX5
WT restored the expression of Cd19 in Pax5~/~ cells and their
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Figure 1. Familial BCP-ALL with heterozygous germline PAX5 R38H mutation. (A) The germline R38H variant was shown to be inherited from 1 parent (I.2) who is so far an
asymptomatic carrier with no history of cancer at age 68 years. The proband (II.2, indicated by an arrow) developed BCP-ALL at age 17 years. He relapsed 2 years after his initial
diagnosis and was allografted with his brother (I1.3) as a donor 14 years before 11.3 also developed BCP-ALL. I1.2 relapsed at age 40 years and died soon thereafter as a result of an
intracranial hemorrhage. His sister (I.1) developed BCP-ALL at age 11 years for which she received chemotherapy without HSCT. She is still in CR more than 30 years after her
initial diagnosis. The proband's younger brother (II.3) also developed also BCP-ALL at age 25 years and died of infectious complications after HSCT from an unrelated donor. (+)
Indicates the presence of the R38H germline mutation. (B) Sanger sequencing of PAX5 mutation in samples of I.1, 1.2, 11.1, 1.2, and I1.3; the location of the mutation is indicated by
an arrow demonstrating a germline origin. The nucleotide and protein sequences are indicated at the bottom of the panel. (C) Representative image of May-Grinwald-
Giemsa-stained bone marrow smear at BCP-ALL diagnosis in individual II.1. (D) Somatic PAX5 mutations in leukemic samples from individuals I1.1 (top) and I1.3 (bottom). Positions
of mutations are indicated by red arrows. (E-F) Leukemic architecture at BCP-ALL diagnosis in individual 1.3 (donor) (E) and at donor-related BCP-ALL in individual II.2 (recipient)

(F). Variant allele frequency (VAF) for each mutation is indicated.

capacity to differentiate in contrast to R38H (Figure 2B). R38H
was also unable to rescue surface immunoglobulin M expression
in the 558LpM cell line (supplemental Figure 6). In addition,
R38H exhibited a weak competitive or additive effect on PAX5
WT when co-expressed in primary cells or in the 558LuM cell
line, respectively (Figure 2B; supplemental Figure 6). PAX5 WT
significantly increased the in vitro clonal activity of transduced
Pax5~/~ B220* cells and led to the expression of Cd19 unlike
R38H (supplemental Figure 7), confirming that R38H is not able
to trigger B-cell differentiation. Furthermore, although no dif-
ference in frequencies of positive wells between PAX5 R38H-
and MIG-infected cells was observed, the absolute number of
B cells obtained per well was significantly higher (supplemental
Figure 7). Altogether, our data demonstrate that R38H disables
B-cell differentiation and partially maintains PAX5-dependent
cell growth properties without overt dominant-negative effect
on the normal PAX5 function.
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The transcriptome of R38H-transduced Pax5~~ cells (Figure 2C-E)
is similar, although not identical, to the negative control (MIG)
and clearly distinct from the PAX5 WT condition (Figure 2C).
Gene set enrichment analyses confirmed that R38H is unable to
regulate PAX5 target genes and to lead to a pro-B-cell gene
expression program in contrast to PAX5 WT'” (Figure 2D;
supplemental Figure 8). It is worth noting that the comparison
of the residual transcriptional activity of PAX5 germline mutants
showed that R38H has a stronger hypomorphic effect than
G183S (supplemental Figure 9). Although the R38H tran-
scriptome shares similarities with the one of PAX5 WT, su-
pervised comparative analyses identified a molecular profile
specific to R38H (Figure 2E). In particular, the expression of the
leukemia inhibiting factor receptor (Lifr) gene'® implicated in
stemness is downregulated in the PAX5 WT condition and upre-
gulated in the R38H condition (Figure 2E). Our results suggest that
PAX5 R38H confers some stemness features to the B cells. We thus
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Figure 2. PAX5 R38H behaves as a hypomorphic variant and can predispose to BCP-ALL in mice. (A) Experimental scheme of retroviral complementation assays. (B) Pax5~/~
cells were co-transduced with either empty MIG (MSCV-IRES-GFP) and MImCherry (labeled as empty vectors), empty MimCherry and MIG PAX5 WT (labeled as PAXS WT), empty
MImCherry and MIG-PAX5 R38H (labeled as PAX5 R38H), or MImCherry-PAX5 WT and MIG-PAX5 R38H (labeled as WT + R38H) retroviral vectors. The proportions of cell markers were
evaluated by fluorescence-activated cell sorting (FACS) for each condition (n = 8 per condition). Data are representative of 2 independent experiments (n = 4 independent infections
per experiment). Percentages indicate proportions of GFP/mCherry-double-positive that are CD19* or surface IgM (slgM)-positive as indicated. (C) Principal component analysis (PCA) of the
2 best components for the 2000 most differentially expressed genes among the 3 conditions. Green dots represent empty MIG condition, blue dots MIG-PAX5 WT condition, and red dots
MIG-PAXS5 R38H condition. (D) Gene set enrichment analysis of PAX5 target gene and pro-B cell gene sets" in expression profiles of Pax5~~ cells transduced with PAX5 WT vs PAX5 R38H
with false discovery rate (FDR) <0.01. (E) Comparative supervised heatmap using a Z-score and Spearman correlation clustering displaying the 44 most differentially expressed coding genes
between PAX5 R38H-expressing Pax5/~ pro-B cells and MIG condition (fold >1.5; g < 0.05), with side comparison (lower panel) of corresponding gene expression in PAX5 WT-expressing
Pax5~"~ pro-B cells. (F) Representative FACS plots showing engraftment of the GFP* donor cells in bone marrow (BM) samples at 3.5 and 18 weeks and spleen samples at 18 weeks
posttransplantation. Mice were numbered with #x. (G) Quantification of engraftment of CD45.2*/GFP* donor cells over time in BM at 3.5, 11.5, and 18 weeks posttransplantation and in
spleen 18 weeks posttransplantation. Each dot represents individual mice (n = 4 to 6). Data show medians of engrafted mice (CD45.2*/GFP* cell proportion >1% of total cells). (H)
Representative FACS plots showing B220 (CD45R) and Kit (CD117) expression in CD45.2*/GFP* cells of BM or spleen of PAX5 R38H- or MIG- transduced cells 18 weeks after transplantation.
Mouse #4 shows BCP-ALL phenotype. ip, intraperitoneal; NES, normalized enrichment score; ns, not significant. Results are expressed as mean =+ standard deviation. ***P < 001; ****P < 0001.
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transplanted transduced CD45.2* Pax5~~ B cells (Figure 2A,F-H).
As previously described,'?2?° MIG-transduced cells were able to
home back to the bone marrow (BM) and to efficiently engraft at
long term with an average of 30% CD45.2+/GFP* cells in BM
18 weeks after transplantation (Figure 2F-G). In contrast, PAX5
WT-transduced cells abrogated their long-term engraftment ca-
pacity in the BM and spleen of recipient mice (Figure 2G). In-
terestingly, the ectopic expression of R38H led to an intermediate
phenotype 3.5 weeks after transplantation and, as expected, none
of the engrafted GFP* cells acquired Cd19 (data not shown) be-
cause they do not express PAX5 WT. Interestingly, 2 of 4 mice
maintained their engraftment 18 weeks posttransplantation and 1
(PAX5 R38H #4) developed a clonal B220*/IL7R*/Kit~ leukemia
(Figure 2H; supplemental Figure 10) with acquisition of a Jak3¢7°¢
mutation (supplemental Table 6).

In conclusion, we report a germline PAX5 p.R38H mutation in a
family in which 3 children developed BCP-ALL. We demonstrated
that R38H acts as a hypomorphic variant, does not abrogate the
engraftment capacity of transduced Pax5 '~ pro-B cells, and can
predispose to BCP-ALL. The existence of asymptomatic patients
without evidence of immunodeficiency before the onset of BCP-
ALL shows that PAX5 germline cases might be underestimated
and should be considered before any familial allograft.
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TO THE EDITOR:

RUNXI germline variants in RUNXI-mutant AML:

how frequent?

Martijn P. T. Emnst, Frangois G. Kavelaars, Bob Léwenberg, Peter J. M. Valk,* and Marc H. G. P. Raaijmakers*

Department of Hematology, Erasmus Medical Center Cancer Institute, Rotterdam, The Netherlands

RUNXT mutations are recurrent aberrations in acute myeloid
leukemia (AML) that are either somatically acquired or originate
in the germline. Monoallelic pathogenic germline RUNXT vari-
ants cause familial platelet disorder with propensity to AML
(FPD/AML), featuring predisposition to develop myeloid ma-
lignancies. Recently, Simon et al' found that 30% of RUNX1-
mutated AML patients carried a (nonpolymorphic) RUNXT germline
variant. This high frequency contrasted previously reported
frequencies in AML cohort studies.?®

To obtain further insight into the frequency of germline variants
within RUNX1-mutated AML patients, we retrieved data from a
large independent cohort of AML patients that was previously
interrogated by paired genetic sequencing at diagnosis and in
complete remission (CR).¢ Targeted next-generation sequencing
(NGS) at diagnosis was performed in 763 AML patients, enrolled
in the Dutch-Belgian Hemato-Oncology Cooperative Group
(HOVON)102 clinical trial (2010-2013),” using the TruSight
Myeloid Sequencing Panel (lllumina). The HOVON102 trial was
designed to investigate the added value of clofarabine in com-
bination with standard remission-induction chemotherapy in adult
(18-65 years) AML or myelodysplastic syndrome patients. NGS data
were analyzed as previously described,® and nonpolymorphic
RUNXT variants were annotated to RefSeq ID NM_001754.5.

At diagnosis, at least T RUNXT mutation was detected in 115 of
763 AML patients (15.1%) for a total of 142 RUNXT mutations
(data not shown), corresponding to frequencies of 10% to 15%
reported in literature.>#8? We detected 2 or more mutations in
23 of 115 patients.

To distinguish germline variants from somatic mutations, we
retrieved data from paired diagnostic and remission HOVON102
AML samples to identify persisting RUNX1 mutations. Remission
samples of 287 CR patients were available for NGS analysis.®
Among these 287 AML patients, 48 RUNXT mutations were
detected in 37 patients (12.9%), of whom 9 carried 2 or more
mutations (supplemental Tables 1 and 2, available on the Blood
Web site). The distribution of the variant allele frequencies (VAF)
at diagnosis of the RUNX1 mutations of the selected samples
(n = 48 in 37/287 patients) was similar to the initial HOVON102
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cohort (n = 142 in 115/763 patients) (Figure 1A). In the majority
of cases (34/37), RUNXT mutations were acquired because the
VAF of these mutations (n = 45) was =10% in CR (Figure 1A).
However, in 3 of the 37 AML cases (8.1%), a RUNX1 mutation was
present at a VAF of 50% in both diagnostic and remission
samples (Figure 1A), highly indicative for germline origin. Other
cooccurring mutations present at diagnosis in these 3 AML
patients were either cleared or persisted at much lower VAF in
CR (Figure 1B-D), supporting the germline status of these
RUNX1 variants. Thus, in the current cohort of 287 AML patients
that attained CR, 3 (1.0%) harbored a germline RUNX1 variant.

We identified 2 different RUNX1 germline variants in these
3 AML patients. A single patient (no. 748) carried RUNXT
p.(Arg232Trp) (exon 7), a missense variant located between the
runt homology domain and the transactivation domain (Figure 1E).
The 2 other patients (no. 124 and no. 740) shared variant
RUNX1T c.97+1G>A, affecting the splice donor site of exon 3
(Figure 1E). A familial bond between these 2 patients could not
be confirmed.

In accordance to recently published guidelines by the ClinGen
Myeloid Malignancy Variant Curation Expert Panel,'® we clas-
sified both identified RUNX1 germline variants as variants of
unknown significance (supplemental Table 3). Neither of these
have been reported as RUNX1 germline variants before in the
context of FPD/AML traits,"" although RUNXT p.(Arg232Trp) has
been recurrently reported as somatically acquired mutation in
AML.34 Both variants occur outside of the runt homology
domain, in which most missense RUNX1 germline variants
cluster.’ RUNXT c.97 +1G>A is presumed to specifically affect
isoform RUNX1C, 1 of 3 major RUNXT isoforms, complicating its
interpretation.’® However, deletions of exon 2 and 3, also pu-
tatively affecting RUNX1C specifically, have been reported in the
context of FPD/AML before.?

Additional somatic mutations were found in all 3 patients, most
of which have been reported in the context of germline RUNX1-
mutant AML before, including additional RUNX1 mutations and
concomitant mutations in DNMT3A, FLT3, and GATA2.":11.13-15
Secondary mutations in RUNXT are a frequent recurrent event in
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