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Introduction

Malignant transformation often occurs through a mul-
tistep process that includes the development of criti-
cal somatic mutations. Recent advanced technologies 
including next-generation sequencing (NGS) analysis 
have enabled us to identify recurrent somatic muta-
tions in many hematological malignancies including 
leukemias and lymphomas [1–19]. Using clonologi-
cal analysis of patient samples, it has been shown that 
clonal evolution via additional key mutations frequently 
leads to a growth advantage in malignant cells. It is 
important to note that only cells with a long lifespan 
can accumulate these mutations, and in hematopoiesis, 
the self-renewing hematopoietic stem cells (HSCs) are 
one of the critical cellular targets that can amass multi-
ple genetic abnormalities. HSCs with multiple genetic 
abnormalities can produce a number of myeloid or lym-
phoid progenitors that have identical abnormalities, and 
these progenitors are the final target for the transforma-
tion into leukemic stem cells (LSCs) in acute leukemia 
[20] (Fig. 1).

These models for LSC development have been directly 
shown in human myeloid malignancies. In chronic myelog-
enous leukemia (CML), BCR–ABL fusion resulting from 
t(9; 22) can develop into HSCs to form the chronic phase 
of this disease, but during myeloid blast crisis, additional 
genetic abnormalities can transform granulocyte/mac-
rophage progenitors (GMPs) into LSCs. In t(8; 21) AML, 
the AML1–ETO fusion is found in HSCs; however, these 
AML1–ETO+ HSCs can differentiate into mature blood 
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cells [21, 22]. Additional mutations such as c-KIT muta-
tions are critical for the formation of AML LSCs at the 
GMP stage [23]. Furthermore, NGS analyses have shown 
that pre-malignant clones carrying somatic mutations have 
been frequently found in HSCs of patients with AML with-
out specific chromosomal abnormalities [24, 25]. It has also 
been shown that the number of acquired somatic mutations 
in HSCs increases with age [26]. Thus, self-renewing HSCs 
are a reservoir for mutations at least in myeloid malignan-
cies [27].

In contrast, the involvement of HSCs had not been con-
sidered in lymphoid malignancies until recently. How-
ever, we have reported that in mature lymphoid malig-
nancies, such as chronic lymphocytic leukemia (CLL), 
the cellular propensity for clonal B cell development has 
been achieved at the HSC level [28, 29]. It has also been 
reported that the genetic alterations specific for T cell lym-
phoma [30, 31], follicular lymphoma (FL) [32], and hairy 
cell leukemia (HCl) [33] could be traced up to the HSC 
stage. These studies have suggested that even in relatively 
mature lymphoid malignancies, human HSCs could be a 
reservoir for genetic mutations, which constitutes a prime 
source for leukemia/lymphoma development. This review 
summarizes recent data regarding the involvement of 
HSCs and the presence of pre-malignant state in mature 
lymphoid malignancies.

Chronic lymphocytic leukemia

CLL is a mature B cell malignancy characterized by the 
accumulation of clonal mature CD5+ B cells in the blood, 
bone marrow, and lymphoid tissues [34, 35]. The preva-
lence of CLL increases dramatically with age. Human CLL 
cells express functional B cell receptors (BCRs) on their 
cell surfaces as a result of productive immunoglobulin gene 
rearrangement [34, 36, 37]. CLL cases can be divided into 
two subgroups based on the presence or absence of somatic 
hypermutations within the variable regions of the immuno-
globulin heavy chain (IGH) genes. In normal B cell devel-
opment, the somatic hypermutations occur in the germinal 
centers during the naïve-to-memory B cell transition. CLL 
patients with mutated BCRs have a better prognosis than 
those without BCR mutations [38]. Recent transcriptome 
analysis of human CLL cells has suggested that CLL with 
unmutated BCRs may be derived from unmutated mature 
CD5+ B cells, whereas CLL with mutated BCRs may 
result from a CD5+CD27+ post-germinal center B cell sub-
set [39].

It is important to note that CLL is not always a monoclo-
nal disorder. Multiple CLL clones were found in 3.4 % of 
typical CLL patients and in 13.8 % of atypical CLL patients 
[40]. Overall, 4.8  % of 477 consecutive CLL cases had 
two or more clonal B cell populations [40]. Furthermore, 

Fig. 1   Schematic representation of the emergence of LSCs in human 
acute leukemia. Accumulation of oncogenic events occur in self-
renewing HSCs and leads to the emergence of aberrant pre-leukemic 
HSCs. These aberrant pre-leukemic HSCs self-renew and expand 
within HSC fraction. Pre-leukemic HSCs give rise to a high number 
of lineage-committed progenitors harboring the identical mutations. It 
leads to the increased chances of acquiring the additional oncogenic 

events, which finally transform the aberrant progenitor cells from pre-
leukemic HSCs into the leukemic stem cells (LSCs). Loss of the dif-
ferentiation potential and gain of self-renewing potential are essential 
for the emergence of LSCs. These sequential leukemia progression 
models are commonly accepted in the development process of human 
myeloid malignancies
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a large cohort study demonstrated that 44 out of 45 CLL 
patients exhibited a precursor state such as monoclonal B 
lymphopoiesis (MBL) for 6 months to 7 years [41]. Thus, 
MBL should be considered as a pre-leukemic state for 
CLL, characterized by the asymptomatic proliferation of 
circulating B cells (<5,000/μL) [42]. Of note, human MBL 
sometimes involves multiple B cell clones [43–46]. The 
prevalence of MBL increases with age [41, 47]. Most MBL 
clones exhibit an immunophenotype similar to that of CLL 
[48] and develop into CLL at an estimated annual rate of 
1.1–1.4 % [47, 49].

When considering the pathogenesis of CLL, it is impor-
tant to know that BCR signaling can play a critical role in 
the development of CLL. CLL cells can express a restricted 
BCR repertoire including antibodies with quasi-identical 
CDR3 [50–53]. The striking degree of structural restriction 
of BCR in CLL suggests that common or similar antigens 
are recognized by CLL cells, and supports the hypothesis 
that an antigen-driven selection process contributes to 
CLL pathogenesis [35]. Such antigens may include auto-
antigens, partly because CLL cells express autoreactive and 
polyreactive BCRs [54–57], indicating that CLL cells orig-
inate from self-reactive B cell precursors [57].

Evidence that HSCs involve in the pathogenesis of human 
CLL based on a xenograft model

The existence of oligoclonal B cell clones in both CLL and 
MBL cases supports the idea that the first oncogenic event 
may be traced back to a progenitor or self-renewing HSC 
or early progenitor cells prior to IGH gene rearrangement.

CLL patients had increased number of proB cells

If the pathogenesis of CLL involves strictly mature B cells, 
the number of cells at the stem or progenitor stage should 
not be affected. However, in CLL patients, the percentages 
of CD34+CD38+ and CD10+CD19+ proB cells were sig-
nificantly (approximately five-fold) higher than those of 
normal controls, whereas the percentage of CD34+CD38− 
HSCs was not different [28]. Importantly, these increased 
proB cells had polyclonal IGH rearrangements, suggest-
ing that the HSCs in CLL patients are intrinsically skewed 
toward a B cell lineage commitment, and are capable of 
producing higher numbers of proB cells.

Mice engrafted with HSCs from CLL patients developed a 
high number of proB cells and oligoclonal mature B cells

Xenograft models utilizing immunodeficient mice have 
been used to identify leukemia-initiating cells [58]. How-
ever, human CLL had never been efficiently reconstituted 
by the transplantation of whole or fractionated circulating 

CLL cells, which has interfered with the understanding of 
the pathogenesis of this disease. We have recently reported 
that CLL-like disease can be reconstituted in mice by xeno-
transplantation of HSCs from CLL patients [28].

In our study, the blood or bone marrow CLL cells 
were not engrafted in immunodeficient mice, but the puri-
fied CD34+CD38− HSCs from the bone marrow of CLL 
patients could reconstitute multilineage hematopoiesis over 
the long term. The lineage readout of HSCs from CLL 
patients (CLL-HSCs), however, was different from that of 
normal HSCs. First, the percentage of human proB cells 
was significantly higher in mice reconstituted with CLL-
HSCs than those with normal HSCs. Second, CLL-HSCs 
produced higher numbers of human B cells than normal 
HSCs, and these B cells contained a considerable amount 
of CD5+ B cells, suggesting that the development of HSCs 
in CLL patients was skewed toward the B lymphoid lineage 
as seen in the patients’ bone marrow. Third, mature B cells 
that developed from CLL-HSCs had either a monoclonal or 
oligoclonal IGH rearrangement; both of these patterns were 
independent of those contained in their original CLL clones 
[28]. Thus, the propensity to generate clonal B cells has 
already been acquired at the HSC stage in CLL patients.

CLL‑HSCs had expression signatures skewed into the 
lymphoid lineage

The fact that the CLL-HSCs generate a high number of 
proB cells and produce monoclonal or oligoclonal mature 
B cell populations in vivo strongly suggests that the CLL-
HSCs possess cell-intrinsic abnormalities to enable the 
cells to exhibit this phenotype. It has been shown that lin-
eage-associated genes were expressed at a low level prior 
to the lineage commitment (lineage priming) [59, 60]. Sin-
gle-cell gene expression assays of CLL-HSCs showed that 
a considerable fraction of CLL-HSCs had started to tran-
scribe early lymphoid transcription factors such as IKZF1, 
E2A, and IRF8, but had not transcribed the late lymphoid 
or myeloerythroid transcription factors [28].

From these data, we concluded that HSCs were involved 
in the pathogenesis of human CLL, presumably serving as 
aberrant pre-leukemic HSCs (Fig. 2). Normal HSCs always 
gave rise to polyclonal B cell populations, whereas the 
transplanted CLL-HSCs gave rise to abnormally expanded 
monoclonal or oligoclonal mature B cell populations in 
vivo. These data indicated that the propensity to generate 
clonal B cells had already been acquired at the HSC stage 
in CLL patients. CLL-HSCs can produce an increased 
number of polyclonal proB cells. Their mature B cell prog-
eny should be positively selected by autoantigen(s), result-
ing in abnormal monoclonal or oligoclonal expanded B 
cell populations (Fig.  2). Therefore, these B cell clones 
that were developed in the immunodeficient mice might 
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correspond to human MBL, the pre-leukemic state of CLL. 
These MBL-like B cell clones differed from the original 
CLL clone in patients, because the V(D)J recombination 
was completely different, and they did not have the abnor-
mal karyotypes from the original CLL cells. This prob-
ably occurred because the MBL-like clones derived from 
the CLL-HSCs would be selected by mouse antigens, but 
would not be selected by the human auto-antigens. There-
fore, this was not frank CLL, and instead resembled mode-
ling MBL. At some point along the differentiation pathway, 
additional genomic abnormalities may develop, eventually 
resulting in the clonal CLL disorder (Fig. 2). If this model 
does reflect the biology of the in situ human disease, one 
would expect to detect an oligoclonal disease in both CLL 
and/or MBL patients. Indeed, this oligoclonality of the 
V(D)J recombination is relatively common in MBL and is 
also seen in approximately 10 % of CLL cases.

Our data indicated that the aberrant HSCs in CLL 
patients can contribute to the generation of clonally 
expanded mature B cells. These expanded mature B cell 
clones can serve as a reservoir for the subsequent addi-
tional oncogenic events that can lead to the full transforma-
tion to clinical CLL in humans. Our hypothesis regarding 
CLL development has been schematized in Fig. 2.

Acquired genetic alterations in HSCs in CLL patients

The finding of aberrant HSCs in CLL raises the ques-
tion of what mechanisms drive this process. Presumably, 

genetic and/or epigenetic mutations are present in these 
cells and determine their aberrant behavior. Recently, NGS 
has identified recurrent somatic mutations that presum-
ably drive transformation in CLL [4–6]. It will be of great 
interest to determine if these mutations are present in the 
HSCs from CLL patients. A recent study by Damm et al. 
[61] confirmed the presence of acquired initiating muta-
tions in the early hematopoietic cells of CLL patients. To 
search for CLL mutations in the hematopoietic stem/pro-
genitor cell (HSPC) fraction, the presence of SF3B1 muta-
tions in each hematopoietic lineage was examined because 
SF3B1 is frequently mutated in both CLL [5, 6] and MDS 
[3], another HSC-derived myeloid malignancy. Sequenc-
ing analyses of DNA from FACS-purified CD3+ T cells, 
CD14+ monocytes, CD19+ CLL cells, and CD34+ HSPCs 
showed wild-type SF3B1 sequences in the CD3+ T cells 
and a mutated sequence in the CD19+ CLL fraction in the 
seven SF3B1 mutated CLL cases. Conventional capillary 
sequencing revealed the presence of SF3B1 mutations in 
the CD34+ HSPCs and/or the CD14+ fractions in two of 
the SF3B1-mutated CLL cases, indicating that a significant 
proportion of the CD34+ HSPCs and/or CD14+ monocytes 
harbored SF3B1 mutations. The extended analysis using 
whole-exome sequencing revealed that at least one somatic 
mutation was detectable in the FACS-purified CD14+ 
monocytes and in the CD34+ immature HSPC fractions in 
21 of 24 (88 %) CLL patients. Importantly, the mutations 
detected in the HSPCs of CLL patients affected the genes 
that were already known to have mutations in CLL and 

Fig. 2   Schematic repre-
sentation of human chronic 
lymphocytic leukemia (CLL) 
development from HSCs based 
on xenograft model. Pre-leuke-
mic HSCs carry accumulated 
genetic or epigenetic abnormali-
ties that may influence skewed 
B cell differentiation, leading to 
the production of a high number 
of polyclonal B cells that carry 
the identical aberrations. These 
B cell clones are selected and 
expanded in response to B 
cell receptor (BCR) signaling. 
The further accumulation of 
leukemogenic events should be 
necessary for the full transfor-
mation of monoclonal B cell 
lymphocytic clones to clinical 
CLL. Our xenograft model indi-
cated that the aberrant HSCs in 
CLL patients contribute to the 
generation of clonally expanded 
mature B cells
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other hematological malignancies, or even in other cancers, 
indicating the active contribution of HSPCs to CLL patho-
genesis. The frequencies of these early mutations were 
investigated using direct Sanger sequencing of the muta-
tional hotspot containing BRAF, EGR2, MED12, MYD88, 
NFKBIE, NOTCH1, SF3B1, TP53, and XPO1 in 168 CLL 
patients. Surprisingly, 84/168 (50 %) of CLL patients pre-
sented with at least one mutated gene of the nine listed 
genes that had been detected as early mutations in the study 
[61]. These observations give us an important insight into 
the pathogenesis of CLL; the recurrent CLL somatic muta-
tions can be acquired within HSPCs of a majority of CLL 
patients, indicating that HSPCs should be the cellular target 
of the early oncogenic events initiated during the multistep 
process of CLL pathogenesis.

The targeted deep sequencing and single HSPC-derived 
myeloid colony analysis revealed that the distribution of 
early somatic mutations seemed to be classified into two pat-
terns according to the lineage-involvement pattern. The first 
pattern was represented by the cases in which the CD34+ 
HSPCs and mature myeloid cells harbored the early somatic 
mutations at the similar frequencies. This distribution 

indicated a “multilineage involvement pattern”, in which 
mutated HSPCs can contribute to normal hematopoiesis 
including the myeloid lineage in a steady state. The second 
pattern was represented by the cases in which the CD34+ 
HSPCs showed relatively high mutant allele frequencies, 
but only limited myeloid cells harbored the same mutations. 
This distribution can be regarded as a “lymphoid-restricted 
involvement pattern”. This lymphoid-restricted involvement 
pattern implied the presence of an alternative differentiation 
potential of the mutated HSPCs and suggested that the early 
oncogenic events could significantly affect the lineage com-
mitment process or the differentiation potential of HSPCs.

Further studies will clarify the precise mechanisms of 
how these early oncogenic events affect the cellular fate 
decisions of the hematopoietic progenies derived from the 
pre-leukemic HSPCs.

Conclusions and perspectives

The involvement of HSCs in the pathogenesis of mature 
lymphoid malignancies has been demonstrated by 

Fig. 3   Schematic representation of novel lymphoid malignancy 
development model from self-renewing HSCs. The novel mature 
lymphoid malignancy developmental model; the early oncogenic 
events occur and accumulate within the self-renewing HSCs. The 
early oncogenic events acquired within self-renewing HSCs contrib-
ute to the emergence of the aberrant pre-leukemic HSCs in a similar 
manner as myeloid malignancies. The pre-leukemic HSCs can give 
rise to pre-malignant mature lymphoid cells harboring the identical 
abnormalities, and these pre-malignant clones may have a growth 

or survival advantage over normal clones, resulting in the increased 
chances of gaining appropriate oncogenic events at the specific dif-
ferentiation stages. Additional oncogenic events are required for the 
malignant transformation or emergence of tumor-initiating cells. This 
model indicates that the process of lymphomagenesis can be initiated 
at HSC stage and gradually progress through the pre-malignant phase 
in humans, rather than the direct malignant transformation from the 
normal mature lymphoid cells
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functional and genetic analysis [28, 30–33]. HSCs from 
the patients with mature lymphoid malignancies harbored 
identical somatic mutations that were detected in the tumor 
cells, indicating that early oncogenic events could target 
self-renewing HSCs during the stepwise disease develop-
mental process. Importantly, many of the early somatic 
mutations acquired within HSCs of the mature lymphoid 
malignancies were commonly observed in myeloid malig-
nancies as well as various lymphoid malignancies. Indeed, 
the early oncogenic mutations commonly observed in both 
myeloid and lymphoid malignancies include SF3B1, TET2, 
and DNMT3A, and the mutations of these genes can affect 
broad cellular functions through multiple processes such 
as RNA splicing and epigenetic modification. In addition, 
the early mutations acquired within HSCs of CLL patients 
such as BRAF, MLL2, NOTCH1, MYD88, EGR2, XPO1, 
and KLHL6 were commonly detected in various types of 
lymphoid malignancies; this indicated that these muta-
tions did not determine the specific disease subtypes. These 
observations raised the possibility that the early oncogenic 
events acquired within HSCs contributed to the emergence 
and maintenance of pre-leukemic HSCs rather than directly 
inducing specific types of mature lymphoid malignancies. 
Our hypothesis regarding the mature lymphoid malignancy 
development model from HSCs is schematized in Fig.  3. 
This model does not indicate that the tumor-initiating cells 
exist within the pre-leukemic HSCs but rather suggest that 
the priming processes that enable the emergence or propa-
gation of pre-malignant lymphoid clones have already been 
initiated at the stage of HSCs. The presence of pre-malig-
nant lymphoid clones can facilitate lymphomagenesis by 
increasing the chances of acquiring appropriate oncogenic 
events within the mature lymphoid cells, whose life span is 
relatively limited.

In addition to the detailed analysis of primary human 
samples, the murine models of mature lymphoid malignan-
cies have been successfully established by targeting HSCs; 
the ectopic expression of disease-specific oncogenes such 
as BrafV600E, MALT1, MafB, HGAL, and Bcl6 within 
HSCs successfully reproduced the mature lymphoid malig-
nancies and pre-malignant status [33, 62–65], whereas 
the identical oncogenes expressed within B cells failed 
to develop leukemia or lymphoma in mice. These studies 
indicate that functional alterations in HSCs efficiently lead 
to the development of mature lymphoid malignancies, and 
can support the hypothesis that mature lymphoid malignan-
cies may be initiated by the aberrant pre-leukemic HSCs 
(Fig. 3).

The novel lymphoma developmental model may not be 
applicable to all lymphoma cases. This field is still devel-
oping and there are many questions to be answered; how-
ever, compelling evidence has presented the possibility 
that HSPCs can contribute to the pathogenesis of mature 

lymphoid malignancies in a similar manner as myeloid 
malignancies. Further studies will clarify the precise 
molecular mechanisms through which the pre-leukemic 
HSCs play a central role in the stepwise malignant transfor-
mation process of mature lymphoid malignancies.
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