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Mini Review

Transient blocking of Lnk-mediated pathways as
a potential approach to promote engrafting ability
of hematopoietic progenitor cells
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   Lnk, an intracellular adaptor protein functions as a negative regulator of B lymphopoiesis, megakaryopoiesis

and erythropoiesis by modulating signals through c-Kit, c-Mpl and Epo-R, respectively. In recent studies, we

and other groups have shown that Lnk-/- mice display an increased number and enhanced repopulating

capability of hematopoietic stem or progenitor cells (HSC/Ps), which is due to their hyperresponsiveness to

thrombopoietin. Moreover, we have demonstrated that Src homology-2 (SH2) domain of Lnk is essential for

the inhibitory function and that Lnk mutants with a point mutation in the SH2 domain potently act as domi-

nant-negative mutant (DN-Lnk). Forced expression of DN-Lnk in HSC/Ps enhanced their repopulating capa-

bility in lethally irradiated recipient mice. Remarkably, transient expression of DN-Lnk also facilitated engraft-

ment of HSC/Ps in immunodeficient animal under nonmyeloablative condition, leading to full reconstitution

of lymphoid lineage cells. Transwell migration assay revealed that an interaction between HSC/Ps and

vascular cell adhesion molecule-1 (VCAM-1) was augmented by Lnk deficiency or expression of DN-Lnk.

These results suggest that Lnk modulates cell mobility of HSC/Ps in addition to their expansion. Lnk-medi-

ated pathway therefore could become a potential target for enhancing both integrin-mediated engraftment

and cytokine-dependent expansion of HSC/Ps.
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Introduction
　Hematopoietic stem cells (HSCs) have the self-renewal activ-

ity and give rise to all lineages of blood system throughout the

lifetime of an individual. The unique biological properties of

HSCs have already been utilized extensively for therapeutic strat-

egy to cure hematologic malignancies or genetic diseases by bone
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marrow transplantation for decades. However, since the number

of available HSCs is limited (e.g. cord blood trans-plantation),

ex vivo or in vivo expansion of HSC by genetic manipulation
has been studied intensively1).

　Lnk, together with APS (adaptor molecule containing PH and

SH2 domains) and SH2-B, forms an adaptor protein family whose

members share a N-terminal homologous domain followed by

pleckstrin homology (PH) domain, SH2 domain and a highly

conserved tyrosine phosphorylation site at a C-terminus. Because

of their structural similarity, nomenclature of this family genes

has been recently approved by the HUGO Gene Nomenclature

Committee as SH2B adaptor protein 1 (SH2B1) for SH2-B,

SH2B2 for APS and SH2B3 for Lnk. Lnk is an intracellular adap-

tor protein mainly expressed on lymphocyte, megakaryocyte and

hematopoietic stem or progenitor cells (HSC/Ps)2,3). In previous

reports, we and others have demonstrated that Lnk-deficient mice
show overproduction of lymphocytes and megakaryocytes due

to augmentation of growth signals through c-Kit and c-Mpl,

respectively2,4). In addition, the mice show increased number and

enhanced repopulating ability of HSC/Ps, which are caused by

their hypersensitivity to thrombopoietin (TPO) in the absence of

Lnk2,3,5). Despite of these phenotypes, any obvious tumor forma-

tions have not been observed in Lnk-deficient mice on C57BL6/J
background. Inhibition of Lnk-mediated pathway(s) therefore

could be a potentially useful approach for in vivo or in vitro
amplification of HSC/Ps without causing malignant transforma-

tion.

　This mini-review focuses on establishment of a new approach

to enhance the engrafting ability of HSC/Ps by blocking Lnk-

mediated pathways. First, we identified functional domain of Lnk

and generated dominant-negative Lnk mutant (DN-Lnk) that

potently inhibits endogenous Lnk function. Second, we showed

the effectiveness of DN-Lnk expression on multilineage recon-

stitution by HSC/Ps after transplantation and its efficacy for treat-

ment of immunodeficient mice. Lastly, we will discuss the regula-

tory mechanism underlying the high repopulating ability of Lnk-
deficient HSC/Ps.

Functional domains of Lnk in c-Kit-mediated
proliferation
　To determine the functional domains of Lnk, various Lnk

mutants were constructed and influence of these mutants to c-Kit

mediated cell growth was studied (Fig.1). Mast cell line MC9

were retrovirally transduced with Lnk mutants and then c-Kit-

mediated growth of transduced cells was compared with that of

non-transduced. MC9 cells expressing wild-type Lnk failed to

proliferate, suggesting efficient inhibition of c-Kit-mediated cell

growth by Lnk. Either deletion of N-terminal domain (dN) or

mutation of a conserved tyrosine phosphorylation site (Y536F)

showed a similar inhibitory effect compared to wild-type Lnk,

while deletion of PH domain (dPH) or C-terminal tail (dC) partly

reduced the inhibitory effect. Importantly, a point mutation in

SH2 domain (R364E) completely abolished the growth inhibi-

tion (Fig.1). These results indicate that SH2 domain of Lnk has a

Fig.1  Functional domains of Lnk in c-Kit-mediated cell growth and screening of domi-
nant-negative Lnk mutants

(Left column) Schematic representation of retroviral vector includes IRES between cDNA encoding
Lnk mutants and eGFP. (Middle column) Effect of indicated Lnk mutants on c-Kit-mediated growth of
MC9 cells. (Right column) Dominant negative effect of indicated Lnk mutants on c-Kit-mediated growth
inhibition of MC9 transfectant overexpressing Lnk (MC9-Lnk).
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Fig.2　Expression of DN-Lnk in HSC/Ps
facilitates blood cell repopula-
tion

(A) Bone marrow transplantation model.
Retrovirally transduced Lin- cells were trans-
ferred into lethally irradianted mice. Peripheral
blood (PB) harvested from transplanted mice
was analyzed by flowcytometry.
(B) Contribution of transduced cells to B-, T- and
myeloid lineage in PB. Flow cytometric analysis
of PB cells from mice 17 weeks after transplan-
tation are shown.

crucial role for inhibiting c-Kit-mediated cell growth and that

PH domain and C-terminal tail of Lnk, not Y536 residue within

the region, partly contributes to the efficient inhibition.

Screening for dominant negative mutant
of Lnk
　We next investigated whether non-inhibitory mutants, identi-

fied in experiments described above, could exert dominant-nega-

tive (DN) effect. Using MC9 transfectant overexpressing Lnk

(MC9-Lnk) that hardly proliferates in response to SCF2), we

screened the DN Lnk mutants that could block wild-type Lnk

function and cancel the growth inhibition. MC9-Lnk cells ex-

pressing R364E outgrew over non-transduced cells, indicating

that this mutant acted as a DN mutant. Of generated Lnk mu-

tants, Lnk mutant (dPH/R364E/dC) carrying combined deletion

of PH domain and C-terminal tail with R364E mutation exhib-

ited the most strong DN effect (Fig.1). These results suggest

that mutation of SH2 domain is critical for DN effect and dele-

tion of PH domain and C-terminal tail supports effective block-

ing of Lnk function.

Efficient hematopoietic reconstitution by
DN Lnk mutant-transduced HSC/Ps in
irradiated mice
　We next assessed whether dPH/R364E/dC can block the func-

tion of Lnk endogenously expressed in HSC/Ps and facilitates the

repopulating ability in transplantation model. Lineage marker

negative (Lin-) bone marrow cells containing HSC/Ps was

retrovirally transduced with dPH/R364E/dC expression vector

for 48 hours and intravenously injected into lethally irradiated

recipient mice. Percentage of eGFP+ cells in peripheral blood

(PB) cells from the transferred mice was analyzed at several time

points after transfer (Fig.2A). Very few eGFP+ cells expressing

wild-type Lnk were detected in peripheral lymphocytes, while

significant fractions of mature B (B220+)-, T (CD3+)- and my-

eloid lineage (Gr-1+) cells were differentiated from eGFP+ cells

expressing vector alone. Mice transplanted with DN-Lnk express-

ing cells displayed significantly higher percentage of eGFP+ cells

in each lineage than those transplanted with vector expressing

cells (Fig.2B). These results indicated that HSC/Ps expressing

DN-Lnk gained enhanced repopulating ability through inhibi-
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Fig.3　HSC/Ps transiently express-
ing DN-Lnk also showed ef-
ficient reconstitution

(A) Successful reconstitution of lymphoid
compartment in SCID mice. Whole bone
marrow cells from wild-type mice were
transfected with control vector (middle) or
DN-Lnk expressing vector (right) and
transferred into SCID mice. PB cells ob-
tained from transferred mice were ana-
lyzed 8 weeks after transplant.
(B) PCR analysis for plasmid vector in
DNA isolated from PB cells of trans-
planted mice. Probes used are indicated
to the left. Genomic DNA content in each
sample was normalized by RAG gene.
Each lane shows analysis of DNA from
individual mouse. V: vector-transfected
group, DN: DN-Lnk-transfected group.

tion of Lnk function.

Enhanced engraftment of HSC/Ps by
transient inhibition of Lnk
　Recent papers have reported that retrovirus-mediated gene

transfer into HSC/Ps induces hematologic malignancies because

of random integration of transgene into genome of target cells6,7).

To avoid such side effects accompanied by retroviral transduc-

tion, we sought to test the effectiveness of transient expression

of DN-Lnk on their engraftment using plasmid vector, which is

scarcely integrated into host genome, in competitive repopulation

assay. In mice receiving DN-Lnk-transfected HSC/Ps, chimer-

ism of donor-derived cells in all lineage was higher and number

of platelets was rapidly recovered compared with control group8).

We next evaluated the efficacy of transient Lnk inhibition for

treatment of severe combined immunodeficient (SCID) mice

under nonmyeloablative condition. Bone marrow cells from wild-

type animals were transfected with plasmid vector by electro-

poration, transplanted into SCID mice treated with a low dose of

irradiation (1.0 Gly) (Fig.3A). A few control vector-transfected

cells engrafted into the BM of recipient animals and gave rise to

lymphoid lineage cells. In contrast, DN-Lnk-transfected cells

fully reconstituted lymphoid compartment of SCID mice. Espe-

cially, rapid and robust production of B-lineage cells was ob-

served from early time point (Fig.3A). Whether the employed

plasmid vector was integrated into genome of transfected cells

was examined by PCR amplifying neomycin-resistant gene. As

expected, neomycin-resistant gene existing only in the plasmid

vector was detected in transferred donor cells, however, it was

not detected at all in DNA isolated from the reconstituted pe-

ripheral blood cells 4 or 8 weeks after transplantation (Fig.3B).

These data suggested that transient inhibition of Lnk also could

facilitate engraftment of HSC/Ps and early recovery of platelet

production with no integration of transgene into genome.

Augmented interaction of HSC/Ps with
VCAM-1 by Lnk deficiency
　The successful multilineage reconstitution by transplanted

HSC/Ps requires migration and attachment to a specific mi-

croenvironment in bone marrow, so-called niche, where they

self-renew and differentiate. Short-term inhibition of Lnk by ex-

pressing DN-Lnk enhanced engrafting potential of HSC/Ps. This

implies that blocking of Lnk-mediated pathway(s) might affect

the migration or adhesion of HSC/Ps to niche shortly after trans-
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Fig.4　Timing of Lnk inhibition during
engraftment of HSC/Ps

plantation in addition to their expansion (Fig.4). To address this

possibility, we evaluated the migration responses of Lin- c-Kit+

Sca1+ cells from Lnk-/- or wild-type mice against CXCL12, an
essential chemokine for homing of HSC/Ps to BM9) using

transwell migration assay. CXCL12-induced migration through

membrane was comparable between Lnk-/- and normal progeni-
tors. Interestingly, Lnk-/- progenitors didn't migrate as efficiently
as wild-type cells in the presence of BM cells other than Lin-

cells or VCAM-1, one of extracellular matrices associated with

homing of HSC/Ps8,10). This implicated that Lnk plays a role in

controlling cell motility of HSC/Ps by modulating an interaction

between adhesion molecules like VCAM-1 on BM cells and

integrins on HSC/Ps.

Perspectives
　We identified a dominant-negative mutant of Lnk that blocks

Lnk function endogenously expressed on HSC/Ps and established

a novel and potential approach to facilitate the engraftment of

HSC/Ps by transiently inhibiting Lnk-mediated pathway(s). We

showed that retroviral transduction of DN-Lnk can enhance the

repopulating capability of HSC/Ps, leading to an increased con-

tribution of transduced cells in lymphoid and myeloid lineage

cell production. However, recent studies have reported that

retrovirus-mediated transduction into HSC/Ps may lead to un-

expected side effects including hamatopoietic disorders or ma-

lignant transformations in human and mice due to integration of

transgene into the cellular genome and long-term transgene

expression11,12). Transient expression using plasmid vector has

advantage to reduce those side effects because the transgene on

plasmid is hardly integrated into cellular genome and declines

as transfected cells divide. Short-term expression of DN-Lnk by

plasmid vector could successfully augment engrafting potential

of HSC/Ps and effectively reconstitute the immune system of

immunodeficient animals under non-myeloablative condition.

Thus, transient inhibition of Lnk-mediated pathway(s) could pro-

vide a useful therapeutic strategy for potentiating HSC/Ps for

engraftment without any side effects followed by genetic modi-

fication.

　We demonstrated that Lnk negatively regulated c-Kit-medi-

ated proliferation and SH2 domain was crucial to the growth

inhibition. It has been also shown that Lnk regulates TPO- as

well as EPO-dependent growth signals, and the SH2 domain is

important4,13). Data from transmigration assay indicates that Lnk

controls cell motility of HSC/Ps possibly through integrin in

addition to their cytokine-dependent expansion (Fig.4). This idea

is supported by recent studies regarding APS and SH2-B, the

other members of Lnk adaptor family, showing their roles in the

regulation of actin cytoskeleton14-16). Especially, SH-2B interacts

with Rac, small GTP protein, and enhances the growth hormone-

induced actin rearrangement and cell motility14,15). Rac regulates

actin cytoskeleton of HSC/Ps including migration, adhesion and

cell cycle progression17). Thus, augmented interaction of HSC/

Ps with adhesion molecule by blocking Lnk function might in-

crease the chance for transplanted HSC/Ps to lodge in appropri-

ate microenvironment in bone marrow by modulating actin cy-

toskeleton upon activation via integrins. It is likely that Lnk is a

dual-functional adaptor not only controlling the expansion of

HSC/Ps through cytokine-dependent pathway, but also modu-
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lating their cell motility and/or integrin-mediated responses. The

detailed molecular mechanisms by which Lnk modulates cell

behavior on adhesion molecules should be addressed in future

studies.
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