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In addition to its role in megakaryocyte production, signaling initiated by thrombopoietin (TPO) activation
of its receptor, myeloproliferative leukemia virus protooncogene (c-Mpl, or Mpl), controls HSC homeostasis
and self-renewal. Under steady-state conditions, mice lacking the inhibitory adaptor protein Lnk harbor an
expanded HSC pool with enhanced self-renewal. We found that HSCs from Lzk~~ mice have an increased qui-
escent fraction, decelerated cell cycle kinetics, and enhanced resistance to repeat treatments with cytoablative
5-fluorouracil in vivo compared with WT HSCs. We further provide genetic evidence demonstrating that Lnk
controls HSC quiescence and self-renewal, predominantly through Mpl. Consistent with this observation,
Lnk~- HSCs displayed potentiated activation of JAK2 specifically in response to TPO. Biochemical experi-
ments revealed that Lnk directly binds to phosphorylated tyrosine residues in JAK2 following TPO stimula-
tion. Of note, the JAK2 V617F mutant, found at high frequencies in myeloproliferative diseases, retains the
ability to bind Lnk. Therefore, we identified Lnk as a physiological negative regulator of JAK2 in stem cells and

TPO/Mpl/JAK2/Lnk as a major regulatory pathway in controlling stem cell self-renewal and quiescence.

Introduction

A rare population of pluripotent HSCs is required and sufficient
to give rise to all types of blood cells. HSC self-renewal capability
is necessary for their extensive expansion during development
and maintenance of sustained blood supply throughout an indi-
vidual’s lifetime. In steady-state conditions, adult HSCs are slow
in cycle (1). Cell cycle quiescence is an important HSC property
(2) that is essential for the long-term engraftment potential and
maintenance of stem cells by protecting HSCs from premature
proliferative exhaustion. Thus, the balance between HSC self-
renewal, quiescence, proliferation, and differentiation is critical
for HSC functions.

Functions of HSCs are regulated through pathways that inte-
grate cell-intrinsic and -extrinsic signaling factors. Extrinsic fac-
tors, such as angiopoietin-1 (Ang-1) interacting with its receptor
Tie2, have been implicated in keeping HSCs in quiescence and
adhesion to the endosteal niche (3). HSCs have also been reported
at the vascular niche (4). A few essential intrinsic regulators of
HSCs have been identified. Transcriptional factors Gfi-1, Bmi-1,
c-myc, and HoxB4, are important for HSC establishment, main-
tenance, self-renewal, and differentiation (5-9). Cyclin-dependent
kinase inhibitors p21€ip1/Wafl also act to restrict HSC proliferation
and keep HSC in quiescence (10, 11).

Cytokines and their cognate receptors play important roles
in hematopoiesis. Thrombopoietin (TPO), signaling through
its receptor, myeloproliferative leukemia virus protooncogene
(c-Mp], referred to here as Mpl), is the primary cytokine regulating
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megakaryocyte development and platelet production (12-14). In
addition, Mpl”~ and TPO~7~ mice exhibit reduced HSC numbers
and self-renewal capability (15-17). TPO released from the stem
cell niche activates Mpl expressed in HSCs, and this is important
to maintain HSC quiescence (18, 19). Furthermore, Mpl loss-of-
function mutations are responsible for congenital amegakaryo-
cytic thrombocytopenia and progressive BM failure (20). These
findings have established a critical role for TPO/Mpl signaling in
HSC development and functions in vivo.

The Mpl receptor belongs to the type I cytokine receptor fam-
ily, which includes the erythropoietin (EPO) receptor (EpoR) and
G-CSF. Ligand binding induces activation of JAK2 associated
with the membrane proximal region of the receptor cytoplasmic
domain (21). Activated JAK2 phosphorylates tyrosine residues
on the receptor intracellular region, thereby providing docking
sites for a spectrum of Src homology 2 (SH2) domain-containing
downstream signaling proteins. JAK2-deficient fetal liver hemato-
poietic cells fail to respond to EPO or TPO, and the mice die of
anemia at embryonic day 12.5, which reveals JAK2’s essential role
in cytokine receptor signaling (22). JAK2 is important for germ-
line stem cell maintenance and self-renewal in Drosophila (23, 24).
However, study of JAK2 function in mammalian HSCs has been
hampered due to the embryonic lethality of Jak27~ mice.

Lnk is a member of a newly discovered adaptor protein family
that also contains APS and SH2-B. These 3 share common interac-
tion domains: a proline-rich amino terminus, a pleckstrin homol-
ogy (PH) domain, an SH2 domain, and a conserved tyrosine near
the carboxyl terminus (25). Studies using Lnk~~ mice revealed an
essential role for Lnk in B cell lymphopoiesis (26), possibly by
negatively regulating the SCF/ c-Kit signaling pathway (27). Lnk,
through its SH2 domain, inhibits EPO-induced EpoR phosphory-
lation and JAK2 activation in erythroid progenitors (28). Further-
more, Lnk negatively regulates TPO-induced proliferation and
signaling pathways in primary megakaryocytes (28, 29).
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Figure 1

Mpl--Lnk-- HSCs show decreased self-renewal ability. (A) We quantified HSC frequencies of WT, Mpl--, Lnk--, and Mpl--Lnk-- mice using
limiting dilution cBMT. Results are pooled from 3-5 independent experiments. (B) Top: BM cells from WT, Mp/l--, Lnk-, and Mpl--Lnk~- mice
were mixed at 1:1 ratio with CD45.1 competitor cells and transplanted into irradiated recipient mice. Chimerisms of transplanted mice were
measured 1, 4, and 8 months after transplant (mean + SD). n = 10. Middle panel: Transplant results from WT, Mp/l-, and Mpl--Lnk-- mice
when mixed at 9:1 ratio with the competitors. Bottom: Transplant results from Lnk-- BM cells when mixed at different ratios with the competitors.
n=>5.*P < 0.005, WT compared with Mp/--Lnk-- at the same time points, 2-tailed unequal variance t test; *P < 0.005, compared with same
strain at 4 months, 2-tailed paired t test; **P < 0.05, compared with same strain at 4 months, 2-tailed paired t test. (C and D) Primary trans-
planted mice were sacrificed at 8 months and total BM cells were transplanted into secondary recipients. (C) Transplant results from WT, Mp/--,
and Mpl--Lnk-- mice when mixed at 9:1 ratio and Lnk~- mice when mixed at 1:19 ratio with the competitors. (D) Transplant results from WT,
Mpl--, and Mpl-Lnk-- mice when mixed at 3:1 ratio and Lnk~- mice when mixed at 1:99 ratio with the competitors. Chimerisms of the primary
transplanted mice (mean + SD) are shown in the left panels and those of the secondary transplant (mean + SEM) are shown in the right panels.

**P < 0.05; TP = not significant, n = 5.

Lnk~~ mice also exhibit an expanding HSC compartment during
postnatal development (30, 31). However, the underlying mecha-
nisms responsible for Lnk regulation of HSCs are poorly under-
stood. Recent evidence demonstrates opposing roles for Lnk and
TPO in regulating HSC numbers in the postnatal BM (31). How-
ever, whether Lnk regulates HSC self-renewal after serial transplant
through the TPO/Mpl pathway has not been investigated. It is also
unknown whether Lnk directly interacts with the TPO/Mpl path-
way or exerts its negative regulation on a parallel pathway. Lnk~~
HSC:s exhibit increased symmetric proliferation in response to TPO
compared with WT HSCs in ex vivo culture (32), but the mechanis-
tic basis for the observed phenotypes remains to be established.
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In this report, we identify a direct interaction between Lnk
and the Mpl/JAK2 complex that regulates various HSC func-
tions. Strikingly, loss of Lnk resulted in a vastly expanded stem
cell pool, yet paradoxically, Lnk7~ HSCs showed an increased
quiescent population and decelerated cell cycle kinetics. Mpl
deficiency revealed an opposing phenotype, with reduced quies-
cent HSC populations and a failure of HSC self-renewal. Simi-
larly, Mpl~/~-Lnk~~ HSCs did not self-renew. Furthermore, Lnk~/~
HSCs exhibited potentiated activation of JAK2 specifically in
response to TPO, implicating the signaling axis of TPO/Mpl/
JAK2/Lnk as a major regulatory pathway in control of HSC self-
renewal and quiescence.
Number 8 2833
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Table 1

HSC frequencies and absolute numbers of WTand Lnk~-mice untreated or treated once or twice with 5-FU

Parameter Untreated

Mouse WT Lnk+

BM cells/mouse 35.4 x 108 48.4 x 108
+2.4x106 +8.5x 108

HSC frequency 1in 18,570 1in 1,848

HSCs/BM 1,906 26,190

Fold difference (Lnk=-/WT) 13.7

One 5-FU treatment Two 5-FU treatments

WT Lnk" WT Lnk+
13.2 x 108 25.2 x 108 2.0 x 108 3.1 x 108
+1.7 x 108 +4.1x 106 +0.4 x 106 +0.7 x 106
1in 20,308 1in 3,831 1in 94,477 1in 4,664

650 6,578 21 665

10.1 31.7

BM cells were enumerated from WT and Lnk=- mice with or without 5-FU treatments. Limiting dilution cBMT assays were performed, and HSC frequencies
were calculated using L-Calc software. Results are pooled from 3 independent experiments, and detailed parameters are shown in Supplemental Table 2.
HSCs/BM indicates the absolute HSC number per BM, which is calculated as (BM cells/mouse) x HSC frequency. The fold difference between WT and
Lnk-- mice is the difference of the absolute HSC numbers between WT and Lnk-- mice. For simplicity, BM cells/mouse refers to cells from 2 femurs and

2 tibias from each mouse.

Results
Lnk deficiency rescues the HSC frequency defect in Mpl~~ BM. To study the
genetic interactions between Mpl and Lnk in regulating the stem
cell compartment, we examined HSC frequencies in the double nul-
lizygous mice for Mpl and Lnk, using limiting dilution competitive
BM transplant (¢BMT) assay (Figure 1; for detailed experimental
parameters, see Supplemental Table 1; supplemental material
available online with this article; doi:10.1172/JCI35808DS1). Lnk/~
mice had over a 10-fold increase in HSC frequency compared with
WT mice (1 in 1,848 in Lnk”~ mice versus 1 in 18,570 in WT mice)
(Figure 1A), in agreement with previous reports (30). In contrast,
the HSC frequency in Mpl”/~ BM was 11in 109,380, a 5-fold decrease
compared with WT mice (Figure 1A). Importantly, the HSC con-
centration of Mpl7~Lnk~~ mice was about 1 in 29,970, slightly com-
promised compared with WT HSCs (Figure 1A).

We next performed BM-mixing cBMT experiments to follow
stem cell repopulating activity and maintenance. This competi-
tive repopulation assay allows a direct and sensitive comparison
of reconstitution potentials of stem cells from various genotypes
with normal competitor stem cells. Total BM cells (CD45.2) from
WT, Mpl~/~, Lnk~/~, and Mpl~/~Lnk~~ mice were mixed at different
ratios with CD45.1 competitor cells and transplanted into lethally
irradiated CD45.1 recipient mice. Short-term and long-term
repopulations were quantified at 1, 4, and 8 months after trans-
plant by flow cytometry analysis of the percentage of chimerism
in peripheral blood for donor CD45.2 cells. Close to the expected
values, WT mice showed 47% chimerism at 4 months with a
1:1 test to competitor ratio (Figure 1B, top panel), and 85% at
4 months with a 9:1 ratio (Figure 1B, middle panel). Mpl~/~Lnk~/~
BM cells had no significant difference in short-term reconstitution
as judged by chimerism 1 month after transplant (Figure 1B, top
and middle panels) but did exhibit a slight but significant reduc-
tion in long-term HSC activity at 4 and 8 months compared with
WT (P < 0.005) at both 1:1 and 9:1 ratios (Figure 1B, top and mid-
dle panels). In sharp contrast, Mpl/~ BM cells showed diminished
stem cell activity with time at both test to competitor ratios (Fig-
ure 1B, top and middle panels). On the other hand, Lnk~~ HSCs
showed vastly superior repopulation capability, with greater than
90% reconstitution at a 1:1 ratio (Figure 1B, top panel), greater
than 80% reconstitution at a 1:19 input ratio (Figure 1B, bottom
panel), and 50% reconstitution at a 1:99 input ratio (Figure 1B,
bottom panel). Therefore, consistent with data in Figure 1A, Lnk
mice have an expanded HSC compartment, and Mpl~/~Lnk”~ mice
2834
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have slightly compromised long-term HSC activities in primary
BM transplant (BMT) assay.

In addition, it is noted that Lnk”~ BM reconstitutions were sig-
nificantly increased from 4 to 8 months after transplant (Figure
1B, bottom panel). In contrast, WT and Mpl~/~Lnk~~ BM recon-
stitutions were maintained from 4 to 8 months after transplant
(Figure 1B, top and middle panels), while Mpl~/~ BM reconstitu-
tion was diminished (Figure 1B, top panel). These data indicate
that HSC frequency and maintenance defects in Mpl~~ mice are
partially rescued by loss of Lnk.

Lnk affects HSC self-renewal largely through TPO/Mpl. Donor-derived
HSCs are thought to be subjected to significant stress during
BMT (33). These normally quiescent cells must self-renew, prolif-
erate, and differentiate to support the increased number of lin-
eage-restricted progenitors required to reconstitute myeloid and
lymphoid populations after ablation of the recipient’s BM. HSC
concentrations and their repopulating capacity drop significantly
after each round of transplant (34-36). Thus, we performed serial
BMT to analyze stem cell self-renewal in Mpl~~Lnk~~ mice.

Primary transplanted mice with 9:1 (Figure 1C) and 3:1 (Figure
1D) test to competitor ratios from WT, Mpl~~, and Mpl~/~-Lnk~/~
mice were sacrificed at 8 months, and total BM cells were trans-
planted into lethally irradiated secondary recipients. Since Lnk~~
BM cells showed an expansion in the HSC compartment, we used
the primary transplants with 1:19 (Figure 1C) and 1:99 (Figure 1D)
test to competitor ratios for secondary BMT. Four months after
secondary transplant, WT BM cells still showed expected reconsti-
tution levels, 90% at a 9:1 ratio (Figure 1C, right panel) and 70% ata
3:1 test to competitor ratio (Figure 1D, right panel). Lnk7~ BM cells
also sustained high levels of reconstitutions (Figure 1, C and D).
Strikingly, Mpl~~Lnk~~ BM cells had dramatically reduced recon-
stitution levels compared with WT controls (Figure 1, C and D).
In fact, similarly to Mpl~~ BM cells, Mpl~~Lnk~~ cells barely had
any donor-derived repopulating cells (below 5%) after secondary
BMT (Figure 1, C and D). Thus, both Mpl7~ and Mpl~/-Lnk~~HSCs
showed markedly decreased self-renew activity, indicating that Lnk
affects HSC self-renewal largely through the TPO/Mpl pathway.

Loss of Lnk results in increased resistance to repeated S-fluorouracil treat-
ments in vivo. The massive expansion of Lnk”~ HSC compartment
prompted us to examine the cell cycle kinetics upon loss of Lnk.
Intriguingly, purified “side population” CD45*Sca-1* HSCs from
Lnk~~ mice did not display increased S/M/G; populations (our
unpublished observations).
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Figure 2

Lnk- LSK HSCs show decelerated cell cycle kinetics. WT, Mpl--, Lnk=-, and Mpl--Lnk-- mice were fed with water containing BrdU for 7 days.
Left panels show representative FACS plots of LinKit" BM cells gated for LSK and LK HSC progenitors. Numbers indicate percentage of cells
within each boxed area. Bold numbers indicate that Lnk~- and Mp/-- mice were significantly different from WT mice. BrdU incorporation analysis
in purified LSK (middle panels) and LK (right panels) cells were determined by FACS. Representative pseudocolor plots are shown. BrdU- 2N,
BrdU+ 2N, and BrdU+* populations with over 2N DNA content were quantified (mean + SD). n = 4.

To functionally determine HSC numbers undergoing self-
renewing division in vivo, we performed limiting dilution cBMT
experiments before and after treatment with the cytoablative agent
5-fluorouracil (5-FU) (Table 1 and see Supplemental Table 2 for
detailed experimental parameters). Untreated Lnk”~ mice had an
approximately 14-fold increase in HSC number per BM compared
with WT mice (Table 1). However, after 5-FU treatment the differ-
ence between Lnk”~ and WT HSC numbers per BM was decreased
to 10-fold (Table 1). Since the read-out of this experiment was
the functional transplant assay, our results indicate that there
are more HSCs undergoing self-renewing division in Lnk”~ BM
than in WT BM. Interestingly, Lnk~~ mice still possess 10-fold
more HSC numbers than WT mice after a single 5-FU treatment
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(Table 1), indicating a subset of Lnk”~ HSCs is resistant to 5-FU or
in quiescence. These data led us to speculate that Lnk deficiency
keeps HSC in quiescence, that once they enter the cell cycle, they
are more likely to undergo symmetric or asymmetric self-renewing
division than asymmetric non-renewing division.

It is predicted that if there is a larger quiescent population in
Lnk~~ HSCs compared with that of WT after a single 5-FU treat-
ment, then these cells will be more resistant to a second 5-FU treat-
ment. To test this hypothesis, two 5-FU treatments were adminis-
tered 4 days apart, and cBMT assays were used to quantify HSC
numbers remaining in WT and Lnk~~ mice (Table 1). Remarkably,
Lnk~/~ mice exhibited over 30-fold more HSCs following consecu-
tive 5-FU treatments than did WT mice (Table 1). This further
Volume 118 2835
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Figure 3

Lnk--HSCs have an increased quiescent HSC population compared with WT HSCs. (A) WT, Mpl--, Lnk”-, and Mpl-Lnk~- mice were fed with water
containing BrdU for 12 days. Left panels show representative FACS plots of LSK cells gated for FIk2 surface expression. The solid line indicates the
reduction staining control, which contains all fluorochromes except FIk2-PE. Shaded areas indicate FIk2 antibody staining. Numbers indicate the per-
centage of cells represented by the solid line and shaded area. Bold numbers indicate that WT and Mp/-- mice were significantly different from Lnk-
mice. BrdU incorporation analysis in purified FIk2-LSK (middle panels) and FIk2+LSK (right panels) HSCs were determined by FACS. Representative
pseudocolor plots are shown (mean + SD). n = 4. For middle and right columns, percentages indicate the percentage of cells gated in the respective
quadrants. Bold numbers indicate that Lnk-- and Mpl- mice were significantly different from WT mice. (B) Sorted FIk2-LSK HSCs were stained with
Py and Ho, and representative contour plots are shown. The quiescent Go populations defined as Py-Ho~ are indicated (mean + SEM). n = 4.
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indicates that a larger quiescent HSC fraction exists in Lnk”~ mice
compared with WT mice. Indeed, Lnk~~ mice survived significantly
longer compared with WT mice after repeated weekly 5-FU treat-
ments (Supplemental Figure 1). Importantly, the effect of Lnk defi-
ciency on survival was abolished in an Mpl”/~ background, as both
Mpl~/~ and Mpl~/-Lnk~~ showed reduced survival rate compared
with WT mice (Supplemental Figure 1).

Loss of Lnk results in an increased quiescent HSC fraction and decelerated
cell cycle kinetics. Because our 5-FU experiment indicated that there
is a higher quiescence fraction in Lnk”~ HSCs, we next directly ana-
lyzed the HSC turnover rate by measuring BrdU incorporation using
purified stem cells. Mice were fed with BrdU in drinking water for 7
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or 12 days. LinSca-1*Kit* (LSK) HSCs were purified using flow cyto-
metric sorting (Supplemental Figure 2) and subsequently stained
with antibodies specific for BrdU and propidium iodide. Seven days
after BrdU labeling, Lnk~~ LSK HSCs had a marked increase in the
BrdU- population (Figure 2) compared with WT HSCs (23.3% in
Lnk~~versus 6.9% in WT; P < 0.05). In contrast, Mpl7~ LSK HSCs had
onlya 1% BrdU- population (P < 0.01 vs. WT), while the BrdU- popu-
lation in Mpl~~Lnk~~ HSCs was intermediate between those in WT
and Mpl7~HSCs (Figure 2). Lin-Sca-1-Kit" (LK) progenitor cells were
also sorted at the same time, and the cell cycle kinetics were similar
among all strains of mice (Figure 2). These data suggest that Lnk
and Mpl specifically control HSC cell cycle progression.
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The Lnk SH2 domain associates with kinase-active JAK2. (A) Stable 32D-B/A cells expressing Mpl and Flag-tagged Lnk, in conjunction with either
myc-tagged WT JAK2, or kinase-inactive JAK2 mutant Y1007F/Y 1008F, were starved and stimulated with TPO for 10 minutes. Cell lysates were
then precipitated with Flag-specific antibodies (left panel) and blotted with antibodies specific for myc (top), phosphotyrosine 4G10 (middle), or Lnk
(bottom). The right panels show precipitation with myc-specific antibodies and blots with 4G10-specific (top) or myc-tagged antibodies (bottom).
(B) We established stable 32D-B/A cell lines expressing Mpl along with Flag-tagged WT Lnk or various Lnk mutants with individual functional
domains (R364E, W191A, and Y536F) abolished. Cells were starved and stimulated with TPO. Cell lysates were precipitated with Flag-specific
antibodies (left panel) and blotted with antibodies specific for JAK2 (top) or Lnk (bottom). The right panels show precipitation with JAK2-specific
antibodies and blots with antibodies specific for 4G10 (top) and JAK2 (bottom). C, control parental 32D-B/A cells; IgG(H), IgG heavy chain.

Since LSK cells contain primitive progenitors in addition to
stem cells, we next to set out to distinguish cell cycle characteristics
using further purified stem cell populations, Flk2-LSK long-term
HSCs and FIk2*LSK short-term HSCs. After 12 days, BrdU labeling,
both Flk2- and Flk2* LSK HSCs from Lnk 7/~ mice showed a 3-fold
increase in BrdU- population compared with those from WT mice
(P <0.01) (Figure 3A). Mpl7/~ HSCs had decreased BrdU- popula-
tions (P < 0.05 vs. WT), and cell cycle kinetics in Mpl7/-Lnk”/- HSCs
were intermediate between those of WT and Mpl~/- HSCs (Figure
3A). These data suggest that loss of Lnk results in decelerated cell
cycle progression and that Lnk controls HSC cell cycle kinetics at
least in part through the Mpl pathway. It should be noted that the
S/M/G; fractions determined in this assay could not differentiate
self-renewing and non-self-renewing divisions.

The increased BrdU- populations observed in Lnk”~ HSCs after
long-term BrdU labeling, implies there is a higher quiescent frac-
tion in Lnk”~ HSCs than in WT HSCs. To directly measure the qui-
escent HSC population, we stained HSCs with an RNA-specific dye,
Pyronin Y (Py), in conjunction with a DNA-specific dye, Hoechst
33342 (Ho), to differentiate Go from G; populations. Py"Ho- repre-
sents low RNA content and 2N DNA content, thereby defining the
2838
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G fraction (37). Consistent with our BrdU experiment, Lnk”~ HSCs
exhibited a much higher Gy population than those of WT HSCs
(P < 0.05) (Figure 3B). In contrast, Mpl”~ and Mpl~~Lnk~~ HSCs
had much reduced quiescent populations (P < 0.01) (Figure 3B).
Together, our data suggest that Lnk controls HSC quiescence and
cell cycle kinetics predominantly through Mpl.

Lnk~~ HSCs potentiate JAK2 activation in response to TPO. The
absence of Lnk enhances 3 major Mpl-mediated signaling path-
ways, Stat3/5, Ake, and p44/42 MAPK in CD41* megakaryocytes
(29). These findings prompted us to investigate the relationship of
Lnk and JAK2 activation in HSCs.

Purified LSK HSCs from WT, Mpl~~, Lnk~~, and Mpl~~Lnk~~ ani-
mals (Supplemental Figure 2), were stimulated with TPO for 10
minutes after serum starvation. FACS analysis with an antibody
specific for activated phosphorylated JAK2 demonstrated that
TPO induced a 2-fold increase in JAK2 phosphorylation in WT
HSCs, whereas Lnk”~ HSCs showed a 4-fold increase (Figure 4, A
and B). In contrast, JAK2 was not activated in response to TPO in
either Mpl~/~ or Mpl”/-Lnk~~ HSCs (Figure 4, A and B). Mpl sur-
face expression was comparable between WT and Lnk /- LSK HSCs
(Figure 4C), indicating the potentiated JAK2 activation in Lnk~~
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Mpl Figure 6

Lnk constitutively associates Mpl. We
established stable 32D-B/A cell lines
expressing Flag-Lnk along with WT
Mpl or various Mpl mutants. Cells were
starved and then stimulated with TPO.
(A) Left: Lysates from cells expressing
either WT Mpl or the Y5F mutant were
precipitated with Flag-specific antibod-
ies and sequentially probed with anti-
bodies specific for JAK2, Mpl, 4G10,
and Lnk. Right: Cell lysates were also
reciprocally precipitated with Mpl-
specific antibodies and sequentially
probed with antibodies specific for
Flag, 4G10, and HA. (B) Left: Lysates
from cells expressing WT Mpl or the
Mpl mutants, Box1 or LW, were pre-
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cific antibodies, followed by antibodies
specific for total Mpl and JAK2.
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HSCs is due to their intrinsic ability to respond to TPO rather
than elevated Mpl expression. Since many type I cytokines, such as
G-CSF and IL-3, activate JAK2, we next investigated whether Lnk
regulates JAK2 activation induced by cytokines other than TPO.
Interestingly, G-CSF and IL-3 induced a similar extent of JAK2
activation in WT and Lnk~~ HSCs (Figure 4, D-F), while SCF did
not activate JAK2 as expected (data not shown). These results indi-
cate that Lnk negatively regulates TPO-mediated JAK2 activation
in HSCs and that loss of Lnk potentiates JAK2 activation, specifi-
cally in response to TPO.

The Lnk SH2 domain associates with kinase-active JAK2 in response to
TPO. Because our in vivo studies suggested Mpl and Lnk inter-
act functionally, leading to potentiated JAK2 activation, we next
tested whether they interact physically to probe the mechanisms
of this genetic interaction. Lnk potently inhibits TPO-dependent
32D/Mpl cell growth (29), and therefore coexpression of the leu-
kemic oncogene, Ber/Abl, was necessary to counteract the growth-
inhibitory effect of Lnk, allowing stable Lnk expression in a hema-
topoietic progenitor cell line, 32D cells. This 32D-Bcr/Abl cell line,
referred to here as 32D-B/A cells, was used for all subsequent cell
culture studies unless otherwise indicated.

We established 32D-B/A cells stably expressing Mpl and Flag-
tagged Lnk and infected them with retroviruses encoding either
myc-tagged WT JAK2 or kinase-inactive JAK2 mutant (JAK2
Y1007F/Y1008F, or Y1007F/Y1008F) (38). Cells were starved and
stimulated with TPO for 10 minutes prior to lysis. Flag-tagged Lnk
was able to coimmunoprecipitate myc-tagged WT JAK2, but not
kinase-inactive Y1007F/Y1008F, in response to TPO (Figure 5A,
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left panel). There was also some basal-level interaction between
Lnk and JAK2 in the absence of TPO (Figure SA, left panel). The
blot was next probed with phosphotyrosine-specific antibodies
(4G10) (Figure SA, left panel), demonstrating that TPO induces
robust Lnk phosphorylation in the presence of WT myc-JAK2. In
contrast, in the presence of JAK2 Y1007F/Y1008F, Lnk exhibited a
small increase in phosphorylation after TPO induction, probably
due to endogenous JAK2. The right panel of Figure SA demon-
strates that myc-tagged WT JAK2, but not Y1007F/Y1008F, was
able to coimmunoprecipitate with phosphorylated Lnk in response
to TPO. These results suggest that Lnk is phosphorylated by JAK2
in response to TPO and robustly binds to kinase-active JAK2.

We next studied whether Lnk binds to endogenous JAK2 and
which domain of Lnk are important for its interaction with JAK2.
We established stable 32D-B/A cell lines expressing Mpl along
with Flag-tagged WT Lnk or various Lnk mutants with individual
domains abolished: R364E, W191A, and YS36F (29). Ten minutes
after TPO stimulation, WT Lnk was able to coimmunoprecipi-
tate with endogenous JAK2 (Figure 5B, left panel). The Lnk SH2
domain mutant, R364E, failed to pulldown JAK2 (Figure 5B, left
panel). In contrast, the PH domain mutant W191A and mutation
of the conserved tyrosine at the C terminus, Y536F, did not affect
the interaction between Lnk and JAK2 (Figure 5B, left panel). We
next performed reciprocal IP studies (Figure 5B, right panel). WT
Lnk and Lnk PH domain mutant W191A coimmunoprecipitated
with phosphorylated JAK2 (Figure 5B, right panel). The Lnk SH2
domain mutant R364E failed to coimmunoprecipitate with JAK2,
and Lnk Y536F mutant showed reduced phosphorylation (Figure
Volume 118 2839
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5B, right panel). These results indicate that the Lnk SH2 domain
associates with phosphorylated JAK2, and JAK2 in turn phosphor-
ylates Lnk. Since the Lnk SH2 domain is critical to Lnk’s function
in inhibiting cytokine receptor signaling (28, 29), these results
implicate its interaction with JAK2 as an important transducer of
Lnk inhibitory function.

Lnk constitutively associates with Mpl. As we observed a weak but sig-
nificant interaction between Lnk and JAK2 in the absence of TPO
(Figure 5), it is possible that Lnk indirectly interacts with JAK2
through Mpl at the basal state, since the Mpl/JAK2 complexes are
2840
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nines (YSF) (Figure 6A, left panel). The YSF
mutant was no longer phosphorylated in
response to TPO, which abolished the Mpl
binding sites for Stats or Sh¢/MAPK down-
stream signaling molecules but retained
JAK2 activation (Figure 6A, right panel).
Lnk was associated with WT and YSF Mpl
at similar levels and phosphorylated in
response to TPO in cells expressing either
WT or YSF Mpl (Figure 6A, left panel).
Reciprocal coimmunoprecipitation showed
that Mpl-specific antibodies were able
to pulldown similar levels of Lnk in the
absence and presence of TPO, regardless of
the phosphorylation status of Mpl (Figure 6A, right panel). These
data indicate that Lnk constitutively associates with Mpl.

We next generated 2 Mpl mutations to abolish its capacity to acti-
vate JAK2: Mpl mutant with the Box1 sequence P52!SLP mutated
to AAAA [abbreviated as Mpl(Box1)] and Mpl with hydrophobic
motif LYW mutated to AA [abbreviated as Mpl(LW)] (40, 41).
Cells expressing WT Mpl showed strong tyrosine phosphoryla-
tion of Mpl and JAK2 after TPO stimulation, but cells expressing
the Box1 and LW mutants did not (Figure 6B, right panel). TPO
induced Lnk-JAK2 binding only when WT Mpl, but not Box1 or
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LW mutant, was expressed (Figure 6B, left panel). In contrast, Lnk
coimmunoprecipitated equivalently with WT and mutant Mpl
proteins (Figure 6B, left panel). Our data further suggest that
active JAK2 is required for binding to Lnk, but Lnk associates with
Mpl at the basal level, independently of JAK2 phosphorylation.

Lnk specifically associates with pY613 and pY813 residues on JAK2. After
finding that the Lnk SH2 domain associates with phosphorylated
JAK2 in response to TPO, we next set out to pinpoint this Lnk-
JAK2 interaction. There are 49 tyrosine residues in JAK2, and thus
we made peptides containing both nonphosphorylated (Y) and
phosphorylated (pY) tyrosines to each tyrosine motif in JAK2.
Recombinant Lnk SH2 domain was used to pulldown various JAK2
Y and pY peptides, revealing pY813 as a major site and pY613 asa
minor site for Lnk SH2 domain association (data not shown).

We next made point mutations to mutate tyrosine residues to
phenylalanines, and 32D-B/A cell lines were established expressing
both Mpl and Flag-Lnk, in conjunction with either vector alone,
or WT or various myc-JAK2 mutants (Figure 7A). myc-JAK2 Y613F
and myc-JAK2 Y813F showed reduced binding to Lnk in response
to TPO (Figure 7A, lanes 4-7). Importantly, the double Y613F/
Y813F mutation in JAK2 abolished its binding to JAK2 in 32D
cells (Figure 7A, lanes 8 and 9). Mutation of the non-relevant resi-
due JAK2 Y1099F displayed normal Lnk-JAK2 interaction (Figure
7A, lanes 10 and 11), while kinase-inactive JAK2 mutant Y1007F/
Y1008F failed to interact with Lnk (Figure 7A, lanes 12 and 13). We
also probed the blots with JAK2-specific antibodies that identified
both exogenous myc-JAK2 and endogenous JAK2 and found that
the binding between Lnk and endogenous JAK2 remained in WT
JAK2 and various JAK2 mutants, while Y613F/Y813F abolished
the binding between Lnk and exogenous myc-JAK2 (Figure 7A).
Y613F or Y813F did not significantly affect JAK2 overall level of
phosphorylation, and similar levels of total Lnk and JAK2 proteins
were expressed in all cell lines (Figure 7A).

Flag-Lnk was reproducibly able to pulldown WT myc-JAK2 and
JAK2 Y1099F mutant species in transiently transfected 293T cells,
since JAK2 was constitutively activated in this transient trans-
fection assay (Figure 7B, lanes 3 and 7). Single tyrosine mutants
Y613F or Y813F reduced Lnk-JAK2 interaction, while double
tyrosine mutant Y613F/Y813F and kinase-inactive JAK2 Y1007F/
Y1008F completely abolished Lnk-JAK2 binding (Figure 7B, lanes
4-6 and 8). Flag precipitates were probed with phosphotyrosine-
specific antibodies (4G10), revealing both phosphorylated JAK2
and Lnk with either WT JAK2 or JAK2 Y1099F and, to a lesser
extent, with JAK2 Y613F (Figure 7B, lanes 3 and 7). Y813F, Y613F/
Y813F, or kinase-inactive Y1007F/Y1008F JAK2 failed to associate
or phosphorylate Lnk (Figure 7B, lanes 4-6 and 8).

We next examined the consequences of JAK2 Y813F mutation in
conferring cell proliferation using IL-3-dependent parental 32D
cells. Parental 32D cells and cells stably expressing Mpl in com-
bination with WT JAK2 or JAK2 mutants were established and
cultured in different concentrations of TPO. We found that 32D
cells expressing the JAK2 Y813F mutant were more sensitive to
TPO in supporting cell growth compared with WT JAK2 (Supple-
mental Figure 3). We next introduced either vector alone (MIG)
or MIG-Lnk into these cells and determined their sensitivity to
Lnk growth inhibition by analyzing GFP percentage in compari-
son with the initial infection rate (Supplemental Figure 3). The
results demonstrated that JAK2 Y813F-expressing cells are less
sensitive to Lnk growth inhibition compared with WT JAK2 cells
when cultured in TPO.
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We next asked whether Lnk associates with the JAK2 V617F
mutant, which is found at high frequencies in myeloproliferative
diseases (MPDs). JAK2 V617F was expressed at considerably lower
levels compared with those of WT JAK2 (Figure 7C, lanes 3-6).
However, the JAK2 V617F mutant retained its ability to associate
with Lnk (Figure 7C).

Discussion

Earlier work suggests that loss of Lnk results in a markedly
expanded HSC compartment and enhanced HSC self-renewal (30),
but the mechanisms responsible for these differences have been
obscure. We have addressed this question by analyzing 5-FU resis-
tance in vivo and cell cycle kinetics of HSC populations in WT and
Lnk~~ mice. Surprisingly, Lnk7~ HSCs had an increased quiescent
population and enhanced resistance to repeated 5-FU treatments
in vivo. Lnk~~ mice survive significantly longer than WT mice when
challenged with myelosuppressive treatments. Genetic evidence
demonstrates that Lnk controls HSC quiescence and self-renewal
predominantly through Mpl. Recent reports show that TPO pro-
vides an osteoblastic niche signal that keeps HSCs in quiescence
(18, 19). Together, these data suggest that the TPO/Mpl/JAK2/Lnk
pathway is a gatekeeper for HSC quiescence. The TPO/Mpl/Lnk
axis is reminiscent of Ang-1/Tie2 function in HSCs, in that Ang-1
enhances HSC quiescence and interaction with the BM niche and
protects the HSC compartment from myelosuppresive stress (3).

Our results support the following model: Loss of Lnk increases
stem cell pools by potentiating JAK2 activity in response to TPO pro-
duced in the stem cell niches. Since a larger stem cell pool is gener-
ated due to Lnk deficiency, a smaller proportion of HSCs is required
to undergo non-self-renewing division, or proliferation/differentia-
tion, in order to maintain hematopoiesis. Therefore, a decelerated
cell cycle is observed in Lnk”~ HSCs. Quiescent HSCs exhibit superi-
or long-term engraftment potential over HSCs in the S/M/G; phase
(2), thus Lnk~~ HSCs show vastly superior repopulation capability.
In contrast, Mpl deficiency results in a loss of response to TPO-
producing stem cell niches to keep HSCs in quiescence. Reduced
stem cell pools require a larger fraction of HSCs to proliferate and
differentiate to maintain hematopoiesis, thereby accelerating cell
cycle kinetics in Mpl/~HSCs, concomitant with decreased HSC self-
renewal and eventual HSC exhaustion after transplant.

Examples of HSC negative regulators have been reported. Loss of
p21Cp1/Wafl results in increased HSC cycling and premature prolif-
erative exhaustion (11). Deficiency of a cytokine negative regulator,
SH2-containing inositol 5-phosphatase, results in enhanced sensi-
tivity to 5-FU but decreased HSC self-renewal capability (42). To our
knowledge, Lnk is the only protein reported so far in the absence
of which HSCs show decelerated cell cycle kinetics concomitant
with increased HSC expansion and self-renewal. It is hypothesized
that Go quiescent HSCs can progress into late Gy phase and bypass
the lengthy early G; restriction point, thereby enhancing stem cell
self-renewal (43). Furthermore, HSC quiescence prevents HSC loss
from proliferative stress caused by serial transplant.

Our findings indicate that different mechanisms are involved
in the establishment and expansion of HSC compartments in the
steady-state BM versus stress-dependent HSC self-renewal fol-
lowing transplant. Mpl7~-Lnk~~ mice have near WT HSC numbers
in the BM, indicating that Lnk partially controls HSC numbers
during postnatal development through the Mpl/JAK2 signaling
unit. It thus implicates Lnk’s involvement in a yet to be identi-
fied pathway. In contrast, Mpl/~Lnk~~ HSCs behave similarly to
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Mpl~~ HSCs, in that they show a marked decrease in self-renewal
ability in secondary transplant assays, indicating TPO/Mpl is the
predominant pathway that Lnk exerts in the expansion of HSC
and progenitors upon transplant.

We further demonstrated that Lnk deficiency potentiates JAK2
phosphorylation in response to TPO in HSCs, indicating Lnk
restricts HSC function through downregulating JAK2 activation in
HSCs. JAK2 has been shown to be important for germline stem cell
maintenance and self-renewal in Drosophila (23, 24). Study of JAK2
function in mammalian HSCs has been hampered due to the embry-
onic lethality of Jak27/~ mice. Our finding that Lnk exerts its effects
in TPO-mediated HSC functions through negative regulation of
JAK?2 sheds light on the importance of JAK2 in mammalian HSCs.

This study identifies a genetic and physical interaction between
Lnk and the Mpl/JAK2 complexes. Lnk associates with Mpl in a
JAK2-independent fashion. Lnk binds to the tyrosine-null Mp/
mutant YSF, suggesting that Lnk-Mpl interaction is not dependent
on tyrosine phosphorylation. Interestingly, Lnk does not affect Mpl
cell surface expression or trafficking (data not shown), neither does
it induce receptor or JAK2 degradation (28). We speculate that Lnk
docks to the preassembled Mpl/JAK2 complex before ligand stimu-
lation, perhaps keeping Mpl/JAK2 in a conformation to be activated
at an appropriate extent and with the appropriate kinetics upon
TPO ligation. However, our results cannot exclude the possibility
of the recruitment of a novel player in the Mpl/JAK2/Lnk complex
thatleads to signaling attenuation. Nonetheless, the fact that Lnk~~
HSCs show enhanced JAK2 activation only in response to TPO, not
other type I cytokine receptors expressed on the stem cell surface,
indicates that Lnk uniquely interacts with the Mpl receptor.

Short TPO stimulation induces a robust interaction between the
Lnk SH2 domain and activated JAK2 via major pY813 and minor
pY613 binding sites in JAK2. Future investigations are warranted
to dissect the detailed mechanism of Lnk downregulation of Mpl/
JAK2 activation. Interestingly another Lnk family member, SH2-B,
has been shown to be a positive regulator for JAK2 activation and
also binds to pY813 in JAK2, enhancing JAK2 activation in cul-
tured cells (44, 45). Deletion of SH-2B impairs leptin-stimulated
activation of hypothalamic JAK2 in Sh2b~~ mice (46). Sh2b~~ mice
are severely hyperphagic and obese and develop a metabolic syn-
drome (46). It is intriguing that Sh2b~~ and Lnk~~ mice exhibit
strikingly different spectrums of phenotypes even though they
both regulate JAK2 activity. It is possible that specific interactions
with different receptors or other signaling molecules in the JAK2/
SH-2B family member complex are the important determinants of
the specificity and outcome of these interactions.

JAK2 mutations such as V617F (47-50) have been found at
high frequency in MPDs. MPDs are stem cell diseases that show
clonal expansion of progenitor cells with mutant JAK2 alleles (48).
Although it is an attractive model that JAK2 V617F exerts its pro-
liferative advantages in HSC / progenitor cells by removing the
negative inhibition of Lnk, our results imply that Lnk retains the
ability to bind and inhibit JAK2 V617F. However, it is plausible that
Lnk deficiency could further enhance JAK2 V617F HSC/progeni-
tor clones to gain growth advantages over progenitors with WT
Lnk. Therefore, future efforts are warranted to determine whether
dysregulation of Lnk can modulate MPD development.

Methods
Mice. Mpl”~ and Lnk~~ mice were generously provided by Frederic de Sauvage

(Genentech) and Tony Pawson (Samuel Lunenfeld Research Institute, Mount
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Sinai Hospital, Toronto, Canada), respectively. All mice were backcrossed onto
the C57BL/6 (CD45.2) background for over 9 generations. BMT recipient mice
(CD45.1) were from the National Cancer Institute. The protocol for this work
was approved by the IACUC of the Children’s Hospital of Philadelphia.

Mixed ratio competitive BMT assay. BM cells from 3-5 mice of each mouse
strain were used for each BMT experiment. Donor cells (CD45.2) were mixed
with total BM cells from competitor mice (CD45.1) at different ratios, with a
total of 4 x 106 cells per recipient mouse, and subsequently injected retroor-
bitally into lethally irradiated CD45.1 mice (a split dose of 10 Gy, 1Cs source)
(51). The results shown were pooled from 2 independent experiments.

The percentage of chimerism in the peripheral blood was analyzed as
the fraction of donor-descended CD45.2 cells 1, 4, or 8 months after trans-
plant, using flow cytometry as previously described (51). Primary trans-
planted mice were sacrificed at 8 months, and 20 x 10 total BM cells were
transplanted into each lethally irradiated secondary recipient mouse.

Limiting dilution competitive BMT assay. For each BMT experiment, BM cells
from 3-5 mice of each genotype were serially diluted, mixed with 2 x 10%
CD45.1 competitors, and subsequently transplanted into lethally irradi-
ated recipient mice. We analyzed peripheral blood chimerism 4-6 months
after transplant, and mice with over 1% donor-descent (CD45.2) cells in
the peripheral blood were counted as positive reconstitution (52). Results
from 3-5 independent experiments were pooled (Supplemental Table 1).
Calculation of competitive repopulation units was conducted using L-Calc
software (StemCell Technologies).

To study HSC sensitivity to 5-FU, we intravenously administrated 3 WT
and 3 Lnk~~ mice with 150 mg/ml of 5-FU. Two days after 5-FU treatments,
BM cells were isolated and limiting dilution cBMT assays were performed
as described above. For mice given two 5-FU treatments, 5-FU was admin-
istered 4 days apart and cBMT assays were performed the day after the sec-
ond 5-FU injection. Three independent experiments were performed and
the data pooled from all 3 experiments (Supplemental Table 2).

HSC purification and flow cytometric analysis of phosphorylated JAK2. BM cells
were first stained with PE-conjugated anti-Sca-1 and APC-conjugated Kit-
specific antibodies (BD Biosciences) and biotinylated-lineage cocktail anti-
bodies (StemCell Technologies) with additional biotinylated antibodies
specific for CD4, CD8, and CD19 (eBiosciences), followed by streptavidin-
PE Cy5.5 secondary antibodies (Caltag; Invitrogen). LSK HSCs were sub-
sequently purified using Moflo (Cytomation) and FACS Aria (BD Biosci-
ences) high-speed sorters. LSK HSCs were then starved for 0.5-1 hour and
then unstimulated or stimulated with 20 ng/ml TPO, 100 ng/ml G-CSF,
or 1 ng/ml IL-3 for 10 minutes. Following stimulation, cells were fixed
with paraformaldehyde and permeabilized with ice-cold methanol (53).
The samples were then stained with antibodies specific for pY1007/Y1008
JAK2 (1:100; Cell Signaling), followed by secondary antibodies conjugated
to Alexa Fluor 488 (1:400; Invitrogen), and analyzed on a FACS Calibur.

BrdU incorporation and Py/Ho staining. WT, Mpl~/~, Lnk~/~, and Mpl~/-Lnk~
mice were fed with 0.5 mg/ml BrdU in drinking water for 7 days or 12 days,
and HSCs were sorted. BrdU incorporations were determined by FACS anal-
ysis using FITC-conjugated antibodies specific for BrdU and propidium
iodide, according to the manufacturer’s instruction (BD Biosciences).

Sorted Flk2- LSK cells were incubated with 5 ug/ml of Hoechst 33342
(Molecular Probes) in HBSS containing 20 mM HEPES, 5 mM glucose, and
10% FBS, at 37°C for 45 minutes, followed by an additional 45 minutes’
incubation with 1 ug/ml of Py (Sigma-Aldrich). Cells were subsequently
analyzed on LSRII flow cytometer (BD Bioscences).

Retroviral constructs. The MIG-Mpl (MSCV-Mpl-IRES-GFP) construct
was established as previously described (29). The MSCV-Bcr/Abl-pGKneo
construct was generously provided by D. Gary Gilliland (Harvard Medical
School, Boston, Massachusetts, USA). The pOZ vector containing N-termi-
nal FLAG and HA tags (MMLV-5' Flag-HA tag-Lnk-IRES-IL-2R) was gener-
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ously provided by Patrick Nakatoni (Harvard Medical School). pOZ-Lnk
was cloned by PCR JAK2 with Sall and NotI sites at the 5" and 3’ oligos,
respectively, and subsequently ligated to the pOZ vector linearized with
Xhol and Notl. pMICD4-myc-tagged JAK2 was cloned by PCR JAK2 with
BamHTI and Sall sites at the 5" and 3’ oligos, respectively, and subsequently
ligated to pMICD4 (MSCV-IRES-CD4 vector containing x6 myc tag at the
N terminus) linearized with BglIl and Xhol. All mutants of Lnk, Mpl, and
JAK2 genes were generated through site-directed mutagenesis using the
QuikChange kit (Stratagene) and were confirmed by sequencing.

Retroviral infection and establishment of stable cell lines. 32D cells were spin-
infected with the desired viral supernatant containing 10 ug/ml polybrene
(Sigma-Aldrich) at 930 g for 2 hours at 30°C. 32D cells stably expressing
Ber/Abl (32D-B/A) were established by retroviral infection with viruses
encoding MSCV-Bcr/Abl-pGKneo and selected in 0.5 mg/ml of G418 for
1 week. 32D-B/A cells stably expressing Mpl or its mutants were established
by retroviral infection with viruses encoding MIG-Mpl and sorted for GFP*
populations. 32D-B/A cells stably expressing Flag-Lnk or its mutants were
established by retroviral infection with viruses encoding pOZ-Lnk and
purified using magnetic beads conjugated to anti-IL-2R antibodies (Dynal;
Invitrogen). 32D-B/A cells stably expressing myc-tagged WT and mutant
JAK2 were established by retroviral infection with viruses encoding pMICD4-
myc-JAK2 or its mutants and sorted for CD4* populations. Cells stably
expressing multiple cDNAs were generated and purified sequentially.

IP and western blot analysis. 32D-B/A cells were starved and then stimu-
lated with 0 or 50 ng/ml TPO for 10 minutes. Cells were lysed in buffer
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containing 0.5% NP-40, phosphatase, and protease inhibitors, as described
in ref. 29. The protein supernatants were precipitated with antibodies spe-
cific for Flag (5 ul M2 beads; Sigma-Aldrich), myc (9E10, 1:150; Covance),
JAK2 (1:250; Upstate Cell Signaling Solutions), or Mpl (1:1000, rabbit
polyclonal). The precipitates were blotted with antibodies specific for 4G10
(0.5 ug/ml; Upstate), myc (1:1000; Covance), Mpl (1:5000), JAK2 (1:500), or
Lnk (1:500) (Santa Cruz Biotechnology Inc.).

Statistics. Statistical analysis was performed using 2-tailed Student’s
t tests. P values of less than 0.05 were considered significant.
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