
Research article

	 The Journal of Clinical Investigation      http://www.jci.org      Volume 122      Number 6      June 2012	 2079

14-3-3 regulates the LNK/JAK2 pathway  
in mouse hematopoietic stem  

and progenitor cells
Jing Jiang,1,2 Joanna Balcerek,1,2 Krasimira Rozenova,1,2 Ying Cheng,1,2 Alexey Bersenev,1,2  

Chao Wu,1,2 Yiwen Song,1,2 and Wei Tong1,2

1Division of Hematology, Children’s Hospital of Philadelphia, Philadelphia, Pennsylvania, USA. 2Department of Pediatrics,  
Perelman School of Medicine at the University of Pennsylvania, Philadelphia, Pennsylvania, USA.

Hematopoietic stem and progenitor cell (HSPC) functions are governed by intricate signaling networks. The 
tyrosine kinase JAK2 plays an essential role in cytokine signaling during hematopoiesis. The adaptor protein 
LNK is a critical determinant of this process through its inhibitory interaction with JAK2, thereby limiting 
HSPC self-renewal. LNK deficiency promotes myeloproliferative neoplasm (MPN) development in mice, and 
LNK loss-of-function mutations are found in human MPNs, emphasizing its pivotal role in normal and malig-
nant HSPCs. Here, we report the identification of 14-3-3 proteins as LNK binding partners. 14-3-3 interfered 
with the LNK-JAK2 interaction, thereby alleviating LNK inhibition of JAK2 signaling and cell proliferation. 
Binding of 14-3-3 required 2 previously unappreciated serine phosphorylation sites in LNK, and we found that 
their phosphorylation is mediated by glycogen synthase kinase 3 and PKA kinases. Mutations of these residues 
abrogated the interaction and augmented the growth inhibitory function of LNK. Conversely, forced 14-3-3 
binding constrained LNK function. Furthermore, interaction with 14-3-3 sequestered LNK in the cytoplasm 
away from the plasma membrane-proximal JAK2. Importantly, bone marrow transplantation studies revealed 
an essential role for 14-3-3 in HSPC reconstitution that can be partially mitigated by LNK deficiency. We 
believe that, together, this work implicates 14-3-3 proteins as novel and positive HSPC regulators by impinging 
on the LNK/JAK2 pathway.

Introduction
Throughout life, blood cells are continually produced from HSCs 
that are defined by their multilineage potential and self-renewal 
capacity. One important signaling axis in hematopoietic stem 
and progenitor cell (HSPC) expansion and megakaryocyte devel-
opment is initiated by thrombopoietin (TPO) and its receptor, 
MPL (1). TPO binding to MPL activates the JAK2 tyrosine kinase, 
triggering a cascade of signaling events. Downstream signaling 
molecules include a variety of positive mediators, such as Stats, 
PI-3K/AKT, and RAS/MAPK (1), together with multiple negative 
regulators. These negative regulators provide checks and balances 
at multiple levels to limit cellular responses and prevent onco-
genic transformation. The adaptor protein LNK is one important 
cytokine signaling attenuator.

LNK (also called SH2B3) is a member of an adaptor protein 
family that does not possess any enzymatic activity. LNK con-
tains several protein-protein interaction domains, including a 
dimerization domain and proline-rich regions at the amino (N) 
terminus, a pleckstrin homology (PH) domain in the center, and 
Src homology 2 (SH2) domain near the carboxyl (C) terminus 
(2). Each of these domains is important for the inhibitory role 
of LNK in cytokine-mediated hematopoiesis (3–6). Lnk–/– mice 
show profound perturbations in hematopoiesis, exhibiting a  
3- to 5-fold elevation in white blood cell and platelet counts (6) 
and increased megakaryocyte numbers in the BM and spleen 
(4, 6). In addition, LNK deficiency also leads to a 10- to 15-fold 

increase in HSC number and superior multilineage repopulation 
after BM transplantation (BMT) (7–9).

We and others previously demonstrated that LNK function is 
partially mediated through TPO/MPL (4, 7, 8, 10). LNK negatively 
regulates TPO-mediated signaling and megakaryocyte development 
(4). Moreover, we showed that LNK interacts with phosphorylated 
JAK2 in a TPO-dependent manner and pinpointed the interaction 
to the LNK SH2 domain and JAK2 pY813 (8). Importantly, Lnk–/–  
HSPCs display potentiated JAK2 activation in response to TPO, 
suggesting that LNK controls HSC self-renewal in part through the 
MPL/JAK2 pathway (8). However, the mechanisms by which LNK 
attenuates JAK2 activity are poorly understood.

The amplitude and duration of cytokine receptor signaling is 
tightly controlled, and aberrant regulation predisposes HSPCs to 
myeloproliferative neoplasms (MPNs) (11). An activating muta-
tion (V617F) in JAK2 is found at high frequencies in MPNs (11). 
Consistent with a role of LNK in constraining JAK2-regulated cell 
growth, loss of LNK accelerates JAK2(V617F)-induced MPNs in 
mice (12). LNK deficiency enhanced cytokine-independent JAK/
Stat signaling and augmented the ability of oncogenic JAK2 to 
expand myeloid progenitors in vitro and in vivo (12–14). The rel-
evance of these findings to human disease is underscored by the 
recent identification of LNK loss-of-function mutations in human 
patients with MPN (15–17).

In search of a mechanism for LNK function, we describe here 
the identification of 14-3-3 proteins as the robust LNK binding 
partners. 14-3-3 proteins are abundant 28- to 33-kDa acidic poly-
peptides found in all eukaryotic organisms (18) that play impor-
tant roles in a wide range of biologic processes, including cell cycle 
regulation, signaling transduction, metabolism control, apopto-
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sis, and control of gene transcription (19). 14-3-3 proteins are 
highly conserved, and 7 family members are found in mammals 
— β, γ, ε, σ, τ (also referred to as θ), ζ, and η. 14-3-3 binding by 
client proteins requires serine/threonine phosphorylation within 
1 out of 2 known consensus peptide motifs, RSXpSXP (mode 1) 
and RX(Y/F)XpSXP (mode 2), where pS represents phospho-ser-
ine (20–22). 14-3-3 proteins can form homodimers and heterodi-
mers, which contribute to their ability to modulate the function 
of their binding partners (18).

Although 14-3-3 proteins participate in diverse cellular functions 
(23), their roles in blood development have remained largely unde-
fined. Mice lacking the ε, σ, or τ isoforms display a perinatal lethal-
ity due to defects in neurons, keratinocytes, and cardiomyocytes, 
respectively (24–26), precluding further studies of their hemato-
poietic functions in adult mice. In contrast, mice lacking the γ or ζ 
isoforms appear grossly normal (27, 28). Mice deficient for 14-3-3 β  
or η have not been reported. Recent studies showed that disrupting 
14-3-3/ligand association in transformed hematopoietic cell lines 
induced apoptosis in part by disrupting the interaction between 
14-3-3 and FOXO3a, implicating 14-3-3 as a potential therapeutic 
target in leukemia (29). Two recent reports point to a role of 14-3-3 
proteins in stress erythropoiesis (30, 31). However, the function of 
14-3-3 proteins in steady-state hematopoiesis and HSPC expan-
sion has not been explored.

Here, we showed that LNK is phosphorylated at 2 serine residues 
that serve as 14-3-3 binding sites. Importantly, 14-3-3 abrogated 
the LNK-JAK2 interaction, thereby alleviating LNK inhibitory func-
tion in both JAK2 signaling and cell growth. Furthermore, 14-3-3 
binding was necessary and sufficient to maintain LNK in an inac-
tive state by sequestering it from its target JAK2 in cell lines. An 
essential role of the LNK–14-3-3 interaction in HSPC development 
in vivo was revealed by BMT experiments in which 14-3-3–depleted 
HSPCs failed to normally reconstitute hematopoietic development. 
14-3-3 functions in part via LNK, since the deleterious effects of  
14-3-3 knockdown were mitigated in the absence of LNK. Con-
sistent with our model, STAT5 activation is impaired in 14-3-3–
depleted HSPCs. In concert, our work uncovered LNK as a dynamic 
adaptor protein controlled by a phosphorylation-dependent inter-
action with 14-3-3. The highly defined and signal-dependent inter-

action between LNK and partner proteins elevates its potential as a 
therapeutic target for stem cell therapies and MPNs.

Results
Phosphorylation-dependent interaction between LNK and 14-3-3 pro-
teins. Our previous studies showed that LNK constrains both 
normal and malignant HSPC expansion in part through limit-
ing JAK2 activity (8). However, the underlying mechanisms are 
poorly understood. We therefore set out to explore LNK regula-
tory mechanisms by identifying LNK interacting complexes that 
we believe to be novel.

To overcome the growth inhibitory effect of LNK, 32D cells were 
engineered to coexpress BCR-ABL (hereafter referred to as 32D-B/A  
cells) (8, 12). Thus, we were able to generate 32D cell lines stably 
expressing Flag-HA double-tagged LNK. Cytoplasmic protein 
extracts were subjected to anti-Flag immunoprecipitation (IP), fol-
lowed by Flag peptide elution and anti-HA IP. Bound material was 
eluted with glycine and fractionated by SDS-PAGE (Figure 1A) and 
the resulting gel slices were excised for protein identification by 
mass spectrometry. In addition to the known LNK partner JAK2, 
14-3-3 proteins β, γ, ε, ζ, η, and τ were enriched in our purification 
(Figure 1A and Supplemental Figure 1; supplemental material 
available online with this article; doi:10.1172/JCI59719DS1).

The interaction between endogenous LNK and 14-3-3 was vali-
dated in cells from WT and Lnk–/– spleens, with JAK2 serving as 
positive control (Figure 1B). Subsequently, we mapped the interac-
tion between LNK and 14-3-3 ε (14-3-3) in 293T cells. The Scansite 
(32) analysis of mouse LNK protein predicted 2 high-stringency  
14-3-3 binding motifs — S13 and S129 — near the N terminus. 
These 2 serines were converted singly (S13A or S129A) or doubly 
(2SA) into alanines, and their effects were examined by co-IP of 
Flag-LNK with myc–14-3-3 or endogenous 14-3-3 in 293T cells 
(Figure 2A). Although, WT LNK readily associated with both forms 
of 14-3-3, the single serine mutants were impaired in 14-3-3 bind-
ing, especially the S129A version. The 2SA mutations completely 
abolished the LNK–14-3-3 interaction (Figure 2A). The reverse IP 
with anti-myc antibodies showed similar results (Figure 2A). More-
over, we confirmed these results in 32D-B/A cells stably expressing 
WT LNK or the LNK mutants (Figure 2, B and C). The N termi-

Figure 1
Identification of 14-3-3 proteins as LNK binding partners. 
(A) Cytoplasmic fractions of 32D-B/A parental cells (C) or 
cells stably expressing Flag/HA-LNK (LNK) were isolated 
and precipitated with anti-Flag (1°) and anti-HA antibod-
ies (2°) sequentially. IP eluates were subjected to SDS-
PAGE and visualized by silver staining. M, marker. (B) 
LNK interacts with endogenous 14-3-3. Protein lysates 
from WT and Lnk–/– spleens were either directly subjected 
to WB analysis or IP with anti-LNK antibodies, followed by 
WB analysis with indicated antibodies. ns, nonspecific. (C) 
32D-B/A cells stably expressing Lnk were stimulated with 
or without Tpo for 10 minutes. Cell lysates were subjected 
to WB analysis with phospho-specific antibodies to pS13 
and pS129 sites in LNK or total LNK protein.
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nus of LNK comprising S13 and S129 was required for the 14-3-3 
interaction, whereas the PH or SH2 domains were dispensable for 
14-3-3 binding (Figure 2, B and C). The involvement of consensus 
serine motifs in the 14-3-3 interaction suggests that phosphoryla-
tion of LNK at the S13 and S129 sites regulates 14-3-3 binding.

To monitor the phosphorylation state of LNK, we generated phos-
pho-specific antibodies to pS13 and pS129. Using these reagents 
in 32D cells, we found that 14-3-3 associates with LNK in a man-
ner dependent on pS13 and pS129 phosphorylation (Figure 2D). 
Furthermore, the phosphorylation of these 2 sites is moderately 
increased upon TPO stimulation in 32D cells stably expressing MPL 
and Flag-LNK, although there was a notable basal level of phos-
phorylation (Figure 1C). Importantly, LNK purified from 32D-B/A 
cells was subjected to mass spectrometric analysis, which confirmed 
that both S13 and S129 are indeed phosphorylated in vivo (data 
not shown). Together, these results reveal 14-3-3 proteins as compo-
nents of the LNK complex and suggest that signal-dependent phos-
phorylation modulates LNK activity via 14-3-3 association.

14-3-3 restrains growth inhibition by LNK. To determine the func-
tional consequences of the LNK–14-3-3 interaction, we compared 
the growth inhibitory function of WT LNK and 14-3-3 binding-

defective LNK in 32D cells. Lnk cDNAs were introduced into a 
bicistronic pOZ retroviral vector that coexpresses the human IL-2 
receptor (IL-2R). After infection of 32D cells, the fraction of IL-2R+ 
cells was monitored by flow cytometry and compared to that of 
cells infected with control vector (Figure 3A). WT LNK expression 
impaired cell growth as previously reported (3, 4). However, LNK 
2SA double mutants and the S129A single mutants conferred an 
even more pronounced growth disadvantage (Figure 3A). To con-
firm the growth inhibitory effects of LNK, cell numbers of infected 
cells were measured daily. LNK-expressing 32D cells showed blunt-
ed cell growth, while the vector control cells exhibited exponential 
growth. Importantly, cells expressing LNK 2SA and S129A showed 
a markedly slower growth rate than cells expressing LNK WT (Fig-
ure 3B). Therefore, the ability of LNK to associate with 14-3-3 
inversely correlates with its growth inhibitory activity, suggesting 
that 14-3-3 constrains the activity of LNK.

To examine whether LNK functions similarly in primary hema-
topoietic progenitor cells, we infected lineage– (Lin–) progenitors 
from Lnk–/– BM with retrovirus encoding WT or mutant Lnk and 
determined the cell cycle profile by measuring BrdU incorporation. 
WT LNK substantially impaired cell cycle progression, as reflected 

Figure 2
14-3-3 binds to LNK at the S13 and S129 sites. (A) 293T cells were cotransfected with myc–14-3-3 and Flag-Lnk or Lnk mutants. Lysates were 
precipitated with anti-Flag (top) or anti-myc antibodies (bottom), followed by WB using indicated antibodies. (B) Endogenous 14-3-3 binds to LNK 
at the S13 and S129 sites. Lysates from 32D-B/A cells expressing Flag-LNK or LNK mutants were precipitated with anti-Flag antibodies, followed 
by WB using anti–pan-14-3-3 and -LNK antibodies. (C) LNK associates with endogenous 14-3-3 through its N terminus where the S13/S129 sites 
are located. Experiments were performed similarly to those in B. d, deletion; N, N terminus; C, C terminus; Linker, the region between the PH 
and SH2 domain. All the lanes were run on the same gel but were noncontiguous. (D) 14-3-3 pulls down serine phosphorylated LNK. 32D-B/A 
cells expressing LNK and myc–14-3-3 were established. Lysates were precipitated with anti-myc antibodies, followed by WB using antibodies 
to pS13, pS129, or total LNK.
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in the reduced fraction of cells in S phase and increased popula-
tion of cells in the G1 phase of the cell cycle (Figure 3C). These 
growth inhibitory effects were even more pronounced when LNK 
2SA was expressed (Figure 3C). Changes in the rate of apoptosis 
do not account for the observed effects (Supplemental Figure 2).  
Furthermore, when plated in methylcellulose cultures, LNK-
expressing Lin– BM cells produced markedly reduced colony num-
bers when compared with those of the control (Figure 3D). The 
inhibitory effects on colony formation were further augmented by 
LNK 2SA (Figure 3D). Taken together these results indicate that 
14-3-3 restrains inhibitory function of LNK in cell proliferation.

14-3-3 interferes with LNK’s inhibition of JAK2 signaling. Since LNK 
slows cell growth by inhibiting JAK2, it is plausible that 14-3-3 
antagonizes effects of LNK on JAK2. Therefore, we measured the 
effects of WT and mutant LNK on cytokine-stimulated JAK2 
activity and its downstream signal transducers. LNK and LNK 
2SA were expressed in 32D cells stably expressing MPL (32D/MPL 
cells) using the pOZ retroviral vector. After TPO stimulation, we 
measured the activities of JAK2 and key downstream effectors 

(STAT5, MAPK, and AKT) by flow cytometry with phospho-spe-
cific antibodies (3, 4, 8). LNK 2SA triggered a more pronounced 
inhibition in JAK2 activity as well as that of its signal transducers 
when compared with that of WT LNK (Figure 4). Thus, our data 
indicate that 14-3-3 binding impairs the ability of LNK to inhibit 
the JAK2 signaling pathway.

14-3-3 impairs the LNK-JAK2 interaction. To study the mechanism 
by which 14-3-3 inhibits LNK function, we investigated whether 
14-3-3 interferes with the LNK-JAK2 interaction (8). Myc-tagged 
forms of JAK2 and 14-3-3 were coexpressed with Flag-WT LNK 
or LNK 2SA in 293T cells, and their association was assessed by 
co-IP (Figure 5A). As expected, WT LNK associated with JAK2 and 
14-3-3 as well as endogenous 14-3-3 ζ (Figure 5A). Importantly, 
LNK 2SA displayed increased myc-JAK2 binding accompanied by 
a reciprocal decrease in 14-3-3 association (Figure 5A). Thus, our 
data suggest that 14-3-3 binding inhibits LNK-JAK2 interaction. 
These results suggest that the physical disruption of the LNK-
JAK2 interaction accounts for at least some of the growth promot-
ing effects of 14-3-3 in hematopoietic cells.

Figure 3
14-3-3 binding restrains LNK growth inhibitory function. (A) 32D cells were infected with retroviruses encoding either WT or mutant Lnk in a 
bicistronic vector, pOZ, with IL-2R as a marker. We determined the proportion of infected cells as the proportion of those that expressed IL-2R  
2 days after infection, and set that day as day 0. We then measured the IL-2R+ fraction every day afterward, and the percentage of IL-2R+ 
cells relative to the initial infection rate is plotted. Representatives of 3 independent experiments are shown. (B) 32D cells were infected with 
pOZ-Lnk, as described in A. The number of cells with IL-2R+–infected populations was enumerated daily, calculated, and plotted (mean ± SD).  
*P = 0.003, **P = 0.0001, when compared with LNK WT. (C) Primary Lin– BM cells from Lnk–/– mice were infected with retroviruses encoding 
either vector alone or pOZ-WT or mutant Lnk and cultured in vitro in a cocktail of cytokines. BrdU was added the day after infection. Cell cycle 
profiles for BrdU and 7′-AAD were analyzed on IL-2R+–infected cells (n = 3). Numbers represent the percentages of BrdU+ cells in the S-phase 
of the cell cycle. *P = 0.0003, #P = 0.007. (D) Infected Lin– BM cells were plated in methylcellulose culture (M3434, Stem Cell Technologies), and 
the colony numbers are shown (n = 3). P = 0.005, Lnk versus 2SA. (A, B, and D) Average ± SD.
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The inhibition of the LNK-JAK2 interaction by 14-3-3 could 
occur through direct contacts. Alternatively, 14-3-3 might indi-
rectly influence the LNK-JAK2 interaction via associated factors. 
To distinguish between these possibilities, we reconstituted Flag-
LNK, myc-JAK2, and myc–14-3-3 alone or in combination in the 
baculovirus-sf9 expression system (Figure 5B). Cell lysates were 
precipitated with either anti-Flag or myc antibodies followed by 
Coomassie staining of the eluates. WT LNK was found to asso-
ciate with both JAK2 and 14-3-3 (Figure 5B, lane 1). LNK 2SA 
failed to bind 14-3-3 but displayed increased association with 
JAK2 (Figure 5B, lane 2). Importantly, in the absence of 14-3-3, 
WT LNK and LNK 2SA associated with JAK2 equally (Figure 5B, 
lane 3 and 4). As controls, noninfected sf9 cells (Figure 5B, lane 
5 and 9), LNK or LNK 2SA alone (Figure 5B, lane 6 and 7), and 
JAK2 or 14-3-3 alone (Figure 5B, lane 10 and 11) are shown. These 
data suggest that LNK interacts with 14-3-3 directly through S13 
and S129 residues.

14-3-3 as a critical regulator of LNK function. The 2SA mutations aug-
ment the inhibitory function of LNK while reducing 14-3-3 bind-
ing. To rule out the possibility that these mutations impair bind-
ing to additional as yet unknown proteins, we specifically restored 
14-3-3 binding to LNK 2SA and measured its activity. To this end, 
we fused a short 14-3-3 binding peptide sequence, referred to as 
R18, to the N terminus of LNK 2SA. R18 mediates phosphoryla-
tion-independent binding to all 14-3-3 isoforms (Figure 6A and 
refs. 33, 34). A mutant R18 peptide (R18KK), in which the core 
motif was altered to disrupt 14-3-3 binding (WLDLE → WLKLK), 
served as control (34). Co-IP experiments showed that R18 but 
not R18KK restored 14-3-3 binding to LNK 2SA (Figure 6A). To 
examine whether loss of 14-3-3 binding was indeed accountable 
for the increased LNK 2SA activity in hematopoietic cells, different 
LNK expression constructs were introduced into 32D cells, and 
cell growth was measured as above. R18-LNK 2SA impaired cel-
lular proliferation to an extent virtually identical to that of WT 

Figure 4
14-3-3 binding attenuates LNK inhibition of cytokine-induced JAK2 activation and downstream signaling. 32D/MPL cells were infected with pOZ 
retroviruses encoding either Lnk WT or Lnk 2SA. Cells were either left unstimulated or stimulated in 10 ng/ml TPO for 10 minutes. Cells were 
analyzed for IL-2R expression as well as phosphorylation of JAK2, STAT5, AKT, or ERK, using flow cytometry. Histograms of unstimulated 
and stimulated cells from the same cell line are overlaid and shown here. The infected IL-2R+ population is labeled in red, while the uninfected 
IL-2R– population is shown in blue. Dashed lines indicate unstimulated cells, while solid lines indicate stimulated cells. Shaded areas represent 
secondary antibody-only controls. Representatives of 3 independent experiments are shown.
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LNK (Figure 6B). In contrast, R18KK-LNK 2SA behaved the same 
as LNK 2SA. We conclude that the specific recruitment of 14-3-3 
via S13 and S129 regulates LNK activity.

Phosphorylation of LNK at S13 and S129 by glycogen synthase kinase 3  
and PKA, respectively. Given that phosphorylation of LNK is criti-
cal for 14-3-3 binding, we sought to identify the responsible 
kinase(s). In silico analysis suggested S13 as a potential substrate 
for glycogen synthase kinase 3 (GSK3). To examine GSK3 in vivo, 
we used 2 GSK3 inhibitors: 6-bromoindirubin-3′-oxime (6BIO) 
or CHIR99021 (CHIR) (35). Both compounds reduced LNK S13 
phosphorylation, confirming GSK3 as a relevant LNK kinase in 
intact cells (Figure 7A). We next examined the effects of GSK3 
inhibition on 14-3-3 binding. Co-IP experiments revealed that 
6BIO or CHIR interfered with the LNK–14-3-3 interaction (Figure 
7A). These results suggest that GSK3 impinges on LNK function 
by promoting 14-3-3 binding.

S129 of LNK resides within a consensus PKA target phos-
phorylation site. Hence we examined all PKA isoforms in an in 
vitro kinase assay using LNK peptides as substrates. All forms 
of PKA examined, but not those PKC, were able to directly phos-
phorylate S129 (Figure 7B). In addition, the PKA inhibitor H-89 
reduced LNK S129 phosphorylation and 14-3-3 binding in cells 
(Figure 7C). To extend these studies in an unbiased fashion, we 
also carried out a comprehensive in vitro kinase screen with 36 
candidate serine/threonine kinases. ROCK, Aurora, p90 ribo-
somal S6 kinases showed in vitro activities toward S129. How-
ever, their pharmacologic inhibition in vivo did not produce any 
measurable changes in S129 phosphorylation or 14-3-3 binding 

(data not shown). Together, these results implicate PKA as the 
relevant LNK S129 kinase.

To examine whether JAK2 signaling regulates the LNK–14-3-3 
interaction, we performed co-IP experiments in the presence of 
active (V617F) and kinase-inactive (Y1007/1008F) versions of JAK2 
or a constitutively active form of MPL (W5151K). None of these 
conditions affected the LNK–14-3-3 interaction (Supplemental 
Figures 3 and 4), consistent with a model in which serine phos-
phorylation of LNK acts upstream to regulate LNK function, while 
JAK/STAT signaling is a downstream effector of LNK. Future work 
will establish the signals that stimulate PKA and GSK3.

14-3-3 sequesters LNK in the cytoplasm from plasma membrane-proxi-
mal JAK2. To elucidate mechanisms by which 14-3-3 interferes 
with the LNK-JAK2 interaction, we assessed the cellular localiza-
tion of LNK and JAK2 using confocal microscopy. 293T cells were 
transfected with pEGFP-Jak2, pOZ-Lnk (Flag/HA-Lnk), or Lnk 
2SA either singly or in combination. Cells were stained with anti-
GFP and anti-HA antibodies, respectively. Confocal microscopy 
images showed that the majority of WT LNK was cytoplasmic, 
with modest staining at the plasma membrane (Figure 8), in agree-
ment with previous reports (36). In contrast, a much larger frac-
tion of LNK 2SA was found at the plasma membrane (Figure 8).  
Notably, we observed marked colocalization of LNK 2SA and 
membrane-bound JAK2. These data suggest that 14-3-3 seques-
ters LNK in the cytoplasm to limit its association with plasma 
membrane-proximal JAK2.

HSPC reconstitution in mice requires 14-3-3 proteins. Our results sug-
gest a previously unknown function of 14-3-3 proteins in regu-

Figure 5
LNK directly interacts with 14-3-3 and JAK2, and 14-3-3 binding 
inhibits LNK-JAK2 association. (A) 293T cells were transfected 
with a series of combinations of constructs as indicated. Cell 
lysates were precipitated with anti-Flag antibodies and blotted 
with indicated antibodies. Total cell lysates (pre-IP) were probed 
with anti-myc antibodies. (B) Recombinant Flag-LNK or 2SA, 
myc-JAK2, and myc–14-3-3 proteins were reconstituted either 
separately or together in insect sf9 cells through baculoviral 
infections. Sf9 lysates were precipitated with anti-Flag or myc 
antibodies, followed by Coomassie staining of the eluates. Rep-
resentative results of 2 independent experiments are shown.
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lating HSPC signaling via LNK and JAK2. To assess the role of  
14-3-3 in HSPCs in vivo, we set out to deplete 14-3-3 proteins using 
shRNA-mediated knockdown followed by BMT.

Four 14-3-3 isoforms (β, ε, ζ, and η) were previously found in the 
BM at the mRNA level (37, 38), with 14-3-3η being undetectable at 
the protein level (data not shown). We therefore dissected the role of 
individual 14-3-3 isoforms in HSPCs by knocking down individual 
14-3-3 isoforms (i.e., β, ε, and ζ) then performing BMT (Figure 9,  
A and B). Lin– BM cells were infected with pLKO lentiviruses 
expressing shRNAs targeting 14-3-3 proteins or, as control, lucifer-
ase (Luc). Western blotting (WB) analysis identified shRNA clones 
that effectively diminished the production of individual β, ε, and 
ζ isoforms (Figure 9A). Infected Lin– BM cells were transplanted 
into lethally irradiated recipient mice. FACS analysis measuring 
the percentage of GFP+ cells was carried out prior to transplan-
tation as well as monthly thereafter (Figure 9B). We found that 

depletion of individual 14-3-3 isoforms (β, ζ, or ε) did not affect 
HSPC reconstitution (Figure 9B).

Since it is likely that 14-3-3 play redundant roles in HSPCs, 
we screened and identified shRNAs that simultaneously target 
multiple 14-3-3 isoforms. WB analysis identified 2 shRNA clones 
that diminished the production of 14-3-3 β, ε, and ζ (referred to 
throughout as pan 14-3-3) in Lin– BM cells (Figure 9C). FACS anal-
ysis carried out prior to transplantation showed similar infection 
rates among all 3 groups (Figure 9D, left, and Figure 9E, time 0). 
GFP+ populations were plotted as a fraction of donor-derived cells 
(Figure 9E) as well as a fraction of total host peripheral blood (PB) 
(Figure 9F). We observed that 14-3-3 depletion markedly inhibited 
HSPC reconstitution. Importantly, the degree of 14-3-3 knock-
down correlated with the extent of inhibition.

To determine the blood reconstitution in different lineages, 
the percentages of GFP+ cells in the myeloid and lymphoid com-
partments were monitored by FACS using lineage-specific mark-
ers. 14-3-3 depletion inhibited reconstitution of all examined 
lineages (Supplemental Figure 5). Of note, this was not due to a 
defect of HSPCs homing to the BM (Supplemental Figure 6). We 
further analyzed HSPC reconstitution in the host BM 16 weeks 
after transplant. Specifically, BM cells were analyzed for GFP+ per-
centage in HSPCs using Lin–Sca-1+Kit+ (LSK) and SLAM markers 
(CD150+CD48–LSK) for long-term HSCs (ref. 38 and Supplemen-
tal Figure 7). This revealed that 14-3-3 depletion inhibited HSPC 
reconstitution in the BM (Supplemental Figure 7), suggesting 
for what we believe to be the first time that 14-3-3 proteins play 
important and positive roles in HSC functions.

14-3-3 regulates HSPC functions in part through the LNK/JAK2/STAT5 
pathway. To explore the signaling mechanisms by which 14-3-3 pro-
teins affect HSPCs, we studied the effects of 14-3-3 depletion under 
conditions of LNK deficiency. Lin– BM cells from WT and Lnk–/–  
mice were infected with lentiviruses expressing shRNA to Luc or 
pan 14-3-3 and transplanted into irradiated hosts (Figure 10, A and 
B). shRNA 14-3-3 no. 1 displayed the most effective knockdown of  
14-3-3 (Figure 9C) and severely impaired BM reconstitution in both 
WT and Lnk–/– cells (Figure 10A), indicating that 14-3-3 proteins have 
multiple functions beyond interaction with LNK. Importantly, LNK 
deficiency mitigated the detrimental effects of shRNA14-3-3 no. 2 
depletion (Figure 10B), which had an intermediate effect on 14-3-3 
levels (Figure 9C), indicating that LNK contributes to functions of 
14-3-3 proteins in HSPCs. Furthermore, 14-3-3 depletion dampened 
cytokine-induced STAT5 activation in HSPCs (Figure 10C). These 
results provide additional evidence supporting a positive role for  
14-3-3 in promoting JAK/STAT signaling via LNK inhibition.

Figure 6
14-3-3 is sufficient to restrain LNK binding to JAK2 and growth inhibi-
tion. (A) The top panel shows the sequences of synthetic 14-3-3 bind-
ing peptides R18 and R18KK. The core motif WLKLK is indicated in 
bold. The blue letters indicate Wildtype R18 motif sequence, while the 
red indicates the mutated residues The bottom panel shows biochemi-
cal studies using various LNK constructs. 293T cells were transfected 
with different combinations of constructs, consisting of myc-Jak2, 
myc–14-3-3 ε, and Flag-Lnk or Lnk mutants. Cell lysates were precipi-
tated with anti-Flag antibodies, followed by WB with anti-myc and LNK 
antibodies. Total cell lysates (TCLs) were also blotted as indicated. (B) 
32D cells were infected with retroviruses encoding either WT or mutant 
Lnk. Cell growth inhibition was detected as described in Figure 3A. 
Representative results of 2 independent experiments are shown.
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Discussion
LNK negatively regulates normal HSC expansion and self-renewal 
by restricting the TPO/MPL/JAK2 signaling pathway (7, 8, 10). 
The work presented here provides insights into LNK function by 
demonstrating an interaction with 14-3-3 family proteins that we 
believe to be novel. Several lines of evidence support the impor-
tance of this interaction in regulating cytokine signaling and cell 
growth. First, mutations of the serine residues of LNK that medi-
ate 14-3-3 binding lead to increased LNK activity, as reflected in 
augmented growth inhibitory activity and reduced JAK2 signal-
ing. Second, restoration of 14-3-3 binding to mutant LNK restores 
normal LNK function. Third, depletion of 14-3-3 in hematopoietic 
HSPCs impairs their ability to repopulate lethally irradiated mice, 
a phenotype consistent with increased LNK activity (39). Fourth, 
LNK deficiency partially compensates for the loss of 14-3-3, fur-
ther demonstrating the physiological importance of 14-3-3 as a 
key regulator of LNK in promoting HSPC functions. Fifth, 14-3-3 
depletion dampens cytokine-induced STAT5 activation in HSPCs, 
thereby providing additional evidence supporting a positive role 
for 14-3-3 in promoting JAK/STAT signaling via LNK inhibition. 
Last, and importantly, mechanistic experiments revealed that  
14-3-3 directly impairs LNK binding to JAK2 by subcellular seques-
tration, which agrees with the growth promoting effects of 14-3-3. 
Thus, our data reveal previously unappreciated serine phosphory-
lation events in LNK-dependent hematopoietic function and regu-
lation of JAK2 signaling in hematopoiesis.

LNK is regulated by serine phosphorylation. Previous work estab-
lished that LNK phosphorylation on tyrosine Y536 is important 
for LNK to execute its growth inhibitory function (3, 4), although 
the underlying mechanism was not defined. The present study in 
hematopoietic cell lines shows that LNK activity can be inhibited 
via serine phosphorylation, which leads to 14-3-3 binding. This in 
turn releases JAK2 from the constraints of LNK, thereby enhanc-
ing JAK2 signaling and cell proliferation. JAK2 does not affect 
serine phosphorylation of LNK, indicating that distinct pathways 
control serine and tyrosine phosphorylation events. Thus, LNK 
emerges as a dynamic signaling platform that is subjected to tightly  
balanced positive and negative regulatory modifications, allowing 
the integration of multiple signaling pathways.

It is important to note that basal levels of serine phosphoryla-
tion in LNK are notable, and TPO moderately increases these. 
What are the upstream kinases and extracellular signals beside 
TPO that regulate LNK serine phosphorylation? Our pharmaco-
logical inhibitors and in vitro kinase studies suggest S13 and S129 
as potential substrates for GSK3 and PKA, respectively. Further 
work will be required to genetically establish LNK as a physiologi-
cally important substrate of these kinases, due to the limitations 
of pharmacological inhibitors. Of note, we recently reported that 
GSK3 indeed plays a pivotal role in HSC homeostasis and self-
renewal (35). A recent report in zebrafish suggest that prostaglan-
din E2 activates PKA in stem cells (40, 41). This illustrates that 
defining mechanisms by which LNK coordinates distinct signal-
ing pathways not only enhances our knowledge of the cytokine 
signaling circuitry in HSCs but might lead to new pharmacologi-
cal approaches by which HSC production can be improved, for 
instance through modulation of GSK3 or PKA.

14-3-3 proteins in HSPCs. 14-3-3 proteins have multiple client pro-
teins and cellular functions (23), but their roles in HSPC expan-
sion and hematopoietic development have been poorly explored. 
Our data provide mechanistic insight and for the first time to our 
knowledge reveal a biologic function of 14-3-3 proteins in primary 
HSPCs. In light of the difficulties in generating conditional knock-
out mice for all 7 14-3-3 isoforms, we used shRNAs that target 
multiple 14-3-3 isoforms expressed in BM cells. While knockdown 
of individual 14-3-3 isoforms did not affect HSPC reconstitu-
tion in BMT models, pan-14-3-3 knockdown markedly reduced 
the long-term reconstitution of HSPCs. Importantly, the extent 
to which blood reconstitution was attenuated correlates with the 
knockdown efficiencies. Therefore, our data establish that multi-
ple forms of 14-3-3 play overlapping roles in HSPC development.

Multiple mechanisms can be invoked to explain these results, 
including effects of 14-3-3 on engraftment, proliferation, dif-
ferentiation, and self-renewal of HSPCs. However, based on our 
findings that 14-3-3 knockdown did not affect HSPC homing 
and 14-3-3 acted directly on LNK to modulate JAK2 activity in 
hematopoietic cell lines, we favor a role in self-renewal (8). 14-3-3 
proteins most likely have multiple targets in HSCs in addition to 
LNK. Furthermore, LNK deficiency mitigates the effects of 14-3-3 

Figure 7
GSK3 and PKA phosphorylate LNK S13 and S129 sites, respectively. (A) 293T cells were cotransfected with myc–14-3-3 and Flag-Lnk WT 
or 2SA and treated with GSK3 inhibitors 2 hours prior to cell lysis. Lysates were either precipitated with anti-Flag antibodies followed by WB or 
directly subjected to WB using indicated antibodies. (B) In vitro kinase assays with various purified forms of PKA and PKC and LNK S129 pep-
tides as substrates. Relative activities to known PKA and PKC substrates are shown. (C) 293T cells coexpressing 14-3-3 and Lnk were treated 
with PKA inhibitors (20 μm) 4 hours prior cell lysis. Biochemical studies were performed as described in A.



research article

	 The Journal of Clinical Investigation      http://www.jci.org      Volume 122      Number 6      June 2012	 2087

depletion in HSPC reconstitution assays, and, more importantly, 
14-3-3 depletion dampens STAT5 activation. It suggests that 
14-3-3 regulates HSPCs and hematopoiesis through both LNK-
dependent and -independent pathways, and inhibiting LNK/JAK2 
pathway is one important mechanism by which 14-3-3 proteins 
regulate HSPC function in vivo.

Mechanisms by which 14-3-3 interferes with the LNK-JAK2 interaction. 
Our data indicate that 14-3-3 binding to pS13 and pS129 of LNK 
directly inhibited LNK association with JAK2 in cell lines. It is 
important to note that 14-3-3 and JAK2 bind to distinct regions 
in LNK (JAK2 binds to the LNK SH2 domain at the C terminus) 
(Supplemental Figure 8). Therefore, it is unlikely that there is a 
direct competition in LNK association between 14-3-3 and JAK2. 
Our confocal microscopy data suggest that 14-3-3 binding seques-
ters LNK away from JAK2, which is associated with the plasma 
membrane, thereby limiting their interactions. Of note, we cannot 
exclude the possibility that other binding proteins through LNK 
S13 and S129 could affect LNK localization. There are precedents 

for 14-3-3 in relocating its client proteins (42). For example, in 
response to AKT phosphorylation, FOXO binds to 14-3-3, result-
ing in sequestration of FOXO in the cytoplasm (42). Moreover, 
we show that 14-3-3 modulates JAK/STAT signaling in primary 
HSPCs. Therefore, our studies reveal mechanisms by which 14-3-3 
impinges upon cytokine signaling in hematopoiesis.

LNK dysfunction in MPNs. LNK deficiency predisposes mice toward 
MPNs caused by oncogenic JAK2. In addition, LNK deficiency by 
itself leads to MPNs in aged animals at least in part via augmented 
JAK2 signaling (12, 13). Importantly, missense and deletion muta-
tions in LNK are found in patients with MPN as well as blast-phase 
MPNs or secondary AMLs (15, 16). Human CD34+ progenitors 
bearing LNK mutations showed aberrant activation of STAT5 and 
Stat3 (16). These data strongly implicate an important role for LNK 
in restraining JAK/Stat signaling and MPN development.

While overall genetic disruption of LNK in MPNs is rare (3%–6%) 
(17, 43), structural alterations of Lnk may not be the only disrup-
tions that can promote MPN development. Our data strongly sug-

Figure 8
14-3-3 restrains LNK in the cytoplasm to prevent its asso-
ciation with the plasma membrane-proximal JAK2. (A) 
293T cells were transfected with pEGFP-Jak2, pOZ-Lnk 
(Flag/HA-Lnk), or Lnk 2SA, either singly or in combina-
tions. Two days later, cells were stained with anti-GFP and 
anti-HA antibodies, followed by Alexa Fluor 488 and Cy3 
secondary antibodies, respectively. Confocal microscopy 
was performed, and representative images of 3 indepen-
dent experiments are shown. Scale bars: 10 μm. (B) Inten-
sities (average ± SEM) of the cytoplasmic and plasma 
membrane signals.
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gest that dysregulation of posttranslational modifications within 
the Lnk/JAK2 signaling pathway could also influence initiation 
and progression of MPNs. The findings in this report showing 
that LNK is negatively regulated by serine phosphorylation war-
rant further studies examining LNK phosphorylation status in 
human MPNs. By extension, 14-3-3 proteins might be structurally 
or functionally altered in human neoplasms. Indeed, 14-3-3 pro-
teins are overexpressed in breast and squamous cell carcinomas, 
and 14-3-3 overexpression levels in breast cancers correlate with 
metastatic recurrence and poor survival (44–46). Furthermore, 
14-3-3 disruption by a competitive antagonist induced significant 
apoptosis in Bcr/Abl-transformed hematopoietic cells (47). Taken 
together, further studies are warranted on the role of 14-3-3 func-
tions in hematopoietic malignancies.

We also observed that LNK interacts with JAK1 in addition to 
JAK2 (our unpublished observations). Therefore, it is possible that 
acute lymphoblastic leukemia–associated (ALL-associated) JAK 
mutants might also be under the control of the LNK–14-3-3 sys-
tem. Importantly, LNK mutations have been found in T-ALL (48). 
Therefore, our findings warrant future studies to examine LNK 
mutations and 14-3-3 overexpression in additional hematologic 
malignancies. Furthermore, LNK and 14-3-3 stand as potential 
targets to modulate relevant signaling pathways in these diseases.

Methods
Mice and cell lines. Lnk–/– mice were provided by Tony Pawson and Laura 
Velazquez (Samuel Lunenfeld Research Institute, Toronto, Ontario, Cana-
da) (6) and backcrossed onto the C57/BL6 background for 9 generations. 
IL-3–dependent 32D clone 3 cells were purchased from ATCC. 32D cells 
were maintained in RPMI containing 10% heat-inactivated fetal calf serum 
(Hyclone, Thermo Fisher Scientific) and 10% WEHI-3B cell supernatant as 
a source of IL-3 (WEHI media).

Constructs. Retroviral MIG-Lnk (MSCV-Lnk-ires-GFP) and pOZ-Lnk 
(MSCV-Flag/HA-Lnk-ires-IL-2R) constructs were generated as described 
previously (4, 12). The pOZ-Lnk 2SA mutant was generated through site-
directed mutagenesis using a QuikChange Kit and confirmed by sequenc-
ing (Stratagene). pMICD4-myc–tagged 14-3-3 was cloned by Polymerase 
Chain Reaction (PCR) 14-3-3 cDNA sequence with XhoI and EcoRI sites 
at the 5′ and 3′ oligos, respectively, and subsequently ligated to pMICD4 
(MSCV-ires-CD4 vector containing 6x myc tag at the N terminus) (3) lin-
earized with XhoI and EcoRI. Lentiviral pLKO.1-puro shRNA to Luc or 
14-3-3 were purchased from Open Biosystems. The sequence encoding 
puromycin gene was excised with BamH1 and Kpn1 enzymes and replaced 
with the GFP cDNA sequence to generate pLKO-GFP constructs.

Viral packaging and infection. Retroviral constructs were cotransfected with 
pCL-Eco (49) into 293T Phoenix packaging cells (Garry Nolan, Stanford 
University, Stanford, California, USA). For lentiviral packaging, lentivi-
ral transfer constructs were cotransfected with pMDLg/p, pRSV-rev, and 
pMDG.2-env packaging constructs according to standard protocols (50). 

Figure 9
HSPC reconstitution in mice requires 14-3-3 proteins. (A) Lin– BM cells 
were infected with pLKO-shRNA lentiviruses to either Luc or 14-3-3 ε, 
β, or ζ. Knockdown efficiencies were examined by WB. Asterisks indi-
cate clones with high knockdown efficiencies. All the lanes were run on 
the same gel but were noncontiguous. No., indicates clone number. (B) 
Infected Lin– BM cells were transplanted into lethally irradiated recipi-
ent mice. The percentages of GFP+ reconstitutions in the PB of host 
animals 4, 8, and 12 weeks after BMT are shown. Time 0 indicates 
time of transplant. Each line represents an individual transplanted ani-
mal. (C–F) Pan 14-3-3 knockdown inhibits HSPC reconstitution. (C) 
Lin– BM cells were infected with pLKO-shRNA lentiviruses to either Luc 
or 2 pan 14-3-3 clones (no. 1 or no. 2). Knockdown efficiencies were 
examined by WB. All the lanes were run on the same gel but were 
noncontiguous. (D) Lin– BM cells expressing shRNAs were transplant-
ed. FACS plots of the percentages of GFP+ in donor BM cells before 
transplant and host PB 16 weeks after transplant are shown. Results 
are pooled from 2 independent experiments. *P < 0.0001, **P < 0.01, 
compared with Luc control. (E) The percentage of GFP+ reconstitutions 
in donor-derived PB of host animals at indicated times is shown. (F) 
The percentage of GFP+reconstitutions in total PB of host animals at 
12 weeks is shown (n = 6–10). Average ± SEM.

Figure 10
14-3-3s regulate HSPC reconstitution in mice partially through the 
LNK/JAK2/Stat5 pathway. (A and B) Lin– BM cells from WT and Lnk–/–  
mice were infected with lentiviruses expressing shRNA to either Luc or 
(A) pan 14-3-3 no. 1 or (B) no. 2 and subsequently transplanted. The 
percentages of GFP+ cells before transplant and in host PB after trans-
plant are shown (n = 5–7). Average ± SEM. (C) Lin– BM cells were 
infected with pLKO-Luc or pan 14-3-3 no. 2, and subsequently purified 
GFP+Lin–Sca1+ progenitors were stimulated with or without IL-3 for  
10 minutes and subjected to phospho-flow analysis using anti-pStat5 
antibodies. Histograms of unstimulated and stimulated cells are over-
laid and shown. shLuc-infected cells are labeled in red, while the  
sh14-3-3 cells are labeled in blue. Dashed lines indicate unstimulated 
cells, while solid lines indicate stimulated cells. Shaded areas repre-
sent secondary antibody-only controls.
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The resulting supernatant was collected 48 hours later. 32D cells or Lin– 
BM cells were spin-infected with the desired viral supernatant containing 
10 μg/ml polybrene (Sigma-Aldrich) at 640 g for 1 hour at 30°C.

Phospho-flow cytometric analysis. 32D cells were starved for 2 hours, 
and either left unstimulated or stimulated with 20 ng/ml TPO for 10 
minutes. After stimulation, cells were fixed with 4% freshly prepared 
paraformaldehyde solution and permeabilized with ice-cold methanol 
(51). Cells were then stained with anti–IL-2R antibodies (Upstate Bio-
technology), together with anti-pY1007/8 JAK2 antibodies (no. 3771) or 
p-STAT5 (no. 9351 and no. 4322), pAKT (no. 4058), and pERK (no. 9101) 
all from Cell Signaling Technology at 1:100 dilution, followed by anti-rab-
bit IgG secondary antibodies conjugated to Alexa Fluor 488 (Molecular 
Probes; 1:400) and anti-mouse secondary antibodies conjugated to APC 
(BD Biosciences; 1:400), and analyzed on a FACSCalibur.

Lin– BM infection and transplantation. Mice were directly sacrificed or were 
treated with 5-fluorouracil to enrich for HSPCs prior to BM harvest. Lin– 
cells were isolated from the BM using a panel of Lin antibodies followed by 
Dynabeads depletion of Lin+ cells, according to the manufacturer’s proto-
col (8, 12). Then the cells were cultured in liquid media containing multi-
ple cytokines: SFEM (StemCell Technologies Inc.) containing 10% FBS, 50 
μM β-mercaptoethanol, 100 ng/ml stem cell factor (SCF), 10 ng/ml IL-3,  
10 ng/ml IL-6, and 10 ng/ml TPO (PeproTech). Lin– BM progenitor cells 
were infected with pLKO lentiviruses. Subsequently, infected cells were 
selected in 4 μg/ml puromycin for 2 days in culture and then plated in 
semisolid methylcellulose media. Cells were collected and processed for 
WB analysis for 14-3-3 protein expression.

After determination of 14-3-3 knockdown efficiencies, we replaced the 
sequence for puromycin selection marker with the GFP sequence to gen-
erate pLKO-GFP constructs. Lin– cells from C57/B6 CD45.2 mice were 
isolated and infected with pLKO-GFP lentiviruses expressing shRNAs and 
then transplanted into lethally irradiated B6.SJL CD45.1 recipients. The 
infection rates were determined by FACS analysis for GFP expression on 
the day of transplantation. After transplantation, chimerisms in the PB of 
recipient mice were analyzed for GFP and CD45.2 levels by flow cytometry. 
Lineage reconstitutions were determined with different lineage markers: 
with Gr-1 and Mac-1 for myeloid lineage and CD3e and CD19 for T and B 
cell lineages, respectively. All antibodies were obtained from eBiosciences, 
and flow cytometry analysis was carried out as previously described (52).

BrdU incorporation assay. Lnk–/– Lin– BM cells were spin-infected with pOZ-
Lnk or Lnk 2SA retroviruses and cultured as described above. Twenty-four 
hours later, 10 μM BrdU was added to the cell culture for 45 minutes. Infected  
populations were measured by FACS analysis using APC-conjugated anti–
IL-2R antibodies. At the same time, BrdU incorporations were determined 
using FITC-conjugated anti-BrdU antibodies and 7′-aminoactinomycin D 
(7′-AAD), according to manufacturer’s instruction (BD Biosciences).

Confocal immunofluorescence microscopy. The pEGFP-C1-Jak2 construct 
was provided by Lily Jun-Shen Huang (UT Southwestern Medical Center, 
Dallas, Texas, USA). Two days after transfection, 293T cells were fixed with 
paraformaldehyde, permeabilized with saponin, and stained with anti-GFP 
(Invitrogen) and anti-HA antibodies (HA11.1, Covance), followed by Alexa 
Fluor 488–conjugated anti-rabbit IgG and Cy3-conjugated anti-mouse IgG 
secondary antibodies (Molecular Probes). Confocal images were acquired 
under a Zeiss LM710 microscope. Confocal microscope images were quan-
tified by ImageJ. Briefly, a line was drawn on the cytoplasmic or membrane 
portion of each cell, and intensities along the line were obtained using the 
Analyze-Plot profile function. Intensities were then averaged from 20 to 30 
cells from 3 independent experiments.

IP and WB analysis. Cells were lysed in buffer containing 0.5% NP-40, 
phosphatase, and protease inhibitors as described in ref. 4, with the addi-
tion of β-glycerolphosphate and sodium pyrophosphate to prevent serine/
threonine phosphatase activities. IP was preformed with anti-Flag beads 
(Sigma-Aldrich), or myc (9E10, Covance) antibodies. WB was performed 
with anti-phosphotyrosine (0.5 μg/ml; 4G10, Upstate); myc (9B11, Cell 
Signaling Technology); and 14-3-3 β (C-20), 14-3-3 ε (5A5), 14-3-3 ζ (C-16),  
14-3-3η (K-12), pan 14-3-3 antibodies (H-8 and K-19), and anti-LNK anti-
bodies (all at 1:1,000; all from Santa Cruz Biotechnology).

Statistics. Two-tailed Student’s t tests were used. A P value of less than 0.05 
was considered significant.

Study approval. The protocol for this work was approved by the Insti-
tutional Animal Care and Use Committee of the Children’s Hospital 
of Philadelphia.
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