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Ikaros is a zinc ﬁnger-containing DNA-binding protein that plays
a pivotal role in immune homeostasis through transcriptional
regulation of the earliest stages of lymphocyte ontogeny and
differentiation. Functional deﬁciency of Ikaros has been implicated
in the pathogenesis of acute lymphoblastic leukemia, the most
common form of childhood cancer. Therefore, a stringent regulation of Ikaros activity is considered of paramount importance, but
the operative molecular mechanisms responsible for its regulation
remain largely unknown. Here we provide multifaceted genetic
and biochemical evidence for a previously unknown function of
spleen tyrosine kinase (SYK) as a partner and posttranslational regulator of Ikaros. We demonstrate that SYK phoshorylates Ikaros
at unique C-terminal serine phosphorylation sites S358 and S361,
thereby augmenting its nuclear localization and sequence-speciﬁc
DNA binding activity. Mechanistically, we establish that SYK-induced Ikaros activation is essential for its nuclear localization and
optimal transcription factor function.
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karos (IK) is a zinc ﬁnger (ZF)-containing sequence-speciﬁc
DNA-binding protein that plays a pivotal role in immune homeostasis through transcriptional regulation of the earliest stages
of lymphocyte ontogeny and differentiation by both (i) gene
transcriptional activation via efﬁcient transcription initiation and
elongation, and (ii) gene repression (1–6). IK also exhibits a tumor-suppressor function in lymphocyte precursors (1–4, 7, 8).
Functional deﬁciency of IK because of expression of non-DNA
binding dominant-negative IK isoforms caused by aberrant splicing (9) or genomic mutations (10) has been detected in leukemic
lymphocyte precursors from patients with acute lymphoblastic
leukemia (ALL), the most common form of childhood cancer.
Currently, our knowledge regarding the upstream regulators of IK
function is very limited (1–4, 11–14). IK function, stability, and
subcellular localization are generally thought to be regulated by
posttranslational modiﬁcation and heterodimerization with other
members of the IK family of DNA binding proteins (1–4). Besides
the casein kinase II (CK2)-protein phosphatase 1 (PP1) molecular
complex (12–14), other upstream regulators of IK in its function as
a transcription factor that activates gene expression have not been
deciphered. Spleen tyrosine kinase (SYK) is a physiologically
important kinase that serves as a key regulator of multiple biochemical signal-transduction events and biologic responses in Blineage lymphoid cells throughout B-cell ontogeny (15–21). SYK is
generally known as an integral part of effective B-cell antigen
receptor (BCR) signaling in mature B-cells (15–21). SYK also has
important functions in BCR-independent signaling pathways because of its enhanced tyrosine kinase activity in the context of
oxidative stress (22), as well as its nonenzymatic interactions with
other regulatory proteins (23). Furthermore, multiple centrosomal
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substrates for SYK were identiﬁed by using sensitive kinase assays
linked with phosphoproteomics, suggesting that SYK negatively
affects cell division through its centrosomal kinase activity (24).
Recently, SYK has been identiﬁed as a dual-speciﬁcity kinase that
not only phosphorylates tyrosine (Y) but also serine (S) residues
(21). Our results presented herein provide genetic and biochemical evidence for a previously unknown regulatory function of
SYK as an activating partner of IK, that phosphorylates IK at
serine phosphorylation sites S358 and S361, thereby augmenting
its nuclear localization and sequence-speciﬁc DNA binding activity. This evidence is a demonstration of posttranslational
phosphorylation as a unique mechanism of IK activation.
Results
SYK Phosphorylates IK at Unique Phosphorylation Sites S358 and S361.

In our search for potential partners of IK, we discovered that 14
transcripts representing 11 IK-regulated lymphoid priming genes
were signiﬁcantly up-regulated in human lymphocyte precursor
cells from primary bone marrow specimens of pediatric patients
with ALL expressing high levels of the SYK gene, which prompted
the hypothesis that SYK may be involved in the regulation of IK
function (Fig. S1). High-resolution confocal microscopy demonstrated that native IK and SYK are colocalized in both the nucleus
and cytoplasm of human cells (Fig. S2A). In coimmunoprecipitation experiments, SYK immune complexes contained not only
SYK (Fig. S2B) but also IK (Fig. S2C), indicating that native IK
constitutively exists in a stable physical association with native
SYK. This association was further conﬁrmed by demonstrating
that IK immune complexes contained SYK (Fig. S2B) as well as
IK (Fig. S2C).
We next performed kinase assays to determine if puriﬁed
recombinant SYK can phosphorylate puriﬁed recombinant IK
in vitro. In cold kinase assays, the antiphosphoserine (α-PS)
Western blot analysis of IK immunoprecipitated from the SYK
plus IK kinase reaction mixtures showed markedly enhanced Sphosphorylation (Fig. 1 A and B). Similarly, phosphoamino acid
analysis of the SYK-phosphorylated IK in hot kinase assays
conﬁrmed that SYK phosphorylates IK almost exclusively on
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SYK Causes Serine Phosphorylation, Activation, and Nuclear Localization
of Native IK. We next examined the effects of the SYK kinase

Fig. 1. Serine phosphorylation and activation of recombinant IK by recombinant SYK. (A) After a cold kinase reaction, maltose-binding protein
(MBP)-tagged recombinant IK was immunoprecipitated from the kinase
reaction mixture and subjected to α-PS Western blot analysis. (B) Anti-IK
Western blots of the samples shown in A. (C) Recombinant SYK showed
autophosphorylation and it also phosphorylated MBP-IK1 in hot kinase
assays. (D) Phospho amino acid analysis of the SYK-phosphorylated MBP-IK1
band showed S-phosphorylation. (E) MS analysis on trypsin-digested recombinant IK after an in vitro kinase reaction with puriﬁed recombinant
SYK. (F) EMSAs were performed using increasing amounts (50, 100, 150, 200
ng per sample) of puriﬁed MBP-tagged recombinant IK1 protein that has
been phosphorylated by recombinant SYK, C. (lane 1) IK-BS1 probe only.
(lanes 2–5) Increasing amounts of SYK-phosphorylated MBP-IK1 were used
in EMSA. (lane 6) MBP-IK1Phos(SYK) (200 ng) was mixed with 1 ng radiolabeled
IK-BS1 in the presence of 100-fold excess unlabeled (cold) IK-BS1 for homologous competition. (lanes 7–10) Increasing amounts of unphosphorylated MBP-IK1 were used in EMSA. (lane 11) MBP-IK1 (200 ng) was mixed
with 1 ng radiolabeled IK-BS1 in the presence of 100-fold excess of unlabeled
(cold) IK-BS1.
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inhibitor piceattanol (PCT) on S-phosphorylation of native IK in
fetal liver-derived human pro–B-cell line FL112. Western blot
analysis of IK and SYK immune complexes using a mixture of
polyclonal Abs recognizing IK, SYK, and CD19 revealed that
CD19 receptor engagement in FL112 cells using a CD19-receptor–speciﬁc monoclonal Ab homoconjugate (CD19×CD19)
promotes the formation of a multimolecular complex containing
CD19, IK, and SYK (Fig. S4). The increased association between IK and SYK in CD19×CD19-stimulated FL112 cells was
accompanied by increased S-phosphorylation of IK as documented by detection of larger amounts of IK among S-phosphorylated proteins immunoprecipitated with an α-PS Ab (Fig.
S4A), as well as by α-PS Western blot analysis of IK immune
complexes (Fig. S4B). SYK-inhibitor PCT blocked this response
to CD19 engagement and prevented CD19×CD19-induced Sphosphorylation of IK (Fig. S4). The negative effect of PCT on
this activation-induced phosphorylation indicated that SYK was
directly responsible for BCR-independent S-phosphorylation of
native IK after CD19-receptor engagement.
Confocal ﬂuorescence images of primary leukemic B-cell precursors from newly diagnosed B-lineage ALL patients with wildtype SYK exhibited normal punctate nuclear staining, consistent
with the localization of IK to the pericentromeric heterochromatin (PC-HC). In contrast, SYK-deﬁcient primary leukemic
cells (25) showed an aberrant, predominantly cytoplasmic localization of IK (Fig. S5A), despite the absence of any IK mutations
or exonic deletions that could impair its DNA binding and nuclear
localization (Fig. S6). Because the nuclear localization of IK is
determined by its DNA binding activity, these results uniquely
indicated that the IK–SYK interaction favorably affects the DNA
binding activity of native IK in primary human lymphocyte precursors. We next sought direct and unequivocal genetic evidence
for a regulatory role of SYK in nuclear localization of native IK in
lymphoid cells using SYK-deﬁcient DT40 chicken B-cell lymphoma clones that were established by homologous recombination
knockout (22). When analyzed by high-resolution ﬂuorescence
microscopy, SYK-deﬁcient DT40 cells exhibited an abnormal IK
localization proﬁle, with much of the IK protein found in the
PNAS | October 30, 2012 | vol. 109 | no. 44 | 18073
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S-residues (Fig. 1 C and D). A MS analysis was performed on
trypsin-digested recombinant IK after an in vitro kinase reaction
with puriﬁed recombinant SYK. We identiﬁed Ser358 (S358) and
Ser361 (S361) as two SYK phosphorylation sites within the mouse
IK peptide 358SNHSAQDAVDNLLLLSK374, corresponding to
a consensus sequence encoded by exon 8 (Fig. 1E and Fig. S3).
S358 corresponds to S361 and S361 corresponds to S364 of human IK. According to our structural model of SYK in complex
with the human IK peptide (residues 341–375), the α-helix of the
target IK peptide would readily bind to SYK catalytic site with
a compact conformation because of its narrow and deep shape
(Fig. S3), and the terminal phosphate of ATP can easily be
transferred by SYK to either S361 or S364 of IK. Notably, S361
and S364 are positioned at the N terminus of an α-helical secondary structure. S364 forms a close contact with the side chain of
R360. Therefore, SYK-induced phosphorylation of S364 would
enhance the side-chain interaction by a positive-negative salt
bridge formation, and thereby stabilize the folded protein conformation of IK. S361 is located at the N-terminal cap of the
α-helix and the positively charged environment constituted by the
macrodipole of the α-helix would favor the interaction with a
SYK-phosphorylated S361, thereby further stabilizing the local
protein conformation of IK. Our model posits that SYK-induced
phosphorylation of IK could therefore improve its DNA binding
function. In agreement with these predictions, SYK-induced
phosphorylation of recombinant IK augmented its sequence-speciﬁc DNA binding activity in a cell-free EMSA platform (Fig. 1F).

cytoplasm, in contrast to the normal speckled staining pattern for
IK in wild-type DT40 cells. The abnormal subcellular localization
of IK in the SYK-deﬁcient DT40 cells was the direct result of lack
of SYK, as evidenced by the fact that SYK− DT40 cells reconstituted with wild-type SYK showed a normal nuclear localization
of IK (Fig. S5B). We also examined the regulatory role of SYK in
nuclear localization of native IK in human cells using an ecdysoneinducible mammalian expression system (22). Induction of SYK
resulted in S-phosphorylation of IK, as documented by detection
of larger amounts of IK among S-phosphorylated proteins immunoprecipitated with an α-PS Ab as well as by α-PS Western blot
analysis of IK immune complexes (Fig. S7 A–D). SYK induction by
Pon-A was sufﬁcient to trigger the nuclear translocation of native
IK without any additional treatments (Fig. S7 E and F). These
ﬁndings provided direct evidence that SYK plays an indispensable
role in nuclear localization of native IK.
We further explored the role of SYK in regulation of the
transcription factor function of native IK in human lymphocyte
precursors by comparing the expression levels of 45 recently
validated IK target genes harboring IK binding sites (7) (Table
S1) in primary samples of lymphocyte precursors from ALL
patients with high vs. low SYK expression levels. Of the 60 transcripts representing the 45 IK target genes, 50 were up-regulated
in ALL samples with high SYK expression. Notably, the expression levels of 34 transcripts representing 22 IK target genes
showed a striking and statistically signiﬁcant increase in cases with
high SYK and IKZF1 expression (Fig. S5C and Table S2). Very
similar results were obtained when the B-lineage ALL subset was
separately examined for consistent differences between high vs.
low SYK expression groups (Fig. S8). These ﬁndings indicated
that SYK expression levels regulate the transcription factor
function of IK. We also found that 23 of 36 transcripts representing 19 validated IK target genes were up-regulated with SYK
induction in U373 cells (Fig. S7G). Thus, SYK is capable of
causing S-phosphorylation, nuclear translocation, and activation
of transcription factor function of IK in human cells. Notably,
selective depletion of SYK after treatment with SYK siRNA (but
not scrambled control siRNA) markedly diminished the nuclear
localization of native IK (Fig. 2 A and B) and abolished its DNA
binding activity (Fig. 2C) in human 293T cells. To formally document the importance of SYK in the regulation of IK transcription factor function, we examined the effects of SYK depletion by
RNA interference on validated IK target gene expression in human 293T cells using RT-PCR (Fig. 2D). Notably, the expression
levels of ﬁve randomly selected IK target genes were reduced by
siRNA-mediated depletion of SYK. Included as a positive control, IK siRNA (but not scrambled siRNA) also abrogated or
reduced the expression of these genes. The striking SYK-dependency of the IK target-gene expression levels demonstrates
that SYK plays a critical role in regulation of the native
IK function.
Site-Directed Mutagenesis of IK at SYK Phosphorylation Sites Alters
Its Subcellular Localization, Sequence-Speciﬁc DNA Binding Activity,
and Transcription Factor Function. In contrast to the SYK-induced

S-phosphorylation of IK, which results in augmented DNA
binding activity, CK2-mediated phosphorylation of IK at 11
previously published serine/threonine phosphorylation sites has
been shown to reduce the DNA binding activity of IK (12). Protein phosphatase PP1 binds and activates IK by dephosphorylating it on CK2-phosphorylated residues (14). IK mutant 12A
containing alanine (A) mutations at the 11 CK2 target sites along
with the PP1 recognition motif (A465/467) is able to bind DNA
(14) and exhibits a normal PC-HC localization when overexpressed in 293T cells, as reﬂected by a speckled nuclear staining
pattern (Fig. 3A, 1). Notably, siRNA-mediated depletion of native SYK completely blocks the nuclear localization of IK mutant
12A in 293T cells, as evidenced by a strictly cytoplasmic staining
18074 | www.pnas.org/cgi/doi/10.1073/pnas.1209828109

Fig. 2. Effects of siRNA-mediated depletion of native SYK on nuclear localization, sequence-speciﬁc DNA binding activity, and transcription factor
function of native IK in human cells. (A) SYK vs. IK Western blot analysis of
whole-cell lysates from 293T cells treated with medium only (CON), SYK
siRNA, or BTK siRNA that was used as a control. (B) Confocal images of 293T
cells stained with IK mAb and the blue ﬂuorescent DNA dye DAPI following
72-h treatment with SYK siRNA or scrambled (scr) siRNA (included as a control). CON: No treatment. (Magniﬁcation: 630×.) (C) EMSAs measuring IK
activity of nuclear extracts (NE) from untreated control (CON) 293T cells as
well as 293T cells treated for 72 h with SYK siRNA, or scr-siRNA. (D) RT-PCR
results for ﬁve randomly selected IK target genes after 72-h treatment with
medium alone (CON), scrambled siRNA (sc-siRNA), IK siRNA, vs. SYK siRNA.

pattern (Fig. 3B, 1). Thus, A-substitution of CK2-phosphorylated
inhibitory S-residues fails to restore the DNA binding activity of
IK in the absence of SYK. The combined aspartate (D) phosphomimetic mutation of six N-terminal CK2 phosphorylation
sites causes an abnormal nuclear localization of IK when overexpressed in 293T cells, as characterized by both speckled and
diffuse nuclear IK ﬂuorescence staining (Fig. 3A, 2). siRNAUckun et al.
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Fig. 3. Functional studies on mutant IK proteins
generated by site-directed mutagenesis. (A–C) Confocal images of 293T cells expressing the mutant IK
proteins following treatment with SYK siRNA. (Magniﬁcation: 630×.) (D) EMSAs measuring IK activity of
nuclear extracts (NE) from 293T cells transfected with
expression vectors for wild-type or mutant IK proteins. (E) RT-PCR results for three randomly selected
Ikaros target genes in 293T cells expressing wild-type
or mutant IK proteins.

mediated SYK depletion totally abrogated the speckled staining
indicative of residual PC-HC localization (Fig. 3B, 2). These
results demonstrate that SYK-mediated activation of IK is both
indispensable for its normal PC-HC localization in the nucleus
and capable of overriding its CK2-mediated inhibition. The contribution of SYK-induced phosphorylation of S358 and S361 residues to IK function was determined by performing site-directed
mutagenesis to replace these amino acids with either A for eliminating the effects of SYK-induced phosphorylation or negatively
charged D for causing a phosphomimetic effect that mirrors constitutive phosphorylation. Wild-type IK displayed a predominantly
nuclear localization with a speckled nuclear immunoﬂuorescence
when overexpressed in a subclone of 293T cells lacking native IK
Uckun et al.

expression at detectable levels by confocal ﬂuorescence microscopy (Fig. 3C, 1).
In contrast to wild-type IK, SYK-resistant IK protein M1-1
carrying A-mutations at both SYK phosphorylation sites (A358,
A361) showed no detectable nuclear localization when overexpressed in 293T cells (Fig. 3C, 2). By comparison, IK protein M2-2
carrying D-mutations at these sites showed markedly enhanced
PC-HC localization in the nucleus (Fig. 3C, 3). As with siRNAmediated SYK depletion, A-substitution of S358 and S361 residues
of CK2-resistant mutant IK protein 12A (M5-3) (Fig. 3C, 4) or
mutant IK protein 6D with phosphomimetic D-mutations of six
N-terminal CK2-phophorylation sites (M6-6) (Fig. 3C, 5) completely
abrogated their nuclear localization in transfected 293T cells. Introduction of phosphomimetic D-mutations at SYK phosphorylation
PNAS | October 30, 2012 | vol. 109 | no. 44 | 18075

sites S358 and S361 restored the normal PC-HC localization of IK
with phosphomimetic mutations at CK2 phosphorylation sites to
baseline levels (Fig. 3C, 6). These results conﬁrm and extend the
results of RNAi experiments and provide direct genetic evidence
that SYK-induced phosphorylation of IK at unique phosphorylation
sites S358 and S361 controls its normal subcellular localization and
binding to the PC-HC.
IK has been shown to bind to repetitive sequences within the
PC-HC that contain consensus IK binding sites, and its localization to the PC-HC in the nucleus is directly related to its ability
to bind to these sequences (2, 12). Therefore, we next performed
EMSAs to directly examine the effect of mutations at SYK
phosphorylation sites on the binding of IK to the biotin labeled
γ-satellite A probe (2) derived from the centromeric γ-satellite
repeat sequences. In agreement with the results of the subcellular localization studies shown in Fig. 3C, A-substitution of
the SYK phosphorylation sites S358 and S361 abolished the
ability of both wild-type IK and the CK2-resistant mutant IK
protein 12A to bind to the γ-satellite A probe (Fig. 3D, 1).
Optimal DNA binding is essential for the subcellular localization
and transcription factor function of IK because it binds to the
regulatory elements of its target genes in a sequence-dependent
manner. Unlike wild-type IK or IK with phosphomimetic Dsubstitutions at SYK phosphorylation sites, mutant IK protein
M1-1, which cannot be phosphorylated by native SYK because of
A-substitutions at S358 and S361, did not exhibit detectable
binding to the IK-speciﬁc IK-BS1 probe (Fig. 3D, 2). Similarly,
A-substitutions at SYK phosphorylation sites abrogated the sequence-speciﬁc DNA binding activity of mutant IK protein 12A
that is resistant to inhibitory S-phosphorylation by native CK2
(Fig. 3D, 3). In contrast to the documented effects of the S-to-A
mutations at the identiﬁed SYK phosphorylation sites of IK,
phenylalanine substitutions of Y292, Y409, Y493, and Y499—
predicted to be the most likely of the 16 Y-residues in IK to serve
as putative Y-phosphorylation sites based on their NetPhos
prediction scores (SI Text)—did not affect the binding of IK to
the γ-satellite A or IK-BS1 DNA probes (Fig. S9).
We also compared the transcription factor function of wildtype vs. mutant IK proteins expressed in 293T cells. Whereas
A-substitutions of IK at inhibitory CK-phosphorylation sites and
phosphomimetic D-substitutions of IK at activating SYK-phosphorylation sites were associated with increased expression levels
of three of three randomly selected IK target genes (DNAJC6,
EIF4E3, TNFAIP8L2) in transfected 293T cells, A-substitutions
of SYK phosphorylation sites S358 and S361 caused reduced
expression levels of these IK target genes (Fig. 3E). In agreement
with the EMSA data, A-substitutions at SYK phosphorylation
sites markedly diminished the transcription factor function of the
12A mutant with A-substitutions at inhibitory CK2 phosphorylation sites, as evidenced by the reduced expression levels of IK
target genes in 293T cells expressing the M5-3 mutant IK protein
(Fig. 3E, 2). Taken together, these functional studies on mutant
IK proteins provide unique genetic evidence that SYK-induced
phosphorylation of IK at S358 and S361 can control its nuclear
localization and transcription factor function by augmenting its
sequence-speciﬁc DNA binding activity.
Effects of Wild-Type and SYK-Resistant Mutant Ikaros Proteins on
B-Cell Precursor Differentiation in Vitro. We next examined the

effects of overexpression of wild-type vs. SYK-resistant mutant
IK proteins on the differentiation program of human B-cell
precursors by using RT-PCR and multiparameter ﬂow cytometry. Transfection of the pre-pre–B-cell line ALL-1 lacking IK1/
IK2 and expressing only truncated non-DNA binding IK isoforms with a plasmid encoding wild-type IK protein induced
differentiation, as measured by increased gene and protein expression levels of the mature B-cell surface antigen CD20 at 96 h
posttransfection (Fig. S10). In contrast, transfection of ALL-1
18076 | www.pnas.org/cgi/doi/10.1073/pnas.1209828109

cells with a plasmid encoding SYK-resistant IK protein M1-1
carrying A-mutations at both SYK phosphorylation sites (A358,
A361) exhibited an opposite effect and interfered with their
limited differentiation capacity, as reﬂected by reduced expression levels of CD20 (Fig. S10). Although CD20 was found on
more than 50% of the ALL-1 cells transfected with the wild-type
IK plasmid, less than 20% if ALL-1 cells transfected with M1-1
plasmid were surface CD20+. These ﬁndings indicate that the
SYK-mediated S-phosphorylation of IK is likely important for
not only the transcription factor function of IK, but for its
function as a key regulator of differentiation in B-cell ontogeny
as well.
Discussion
The SYK-phosphorylation sites S358 (S361 in human IK1) and
S361 (S364 in human IK1) are outside the main DNA binding
domain of IK containing the N-terminal ZFs 1–4. SYK-mediated
phosphorylation of the IK protein may induce a conformational
change that affects the accessibility and DNA binding afﬁnity of
the distant N-terminal ZFs or the more adjacent C-terminal ZFs.
Our modeling studies indicate that SYK-induced phosphorylation of S361 and S364 would stabilize the local folded protein
conformation of IK in this segment (Fig. S3). Furthermore,
phosphorylation of the C-terminal ZF domain may also affect
the overall protein conformation of IK and the DNA binding
afﬁnity of its N-terminal ZF. Although high-afﬁnity DNA interactions of IK have been generally attributed to its N-terminal
ZF 1–3 (26), the C-terminal ZF domain has been shown to bind
to the enhancer (δ-A element) of the CD3-δ gene in a sequencespeciﬁc manner (27). It has been proposed that the C-terminal
ZF domain enables the IK5 isoform lacking three of the four Nterminal ZFs to engage in sequence-speciﬁc DNA binding (27,
28). Therefore, augmentation of the DNA binding afﬁnity and
stability of the C-terminal ZF domain is likely to increase its
contribution to the overall DNA binding afﬁnity of IK. Like IK,
other transcription factors, such as the Myc-associated ZF protein MAZ with six C2H2-type ZF motifs, show enhanced DNA
binding activity when phosphorylated on a regulatory S-residue
in their C-terminal domain (29).
The structural basis of SYK activation is not fully understood
because of the lack of a 3D anatomic structure of full-length
SYK in active conformation. Based on the anatomic structure of
the related ZAP70 kinase, a model of immunoreceptor tyrosinebased activation motif (ITAM)-based signaling has been proposed
to explain BCR-mediated SYK activation (30, 31). However, elevation of SYK enzymatic activity is induced by a variety of BCRindependent signals, including oxidative stress that cannot be
explained by recruitment of SYK to ITAMs (32, 33). Furthermore,
the X-ray structure of unphosphorylated kinase catalytic domain
of SYK showed that the enzyme adopts a conformation of the
activation loop typically seen only in activated Y-phosphorylated
Y-kinases (34). In addition, single-particle electron microscopy
studies suggested that the regulation of the activation of SYK
might be modulated by subtle or minor changes in the positioning
of the regulatory domains (SH2-SH2 region) rather than full
opening mechanisms proposed for Src kinases (35). It has also
been shown that numerous signaling events such as phosphorylation by Src-family kinases, autophosphorylation, and substratebinding to the SH2 domains can equally activate SYK (36). The
CD19 receptor plays a critical role in initiation of SYK-dependent
signaling events in both immature and mature B-lineage lymphoid
cells (37–39) (SI Text). The present study demonstrates that activation of SYK after CD19 receptor engagement in a BCR-negative
human pro–B-cell line is associated with increased S-phosphorylation of native IK, and SYK is directly responsible for this BCRindependent S-phosphorylation of native IK after CD19-receptor
engagement. Hence, there are a multitude of signals that contribute to sustained baseline SYK activity in cells and this activity
Uckun et al.

Materials and Methods

a backbone vector to generate the mIKS358A_S361A and mIKS358D_S361D
mutant vectors encoding IK proteins with A- or phosphomimetic D-mutations
at the SYK-phosphorylation sites S358 and S361 using the QuikChange II SiteDirected Mutagenesis Kit from Agilent Technologies (SI Text).
Bioinformatics. In analyses of gene-expression proﬁles of lymphocyte precursors with high vs. low SYK expression levels, we focused our analysis on
validated IK target genes (SI Text). The Gene Pattern Web-based software
(www.broadinstitute.org/cancer/software/genepattern) was used to extract
expression values from the National Center for Biotechnology Information
Gene Expression Omnibus database to compile gene expression proﬁles of
1,104 primary leukemia specimens from newly diagnosed or relapsed ALL
patients (SI Text).

Site-Directed Mutagenesis. The full-length mouse IK cDNA (NM_001025597)
was subcloned into the pCMV6-Entry precision shuttle vector (Cat# PS100001;
Origene) at the restriction sites SgfI and MluI to generate the pCMV6-mIK
mammalian cell-expression vector. The pCMV6-mIK construct was then used as
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Standard Biochemical, Imaging, and Transfection Methods. Confocal laser
scanning microscopy, coimmunoprecipitations, Western blot analyses, and
EMSA were performed as per previously described standard procedures (SI
Text). RT-PCR was used to evaluate the expression levels of IK target genes.
Mass Spectrometry. We used MS to identify the SYK phosphorylation sites of
IK. MS was performed in the University of Southern California Proteomics
Core by using the NanoLC system from Eksigent, a nano-LC-MS/MS proteomics system that employs Eksigent’s Microﬂuidic Flow Control technology
(SI Text).
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appears to be important for the optimal transcription factor function of IK. Whether or not the kinase-ligand interactions between
SYK and IK can cause conformational changes reshaping the active site of SYK via the fairly common process of “induced ﬁt” (40),
and thereby further promote SYK-induced S-phosphorylation of
IK, will require a 3D structure determination of full-length SYK
in a complex with IK using X-ray crystallography or NMR spectroscopy. Similarly, the elucidation of the structural basis of IK
activation by SYK-induced S-phosphorylation will require a 3D
structure determination of IK at atomic resolution before and
after phosphorylation.

