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Mechanism of Divergent Growth
Factor Effects in Mesenchymal
Stem Cell Differentiation
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Closely related signals often lead to very different cellular outcomes. We
found that the differentiation of human mesenchymal stem cells into bone-
forming cells is stimulated by epidermal growth factor (EGF) but not platelet-
derived growth factor (PDGF). We used mass spectrometry—based proteomics
to comprehensively compare proteins that were tyrosine phosphorylated in
response to EGF and PDGF and their associated partners. More than 90% of
these signaling proteins were used by both ligands, whereas the phosphati-
dylinositol 3-kinase (PI3K) pathway was exclusively activated by PDGF, im-
plicating it as a possible control point. Indeed, chemical inhibition of PI3K in
PDGF-stimulated cells removed the differential effect of the two growth
factors, bestowing full differentiation effect onto PDGF. Thus, quantitative
proteomics can directly compare entire signaling networks and discover crit-
ical differences capable of changing cell fate.

Receptor tyrosine kinases (RTKs) regulate
cellular processes ranging from cell growth
and proliferation to survival and differentia-
tion. After binding of their cognate ligands,
these receptors undergo autophosphorylation
on multiple tyrosine residues and become a
platform for binding and consequent tyrosine
phosphorylation of various signaling mole-
cules, thus triggering multiple signaling cas-
cades (/-3). To transmit the signal across the
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entire cell, various RTKs often activate uni-
versal signaling pathways. Nevertheless, dis-
tinct and even opposing biological effects of
these receptors can arise.

Fig. 1. Response of hMSC to EGF
and PDGF stimulation. (A) Anti-
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Human mesenchymal stem cells (hMSC)
are nonhematopoietic cells that reside with-
in the bone marrow stroma. These cells are
multipotent and serve as precursors for var-
ious mesoderm-type cells (4, 5). Thus, h(MSC
have great clinical potential in tissue regen-
eration and engineering protocols (6). In cell
culture, they can give rise to osteoblasts, adi-
pocytes, and chondrocytes through processes
largely controlled by various growth factors
7, 8).

To study the effects of growth factors on
hMSC, we first tested the effects of EGF, PDGF,
fibroblast growth factor (FGF), and nerve
growth factor (NGF) on cellular responses.
Using immunoprecipitation and Western
blotting with antibodies to phosphotyrosine,
we observed that EGF and PDGF elicited the
strongest responses (9) and that they induced
phosphorylation of common and distinct
subsets of proteins (Fig. 1A). Because one of
the main characteristics of hMSC is their
ability to differentiate to osteoblasts, we ex-
plored the possibility that these growth factors
affect osteogenic conversion. The induction of
the osteoblast differentiation pathway is indi-
cated by increased alkaline phosphatase in the
early stages (day 2 to 4), and in vitro min-
eralization is a marker for mature osteoblasts

EGF

Control

phosphotyrosine (anti-pTyr)
Western blotting (WB) of non-
stimulated (Ctrl.) or EGF- or
PDGF-stimulated hMSC, after
immunoprecipitation (IP) with
anti-pTyr. (B) Effects of EGF and
PDGF on hMSC osteoblast differ-
entiation. (Top) Alkaline phos-
phatase activity at day 3 of
differentiation, visualized by in
situ staining. (Bottom) Extra-
cellular matrix in vitro mineral-
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ization after 9 days; staining with
Alizarin Red S dye.

IP : anti-pTyr
WB : anti-pTyr

PDGF

3 JUNE 2005 VOL 308 SCIENCE www.sciencemag.org



A B Erk2 - FRHENIIGINDIIR
Control EGF PDGF . EGF

100 4 @ PDGF
Arg0 Argé Arg10 § 80+
S 704
2 ]
\ 1 / : 60
) . 2 ]
Mix lysates 1:1:1 < 5]
) ]

2 40] Octrl
® ]
&’ 30
Affinity purification 20:
with anti-phosphoTyr antibodies i
10 ’ l
ol Lt T
571 573 575 577 579
Digestion with trypsin m/z
PI-3K, p85-beta - ILLNSER

Protein identification and @ PDGF
quantitation by LC-MS 100 ]
90
C 80
EGF PDGF 70

Proteins modulated by EGF and/or PDGF

Relative Abundance
3

Fig. 2. Determination of EGF and PDGF %1 Ocm @EGF

phosphoprotein complexes in hMSC. (A) 201

Strategy for identification and quantitative 104 | ‘ |
comparison of the global EGF and PDGF oY ST ) N P T N
signaling networks. Three populations of 423 425 427 429

hMSC are metabolically encoded with either m/z

normal arginine (Arg®), or versions which are 6 daltons heavier (Arg®) or 10 daltons heavier (Arg™).
After treatment with growth factors and immunoprecipitation with antibodies to pTyr, precipitated
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stimulation of PI3K. (C) Distribution of proteins involved in EGF and PDGF signaling networks. The
two ellipses with solid lines contain all proteins involved in EGF (left) and PDGF (right) signaling. The
overlapping area comprises the molecules common for the two signaling networks with the inner
punctuated ellipse representing the proteins that were stimulated at comparable levels (within a
factor of 3).
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(day 9 to 12) (10, 11). The addition of EGF
during the course of differentiation resulted in
increased activity of alkaline phosphatase
(Fig. 1B, upper panel) and enhanced forma-
tion of mineralization nodules (Fig. 1B, lower
panel), whereas PDGF had no effect, despite
its ability to induce tyrosine phosphorylation.

To discover critical differences in the sig-
naling mechanisms of EGF and PDGF that
led to the differential effects on osteoblast
differentiation of hMSC, we sought to iden-
tify and directly compare the signaling pro-
teins regulated by tyrosine phosphorylation in
response to these growth factors by mass
spectrometry (MS)-based proteomics (/2—16).
We used stable isotope labeling by amino
acids in cell culture (SILAC) (/7), a quanti-
tative proteomic strategy that metabolically
labels the entire proteome, making it distin-
guishable by MS analysis. Three populations
of hMSC were grown in medium containing
distinct forms of arginine—either the normal
12C, N, version (Arg?), or the isotopic var-
iants 13C, 14N, (Arg®) or 1°C, '’N, (Arg'%)—
until full incorporation of the labeled amino
acid was achieved. Arg® cells were left un-
treated and served as a control, Arg® cells
were exposed to EGF, and Arg!© cells were
exposed to PDGF (Fig. 2A). The combined
cellular lysates from the three states were in-
cubated with antibodies to phosphotyrosine.
The precipitated complexes were resolved on
one-dimensional SDS—polyacrylamide gel
electrophoresis and proteolytically digested.
The resulting peptide mixture was analyzed by
liquid chromatography-tandem MS (LC-MS/
MS). Tyrosine-phosphorylated proteins and
proteins associated with them are efficiently
isolated in this way. Arginine-containing pep-
tides occur as triplets in the mass spectra and
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Fig. 3. Western blot (WB) analysis of selected proteins regulated by EGF  Cbl-b activation. hMSC were stimulated with PDGF for the indicated
and PDGF. (A) After 5 min stimulation with EGF or PDGF, hMSC were  time points and 5 min stimulation with EGF was used for comparison.
lysed and immunoprecipitated (IP) with antibodies to pTyr followed by  After anti-pTyr immunoprecipitation, Western blotting with the cor-
Western blotting for indicated proteins. In the case of Erk1 and Erk2, responding antibodies was used to visualize receptor ubiquitination and
lysates were directly probed with phospho-Erk1/2—specific antibody. Cbl activation. In the lower panel, the cellular lysates were directly
Separate immunoblotting on the lysates is shown to serve as loading probed with antibodies against c-Cbl and Cbl-b to serve as loading

control. (B) Time course of PDGF receptor ubiquitination, c-Cbl and  control.
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the intensity ratios of the Arg® and Arg!© to the
control Arg® peptide directly reflect the de-
gree of tyrosine phosphorylation of the cor-
responding protein or its association with
other tyrosine-phosphorylated proteins as a
result of the treatment with EGF and PDGF,
respectively (Fig. 2B) (13, 16).

We performed two independent exper-
iments and in total identified 113 proteins
with 1.5-fold or higher change in abundance
in antiphosphotyrosine immunoprecipitates
as a consequence of the treatment by at least
one of the growth factors (Table 1). Each of
these proteins was identified with at least
two unique peptides, at high mass accuracy
and with manual verification, ensuring no
false-positive identifications in this data set.
In the first experiment, we used 5 x 107 cells
per condition and a quadrupole time-of-flight
(QSTAR) mass spectrometer. From all 150
quantified proteins, we distinguished 79 pro-
teins (table S1) whose abundance in the im-
munoprecipitates was altered after growth
factor treatment. In the second experiment,
we used 1.1 x 108 cells and a linear ion trap
Fourier Transform (LTQ-FT) mass spectrom-
eter and identified 106 modulated proteins
from a total of 282 quantified proteins. The
LTQ-FT analysis quantified all but seven of
the proteins in the QSTAR data set and added
another 34 because of its higher sensitivity,
sequencing speed, and ability to handle larger
sample amounts (table S1).

To verify the MS data set, we compared
the proteomic results with a series of inde-
pendent immunoblotting experiments with
antibodies to 20 representative proteins reg-
ulated by EGF or PDGF. Although Western
blotting is not quantitative per se, complete
concordance was observed between immu-
noblotting and quantitative proteomic results
(Table 1 and fig. S1).

After verifying the set of regulated pro-
teins, we estimated the biological variability
in the magnitude of the response of individ-
ual proteins within the measured sets. Quan-
titative proteomics indicated that about 90%
of the proteins showed similar changes in
abundance between the two large-scale ex-
periments (within a factor of 1.3 of their
average fold change; table S1 and fig. S2).
For very high fold changes, agreement was
also good; however, in some cases normal-
ization to a low basal signal led to larger
variation.

Many signaling molecules were found at
similar amounts in the tyrosine-phosphorylated
complexes of EGF- and PDGF-stimulated
cells, whereas some proteins showed specific
activation by one or the other of the growth
factors. On the basis of the observed fold
change in abundances, we categorized all 113
proteins (Table 1). Both EGF and PDGF
activate a range of widely shared signaling
pathways. Examples include the mitogen-

activated protein kinase (MAPK) cascades
and signal attenuation through receptor ubig-
uitination followed by endocytic removal
from the cell surface (/, 18). Therefore, it is
not surprising that a large number of the
molecules in Table 1 showed increased presence
in phosphotyrosine-containing complexes
from cells treated with either ligand. Less
than 10% of the EGF- or PDGF-modulated
proteins were unique to each growth factor
(Fig. 2C).

Only five proteins showed decreased abun-
dance in tyrosine-phosphorylated complexes
of growth factor—treated cells, including a
protein tyrosine kinase 9 (PTK9)-like kinase
that had not previously been linked to
regulation by EGF or PDGF receptors. This
group contains breast cancer anti-estrogen
resistance 1 protein (BCAR1), which is the
human homolog of the focal adhesion docking
protein p130Cas, and BCAR3, which is the
human homolog of AND-34, a protein that
binds to BCARI (/9). The amounts of BCAR1
and BCAR3 in the immunoprecipitates were
decreased in response to EGF but increased in
response to PDGF (Table 1 and fig. SlI),
suggesting diverse roles downstream of these
growth factors.

We further divided proteins based on the
magnitude of their change in abundance in
phosphotyrosine-containing complexes in
cells treated with EGF or PDGF. We clas-
sified a protein as considerably more respon-
sive to one ligand if its change in abundance
was at least three times greater than that from
cells treated with the other ligand. Several
interesting observations became apparent
through this categorization. For example, ac-
tivated EGF and PDGF receptors appear to
be preferentially attenuated by different mech-
anisms. Major proteins involved in the removal
of the receptors from the cell membrane and its
subsequent endocytosis were all much more
abundant in immune complexes from EGEF-
treated cells, consistent with the well-known
pathway involving Epsl5 interacting protein
(Epsin), Casitas B-lineage lymphoma proto-
oncogene (Cbl), EGFR substrate 15 (Epsl)),
hepatocyte growth factor-regulated tyrosine
kinase substrate (Hrs), signal-transducing
adaptor molecule (STAM), and STAM2
(18, 20) (Table 1 and fig. S1). Activated
PDGF receptors, on the other hand, appear
to undergo a different (or possibly delayed)
endocytic pathway, mostly dependent on
target of Mybl (TOM1) and Toll-interacting
protein (TOLLIP). These two proteins func-
tion in endosomal trafficking (27) but had
not been associated with RTKSs. The tyrosine
phosphatase Shp-2 was also more responsive
to PDGF, which could indicate faster de-
phosphorylation of members of the PDGF
phosphoproteome (Table 1 and fig. S1).

Src homologous and collagen (Shc) and
son of sevenless protein homolog 1 (Sosl)

Table 1. Proteins with altered amounts in
phosphotyrosine-containing complexes after treat-
ment of hMSC with EGF or PDGF. Proteins are
categorized on the basis of their fold change (ratio)
in abundances. Ratios are averages of two large-
scale experiments (table S1) (33).

Ratio Ratio
Protein name in in
EGF PDGF
Specific proteins for EGF
EGFR 337 1.09
ErbB2 12.3 1.06
c-Cbl 75 1.05
DOC-2 333 1.08
Acid phosphatase 1 1.62 0.87
Ribonuclease inhibitor 2.20 1.10
CYLD 21.7 1.00
KIAA2002 2.85 1.03
Specific proteins for PDGF
PDGFR o 1.48 42
PDGFR B 0.90 56
PI-3K, p85-a 1.07 3.62
PI-3K, p85-B 0.96 6.2
PI-3K, p110-a 1.07 7.2
PI-3K, p110-B 0.91 2.20
PI-3K, p110-8 0.86 5.9
Fyn 0.93 35
Protocadherin 43 1.07 14.1
Proteins with increased abundance
in both EGF and PDGF
Considerably higher in EGF
Eps15 336 8.2
Cbl-b 9.5 2.01
Hrs 23.6 4.95
Epsin 2a 252 4.22
STAM 19.7 4.13
STAM2 27.4 5.8
Sts-1 10.9 1.93
Shc 5.7 1.49
Sos 1 7.93 1.73
SHIP2 9.0 1.73
p62Dok 17.7 2.35
p120 Catenin 7.50 1.78
CED12A 5.7 1.15
BICD2 5.69 1.12
NSAP1/hnRNP Q 4.07 1.23
EIF-2A 11.9 1.53
Considerably higher in PDGF
Shp-2 3.74 18.0
RasGAP 2.48 16.5
TOM1 3.42 10.4
TOLLIP 2.57 7.0
Similar levels in EGF and PDGF
Ubiquitin 11.8 17.3
TOM1L2 10.9 18.2
TSG101 4.98 8.7
Grb2 2.33 1.59
Sos 2 4.88 2.22
Erk1 2.76 2.05
Erk2 2.73 2.29
p38 Map kinase 2.77 1.92
ACK1 2.18 2.23
PLC-y 10.7 15.7
Hypothetical- PLC-y like 8.7 12.9
Gab1 3.1 291
Ras GAP-like, IQGAP 1 1.53 2.01
Vav-2 2.79 1.43
Rho GEF 6 1.48 2.40
Rho GEF 7 2.54 3.40
ARF GAP, GIT2 1.73 3.62
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Table 1 continued.

Ratio Ratio
Protein name in in
EGF PDGF
Rab-6 1.61 1.46
NCK1 1.71 2.38
PDCDé6-interacting protein 10.2 6.5
PDCD6IP 9.4 4.4
HECT domain LASU1 235 331
PP2A, subunit A 1.67 1.60
ApolipoproteinE receptor 216 2.48
AXL 194 179
Eck/EphA2 134 246
DDR2 257 223
Caveolin 1.70 1.49
PICALM 545 526
Vps28 homolog 283 226
Ymer 27.0 109
ANKRD13 protein 149 156
WWdomain binding protein2 426  5.79
FAK1 132 235
Vinculin 139 172
Paxillin 163 238
Ezrin 3.35 2.33
Catenin, B 1 2.36 1.17

Tight junction protein ZO-1 262 144

Tight junction protein ZO-2 2.54 1.48
Sorcin 4.96 2.27
Alpha-actinin 1 173 135
Alpha actinin 4 1.61 1.19
Tubulin o 2.02 1.1
ARP2 1.69 2.30
ARP3 153 2,06
ARP2/3, subunit 1A 137 1.84
ARP2/3, subunit 1B 1.77 2.21
ARP2/3, subunit 2 158  2.13
ARP2/3, subunit 3 1.56 2.05
ARP2/3, subunit 4 1.57 2.07
ARP2/3, subunit 5 160  2.10
Similar to ARP2/3, sub 5 1.71 2.05
Flightless | homolog 138 179
Gelsolin 1.37 1.87
hnRNP K 2.18 1.68
Major vault protein 1.42 1.81
PTRF 2.20 1.29
EIF-4H 1.76 1.28
NPAS 1 1.84 2.27
FAT gene product 324 148
TAK1-binding protein 1 570 222
TRK-fused gene 418 195
14-3-3 £/8 1.50 1.45
14-3-3 1 1.63 1.49
SNX3 2.45 2.94
SNX12 3.46 2.94
Annexin | 2.21 1.65
Annexin VI 1.33 1.60
Annexin VII 9.9 3.80
Annexin XI 109 4.0
Proteins with decreased abundance in both
EGF and PDGF
Cytochrome ¢ 026 0.27
NDP kinase B 036 052
PTK9-like protein 0.61 0.59
Decreased in EGF but increased in PDGF
BCAR1 0.44 1.64
BCAR3 0.42 1.78

had accumulated to greater extent in immu-
noprecipitates from EGF-stimulated cells,
and growth factor receptor-bound protein 2
(Grb2) and Sos2 were also more abundant

compared with immunoprecipitates from
PDGF-stimulated cells. The critical role of
the canonical She, Grb2, Sos pathway in
MAPK activation is well established (7), yet
we observed very similar amounts of phos-
phorylated extracellular signal-regulated ki-
nase (Erkl) and Erk2 after exposure of cells
to EGF or PDGF (Table 1 and Fig. 3A). This
may imply existence of additional means of
MAPK stimulation by PDGF in hMSC or of
stronger negative-feedback regulation of the
cascade in the case of EGF.

Surprisingly few signaling factors were
uniquely affected only by one of the two lig-
ands: only eight for EGF and nine for PDGF.
This group includes the activated receptors:
EGFR and ErbB2 for EGF and PDGFR o and
PDGFR B for PDGF. We discovered a pre-
viously unrecognized kinase, KIAA clone
2002, specific to EGF but not PDGF sig-
naling. A major difference in the activation
profiles by the two growth factors is related to
the ubiquitination of the EGF and PDGF
receptors. c-Cbl is thought to be the main E3
ubiquitin ligase responsible for the ubiqitina-
tion of both types of receptors (22, 23). We
did find more than a 70-fold increase of c-Cbl
in the phosphotyrosine immunoprecipitates
from cells treated with EGF. In PDGF-
stimulated cells, however, no increase in the
amount of immunoprecipitated c-Cbl was
detected (Table 1 and Fig. 3A), suggesting
that c-Cbl does not associate with PDGF re-
ceptor. Although the abundance of Cbl-b, a
related E3 ubiquitin ligase, in the immuno-
precipitates was elevated as a result of the
treatment with either of the growth factors,
much higher fold increase was observed after
EGF stimulation (Table 1 and Fig. 3A). How-
ever, the ubiquitination of the receptors after 5
min of stimulation (quantified from arginine-
containing ubiquitin peptides derived from the
same gel bands as the receptors) was similar
or even slightly higher for the PDGF receptors
(Table 1 and fig. S1). A possible explanation
could be that within 5 min c-Cbl was already
dephosphorylated and dissociated from
PDGEFR or that Cbl-b is the only E3 ubiquitin
ligase downstream of PDGF receptors. We
stimulated hMSC with PDGF for 1, 2.5, 5, or
10 min and monitored PDGFR ubiquitination
and the levels of c-Cbl and Cbl-b activation.
c-Cbl was not associated with PDGFR at any
time up to 10 min, whereas receptor ubiqui-
tination correlated with increasing presence
of Cbl-b in phosphotyrosine-containing com-
plexes (Fig. 3B). Similar results were ob-
served in human embryonic kidney 293T
cells by cotransfecting PDGFR along with
¢-Cbl or Cbl-b (fig. S3), supporting our find-
ing that at least in some cell types Cbl-b is
the Cbl ubiquitin ligase downstream of PDGF
receptors.

A notable difference in the signaling path-
ways activated by the two growth factors in

REPORTS

hMSC also stood out. Accumulation of com-
ponents of the PI3K pathway was detected
only after cells were treated with PDGF but
not with EGF. However, both ligands caused
accumulation of similar levels of Erkl, Erk2,
and p38 (Table 1, Fig. 3A, and fig. SI).
Moreover, we identified as specific for PDGF
all of the regulatory (p85 o and B) and
catalytic subunits (p110 o, B, and &) of the
PI3K; the amounts of these subunits
increased on average fivefold. However, the
highest ratio of any subunit upon EGF
stimulation was 1.07, which is not a signif-
icant change. PI3K phosphorylates inositol
lipids at the 3" position of the inositol ring,
leading to activation of Akt among other im-
portant signaling events. In osteoblasts, PI3K
regulates migration and survival (24, 25),
but its role in the differentiation processes
remains unclear and somewhat controversial
(26, 27).

As described above (Fig. 1B), treatment
of hMSC with EGF resulted in stimulation of
osteoblast differentiation, whereas PDGF did
not have any effect. Because PI3K was the
obvious difference between the signaling
pathways induced by PDGF compared with
those induced by EGF, we investigated
whether the PI3K cascade could account for
that divergence. We used a chemical biology
strategy to block both common and specific
branches of EGF- and PDGF-induced path-
ways. First, we applied a specific MAPK
inhibitor, U0126 (28), to examine the role of
MAPKSs in osteoblast differentiation. U0126
(10 uM) completely eliminated phosphoryl-
ation, and thus activation, of Erkl and Erk2
(fig. S4A). The addition of U0126, either to
control cells or cells treated with the growth
factors, also completely abolished the differ-
entiation of hMSC to osteoblasts, verifying
the critical importance of MAPK for the os-
teoblast conversion process (Fig. 4, A and B)
(10, 29). A similar effect on osteoblast dif-
ferentiation was observed when hMSC were
treated with p38 inhibitor (SB203580, 10 uM),
suggesting that in these cells p38 activa-
tion is needed for osteoblast conversion
(fig. S5).

Treatment of cells with the PI3K-specific
inhibitor Wortmannin (75 nM) (30) inhibited
PDGF-induced activation of the PI3K cas-
cade, as measured by phosphorylation of a
downstream effector Akt (fig. S4B) (31).
Inhibition of PI3K by Wortmannin in PDGF-
treated cells resulted in enhanced osteoblast
differentiation compared with that of cells
treated with PDGF alone. Alkaline phospha-
tase activity (Fig. 4A) and in vitro mineral-
ization (Fig. 4B) in these cultures were
substantially enhanced, completely mimick-
ing the levels of stimulation observed after
treatment with EGF. Furthermore, we im-
planted differentially treated hMSC into
immunodeficient mice and determined new-

www.sciencemag.org SCIENCE VOL 308 3 JUNE 2005

1475



1476

REPORTS

Fig. 4. Effects of PI3K
and MAPK inhibitors
on osteoblast differen-
tiation and in vivo
bone formation. Differ-
entiation of hMSC to
osteoblasts was carried
out in the presence of
EGF or PDGF. Where
indicated, Wortmannin
(75 nM) and UO126
(10 uM) were added
in the media either

EGF
- - o

PDGF B
r

- o

alone or in combina-
tion. (A) Alkaline phos-
phatase in situ staining
was performed 3 days
after treatment. (B) Ex-
tracellular matrix min-

Uo126

is

eralization at day 9 was
visualized by Alizarin
Red S staining. (C) In
vivo bone formation
of hMSC differentially
treated for 4 days and

Wortmannin
+
uo126

recovered from mice
after 5 weeks. Sections
of implants (magnifi-
cation 100x) were
stained with Goldner’s
trichrome; bone (b),
marrow (m), hydroxy-
apatite/tricalcium phos-
phate (h). Bone volume
was quantified as per-

10

cent of total implant
volume and presented
relative to control. (D)
Three implants were
used for each condition.
Values are mean +
SEM. The bone vol-
ume was calculated
from three distinct
areas of each implant.
Data were analyzed
by one-way analysis
of variance followed

Relative bone volume

Ctrl. EGF PDGF PDGF

+
Wortmannin

by Student-Newman-Keuls multiple range test. P values for bars marked with asterisks: control to EGF and control to PDGF-+Wortmannin, P < 0.001;
EGF to PDGF, P < 0.03; PDGF to PDGF+Wortmannin, P < 0.01.

ly formed bone in the transplants (Fig. 4, C
and D) (32). In accordance with the results
from cell culture differentiation, EGF-treated
cells displayed enhanced bone formation in
vivo. Although PDGF-treated cells also pro-
duced larger bone volume compared with
that of the control, the combined treatment
with PI3K inhibitor resulted in substantially
increased bone formation to a level even
higher than those induced by EGF (Fig. 4D).
Thus, the PI3K pathway is indeed a critical
control point that determines the differences
of EGF and PDGF in stimulating hMSC
differentiation.

We used global, quantitative phosphopro-
teomics to elucidate differences in closely re-
lated phosphoproteomes and to connect them
with cell fate decisions. Mathematical models
in systems biology have concentrated on
MAPK signaling and it is hypothesized that

strength and frequency of activation at this
level influence cell fate. Our results demon-
strated that, at least in some cases, decisions
can be made by preferentially activating a
small subset of the signaling network, begin-
ning at the level of plasma membrane—
associated signaling. Extensions of this work
could be directed at following changes through
the Ser-Thr phosphoproteome, especially
related to transcription factors and transcrip-
tional coregulators. This type of analysis
provides a mechanistic “missing link” between
different stimuli and resulting changes in
transcription as measured by microarrays. It is
possible, with a combination of proteomics and
chemical biology, to discover pathways that
influence cell fate. Such approaches could be
beneficial for applications of stem cells to
direct stem cell differentiation to clinical need
more precisely.
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The Structure of Interleukin-2
Complexed with Its
Alpha Receptor

Mathias Rickert,* Xinquan Wang,* Martin J. Boulanger,
Natalia Goriatcheva, K. Christopher Garciaf

Interleukin-2 (IL-2) is an immunoregulatory cytokine that binds sequentially
to the alpha (IL-2Ra), beta (IL-2RB), and common gamma chain (y,) receptor
subunits. Here we present the 2.8 angstrom crystal structure of a complex
between human IL-2 and IL-2Ra, which interact in a docking mode distinct
from that of other cytokine receptor complexes. IL-2Ro is composed of strand-
swapped “sushi-like” domains, unlike the classical cytokine receptor fold. As a
result of this domain swap, IL-2Ro uses a composite surface to dock into a
groove on IL-2 that also serves as a binding site for antagonist drugs. With this
complex, we now have representative structures for each class of hematopoietic

cytokine receptor—docking modules.

Interleukin-2 (IL-2), which is one of the first
cytokines identified and a member of the
four-helix bundle cytokine superfamily, acts
at the heart of the immune response (/).
IL-2 and its alpha receptor, IL-2Ra, are
expressed by T cells after the activation of
T cell receptors by peptide—major histocom-
patibility complexes. The subsequent autocrine
interaction of IL-2 with its receptors leads to
the stimulation of signal transduction path-
ways resulting in T cell, B cell, and natural
killer (NK) cell proliferation and clonal ex-
pansion (2).

The pleiotropic biological activities of 1L-2
are mediated by three cell surface receptors:
the IL-2Ra chain; the IL-2Rp chain; and the
common gamma chain (y,), which is also a
receptor for IL-4, IL-7, IL-9, IL-15, and IL-21
(3). These cell surface receptors form a com-
plex that signals through the intracellular ac-
tivation of the Janus tyrosine kinase 3 (Jak3)
and the signal transducer and activator of
transcription 5 (STATS) (4). The IL-2Ra
chain, originally identified as the Tac antigen
(CD25) (5-7), is enigmatic in that it lacks

Departments of Microbiology and Immunology, and
Structural Biology, Stanford University School of
Medicine, 299 Campus Drive, Fairchild D319, Stanford,
CA 94305-5124, USA.

*These authors contributed equally to this work.
TTo whom correspondence should be addressed.
E-mail: kcgarcia@stanford.edu

www.sciencemag.org SCIENCE VOL 308 3 JUNE 2005

signature features of the cytokine receptor
superfamily (8). IL-2RpB (p75) and the vy, are
both members of the hematopoietic growth
factor receptor family, containing the signature
cytokine-binding homology region (CHR),
which is composed of two fibronectin type-III
(FN-III) repeats (2, 8).

Biochemical studies show that the assem-
bly of the IL-2 receptor complex is initiated
by the interaction of IL-2 with IL-2Ra,
followed by sequential recruitment of IL-2Rf
and v, (9, 10). IL-2Ra alone is the “low-
affinity” receptor (dissociation constant K, ~
10 nM). When expressed together, IL-2Ra
and IL-2RB form the pseudo-high-affinity
receptor (K; ~ 30 pM). Finally, the IL-2Rofy,
complex forms the high-affinity receptor (K, ~
10 pM) that is the signaling complex found on
activated T cells (2). The IL-2RB and vy,
binding sites on IL-2 have been mapped to
locations analogous to the site I and site 11
cytokine-binding sites originally established
in the human growth hormone (hGH) system
(11). However, based on sequence analysis
and mutagenesis studies, IL-2Rao is predicted
to differ from other cytokine receptors in both
its structure and its mode of interaction with
IL-2 (12).

IL-2Ra is a target for therapeutic modula-
tion because it is not expressed on resting T
and B cells but is continuously expressed by
the abnormal T cells of patients with forms of
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leukemia, autoimmunity, and organ transplant
rejection (13, 14). An antagonistic monoclonal
antibody to IL-2Ra (anti-Tac) (Daclizumab) is
effective in preventing the rejection of organ
transplants (/5). Small-molecule inhibitors of
IL-2Ro have also been developed (16, 17).
IL-2 (Proleukin) itself is used to augment
immune system function and has efficacy in
treating metastatic renal carcinoma and mela-
noma (/8). However, there is severe dose-
limiting toxicity that is largely attributed to
activation of the By, form of the receptor on
NK cells (18). Currently, no structural infor-
mation exists for any of the IL-2 receptors,
and this information could assist in the design
of improved therapeutics. Here we present a
crystal structure at 2.8 A resolution of human
IL-2 in complex with the extracellular domain
of IL-2Ra (19).

In the complex structure, the IL-2Ra ecto-
domain resembles an arm bent ~90° at the
elbow between the N- and C-terminal do-
mains (D1 and D2, respectively), engaging
IL-2 along the length of the underside of D1
(Fig. 1, A and B). The IL-2 binding surface
comprises helix A’, helix B, and part of the
AB loop. The long axes of the IL-2Ra B
sheets are aligned parallel with the helical
axes of the cytokine. This differs from the
typical cytokine receptor interaction. For ex-
ample, in the complex of hGH with its re-
ceptor (h\GH-R), the CHR module of hGH-R,
composed of two B-sandwich FN-III domains,
forms a considerably larger, but similar, bent
arm-like structure (Fig. 1B) (20). However,
the protruding elbow region of hGH-R ex-
poses loops that bind to the sides of the hGH
four-helix bundle (20) (Fig. 1B). Although
substantially different, the closest similarity
can be found in the recently elucidated site 111
contact between gpl30-class cytokines and
the gp130 D1 domain (27). However, in that
interaction, the cytokine forms contacts exclu-
sively through loops at the tip of the cyto-
kine, rather than with residues on the helical
surfaces.

In the IL-2Ra structure, the core D1 and D2
domains are separated by a 42-residue inter-
domain linker peptide (Thr® to His!%3), and
the second domain has an additional C-terminal
54-residue connecting peptide leading to the
cell membrane (Gly'®® to Glu?!”). Neither of
these linkers is visible in the electron density
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