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Hypothesis directed proteomics offers higher throughput over
global analyses. We show that immunoprecipitation (IP)-tandem
mass spectrometry (LC-MS/MS) in H929 multiple myeloma (MM)
cancer cells led to the discovery of a rare and unexpected BCR-
ABL fusion, informing a therapeutic intervention using imatinib
(Gleevec). BCR-ABL is the driving mutation in chronic myeloid leu-
kemia (CML) and is uncommon to other cancers. Three different IP-
MS experiments central to cell signaling pathways were sufficient to
discover a BCR-ABL fusion in H929 cells: phosphotyrosine (pY) pep-
tide IP, p85 regulatory subunit of phosphoinositide-3-kinase (PI3K)
IP, and the GRB2 adaptor IP. The pY peptides inform tyrosine kinase
activity, p85 IP informs the activating adaptors and receptor tyro-
sine kinases (RTKs) involved in AKT activation and GRB2 IP identifies
RTKs and adaptors leading to ERK activation. Integration of the
bait-prey data from the three separate experiments identified the
BCR-ABL protein complex, which was confirmed by biochemistry,
cytogenetic methods, and DNA sequencing revealed the e14a2 fu-
sion transcript. The tyrosine phosphatase SHP2 and the GAB2 adap-
tor protein, important for MAPK signaling, were common to all
three IP-MS experiments. The comparative treatment of tyrosine
kinase inhibitor (TKI) drugs revealed only imatinib, the standard of
care in CML, was inhibitory to BCR-ABL leading to down-regulation
of pERK and pS6K and inhibiting cell proliferation. These data sug-
gest a model for directed proteomics from patient tumor samples
for selecting the appropriate TKI drug(s) based on IP and LC-MS/MS.
The data also suggest that MM patients, in addition to CML patients,
may benefit from BCR-ABL diagnostic screening.

targeted therapies | personalized medicine | protein—protein interactions

Proteomics studies over the last decade have provided sifini
cant advancements in our understanding of the functional
landscape of proteins, their posttranslational modications and
the protein—protein interactions (PPI) (1-3). This is especially

important for diseases such as cancer because proteins and their Here we show a clinically relevant example using our three-

transient posttranslational modfications (PTMs) relect the

Here, we focused on a hypothesis-directed approach to identify
the active signaling pathways that drive cancers. To this end, we

immunoprecipitated proteins that have clinical sigticance in cell
proliferation such as the central nodes in the AKT and ERK sig-

naling pathways. The p85 regulatory subunit of phosphoinositide-

3-kinase (PI3K) binds pYXXM motif-containing proteins to the

SRC homology 2 (SH2) domains of p85, thus recruiting the p110
catalytic subunit to the plasma membrane for activation (5, 17).
Activated p110 phosphorylates its lipid substrate phosphatidyli-
nositol-4,5-bisphosphate (PIP2) to phosphatidylinositol-3,4,5-tri-
phosphate (PIP3) and binds to the pleckstrin homology (PH)
domain of the serine/threonine kinase AKT, which is frequently

elevated in cancers (18). We recently showed that we can immu-

nopurify p85 and quantify the activating PI3K adaptors and RTKs
by targeted LC-MS/MS (5). In addition, we show here that we can
IP the growth-factor-receptor-bound protein 2 (GRB2) adaptor to

identify associated activators of the extracellular signal-regulated

kinase (ERK), which is also frequently elevated in cancers (19).
GRB2 is an important SH2/SH3 adaptor protein linking receptor

tyrosine kinases (RTK) and downstream targets and has implica-

tions in malignancies (20). The SH2 domain of GRB2 binds to the
phosphorylated tyrosine residue of an adaptor protein or RTK and

the SH3 domain binds proteins such as SOS leading to RAS/RAF

binding and ERK activation (20, 21). Tyrosine phosphorylation
(pY) is one of the most important and most studied post-
translational modification (PTM) of proteins because it regulates
signaling pathway activity and important cellular functions in-
cluding cell proliferation, growth, survival, etc. (22). Abnormalities

in tyrosine kinases play a role in the pathogenesis of numerous

inherited or acquired human diseases from cancer to immune
deficiencies (23, 24). Enrichment of low-abundance tyrosine

phosphorylated proteins is necessary for a successful compre-

hensive LC-MS/MS analysis. One common method for gaining

insight into a broad range of active tyrosine signaling pathways in

a cell can be achieved by an HMS analysis of phosphotyrosine
containing peptides from tryptic digested cell lysates (25, 26).

pronged IP-MS technology (p85 IP, GRB2 IP, and pY IP) in

changes cells undergo during pathogenic development. Modern Multiple myeloma (MM) cells and how we identfied a rare

high-resolution mass spectrometers are well suited for these

analyses and have led the efforts in thigield of proteomics,

allowing researchers to analyze dynamic changes in cell lines or
tissue and to distinguish between normal and unhealthy states (4

5). PPI networks and phosphoproteomics are important for un-
derstanding the function and regulation of pathways leading to cell

breakpoint cluster region-Abl tyrosine kinase (BCR-ABL) fusion

protein by converging protein complexes and activated tyrosine

kinases. BCRABL is unexpected in MM because, unlike the
leukemias and lymphomas, MM typically has no spéditi chro-

'mosomal abnormalities and is characterized by a genomic in-

stability that involves both ploidy and structural translocation (27).
There have only been two reports of MM patients with a Phila-

growth and proliferation in diseases such as cancer. The advantagegelphia chromosome #(9;22)(q34;q11), a 64-y-old woman

of analyzing purfied protein complexes is the ability to identify
specfic interacting proteins and posttranslational modications

that may otherwise go undetected in Iarge-scale gIObaI analyses'Author contributions: J.M.A. designed research; S.B.B., M.Y., G.A.P., and J.M.A. performed

This can be achieved by performing an immunoprecipitation (IP)
with a bait protein and analyzing the prey proteins using micro-
capillary-tandem mass spectrometry (LC-MS/MS) (613). These
experiments have included various types of fafity tags and have
been overlaid with RNAI genetic screens (14, 15). Undoubtedly,
PPI networks provide a valuable framework for a better un-
derstanding of the functional organization of the proteome (16).
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presenting a P190 BCRABL hybrid transcript by PCR analysis
(28) and a 61-y-old man showing BCRABL-positive bone mar-
row after autologous bone marrow transplantation (29).

The mass spectrometry results were véigd using biochemistry
and histological analyses as well as DNA sequencing and com-
pared with an array of MM cell lines and the K562 chronic my-
eloid leukemia (CML) cell line known to contain a BCR-ABL
fusion. We show that imatinib (trade name Gleevec) selectively
inhibits signaling in H929 cells and halts cell proliferation. This
report shows the molecular investigation of BCRABL fusion in

ments and the protein products from identfied phosphopeptides
from the pY IP are then correlated in a simple network to clarify
which upstream RTK and adaptor proteins may be involved in
promoting cell proliferation in cancers.

Case Study Using H929 MM Cells. H929 cells as well as other MM
cells were investigated to explore which kinase signaling pathways
may be responsible for driving proliferation and to explore whether
any recently developed TKI drugs would be useful in inhibiting these
cell lines. H929 cells are known to have a rearrangement of the

MM, and the results should serve as a template for the use of C-Myc proto-oncogene and express c-Myc RNA and an activated
hypothesis directed proteomics on human tumor samples or cell N-RAS allele. They are positive for plasma cell antigen 1 (PCA-1),

lines derived from tumors for aiding the appropriate therapeutic
selection of single or combinations of TKI drugs in patients.

Results

Analysis of Activating Signaling Pathways Using a Multifaceted
Hypothesis-Directed Proteomics Approach. Because cell proliferation
and the growth of cancers are typidly associated with signal trans-
duction cascades from surface receptors to adaptors and down-
stream targets, we investigated a targeted proteomics strategy to
enrich and identify the upstream activators of PISBK/AKT, GRB2/
ERK, and complementary activated phosphotyrosine containing
proteins. The strategy consists of performing three different IPs
from a biological source such as cells or tumor tissue using anti-
bodies against the endogenous protein. To investigate the PI3K-
associated activators of AKT, the p85 regulatory subunit of PI3K is
used as a bait protein; to investigate activators of ERK pathway,
GRB2 is used as a bait protein. In addition, phosphotyrosine-
containing peptides are immunoprecipitated from a trypsin-diges-
ted cell lysate to identify activated phosphotyrosine-containing
proteins. The samples are analyzed by label-free LC-MS/MS (30).
The resulting PPI data from the p85 and GRB2 IPRMS experi-
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transferrin receptor and CD38 (T10), but are negative for HLA
DR, CALLA, and markers of early B-cell development (31, 32).
p85 IP-MS PPI landscape. The PPI landscape of p85 (PI3K) was in-
vestigated as thefirst phase in identifying drivers of cell pro-
liferation in MM cells. H929 cells were lysed, and a polyclonal
antibody recognizing the p85 regulatory subunit of PI3K was used
to immunoprecipitate its associated proteins according to pre-
viously published studies (5, 33, 34). Immunoprecipitated p85
protein complexes were eluted and run by mini SDS/PAGE1/6

of the gel distance and stopped. After staining, three gel sections
were excised, one below and one above 55 kDa and the band for
the IgG heavy chain to both capture the full molecular weight
(MW) range and avoid excessive antibody contamination (5). Gel
sections were digested with trypsin and run using data-dependent
(shotgun) LC-MS/MS with a hybrid linear ion trap-orbitrap mass
spectrometer to discover both canonical and unknown interacting
proteins, and data were organized and validated using Scaffold
protein identification software with three biological replicates for
each experiment. After known contaminants such as human ker-
atins, caseins from milk, trypsin, and BSA were removed from the
analysis, 83 total proteins were associated with p85 from three
independent biological replicate analyses. Sixteen proteins were
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The network of the three-pronged IP-MS analysis. (A) The PPl network integrating data from three separate IP-LC-MS/MS experiments using en-

dogenous antibodies to p85 (protein capture) and GRB2 (protein capture) as bait proteins and pTyr (peptide capture) to identify the active tyrosine kinase
signaling pathways in H929 MM plasma cells. (B) Venn diagram showing the overlap of proteins/peptides from each IP-MS experiment.
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common to all three replicates, including known p85-binding
proteins like the p110 catalytic subunits PK3CA (p1i9), PK3CB
(p110p), and PK3CD (p11®) and the known upstream activating
adaptor GAB2 (35) and its associated protein SHP2 (5, 36). In-
corporating two of three replicate runs yields 36 p85-interacting
proteins, including the known activating adaptor IRS2 (37).

GRB2 IP-MS PPI landscape. Because the p85 IP mainly captures
kinases and adaptor proteins associated with AKT activation, we
also immunopurified the GRB2 adaptor as a bait to capture
proteins associated with the RAS/ERK signaling pathway in H929
cells (21, 38). We associated a total of 299 proteins with GRB2
from all three different IP-MS experiments. Twenty-seven pro-
teins were common to all three biological replicates and, among
these, several canonical GRB2-binding proteins were idefigd,
including BCR, ABL1, SYK, and SHP2. From combining at least
two biological replicates, we can identify 190 proteins including
GAB?2, p85a, p853, SOS1, SOS2, CBL, and SHIP2. Itis important
to note that it is common to capture nonspedic binding proteins
from IP-MS experiments, so most of the idenfied proteins are
not intimately involved in a GRB2 complex. Nonspedic proteins
can effectively be eliminated by performing multiple IPMS
experiments using the same bait or by intercalating different bait

To correlate the identified pY peptides to protein level signal-
ing, we performed an activity assay using the commercially avail-
able PathScan RTK Signaling antibody array kit that includes 39
different kinases and key signaling node&{g. S1). H929 cells were
stimulated with either 100 nM insulin, 20 ng/mL IGF, 20 ng/mL
EGF, 10% (vol/vol) FCS, or were serum starved. Fig.2 shows
the few kinases for which we obtained an antibody signal after
normalization to the negative control signal. The highest phos-
phorylation signal obtained relative to background was from the
ABL tyrosine kinase and ribosomal S6 kinase; however, phos-
phorylation signals were also obtained for ERK1/2, Tie, AKT
pS473, SRC, and STAT3. These tyrosine antibody data support
the IP-MS results and suggest a possible signaling pathway reg-
ulated through the BCR-ABL fusion pathway.

Verification of BCR-ABL Activity via Fusion in H929 Cells. Because the
proteomics and PathScan results led to an unexpected but rec-
ognizable signaling pathway that could be responsible for driving
cell proliferation, it became clear that verfication of a possible
BCR-ABL fusion in H929 MM cells was necessary.

Western blotting and tandem mass spectrometry. To test for the BCR—
ABL fusion protein, whole cell lysates of H929 cells and control cell

IP-MS studies, as we show here. A similar analysis was reportedlines including the MM cell lines OCI-MYC, KMS 12BM, 1IN3,

recently where FLAG-GRB2 was used as bait in HEK293T cells
in combination with multiple reaction monitoring (MRM) to as-
sess the intracellular GRB2 PPI landscape (19). In our data,
SOS1, SOS2, GAB2, and SHP2 can be assigned to the MAP ki-
nase pathway (39); however, it is known that the GRB2 adaptor
also plays a role in cancer by binding to the cytoplasmic fusion
tyrosine kinase BCR-ABL in CML cells (40) and, in addition, the
proteins ABL1, BCR, and CBL can be assigned to the BCRABL
pathway (41).

pY peptide landscape. In contrast to pS and pT, pY has been suc-

cessfully targeted by antibodies (26, 42, 43) and signaling pathway A

cascades are frequently initiated by pY sites on well flaed sig-
naling pathways leading to AKT and ERK activation, we decided
to use this approach to help identify active pY peptides in-
dependent of p85 and Grb2 and integrate the data from all three
IPs. We digested H929 cell lysate with trypsin and incubated the
resulting purified peptides with either the monoclonal pTyr-100
antibody from Cell Signaling Technologies and monoclonal pTyr
antibody from Sigma-Aldrich separately or with both antibodies
combined. Phosphotyrosine-containing peptides were then iden-
tified using LC-MS/MS and, after excluding peptides that did not
cotain pY and retaining pY peptides above a 1% false discovery
rate (FDR) with a site localization probability above 75%
according to Scaffold PTM software, we detected 74 total phos-
phopeptides representing 76 unique pY sites from 64 proteins
(Table SJ). Some of the phosphorylated proteins included p85,
BCR, ABL1, BTK, CBL, SHC1, SHP2, SHIP2, FYN, YES,
DOK1, and DOK2, which have been previously described as part
of the BCR-ABL pathway (41). Given the relatively low number
of pY-containing proteins identified, these data were sigficant.
Integration of p85, GRB2, and pY IP-MS data. We then correlated the
results of the p85, GRB2, and pY IRMS studies in a simple PPI
network based on common proteins using Cytoscape software
(Fig. 1). To become part of the network, interacting proteins from
the p85 and GRB2 IPs must have been present in at least two of
three biological replicate runs passing a 1% FDR threshold. In
total, 30 proteins overlapped in at least two of the three IPMS
experiments, including proteins like BCR, ABL1, SHIP2, CBL,
p85, GAB2, and SHP2 (Fig. 1). Because GAB2 and SHP2 were
present in all three IPs, it suggested that signaling in H929 cells
proceeds via the GAB2 adaptor and the tyrosine phosphatase
SHP2. GAB2 is a common adaptor protein that binds directly to
RTKs and interacts with GRB2, SHP2, p85, and SHC1 (35).
GAB?2 is also known to be tyrosine phosphorylated by oncopro-
teins including SRC and BCRABL (44). In contrast, SHP2 has
been shown to regulate PI3K and c-Kit activity (39, 45) and is
essential for maintaining ERK signaling (46).

Breitkopf et al.

XG7, U266, RPMI-8226, MOLP8, and the BCR-ABL-positive
CML cell line K562 were immunoblotted for the proteins BCR and
ABL1. Fig. 2B shows that H929 has not only the expected band for
endogenous BCR at 140 kDa, but also an additional band with
a higher MW of ~210 kDa. The same result is observed for the
immunoblot against the endogenous ABL1 protein, with an
expected band at 120 kDa and an additional band at210 kDa at

H929 multiple myeloma cells
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n
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Fig. 2. Evidence for BCR-ABL signaling in H929 MM cells. (A) PathScan RTK
signaling antibody array kit tests the phosphorylated signal level of kinases
and key signaling nodes. After serum starvation, H929 MM cells were stim-
ulated for 90 min with insulin, insulin growth factor (IGF), epidermal growth
factor (EGF), or 10% FCS or were serum starved overnight. (B) Immunoblots
of the MM cell lines OCI-MYC, KMS 12BM, IIN3, XG7, U266, RPMI-8226,
MOLP8, H929, and K562 CML to test for the BCR-ABL fusion protein from
whole cell lysates (WCL). (C) ABL IP is immunoblotted for BCR to check for
the presence of the BCR-ABL fusion in H929 cells.
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the same position as BCR. The other MM cell lines are lacking the Table 1. Histopathology results of H929 cell line

high MW bands at~210 kDa in the BCR and ABL blots. Only the

Philadelphia-chromosome-positive CML cell line K562 shows Marker Plasma cells H929 (MM) emE
a similar high MW band at ~210 kDa for both BCR and ABL,  FISH [t(9;22)] = Philadelphia - +
which demonstrates a positive fusion event of BGRABL in the chromosome

H929 cells (Fig. B). Additionally we performed an IP of the ABL ~ MPO (myeloperoxidase)

protein on H929 cell lysate and immunoblotted for BCR. The cD68

Western blotin Fig. 2 shows the fusion with the molecular band at cp3a

~210 kDa. To verify the Western blots, we used LC-MS/MS to cpa3 +
sequence the high MW region of the ABL IP by excising the ¢pi3s

Coomassie-stained-210 kDa section from an SDS/PAGE gel and cpas +
digesting separately with both trypsin and chymotrypsifrig. S24).  cpa3

The amino acid coverage resultsHig. S2B) show peptides ata 1% cp7ga

FDR that were identified for both BCR and ABL from the ~210- 4G

kDa gel region from replicate analyses. However, a peptide se- IgM

guence containing both BCR and ABL components was not ,a

identified likely due to a small tryptic (QSSK) and chymotryptic Kappa light chain

(KQSSKAL) fusion peptide. Interestingly, Fig. S shows asingly | ,mbda light chain

charged MS precursor ion that is consistent with the chymotryptic w1 (IRF4)

peptide KQSSKAL with high mass accuracy, but fragmentation of
the ion peak was poor and database searching did not yield sta- Histopathology results performed by IHC and FISH in H929 MM cells com-
tistically signficant scores. Nevertheless, we cfidently sequenced pared with the typical phenotypes from neoplastic plasma cells and CML cells.

the peptides immediately surrounding the fusion site from the

shifted gel band, consistent with the e1l4a2 form found from RT- )

PCR and gene sequencing. approach represents an unexpected event in MM (28, 29), a
DNA sequencing analysis of BCR-ABL fusion region. Additionally we  FISH analysis with a dual-color BCRABL fusion probe against
were interested in identifying and cofirming the BCR-ABL  the Philadelphia chromosomer (9, 22)(q34:q11) was performed
isoform present in H929 cells. RT-PCR was performed on H929 0 detect the BCR-ABL translocation in H929 cells (Fig. ).
and K562 cells and used primers spéi for the most frequent N addition, we performed experiments to prove the MM plasma
BCR-ABL isoforms including e13a2 (b2a2), el4a2 (b3a2), e13a3 C€ll origin of our H929 and to exclude contamination with a
(b2a3), el4a3 (b3a3), and ela2 (47-49). As shown in Figl,3he CML cell line. By immunoperoxidase (IMPOX), H929 were
PCR showed the same DNA band pattern in H929 and K562 and decgr?‘tetﬂ W'tlh .CD|1d3.8’ a U”.'Veltsa' p'lasmabce” mafkeff_thUtl'”e'y
the sequencing results for the extracted DNA of H929 showed gzﬁ o;ingine('lgz;trallne:al) 'i?ggsiz; a@sye?n?:r:%f ?ecsgtis\ﬁt; V\I/ifhpaa:lstl.ir?a
form described in K562 cals (30). This result n Fombination OIS © MPO, CD33, and CDG8 exclude the possiilty of a
with the Western blotting and LC-MS/MS data proves the contamination with CML cells. In contrast to H929, most MM
presence of a BCRABL fusion event in H929 cells. plasma cells express and secrete Ig. However, the corresponding
Histopathology of H929 MM cells. Because the discovery of BCR gene for Ig secretion, IFN regulatory factor 4 (IRF4), is required

DY . - during an immune response for lymphocyte activation and the
ABL fusion in H929 cells using our three IPMS proteomics  ganeration of plasma cells (51, 52). The lack of IRF4 expression

in H929 cells may explain the absence of detectable Ig light chain
signal by IHC. Fig. ® shows photomicrographs of H929 MM
plasma cells. The cells resemble typical plasmablasts, and Wright
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A HSATGPKQSSNLYCTLEV DS bR Giemsa staining reveals an abundant blue cytoplasm more deeply
e LSSSSSCYLEEALQRPVASD<ABLL stained toward the periphery, prominent Golgi complex, ec-
HSATGFK centrically located nuclei, and a large and prominent central
= ) : _ e 4—BCR/ABL e14a2 nucleolus, all features characteristic of plasma cells but not of

— — reldadsy

myeloid cells. In contrast, Fig. & shows typical CML leukocytes
from a CML patient sample stained with Wright-Giemsa. The
TR AT CML cells show features of neutrophilic differentiation, including
(Wi o LK Eh ol Bl cytoplasmic azurophilic granules, the appearance of secondary
LR A (pink) granules as nuclei begins to segment (cells with nonround
SHCLR SRR nuclei in Fig. 3E). Even the more immature“blast’ component
E (blue cells in Fig. ¥F) differs significantly from H929 cells in
that CML blasts have centrally placed nuclei with eccentrically
placed nucleoli, far less cytoplasm, and rather inconspicuous
Golgi apparatus.
Effect of tyrosine kinase inhibitors on H929 signaling. Because H929
cells showed a BCRABL fusion, we tested a variety of tyrosine
kinase inhibitor drugs on H929 cells and probed the lysates using
a pY antibody to test for a reduction in tyrosine signaling after
24 h of treatment, a common indicator that the TKls are having an
effect on the cells signaling network. We tried a variety of TKis
: : . that target different signaling oncoproteins such as PI3K only
obtained from RT-PCR. (B) The obtained cDNA were sequenced with the
Sanger method, and the(tganslated protein sequence wa;1 aligned with the (BKM-120 and LY294002), dual PBK and mTOR (BEZ-235),
common and imatinib sensitive el4a2 form of BCR-ABL protein. (C) FISH MEK_(UOJ-ZS), mTOR (Rap_am_ypln), dual AB!_, and PDGFR
analysis with a dual-color BCR-ABL fusion probe against the Philadelphia  (Iimatinib), the proteasome inhibitor bortezomib, and the tyro-
chromosome t(9, 22)(q34;ql1) was performed to detect the BCR-ABL  Sin€ phosphatase inhibitor sodium orthovanadate (N¥O,) as
translocation in H929 cells. (D) H929 MM plasma cells visualized by hema- ~ Well as DMSO drug vehicle control (Fig. 4). The results clearly
toxylin and eosin (H&E) staining and microscopy. (E) Stable phase in vivo ~ Show only a dramatic and selective reduction in tyrosine signaling
CML leukocytes visualized by Wright-Giemsa (WG) staining and microscopy.  in H929 cells with imatinib treatment due to ABL inhibition.

BCR1-ABL1
BCR1-ABL2
BCR2-ABL1
BCR2-ABL2

blank
BCR1-ABL1
BCR1-ABL2
BCR2-ABL1
BCR2-ABL2
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Fig. 3. Genomics and histopathology analyses. (A) Picture of agarose gel
from H929 MM cells and CML K562 cells showing the prominent cDNA bands
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tions as part of the routine diagnosis.
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