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Huntingtin-interacting protein 1 (HIP1) binds inositol lipids, clathrin, actin, and receptor tyrosine kinases (RTKs). HIP1 is ele-
vated in many tumors, and its expression is prognostic in prostate cancer. HIP1 overexpression increases levels of the RTK epi-
dermal growth factor receptor (EGFR) and transforms fibroblasts. Here we report that HIP1 is tyrosine phosphorylated in the
presence of EGFR and platelet-derived growth factor 3 receptor (PDGFR) as well as the oncogenic derivatives EGFRVIII, HIP1/
PDGEFR (H/P), and TEL/PDGFfR (T/P). We identified a four-tyrosine “HIP1 phosphorylation motif” (HPM) in the N-terminal
region of HIP1 that is required for phosphorylation mediated by both EGFR and PDGFR but not by the oncoproteins H/P and
T/P. We also identified a tyrosine residue (Y152) within the HPM motif of HIP1 that inhibits HIP1 tyrosine phosphorylation.
The HPM tyrosines are conserved in HIP1’s only known mammalian relative, HIP1-related protein (HIP1r), and are also re-
quired for HIP1r phosphorylation. Tyrosine-to-phenylalanine point mutations in the HPM of HIP1 result in proapoptotic activ-
ity, indicating that an intact HPM may be necessary for HIP1’s role in cellular survival. These data suggest that phosphorylation

of HIP1 by RTKSs in an N-terminal region contributes to the promotion of cellular survival.

untingtin-interacting protein 1 (HIP1) was originally identi-

fied as a protein that binds Huntingtin, whose gene is mu-
tated in Huntington’s disease (1, 2). HIP1 was later found to be an
endocytic protein that binds clathrin, AP2 (3-6), and actin (7). It
also binds inositol lipids via an AP180 N-terminal homology
(ANTH) domain (8-10). Knockout of HIP1 alone (11, 12) or with
its only known mammalian relative, HIP1-related protein
(HIP1r) (13, 14), results in degenerative mouse phenotypes. These
phenotypes, which are more severe in double-knockout mice, in-
clude testicular degeneration, spinal defects, weight loss, and cat-
aracts; however, the mechanisms underlying these phenotypes
have yet to be delineated.

HIP1 was linked to receptor tyrosine kinase (RTK) signaling as
aresult of its identification as part of a chromosomal translocation
involving the coding sequences for the transmembrane and ty-
rosine kinase domains of the platelet-derived growth factor {3 re-
ceptor (PDGFBR) in aleukemia patient (15). This HIP1/PDGFBR
(H/P) translocation is a member of a large family of chromosomal
translocations involving the PDGFBR gene (16-18). The first
identified translocation in this family was the t(5;12) transloca-
tion, which encodes the TEL/PDGEFBR (T/P) fusion oncoprotein
(19). These translocations lead to the formation of constitutively
active RTK fusion proteins that transform hematopoietic cell lines
to interleukin-3 (IL-3)-independent growth (20) and result in he-
matopoietic neoplasms in mice (21, 22).

In addition to the transformation activity displayed by the
HIP1/PDGEFRR fusion protein, overexpression of HIP1, but not
that of its lipid-binding domain deletion mutant (HIP1/
AANTH), transforms fibroblasts (23) and prostate epithelial cells
(24). This transforming activity remains linked to RTKs, as HIP1-
transformed cells display increased levels of epidermal growth fac-
tor receptor (EGFR) (23). Indeed, HIP1 prolongs the half-lives of
RTKs such as EGFR and PDGFRR (9). Additionally, treatment of
the HIP1-transformed cells with an EGFR inhibitor reverses the
transformed phenotype (23). High levels of the HIP1 protein have
also been correlated with overexpression of EGFR and other RTKs
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in a series of tumors from brain and breast cancer patients (23,
25). One possible explanation for EGFR overexpression in these
cancers is that HIP1-dependent stabilization of the RTKs occurs
via clathrin sequestration. Low levels of available clathrin would
result in diminished endocytosis-mediated receptor degradation.
Another possible explanation for concomitantly increased RTK
and HIP1 overexpression involves a currently unknown mecha-
nism whereby HIP1 promotes cell survival of specific cells with
increased RTK levels, further promoting their tumorigenesis (26).
In this study, we investigated the interaction of HIP1 with EGFR
and other RTKs and characterized the tyrosine phosphorylation of
HIP1. We defined key tyrosines necessary for this phosphoryla-
tion by using site-directed mutagenesis.

MATERIALS AND METHODS

Cell culture. Experiments were performed with HIP1-transformed NIH
3T3 cells (23) or human HeLa and embryonic kidney 293T (HEK293T)
cells (ATCC). These cells were maintained at 37°C in Dulbecco’s minimal
essential medium (Gibco) supplemented with 10% fetal bovine serum,
penicillin-streptomycin, and GlutaMAX (Gibco). For the “cold-load” ex-
periments, 100 nM EGF was added to both the 4°C load medium and the
37°C endocytosis medium.

Kinase and phosphatase inhibitor treatment. In experiments where
cells were treated with the phosphatase inhibitor sodium orthovanadate
(NaVa), cells were incubated with 2 mM NaVa in normal medium for 30
min to 2 h before collection. AG1478 (also known as tyrphostin;
Calbiochem) was present in the tissue culture medium, at a final concen-
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tration of 1 pM. Imatinib (Novartis) was prepared as described previously
(22) and incubated with cells for 30 min, using a final concentration of 5
pM (27).

DNA constructs. pcDNA3.1-V5-His constructs were generated by
PCR amplification of the various EGFR family members (EGFR, ErbB2 [a
gift from Linda Pike, Washington University, St. Louis, MO], and EGFR-
VIII [a gift from Paul Mischel, UCLA]), and then the products were sub-
cloned into the pcDNA3.1-V5-His vector (Invitrogen) by using the re-
striction enzymes HindIII and Kpnl or Xhol. pcDNA3-PDGFRR was
generated by subcloning the 3.32-kb open reading frame of PDGFBR
(accession no. NM_002609.3) into the Kpnl/EcoRI sites of pcDNA3.
HIP1 and HIPIr deletion and point mutants were generated using a
QuikChange XL multisite-directed mutagenesis kit (Stratagene). The
pcDNA3.1HIP1-IRES-GFP construct was described previously (9) and
was used as the substrate to generate the HIP1/HPM(4xYF) mutant in the
IRES-GEFP vector.

The HIP1r and MycHis-tagged HIP1a (previously referred to as full-
length HIP1) constructs were reported previously (9, 26). The MycHis-
tagged HIP1b construct was generated by reverse transcription-PCR (RT-
PCR) with HEK293T cell RNA as the starting material. A 1.2-kb fragment
was generated using the following primers: CCG GCG GCC GCG CCT
CGG TCA TGG ATG TGA GCA AG (forward) and CAG TTC TGC CCG
CAG GAA TTC ACA C (reverse). The resulting fragment was digested
with Notl and EcoRI to generate overhangs at the 5’ and 3’ ends,
respectively. This fragment was ligated into NotI- and EcoRI-digested
pcDNA3.1-HIP1a.

Immunoprecipitation. Ten micrograms of a combination of HIPI1-
Myc or HIP1r (untagged) and EGFR-V5 or EGFRVIII-V5 ¢cDNA con-
structs in pcDNA3 was coexpressed in HEK293T cells by using the Super-
fect reagent (Qiagen). At 24 h posttransfection, cells were extracted in lysis
buffer containing protease and phosphatase inhibitors (50 mM Tris, pH
7.4,150 mM NaCl, 1% Triton X-100, protease inhibitors [Roche], 30 mM
sodium pyrophosphate, 50 mM NaF, 100 uM sodium orthovanadate),
cleared of unbroken cells by centrifugation, and diluted to a protein con-
centration of 0.5 to 2.0 mg/ml. For immunoprecipitation, 500 pl of lysate
was first precleared for 1 h at 4°C with protein G-Sepharose beads (GE
Healthcare) and then incubated for 2 h with rotation at 4°C with 50 .l of
a 50-50 slurry of anti-Myc—agarose (Sigma) or first incubated with anti-
body (UM410 or anti-EGFR antibody) followed by protein G beads (GE
Healthcare) in lysis buffer containing protease and phosphatase inhibi-
tors. The pellets were washed three times with lysis buffer, resuspended in
Laemmli buffer, boiled for 5 min, centrifuged, and then separated by
SDS-PAGE for Western blot analysis. For immunoprecipitation of HIP1
without an epitope tag, 10 pl of the anti-HIP1 UM410 antibody was used
(26). For immunoprecipitation of HIP1r without an epitope tag, 10 .l of
the anti-HIP1r UM374 antibody was used (9).

Western blotting. Whole-cell lysates (WCL) or immune precipitates
in Laemmli buffer were separated in 6% or 10% SDS-PAGE gels and
transferred to nitrocellulose membranes. Membranes were probed with
the following antibodies: mouse monoclonal anti-HIP1 4B10 and anti-
HIP1r 1C5, rabbit polyclonal anti-HIP1 UM410 and UM323 and anti-
HIP1r UM374, rabbit monoclonal anti-Myc (1:5,000; Cell Signaling),
monoclonal antiphosphotyrosine (4G10; Millipore) (1:1,000), monoclo-
nal anticlathrin (TD.1; Sigma) (1:250), polyclonal anti-PDGFBR (1:
2,000; Pharmingen), and mouse monoclonal anti-V5 (1:5,000;
Invitrogen). Anti-green fluorescent protein (anti-GFP) and antitubulin
polyclonal antibodies were purchased from Cell Signaling (1:5,000). Blots
were then incubated with horseradish peroxidase (HRP)-conjugated
mouse or rabbit secondary antibodies (1:5,000; GE Healthcare) and de-
veloped using chemiluminescence (Pierce).

Mass spectrometry. Protein extracts from 100 10-cm dishes of EGF-
stimulated HeLa cells (97 mg of starting material) were immunoprecipi-
tated with the UM410 anti-HIP1 antibody. The 120-kDa HIP1 band (6%
PAGE) was excised, and an in-gel tryptic digestion was performed prior to
matrix-assisted laser desorption ionization—time of flight (MALDI-TOF)
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analysis. The Mascot server (Matrix Sciences) was used to compare our
spectra to those in the Swiss-Prot database, and HIP1 tryptic polypeptides
were the majority identified.

Confocal immunofluorescence microscopy. HeLa cells were cul-
tured in 6-well plates with coverslips and transfected the following day
with HIP1-Myec. Cells on coverslips were stimulated with 1 wg/ml EGF-
555 (Invitrogen) at 4°C for 30 min, and then the medium was changed to
37°C for the indicated times. Cells were fixed for 20 min in 4% parafor-
maldehyde at 4°C, blocked, and stained with the antibodies listed above.
Images were collected using a Zeiss LSM 510-Meta laser scanning confocal
microscope with a 63X water immersion objective. Colocalization was
calculated in Image] (NIH) by using the JACoP plug-in to calculate
Manders coefficients, using automated thresholding. Statistical analyses
were performed using GraphPad Prism software.

Apoptosis assays. COS-7 cells growing on coverslips were transfected
with the HIP1(r), HIP1(r)/HPM(4xYF), HIP1(r)/HPM(2xYF), or HIP1/
AANTH construct and fixed with 4% formaldehyde at 24 h posttransfec-
tion. Cells were permeabilized with 0.1% Triton X-100 and blocked with
5% milk in phosphate-buffered saline (PBS)—0.1% Triton for 1 h. Cells
were then incubated with anti-Myc monoclonal antibody or anti-HIP1r
(1C5 monoclonal antibody) to identify transfected cells (1:100). Bound
antibodies were visualized with goat anti-mouse IgG—Alexa Fluor 594
(Invitrogen). Coverslips were mounted on glass slides by using
Vectashield mounting medium with 4’,6-diamidino-2-phenylindole
(DAPI). Cells expressing the HIP1 or HIP1r constructs were scored for
apoptosis by nuclear morphology. At least 100 cells were counted for each
sample, and transfections were performed in triplicate.

5'RACE analysis. The 5" rapid amplification of cDNA ends (5'RACE)
was performed using a GeneRacer kit (Invitrogen). All procedures were
performed according to the manufacturer’s suggestions. Total RNA (5
jg) isolated from mouse brain and spleen was used as the starting material
for analysis. PCR-amplified products generated in the last step of the
5'RACE procedure were separated in a 1% agarose gel in 0.5X Tris-bo-
rate-EDTA (TBE) running buffer. Bands of interest were extracted from
the agarose by use of a QIAquick gel extraction kit (Qiagen) according to
the manufacturer’s protocol. Purified products were subcloned into the
pPCR 4-TOPO vector for sequencing. Sequence analysis was performed
using the UCSC BLAT Search Genome program (http://www.genome
.ucsc.edu/cgi-bin/hgBlat). RNAs for 5'RACE were originally isolated
from mouse brain and spleen because these two tissues had previously
displayed high HIP1 protein levels together with a protein doublet by
Western blotting (28, 29). The exon la-containing transcript (Hipla) has
been used consistently by our laboratory, and the human homologue was
the isoform used for the initial phosphorylation studies displayed in Fig. 1
to 5 of this study. The mouse HIP1 sequences were used to identify the two
forms in human 293T cells by use of RT-PCR.

RESULTS

HIP1 is phosphorylated by EGFR and its oncogenic derivative
EGFRVIII. Having previously described physical (25) and func-
tional (9) interactions between HIP1 and EGFR, we hypothesized
that HIP1 may be phosphorylated by the EGER tyrosine kinase. In
fact, previous reports using the Dictyostelium HIP1r homologue,
Hip, have found that Hip migrates as a protein doublet that col-
lapses upon treatment of extracts with calf intestine phosphatase
(30, 31). In support of this hypothesis, mouse lung tissue extracts
contained a tyrosine-phosphorylated protein that comigrated
with HIP1 and was immunoprecipitated by either of two distinct
anti-HIP1 antibodies but not by control nonimmune serum (Fig.
1A). The same result was obtained for HIP1-transformed fibro-
blasts (23) when the cells were treated with EGF (Fig. 1B, lane 2).
This observed phosphorylation was likely dependent on EGFR
activation, as the phospho-“HIP1” band was not detected when
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FIG 1 HIP1 association with and phosphorylation mediated by EGFR and EGFRVIIIL. (A) HIP1 was immunoprecipitated (IP) from mouse lung tissue by use of
anti-HIP1 polyclonal antibodies UM410 and UM323. Western blotting with antiphosphotyrosine monoclonal antibody 4G10 (Millipore) showed a HIP1-sized
phosphotyrosine band. (B) Fibroblasts were serum starved for 24 h and then stimulated with EGF (100 ng/ml) for 15 min prior to extract preparation. One set
of cells was treated with 1 pM AG1478 (also known as tyrphostin) for 30 min prior to addition of EGF. HIP1 was immunoprecipitated from 2 mg of
HIP1-transformed fibroblast WCL (23) by use of anti-HIP1 polyclonal antibody UM410. Antiphosphotyrosine monoclonal antibody 4G10 was used to detect
phosphorylated HIP1 in the immunoprecipitates. Anti-HIP1 monoclonal antibody 4B10 was used to detect HIP1. (C) Cells were treated with sodium orthovana-
date (NaVa) at a final concentration of 2 mM for different periods, and EGF was added to the NaVa-containing medium for the last 15 min of each period, prior
to harvest. HIP1 was immunoprecipitated and analyzed as described for panel B. The protein that migrated slower than (above) HIP1 did not plateau at 60 min.
The identity of this band is unknown, as it did not comigrate with HIP1 (bottom panel). (D) HEK293T cells were cotransfected with HIP1-Myc and EGFR-V5
or EGFRVIII-V5 and lysed 24 h after transfection. HIP1-Myc was immunoprecipitated from 1 mg of lysate by use of anti-Myc antibody-conjugated agarose beads
(Sigma). Anti-V5 antibodies (Invitrogen) were used to detect EGFR. (E) Diagram illustrating cold-load stimulation, a strategy for precise temporal analysis of
endocytic processes. (F) HIP1 tyrosine phosphorylation was assayed at several time points for up to 60 min after initiation of endocytosis. Cells were starved, and
then EGFR was “loaded” with 100 nM EGF for 1 h at 4°C. The cold medium was then exchanged for medium prewarmed to 37°C. This temperature change
allowed for receptor internalization to proceed. (G) HIP1-Myc-transfected HeLa cells were treated with 1 pM EGF-555 in the “cold-load stimulation” experi-
mental paradigm. Cells were then fixed, stained for HIP1 (anti-Myc; Cell Signaling) and clathrin (X22; AbCAM) to mark clathrin-coated vesicles, and imaged

using a 1-pum slice thickness on a Zeiss confocal microscope. (H) Quantification of EGF colocalization with HIP1 and clathrin over time. ***, P < 0.0001; **, P <
0.001 (n = 37 cells per time point over 3 experiments).
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the EGF-stimulated cells were also treated with the EGFR tyrosine
kinase inhibitor AG1478 (Fig. 1B, lane 3).

We observed that the tyrosine phosphorylation of HIP1 was
enhanced in HIP1-transformed fibroblasts when cells were incu-
bated with the protein tyrosine phosphatase inhibitor NaVa prior
to harvest (32). After 30 min of incubation with NaVa, increased
HIP1 phosphorylation (Fig. 1C, lane 3 versus lane 1) was ob-
served, and it reached a maximum after 60 min (Fig. 1C, lanes 4
and 5 versus lane 3). These data demonstrate that HIP1 is phos-
phorylated in cells and tissues and that its phosphorylation is op-
posed by tyrosine phosphatase activity in cells.

We further tested the idea that HIP1 is an EGER tyrosine kinase
substrate by coexpressing Myc-tagged HIP1 and V5-tagged EGFR
in HEK293T cells in the presence and absence of NaVa, immuno-
precipitating them with anti-Myc antibody, and probing with the
antiphosphotyrosine antibody 4G10 to determine the HIP1 phos-
phorylation status. Incubation with NaVa for 1 h prior to harvest
was sufficient to fully maximize HIP1 phosphorylation in these
cells (Fig. 1D, lane 4 versus lane 9). As expected, HIP1 was not
phosphorylated by the EGFR kinase-inactive K721M point mu-
tant, even in the presence of the phosphatase inhibitor (data not
shown).

Because HIP1 is expressed at high levels in many cancers (26)
and can directly transform cells (23), we examined whether HIP1
can serve as a substrate for an N-terminally truncated oncogenic
mutant of EGFR, EGFRVIIL This mutant is expressed in tumor
cells from 60 to 70% of patients with glioblastoma multiforme and
has a 267-amino-acid deletion in its N terminus which leads to
constitutive kinase activity and slowed degradation (33-36). In-
deed, we found that HIP1 is also a substrate for EGFRVIII (Fig. 1D,
lane 5 versus lane 10). The level of phosphorylation of HIP1 by
EGFRVIII was similar to that induced by wild-type EGFR (Fig. 1D,
lanes 5 and 10 versus lanes 4 and 9).

To explore the chronology of HIP1 phosphorylation by EGFR
after ligand stimulation, we turned to a timed, “cold-load” ligand
stimulation method (37) in NIH 3T3 cells (illustrated in Fig. 1E).
This method allows for coordinated internalization of receptors
following incubation of the receptors with ligand at temperatures
that are not permissive to internalization. In this experiment, no
HIP1 phosphorylation was observed during starvation, even
though vanadate was present (Fig. 1F, lane 1). In contrast, strong
phosphorylation of HIP1 was observed at the end of the EGF load
at 4°C (Fig. 1F, lane 2 versus lane 1). HIP1 phosphorylation re-
mained high 8 min after the shift to 37°C. The HIP1 phosphoty-
rosine signal began to diminish at 15 min and was absent by 60
min, indicating that HIP1 is transiently phosphorylated on ty-
rosines in the early phases of EGFR endocytosis.

To visualize where HIP1 is located when it is being phosphor-
ylated during EGFR activation and endocytosis in the cell, we used
the same “cold-load” stimulation protocol followed by confocal
microscopy (Fig. 1E). We found that HIP1 and clathrin were re-
cruited to the plasma membrane in the earliest stages of EGF in-
ternalization. Both were observed lining the internal portion of
the plasma membrane, while EGF remained on the external por-
tion of the surface of the cell (Fig. 1G, top row). Since we saw
significant phosphorylation of HIP1 at time zero when the cells
were cold loaded with EGF, the RTK phosphorylation of HIP1
located at the plasma membrane is likely very robust. As EGF was
internalized, colocalization of HIP1 and clathrin with EGF-con-
taining vesicles peaked at 15 min (Fig. 1G, bottom row). Manders
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coefficient analysis of EGF colocalization with HIP1 indicated that
there was a significant increase in the proportion of EGF colocal-
izing with HIP1 over time (Fig. 1H) (P < 0.001; one-way analysis
of variance [ANOVA]). Post hoc analysis using the Newman-Keuls
multiple-comparison test also showed that EGF association with
HIP1 increased significantly between 0 min and 15 min (Fig. 1H).
This time span approximately reflects the period during which we
observed transient HIP1 tyrosine phosphorylation (Fig. 1F). Col-
lectively, these data indicate that HIP1 is recruited to clathrin-
coated pits as they form in response to EGFR activation and con-
tinues to associate with these structures as they internalize and
become clathrin-coated vesicles.

Since HIP1 was phosphorylated in the presence of active EGFR
as well as its oncogenic mutant EGFRVIII, we investigated whether
HIP1 was phosphorylated in the presence of other activated nor-
mal RTKSs, such as ErbB2, that contribute to tumorigenesis in a
variety of cancers. ErbB2, also known as HER2/neu, is an onco-
genic member of the EGFR family that lacks ligand binding
capability but is activated upon dimerization with itself or other
ligand-bound EGFR family members (38). Although HIP1 coim-
munoprecipitated with ErbB2 in cotransfected cells, HIP1 was not
readily phosphorylated by activated ErbB2, even after incubation
of the cells with NaVa for 1 h to enhance detection of phosphor-
ylated tyrosine (data not shown). Similarly, insulin-like growth
factor 1 receptor (IGF-1R) failed to induce HIP1 phosphorylation
at detectable levels, even after incubation with NaVa, despite the
observation that activated IGF-1R readily bound HIP1 (data not
shown).

HIP1 phosphorylation in the presence of EGFR and EGFR-
vIII requires the HIP1 USH domain. To identify the locations of
phosphorylated tyrosine residues in HIP1, we tested a series of
HIP1 deletion mutants for the ability to serve as kinase substrates.
We used a previously constructed deletion mutant, HIP1AANTH
(26), and constructed five new mutants (HIP1A184-400, HIP1A401-
599, HIP1A600-709, HIP1A690-752, and HIP1A753-799) that
span the HIP1 sequence (Fig. 2A). The HIP1A753-799 mutant has
a deletion of the upstream helix (USH) domain, which is required
for a conformational shift in the presence of actin that prevents
clathrin binding (39). These Myc-tagged mutants were then
coexpressed with EGFR to determine which domain(s) was nec-
essary for tyrosine phosphorylation. Tyrosine phosphorylation of
all the deletion mutants was intact (Fig. 2B, lanes 5 and 6, and C,
lanes 3 to 5), with the exception of HIPIAANTH (Fig. 2B, lane 4)
and HIP1A753-799 (Fig. 2C, lane 6). Both of these mutants lack
two HIP1 regulatory regions, i.e., the ANTH and USH domains
(26, 39).

The deleted amino acids in the HIP1A753-799 mutant (also
called HIP1AUSH) do not include tyrosine residues that can serve
as substrates for phosphorylation (Fig. 2A); however, since this
mutant has a deletion of the USH domain, a sequence that is
necessary for a conformational shift in the presence of clathrin
that inhibits actin binding (39), it was first considered likely that
the lack of phosphorylation was due to loss of binding to EGFR
during clathrin-mediated endocytosis. However, the binding of
HIP1A753-799 to EGFR was found to be similar to that of wild-
type HIP1 (Fig. 2C, lane 6 versus lane 3). These data suggest that
the USH domain allows for full HIP1 phosphorylation through
either conformational changes that promote activation of the
RTKs or inhibition of phosphatases. However, because vanadate
did not restore phosphorylation of the HIP1A753-799 mutant
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(Fig. 3B), the inhibition of phosphatases is an unlikely explanation
for the lack of phosphorylation.

Because the conformation of the HIP1 USH domain is known
to be altered upon clathrin binding (39), we tested if clathrin bind-
ing was required for HIP1 phosphorylation. A point mutation
(HIP1 L486A) that prevents HIP1 interaction with clathrin was
generated (40). Although this mutation abolished HIP1 binding
to clathrin, as expected, no effect on tyrosine phosphorylation was
observed (Fig. 2D). These findings indicate that the HIP1 USH
domain influences EGFR-mediated tyrosine phosphorylation of
HIP1 in a manner independent of its ability to interact with clath-
rin and that clathrin binding is not required for HIP1 phosphor-
ylation.

HIP1 phosphorylation in the presence of EGFR requires ty-
rosine residues in the ANTH domain. As mentioned above, the
HIPIAANTH mutant, which lacks the phospholipid-binding
ANTH domain as well as four tyrosine residues, was not phos-
phorylated in the presence of EGFR. This mutant exhibited low
protein expression due to its known proapoptotic activity (26)
(Fig. 2B, lane 4). To confirm that this mutant was not phosphor-
ylated, we repeated the immunoprecipitation experiment with 15
times the amount of lysate used in the experiment with wild-type
HIP1 and EGFR. Even under these exaggerated conditions, the
HIP1AANTH mutant was not phosphorylated (Fig. 2E). To de-
termine which tyrosine(s) within the ANTH domain is phosphor-
ylated, a series of point mutants were constructed by converting
each or all of the four tyrosines in the ANTH domain to phenyl-
alanine (Y117F, Y135F, Y142F, and Y152F mutants) (Fig. 3A;
Table 1). All of these mutants were readily phosphorylated, indi-
cating that although the lack of the ANTH domain inhibited
EGFR-mediated phosphorylation, the tyrosine residues in the
HIP1 ANTH domain are not completely necessary for phosphor-
ylation. Because the ANTH domain deletion mutant is unable to
transform cells (23), these data raise the hypothesis that phos-
phorylation may be required for transformation.

To determine which of the HIP1 tyrosine residues were phos-
phorylated by EGFR, we initially performed mass spectrometry on
HIP1 immunoprecipitates from EGF-stimulated HeLa cells. We
found that a fraction of the HIP1 127-144 tryptic peptide con-
tained phosphotyrosines at positions 135 and/or 142. Two of 23
peptides were phosphorylated, and there was 81% total HIP1 se-
quence coverage. This finding, however, did not rule out the pos-
sibility that HIP1 phosphorylation occurred in other areas of the
HIP1 protein, due to the low sensitivity of mass spectrometry for
tyrosine-phosphorylated peptides. Thus, we employed a comput-
erized prediction model as a complementary approach to evaluate
phosphorylation sites in HIP1. Using the NetPhos 2.0 prediction
algorithm, we predicted that positions 135 and 191, near the HIP1
ANTH domain, were most likely to serve as tyrosine kinase sub-
strates.

Further empirical Y-to-F mutagenesis in various combinations
of the remaining 13 tyrosine residues (there are 17 residues in
total, 4 of which are in the ANTH domain) in HIP1 was then
carried out in order to experimentally identify the putative site(s)
of HIP1 phosphorylation (Table 1). Guided by the NetPhos 2.0
program, initial Y-to-F mutations were made simultaneously at
several of the most likely positions based on this program (Y135F,
Y191F, Y468F, Y475F, Y678F, Y862F, and Y1009F) (41). Notably,
no mutant with only one Y-to-F mutation displayed decreased
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tyrosine phosphorylation (Table 1), suggesting that HIP1 phos-
phorylation occurs at multiple tyrosines.

We narrowed down the necessary tyrosines to those in the
Y135,142,191,236F mutant (Fig. 3A, HIP1 4xYF), which was not
phosphorylated in the presence of EGFR (Fig. 3B, lane 6 versus
lane 4) or EGFRVIII (Fig. 3B, lane 9 versus lane 7). Even when the
cells were maximally stimulated with EGF (100 ng/ml for 15 min
after 24 h of serum starvation), we were unable to observe signif-
icant phosphorylation of this HIP1 Y135,142,191,236F 4xYF mu-
tant (data not shown). In sum, we have identified a patch of ty-
rosine residues close to the N terminus of HIP1, in addition to the
ANTH and USH domains of HIP1 (HIPIAANTH and
HIP1A753-799), that are required for EGFR-mediated phosphor-
ylation. For reference, we have designated this 101-amino-acid
motif that contains the four required tyrosine residues the “HIP1
phosphorylation motif” (HPM).

Although the double or triple Y-to-F mutations of the HPM
were still phosphorylated, they were less phosphorylated than
wild-type HIP1 (Table 1; Fig. 3C, lane 5 versus lane 3). Addition of
the Y152F mutation to HIP1 double or triple Y-to-F HPM mu-
tants corrected the diminished EGFR-mediated phosphorylation,
indicating that the Y152 residue inhibits the phosphorylation of
HIP1 (Fig. 3C, lane 5 versus lane 6 and lane 7 versus lane 8). This
raises the possibility that the Y152 residue dampens tyrosine phos-
phorylation of HIP1 by acting as a pseudosubstrate for RTKs.

HPM tyrosine-to-phenylalanine mutations may convert
HIP1 into a proapoptotic protein. Whether phosphorylation of
HIP1 by RTKs is required for HIP1 function is not known, so we
considered the use of HPM mutants to probe for a role of phos-
phorylation in the function of HIP1. First, the ability of the
phosphorylation-deficient HIP1 HPM mutant to associate with
clathrin was found to be intact; however, it was noted that the
steady-state protein level of the HIP1/HPM(4xYF) mutant was
significantly lower than that of wild-type HIP1 at 48 h posttrans-
fection (data not shown). This reduced expression of the HIP1
phosphorylation-deficient mutant suggested that the HIP1/
HPM(4xYF) mutant may exhibit proapoptotic activity similar to
that described previously for the HIPI/AANTH mutant (26).
Consistent with the low level of the HIP1 phosphorylation-defi-
cient HPM mutant compared to wild-type HIP1, we noted that
the “half-lives” of transfected HIP1/HPM(4xYF) and another
phosphorylation resistant mutant [HIP1(7xYF)] (Fig. 3A) were
indeed shorter than that of transfected wild-type HIP1 (Fig. 3D,
lanes 4 to 6 versus lanes 1 to 3, and data not shown).

One alternative explanation to the proapoptotic possibility of a
shortened half-life of the HIP1 HPM mutant is that the mutant
protein is less stable than the wild type. To determine whether
promotion of cell death could explain our observations, we ex-
pressed the inert protein GFP in tandem with wild-type HIP1 or
HIP1/HPM(4xYF), using a HIP1-ires-GFP or HIP1/HPM (4xYF)-
ires-GFP DNA construct, and probed for GFP expression via
Western blotting (Fig. 3E, lanes 1 to 3 versus lanes 7 to 9). Like the
expression of HIPI/HPM(4xYF) protein, expression of GFP in
HIP1/HPM(4xYF)-ires-GFP-transfected cells was significantly
lower than that in HIP1-ires-GFP-transfected cells at 72 h and 96
h posttransfection. Since the GFP signal in cells transfected with
the wild-type HIP1-ires-GFP construct remained steady at 96 h
posttransfection, the decrease in GFP signal at the 96-h time point
in concert with the decrease of the HIP1/HPM(4xYF) protein level
in HIP1I/HPM(4xYF)-transfected cells suggests that there was
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TABLE 1 Phosphorylation of HIP1 and its mutants by EGFR?

Construct Phosphorylation
HIPla +++

HIP1b +

HIPla AANTH -

HIPla A753-799 -

HIPla 2xYF (135, 142) ++

HIPla 2xYF (135, 191) 4+

HIPla 2xYF (142, 191) +

HIP1a 2xYF (191, 236) ++
HIP1la 2xYF (862, 1009) +++
HIPla 3xYF (117, 135, 142) +
HIP1a 3xYF (117, 191, 236) +
HIP1a 3xYF (135, 191, 236) +
HIPla 3xYF (142, 191, 236) +/=
HIP1a 4xYF (117, 135, 191, 236) +/—
HIPla 4xYF (117, 142, 191, 236) +/-
HIPla 4xYF (135, 142, 191, 236) -
HIPla IxYF (152) ++++
HIP1a 3xYF (152, 191, 236) ++++
HIP1a 4xYF (135, 152, 191, 236) ++++
HIPla 4xYF (142, 152, 191, 236) ++
HIPla 4xYF (117, 135, 142, 152) +++
HIPla 5xYF (135, 142, 152, 191, 236) ++
HIPla 6xYF (117, 135, 142, 152, 191, 236) ++

HIPla 7xYF (117, 135, 142, 152, 191, 236, 238) -

“293T cells were cotransfected with HIP1 or its mutants together with EGFR and
assayed for HIP1 phosphorylation by coimmunoprecipitation with anti-Myc beads and
antiphosphotyrosine Western blot analysis. + + +, full phosphorylation; ++,
moderately diminished phosphorylation; +, severely diminished but detectable
phosphorylation; —, no detectable phosphorylation; + + =+ ++, hyperphosphorylation.
The presence of the Y152F mutation is indicated in bold.

death of the transfected cells rather than abnormal degradation of
GFP caused by coexpression with the HIP1/HPM(4xYF) protein.
Coexpression of wild-type HIP1 with the HIP1/HPM(4xYF) mu-
tant was able to partially rescue the lower levels of GFP (Fig. 3E,
lanes 10 to 12 versus lanes 7 and 8). This suggests that the HIP1/
HPM(4xYF) mutant behaves as a dominant negative mutant that
opposes prosurvival activities of wild-type HIP1.

Apoptosis was examined directly in HIP1-transfected cells
by using morphological criteria as previously described (35)
(Fig. 3F). At 24 h posttransfection, 31% of cells transfected with

Tyrosine Kinase Phosphorylation of HIP1

HIP1/HPM(4xYF) and 38% of cells transfected with HIP1/
AANTH were apoptotic (Fig. 3G). These frequencies were sig-
nificantly higher than the baseline apoptotic frequency, which
was 13% for wild-type HIP1-transfected cells (Fig. 3G) (P <
0.01 by the Pearson chi-square test). These data suggest that
cell death is associated with the HIP1/HPM(4xYF) mutant,
which explains, at least in part, the decreased half-life of this
mutant and the coexpressed GFP (Fig. 3D and E).

Also, the suggested proapoptotic effects of the HIP1/HPM(4xYF)
mutant make it difficult to interpret EGFR half-life experiments.
The lower panel of Fig. 3C demonstrates that EGFR levels in-
creased in the presence of wild-type HIP1 (lane 3 versus lane 1). In
contrast, this was not the case for the HPM mutants (Fig. 3C, lanes
4 to 7). The decreased levels of EGFR may have been due to pos-
sible proapoptotic effects of the HPM mutants.

HIP1r is also phosphorylated in the presence of EGFR and
requires the conserved tyrosine residues in the HPM motif for
phosphorylation. HIP1r is the only known mammalian relative
of HIP1, and this protein compensates for HIP1 deficiency in vivo
(13). Consistent with this functional and physical overlap, we
found that the four key tyrosines of the HIP1 HPM (Y135, Y142,
Y191, and Y236) are conserved in HIP1r (Y126, Y133, Y182, and
Y227) (Fig. 4A). Note that the tyrosine in the HPM sequence at
HIP1 position 152, which is unnecessary for HIP1 phosphoryla-
tion and appears to inhibit phosphorylation, is a phenylalanine
(homologous position 143) in HIP1r (Fig. 4A). With this amino
acid conservation in mind, we examined EGFR-mediated phos-
phorylation of HIP1r to determine whether the homologous Y-
to-F mutants in HIP1r showed reduced phosphorylation. The 2X
HIPIr Y-to-F mutants, with mutations in each of the two halves of
the HPM, were not phosphorylated at detectable levels. The HIP1r
HPM/4xYF mutant, in which tyrosines 126, 133, 182, and 227
were converted to phenylalanine, was consistently expressed at
much lower levels (Fig. 4B, lanes 5 to 7 versus lane 4). The reason
for this low level of expression is not known. However, even when
the amount of extract was increased 10-fold, phosphorylation of
the HIP1r 4xYF mutant was not detected. Additionally, when the
phenylalanine at position 143 in HIP1r was converted to tyrosine
to mimic the inhibitory Y152 residue in HIP1, HIP1r phosphory-
lation was similarly inhibited (Fig. 4C, lane 3 versus lane 2 and lane
6 versus lane 5). These HIP1r data further support the notion that

FIG 3 Identification of tyrosine residues in HIP1 required for EGFR-mediated phosphorylation of HIP1. (A) Schematic of HIP1 Y-to-F mutations. The diagram
also displays the locations of all 17 tyrosine residues (diamond-headed stalks) within the domains of HIP1. The key mutants that were not phosphorylated by
wild-type RTKs are illustrated in the magnified area (HIP1 4xYF and 7xYF). Abbreviations are as described in the legend to Fig. 2. HPM, HIP1 phosphorylation
motif. (B and C) HEK293T cells were cotransfected with EGFR-V5 and either Myc-tagged wild-type HIP1 or Myc-tagged HIP1 Y-to-F point mutants. Immu-
noprecipitation was performed with anti-Myc beads, and phosphorylation was detected with antiphosphotyrosine antibody 4G10. (B) The USH-deficient
mutant (HIP1A753-799) and the HPM Y-to-F mutants (HIP1 4xYF) were not phosphorylated by EGFR or EGFRVIIL. (C) Y152 of HIP1 inhibits EGFR
phosphorylation. Phosphorylation-resistant mutants (lanes 5 and 7) were phosphorylation sensitive when the Y152F point mutation was included (lanes 6 and
8). The levels of EGFR were increased in the presence of wild-type HIP1 but not in the presence of phosphorylation-resistant mutants (bottom panel). (D)
HEK293T cells were transfected with Myc-tagged HIP1 or the HIP1/HPM(4xYF) mutant and assayed for HIP1 levels by Western blotting with anti-Myc antibody
over a 96-hour period. (E) Low GFP levels that were associated with cotransfected HIP1/HPM (4xYF) (lanes 7 to 9) were rescued by cotransfection of HIP1/
HPM(4xYF)-ires-GFP with wild-type HIP1 (lanes 10 to 12). Wild-type HIP1 also increased GFP levels (lanes 4 to 6) compared to those in cells transfected with
wild-type HIP1-ires-GFP (lanes 1 to 3). (F) Cos-7 cells were transfected with Myc-tagged wild-type HIP1, HIP1/HPM(4xYF), and HIPI/AANTH DNA
constructs. Cells were stained with mouse monoclonal anti-Myc antibody (cytoplasmic staining) to allow for analysis of transfected cells and with DAPI to show
nuclear morphology. Cells were scored at 24 h posttransfection and deemed apoptotic if nuclear condensation or fragmentation was observed (arrowheads).
These images are representative of the overall results, where the HIP1-transfected cells were found more frequently with smooth, nonblebbed nuclei and
contained large regions of HIP1-expressing cytoplasm. In comparison, the mutant cells displayed more condensed cytoplasm, and the nuclei were less frequently
intact. (G) Apoptotic cells in the three different transfections described for panel F were quantitated. The experiment was performed on three separate occasions,
and data were averaged. Error bars denote standard deviations. At least 100 cells from each sample in each experiment were scored for apoptosis by two blinded
investigators (A.A.W. and A.C.), according to nuclear morphology. The percentages of apoptotic cells were compared to the baseline cell death frequency (15%)
of surrounding HIP1-negative cells in each experiment.
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FIG 4 HIP1r requires the HPM for phosphorylation mediated by EGFR. (A) Amino acid alignment of HIP1 and HIP1r N termini. Amino acids in gray are completely
conserved. The tyrosines in black are the HPM tyrosines. The tyrosine at position 152 of HIP1 is not conserved in HIP1r, and the amino acid at this position (residue 143)
in HIP1r is a phenylalanine. (B and C) HEK293T cells were cotransfected with EGFR-V5 and either wild-type HIP1r or HIP1r Y-to-F point mutants. Immunoprecipi-
tation was performed with anti-HIP1r UM374 polyclonal antibody, and phosphorylation was detected with antiphosphotyrosine monoclonal antibody 4G10. (B) The
HIP1r HPM Y-to-F mutants [HIP1r Y(135,142)F and Y(191,236)F] were not phosphorylated by EGER. (C) The F143Y mutant of HIP1r inhibited phosphorylation of
HIPIr. The phosphorylated protein migrating at 120 kDa in the first lane is endogenous HIP1r. Two separate repetitions of these experiments are presented.

this tyrosine (position 152 in HIP1 and position 143 in mutated
HIPIr) inhibits EGFR-mediated phosphorylation of HIP1 and
HIP1r. Whether this tyrosine and its surrounding sequence might
inhibit RTK phosphorylation of other substrates is an important
question for future research.

The HIP1r/HPM(4xYF) and HIP1r/HPM(2xYF) mutants,
which were phosphorylation resistant (Fig. 4B), were also com-
pared to wild-type HIP1r for differences in putative apoptotic
activity. We quantitated the number of cells that were morpho-
logically apoptotic at both 12 and 24 h posttransfection. However,
unlike the results for HIP1 and HIP1/HPM(4xYF), those for
HIPIr and the HIP1r/HPM mutants did not show consistent dif-
ferences in apoptosis between the wild-type and mutant HIP1r-
transfected cells (data not shown). Although the roles of HIP1 and
HIPIr in the cell overlap in vivo (14), previous work has shown
that, similar to these apoptosis data, HIP1 and HIP1r are notiden-
tical, and only HIP1 is able to readily transform cells (23).

HIP1 is phosphorylated in the presence of PDGFfR and its
oncogenic derivatives HIP1/PDGFBR (H/P) and TEL/PDGF3R
(T/P). We next asked if HIP1 interacted with and was phosphor-
ylated in the presence of PDGFBR and its oncogenic derivatives.
We chose PDGFBR because in addition to the case for EGFR, we
have also observed prolongation of the PDGFBR half-life by HIP1
(9). The cDNA for PDGFBR was cotransfected with Myc-tagged
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HIP1 into 293T cells, and extracts were immunoprecipitated
with anti-Myc antibodies. HIP1 phosphorylation mediated by
PDGEFBR was observed, and it was enhanced by addition of NaVa
(Fig. 5A, lane 6 versus lane 5).

Oncogenic derivatives of PDGFBR, such as H/P and T/P, were
next tested for the ability to interact with HIP1 and mediate HIP1
phosphorylation. Like EGFRVIII, they exhibited strong phosphor-
ylation of HIP1 (Fig. 5A, top panel, lanes 8 and 10 versus lanes 7
and 9). In contrast to the equivalent phosphorylation of HIP1
mediated by EGFR and EGFRVII], the ability of H/P and T/P to
induce HIP1 phosphorylation was consistently greater than that
of wild-type PDGFBR. Having previously found that HIP1 inter-
acts with H/P via the HIP1 region of the fusion oncoprotein (42),
and finding in these studies that HIP1 also interacts with the
PDGFBR region of the fusion due to its ability to interact with
PDGEFBR and phosphorylate HIP1 (Fig. 5A, lane 6), we were not
surprised by the strong affinity of H/P for HIP1 and the strong
phosphorylation of HIP1 by H/P. However, it was an unexpected
observation that T/P also induced strong phosphorylation of
HIP1 (Fig. 5A, lanes 9 and 10).

Phosphorylation of HIP1 in the presence of PDGF3R but not
its oncogenic derivatives requires the HPM tyrosine residues.
We next tested if PDGFRR or its oncogenic derivatives required
the HPM tyrosine residues for phosphorylation of HIP1. Al-
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FIG 5 HIP1 association with and phosphorylation mediated by PDGFBR and its oncogenic derivatives. (A to D) HEK293T cells were cotransfected with
HIP1-Myc and RTKs. HIP1-Myc was immunoprecipitated from 1 mg of HEK293T whole-cell lysate by use of anti-Myc beads. Phosphorylation was detected with
antiphosphotyrosine antibody 4G10, and clathrin association was detected with anticlathrin antibody TD.1 (Sigma). Anti-PDGFBR (BD Pharmingen) was used
to detect PDGFBR, H/P, and T/P. (A) Cells were cotransfected with HIP1-Myc and either PDGFBR, H/P, or T/P. HIP1 phosphorylation was observed in these
cotransfections, and the phosphorylation was enhanced when NaVa was added to cells 1 h before lysis. (B) The HPM Y-F mutants (HIP1 4xYF and 7xYF) were
not phosphorylated by PDGFBR but were phosphorylated by H/P and T/P. Lanes 10 and 11 were spliced and rearranged from the same gel for presentation
purposes. (C) T/P requires amino acids 281 and 475 in HIP1 for HIP1 phosphorylation, as the HIP1 15xYF mutant had only these two tyrosines intact. (D) In
contrast to HIP1, H/P readily interacted with clathrin when H/P was coexpressed with HIP1. Extracts were immunoprecipitated with anti-PDGFBR (lanes 1 to
3 and 7 to 9) to directly precipitate H/P rather than HIP1. Extracts were immunoprecipitated with anti-Myc (lanes 4, 5, 10, and 11) to directly precipitate
Myc-HIP1 rather than H/P. The extracts in the panels on the right were derived from imatinib-treated cells to inhibit H/P phosphorylation, as demonstrated in

the lower panels.

though PDGFR, like EGFR, did not induce phosphorylation of
the “HPM” Y-to-F mutants (Fig. 5B, lanes 4 and 5 versus lane 3),
to our surprise, the H/P and T/P oncoproteins readily phosphor-
ylated the “HPM” Y-to-F point mutants (Fig. 5B, top panel, lanes
8,9, 12, and 13). We assayed for HIP1/HPM (4xYF) mutant phos-
phorylation in the presence of EGFR (n = 17), PDGFBR (n = 6),
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H/P (n = 5),and T/P (n = 8) several times, in a variety of exper-
iments, and each time we observed HIP1/HPM (4xYF) phosphor-
ylation in the presence of the oncogenes but not the normal RTKs
(the difference was statistically significant by two-tailed Fisher’s
exact chi-square test [P < 0.0001]). The oncogenic translocation
products also led to phosphorylation of the HIPIAUSH mutant as
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much as, if not more than, that of wild-type HIP1 (data not
shown). In contrast, EGFRVIII was comparable to EGFR in its
complete inability to induce phosphorylation of the HIP1/
HPM (4xYF) (Fig. 3B, top panel, lane 9) and HIP1AUSH (Fig. 3B,
top panel, lane 8) mutants.

To determine which tyrosine residues in HIP1 were required
for T/P-induced phosphorylation, we generated a tyrosine-free
mutant, designated HIP1(17xYF), along with a series of other YF
mutants. The HIP1 15xYF mutant, which contains only tyrosine
residues 281 and 475, was still phosphorylated, indicating that
these residues are required for phosphorylation of HIP1 in the
presence of T/P (Fig. 5C, lanes 5 and 6). These data suggest that the
specificity of the oncogenic forms of PDGFBR toward HIP1 is
altered as a result of the chromosomal translocations. Since the
PDGEFRR fusion oncoproteins phosphorylate wild-type HIP1
more heavily than normal PDGFRR does (Fig. 5A, lanes 8 and 10
versus lane 6 and lanes 7 and 9 versus lane 5), it is quite possible
that tyrosine residues such as residues 281 and 475 are phosphor-
ylated in addition to the HPM tyrosine residues. H/P kinase spec-
ificity in these experiments was not analyzed because the addi-
tional association of HIP1 with the HIP1 portion of the fusion as
well as the PDGFR portion adds a unique complexity. Using the
T/P oncogene for mutagenesis experiments is more generalizable,
as HIP1 interacts only with the PDGFBR portion of the fusion.
T/P is therefore more representative of the family of PDGFBR
fusions that phosphorylate HIP1.

H/P inhibits HIP1 binding to clathrin. While we did not find
significant effects of HIP1 phosphorylation on clathrin binding
(data not shown), we noted that when HIP1 was coexpressed with
H/P but not with T/P or PDGFRR, there was no detectable HIP1
binding to clathrin in an immunoprecipitation assay for HIP1
(Fig. 5D, lanes 4 and 10). In contrast, clathrin was readily bound
by HIP1 in the absence of H/P (Fig. 5D, lanes 6 and 12). When H/P
and HIP1 were coexpressed and H/P was instead immunoprecipi-
tated with anti-PDGFBR antibodies to specifically assess clathrin
association with H/P rather than HIPI, clathrin was readily de-
tected in the immunoprecipitates (Fig. 5D, lanes 1, 2, 7, and 8
versus lanes 4 and 10). Phosphorylation was not necessary, since
treatment with imatinib, a specific inhibitor of H/P, did not affect
this pattern of binding (Fig. 5D, lanes 7 to 12 versus lanes 1 to 6).
These data suggest that the H/P protein binds clathrin more read-
ily than HIP1 in the same cell, and the more efficient binding may
sequester clathrin away from HIP1. An alternative hypothesis is
that H/P noncompetitively blocks HIP1 from binding clathrin.

Two isoforms of HIP1 are differentially phosphorylated in
the presence of normal RTKs. In light of the difference in sub-
strate specificity between coexpression with wild-type PDGFBR
or its oncogenic fusions, we sought to determine if there were
different isoforms of HIP1 that served as better or worse substrates
for the RTKs. We surmised that different HIP1 isoforms that have
alternative amino termini in the vicinity of the HPM may display
altered abilities to be phosphorylated by RTKs. We therefore per-
formed 5'RACE analysis of RNAs isolated from mouse brain and
spleen, two tissues that had previously displayed high HIP1 pro-
tein levels together with a protein doublet by Western blotting (28,
29). Two transcripts (Hipla and Hip1b) were identified that had
different starting exons, designated exons la and 1b (Fig. 6A). The
exon la-containing transcript (Hipla) has been used consistently
by our laboratory, and the human homologue is the isoform we
used for all of the initial phosphorylation studies displayed in
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Fig. 1 to 5. We used the mouse HIP1 sequences to identify these
two forms in human 293T cells by using RT-PCR. Human exon 1b
(152 nucleotides) is located ~99 kb downstream of exon 1a (161
nucleotides), within the 139-kb human intron 1 (Fig. 6A). Using
quantitative PCR, we found that the absolute levels of the human
HIPIa and HIP1b transcripts in 293T cells were equivalent, with a
copy number of ~80 per ng of total RNA. In both mice and hu-
mans, the predicted proteins from both transcripts carry an intact
lipid-binding ANTH domain. Furthermore, the N-terminal re-
gions that are different do not contain tyrosine residues (Fig. 6A,
HIP1la and HIP1b [see N-terminal sequences and alignment]).
To determine whether the two different protein products were
phosphorylated by the various RTKs used in this study, we over-
expressed Myc-tagged versions of the human HIP1 transcripts
with the different RTKs in 293T cells. The human exon 1a HIP1
cDNA expressed a protein that migrated slightly slower than the
exon 1b HIPI protein (Fig. 6B, lane 1 versus lane 2). When the
isoforms were coexpressed with EGFR, HIP1b was qualitatively
phosphorylated less than HIP1a (Fig. 6B, lane 4 versus lane 5 and
lane 9 versus lane 10). This difference was observed in the presence
or absence of vanadate. A similar but less striking pattern was
observed with PDGEBR, as HIP1b was slightly less phosphory-
lated by PDGFBR than HIPla (data not shown). In contrast,
EGFRVIII (Fig. 6C, lane 1 versus lane 2 and lane 6 versus lane 7)
and the PDGFRR fusions (Fig. 6E, lane 4 versus lane 5, lane 7
versus lane 8, lane 10 versus lane 11, and lane 13 versus lane 14) led
to equal phosphorylation of HIP1a and HIP1b in the presence or
absence of vanadate. These data indicate that as in the case of
phosphorylation of the HPM Y-to-F mutants in the presence of
normal and neoplastic RTKs, wild-type RTKs display a narrower
substrate specificity than that of oncogenic PDGFBR RTKs.

DISCUSSION

In this report, we determined that HIP1 is tyrosine phosphory-
lated in the presence of EGFR and PDGFBR and that this modifi-
cation may modulate HIP1’s role in cellular survival. These data
collectively support the hypothesis that HIP1 is directly phos-
phorylated by activated RTKs but do not rule out the possibility
that there remains an intermediate tyrosine kinase activated by
RTKs that then phosphorylates HIP1. To investigate which of the
HIP1 tyrosine residues were phosphorylated, we performed ex-
tensive tyrosine-to-phenylalanine point mutagenesis and identi-
fied four tyrosine residues that are within and just carboxyl to the
ANTH domain (Y135, Y142, Y191, and Y236) as necessary for
EGFR phosphorylation of HIP1. In support of the significance of
these HPM tyrosines, they were completely conserved in HIP1r,
and the homologous HPM mutant was also phosphorylation re-
sistant.

To our surprise, the oncogenic versions of the PDGFBR kinase
(T/P and H/P) did not require these four tyrosine residues for
phosphorylation. Extensive additional point mutagenesis identi-
fied tyrosine residues 281 and 475 of HIP1 as required for phos-
phorylation by the PDGFBR oncoproteins. These data indicate
that either multiple domains are phosphorylated at the same time
by the oncoproteins or, upon mutagenesis of those tyrosine resi-
dues in the HPM that are “normally” used, there is adaptation by
the oncoproteins and “normally” unused tyrosine residues are
converted to preferred oncogenic kinase substrate sites.

The identification of the HPM as a sequence that is required
specifically for membrane-bound RTK phosphorylation of HIP1
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FIG 6 Identification and phosphorylation of two alternative HIP1 isoforms. (A) Diagram of alternative human HIP1 transcripts and their amino acid sequences,
designated hHIP1a and hHIP1b. These isoforms differ only in their initial exon, resulting in alternative N-terminal amino acid sequences. (B to E) HEK293T cells
were cotransfected with various RTKs and either HIP1a or HIP1b, both of which were tagged with Myc. Immunoprecipitation was performed with anti-Myc
beads, and HIP1 phosphorylation was detected with antiphosphotyrosine antibody 4G10. (B) EGFR phosphorylates HIP1b less than HIP1a in the presence or

absence of NaVa. (C) EGFRVIII phosphorylates HIP1b to a slightly lesser degree than that for HIP1a in both the presence and absence of NaVa. (D

) PDGFBR

phosphorylates both HIP1b and HIP1a. (E) H/P and T/P phosphorylate HIP1a and HIP1b equally in both the presence and absence of NaVa.

suggests a “locale hypothesis” where membrane-bound RTKs
have more access to HIP1 sequences than cytoplasmic RTKs. This
increased access allows them to modify more of HIP1. An alterna-
tive hypothesis is a “priming hypothesis” where phosphorylation
of the tyrosine residues in the HPM of HIP1 may be required
before the rest of HIP1 serves as a kinase substrate. This priming
may not be required by constitutively active oncogenic kinases.
Because the oncogenic version of EGFR, EGFRVIII, remains mem-
brane bound (33-36) and did not phosphorylate the HPM Y-F
mutants, in contrast to oncogenic PDGFBR, which is primarily
cytoplasmic (15), we prefer the “locale hypothesis” over the
“priming hypothesis.”

HIPI1 is a member of a growing group of oncoproteins that
usurp normal endocytic pathways to transform cells by increasing
tumor-promoting signals. By altering clathrin trafficking, aber-
rant endocytic factors such as HIP1 are thought to simultaneously

September 2013 Volume 33 Number 18

elevate levels of several growth factor receptors (43). The exact
mechanism for this is not known, but since HIP1 specifically binds
clathrin, we suggest that HIP1 may serve as a clathrin “sponge”
that at very high levels competes with a coated pit for its compo-
nents. This HIP1 “sponge” could prevent or stall endocytosis of
activated growth factor receptors by either preventing formation
of the endosome or causing abnormal retention of the endosome
clathrin coat. Progression to late endosomes and lysosomes is
halted, resulting in delayed signal termination. This is a plausible
hypothesis, as the pool of clathrin available for endocytosis can be
limiting. For instance, we observed that the clathrin-binding
HIP1/PDGFBR oncogene competes with HIP1 for clathrin to
such an extent that HIP1 binding to clathrin is abrogated when
HIP1/PDGEFpR is also expressed (Fig. 5D).

Finally, the roles of the EGFR interaction and phosphorylation
of HIP1 in cellular transformation are not clear. Although HIP1
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itself has been shown to transform cells in an EGFR-dependent
fashion (23), this report is the first to demonstrate HIP1 phos-
phorylation mediated by EGFR. Tyrosine phosphorylation of
HIP1 and HIPIr underscores the likelihood that the observed
physical interactions between HIP1 or HIP1r and RTKs are func-
tionally significant. Because HIP1 phosphorylation is lost when
cells are treated with an EGFR inhibitor (AG1478) and increased
when cells are treated with the protein tyrosine phosphatase in-
hibitor NaVa (Fig. 1), the tyrosine phosphorylation state is clearly
transient and is therefore a possible regulatory signal. Further-
more, EGFR inhibitor treatment of HIP1-transformed cells inhib-
its their transformed phenotype (23). Whether inhibition of HIP1
phosphorylation prevents HIP1’s dynamic location in EGF-stim-
ulated cells is of future interest. Additionally, identification of spe-
cific tyrosine phosphatases that use HIP1 and HIP1r as substrates
and further analysis of the role of the HPM in HIP1 and HIP1r
cellular functions in vivo will shed additional light on the biolog-
ical purpose of HIP1 phosphorylation.

Conclusions. We report that HIP1 and HIP1r are phosphory-
lated by EGFR and PDGFBR. We identified a 101-amino-acid
HIP1 phosphorylation motif (HPM) that includes a patch of four
tyrosine residues that are conserved between HIP1 and HIP1r and
are necessary for normal RTK phosphorylation. In contrast, we
found that oncogenic PDGFBR mutants do not require the HPM
for phosphorylation of HIP1. Within this conserved HPM motif,
we identified a tyrosine unique to HIP1 that inhibits HIP1 phos-
phorylation. Finally, data from a HIP1 mutant with conversion of
the four conserved HPM tyrosines to phenylalanine suggest that it
is a proapoptotic mutant, indicating that an intact HPM may be
necessary for HIP1 to promote cellular survival and transforma-
tion.
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