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HSPA1A is an Important Regulator of the Stability and
Function of ZNF198 and Its Oncogenic Derivative,
ZNF198-FGFR1

Chitta S. Kasyapa, Padmaja Kunapuli, and John K. Cowell*

Department of Cancer Genetics, Roswell Park Cancer Institute, Buffalo, New York 14263

Abstract Mass spectroscopy analysis demonstrated that the HSPA1A protein is found in complex with the ZNF198
protein which is involved in a chromosome rearrangement with the FGFR1 gene in an atypical myeloproliferative disease.
HSPATA is a member of the HSP70 family of genes which has been shown to be inducible in a variety of circumstances.
Exogenous expression of the ZNF198-FGFR1 fusion kinase gene as well as ZNF198 in a model cell system results in a
large (>650-fold) increase in HSP70 mRNA levels. Using KNK437, a specific inhibitor of HSP70 transcription, we have
demonstrated that an important function of HSPATA is to stabilize the ZNF198 and ZNF198-FGFR1 proteins. In the
absence of HSPA1A, specific functions of ZNF198—FGFR1 such as STAT3 phosphorylation is also lost. Treatment of cells
with KNK437 in the presence of MG132, an inhibitor of proteasomal degradation of proteins, suggested that only the
ZNF198-FGFR1 protein is subject to the proteasomal degradation pathway, while ZNF198 is not. These observations
suggest an important role for HSPATA in ZNF198 and ZNF198—FGFR1 mediated cellular function. J. Cell. Biochem. 102:

1308-1317, 2007. © 2007 Wiley-Liss, Inc.
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Reciprocal chromosomal translocations in
leukemias often result in the generation of
chimeric proteins with constitutive functions
that promote the malignant phenotype [Rab-
bitts, 1994]. We have previously described a
novel fusion gene between the kinase domain of
FGFR1 and a novel zinc finger protein, ZNF198,
in an atypical myeloproliferative disease [Still
and Cowell, 1998]. The ZNF198 gene is 1377
amino acids long with 10 zinc fingers, a proline
rich domain, and a consensus C-terminal
nuclear localization signal. Subsequent studies
have shown that several different proteins can
also combine with FGFR1 [Popovici et al., 1999;
Guasch et al., 2000; Macdonald et al., 2002]
which appear to facilitate multimerization and
constitutive activation of its kinase domain.
Downstream targets of the fusion kinase have
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been shown to include members of the STAT
family of transcription factors [Smedley et al.,
1999; Baumann et al., 2003; Heath and Cross,
2004]. In the BaF/3 hematopoietic cells, expres-
sion of ZNF198—FGFR1 induces IL-3 indepen-
dent proliferation of otherwise IL-3 dependent
cells. We have recently demonstrated that the
wild-type endogenous ZNF198 protein can
complex with the fusion kinase, which poten-
tially affects the endogenous function of
ZNF198 [Kunapuli et al., 2006]. As such, under-
standing the function of ZNF198 could lead to
important insights into the way in which
expression of the fusion gene affects intracel-
lular homoeostasis.

In yeast 2-hybrid assays, ZNF198 was shown
to bind to the UBE2A/B [Kunapuli et al., 2003]
and SUMO-1 proteins [Kunapuli et al., 2006].
UBE2 is involved in DNA repair functions and
recruits RAD18 to facilitate this process. In cells
expressing the fusion kinase, although UBE2
could form a complex with ZNF198—-FGFR1,
RAD18 could not and these cells showed
increased sensitivity to UV-B irradiation sug-
gesting that ZNF198 potentially plays a role in
DNA repair. Mass spectroscopy analysis of
proteins that interact with ZNF198 initially



HSPAT1A Stabilizes the ZNF198-FGFR1 Chimeric Kinase 1309

identified proteins such as SFPQ (PSF), PTBP1,
hnRNPA2/B1, and hnRNPHS3 [Kasyapa et al.,
2005] further involving it in RNA splicing and
maturation. ZNF198 has also been observed to
bind to UBTF, anucleolar protein that functions
as a trans-activation factor in rDNA transcrip-
tion [Ollendorff et al., 1999; Kasyapa et al.,
2005].

The ZNF198 protein has been shown to loca-
lize to punctate nuclear structures [Baumann
et al., 2003; Kasyapa et al., 2005]. In contrast,
the ZNF198—-FGFR1 protein localizes to the
cytoplasm. We recently demonstrated using co-
localization studies [Kunapuli et al., 2006] that
some of the ZNF198-containing nuclear bodies
are PML bodies and that ZNF198 is present in
a protein complex with PML. The presence of
the fusion kinase results in loss of PML bodies
[Kunapuli et al., 2006]. During these studies it
became clear that ZNF198 was also localized
in other nuclear structures that were not PML
bodies [Kasyapa et al., 2005]. Expression micro-
array studies demonstrate that ZNF198-
FGFR1 expression alters the profile of various
protease inhibitors, in particular, plasminogen-
activator inhibitor type 2 (PAI-2/SERPINB2)
[Kasyapa et al., 2006]. PAI-2 binds to the
ZNF198—-FGFRI1 fusion kinase and presumably
helpsin stabilizing the protein in the cytoplasm.
From the same microarray analysis, we now
show that a member of the inducible heat shock
protein (HSP)-70 family, HSPA1A, is highly
induced in HEK-293 cells expressing ZNF198—
FGFR1. Cells over expressing ZNF198 also
show increased levels of HSPA1A compared
to the parental cells. Mass spectroscopy has
been used to demonstrate that ZNF198 forms
a complex with HSPA1A. Furthermore, using
KNK437, an inhibitor of HSP70, the ZNF198-
containing structures in the nucleus are dis-
rupted suggesting that this protein—protein
interaction is required for the stability of
ZNF198 and for its specific localization in the
nucleus.

MATERIALS AND METHODS
Cell Culture and Transfection Studies

The ZNF198/FGFR1 fusion gene was ampli-
fied by PCR from leukemic cells expressing the
fusion gene. The PCR product was then cloned
into the pEGFP-C2 vector as an N-terminal
GFP fusion protein. The ZNF198 gene was
amplified from a fetal bone marrow cDNA

library and similarly cloned into pEGFP-C2
vector. All the constructs were sequenced before
transfection to confirm the correct reading
frame for the constructs. HEK 293 clones stably
expressing the various constructs were gener-
ated as described previously [Kasyapa et al.,
2006].

HEK-293 cells stably expressing the ZNF198
or the ZNF198-FGFR1 fusion kinase were
maintained in DMEM with 10% FBS in 5%
CO,. Specific gene expression was confirmed
using RT-PCR and protein expression was
confirmed by Western blotting using an anti-
GFP monoclonal antibody (Covance, NdJ).

RT-PCR Analysis

RNA from cell cultures was prepared using
the Trizol (Invitrogen, Carlsbad, CA) method as
described previously [Kasyapa et al., 2005]. The
purity of the RNA was determined calorimetri-
cally. The SuperScript One-step RT-PCR kit
(Invitrogen), with platinum Taq, was used to
amplify RNA in the samples. For HSPA1A, the
primer set used was human HSPA1A:

forward- 5'-AGCTGCTGCAGGACTTCTTC-3'
reverse- b5'-CGTTGGTGATGGTGATCTTG-3
which gives a 474 bp product specific to this
member of the hSP70 family of genes.

The B-actin primers used, which generated a
646 bp product, were:

forward- 5'-AAATCTGGCACCACACCTTC-3'
reverse- 5'-GCACTGTGTTGGCGTACAG-3'

Immunoprecipitation and Western Blotting

Cells grown to 80% confluency were washed
twice with PBS and lysed in RIPA buffer (50 mM
Tris containing 150 mM NaCl, 0.1% SDS, 1%
TritonX-100, 1% sodium deoxycholate; pH 7.2)
with 0.2% protease and phophatase inhibitor
cocktails (Sigma, MO) on ice for 10 min. When
immunoprecipitations (IP) were performed, the
lysates were first passed through rabbit IgG-
coupled sepharose to remove proteins that bind
IgG non-specifically, and then 500 pl of the
supernatant was combined with 3 ul of anti-
GFP rabbit polyclonal serum (Clontech, CA)
and incubated overnight at 4°C with slow
mixing. The immune complexes were applied
to Protein A-Sepharose and centrifuged. The
Sepharose beads were then washed five times
with PBS and the proteins were eluted by



1310 Kasyapa et al.

incubation in SDS-sample buffer at 100°C for
3 min. Aliquots were subjected to SDS—-PAGE
and Western blot analysis.

Antibodies for the various studies were
obtained from: HSPA1A, beta actin, PTBP1, and
PML (Santa Cruz, CA); monoclonal SUMO-1
antibody (Zymed, CA); anti-GFP polyclonal
antibody (Clonetech) and monoclonal antibo-
dies (Covance); STAT3, p-STATS3 antibodies
(Cell Signaling Technologies, MA); SERPINB2
(American Diagnostica, CT); SFPQ/PSF
(Sigma, St. Louis, MO).

Gene Expression Analysis

RNA extracted from individual HEK-293 cell
clones was used to prepare cRNA for hybridiza-
tion to the Affymetrix U133A oligonucleotide
arrays as described previously [Kunapuli et al.,
2004; Kasyapa et al., 2006]. The gene expression
profile from the ZNF198/FGFR1 expressing
cells was compared with that obtained from
HEK-293 clones stably expressing the GFP
protein from the pEGFP vector. To assess gene
expression differences, the base-line corrected
data were imported into the Affymetrix Data
Mining Tool (DMT 4.0) using the publishing
tool, MicroDataBase (MDB 3.0). After the genes
were sorted using a count and percent tool, a list
of only those that showed altered expression in
at least two of the ZNF198/FGFR1 clones (two
cross-comparisons) was compiled. A cut-off of an
average twofold or greater change was selected.
All functional annotation and chromosomal
locations were obtained using NetAffx [Liu
et al., 2003].

Confocal Microscopy

Stable transfectants carrying GFP-tagged
ZNF198 and ZNF198/FGFR1 genes were fix-
ed in 4% paraformaldehyde on coverslips and
blocked with PBS containing 0.05% Triton
X-100 and 5% fetal calf serum. Cells were
then incubated with (1:50) monoclonal PML
antibody (Santa Cruz) overnight at 4°C. Cells
were washed for 3 x 15 min with PBS contain-
ing 0.05% Triton-X 100 and incubated at room
temperature with a goat anti-mouse antibody-
Texas red conjugate for 1 h. An anti-mouse IgG-
Texas red conjugate (Jackson Laboratories) was
used as the secondary antibody. The cells were
then examined using a Leica confocal laser-
scanning microscope. Images were collected
using a 60x oil immersion lens using an

excitation wavelength of 488 nm for GFP and
FITC and 543 nm for Texas red.

Two-Dimensional Gel Electrophoresis

For two-dimensional electrophoresis, IP were
performed using an anti-GFP antibody coupled
to protein-A sepharose and immobilized using
disuccinimidyl suberate (DSS) (Pierce), thus
making the antibody stably attached to protein-
A sepharose under the elution conditions of low
pH. GFP fused ZNF198 was immunoprecipi-
tated together with its binding partners and
eluted using 100 mM glycine pH 2.5. Immuno-
precipitated proteins were concentrated in a
lyophilizer and desalted using desalting col-
umns (Bio-Rad). The buffer containing the
immunoprecipitated proteins was exchanged
with the 2D rehydration buffer (8 M Urea, 2%
CHAPS, 50 mM DTT, and 0.2% pH 3-10
ampholytes). ReadyStrip IPG strips (pH 3-10,
7 cm, Bio-Rad) were rehydrated overnight in 2D
rehydration buffer containing the protein sam-
ple. IEF was carried out on a Protean IEF Cell
(Bio-Rad) at 20°C with a maximum current
setting of 50 mA/strip. Focusing was performed
for a total of 10,000 Vh. After the IE focusing
was complete, the strips were subjected to a
2 x 10 min equilibration with continuous and
gentle shaking. The first step was performed in
equilibration buffer I (6 M Urea, 20% glycerol,
2% SDS, 0.375 M Tris-HCI pH 8.8, and 2% DTT)
and the second step was performed in equilibra-
tion buffer II (6 M Urea, 20% glycerol, 2% SDS,
0.375 Tris-HCI pH 8.8, and 2.5% lodoaceta-
mide). The strips were briefly dipped in the
SDS—PAGE running buffer and placed on a
1 mm thick 10% SDS—PAGE gel and sealed in
place with 0.5% low melting point agarose.
SDS—PAGE was performed at 200 V for 40 min
in SDS—-PAGE running buffer. The gel was
stained with coomassie brilliant blue R250.
Stained protein spots were manually excised
and used for MALDI-MS analysis.

In-Gel Digestion

Individual coomassie brilliant blue stained
protein spots were excised from the gel, cut into
small pieces, placed in a 1.5 ml microcentrifuge
tube that had been washed with 50% acetoni-
trile (ACN) and 0.1% TFA. Gel pieces were
destained by incubating at 37°C for 45 min
in 0.2 ml in 50% ACN containing 50 mM
NH,HCOg3. This process was repeated twice.
The gel pieces were then incubated for 5 min at
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room temperature in 100ul of 100% ACN. ACN
wasremoved and the gel pieces were dried using
a Speedvac for 10 min at room temperature. The
protein in the dried gel pieces was digested
using freshly prepared trypsin (trypsin Gold,
Mass Spec Grade from Promega, Madison, WI)
at 20 ng/ul in 25 mM NH/HCOs;. The digestion
was performed at 37°C overnight. The gel pieces
were centrifuged for 1 min and the supernatant
was transferred to a fresh tube. The peptides in
the gel pieces were extracted by incubating for
60 min in 50 ml of 50% ACN and 0.1% TFA at
room temperature with constant shaking. This
process was repeated once more and the extracts
were pooled and concentrated using a Speedvac
until the volume was reduced to 10 ul. The
peptide mixture was further purified and con-
centrated using ZipTip c;5 reagents (Millipore).

Protein Identification by MALDI-MS Analysis

For MALDI-TOF MS analysis, the ZipTip-
concentrated peptides were plated on the
MALDI target in 60% ACN in the presence of
1 pl of a-cyano-4-hydroxycinnamic acid (CHCA,
Sigma). Mass measurements were carried out
using a Biflex IV TOF/TOF mass spectrometer
system from Bruker Daltonics. The mass spec-
tra generated were internally calibrated using
the trypsin autolysis peaks (m/z 842.51 and
2211.07). Monoisotopic masses were assigned
to individual peaks and used for database
searches using the MASCOT (http:/www.
matrixscience.com) search engine. This program
uses the list of peptide mass values from the
enzymatic digest for protein identification. The
data were compared with the NCBI non-
redundant protein sequence database using
the protein sequences.

RESULTS

Analysis of HSPA1A in 293 Cells Expressing
ZNF198 or ZNF198-FGFR1

Since functional aspects of a protein can often
be revealed by identifying its interacting pro-
tein partners, we used MALDI-TOF mass
spectrometry (MS) to analyze proteins that co-
IP with ZNF198. An anti-GFP antibody was
used in IP procedures with HEK-293 cell lysates
expressing the GFP-tagged ZNF198 protein.
Individual proteins were then resolved using 2D
gel electrophoresis (Fig. 1) and Comassie blue-
stained spots were isolated individually from
the gel. One of these proteins showed a

molecular weight (MW) of ~70 kDa and a
PI=5.7. MS analysis of the protein isolated
from this spot identified four peptides which
showed homology with the HSPA1A (HSP70-1)
and HSPA1B (HSP70-2) proteins, providing 8%
coverage (Fig. 1). Since these four peptide
sequences are identical in both proteins, MS
analysis alone could not distinguish between
them, which is not surprising since, despite
being derived from different genes, both pro-
teins have the same amino acid sequences
[Milner and Campbell, 1990]. To confirm the
MS data, we used the IPs from HEK-293 cells
expressing GFP-ZNF198 and analyzed these
proteins using Western blotting and an HSP70
antibody. This analysis showed the presence of
HSP70 in the IP from cells expressing exongen-
ous GFP-ZNF198, but not in cells expressing
GFP alone (Fig. 2A). IPs from cells expressing
the GFP-ZNF198—-FGFR1 fusion protein also
showed the presence of the 70 kDa protein after
Western blot analysis suggesting that the
binding site is located in the proximal 913
amino acids of ZNF198. Using the polyclonal
antibody against ZNF198 [Kunapuli et al.,
2003], we were able to show that, in parental
293 cells, HSP70 is also in complex with ZNF198
demonstrating that this is not an artifact of over
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Fig. 1. Two-dimensional gel from the IP of GFP tagged ZNF198
with anti-GFP antibodies. The location of the spot representing
HSPATA is indicated by the arrow. Four peptides were identified
from the spectra produced from this spot and their location within
the amino acid sequence of HSPA1A is show below. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Fig. 2. In(A) IP of the exogenous ZNF198 and ZNF198—-FGFR1

(Z-F) proteins with GFP antibodies demonstrates the presence of
HSPATA (70 kDa) in complex with these proteins, but not in cells
expressing the GFP protein alone. The 54 kDa band seen in this
gel results from the IgG cross reaction between the primary and
secondary antibodies. In (B) semi-quantitative RT-PCR analysis
(22 cycles) shows high level increases in HSPATA mRNA levels
in cells expressing exogenous ZNF198 as well as in two
independently derived clones (Z-F1 and Z-F2) expressing
ZNF198—-FGFR1. At the protein level (C) the increased HSPATA
was significantly higher in cells expressing ZNF198 compared
with ZNF198-FGFR1. IP of the endogenous ZNF198 protein
from wild-type 293 using a polyclonal antibody (D) reveals that
HSP70 is also present in a complex with this protein.

expressing an exogenous GFP-tagged protein
(Fig. 2D).

Analysis of the HSPA1A levels in cells over-
expressing either ZNF198 or ZNF198-FGFR1
showed large increases in its mRNA (Fig. 2B)
and protein levels (Fig. 2C). We had previously
performed an Affymetrix U133A expression
array analysis [Kasyapa et al., 2006] comparing
cells over expressing the various GFP-fused
proteins. Analysis of this data, specifically for
HSP70 family members, demonstrated that
HSPA1A expression was increased ~670-fold
in cells expressing exogenous ZNF198 and
~620-fold in cells expressing exogenous
ZNF198—-FGFR1 when compared to the cells
expressing exogenous GFP alone. HSPA1A is
the most inducible member of the HSP70
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family. Other members of this family (such as
HSPA1B and HSPA6) showed no significant
expression changes between the various cell
lines in our microarray analysis. HSPA1B was
apparently increased ~sevenfold in both
ZNF198 and ZNF198—-FGFR1 expressing cells
(Table I) although semi-quantitative RT-PCR
analysis using primers specific for HSPA1B
showed relatively little increase in expression
levels (data not shown). Thus, these results
demonstrate that there is an over-expression of
HSPA1A in cells expressing either ZNF198 or
ZNF198-FGFR1, thus raising the question
whether HSPA1A binds to these proteins and
stabilizes them.

Effect of KNK437 on HEK-293 Cells Expressing
ZNF198 or ZNF198-FGFR1

To investigate the significance of HSPA1A
over-expression, HEK-293 cells stably expres-
sing ZNF198 or ZNF198—FGFR1 were treated
with increasing concentrations of KNK437
(Calbiochem, CA) for 48 h. KNK437 is a specific
inhibitor of transcriptional activation of HSP70
genes [Yokota et al., 2000]. Cells treated with
KNK437 showed reduction of HSPA1A protein
levels in a dose dependent manner after 48 h
(Fig. 3). Protein levels of both ZNF198 (Fig. 3A)
and ZNF198-FGFR1 (Fig. 3B) were also
reduced in these cells in a dose dependent
manner becoming first evident at 25 pM, but
becoming more pronounced at 100 pM. In all
subsequent experiments, therefore, we used the
100 pM concentration of KNK437. Interest-
ingly, the GFP protein levels in 293 cells
expressing exogenous GFP alone was not
inhibited (Fig. 3C), indicating that KNK437
exerts its effect only on ZNF198 and ZNF198—
FGFR1 rather than the GFP associated with
these proteins. These results suggest that
expression of HSPA1A is important for the
stability of both the ZNF198 and ZNF198—
FGFR1 proteins.

TABLE I. Summary of Gene Expression (Fold) Changes, Derived
from Affymetrix HU133Plus2 Arrays, for HSP70 Family Members
Seen in HEK 293 Cells Expressing the Exogenous ZNF198 or
ZNF198-FGFR1 Fusion Kinase Compared With Cells Expressing
the Exogenous GFP Gene Alone

Name Symbol ZNF198 ZNF198-FGFR1
1 Heat shock 70 kDa protein 1A HSPA1A 668.14 623.09
2 Heat shock 70 kDa protein 2 HSPA1B —2.69 —2.34
3 Heat shock 70 kDa protein 6 (HSP70B’) HSPA6 —4.65 —4.58
4  Heat shock transcription factor 1 HSF1 —4.72 —4.75
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Fig. 3. Treatment of 293 cells expressing exogenous GFP-
tagged proteins with varying concentrations (0-100 pM) of
KNK437 leads to a reduction in HSP70 levels (A; upper) which
parallels loss of ZNF198 protein (A; lower) in cells over-
expressing ZNF198. In cells expressing the ZNF198—FGFR1
fusion gene (Z-F) , the same reduction in the chimeric protein
levels (B; lower) parallels loss of the HSP70 protein (B; upper). A
non-specific band consistently seen with the GFP antibody in cell
lysates is indicated by (*) in (A) and (B) and is used to demonstrate
equal loading of the lanes. In 293 cells expressing exogenous
GFP (C), KNK437 treatment has no effect on the GFP protein
levels (lower), while HSP70 levels are reduced (upper) as in A
and B. Using a ZNF198-specific antibody [Kunapuli etal., 2004],
treatment of wild-type 293 cells with KNK437 (D) results in a
reduction of the endogenous levels of ZNF198 which also
parallels the reduction in HSP70 levels.

To further explore the effect of KNK437 on
endogenous ZNF198 levels, we treated HEK-
293 cells with KNK437 for 48 h and analyzed the
protein levels of HSPA1A and endogenous
ZNF198. Both ZNF198 as well as HSP70 were
inhibited when 50 and 100 uM concentration of
KNK437 was used (Fig. 3D). This result
indicates that HSP70 is essential for the stable
presence of ZNF198.

To assay for the effect of this treatment, we
used confocal microscopy to visualize the
ZNF198 and HSP70 proteins. In normal cells,
ZNF198 forms punctuate bodies in the nucleus
[Baumann et al., 2003; Kunapuli et al., 2003]. In
HEK293 cells, there are usually between 4-20
ZNF198-containing nuclear bodies many of
which we have previously shown to be PML
nuclear bodies [Kunapuli et al., 2006]. After
KNK437 treatment, a significant reduction in
the number of these punctate structures
occurred after 24 h of treatment, which was

A -KNK437

+KNK437

DAFPI GFP DAFI GFP
B DAPI INF PML Owverlay

- KNK437

+RNK437

Fig. 4. A: Confocal microscopy of 293 cells expressing GFP-
tagged ZNF198 shows typical punctate structures in the nucleus.
When these cells are treated with KNK437 for 48 h, the punctate
structures are mostly lost. In (B) co-localization of ZNF (green)
and PML (red) proteins is shown in PML bodies in normal cells
(-KNK). Treatment of these cells with KNK 437 results in loss of
PML bodies.

further reduced to less than 10% of normal after
48 h (Fig. 4A). Analysis of these cells with anti-
PML antibodies show almost complete absence
of PML bodies as expected (Fig. 4B). If the
KNK437 agent was removed from the culture
within the first 48 h, the punctuate ZNF198
bodies were able to reform (data not shown).
Cell viability studies using Trypan blue exclu-
sion assays demonstrated that 99% viability
was retained in cultures of HEKZ293 cells
carrying either exogenous ZNF198 or
ZNF198-FGFR1 even in the presence of
KNK437 for 48 h. After 72 h viability was
reduced to 83 and 79%, respectively, in the two
populations. Treatments for longer than 72 h
resulted in progressive loss of cell adherence
in vitro and ultimately cell death. Even though
Trypan blue exclusion ability was retained after
48 h, if KNK437 exposure was maintained
beyond this time the cells eventually died,
suggesting that irreversible changes had been
induced in the cells after this period which led to
cell death.

Effect of KNK437 on ZNF198 Interactions

We reported earlier that ZNF198 is sumoy-
lated [Kunapuli et al., 2006] but that ZNF198—
FGFR1 is not, because the position of the
translocation breakpoint excludes the sumoyla-

tion site from the chimeric protein. To investi-
gate the effect of KNK437 on ZNF198
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sumoylation, HEK-293 cells expressing GFP-
ZNF198 were treated with 100 uM KNK437 for
48 h and cell lysates were immunoprecipitated
with an anti-GFP antibody and SUMO1 levels
analyzed using Western blotting (Fig. 5). IP of
the GFP-ZNF198 protein using anti-GFP anti-
bodies showed that, although ZNF198 levels are
reduced in the presence of KNK437, the anti-
GFP antibody could still IP the remaining
ZNF198 protein in these cells (Fig. 5A).
ZNF198 was sumoylated in cells expressing
GFP-ZNF198 and this modification was not
inhibited by KNK437.

We have also shown previously that ZNF198
interacts with a number of other proteins such
as UBE2 [Kunapuli et al., 2003], SFPQ, PTBP1,
and UBTF [Kasyapa et al., 2005]. Since one
function of HSPA1A is to bind to, and stabilize
proteins, we investigated whether, during the
first 48 h of KNK437 treatment, ZNF198 could
still form a complex with these proteins. As
shown in Figure 5, none of the protein—protein
interactions analyzed were affected by the drug
treatment. These results suggest that although
the ZNF198 protein pool is being depleted in the
presence of KNK437 over 48 h, the remaining
full-length protein can still interact with its
defined partners.

KNK437

(100 pM) Input IP

-+ -+

188kD & —— — - =mm=——- 7NF198

188kD » ga - = SUMOIL

8BS -

Jkp P === UBE2A

100k ¥ %— — SFPQ

57k » GHNGES — —  PTBP1
- —

Fig. 5. Analysis of the interaction of various proteins with
ZNF198 in the presence of 100 uM of KNK437. In 293 cells
expressing GFP-ZNF198, IP using anti-GFP antibodies shows
that even though ZNF198 levels are reduced in the parental cells
ZNF198 can still be IPed from these cells. In the same cells,
SUMO1, UBE2A, SFPQ, and PTBP1 are found in a complex with
ZNF198 even in the presence of KNK437. Arrowheads on the
right indicate the IgG interaction (54-65 kDa) between
antibodies from the IP and probe.

Effect of KNK437 on the Functions of
ZNF198-FGFR1

ZNF198—-FGFR1 has been shown to have
constitutive tyrosine kinase activity in the
cytoplasm of cells that express it, and that
specific targets of this kinase include STAT1I,
STATS3, and STAT5B [Baumann et al., 2003].
Since KNK437 treatment results in reduced
levels of ZNF198—-FGFR1 (Fig. 3), we investi-
gated whether it could also inhibit phospho-
activation of STATS3, as well as expression of
SERPINB2 protein levels, which we have
shown is also important for stability of the
fusion kinase [Kasyapa et al., 2006] in HEK-293
cells expressing ZNF198—FGFR1. Both STAT3
phosphorylation levels (Fig. 6) as well as
SERPINB2 protein levels (Fig. 6) were reduced
in the presence of 100 uM KNK437, although
STAT3 protein levels did not change (Fig. 6).
These results further suggest that HSPA1A is
important for the stability of ZNF198—-FGFR1
and that reduced levels of this protein compro-
mises the downstream consequences of its
action.

Effect of MG132 on KNK437 Mediated Inhibition
of ZNF198 and ZNF198-FGFR1

KNK437 inhibits HSPA1A transcriptional
activation [Yokota et al.,, 2000]. In turn,
HSPA1A is important for the proper folding of
the proteins it interacts with, and is known to
facilitate the ubiquitin-mediated proteasomal
degradation of misfolded proteins. The data
presented above show that levels of both the
ZNF198 and ZNF198-FGFR1 proteins were

KNK437 (uM) 0 5102550100
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Fig. 6. When 293 cells expressing the ZNF198-FGFR1 fusion
gene (Z-F) are treated with KNK437, there is a reduction in
protein levels of ZNF198—FGFR1 with increasing concentration.
This loss of ZNF198-FGFRT1 is paralleled with a reduction in
phospho-STAT3 levels but not of the STAT protein as well as the
two isoforms of SERPINB2. Equal loading of the Western blot is
shown by actin levels.



HSPAT1A Stabilizes the ZNF198-FGFR1 Chimeric Kinase 1315

greatly reduced when cells were treated with
KNK437. To determine whether, in the absence
of HSPA1A, degradation of these proteins
occurs through the proteasomal pathway, we
treated cells over expressing ZNF198—-FGFR1
and ZNF198 with the MG132 proteasomal
inhibitor, which blocks the degradation of
ubiquitinated proteins [Lee and Goldberg,
1998]. Treatment with MG132, however, also
results in upregulation of HSP70 proteins in
its own right [Kim et al., 1999]. When cells
expressing the exogenous ZNF198-FGFR1
gene were treated with KNK437, HSPAl1lA
expression levels were reduced as expected
(Fig. 7). In parallel, ZNF198—FGFR1 protein
levels were also reduced in the presence of
KNK437 but were not reduced when the cells
were treated with a combination of KNK437 and
MG132. These observations suggest that
KNK437-mediated degradation of ZNF198—
FGFRL1 is facilitated through the proteasomal
degradation pathway in the absence of HSP70.
In cells expressing the exogenous ZNF198
protein, KNK437 also results in reduced
ZNF198 protein levels but when ZNF198
expressing cells were treated simultaneously
with KNK437 and MG132, the same reduction
in ZNF198 protein levels was also seen. These
observations could not be accounted for by

ZNF198 ZNF198-FGFR1
C K M KM C K M KM
—  —— e T
HSPA1A HSPA1A

— e — —
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— o m—
o— e —— - —=

ZHELAE ZNF198-FGFRI
Fig. 7. Semi-quantitative RT-PCR analysis (22 cycles) of cells
expressing exogenous ZNF198 (left) shows loss of HSPATA
expression in the presence of KNK437 (4K). Treatment of these
cells with MG132 alone (M) or in combination with KNK437
(KM) does not reduce HSPATA expression levels. During the
various treatments of these cells, expression levels of ZNF198 are
unaffected (lower left). Protein levels of GFP-ZNF198 (as
revealed by Western blotting using anti-GFP antibodies) in cells
treated with KNK437 are reduced compared to the untreated
cells (lower left) and the same effect is seen in cells treated with
KM. The typical non-specific band for GFP is seen in all lysates
and reveals equal protein loading in the lanes. When cells
expressing the ZNF198-FGFR1 protein (right) are treated with
KNK437, there is a similar reduction in HSPATA expression and
protein levels. Reduced protein levels, however, are only seen
when they are treated with KNK437 but not when they are treated
with KNK437 and MG132 together (lower right).

progressive cell death in the treated cells since,
at 48 h, cell viability as determined by trypan
blue exclusion was 99% and reduced only to 74—
77% after 72 h continuous treatment with both
drugs. Thus, while it seems that the fusion
kinase protein is degraded through the protea-
somal pathway, the same is not true for the
ZNF198 protein.

DISCUSSION

The presence of the ZNF198—FGFR1 fusion
kinase protein has a profound effect on gene
expression profiles in cells expressing it. This
disregulation of gene expression is thought to
contribute to the transforming effect of this
oncoprotein. Stabilization of these proteins is
likely to be an important factor contributing to
their oncogenic capacity. The data presented in
this report suggest that HSPA1A maintains the
stability and function of the ZNF198—FGFR1
protein. Stability of a protein can be achieved in
several different ways, in particular through
association with various chaperon proteins
commonly called HSP. Although initially
thought to be only heat inducible, it has now
been well established that HSPs can be induced
by various other stress stimuli including those
caused by oncogenesis. For example, HSP90 is a
chaperone that stabilizes various leukemia-
associated cellular proteins such as BCR-ABL,
RAF1, AKT, KIT, and FLT3 in a conformation
that facilitates their proper function [Isaacs
et al., 2003; Bagatell and Whitesell, 2004].

HSP70 represents another family of HSP that
contains at least 11 highly homologous proteins
with closely related functions and which differ
by intracellular localization and expression
pattern [Tavaria et al., 1996; Daugaard et al.,
2005]. Under normal conditions, HSP70 pro-
teins assist in (1) the folding of newly synthe-
sized proteins, (2) assembly of multiprotein
complexes, (3) translocation of proteins across
cellular membranes, and (4) the channeling of
misfolded proteins into the proteasomal degra-
dation pathway [Hartl and Hayer-Hartl, 2002;
Mayer and Bukau, 2005]. Of the wvarious
members of the HSP70 family, HSPA1A is
typically expressed at very low levels in normal
cells and appears to be rapidly induced in
response to various stimuli. HSPA1A is highly
expressed in various cancers and plays a role in
cancer cell proliferation [Jaattela, 1999]. Inhibi-
tion of HSP70 and HSP90 apparently has a
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potential therapeutic value in many cancers but
especially in leukemias [Guo et al., 2005]. It is
perhaps important to note that only HSPA1A
appears to be specifically induced in cells over-
expressing both the ZNF198 and ZNF198-
FGFR1 proteins. The other inducible members
of the HSP70 family, such as HSPA1B and
HSPAG6 are not affected, suggesting a specific
role for HSPA1A in the function of ZNF198 and
ZNF198—-FGFRI1.

ZNF198 is an exclusively nuclear protein that
forms complexes with various nuclear proteins.
ZNF198 also interacts with UBE2 [Kunapuli
et al.,, 2003], UBTF [Ollendorf et al., 1999;
Kasyapa et al., 2005], PML [Kunapuli et al.,
2006], and various RNA binding proteins such
as SFPQ, PTBP1, and hnRNPA2/B1 [Kasyapa
et al., 2005]. The observation that HSPA1A is
induced in cells over-expressing ZNF198, and
that it interacts with ZNF198, indicates that
HSP70 may contribute significantly to the
formation of protein complexes involving
ZNF198. Interestingly, the observation that
the interaction between ZNF198 and its part-
ners is maintained even in the presence of
KNK437, suggests that HSPA1A is important
for the stability of ZNF198 in these cells. HSP70
is known to enhance the survival of cells and a
depletion of HSP70 leads to apoptosis [Beere
and Green, 2001]. In our experiments, treat-
ment of cells with KNK437 resulted in the
inhibition of ZNF198 protein after 48 h
although cell viability was maintained. Pro-
longed incubation with KNK437 beyond 72 h,
however, resulted in irreversible events that led
to cell death.

The ZNF198—FGFR1 fusion protein differs
from ZNF198 in several ways. ZNF198-FGFR1
does not interact with PML, SFPQ, or PTBP1.
At the same time, ZNF198—FGFR1 is localized
in the cytoplasm and shows constitutive tyro-
sine kinase activity that activates various STAT
proteins which are suggested to be responsible
for the oncogenic activity induced by ZNF198—
FGFR1 [Smedley et al., 1999; Baumann et al.,
2003; Heath and Cross, 2004]. We have recently
reported that SERPINB2, a serine protease
inhibitor, is induced several fold in the cells
expressing ZNF198—FGFR1 and appears to be
essential for the stable presence of ZNF198—
FGFR1 [Kasyapa et al., 2006]. In spite of the
differences between ZNF198 and ZNF198-
FGFR1 in their localization, binding partners
and function within the cell, both proteins

are associated with the induced expression of
HSPAI1A and interact with it. This observation
indicates that both the ability to induce and to
bind to HSPA1A resides in the part of the
ZNF198 protein that is retained in ZNF198—
FGFRI. Inhibition of HSPA1A using KNK437
prevented ZNF198—-FGFR1 from activating
STAT3, emphasizing the importance of
HSPA1lA in maintaining the function of
ZNF198-FGFRI1. It is interesting, however,
that degradation of ZNF198 and ZNF198—
FGFR1 is facilitated through different path-
ways with the proteasomal degradation specifi-
cally targeting the fusion kinase. The reason for
this difference in the mechanism of degradation
of these proteins is not known at this point,
although it is possible that a difference in the
cellular localization and differential ability to be
sumoylated may be important in determining
the exact mechanism. Thus, a differential
expression pattern of ZNF198—FGFR1 as com-
pared to ZNF198 and its different mode of
degradation could potentially be exploited in
developing therapy against ZNF198—-FGFR1
induced AMPD.

ACKNOWLEDGMENTS

This work was supported by grant CA 76167
from the National Institute of Health and in
part by the RPCI Cancer Center support grant
CA 16056.

REFERENCES

Bagatell R, Whitesell L. 2004. Altered Hsp90 function in
cancer: A unique therapeutic opportunity. Mol Cancer
Ther 8:1021-1030.

Baumann H, Kunapuli P, Tracy E, Cowell JK. 2003. The
oncogenic fusion protein-tyrosine kinase ZNF198/fibro-
blast growth factor receptor-1 has signaling function
comparable with interleukin-6 cytokine receptors. J Biol
Chem 278(18):16198-16208.

Beere HM, Green DR. 2001. Stress management—Heat
shock protein-70 and the regulation of apoptosis. Trends
Cell Biol 11(1):6-10.

Daugaard M, Jaattela M, Rohde M. 2005. Hsp 70-2is
required for tumor cell growth and survival. Cell Cycle
7:877-880.

Guasch G, Mack GdJ, Popovici C, Dastugue N, Birnbaum D,
Rattner JB, Pebusque MdJ. 2000. FGFR1 is fused to the
centrosome-associated protein CEP110 in the 8p12 stem
cell myeloproliferative disorder with t(8;9)(p12;q33).
Blood 95(5):1788—-1796.

Guo F, Rocha K, Bali P, Pranpat M, Fiskus W, Boyapalle S,
Kumaraswamy S, Balasis M, Greedy B, Armitage ES,
Lawrence N, Bhalla K. 2005. Abrogation of heat shock



HSPAT1A Stabilizes the ZNF198-FGFR1 Chimeric Kinase 1317

protein 70 induction as a strategy to increase anti-
leukemia activity of heat shock protein 90 inhibitor
17-allylamino-demethoxy geldanamycin. Cancer Res
65(22): 10536—10544.

Hartl FU, Hayer-Hartl M. 2002. Molecular chaperones in
the cytosol: From nascent chain to folded protein. Science
295(5561):1852—1858.

Heath C, Cross NC. 2004. Critical role of STAT5 activation
in transformation mediated by ZNF198-FG FR1. J Biol
Chem 279(8):6666—6673.

Isaacs JS, Xu W, Neckers L. 2003. Heat shock protein 90 as
a molecular target for cancer therapeutics. Cancer Cell
3:213-217.

Jaattela M. 1999. Escaping cell death: Survival proteins in
cancer. Exp Cell Res 248(1):30—43.

Kasyapa CS, Kunapuli P, Hawthorn L, Cowell JK. 2006.
Induction of the plasminogen activator inhibitor-2 in
cells expressing the ZNF198—FGFR1 fusion kinase that
is involved in atypical myeloproliferative disease. Blood
107(9):3693—-3699.

Kasyapa CS, Kunapuli P, Cowell JK. 2005. Mass spectro-
scopy identifies the splicing-associated proteins, PSF,
hnRNP H3, hnRNP A2/B1, and TLS/FUS as interacting
partners of the ZNF198 protein associated with rearran-
gement in myeloproliferative disease. Exp Cell Res
309(1):78-85.

Kim D, Kim SH, Li GC. 1999. Proteasome inhibitors
MG132 and lactacystin hyperphosphorylate HSF1 and
induce hsp70 and hsp27 expression. Biochem Biophys
Res Commun 254:264—268.

Kunapuli P, Somerville R, Still TH, Cowell JK. 2003.
ZNF'198 protein, involved in rearrangement in myelo-
proliferative disease, forms complexes with the DNA
repair-associated HHR6A/6B and RAD18 proteins. Onco-
gene 22:3417-3423.

Kunapuli P, Kasyapa C, Hawthorn L, Cowell JK. 2004.
LGI1, a putative tumor metastasis suppressor gene,
controls in vitro invasiveness and expression of matrix
metalloproteinases in glioma cells through the Erk1/2
pathway. J Biol Chem 279:23151-23157.

Kunapuli P, Kasyapa CS, Chin SF, Cowell JK. 2006.
ZNF198, a zinc finger protein rearranged in myeloproli-
ferative disease,localizes to the PML nuclear bodies and
interacts with SUMO-1 and PML. Exp Cell Res 312:3739—
3751.

Lee DH, Goldberg AL. 1998. Proteasome inhibitors: Valuable
new tools for cell biologists. Trends Cell Biol 10:397—403.

Liu G, Loraine AE, Shigeta R, Cline M, Cheng J,
Valmeekam V, Sun S, Kulp D, Siani-Rose MA. 2003.
NetAffx: Affymetrix probesets and annotations. Nucleic
Acids Res 31:82-86.

Macdonald D, Reiter A, Cross NC. 2002. The 8pll
myeloproliferative syndrome: A distinct clinical entity
caused by constitutive activation of FG FR1. Acta
Haematol 107:101-107.

Mayer MP, Bukau B. 2005. Hsp70 chaperones: Cellular
functions and molecular mechanism. Cell Mol Life Sci
6:670—684.

Milner CM, Campbell RD. 1990. Structure and expression
of the three MHC-linked HSP70 genes. Immunogenetics
32:242—-251.

Ollendorff V, Guasch G, Isnardon D, Galindo R, Birnbaum
D, Pebusque MJ. 1999. Characterization of FIM-FGFR1,
the fusion product of the myeloproliferative disorder-
associated t(8;13) translocation. J Biol Chem 274(38):
26922-26930.

Popovici C, Zhang B, Gregoire MJ, Jonveaux P, Lafage-
Pochitaloff M, Birnbaum D, Pebusque MdJ. 1999. The
t(6;8)(q27;p11) translocation in a stem cell myeloproli-
ferative disorder fuses a novel gene, FOP, to fibroblast
growth factor receptor 1. Blood 93(4):1381—-1389.

Rabbitts TH. 1994. Chromosomal translocations in human
cancer. Nature 372:143—-149.

Smedley D, Demiroglu A, Abdul-Rauf M, Heath C, Cooper
C, Shipley J, Cross NC. 1999. ANF198-FGFR1 trans-
forms Ba/F3 cells to growth factor independence and
results in high level tyrosine phosphorylation of STATS 1
and 5. Neoplasia 4:349-355.

Still TH, Cowell JK. 1998. The t(8;13) atypical myeloproli-
ferative disorder: Further analysis of the ZNF198 gene
and lack of evidence for multiple genes disrupted on
chromosome 13. Blood 92(4):1456—1458.

Tavaria M, Gabriele T, Kola I, Anderson RL. 1996. A
hitchhiker’s guide to the human Hsp70 family. Cell
Stress Chaperones 1:23—28.

Yokota S, Kitahara M, Nagata K. 2000. Benzylidene lactam
compound, KNK437, a novel inhibitor of acquisition of
thermotolerance and heat shock protein induction in
human colon carcinoma cells. Cancer Res 60(11):2942—
2948.



