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Combined treatment with verinostat with gefitinib
shrinks tumors produced by EGFR-mutant NSCLC cells
with the BIM polymorphism

We next determined the in vivo efficacy of vorinostat and
gefitinib. Gefitinib alone almost completely shrunk xenograft
tumors induced by HCC827 cells (Fig. 3A). Although gefitinib
monotherapy prevented the enlargement of tumors produced
by PC-3 cells, which harbor the BIM polymorphism, it did not
induce their complete regression, indicating that PC-3 cells
remained less susceptible to gefitinib in vivo. Under these
experimental conditions, vorinostat monotherapy inhibited
tumor growth slightly, whereas the combination of vorinostat
with gefitinib resulted in marked tumor shrinkage (Fig, 3B).
None of the mice treated with these agents showed any
macroscopic adverse effects, including loss of body weight
(data not shown).

To clarify the mechanisms by which vorinostat and gefitinib
act in vivo, we assessed tumor-cell apoptosis by TUNEL stain-
ing. Gefitinib treatment increased the number of apoptotic
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Figure 3. Antitumor activity of gefitinib and/or vorinostat in mouse
xenograft models of HCC827 and PC-3 tumors. Nude mice bearing
established tumors with HCC827 (A) or PC-3 (B) cells were treated with
25 mg/kg gefitinib and/or 40mg/kg vorinostat once daily for 21 days.
Tumor volume was measured using calipers on the indicated days. Mean
+ SE tumor volumes are shown for groups of 4 to 5 mice. *, P < 0.05
versus control, **, P < 0.05 versus gefitinib by one-way ANOVA.

cells in HCC827 tumors but had little effect on PC-3 tumors
(Fig. 4A and B), indicating that EGFR-mutant NSCLC cells with
the BIM polymorphism are refractory to gefitinib-induced
apoptosis in vivo as well as in vitro. Importantly, although
vorinostat alone had little effect on apoptosis, the combination
of vorinostat and gefitinib induced marked apoptosis in PC-3
tumors (Fig. 4A and B). Western blot analyses showed that
gefitinib induced cleavage of caspase-3 in HCC827, but not in
PC-3, tumors. In PC-3 tumors, treatment with gefitinib or
vorinostat had little effect on caspase-3 cleavage, whereas
their combination increased BIM expression and the cleavage
of caspase-3 (Fig. 4C and D). These findings indicate that the
combination of vorinostat and gefitinib increases BIM protein
expression and induces tumor-cell apoptosis, thereby shrink-
ing tumors produced by EGFR-mutant NSCLC cells with the
BIM polymorphism.

Discussion

EGFR-mutant NSCLC cells with the BIM deletion polymor-
phism show impaired generation of BIM with the proapoptotic
BH3 domain, as well as resistance to EGFR-TKI-induced
apoptosis (5). We have shown here that treatment of cells
with the combination of vorinostat, a HDAC inhibitor, and
gefitinib, an EGFR-TKI, restored the expression of BIM protein
with a BH3 domain (predominantly BIMg; ), induced apoptosis,
and overcame gefitinib resistance in vitro and irn vivo.

Although vorinostat preferentially induced expression of
BIM containing the BH3 domain, its exact mechanisms of
action remain unclear. The wild-type allele may be more
susceptible to the effects of HDAC inhibition than the deletion
allele due to differences in the acetylation status of these
alleles. Alternatively, vorinostat may affect the splicing process,
resulting in the production of exon 4- rather than exon 3-
containing transcripts from the deletion polymorphism allele
as HDAC has been found to affect the splicing of RNA (16).

Vorinostat has been shown to induce the expression of
several genes other than BIM (13). However, we found that
BIM was pivotal not only for gefitinib-induced apoptosis but
also when combined with vorinostat. Moreover, the combina-
tion of vorinostat and gefitinib increased BIM expression and
markedly induced apoptosis in PC-3 and HCC2279 cells. Col-
lectively, these findings strongly suggest that vorinostat pro-
motes gefitinib-induced apoptosis in EGFR-mutant NSCLC
cells with the BIM polymorphism, primarily by increasing BIM
expression. Several other mechanisms, including inhibition of
epigenetic modifications leading to a drug-tolerant state (17)
and transition of cancer cells from a resistant mesenchymal
state to an E-cadherin-expressing epithelial state (18) may be
also involved.

Both the BIM polymorphism and EGFR mutations are more
prevalent in East Asian than in Caucasian populations. Few
Fast Asian patients with EGFR-mutant NSCLC show a com-
plete response to EGFR-TKIs (1). This incomplete response,
including intrinsic resistance, may be due, in part, to low BIM
expression associated with the BIM polymorphism (6). Our
preclinical data indicate that vorinostat increases BIM even in
BIM-wild type EGFR--mutant NSCLC cells. However, a clinical
trial with erlotinib and entinostat, an HDAC inhibitor, in
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Overcoming EGFR-TKI Resistance Due to BIM Polymorphism
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Figure 4. Vorinostat combined with gefitinib increases apoptosis in xenograft tumors with the B/IM polymorphism. HCC827 and PC-3 xenograft tumors were
resected from mice treated with 25 mg/kg gefitinib and/or 40mg/kg vorinostat for 4 days. A, analysis of apoptosis by TUNEL staining. Representative
fluorescent images are shown. Green fluorescence indicates apoptotic cells, Bar indicates 50 pm. B, quantitation of number of apoptotic cells, *, P < 0.05
gefitinib or vorinostat versus control; **, P < 0.05 combination versus control and single agents. Bars represent mean + SD. G, tumors were harvested 8 hours
after 2 consecutive treatments with each compound, and the levels of protein in tumor lysates were determined by Western blotting. D, tumors were harvested
24 hours after 4 consecutive treatments with each compound. Protein expression levels in the tumor lysates were determined by Western blotting.

unselected patients with NSCLC, more than 65% of whom were
Caucasian, failed to show therapeutic benefits (19). These
findings suggest that the combination of vorinostat and an
EGFR-TKI should be tested in selected patients with NSCLC
with EGFR mutations and the BIM polymorphism.

Resistance to EGFR-TKIs associated with the BIM deletion
polymorphism may be overcome by treatment with BH3
mimetics, such as ABT-737 (5). Although ABT-737 antagonized
antiapoptotic proteins, such as Bel-2 and Bel-X;, it did not
antagonize the antiapoptotic protein Mcl-1, which is over-
expressed in NSCLC (20), suggesting that the effects of BH3
mimetics may be limited to overcoming EGFR-TKI resistance
caused by the BIM polymorphism in NSCLC. BH3 mimetics are
being evaluated in early-phase clinical trials but are not ready
for use in clinical practice. In contrast, vorinostat has been
approved by the FDA for the treatment of patients with
advanced primary cutaneous T-cell lymphoma (15). Therefore,
the combination of gefitinib and vorinostat could easily be
tested clinically.

The BIM polymorphism can be detected in formalin-fixed
paraffin-embedded tumor tissues and peripheral blood (5).

Moreover, a convenient and easy access PCR screening method
can detect this polymorphism in circulating DNA from serum
(Supplementary Fig. S5A and S5B). As the BIM polymorphism is
a germline alteration, it can be assayed in serum obtained at
any time point. Collectively, our findings illustrate the impor-
tance of clinical trials testing the ability of combinations of
vorinostat and EGFR-TKIs to overcome EGFR-TKI resistance
associated with the BIM polymorphism in patients with EGFR-
--mutant NSCLC.
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Head and neck squamous cell carcinoma (HNSCC) is an aggres-
sive cancer with a 5-year survival rate of ~50%. With the use of
a custom cDNA-capture system coupled with massively paraliel
sequencing, we have now investigated transforming mecha-
nisms for this malignancy. The cDNAs of cancer-related genes
(n.= 906) were purified from a human HNSCC cell line (T3M-1
C1-10) and subjected to high-throughput resequencing, and the
clinical relevance of non-synonymous mutations thus identified
was evaluated with luciferase-based reporter assays. A CASP8
(procaspase-8) ¢DNA with a novel G-to-C point mutation that
results in the substitution of alanine for glycine at codon 325
was identified, and the mutant protein, CASP8 (G325A), was
found to activate nuclear factor-xB (NF-kB) signaling to an
extent far greater than that achieved with the wild-type protein.
Moreover, forced expression of wild-type CASP8 suppressed the
growth of T3M-1 Cl-10 cells without notable effects on apopto-
sis. We further found that most CASP8 mutations previously
detected in various epithelial tumors also increase the ability of
the protein to activate NF-kB signaling. Such NF-kB activation
was shown to be mediated through the COOH-terminal region
of the second death effector domain of CASP8. Although CASP8
mutations associated with cancer have been thought to promote
tumorigenesis as a result of attenuation of the proapoptotic
function of the protein, our results now show that most such
mutations, including the novel G325A identified here, separately
confer a gain of function with regard to activation of NF-xB
- signaling, indicating another role of CASP8 in the transformation
of human malignancies including HNSCC. (Cancer Sci 2013; 104:
1002-1008)

H ead and neck squamous cell carcinoma (HNSCC) is one
of the most common types of human cancer, with an
annual incidence of more than 500 000 cases worldwide."?
The major risk factors for HNSCC are tobacco use, alcohol
consumption, and infection with human papilloma virus.® Tt is
an aggressive cancer with a propensity for Jocal invasion and
metastasis, which directly leads to disease- or treatment-related
morbidity. The goals of HNSCC treatment are therefore not
only to improve survival outcome but also to preserve vital
physiological functions such as speech, breathing, swallowing,
and hearing.

Most patients with HNSCC, however, present with advanced
disease at the time of first evaluation and have a S-year
survival rate of only ~50%. Although advances in surgery and
chemoradiation treatment have helped to preserve organ func-
tion in such individuals, they have resulted in only a moderate
improvement in patient survival during the past 30 years.
Characterization of the molecular mechanisms of HNSCC
oncogenesis is expected to provide important information for
the development of novel anticancer agents and the identifica-
tion of biomarkers.
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The recent advent of massively parallel sequencers, or
next-generation sequencers, has rendered resequencing of the
cancer genome manageable in private laboratories.” We have
recently shown that a custom cDNA-capture system coupled
with massively parallel sequencing provides a feasible and
relatively .simple approach for the simultaneous detection of
point mutations, insertions/deletions (indels), and gene fusions
among the captured genes.” Here we show that such high-
throughput resequencing of targeted ¢cDNAs from an oral
squamous cell carcinoma cell line led to the identification of a
missense mutation in caspase-8 (CASP8), a member of the
cysteine—aspartic acid protease (caspase) family. Unexpectedly,
CASP8 with this amino acid substitution (glycine-325 to
alanine, or G325A) was found to activate signaling by the
antiapoptotic transcription factor nuclear factor-xB (NF-kB) to
an extent markedly greater than that observed with the wild-
type protein. Of interest, most CASP8 mutants previously iden-
tified in human cancers were also found to activate the NF-xB
pathway. As far as we are aware, a direct antiapoptotic effect
of CASPS8 in cancer has not previously been demonstrated.

Materials and Methods

Cell lines and plasmids. Human embryonic kidney 293T
(HEK293T) cells, human oral squamous cell carcinoma T3M-1
CI-10 cells, and human esophageal squamous cell carcinoma
OE21 cells were obtained from RIKEN Cell Bank (Tsukuba,
Japan), ATCC (Manassas, VA, USA), and European Collection
of Cell Cultures (Salisbury, UK), respectively. All cells were

" maintained in DMEM-F12 supplemented with 10% FBS and

2 mM tr-glutamine (all of which were from Invitrogen, Carls-
bad, CA, USA). A full-length cDNA for the G325A mutant
form of CASP8 was isolated by RT-PCR from T3M-1 CI-10
cells and inserted into the retroviral plasmid pMXS.‘® Expres-
sion vectors for wild-type and previously identified mutant
forms of CASP8 were generated by PCR-based mutagenesis.
The nucleotide sequences of all constructs were confirmed by
Sanger sequencing.

Resequencing coupled with a cDNA-capture system. Rese-
quencing coupled with a custom cDNA-capture system was
carried out as described previously.'”” In brief, RNA capture
probes (Agilent Technologies, Santa Clara, CA, USA)
designed to cover cDNAs of 906 human protein-coding genes
were hybridized with ¢cDNA fragments prepared from T3M-1
Cl-10 cells according to the protocols for the SureSelect Target
Enrichment system (Agilent Technologies). Purified cDNA
fragments were then subjected to deep sequencing for 76 bases
from both ends with a Genome Analyzer IIx (GAIlx; [llumina,
San Diego, CA, USA). Reads with a Q-value >20 at every

5To whom correspondence should be addressed.
E-mail: hmano@m.u-tokyo.ac.jp
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base were selected, and mapped to the reference cDNA
sequences as well as the human genome sequence (GRCh37)
with the Bowtie algorithm.”” After removing single nucleotide
polymorphisms (dbSNP build 32; http://www.ncbi.nlm.nih.gov/
projects/SNP/snp_summary.cgi), — non-synonymous  mutations
(>30% mutation ratio at >30x coverage) for the target cDNAs
were isolated by our in-house pipeline.

Luciferase-based reporter assays. The HEK293T cells were
transfected with a CASP8 expression vector, the pGL-TK
plasmid (Promega, Madison, W1, USA), and a luciferase-based
reporter glasmid for signaling by c-Fos (pFL700),® c-Myc
(pHXL),® B-catenin (TOP-flash; Upstate Biotechnology, Lake
Placid, NY, USA), INK (AP1; Panomics, Santa Clara, CA,
USA), TP53,9” Notch (pGa981-6),"" Rho (pSRE.L)"?
MAPK (ELK1; Panomics), Gli (Genentech, South San Fran-
cisco, CA, USA), or NF-xB (Agilent Technologies). Luciferase
activities were then assayed with a Dual-Luciferase Reporter
Assay System (Promega), and the activity of firefly luciferase
was normalized by that of Renilla luciferase.

Apoptosis and cell proliferation assays. The T3M-1 CI-10
cells, which express CASP8(G325A), and OE21 cells, which
express wild-type CASP8, were infected with a retrovirus gen-
erated from the pMXS-CASP8-ires-EGFP vector (Clontech,
Mountain View, CA, USA), which allows simultaneous
expression of CASP8 and enhanced green fluorescent protein
(EGFP). The cells were then collected and assayed for apopto-
sis by staining with annexin V and propidium iodide (eBio-
science, San Diego, CA, USA) followed by flow cytometry
(FACSCanto 1T instrument; BD Biosciences, San Jose, CA,
USA). Cell apoptosis was quantified by the Click-iT TUNEL
Alexa Fluor Imaging Assay (Invitrogen). Cell proliferation was
assayed by flow cytometric determination of the cell fraction
positive for EGFP.

Statistical analysis. Quantitative data are presented as
means = SD and were compared with Student’s r-test. A
P-value of <0.05 was considered statistically significant.

Results

Identification of a CASP8 mutation in T3M-1 C10 cells. To

identify oncogenes for oral squamous cell carcinoma, we
selected ¢cDNA fragments for cancer-related genes (n = 906)
from T3M-1 CI-10 oral squamous cell carcinoma cells with
the use of our custom cDNA-capture system.”’ Deep sequenc-
ing of such fragments with a GAIIx sequencer yielded
91 961 299 independent high-quality reads that mapped to
850 cDNAs with a mean coverage of 1202 reads/bp. Screen-
ing for missense mutations, indels, and gene fusions with our
in-house computational pipeline resulted in the identification
of 12 non-synonymous mutations that were further confirmed
by Sanger sequencing (Table 1). We did not detect any indels

Table 1. Non-synonymous mutations detected in T3M-1 CI-10 cells

or gene fusions that were confirmed by the capillary sequenc-
ing.

The 12 missense mutations include a novel G-to-C change
at position 1183 of CASP8 cDNA (GenBank accession
number, NM_033355.3), which results in a glycine-to-alanine
substitution at codon 325 of the encoded protein (Fig. 1a), as
well as known HNSCC-related mutations such as those in
TP53 and HRAS. In our deep sequencing data, this substituted
position of CASP8 cDNA was read at a depth of x469 and
showed a mutation ratio of 98.5%, indicative of loss of hetero-
zygosity at this locus.

The CASPS gene encodes the inactive (pro) form of CASPS,
which plays an essential role in the execution of apoptosis.*
Caspase-8 is composed of a COOH-terminal catalytic domain
and an NH,-terminal prodomain region that contains two tan-
dem death effector domains (DEDs) (Fig. S1). Activation of
CASP8 requires autoproteolysis that generates a heterodimer
consisting of large (p20) and small (pl0) protease subunits.
The G325A mutation of CASP8 is located near the catalytic
site in the p20 subunit.

Mutant CASP8(G325A) activates the NF-kB signaling path-
way. To evaluate the biological relevance of the CASP8
(G325A) mutant, we carried out a reporter assay for a wide
range of intracellular signaling pathways. Wild-type CASPS8
markedly increased reporter activity for the NF-xB ;l)athway
(Fig. 1b), consistent with previous observations."*!> The
G325A mutant of CASPS8, however, increased such reporter
activity to an extent far greater than that observed with the
wild-type protein. In contrast, the effects of the wild-type and
mutant forms of CASP8 on other signaling pathways, includ-
ing those mediated by c-Fos, c-Myc, f-catenin, JNK, TP53,
Notch, Rho, MAPK, and Gli, did not differ significantly
(Fig. 1c), indicating that the G325A mutation influences NF-
kB signaling specifically.

Catalytic activity of CASP8 and its mutants was also exam-
ined. The wild-type CASP8, CASP8(G325A), CASP8(C360A)
(an amino acid substitution at the catalytic center),'® CASP3
(D210A/D216A) (double mutations at the autoprocessing
region), or CASP8(D210A/D216A/D223A) (triple mutations
at the autoprocessing region), was introduced into HEK293
cells that were then subjected to an enzymatic assay for
CASPS8. As expected, wild-type CASPS is catalytically active
in HEK?293, but a mutation at its catalytic center almost abol-
ished its processing potency (Fig. 2a). Interestingly, the
G325A substitution severely hampered CASP8 activity. In con-
trast, CASP8 with mutations at the autoprocessing region carry
a decreased, but apparent, processing ability.

To examine whether the G350A mutation contributes
directly to malignant transformation, we infected T3M-1 CI-10
cells harboring the mutant CASP8 gene with a retrovirus
encoding both EGFP and either wild-type CASP8 or the

Gene GenBank accession no. Read coverage Mismatch reads (%) Nucleotide change Amino acid change
CASP8 NM_033355 x469 98.5 1183G>C G325A
ELF4 NM_001421 x188 39.8 1016C>A L211M
GSG2 NM_031965 x119 100.0 1238T>C VA402A
HRAS NM_005343 x613 25.1 370A>T Q61L
IRAK2 NM_001570 x 155 49.0 591CT S172L
NUAK2 NM_030952 x162 51.2 1427G>A AA34AT
PDPK1 NM_002613 x226 37.6 1663G>C E507Q
PRKCZ NM_002744 %61 49.1 306C>T R49C
PXK NM_017771 x82 57.3 364A>G 189V

" RHOA NM_001664 x1127 52.9 394G>C E40Q
TP53 NM_000546 x234 97.8 1035A>G R280G
TTBK2 NM_173500 x 100 51.0 1402G>C L321F
Ando et al. Cancer Sci | August 2013 | vol. 104 | no.8 | 1003
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Fig. 1.

Mutant protein CASP8(G325A) selectively activates the nuclear factor-kB (NF-kB) signaling pathway. (a) Electrophoretograms of CASP8

cDNA identified an 1183G > C substitution, which results in a G325A amino acid substitution, in T3M-1 Cl-10 cells. (b,c) HEK293T cells were trans-
fected with an expression vector for CASP8 or CASP8(G325A) or with the corresponding empty vector (Mock) together with pGL-TK and reporter
plasmids for NF-xB (b) or other (c) signaling pathways, after which the cells were lysed and assayed for luciferase activities. The activity of firefly
luciferase was normalized by that of Renilla luciferase then expressed relative to the corresponding value for mock-transfected cells. Data are
means + SD from three independent experiments. P-values were calculated using Student's t-test.

G325A mutant, then assayed the proliferation of EGFP-
positive cells. Surprisingly, forced expression of wild-type
CASP8 resulted in a marked reduction in the number of
EGFP-positive cells, whereas the G325A mutant had only a
slight effect on cell number (Fig. 2b). This suppression of cell
growth by wild-type CASP8 was not observed in another squa-
mous cell carcinoma cell line, OE21, which harbors the wild-
type CASPS gene (Fig. 2b).

Interestingly, while annexin V-positive fraction was margin-
ally increased in T3M-1 CI-10 cells overexpressing wild-type
CASPS (Fig. S2), neither CASP8 nor CASP8 (G325A) induced
notable apoptosis in T3M-1 CI-10, as judged by the TUNEL
assay (Fig. 2c). It is, therefore, possible that CASP8 regulation
of cell growth in cancer may be independent, in part, of its
apoptosis-inducing function.

We further depleted the CASPS message in T3M-1 CI-10 by
the use of siRNA, and examined its effects on the expression
of NF-«xB targets. As shown in Figure S3, decrease in the
CASP8 message led to a marked suppression in BCL2 expres-
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sion, supporting the positive role of CAPS8 in NF-xB signal-
ing.

CASP8 mutations in human tumors. Non-synonymous muta-
tions in CASP8 have been previously reported in various
epithelial tamor types including gastric cancer (GC), colorectal
cancer, hepatocellular carcinoma, and HNSCC.Y"1? Thege
mutations include seven missense, one nonsense, and six
frameshift mutations as well as one in-frame deletion (Fig. S1,
Table S1). Whereas such mutations have been thought to con-
tribute to carcinogenesis ‘through a loss of the proapoptotic
function of CASPS8, we unexpectedly found that most of the
mutants markedly activated NF-xB signaling (Fig. 3), sugges-
tive of a gain of function with regard to such signaling. Of
note, all of the three CASP8 mutants (GCl, GC4, and GC7)
that failed to activate NF-xB signaling harbor non-synonymous
mutations within the DEDs, suggesting that these domains
may be essential for NF-xkB activation.

In addition, screening as of January 2013 for non-synony-
mous mutations in CASP8 among public databases for

doi: 10.1111/cas. 12191
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cancer genome mutations (COSMIC version 62, http://cancer.
sanger.ac.uk/cancergenome/projects/cosmic/;  The  Cancer
Genome Atlas, https://tcga-data.nci.nih.gov/tcga/tcgaHome2.
jsp; and the International Cancer Genome Consortium, http://

intestine carcinoma and cervical squamous cell carcinoma),
suggesting that missense mutations at this position are
recurrent.

Caspase-8 domains linked to NF-xB activation. To investigate

icgc.org) list 76 independent missense/nonsense mutations,
seven frame-shift indels within CASPS8, many of which had
been confirmed to be somatic changes. Interestingly, amino
acid substitutions at Gly-325 (including G325A) were identi-
fied in multiple cancer specimens (such as those for large
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further how CASP8 controls the NF-kB pathway, we generated
a series of CASP8 mutants (Fig. 4a). As shown in Figure 4(b),
the D210A/D216A mutant is still able to activate NF-xB
signaling by an extent similar to that achieved with the wild-type
protein. Similarly, the addition of both D210A and D216A

Cancer Sci | August 2013 | vol. 104 | no.8 | 1005
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substitutions to CASP8(G325A) did not substantially affect its
ability to activate the NF-kB pathway.

We also generated expression constructs for the NH,-termi-
nal DED- (DED1) or COOH-terminal DED (DED2) either
alone or together with the Hinge regions between DED1 and
DED2 (Hinge-1) or between DED2 and p20 (Hinge-2)
(Fig. 4a). None of these deletion mutants activated the NF-kB
pathway (Fig. 4b). In contrast, a deletion mutant consisting of
the entire prodomain (CASP8-DEDs) activated NF-kB signal-
ing to a level even higher than that induced by CASPS
(G325A). Deletion of Hinge-2 from CASP8-DEDs (the Del-9
mutant) markedly reduced the stimulatory effect on NF-«xB
signaling. A CASP8 cDNA previously identified in the speci-
men designated GCl has a 2-bp deletion (Table S1) that
results in premature termination within DED2 (Fig. 4c). This
truncation almost completely abrogated the ability of CASPS
to activate NF-xB signaling (Figs 3,4b). Both Hinge-2 and the
COOH-terminal end of DED2 thus likely play an essential role
in the regulation of NF-xB signaling by CASP8. This notion
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was reinforced by the observation that a Cys'®*-to-Tyr substi-
tution at the COOH-terminal end of DED2 previously identi-
fied in the GC7 specimen (Table S1, Fig. 4c) also largely
abolished the ability of CASPS8 to activate NF-xB signaling
(Fig. 3).

Members of the DED family of proteins possess a key
hydrophobic patch (for DED-DED interactions) that is
exposed at the surface of each molecule and includes the
conserved RXDL motif (corresponding to “KS — L” in DED2
of CASP8) in the COOH-terminal region of the DED.?%%?
Our findings are thus consistent with the idea that this
conserved region contributes to the regulation of NF-kB.

Prodomains of CASP8-related proteins are able to activate
NF-xB signaling. Given that the prodomain of CASPS is suffi-
cient to fully active NF-xB signaling, we tested whether the
prodomains of the CASP8-related proteins CFLAR (also
known as cFLIPL) and caspase-10 (CASP10) might have simi-
lar effects. CFLAR is structurally similar to CASP8 but does
not possess functional caspase activity, given that it does not

doi: 10.1111/cas. 12191
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contain the comerved catalytlc cysteine residue found in all
functional caspases ) Caspase-10 is highly homologous to
CASP8 and is also recruited to, and becomes activated by,
death receptors.®*2® We found that the entire prodomains of
CFLAR and CASPI10 each markedly increased the level of
NF-xB qwnalmc (Fig. 4d) as already shown for CASPI10 by
other groupg fAlthough conservation of the RXDL motif is
less clear in CASPI10 compared to the other members (Fig.
S4), substitution of the conserved Leu' in CASP10 to either
Pro or Val residues attenuated its NF-kB-activating potential
(Fig. 4d). Furthermore, the CASP10-DEDs protein lacking the
putative RXDL region completely lost such ability, confirming
the essential role of the DEDs COOH-terminus in CASP10
activation of the NF-kB pathway.

Discussion

One of the most proximal caspases in the apoptosis cascade,
CASPS is driven by the death-inducing signaling complex in
response to ligation of death receptors( ) such as tumor necro-
sis factor receptor 1, CD95 (Fas, or Apol), and tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL, or Apo2lL)
receptor. Activation of CASPS requires dimerization and con-
sequent autocleavage of the procaspase-8 zymogen,®® and it
initiates the extrinsic apoptosis cascade through activation of
downstream effectors such as CASP3, CASP6, and CASP7.??

In addition, CASPS8 has the potential to activate the antia-
poptotic transcription factor NF-xB through its tandem DED
region, and IxB kinase y (IKKY), an essential regula-
tory subunit of the IKK complex Partlcipates in this CASPS8-
mediated activation of NF-xB.®" The tandem DEDs of
CFLAR also directly 1meract with and recruit IKKy and
thereby activate NF-xB.®” However, we failed to detect a
direct association between the tandem DEDs of CASPS and
IKKy (data not shown). How the tandem DEDs of CASPS
mediate NF-xB activation thus remains unclear. Given the
essential role of the COOH-terminal region of DED2 and the
Hinge-2 region of CASPS8 in the activation of NF-xB, it will
be of interest to profile the cellular proteins that associate with
these regions. Importantly, whereas somatic non-synonymous
mutations in CASP8 are detected relatively frequently in
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human tumors, the mutant proteins have been assumed to
accelerate carcinogenesis as a result of a loss of proapoptotic
function, 61819

In contrast, our data now suggest that many of the somatic
mutations within CASP8 in human cancer provide simulta-
neously inactivation of its proapoptotic function and activation
of NF-xB signaling. Additionally, restoration of CASP8
expression in a CASPS-mutant cell line (T3M-1 CI-10) clearly
suppressed cell proliferation without apparent effects on apop-
tosis, further confirming the relevance of CASP8 mutation on
carcinogenesis. It should be noted, however, that our data does
not prove a direct linkage between an enhanced NF-kB signal-
ing and cell growth. It may be possible that CASP8 mutants
exert cancer-promoting functions other than the activation of
NF-xB pathway.

Importantly, a recent large-scale exome sequencing of
HNSCC specimens (n = 74) detected somatic mutations of
CASPS8 in 8% of tumors,®® suggestive of an unexpected and
transforming role of CASP8 in HNSCC (and maybe also in
other epithelial tumors). Whereas activation of NF-«xB is fre-
quently detected in a wide array of human malignancies, little
is known about the exact mechanisms underlying such activa-
tion. Our results show that somatic mutation of CASP8 may be
one such mechanism, and they suggest the possibility of treat-
ing CASPS8 mutation-positive tumors with inhibitors of NF-xB,
or targeting other proteins that contribute to the NF-«B activa-
tion pathway.
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Mutations in the Nucleolar Phosphoprotein, Nucleophosmin,
Promote the Expression of the Oncogenic Transcription
Factor MEF/ELF4 in Leukemia Cells and Potentiates
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Background: MEF/ELF4 can function as an oncogene. We demonstrated the role of MEF/ELF4 in acute myeloid leukernia.
Results: NPM1 inhibited the DNA binding and transcriptional activity of MEF/ELF4 on the HDM2 promoter, whereas NPM1

mutant protein enhanced these activities of MEF/ELF4.

Conclusion: MEF/ELF4 activity may be activated by NPM1 mutant protein.
Significance: NPM1 mutant proteins have a role in MEF/ELF4-dependent leukemogenesis.

Myeloid ELF1-like factor (MEF/ELF4), a member of the ETS
transcription factors, can function as an oncogene in murine
cancer models and is overexpressed in various human cancers.
Here, we report a mechanism by which MEF/ELF4 may be acti-
vated by a common leukemia-associated mutation in the
nucleophosmin gene. By using a tandem affinity purification
assay, we found that MEF/ELF4 interacts with multifactorial
protein nucleophosmin (NPM1). Coimmunoprecipitation and
GST pull-down experiments demonstrated that MEF/ELF4
directly forms a complex with NPM1 and also identified the
region of NPM1 that is responsible for this interaction. Func-
tional analyses showed that wild-type NPM1 inhibited the DNA
binding and transcriptional activity of MEF/ELF4 on the HDM2
promoter, whereas NPMI1 mutant protein (Mt-NPM1)
enhanced these activities of MEF/ELF4. Induction of Mt-NPM1
into MEF/ELF4-overexpressing NIH3T3 cells facilitated malig-
nant transformation. In addition, clinical leukemia samples
with NPM1 mutations had higher human MDM2 (HDM2)
mRNA expression. Our data suggest that enhanced HDM2
expression induced by mutant NPM1 may have a role in MEF/
ELF4-dependent leukemogenesis.
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Myeloid ELF1-like factor (MEF/ELF4), a member of the ETS
family of transcription factors, is characterized by an 85-amino
acid ETS domain that recognizes a core sequence of GGAA or
TTCC (1). MEF/ELF4 is expressed in various normal and
malignant hematopoietic cells and regulates the expression of
various cytokines (interleukin-3 (1), granulocyte-macrophage
colony-stimulating factor (1), and interleukin-8 (2) as well as
the cytolytic perforin molecule (3) and antibacterial peptides
lysozyome and human B-defensin?2 (4)) and matrix metallopro-
teinase-9 expression (5). Furthermore, analyses of MEF/ELF4-
deficient mice have revealed the essential role of MEF/ELF4 in
the development and function of NK (natural killer) cells and
NK-T cells (3). Recently, Smith ef al. (6) have shown that
repression of Elf-4 by transcriptional repressor GfiIb is impor-
tant for the maturation of primary fetal liver erythroid cells.
MEF/ELF4 also regulates the key aspects of hematopoietic stem
cell behavior by controlling movement through the cell cycle
from quiescence (G,) to G, and from G to S as well as resist-
ance to myelosuppression (7, 8).

MEF/ELF4 is expressed in cancers such as leukemia (9), lym-
phoma, and ovarian cancer (10). Recently, Totoki et al. (11)
identified an intrachromosomal inversion (Xq25) in hepatocel-
lular carcinoma that generated a BCORL1-MEF/ELF4 fusion
transcript. Experiments in several mouse models have sug-
gested that MEF/ELF4 plays a role in tumorigenesis. For exam-
ple, models of retrovirus-induced insertional mutagenesis have
identified MEF/ELF4 as a gene that is involved in leukemic
transformation (12). Sashida et al. (13) have shown that over-
expression of MEF/ELF4 enhances the expression of Mdm2,
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leading to decreased p53 expression and enhanced transforma-
tion. In experiments with MEF/ELF4-overexpressing cells, they
demonstrated that Etsl-induced p16 induction is suppressed,
resulting in senescence suppression and tumor promotion.

Nucleophosmin (NPM1) is a nucleolar phosphoprotein (14)
and a frequent target of genetic alterations in hematopoietic
malignancies. NPM 1 gene mutations have been found in ~60%
of adult patients who have acute myeloid leukemia (AML)? and
a normal karyotype (15). These mutations lead to the aberrant
cytoplasmic expression of NPM1 (NPMc™) due to nucleotide
gain at the C terminus (16, 17), which results in the loss of
tryptophan residues essential for nucleolar localization and the
gain of a new nuclear export signal (18). Increased NPM1
export into the cytoplasm probably perturbs multiple cellular
pathways by delocalizing the proteins that interact with NPM1.
By using a transgenic mouse model expressing the human
NPMc*t mutation, it has been shown that NPMc™ confers a
proliferative advantage in the myeloid lineage, suggesting that
NPM1 mutations can participate in leukemia development
(19).

In the present study, we found that wild-type NPM1 (Wt-
NPM1) down-regulates, whereas mutated NPM1 (Mt-NPM1)
up-regulates, the transcriptional activity of MEF/ELF4 on
the human MDM?2 (HDM2) promoter. The expression of Mt-
NPM1 in MEF/ELF4-overexpressing NIH3T?3 cells resulted in
enhanced malignant transformation. We also found that
HDM2 mRNA expression in primary AML cells with NPM1
mutations is significantly higher compared with AML cells
without NPM1 mutations. Taken together, our data suggest
that NPM 1 mutations may promote transformation by enhanc-
ing the oncogenic functions of MEF/ELF4.

EXPERIMENTAL PROCEDURES

Cell Culture—293T cells (CRL-11268, ATCC (Manassas,
VA)) were maintained at 37 °C in DMEM (Invitrogen) with
bovine calf serum. U937 cells (CRL-1593.2, ATCC) were main-
tained with 10% (v/v) FBS, 100 IU/ml penicillin, and 100 pg/ml
streptomycin (Fisher). NIH3T3 cells (CRL-1658, ATCC) were
maintained under identical conditions with 10% (v/v) FBS and
grown in RPMI 1640 (Fisher) with 10% FCS (HyClone, Logan,
UT), 100 units/ml penicillin G, and 100 ug/ml streptomycin.
COS7 cells (CRL-1651, ATCC) were cultured in DMEM (Invit-
rogen) containing 10% FCS.

Tandem Affinity Purification Assay—The cDNA of MEF/
ELF4 was inserted into InterPlay N-terminal mammalian TAP
vector (pTAP/MEF/ELF4, Stratagene (San Diego, CA)) com-
prising two affinity tags (immunoglobulin G (IgG)-binding
domain and calmodulin-binding peptide) separated by the
cleavage site of tobacco etch virus protease (20). 293T cells were
transfected with pTAP or pTAP/MEF/ELF4 plasmids in a
10-cm dish. Transfected cells were collected and lysed in a solu-
tion containing 100 mm Tris-HCI (pH 8.0), 300 mM NaCl, and
0.1% Nonidet P-40. The lysate was centrifuged at 15,000 rpm
for 30 min at 4 °C. The resulting supernatant was incubated for

2 The abbreviations used are: AML, acute myeloid leukemia; Wt-NPM1, wild
type NPM1; Mt-NPM1, mutant NPM1; RQ-PCR, quantitative reverse tran-
scription-polymerase chain reaction.
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2 h at 4 °C with IgG-Sepharose 6 Fast Flow (GE Healthcare),
after which the resin was washed and incubated with tobacco
etch virus protease for 2 h at 16 °C. Purification on calmodulin
affinity resin (Stratagene) was performed according to the man-
ufacturer’s instructions. Purified proteins were precipitated
with trichloroacetic acid, resolved with 1X sample buffer and
subjected to SDS-PAGE. Gels were stained with Coomassie
Blue, and protein bands were cut out. Proteins were eluted with
trypsin. The resulting peptides were analyzed with a Procise
49X cLC protein sequencer (Applied Biosystems, Foster City,
CA) (20).

In Vitro Translation—The cDNA molecules of Wt-NPM1
and Mt-NPM1 (21) were inserted into the pTnT vector (pTnT-
NPM, Promega (Madison, WI)) for in vitro translation. NPM1
protein (biotin-NPM1) was in vitro-translated with pTnT-
NPM1 and labeled with biotinylated lysine (Transcend tRNA,
Promega) by using the TNT Quick Coupled transcription/
translation system (Promega). The ¢cDNA of MEF/ELF4 was
inserted into pET-3a (Novagen, VWR (Lisbon, Portugal)),
which allows the introduction of a His tag into the N terminus
of MEF/ELF4 (pET/MEF/ELF4). Overexpression of the recom-
binant protein (His-MEF/ELF4) was achieved in Escherichia
coli BL21Gold (DE3) cells (Stratagene) transformed with the
constructed plasmid pET/MEF/ELF4. His-MEF/ELF4 was iso-
lated from cells broken in lysis buffer (STE buffer) with sonica-
tion and centrifuged at 15,000 X g for 10 min at 4 °C (1).

Biotin-NPM1 was incubated with His-MEF/ELF4 or His (as a
control) proteins at 4 °C for 1 h. The mixture was loaded onto
His spin traps (GE Healthcare) and eluted with 500 mm imid-
azole at pH 7.4. After SDS-PAGE and electroblotting, biotin-
NPML in purified samples was detected by using the Transcend
non-radioactive translation detection system (Promega).

Immunoprecipitation and Immunoblotting—MEF/ELF4 was

cloned into p3xFLAG-CMYV (Sigma) (FLAG-MEF/ELF4) from .

PCR products generated from pcDNA/ MEE/ELF4 (1)
Wt-NPM1 and Mt-A-NPM1 were cloned into pcDNA3.1/
V5-His (pcDNA/V-Wt-NPM1 and Mt-A-NPM1, respectively)
(Invitrogen) from PCR products generated from pcDNA/Wt-
NPM1 and pcDNA/Mt-A (21). 2937 cells were transfected with
each plasmid by using Effectene transfection reagent (Qiagen,
Berlin, Germany). After 48 h, cells were lysed by using the Uni-
versal Magnetic co-immunoprecipitation kit (Active Motif,
Carlsbad, CA) following the manufacturer’s instructions for
nuclear extraction. Lysates were centrifuged at 15,000 rpm for
10 min at 4 °C to remove the resin. The resulting supernatants
were incubated for 4 h at 4 °C with 5 ug of antibodies against
FLAG (Sigma), 5 ug of antibodies against V5 (Invitrogen), or
normal mouse IgG (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA).

Immunoprecipitates were recovered, washed four times with
ice-cold co-immunoprecipitation solution (Active Motif), and
fractionated by SDS-PAGE. Separated proteins were trans-
ferred to a membrane. After incubation in blocking buffer,
membranes were probed with peroxidase-labeled antibodies
against FLAG (Sigma), V5 (Invitrogen), or tag (Invitrogen).
Detection was achieved with an enhanced chemiluminescence
system (ECL Advance Western blotting detection kit, GE
Healthcare). Quantification of Western blotting bands was per-
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formed by using AE-6982/C/FC and CS Analyzer version 3.0
software (ATTO, Tokyo, Japan).

GST and His Pull-down Assay—Fusion protein of GST and
Wit-NPM1 (GST-NPM1) and GST-NPM1 deletion mutant
constructs (Fig. 1C) were generated by PCR with
pcDNA/Wt-NPMLI as a template. PCR products were cloned
in-frame into bacterial expression vector pGEX-T4. Plasmids
that express GST fusion protein (GST-NPM1, GST-NPM1
deletion mutants) and His-MEF/ELF4 protein (pET/MEF/
ELF4) or their controls were transfected into E. coli. Bacterial
pellets were lysed in 1 ml of phosphate-buffered saline (PBS)
with sonication. His-MEF/ELF4 or His alone was incubated
with an equivalent amount of GST, GST-Wt-NPM1, or GST-
Wt-NPM1 deletion mutants for 1 h at 4 °C. Proteins were puri-
fied by using GST columns (MicroSpin GST Purification Mod-
ule, GE Healthcare) or His columns. Bound proteins were
analyzed by using SDS-PAGE/immunoblot.

EMSA—Recombinant proteins GST, GST-NPM1, His, and
His-MEF/ELF4 were collected as described above. Nuclear pro-
tein from 293T cells transfected with pcDNA/MEF/ELF4,
pcDNA/Wt-NPM1, or pcDNA/Mt-A-NPM1 was extracted
with the NE-PER nuclear and cytoplasmic extraction kit
(Pierce) according to the manufacturer’s instructions. EMSA
was performed by using the LightShift chemiluminescent
EMSA kit (Pierce). Recombinant protein or nuclear extracts
were incubated with 20 fmol of biotin 3'-end-labeled oligonu-
cleotides containing APET (an ETS binding site in the IL-3
promoter that was shown to bind to MEF/ELF4) (1). After elec-
trophoresis, transfer, and cross-linking, the signal was detected
by a peroxidase/luminol system (chemiluminescent nucleic
acid detection module, Pierce). To confirm specificity, a 200-
fold excess amount of non-labeled oligonucleotides (APET
competitor) (1) was added. The DNA sequence of the APET
oligonucleotide is 5'-CCTCAGTGAGCTGAGTCAGG-
CTTCCCCTTCCTGCCACAGGG-3'.

RNA Interference—siRNA for NPM1 was transfected into
293T cells by using the GeneClip U1 hairpin cloning system
(Promega) according to the manufacturer’s instructions. The
siRNA sequence-targeting NPM1 gene corresponded to nucle-
otides 103-125 of the coding region relative to the first nucle-
otide of the start codon, as described previously (22).

Luciferase Assay—A 0.5-ug aliquot of pcDNA/MEF/ELF4,
pcDNA/Wt-NPM1, pcDNA/Mt-A-NPM1, pcDNA/Mt-I-
NPM1, or pcDNA/Mt-]-NPM1 was transfected into U937,
293T, and COS7 cells seeded in 6-well dishes by using Nucleo-
fectin (Qiagen) together with 0.1 g of pGL4 reporter plasmid
(pGL4/APET (1), pGL4/ETSm-APET (1), pGL4/HDM2, or
pGL4/HDM2mut) and 0.05 ug of pLR-Bact vector. pGL4/
ETSm-APET contains a mutation in the ETS binding site
(ETSm-APET, 5'-CCTCAGTGAGCTGAGTCAGGCTgagC-
CTcgacGCCACAGGG-3'). pGL4/HDM2 contains a wild-type
hdm?2 (P2) promoter sequence from bp —82 to —122 (Wt-Ets,
CAGGTTGACTCAGCTTTTCCTCTTGAGCTGGTCAAG-
TTCAG), and pGL4/HDM2mut contains an hdm2 (P2) pro-
moter sequence with a mutated ETS site (Mt-Ets, CAGGTTG-
ACTCAGCTTTTaCTCTTGAGCTGGTCAAGTTCAG) (23).
Cell lysates were prepared 48 h after transfection, and luciferase
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activity was determined by using the Dual-Luciferase reporter
assay system (Promega).

Anchorage-independent Growth Assay—NIH3T3 cells were
plated on 24-well dishes in soft agar containing DMEM sup-
plemented with 10% FCS after they were transfected with
various combinations of empty vector, pcDNA/MEF/ELF4,
pcDNA/Wt-NPMI, or pcDNA/Mt-A-NPM1 and cultured for
2 weeks. Images were taken with a Leica DM IRBE inverted
microscope (Leica Microsystems GmbH, Mannheim, Ger-
many) with a X10 objective lens.

Immunochemistry—MEF/ELF4 was cloned into the pGFP-C3
vector (Clontech, Mountain View, CA) (pGFP-MEF/ELF4). 293T
cells were transfected with the empty vector, pGFP-MEF/ELF4,
pcDNA/V-Wt-NPM1, or pcDNA/V-Mt-A-NPML1. Cells were
harvested 3 days after transfection. Cytospin samples were
fixed for 15 min in PBS containing 4% paraformaldehyde. Fixed
coverslips were washed twice in TBS, permeabilized in 0.5%
Triton X-100 for 10 min, and incubated in Image-iT FX signal
enhancer (Invitrogen) for 30 min. Cells were incubated with
primary antibody for 1 h and then washed extensively in TBS
before incubation with Alexa546-conjugated goat anti-mouse-
1gG antibody (dilution 1:2000; Invitrogen) for 1 h. Cells were
covered with a drop of ProLong Gold Antifade Reagent with
DAPI (Invitrogen). Fluorescent images were obtained by using
a confocal laser-scanning microscope (LSM 5 Pascal V3.2, Carl
Zeiss).

ChIP Assay—293T cells were transfected with empty vector,
pcDNA/MEF-FLAG, pcDNA/Wt-NPM1, or pcDNA/Mt-A-
NPM1 by using a nucleofection kit (Qiagen). After 48 h of cul-
ture at 26 °C, cells were fixed by the addition of 1% formalde-
hyde in PBS for 10 min. Chromatin isolation and shearing were
performed by using the OneDay ChIP kit (Diagenode, Liege,
Belgium) and Shearing-ChIP kit (Diagenode) according to the
manufacturer’s instructions. Immunoprecipitation reactions
were performed with anti-FLAG monoclonal antibody (Sigma)
or isotype control IgG (BD Biosciences). Samples were analyzed
by quantitative reverse transcription-polymerase chain reac-
tion (RQ-PCR) by using the LightCycler DNA Master SYBR
Green I kit (Roche Applied Science) as specified by the manu-
facturer. The primer sequences for the HDM2 promoter were 5'-
GAACGCTGCGCGTAGTCTGG-3' (forward) and 5'-ACTGC-
AGTTTCGGAACGTGT-3' (reverse).

Clinical Samples—Informed consent for sample collection
was obtained according to protocols approved by the Interna-
tional Review Board of Nagasaki University, Nagasaki, Japan
(approval number 33-3). Bone marrow aspirates were collected
from 22 AML patients before the initiation of chemotherapy.
CD34-positive cells were isolated by using Ficoll density gradi-
ent centrifugation and magnetic beads (CD34 Isolation Kit,
Miltenyi Biotec, Auburn, CA) to minimize the confounding
effect of MEF/ELF4 and NPM1 expression by mature myeloid
cells. For the screening of NPAM 1 mutations, genomic DNA cor-
responding to exon 12 was amplified by using forward primer
5'"-TTAACTCTCTGGTGGTAGAATGAA-3" and reverse
primer 5'-CAAGACTATTTGCCATTCCTAAC-3', as reported
previously. Amplified products were separated by agarose gel
electrophoresis, purified by using a QIAquick gel extraction kit
(Qiagen), and directly sequenced by using a DNA sequencer
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(3100, Applied Biosystems) with the BigDye terminator cycle
sequencing kit (Applied Biosystems). When mutations were
found by direct sequencing, the fragments were cloned into a
pTOPO vector (Invitrogen) and then transfected into the E. coli
strain DH5A. At least four recombinant colonies were selected,
and plasmid DNA samples were prepared by using the QlAprep
Spin Miniprep kit (Qiagen). Cloned fragments were sequenced
to confirm the mutation of the NPMI gene.

Total RNA was harvested from purified CD34-positive cells
by using an RNeasy minikit (Qiagen). cDNA synthesis was
undertaken by using an oligo(dT) primer with the PrimeScript
11 first strand ¢cDNA synthesis kit (Takara, Shiga, Japan). These
c¢DNA molecules were measured by RQ-PCR with the primers
listed under “RQ-PCR.”

RQ-PCR—RQ-PCR was performed by using a LightCycler
TagMan Master kit (Roche Applied Science) following the
manufacturer’s instructions. Twenty microliters of Universal
ProbeLibrary probes (Exiqon, Vedbaek, Denmark) were added
in the final reaction. Primers designed by using the Universal
ProbeLibrary Assay Design Centre (available on the Roche
Applied Science Web site) were synthesized by Sigma. PCR
amplification was performed by using a LightCycler 3508
instrument (Roche Applied Science). Thermal cycling condi-
tions comprised 2 min at 40 °C and 10 min at 95 °C, followed by
45 amplification cycles at 95 °Cfor 105, 60 °C for 30's,and 72 °C
for 1 s and then a 40 °C cooling cycle for 30 s. Specific primers
and probes were as follows: for HDM?2, forward (5'-TCTGAT-
AGTATTTCCCTTTCCTTTG-3'), reverse (5'-TGTTCACT-
TACACCAGCATCAA-3'), and probe (5'-CGCCACTTTTT-
CTCTGCTGATCCAGG-3'); for human MEF/ELF4, forward
(5'-TGGAGACTCTCAGGGTCGAAA-3"), reverse (5'-AAG-
CAACGGGATGGATGAT-3"),and probe (5'-TCACAGCTG-
GGAACACAGAG-3'); and for human G6PDH, forward (5'-
AAGCAACGGGATGGATGAT-3'), reverse (5'-TCACAGC-
TGGGAACACAGAG-3'), and probe (5'-CGCCACTT-
TTTCTCTGCTGATCCAGG-3).

Statistical Analyses—Comparisons of patient characteristics
between two groups were performed with the Wilcoxon test.
The results of in vivo experiments are presented as the mean =+
S.D. of three independent experiments and compared by using
one-way analysis of variance followed by Scheffe’s multiple
comparison test. A p value of 0.05 was considered statistically
significant.

RESULTS

Identification of MEF/ELF4-binding Protein—To identify the
proteins that bind to MEF/ELF4, we performed the tandem
affinity purification (TAP) procedure and analyzed the amino
acid sequence of the protein complex, thereby identifying 25
proteins (including NPM1). NPM1 is essential for embryonic
development and is frequently translocated or mutated in
hematological malignancies (24). Therefore, we decided to
focus on the interaction between NPM1 and MEF/ELFA4.

Wit-NPM1 Interacts with MEF/ELF4 in Vivo and in Vitro—
To determine if Wt-NPM1 interacts with MEF/ELF4 in human
cells, we transfected 293T cells with FLAG-MEF/ELF4 and
V5-Wt-NPM1 expression plasmids and performed immuno-
precipitations with mouse monoclonal anti-FLAG or anti-V5
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antibody. As shown in Fig. 14, FLAG-MEF/ELF4 protein co-
precipitated with V5-Wt-NPM1 by the anti-V5 antibody (lane
I) but not by the isotype-matched control ({ane 2). In reciprocal
experiments, V5-Wt-NPM1 protein co-precipitated with
FLAG-MEF/ELF4 protein by the anti-FLAG antibody (lane 3).
These results showed the im vivo interaction between
Wt-NPM1 and MEF/ELF4. To ascertain whether Wt-NPM1
protein interacted directly with MEF/ELF4, an in vitro associa-
tion assay with biotin-labeled in vitro-translated Wt-NPM1
and bacterially recombinant His-MEF/ELF4 fusion protein was
performed (Fig. 1B). Biotin-labeled Wt-NPM1 bound to His-
MEF/ELF4 (lane 1) but not to His alone (lane 2). These results
demonstrated that His-MEF/ELF4 bound directly to
Wit-NPM1.

To characterize the region of Wt-NPM1 that binds MEF/
ELF4, five distinct GST-NPM1 proteins were prepared (Fig.
1C). GST pull-down assays (Fig. 1D (a)) and His tag pull-down
assays (Fig. 1D (b)) revealed that the N-terminal region of
NPM1 (the F1, F2, and F3 fragments that contain the oligomer-
ization domain) bound to His-MEF/ELF4, unlike the C-termi-
nal region of NPM1 (F4 and F5).

Wit-NPM1 Interferes with MEF/ELF4 Binding to Target DNA
Sequences—To assess the direct role of Wt-NPM1 in MEF/
ELF4 action, we undertook EMSA. His-MEF/ELF4 bound to
the APET probe (1), but no band was observed with His, GST,
or GST-NPM1 (Fig. 2). The shifted band of MEF/ELF4 was
diminished when the APET competitor was added to the reac-
tion mixture. When Wt-NPM1 was added to the reaction mix-
ture, the shifted band containing MEE/ELF4 was diminished.
These results implied that Wt-NPM1 inhibits the DNA binding
of MEF/ELF4 DNA through direct interactions.

Wit-NPM1 Inhibits, whereas Mt-NPM1 Enhances, MEF/
ELF4-dependent Transcriptional Activity—To study the func-
tional relevance of the physical interaction between MEF/ELF4
and Wt-NPM1, we transfected pcDNA/MEF/ELF4 in combi-
nation with pcDNA/Wt-NPM1 and examined the activity of
the APET promoter construct (1) in 293T cells (Fig. 34). As
reported previously, MEF/ELF4 activated the APET promoter
by ~159-fold. Co-expression of Wt-NPM1 with MEF/ELF4 led
to a significant decrease in luciferase activity. Similar data were
obtained by using COS7 cells (Fig. 3B) and a human leukemia
cell line, U937 (Fig. 3C).

Having shown that NPM1 expression attenuated the tran-
scriptional activity of MEF/ELF4 in leukemia cells, we next
assessed whether the inhibition of Wt-NPM1 expression in vivo

enhanced MEF/ELF4-dependent transcriptional activity. The

siRNA directed against Wt-NPM1 in 293T cells suppressed the
expression of Wt-NPM1 protein by 60-70% (Fig. 3D). Tran-
sient transfections were performed by using NPM1-knock-
down 293T cells with pcDNA/MEF/ELF4 and pGL4/APET
reporter plasmids. A luciferase assay revealed that MEF/ELF4-
dependent transcriptional activity was significantly elevated in
Wt-NPM1-knockdown cells by 1.8-fold (Fig. 3E). These results
implied that Wt-NPM1 functioned as an inhibitor of
MEF/ELF4.

Mutated nucleophosmin (Mt-NPM1) has been found in 50%
of adult AML patients with normal karyotypes (15). It has been
suggested that the mutation is a critical event for leukemogen-

VOLUME 288-NUMBER 13- MARCH 29, 2013

Y102 “€1 A2 U0 VIVIV.L - AINN VMVZVNV 1 /S100q mavw//:dny woly papeojumocg



NPM1 Mutations Enhance HDM2 Expression through MEF/ELF4

A B His colum purification
P avs IgG aFlag His . +
avs —— i V5-NPM1 His-MEF/ELF4 + -
Biotin-NPM1 + +
wB
aFlag PR 4% | Flag-ELF4/MEF NPM1 .
1 2 3 1 2

Biotin-labeled protein

e} D
(a) (b)
MEF/ELF4 binding H 5 & %
ZF1F2 F3 F4 F5 O 2 F1 F2 F3F4 F5 0
[ GST-NPM1 1 (1-294) +
F1 ] HomoD  + AD/NLS + HeteroD [ (1-259) + .
; aGST
F2 ! HomoD  + ADINLS ] (1-1886) +
F3 (1417) +
4 | ADINLS + HeteroD +  NBD| (117-294) — G His |- -
E5 HeteroD +  NBD (187-294)) -

His purification GST purificaton

FIGURE 1. NPM1 interacts with MEF/ELF4. A, 293T cells were transfected with the indicated expression plasmids. After 48 h, cell lysates were immunopre-
cipitated {IP) with anti-FLAG and anti-V5 antibodies. Immunoprecipitates were analyzed by 10% SDS-PAGE and subjected to immunoblotting (WB) with anti-V5
antibody (top row) or anti-FLAG antibody (bottom row). B, MEF/ELF4 interacts directly with NPM1 in vitro. In vitro association assays were undertaken by
incubating His-MEF/ELF4 fusion protein immobilized by using a His-column with biotin-labeled MEF/ELF4 (lane 7). His alone was incubated with biotin-labeled
NPM1 (lane 2) as a control. C, NPM1 structure and the relative binding of MEF/ELF4 (schematic). HomoD, homodimerization domain, residues 1-117; AD/NLS,
acidic domain/nuclear localization sequence, residues 117-187; HeteroD, heterodimerization domain, residues 187-259; NBD, nucleic acid binding domain,
residues 259-294. D, the N-terminal portion of NPM1 is the MEF/ELF4-interacting domain. Bacterially expressed and purified GST, GST-NPM1, and GST-NPM1
mutants with deletions were mixed with bacterially expressed and purified His or His-MEF/ELF4 protein. Recombinant proteins were subjected to His or GST
affinity columns, followed by immunoblotting with anti-GST or anti-His antibodies. a, the reactive samples were subjected to analyses on a His affinity column
followed by immunoblotting with anti-His antibodies (bottom left) or with anti-GST antibodies (top left). b, the reactive samples were subjected to GST affinity
columns, followed by immunoblotting with anti-GST antibodies (top right) or with anti-His antibodies (bottom right).

APET + + + 4+ + 4 obtained with COS7 (Fig. 3G) and U937 (Fig. 3H) cells. To show
2‘5}"_“,55,{,,‘?*’“ i t i Bl i the effect of the coexistence of both Wt- and Mt-NPM1, we
st Tt - transfected 293T cells with various amounts of plasmids that
APET-competitor - - - = 4+ + expressed Wt-NPM1 and Mt-A-NPM1. The expression of Mt-

NPM1 enhanced MEF/ELF4-dependent APET promoter acti-
o - - vation in a dose-dependent manner, even in the presence of
. Wt-NPML1 (Fig. 31). Taken together, our results suggest that
Wt-NPM1 has an inhibitory effect, whereas Mt-NPM1 has
enhancing effect, on the function of MEF/ELF4.
Mt-NPM1I Does Not Interact with MEF/ELF4 in Vivo—Be-
cause the mutated region of Mt-NPM1 was located outside the
i 2 3 4 5 & domain 'responsible for inteYactioFL with MEF/ELF4, we
FIGURE 2. EMSA with recombinant His-MEF/ELF4, His, GST, and GsT-we. | yPOthesized that M-NPML might bind to MEF/ELF4. To test
NPM1. His-MEF/ELF4 was incubated with GST and GST-Wt-NPM1 at room  this hypothesis, we transfected 293T cells with FLAG-MEF/
temperature prior to EMSA by using a biotin-conjugated APET probe (lanes  ELF4 and V5-Mt-A-NPM1 expression plasmids and performed
1-4). An excess amount of unlabeled APET competitor was added to the . T . .
reaction mixtures (anes 5 and 6). immunoprecipitations with mouse monoclonal anti-FLAG or
anti-V5 antibody. Contrary to our expectations, as shown in
esis. To determine the effect of Mt-NPMI on the transcription-  Fig. 4, FLAG-MEF/ELF4 protein and V5-Wt-A-NPM1 did not
activating properties of MEF/ELF4, we transfected pcDNA/  co-precipitate with each other (Fig. 4). These results showed
MEF/ELF4 in combination with pcDNA/Mt-A-NPM1, that there islittle in vivo interaction between Mt-A-NPM1 and
pcDNA/Mt-I-NPM1, or pcDNA/Mt-]-NPM1 and then exam- MEF/ELF4.
ined the activity of the APET promoter construct in 293T cells Localization of MEF/ELF4 Is Unaffected by Mt-NPM1—Hav-
(Fig. 3F). Co-expression of Mt-NPM1 with MEF/ELF4 led to a  ing shown that Mt-NPM1 enhances the transcriptional activity
315-fold increase in luciferase activity. Similar data were of MEF/ELF4, we next assessed whether Mt-NPM1 dislocates
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FIGURE 3. Wt-NPM1 inhibits, whereas Mt-NPM1 enhances, MEF/ELF4-de-
pendent APET promoter transactivation. 293T human kidney (4), COS7
monkey kidney (B), and U937 human hematological (C) cell lines were co-
transfected with the luciferase reporter gene of an artificial MEF/ELF4 target
promoter (APET) and effector genes. The target promoter and effector genes
were as follows: pGL4/APET (lane 1); pGL4A/ETSm-APET (lane 2); pGL4/APET
and pcDNA/MEF/ELF4  (lane 3); pGL4/APET, pcDNA/MEF/ELF4, and
pcDNA/WE=-NPM1 (lane 4); pGL4A/ETSm-APET and pcDNA/MEF/ELF4 (lane 5);
and pGL4/APET and pcDNA/Wt-NPM1 (lane 6). Luciferase activity by pGL4/
APET alone was assigned a value of 1.0. The analysis was performed in tripli-

9462 JOURNAL OF BIOLOGICAL CHEMISTRY

214 ~pane\

P

aFlag igG avs

avs gy | V5-Mt-A-NPM1

wWB

dFlag | Flag-ELF4/MEF

1 2 3

FIGURE 4. Mt-A-NPM1 does not interact with MEF/ELF4 in vivo. 293T cells
were transfected with the indicated expression plasmids. After 48 h, cell
lysates were immunoprecipitated (IP) with anti-FLAG and anti-V5 antibodies.
Immunoprecipitates were analyzed by 10% SDS-PAGE and subjected to
immunoblotting (WB) with anti-V5 antibody (top row) or anti-FLAG antibody
(bottorn row).

MEF/ELF4 into the cytoplasm. We transiently co-transfected a
MEF/ELF4-GFP fusion protein vector together with the
pcDNA/V-Wt-NPM1 or pcDNA/V-Mt-A-NPM1 expression
vector into 293T cells. Wt-NPM1 protein and MEF/ELF4local-
ized to the nucleus (Fig. 54 (a)), whereas Mt-A-NPM1 protein
localized to the cytoplasm (Fig. 54 (b)). Contrary to our expec-
tations, the presence of Mt-A-NPM1 did not affect the subcel-
lular distribution of MEF/ELF4. Western blot analysis of MEF/

cate assays, and the results were reproducible. The results are shown as the
mean * S.D. (error bars). *, p < 0.05. D, 293T cells transduced with siRNA
encoding vector (siWt-NPM1) were harvested 72 h after transduction for
Western blotting. Hsp90 is shown as a control. sicNPM1, control siRNA non-
relevant to the expression of NPM1; Wild, without transduction. £, 293T cells
were co-transfected with the luciferase reporter plasmid (pGL4/APET),
expression plasmid (pcDNA MEF/ELF4), and siWt-NPM1 gene (pcDNA/
siRNA-Wt-NPM1) or control. Luciferase activity by pGL4/APET alone was
assigned a value of 1.0. The analysis was performed in triplicate assays, and
the results were reproducible. The results are shown as the mean = 5.D. % p <
0.05. F, 293T cells were co-transfected with the luciferase reporter gene of an
artificial MEF/ELF4 target promoter and effector genes. Target promoter and
effector genes were as follows: pGL4/APET (lane 1); pGL4/APET and
pPcDNA/MEF/ELF4 (lane 2); pGL4A/APET, pcDNA/MEF/ELF4, and Wt-NPM1 (lane
3); pGL4/APET, pcDNA/MEF/ELF4, and Mt-A-NPM1, Mt-I-NPM1, or Mt-J-NPM1
(ianes 4 -6, respectively); and pGL4/APET and pcDNA/Wt-NPM1, Mt-A-NPM1,
Mt-I-NPM1, or Mt-J-NPM1 (lanes 7-10, respectively). Luciferase activity by
pGL4/APET alone was assigned a value of 1.0. The analysis was performed in
triplicate assays, and the results were reproducible. The results are shown as
the mean * S5.D.*, p < 0.05. G, COS7 cells were co-transfected with the lucif-
erase reporter gene of an artificial MEF/ELF4 target promoter and effector
genes. The target promoter and effector genes were as follows: pGL4/
APET (lane 1); pGL4/APET and pcDNA/MEF/ELF4 (lane 2); pGLA/APET,
pcDNA/MEF/ELF4, and Wt-NPM1 (lane 3); pGL4/APET, pcDNA/MEF/ELF4, and
Mt-A-NPM1 or Mt-I-NPM1 (lanes 4 and 5, respectively); and pGL4/APET and
pcDNA/WEt-NPM1, Mt-A-NPM1, or Mt-I-NPM1 (lanes 6 -8, respectively). Lucif-
erase activity by pcDNA/APET alone was assigned a value of 1.0. The analysis
was performed in triplicate assays, and the results were reproducible. The
results are shown as the mean = S.D. (* p < 0.05). H, U937 cells were co-
transfected with the luciferase reporter gene of an artificial MEF/ELF4 target
promoter and effector genes. Target promoter and effector genes were as
follows: pGL4/APET (lane 1); pGL4/APET and pcDNA/MEF/ELF4 (lane 2);
pGL4/APET, pcDNA/MEF/ELF4, and Wt-NPM1 (lane 3); pGL4/APET,
pcDNA/MEF/ELF4, and Mt-A-NPM1 (lane 4); and pGL4/APET and
pcDNA/Wt-NPM1 or Mt-A-NPM1 (lanes 5 and 6, respectively). Luciferase
activity by pcDNA/APET alone was assigned a value of 1.0. The analysis was
performed in triplicate assays, and the results were reproducible. The results
are shown as the mean = S.D. ¥, p < 0.05. /, 2937 cells were co-transfected
with 0.1 pg of the luciferase reporter gene of an artificial MEF/ELF4 target
promoter (lanes 7-9) and 0.1 ug of effector genes (pcDNA/MEF/ELF4) (lanes
1-6). The effector genes were as follows: 0.2 ug of Mt-A-NPM1 (lane 1); 0.16
g of Mt-A-NPM1 and 0.04 ug of Wt-NPM1 (fane 2); 0.1 g of Mt-A-NPM1 and
0.1 ug of Wt-NPMT1 (Jane 3); 0.04 g of Mt-A-NPM1 and 0.16 g of Wt-NPM1 or
0.2 g of Wt-NPM1 (lanes 4 and 5, respectively); none (lane 6); pGL4/APET and
0.2 ug of Mt-A-NPM1 (lane 7); pGL4/APET and 0.2 ug of Wt-NPM1 (lane 8); and
pGL4/APET (lane 9). Luciferase activity by pGL4/APET alone was assigned a
value of 1.0. The analysis was performed in triplicate assays, and the resuits
were reproducible. The results are shown as the mean * S.D. *, p < 0.05.
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FIGURE 5. Localization of MEF/ELF4 was unaffected by the mutation of NPM1. A, 293T cells were transfected with the GFP-MEF/ELF4 fusion protein
expression vector and pcDNA/V-Wt-NPM1 (a) or pcDNA/V-Mt-A-NPM?1 (b). Forty-eight hours after transfection, cells were fixed and immunofluorescence-
stained with anti-V tag antibody. B, Western blotting of FLAG-MEF/ELF4 subcellular distribution in 293T cells co-transfected with pFLAG-MEF/ELF4 and
pcDNAN-WE-NPM1 or pcDNA/V-Mt-A-NPM1. Purity of the subcellular fractions was assessed by blotting with histone H1 (nuclear extraction) and Hsp70

(cytoplasmic extraction).

ELF4 and Wt- or Mt-NPM1 in nuclear and cytoplasmic
proteins confirmed the nuclear localization of MEF/ELF4 even
with Mt-NPM1 (Fig. 5B).

Wt-NPM1 Inhibits, whereas Mt-NPM1 Enhances, the Onco-
genic Activity of MEF/ELF4—The overexpression of MEF/ELF4
in NIH3T3 cells increases the growth rate, enhances colony
formation in soft agar, and promotes tumor formation in nude
mice (10). To determine the effects of the interaction of NPM1
with MEF/ELF4 on cell behavior, we assessed the anchorage-
independent growth of NIH3T3 cells after co-transfection of
MEF/ELF4 with Wt-NPM1 or Mt-A-NPM1. Compared with
NIH3T3 transfected with only MEF/ELF4, Wt-NPM1-coex-
pressing cells showed reduced anchorage-independent growth,
whereas Mt-A-NPM1-coexpressing cells exhibited increased
growth (Fig. 6).

MEF/ELF4 Binds to the HDM2 Promoter and Activates Its
Expression—In murine cells, MEF/ELF4 binds directly to the
Mdm?2 promoter, thereby promoting Mdm2 expression (12).
To ascertain whether MEF/ELF4 also directly regulates the pro-
moter activity of HDM2 (the human analog of Mdm?2), we scru-
tinized the DNA sequence of the HDM?2 gene and found a con-
served putative MEF/ELF4 binding site in the P2 promoter (Fig.
7B). To establish the association of MEF/ELF4 with the HDM2
‘promoter, we performed a ChIP assay with nuclear lysates from
293T cells expressing FLAG-MEF/ELF4. Immunoprecipitation
with the FLAG antibody (but not with the control IgG) and
subsequent PCRs revealed the recruitment of overexpressed
MEF/ELF4 to the promoter region of the HDM2 gene (Fig. 74).
The luciferase assay revealed that MEF/ELF4 strongly transac-
tivated the’ wild-type HDM2 promoter (Fig. 7, B (a)
and C) and that the effect was abrogated by mutation of the ETS
site (—122 to —82) (Fig. 7, B (b) and C). Compared with Wt-
NPM1, the expression of Mt-A-NPM1 in 293T cells enhanced
the association of MEF/ELF4 with the HDM2 promoter, as
detected by ChIP analysis (Fig. 7D). Taken together, these find-
ings suggest that Mt-NPM1 up-regulates HDM2 transcription
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FIGURE 6. Mt-NPM1 stimulates MEF/ELF4-induced hyperproliferation
and transformation. NIH3T3 cells transfected with various combinations of
expression plasmids were plated in soft agar on 60-mm dishes and incubated
for 2 weeks. A, microscopy of MEF/ELF4-transfected NIH3T3 cells with Wt-
NPM1 or Mt-A-NPM1. B, the average number of colonies of three independ-
ent experiments with S.D. (error bars). *, p < 0.05.

by increasing the recruitment of MEF/ELF4 to the HDM2 pro-
moter by dislocating Wt-NPM1 that interferes with its binding
to the promoter.

Higher Levels of HDM2 mRNA in Clinical Samples from AML
Patients with Mt-NPM1 and Higher MEF/ELF4 Expression—To
determine the possible clinical relevance of MEF/ELF4, NPM]1,
and HDM2 in AML patients, we examined the mRNA levels of
each in CD34-positive leukemic blasts from 22 AML patients
with normal karyotypes. Fourteen patients had Wt-NPM1, and
eight patients had Mt-A-NPM1. There was no significant dif-
ference between the clinical characteristics of the Wt-NPM1
group and those of the Mt-NPM1 group (Table 1). Samples
from the Mt-NPM1 group had significantly higher levels of
HDM2 expression as compared with the Wt-NPM1 group (p =
0.009) (Fig. 84). In addition, patients with high expression lev-
els of MEF/ELF4 (the MEE/ELF4-H group) had significantly
higher HDM2 expression than patients with low expression
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FIGURE 7. MEF/ELF4 transactivates the HDM2 promoter. A, MEF/ELF4 binds to the HDM2 promoter in vivo. FLAG-MEF/ELF4-bound DNA from 293T cells was
immunoprecipitated with FLAG antibody or normal mouse IgG. RQ-PCR amplification was performed on the corresponding templates by using primers for
HDM2. B, structure of the HDM2 promoter region (—82 to —122) (schematic). C, 2937 cells were transfected with HDM2 promoter-driven luciferase reporter
plasmid encoding wild-type (B (a)) or mutant (B (b)) protein. Luciferase activity by pcDNA alone was assigned a value of 1.0. The analysis was performed in
triplicate assays, and the results were reproducible. The results are shown as the mean = S.D. (error bars). D, 293T cells were co-transfected with pFLAG/MEF/
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was performed in triplicate assays, and the results were reproducible. The results are shown as the mean * S.D.*, p < 0.05.

TABLE 1
Clinical and laboratory characteristics of patients (ranges shown in parentheses)
Wt-NPM1 Mt-NPM1 p
No. of patients 14 8
Sex
Male 5 5
Female 9 3 0.60
Median age (years) 54.5 (18-78) 62 (44-76)
FAB classification
MO 1 0
M1 2 2
M2 4 2
M4 2 T2
M5 - 2 2
M6 3 0 0.50
TLD™* 6 4 0.50
Median white blood cell count/ul 7300 (1300-556,000) 47,500 (1700-114,700) 0.10
Median lactate dehydrogenase level 647 (203-5325) 669 (270-2391) 0.07
Median bone marrow cell count/ul 337,000 (9000-738,000) 475,000 (34,900-769,000) 0.10

levels of MEF/ELF4 (the MEF/ELF4-L group) (p = 0.03) (Fig.
8B). :

DISCUSSION

In the present study, we identified NPM1 to be a MEF/ELF4-
binding protein. Wt-NPM1 inhibited the function of MEF/
ELF4 (i.e. DNA binding and transcriptional activities), whereas
Mt-NPM1 augmented its function. Some of these effects of Wt-
NPM1 and Mt-NPM1 on MEF/ELF4 were reproducible on the
HDM?2 promoter (one of the target genes of MEF/ELF4), sug-
gesting that HDM2 expression is influenced by NPM1. Further-
more, we found that the expression of Mt-NPM1 in MEF/
ELF4-overexpressing NIH3T3 cells resulted in enhanced
malignant transformation. We also found that the mRNA level
of HDM2 in primary leukemia cells was higher in patients with
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NPM1 mutations. Mef/Elf4 directly activates Mdm2 expression
(13). Therefore, NPM1 mutation could enhance HDM?2 expres-
sion through the increased MEF/ELF4 activity, thereby pro-
moting transformation by inhibiting the p53 pathway.

NPM1 is a multifunctional phosphoprotein that has been
implicated in cell proliferation as well as regulation of tran-
scription factors. It appears to repress or stimulate transcrip-
tion. For example, Wt-NPM1 activates and inhibits p53 func-
tion through direct binding (22, 25). Interferon regulatory
factor-1 (IRF-1), a transcriptional activator, binds to Wt-
NPM], resulting in the inhibition of DNA binding and tran-
scriptional activity (26). Our findings with Wt-NPM1 and
MEF/ELF4 are consistent with these observations. Wt-NPM1
interacts directly with c-Myc and regulates the expression of
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FIGURE 8. Expression of Mt-NPM1 and higher expression of MEF/ELF4 are
associated with the elevated expression of HDM2 in CD34-positive AML
cells. Total RNA isolated from 22 AML patients (CD34-positive leukemia cells)
was analyzed for the expression of HDM2 by RQ-PCR. Shown is stratification
by the presence of the NPM1 mutation (A) and by the level of ELF4/MEF (B).
These bars were median lines for each group. *, p < 0.009 against Wt-NPM1;
** p < 0.03 against MEF/ELF4-L, assessed by analysis of variance followed by
Scheffe's multiple comparison test.

endogenous c¢-Myc target genes at the promoter, which
enhances c¢-Myc-induced proliferation and transformation
(27). In contrast, the present study suggests that Wt-NPM1
inhibits (whereas Mt-NPM1 facilitates) the transformation
induced by MEF/ELF4, suggesting that there is a contradiction
in terms of NPM1 function. However, the overexpression of
Wt-NPM1 without c-Myc activation has only a small effect on
proliferation and has no effect on transformation, so Wt-NPM1
may mainly have a role in ¢-Myc-driven tumors. Interestingly,
¢-Myc, IRF-1, and MEF/ELF4 are all regulated during the cell
cycle, and the levels of these transcription factors are highest in
the G, phase (28, 29).

We found that Wt-NPM1 could interfere with the ability of
MEF/ELF4 to bind to DNA, resulting in the inhibition of MEF/
ELF4-dependent transcriptional activity. The mechanism by
which Wt-NPM1 interferes with the DNA binding of MEF/
ELF4 is unclear. We previously showed that the 120 amino
acids N-terminal to the ETS domain in MEF/ELF4 (residues
87-206) are responsible for its binding to AML1 proteins (30);
thus, MEF/ELF4 interacts with other proteins outside the
DNA-binding domain. As mentioned above, the association of
Wt-NPM1 and IRF-1 inhibits the DNA binding of IRF-1.
Narayan et al. showed that IRF1 binds directly to Wt-NPM1
through a short linear motif in the nuclear localization
sequence outside the DNA-binding domain (31). These results
suggest that the inhibition of DNA binding by NPM1 may not
be through simple interference with the DNA-binding domain
of MEF/ELF4. Determining the protein-binding interface of
MEF/ELF4 may help to reveal the mechanism of NPM1-medi-
ated transcriptional regulation.

The heterodimerization domain (residues 186-259) of
NPM1 is essential for its interaction with p53 (22), and the
¢-Myec-binding region is within the NPM1 heterodimerization
domain (27). In the case of MEF/ELF4 and NPM1, the N-ter-
minal regions of NPM1 (F1, F2, and F3) could bind to His-MEF/
ELF4, implying that the oligomerization domain is important
for the interaction.

Recently, it has been shown in vivo that NPM1 mutants
actively contribute to leukemogenesis by conferring a prolifer-
ative advantage in the myeloid lineage. In zebrafish, forced
expression of mutant NPM1 causes an increase in PU.1-posi-
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tive primitive early myeloid cells (32). Furthermore, in a trans-
genic mouse expressing the human NPM1 mutant, although
spontaneous AML was not found, myeloproliferation occurred
in the bone marrow and spleen (33). Moreover, Vassiliou et al.
(34) showed that activation of a humanized mouse NPM1
mutant knock-in allele in mouse hematopoietic stem cells
caused overexpression of the Hox gene, enhanced self-renewal,
and expanded myelopoiesis, resulting in delayed onset AML in
one-third of the mice. Taken together, these data suggest that
NPM1 mutations initiate leukemia by activating a set of prolif-
erative pathways. Mt-NPM1 enhances the transcriptional
activity of MEF/ELF4, so the up-regulation of HDM2 and sub-
sequent down-regulation of p53 may also have a role in
leukemogenesis.

In vitro transfection studies and immunohistochemical
observations in samples from AML patients have demonstrated
that NPM1 mutants recruit Wt-NPM1 from the nucleolus and
delocalize it to the nucleoplasm and cytoplasm (18) and that
aberrant NPM1 accumulation in the cytoplasm may have a crit-
ical role in leukemogenesis. While Wt-NPM1 protein co-local-
izes with tumor suppressor pl9ARF in the nucleolus,
Mt-NPM1 delocalizes pl9ARF from the nucleolus to the cyto-
plasm, which results in reduced p19ARF activities {e.g. Mdm2
and p21°?? induction, stimulation of NPM1) (35). Further-
more, by using OCI/AML3 human leukemia cells where
mutant NPM1islocalized in the cytoplasm, Bhat et al. (36) have
recently shown that NPM1-co-localizing nuclear transcription
factor, FOXM1 (forkhead box M1), disappears from the cyto-
plasm following transient NPM1 knockdown. These data sug-
gest that NPM1 may determine the intracellular localization of
interacting transcription factors. However, in our experiments,
Mt-NPM1 did not interact with MEF/ELF4 in vivo, and the
subcellular distribution of MEF/ELF4 was not affected by the
presence of Mt-NPM1. It seems that Mt-NPM1 binds and dis-
locates Wt-NPM1 into the cytoplasm of leukemia cells, which
eventually leads to uncontrolled transactivation of MEF/ELF4.
Wt-NPM1 knockdown with siRNA against NPM1 also
enhanced MEF/ELF4 activity (Fig. 3E), suggesting that the
depletion of an MEF/ELF4 inhibitor (i.e. Wt-NPM1) in the
nucleus is responsible for the transactivation of MEF/ELF4.

Taken together, it is likely that NPM1 mutants exert oncogenic

functions at least in part through the up-regulation of the activ-
ities of oncogenic transcription factors, such as MEF/ELF4. The
correlation between NPM1 mutations and the elevated expres-
sion of HDM2 in primary leukemia cells seems to support this
theory. v

In patients with AML, NPM1 mutations are mutually
exclusive of recurrent genetic abnormalities. It can be spec-
ulated that the enhanced MEF/ELF4-HDM2-p53 pathway
induced by NPM1 mutations may participate in leukemia
development, especially in patients with a normal karyotype.
The transactivation of MEF/ELF4 by E2F1 is inhibited by p53
(37), suggesting that p53 suppression induced by NPM1
mutation could lead to the activation of E2F1, resulting in
the enhanced expression of MEF/ELF4. Our previous data
showing the elevated expression of MEF/ELF4 in AML cells
with a normal karyotype compared with that of AML cells

carrying t(8;21) and t(15;17) seem to support this hypothesis.-
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Our results suggest a new role for NPM1 and MEF/ELF4 in
leukemia development.
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