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Figure 3. induction of p21WAFt and PUMA but not A

the IAP famlly members or bcl-2 Is repressed In 15
Kpm/Lats2-knockdown KG-1a cells after treatment
with DNA damage-inducl g Total mRNA

g-4
was isolated from KpnvLats2-knockdown KG-1a or
control cells treated with or without 0,03 ng/mL ETP at
day 0 and cultured for 3 days. mRNA expression levels
of p21 and PUMA (A), and the |AP family members and
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bel-2 (B), were measured by real-time PCR analysis _-g
using the specific primers déscribed in Table 1. Data %
normalized to gapdh are shown as mean plus or minus &
SD in scale that the value for KG-1a wild-type cells S
without treatments is 1. Normalization to hprt gave (=%
similar resuits. The analyses were performed in tripli- s
cate independently twice, and representative data are
shown (Student ftest: *P < .05; **P < .005).
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difference in. the expression level of p73 mRNA after treatment with
ETP between Kpm/Lats2-knockdown cells and control cells (Figure
4B). Similar results were obtained with ‘microRNA-373~trunsduced
KG-1a cells (Figure S5). Next, we evaluated the distribution of p73
protein: by immunofluorescence microscopy because transcriptional
activity of p73 depends on the accumulation of p73 in nucleus due to
postiranscriptional modification.”® p73 was scarcely detected in KG-1a
cells with or without silencing of Kpnv/Lats2 under normal conditions
(data not shown) but was significantly induced in control KG-1a cells
after treatment with ETP (Figure 4C), In contrast, p73 remained at very
low levels in Kpny/Lats2-knockdown KG-1a cells (Figure 4C). Under
higher magnification, we visualized more clearly that p73, which should
accumulate in the nucleus, was hardly detected or only faintly repre-
sented in' Kpnv/Lats2-knockdown cells (Figure 4C). Moreover, we
investigated the recruitment of p73 on the PUMA gene promoter after
DNA-damage stress. ChiP assay clearly showed that p73 was recriited
to the PUMA ‘gene promoter in contiol cells but not in Kpm/Lats2-
knockdown cells after DNA-damage stress (Figure 4D). In summary,
our data suggest that Kpm/Lats2 contributes to the stability of p73
protein, which in tumn leads to transcriptional induction of p21 and
PUMA to finally frigger cell death after treatment with DNA damage—
inducing reagents.
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Kpmi/Lats2 can associate with YAP2 via the first WW domain
and induce its phosphorylation

We investigated whether Kpm/Lats2 could interact with and phosphory-
late YAP as demonstrated in Drosophila. YAP has 2 major functional
isoforms, YAPI uand YAP2, and we found that YAP2 was a
dominant form expressed in hematopoietic lineage cells (Figure
S2). Coimmunoprecipitation analyses indicated that Kpmy/Lats2
interacted with YAP2 via its first WW domain (Figure 5A) and
YAPI via its only WW domain (Figure S5). In addition, coexpres-
sion of Kpm/Lats2 and YAP2 resulted in a mobility shift of YAP2.
This mobility shift was abrogated by phosphatase treatment and
was not caused by coexpression of the Kpm-kinase-dead form and
YAP2. Therefore, this shift is indeed due to the phosphorylation of
YAP protein (Figure 5B). It was unexpected, however, that this
mobility shift occurred with the first WW domain mutant but not
with the S127A mutant form of YAP2. Phosphorylation of YAP2 at
serine 127 was_ further confirmed by Western blot using anti-
phospho-YAP; which could recognize phosphorylated setine 127 of
YAP2 specifically. In accordance with mobility shift assay, the
phosphorylated YAP2 ‘was clearly detected in coexpression of
wild-type Kpm/Lats2 but barely detectable ‘in coexpression of
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Figure 4. Stabilization of p73 after treatment with ETP is insufficient in Kpm/Lats2-knockdown cells. (A) Western blotting analysis with anti-p73 in whole-cell lysate of
control KG-1a ceils without treatment of ETP {lane 1) or with treatment of 0.03 ug/mb ETP for 3 days (lane 2), Kpm/Lats2-knockdown KG-1a cells withotit treatment of ETP
(lane 3), orwith treatment of 0.03 pg/mL ETP for 3 days (lane 4), and p73-knockdown KG-1a cells without treatment of ETP (lane 5) or with treatment 0f.0.03 pg/mLETP for
3days (lane 6). Twice, independent experiments were performed and representative data are shown. (B) Expression of p73 mRNA in Kpm/Lats2-knockdown KG:1a or.control
Gelis treated with 0.03 j1g/mL ETP for 3 days was measured by real-time PCR analysis. Data normalized to gapdh are shown as mean pius or minus SD in scale that the vaiue
for KG-1a wild-type cells with the same treatmentis 1. The analyses were performed in triplicate independently twice and representative data are shown as mean plus or minus
SD. (C) Immunofiuorescence staining for p73 and DAPI KpnvLats2-knockdown KG-1a cells and control cells treated with 0.1 pg/mL ETP were stained with anti-p73 Ab:or
DAPI and observed with a fiuorescence microscope at the magnification of 100 or X600. Four independent experiments were performed and representative data are shown.
{D) ChIP assay. ChiP assay was performed as described in “Chomatin immunoprecipatation assay.” p73 was recruited 1o’ PUMA gene promoter in controf cells but not in
Kpmi/Lats2-knockdown cells after the treatment with 0.03 ug/ml- ETP for 60 hours. Two independent experiments were performed and representative data are shown.

kinase-dead form of Kpm/Lats2 ot mock. It was also detected in:  Stabilization of p73 requires YAP2 and kinase activity of Kpm
coexpression of wild-type of Kpm/Lats2 with firsst WW domain

mutant of second WW domain mutant of YAP2. These data suggest - Finally, we addressed how. the inferaction between Kpm/Lais2. and
that Kpm/Lats2 phosphorylates YAP2 at serine 127 regurdless of - YAP2 contributes to stabilization of p73. p73 was cotransfected with
interaction via the WW domains. wild type as well as mutant clones of Kpm/Lats2 and YAP2 into 293T
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Figure 5. Kpm/Lats2 can assoclate with YAP2 viaits A
first WW domain and phosphorylate YAP2, but it
requires not this assoclation but kinase function of
Kpm/Lats2 to stabillze p73. (A) Any one of HA-tagged HA-kpm-kd - .
Kpm-wild type (wt), Kpm-kinase dead (kd), or mock

was cotransfected with any one of FLAG-tlagged YAP2-  HA-mock + +
wild type (wt), YAP2-S127A (mutant form S127 to A;  FLAG-

HA-kpm-wi -

+
S127 is Akt-phosphorylation site), YAP2-TWW* (mu- :L%.‘“
tant form of first WW domain), YAP2-2WW” (mutant YA'Pz.&n " -+

form of second WW domain), or mock into 2937 cells  ¥1.AG-
by the calcium phosphate method. Upper lanes repre-  YAP2-IsWws - -
sent Western blotting with anti-HA in cell lysates, FLAG- ..
. YAPZ-ZndWw*
Middle lanes and lower lanes represent Western blot-
ting with anti-FLAG and anti-HA, respectively, in the ~ FLAGmack - -
immunoprecipitates by anti-FLAG. Three independent
experiments were performed and representative data
are shown. (B) The coimmunoprecipitate: fraction by
anti-FLAG from each lysate was treated with or without
CIP and then analyzed by Western blotting with anti-
YAP . polyclonal antibody ‘and - anti=phospho-YAP
{Ser127) polyclonal antibody. Arrow indicates mability
shift. band of YAP2. Three independent experiments
were performed and representative data are shown.
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cells, and the protein levels of these molecules were estimated by
Western blot. These transient coexpression experiments showed that the
proteinlevel of p73 was high in coexpression of wild-type YAP2 and
wild-type Kpm/Lats2 but not the kinase-dead form: or mock. High
expression of p73 was observed not only in coexpression of the second
WW domain mutant of YAP2 that was able to interact with Kpny/Lats2
but also in that of the first WW domain mutant of YAP2 that was unable
to do that. On the other hand, the expression level of p73 was not
increased in coexpression of the S127A mutant of YAP2 compared with
mock: Furthetniore, coexpression of wild-type Kpm/Lats2 but not the
kinase-dead form augmented the protein level of YAP2 regardless of the
presence of the first WW doinain, and even wild-type Kpm/Lats2 did
not affect the protein level of the SI27A muiant of YAP2 (Figure 6).
Similar results were obtained in:the experiments of coexpression of
Kpm/Lats2 and 'YAP1 (Figure S6). Considering ‘that YAP is an
important cofactor that associates with and stabilizes p73, the increase in
P73 expression may be due to its stabilization by facilitated interaction
with YAP2 mediated by its phosphorylation by Kpm/Lats2. Overall,
these findings suggest that Kpm/Lats2 is involved in the stabilization of
P73 by increasing the protein Ievel of YAP2, which is dependent on the
serine 127 of YAP2 and the kinase function of Kpm/Lats2.

Discussion

Drosophila Warts/Lats is considered to be a fumor suppressor since
its loss of function mutation results in overproliferation phenotype
in mosaic animals.!? The equivalent experiment has not been
reproduced with Kpm/Lats2 in mammals because Kpm/Lats2
knockout mice are embryonically lethal. 2627 Nevertheless, down:

Anti-YAP.

Anti-
Pphospho-YAP(Scri27)

regulation of Kpm/Lats2 has been described in a variety of human
cancers. 433 Notably, low level of Kpm/Lats2 expression corre-
lated with poor prognosis in ALL.* Therefore, we focused on the
cellular changes caused by down-regulation of Kpm/I ats2 expres-
sion. The most intriguing finding was that silencing of Kpm/Lats2
in 2 types of lenkemic cells resulted in increased resistance to DNA
damage-inducing agents. The viability of Kpn/Lats2 knockdown
KG-1a cells after treatment with ETP or DXR was consistently
higher than that of wild-type or control cells. This tendency was
also observed in Kpm/Lats2-knockdown ED-40515* cells. Based
on the findings of Hippo pathway in Drosophila, we expected that a
direct executor may be one of the IAP fumily members because
IAPs are major inhibitor of caspases. but the mRNA expression
levels of TAP family members were not altered in Kpm/Lats2-
knockdown celis. To find ont what molecules could directly cause
such resistance, we used real-time PCR analysis to search for
altered expression of several candidate genes related to cell-cycle
arrest or apoptosis. Among the candidates we screened, induction
of p21 and PUMA by treatment with ETP was markedly suppressed
in Kpm/Lats2-knockdown cells compared with control shRNA-
transduced cells that responded with high levels of these genes. p21
is'a well-known CDK inhibitor that induces cell cycle arrest,® and
PUMA is a final executor that localizes BAX onto mitochondrial
membrane to trigger apoptosis.’® Theretore, the suppressed. indic-
tion of these genes in Kpm/Lats2-knockdown KG-1a cells seems to
be compatible: with their resistance to DNA damage—inducing
agents.

Expression of both p21 and PUMA is induced by p53 and its
family members. Since KG-1a cells* and ED-40515% cells are p53
null (Dr M. Matsuoka, Kyoto University, e-mail communicatioi,
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April' 16, 2007), we thought that another: p33' family member,
presumably transcriptionally active p73 (TAp73), should function
int the induction of p21 and PUMA in these cells. p73 is able to bind
promioters of several p53 responsible genes involved in cell cycle
arrest and apoptosis including p21 and PUMA.5! Unlike p53. it is
rarely mutated or deleted in human malignant cells.5263 In addition,
it has been: reported that knockdown: of p73 leads to enhanced
resistance to. DNA damage-inducing agents including DXR, ETP;
and cisplatinum.®! Protein levels of p73 are kept Jow due to rapid
degradation through' the ubiquitin: pathway under physiological
conditions,®> whereas TAp73 accumulates: in  response tostress
caused by DNA damage.% Therefore, we: regarded p73 as a
p53-substituting: molecule  that mediated: induction of p21 and
PUMA, and examined the amount and the distribution of p73 in
Kpm/Lats2-knockdown: KG-1a cells and' in control cells after
treatment with ETP. As expected, after treatment of ETP. p73
protein level was kept very low in Kpm/Lats2-knockdown KG-1a
cells compared with control cells, despite no difference in the
mRNA level of p73. Immunofiuorescence microscopic analysis
revealed that nuclear accumulation of p73 was clearly detected in
control cells but mot, or only faintly, in Kpm/Lats2-knockdown
cells. These results suggest that Kpm/Lats2 is involved in the
stability and the nuclear accumulation of p73.

It has been shown that several steps are required for DNA
damage=induced activation and stabilization of p73. DNA damage
induces p73 gene expression via Chk1,%7 Chk2,% and E2F1%%70
and in parallel activates c-Abl and p38 MAP kinase (MAPK).
Activated c-Abl and p38 MAPK phosphorylates p73 at Tyr99 and
at Ser/Thr-Pro, respectively, to stabilize it in: the nucleus.”' ™ In
addition to phosphorylation, binding of phosphorylated p73 to
promyelocytic leukemia protein (PML),% acetylation of p73 medi-
ated by p300,7° and prolyl isomerization of p73 mediated by
peptidyl-prolyl cis/trans isomerase Pinl™ are essential for func-
tional activation of p73. YAP is essential for coactivation of p73
with PML and for recruitment of p300 and contributes to the DNA
damage—induced nuclear accumulation of p73. Trapping of YAP in
the cytosol due to phosphorylation by Akt (protein kinase B) and
binding to 14-3-3 represents a physiological mechunism for the
inhibition of inappropriately accumulated p73.777> Among these
factors, we concentrated. our efforts on' YAP: because it should
mediate  the ‘downstream  signals of Kpm/Lats2 based on the
analogy of Diosophila. We confirmed  that Kpm/Lats2 ‘could
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Figure 6. The protein level of p73 Is increased by
coexpression of YAP2 and wiid-type Kpm/Lats2.
Any one of HA-tagged Kpm-wild type (w1), Kpm-kinase
dead (kd), or mock was cotransfected with TAp73a and
any one of FLAG-tagged YAP2-wt, YAP2-S127A, YAP2-
TWW*, YAP2-2WW*, or mock into 293T cells by Fu-
GENE-HD reagent. Four rows of lanes from the top in
this ‘order represent Western blotting. with: anti-HA,
anti-FLAG, anti-p73, and antiactin in cell lysates. Two
independent experiments were performed and repre-
sentative data are shown.
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interact: with YAP2 through its first WW domain  and" induce
phosphiorylation- of YAP2, which indicates that the Hpo-Wits-Yki
axis'is evolutionally conserved. However, the downstream signals
of YAP (Yki) in mammals may. be different from that in Drosoph-
ila, because, as mentioned in “Introduction,” YAP has dual and
opposite functions, growth-promoting or proapoptotic. In addition,
as shown in: this study, no alterations of the IAP family members
were detected in Kpm/Lats-knockdown cells; although Diapl is
considered to be one of the final target molecules in the Drosophila
Hippo ‘pathway. ‘There is no report describing: YAP-dependent
regulation of the IAP family members in mammalian cells.

With regard to the relationship among Kpm/Lats2. YAP2, and
P73, the transient expression experiments suggested that coexpres-
sion of Kpm/Lats2 positively regulates the protein amounts of both
YAP2 and p73 in whole-cell lysates regardless of interaction with
YAP2 via the WW domains and this effect requires phosphoryla-
tion of YAP2 at serine 127 by Kpn/Lats2. After subniission of our
original paper, Matallanas et al have reported that RASSF1A
activates Lats] through enhanced phosphorylation by MST2 and
activated Latsl phosphorylates and activates YAPI, -allowing
YAPI to translocate to the nucleus and associate with p73, resulting
in transcription of the proapoptotic target gene PUMA.” According
to the authors, phosphorylation of YAP1 by Latsl is needed to
enable the formation of a YAP1-p73 compleéx, whereas, in unstimu-
lated cells, Lats! can negatively regulate YAPI by sequestering
YAP] in the cytosol. Thus, it is suggested that Laisl has dual
functions as an anchoring protein that retains YAPI in the cytosol
and as a kinase that phosphorylates YAP1 to facilitate its interaction
with p73. The former function has been emphasized by 2 recent
papers insisting that inactivation of YAP by the Hippo pathway is
involved in organ size control and cell contact inhibition.**#! These
papers describe that Latsl or Kpm/Lats2 but not AKT direcily
phosphorylates . YAP at 'serine: 127, increasing the interaction
between YAP2 and 14-3-3. Our results are compatible with those
with RASSFE1A activation in that Lats] or Kpm/Lats2 is crucial for
the induction of proapoptotic gene PUMA that is mediated by the
YAP-p73 complex. It should be noted that such function of Lats1 or
Kpmy/Lats2 becomes dominant only in the presence of proapoptotic
stimulations  such as RASSFIA activation, anti-Fas, and DNA
damage—inducing agents. Evidence has indicated that DNA dam-
age stress induces activation of c-Jun N-terminal kinase (JNK}) and
activated JNK then phosphorylates 14-3-3, resulting in release of
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several 14-3-3-binding proteins including c-Abl, which is known
to activate and stabilize p73 in the nucleus.32%% Thus, it seems
possible - that -phosphorylation of 14-3-3 by activated JNK is
involved in Kpm/Lats2-dependent nuclear translocation of YAP
and accumulation of the YAP-p73 complex after DNA damage.
Further studies are needed to clarify how DNA damage signals
intersect the Hippo pathway:

In conclusion, we demonstrate that Kpm/Lats2 is required for
the stabilization of p73 and subsequent induction of p21 and
PUMA in response to DNA damage-inducing agents, suggesting
that the down-regulation of Kpm/Lats2 contributes to the instabil-
ity of p73 through the insufficient phosphorylation of YAP2 at
serine 127, resulting in chemoresistance and poor prognosis for
some leukemias.
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Reactive oxygen species produced by phagocytosing neutrophils
are essential for innate host defense against invading microbes.
Previous observations revealed that antibody<atalyzed ozone
formation by human neutrophils contributed to: the killing of
bacteria. In this study, we discovered that 4 amino acids themselves
were able to catalyze the production: of an: oxidant with the
chemical signature of ozone from singlet oxygen:in the water-
oxidation pathway, at comparable level to antibodies. The result-
ant oxidant with the chemical signature of ozone exhibited sig-
nificant bactericidal activity in our distinct cell-free system and in
human neutrophils. The results also suggest that an oxidant with
the chemical signature of ozone produced by neutrophils might
potentiate a host defense system, when the host is challenged by
high doses of infectious agents. Our findings provide biological
insights into the killing of bacteria by neutrophils.

host defense | singlet oxygen | neutrophil | chronic granulomatous disease

N eutrophils are one of the professional phagocytes, which
ingest microorganisms into intracellular compartments
called phagosomes, and destroy them. The production of reactive
oxygen species (ROS) by phagocytosing neutrophils is essential
for innate host defense against invading microbial pathogens.
The phagocytosing neutrophils undergo a burst of oxygen:con-
sumption that is caused by the reduced NADPH oxidase,
ultimately. leading to the formation of hypochlorous: acid
(HOC), singlet oxygen (*0,), and hydroxyl radical (‘OH).
However, a clear scenario of how the ROS kill microbes has not
yetemerged (1). Recently, it has been proposed that neutrophils
produce ozone, which likely contributes to the bactericidal and
inflammatory activity of neutrophils (2-4), although the validity
of this model is still a matter of debate (5, 6). In this model,
antibodies can catalyze the production of ozone from singlet
oxygen and water, but the precise mechanism of how antibodies
achieve this reaction remains uncertain.

Chronic granulomatous discase (CGD) is characterized by a
defect in ROS formation, leading to recurrent, often life-
threatening bacterial and fungal infections, and granuloma
formation in multiple organs. The disease is caused by a genetic
mutation in 1 of 4 components of NADPH oxidase (gp91-phor,
pd47-phox, p67-phox, and p22-phox) of the superoxide (O; )-
generating phagocytes (7). Patients with a defect in the gp91-
phox component, which is the most: common type of CGD
(~60%), are reported to exhibit a more severe clinical course
than those with a defect in the p47-phox component (8). Re-
cently, we experienced a patient with a rare variant type of CGD
carrying' a_ defect in the ‘gp91-phox component. Despite the
genetic defect; his. granulocytes could produce significant
amounts. of singlet oxygen, but very little superoxide. Thus,
neutrophils from this CGD patient would provide a useful model
system in humans. In this study, we investigated the: biological
importance of ozone produced by human neutrophils by using
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the. variant. CGD neutrophils: and our distinct- in: vitro assay
systent

Results

Ozone Production by Immunoglobulins and Amino Acids in the Cell-
Free System. In our current study, we explored the mechanism by
which antibodies produce ozone from singlet oxygen and water.
We previously established a cell-free system, in which 6-formylp-
terin (6FP), a potent xanthine oxidase inhibitor; produces singlet
oxygen without superoxide formation under UVA radiation in
aqueous solutions (9). Using this system, we found that the
portion of F(ab'), of antibodies, albumin, and:chemotactic
peptide,  formyl-methionyl-leucyl-phenylalanine  (FMLP), had
the potential to generate an oxidant with the chemical signature
of ozong, as intact antibodies (IgG) did, as denoted: by the
oxidation reaction of indigo carmine to isatin sulfonic acids,
detected by a spectrophotometric assay (Fig. 14). However, an
inhibitory peptide: of caspases, benzyloxycarbonyl-Val-Ala-
Asp(OMe)-fluoromethylketone (zVAD-fmk), did not produce
an oxidant with the chemical signature of ‘ozone (Fig. 1B).
Furthermore, the addition of catalase, which catalyzes the
decomposition: of H>0; to H,O and O3, did not affect the
generation of an oxidant with the chemical signature of ozone by
IgG in this system (Fig. 1C). These results substantiate the
previous observation by Wentworth ef al. (2) and further suggest
that the ozone generation brought about by antibodies is not
attributable to the antigen-binding activity of antibodies. We
further examined what components contribute to ozone produc-
tion in this system. Surprisingly, among various water-soluble
amino acids applied, 4 amino acids [tryptophan (Trp), methio-
nine (Met), cysteine (Cys), and histidine (His)] exhibited cata-
lytic activity sufficient for the conversion of singlet oxygen to'an
oxidant with the chemical signature of ozone in a dose-
dependent manner (Fig. 1 D and E). Scavengers of singlet
oxygen, sodium azide and edaravone (10), significantly abro-
gated the ability of these amino acids to catalyze the reaction
(Fig. 1F), whereas catalase had no effects on the reaction (Fig.
1G), suggesting the specificity of this assay system. To further
verify the antino acid-catalyzed ozone generation, we performed
HPLC assay for detection of isatin sulfonic acid (Fig. 24 and B)
and 4-carboxybenzaldehyde (Fig. 2 C and D). The administration
of Met to 6FP under UVA radiation successfully converted
indigo carmine (Fig. 24) to isatin sulfonic acid (Fig. 2B).
Moreover, another detector of ozone, vinylbenzoic acid. (Fig.
2C), was oxidized to 4-carboxybenzaldehyde (Fig. 2D), support-
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Fig. 1. Ozone production by immunoglobulins and amino acids in the
cell-free system. Indigo carmine was irradiated with UVA in the presence of
6FP. An oxidant with the chemical signature of ozone produced by the
addition of immunoglobulins or amino acids converted indigo carmine to
isatin sulfonic acids. Loss of indigo carmine was monitored by measuring its
absorbance at 610 nm. (A) Effect of lg, the portion of F(ab)'> of antibodies,
albumin, ‘or FMLP.in the presence of 6FP on ozone production. The data
represent mean values = SD (n = 3; *, P < 0.05; paired 1 test). (B) Effect of
2VAD-fmk inthe presence of 6FP on ozone production. The experiments were
performed at Jeast 3 times, and representative data are shown. (C) Effect of
catalase. in the presence of 6FP on IgG-mediated ozone production. The
experiments were performed at least 3 times, and representative data are
shown, (D) Effect of water-soluble amino acids in the presence of 6FP on ozone
production. Representative data are shown. (E) Dose-response curves. Increas-
ing concentrations of Trp, Met, Cys, or His (1 1M to 2 mM) were added to the
reaction in the presence of 6FP. (F) Effect of scavengers of singlet oxygen;
sodium azide, and edaravone on amino acid (Trp, Met, Cys, or His)-mediated
ozone production. The data represent mean values = 5D (n = 3; *, P < 0.05;
*¥, p <0,01; paired t test). (G) Effect of catalase on amino acid (Trp, Met, Cys, or
His)-mediated ozone production. The data represent mean values £ SD (n = 3).

ing the formation of an oxidant with the chemical signature of
ozone by amino acids. The amino acids-catalyzed ozone gener-
ation was further confirmed by measuring 130 incorporation
from the reaction solvent H>1*O into isatin sulfonic acid during
indigo carmine oxidation by using mass spectral analysis. In a
control experiment, where normal H>%0O was used in the
presence of Met and 6FP with U VA irradiation, the mass peak
226 was detected, suggesting that isatin sulfonic acid was pro-
duced in the system (Fig. 2E). Mass spectral profile with H>!°0
revealed that the additional mass peak 230, which is character-
istic of ozone (2), was observed when Met and 6FP in a reaction
mixture containing H»'%0 were irradiated with UVA (Fig. 2G),
whereas the mass peak 226 and 228 alone were observed in the
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35000 gy
4' E 3% 10

30000 0
. . 3 25000 Met (+)
Indigo Vinylbenzaic -~
carmine acid » § 20000
n & 15000
&P 6FP v € 10000
Met Met 2 so00
UV-A () UV-A ()

0
224 226 228 230 232
mz

F 35000 Py

~'30000 2g PO

Met(-)

Vinyibenzoic 0
acid

mz
6FP 6FP
Met Met

UV-A ()

0
224226 228 230 232
m/iz

Fig. 2. - HPLC and mass spectral analysis of ozone production in the celi-free
system, (A and B) HPLC analysis. Indigo carmine was added to 6FP and Met with
(B) or without (A) UVA irradiation. Arrows indicate a peak of indigo carmine
{A) and isatin sulfonic acid (B). (C and D) HPLC analysis. Vinylbenzoic acid was

~-“added to 6FP and Met with (D) or without (C) UVAirradiation. Arrows indicate

a peak of vinylbenzoic acid (C) and 4-carboxybenzaldehyde (D). (E-G) Mass
spectral analysis. Indigo carmine was added ‘to 6FP in: a reaction mixture
containing H,'%0 in the presence of Met (£), H3!%0 in the absence (F) or
presence (G) of Met and irradiated with UVA. Note the presence of the mass
peak 230in G.

absence of Met (Fig. 2F). These results demonstrate that the
oxidant-carrying chemical signature of ozone was produced in
our amino acids-mediated water oxidation pathway.

Ozone Produced by Amino Acids Exhibits Bactericidal Activity in the
Cell-Free System. We next investigated whether an oxidant with
the chemical signature of ozone produced by amino acids killed
bacteria in our cell-free system. Bactericidal studies were per-
formed on catalase-positive bacteria, Escherichia coli, NIHI-
JC2. In this experiment, to increase solubility in water, we used
a variant of 6FP, 2-:(N,N-dimethylaminomethyleneamino)-6-
formyl-3-pivaloylpteridine-4-one (6FP-tBu-DMF), which gener-
ates singlet oxygen to a similar extent to 6FP (9). Viable E. coli
were nearly undetectable with the addition of 6FP-tBu-DMF and
amino acids (Trp or Met) after a 2-h irradiation, whereas
6FP-tBu-DMF alone had little effect on the viability of E. coli
even with a 2-h irradiation (Fig. 34). The administration of IgG
together with 6EP-tBu-DMF exhibited a similar profile to these
amino acids (data not shown). These results provide evidence to
support the Key role of these amino acids in bactericidal activity.
The viability of E. coli was not affected by the addition of Arg
or Phe, which had failed to exhibit catalytic activity for the
generation of an oxidant with the chemical signature of ozone
(Fig. 3B). Given that hydrogen peroxide (H>0O3}, which is highly
bactericidal, is also the ultimate product of the water-oxidation
pathway, it is rational to speculate that HO» might mediate the

PNAS |/ November4; 2008 | vol. 105 | 'no.44 | 16913

=149~




A Trp

g
(=]

-
[~
o

.
(=4

-

e
-

Viabie bacteria (% survival)

Viable bacteria (% survival)

0 1 2
Incubation time (hr)
6FP-1Bu-DMF + UVA + Met

6FP-1Bu-DMF + UVA

UVA + Met
UVA A - Notreatment

1 2

incubation tme (hr)
M 6FP-tBU-DMF + UVA + Trp
@ 6FP-BU-DMF + UVA

A UVA+
g uvA

Oren

Tp
A No treatment

Phe

G+ * ~—

Viable bacteria (% survival)
Viable bacteria (% survival}

1 2
Incubation time (hr)

B 6FPLBU-DMF + UVA + Pho

@ 6FP-1Bu-DMF + UVA

[ uva

1
Incubation time (hr)

B 6FP-BU-DMF + UVA + Arg

@  SEPBU-DMF + UVA

[J uva
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addition of both 6FP-tBu-DMF and amino acids exhibited strong bactericidal
activity after a 2-h irradiation. (B) Effect of Arg or Phe on the survival of E. coli.
Note that the amino acids showed no effects on bactericidal activity.

bactericidal activity observed. Quantification of H,O> toxicity
against E. coli revealed that H,O, levels on treatment with
6FP-tBu-DME and amino acids were ~8( uM, which was
completely repressed by catalase treatment (Fig. 44). However,
H>0; levels required to kill 50% of the bacteria were ~1-10 mM
(Fig. 4B), suggesting that H,O, is unlikely to be the principal
contributor to the Killing activity in this system.

Ozone Production by Amino Acids in Human Neutrophils. Next, we
examined whether human neutrophils really have the functional
capacity to produce ozone. We have identified a patient with a
rare variant type of CGD carrying a defect in the gp91-phox
component, whose granulocytes could produce significant
amounts of singlet oxygen, but very little superoxide. Thus,
neutrophils from this €GD patient should provide a useful
model to allow the testing of our hypothesis in human neutro-
phils, because it is difficult to determine whether the amino
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the logarithmic x axis, and the cell count is shown on the y axis. (C) Stiperoxide
(Upper) and singlet oxygen (Lower) release from control and CDG neutrophils.
Neutrophils were incubated with CLA for superoxide detection or MVP for
singlet oxygen detection, and luminescence was monitored every 30's for 30
min. Some control neutrophils were pretreated with DPI for the CLA (Upper)
or with ABAH, an inhibitor of MPO, for the MVA (Lower).

acid-catalyzed generation of ozone actually occurs in vivo by
using healthy human neutrophils. Extracellular superoxide pro-
duction was measured by the superoxide dismutase (SOD)-
inhibitable reduction of ferricytochrome ¢. Neutrophils from a
healthy control released substantial amounts of superoxide in
response to stimulation with either phorbol myristate acetate
(PMA) or opsonized zymosan (OZ). In sharp contrast, neutro-
phils from this CGD patient did not release detectable super-
oxide in response to either stimulus (Fig. 54). We next used the
fluorescent dye dihydrorhodamine (DHR) 123 in a flow cyto-
metric assay to detect ROS. PMA-stimulated neutrophils from
a healthy control revealed a significant increase in DHR fluo-
rescence, which was counteracted by pretreatment with diphe-
nyleneiodonium (DPI), an inhibitor of NADPH-oxidase (Fig.
5B). In contrast, neutrophils from the gp91-phox-mutated vari-
ant CGD patient exhibited a moderate fluorescence increase
after PMA stimulation, reminiscent of the partial DHR response
reported in p47-phox-deficient CGD patients (Fig. 5B) (11). To
further verify the results, we used 2 chemiluminescent probes,
2-methyl-6-phenyl-3,7-dihydroimidazo[1,2-«]pyrazin-3-one
(CLA) and frans-1-(2'-methoxyvinyl)pyrene (MVP), which were
developed to specifically detect superoxide and singlet oxygen,
respectively (10, 12-14). The pretreatment of control neutrophils
with DPabolished the CLA chemiluminescence, suggesting the
specificity of this probe for superoxide detection (Fig. 5C). The
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Fig. 6. Ozone production in a variant type of gp91-phox-deficient CGD
neutrophils. (A) Effect of Trp on ozone production in activated CGD neutro-
phils. Indigo carmine was incubated with unstimulated or PMA-stimulated
CGD ‘neutrophils. Trp was added to PMA:=stimulated CGD neutrophils: to
analyze ozone production. Loss of indigo carmine was monitored by measur-
ing’its absorbance: at 610 nm. Note'that a scavenger of singlet oxygen,
edaravone, partially ‘suppressed’the reaction.: The experiments were per-
formed at least 3 times, and representative data are shown. {B) HPLC analysis
of 4-carboxybenzaldehyde in CGD neutrophils. PMA-stimulated CGD neutro-
phils with-Trp administration: produced: 4-carboxybenzaldehyde from vinyl-
benzoic acid:

treatment of control neutrophils with 4-aminobenzoic acid hy-
drazide  (ABAH),- an. inhibitor of myeloperoxidase (MPO),
abrogated the MVP chemiluminescence (Fig. 5C). The CLA
chemiluminescence in the variant CGD neutrophils was nearly
undetectable, whereas the MVA chemiluminescence in the CGD
neutrophils was approximately half of that in healthy control
neutrophils, suggesting that the variant CGD neutrophils pro-
duced very small amounts of superoxide, but had the ability to
produce singlet oxygen to some extent (Fig. 5C). To verify our
results in the cell-free system, an oxidation reaction of indigo
carmine was carried out on neutrophils from the variant CGD
patient. Spectrophotometric assay revealed that the addition of
Trp to PMA-stimulated neutrophils led to the suceessful con-
version of indigo carmine to isafin sulfonic acids (Fig. 64). A
scavenger of singlet oxygen, edaravone, partially suppressed the
reaction (Fig. 64). HPLC analysis revealed that the PMA-
stimulated CGD neutrophils with Trp administration produced
4-carboxybenzaldehyde from vinylbenzoic acid (Fig. 6B), sub-
stantiating the production of an oxidant with the chemical
signature of ozone from singlet oxygen in human neutrophils.

Ozone Produced by Amino Acids Augments Bactericidal Activity of
Human Neutrophils. Finally, we examined the bactericidal activity
of neutrophils from the variant CGD patient. A bactericidal
ssay revealed that the CGD neutrophils were able to partially
kill E. coli in a condition whereby the ratio of neutrophils to E.
coli was 1:1; although the killing activity was less than that of
healthy neutrophils (Fig. 74). In the variant CGD neutrophils,
the administration of amino acids, Trp and Met, augmented the
bactericidal activity of neutrophils, which was more evident
when the ratio of E. coli to neutrophils was high (>5:1) (Fig. 7B
and data not shown). These results suggest that the formation of
an oxidant with the chemical signature of ozone catalyzed by
amino acids facilitate the bactericidal action of the variant CGD
neutrophils. This beneficial effect of amino acids on bactericidal
activity was also observed in healthy neutrophils, when higher
doses of E. coli were added to neutrophils (Fig. 7C and data not
shown). These results are indicative of a general role for amino
acid-catalyzed ozone in the bactericidal action of human neu-
trophils. To examine the effect of H-0; on the killing activity of
neutrophils, we measured the H>Os concentration by using a
highly sensitive and stable H,O; probe, N-acetyl-3,7,-2-
phenylethylamine. dihydroxyphenoxazine (15). In contrast to
healthy neutrophils, the H;O5 level in the CGD neutrophils was
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Fig. 7. Ozoneproduced by amino acids augments the bactericidal activity of
neutrophils. (A) Bactericidal activity of CGD and healthy control neutrophils
(PMN). E. coli- were incubated with CGD or control neutrophils for 2 h. (8 and
Q) Effect of Trp on the bactericidal activity of CGD (B) and healthy control (C)
neutrophils. CGD or control neutrophils were challenged: with: increasing
amounts of £, colf at a ratio of 1:1, 1:5, or 1:10 in the presence or absence of
Trp: The data represent mean values = SD (n. = 3;:%, P < 005, %, P < 0.01;
paired t test). (D) H,0; levels produced by CGD. and healthy control neutro-
phils. The experiments were performed at least 3 times; and representative
data are shown:

negligible, indicating that H;O3 is unlikely to be relevant to the
killing activity (Fig. 7D).

Discussion

In this study, we showed that 4 amino acids, by themselves, were
able to catalyze the production of an oxidant with the chemical
signature of ozone from singlet oxygen in the water-oxidation
pathway, comparably to antibodies. The resultant oxidant with
the chemical signature of ozone exhibited significant bactericidal
activity in our celi-free system and in human neutrophils. Ozone
production by neutrophils is still a debatable issue. However,
considering the findings of this study, where distinct model
systems were exploited, we favor the proposal by Wentworth and
colleagues (2-4) that antibodies can catalyze ozone generation
in neutrophils. Our results further suggested the hypothesis that
amino acids themselves exhibited catalytic activity to convert
singlet oxygen and water to an oxidant with the chemical
signature of ozone, and amino acid-catalyzed oxidant with the
chemical signature of ozone showed bactericidal activity in
human neutrophils.

What is the biological importance of ozone generated by
neutrophils in host defense? MPO catalyzes the reaction to
produce hypochlorous acid (HOCI) from hydrogen peroxide
{H>0;) and chloride ion (Cl™) (16). MPO deficiency is the most
common congenital neutrophil defect. Despite the important
role for HOCI in Killing microorganisms, MPO-deficient indi-
viduals are usually healthy, in sharp contrast to CGD patients
(17, 18). However, some MPO-deficient patients revealed an
increased susceptibility to infections with bacteria and fungi,
particularly those caused by Candida albicans (17, 19, 20). In
agreement with these facts, MPO-deficient mutant mice, which
failed to produce HOCI and subsequent singlet oxygen, showed
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an increased susceptibility to pneumonia and death when chal-
lenged by high doses of bacteria and. fungi, although they were
generally healthy under normal conditions (21, 22). In human
neutrophils we examined, the bactericidal activity induced by the
addition of amino acids was prominent when larger numbers of
E. coli were added to neutrophils (E. cofi/neutrophils = 5:1 or
10:1), reminiscent of the MPO deficiency. Thus, ozone produced
by neutrophils might potentiate a host defense system when the
host is challenged by high doses of infectious agents.

Our current study further suggests the potential therapeutic
role for amino acid-catalyzed oxidant with the chemical signa-
ture of ozone in infectious diseases. ROS have been playing a
central role in photodynamic therapy (PDT) for cancer (23),
where light and certain chemicals (photosensitizer) are used.
The: photosensitizer transfers energy from light to molecular
oxygen to generate free radicals/radical ions or singléet oxygen.
The ROS that are generated by PDT can kill tumor cells directly,
damage the tumor-associated vasculature; and activate an im-
mune response against tumor cells. PDT is now being applied to
the treatment of many other diseases, including targeting of
microorganisms (24). With an incréase in antibiotic resistance,
the development of new antimicrobial strategies is expected. In
our distinct cell-free system, unexpectedly, the use of a potential
photosensitizer, 6FP-tBu-DMF, and UVA, which produced sin-
glet: oxygen  that is . toxic, failed to kill bacteria (Fig. 34).
However, the addition of Trp or Meét to 6FP-tBu-DMF and
UVA, which produced an oxidant with the chemical signature of
ozone, dramatically reduced the rate of viable bacteria (Fig. 34).
These results suggest that our study may contribute to the
improvement of antimicrobial PDT.

Materials and Methods

Reagents. Edaravone, human igG; and human F(ab)’; were kind: gifts from
Mitsubishi Pharma. 6FP was obtained from Sankyo Kasei Kogyo. 6FP-tBu-DMF
wassynthesized in our laboratories at the Institute of Advanced Energy, Kyoto
University (9). CLA was purchased from Tokyo Kasei Kogyo; MVP, DHR, and the
Amplex Red H>O; kit were from:Molecular Probes. indigo carmine, gelatin,
BSA, dextran, trisodium citrate dihydrate; acetonitrile, and sodium azide were
from Nakalai; water-soluble amino acids were from Wako; heartinfusion agar
was from Nissui; Percoll- was from GE Healthcare; zZVAD-fmk was from the
Peptide Institute; and H,'8 O (> 97% H;0) was from Cambridge lsotope
Laboratories. Other chemicals, such as zymosan, FMLP, PMA, SOD, DPI, ABAH,
catalase, tetrabutylammoniumhydrogen sulfate (TBA), isatin suifonic acid,
vinylbenzoic acid, and 4-carboxybenzaldehyde, were purchased from Sigma=
Aldrich.

Human CGD Patient. The human CGD patient was a 25-year-old male with
gp91-phox deficiency. Mutation analysis revealed a G-to-A point mutation at
nucleotide 252 in exon 3, which produces an aberrant splicing site (25).

Preparation of Neutrophils. Human neutrophils were isolated from peripheral
blood of healthy adult volunteers and the CGD patient by sedimentation
through 2-step Percoll gradients, as described (26). Healthy volunteersand the
patient provided written informed consent for participation in an institu-
tional review board-approved protocol at Kyoto University Hospital.

Ozone Production in the Cell-Free System. A solution of indigo carmine (30 M)
and 6FP (40 pM) was irradiated for 4 min at 5 mW/cm2 by using a UVAradiation
apparatus (XX-15BLB 625 nm; UVP) in the presence or absence of human
immunoglobulins [lgG and F(ab)’2] (5 mg/mL), BSA (5 mag/mL), FMLP.(100 M),
ZVAD-fmk (100 M), or 19 water-soluble amino acids (1. mM) except for
tyrosine. In this reaction, indigo carmine was converted to isatin sulfonic acids
by ozone. Loss of indigo carmine was monitored by measuring its absorbance
at 610 nm with a spectrometer (DU800; Beckman Coulter). For the dose=
response reaction, increasing concentrations of Trp, Met, Cys; or His (1 pM to
2 mM). were added to the reaction in the presence of 6FP. Sodium azide (1
mM), edaravone {40 uMj), and catalase (2,000 units/ml) were added to the
reactionin the presence of 6FP to examine the effects on ozone production by
1gG (5 mg/mL), Trp, Met, Cys, and His (1 mM). As a control, a sample without
amino acids was analyzed. For HPLC analysis, indigo carmine {100 zM) or
vinylbenzoic acid (30 pM) was mixed with 6FP (40 £M) and Met (1 mM) with
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or without UVA irradiation for 4 min. The samples were subjected to HPLC
analysis.

HPLC Analysis for the Detection of Isatin Sulfonic Acid and 4-Carboxybenzal-
dehyde. The conversion of .indigo carmine to isatin sulfonic acid and the
oxidation of vinylbenzoic acid to 4-carboxybenzaldehyde were considered as
evidence of ozone formation (6). Samples were analyzed on a reverse-phase
Cig HPLC column eluting with 70% 50 mM phosphate buffer (pH 7.2) contain-
ing 10 mM TBA and 30%. acetonitrile with an L6000 Hitachi HPLC system
(indigo carmine, Ry = 12.0 min; isatin sulfonic acid, Ry = 5.1 min; vinylbenzoic
acid, Ry = 15.3 min; 4-carboxybenzaldehyde, Ry = 6.4 min) (3, 5). Peak areas
were converted to concentrations by comparison to standard curves.

Assay for Measuring 120 Isotope Incorporation into Isatin Sulfonic Acid During
Indigo Carmine Oxidation by Amino Acid-Catalyzed Water Oxidation. An aliquot
of indigo carmine (150 M) in phosphate buffer (50 mM, pH 7.4) containing
H2'%0 (> 97% H;0) was added to a solution of 6FP (40 uM) in the presence or
absence of Met (600 M) in phosphate buffer: (50 mM, pH 7.4) containing
H3'%0 (>97% H30). The solution was irradiated for 4 min at 5 mW/cm2by using
an UVAradiation apparatus. Production of isatin sulfonic acid was determined
by LC to confirm that reaction: had: been successful before mass: spectral
analysis. LC conditions were a reverse<phase Cig HPLC column and acetonitrile/
water (10 mM ammonium acetate) (20:80) mobile phase at 1 mb/min (isatin
sulfonic acid, Ry = 2.1 min). MS was measured by using negative ion electro-
spray MS on a Waters Quattro micro APl mass spectrometer. The raw data
were extracted into Waters MassLynx version 4.0:format for presentation:

Bactericidal Assay in the Cell-Free System. E. coli NIHJ-JC2 (5.5 10%/mL) were
incubated with or without 6FP-tBu-DMF (40 uM) and amino acids (Trp, Met,
Arg, or Phe).(1 mM) under UVA irradiation (5 mW/cm?) for 2 h. Samiples were
removed at 60 and 120- min and suspended. in water. An' aliquot of the
suspension was plated on a pour plate made with heart infusion agar. After
a 24-h incubation at 37 °C, the colonies formed were counted.

H;0; Produiction in the Cell-Free System and Human Neutrophils. H>0; produc-
tion was measured by using a H20; probe, N-acetyl-3,7-dihydroxyphenoxazine
{Amplex Red), including horseradish peroxidase (27): A solution of 6FP-tBu-DMF
(40:uM)and Trp {1 mM), or PMA (50 ng/ml)-stimulated neutrophils (5 > 108 cells),
were incubated with 50 1M Amplex Red for:2 h at 37° C. Fluorescence was
measured by a fluorometric microplate reader (Fluoroskan Ascent; Labsystems)
with excitation and emission wavelengths of 544 and 590 nm, respectively. The
amount of H,0; produiction was calculated according to the standard curve of
H,02.To confirm the spedficity of this assay, catalase (2,000 units/mL) was added
to the reaction before incubation with Amplex Red.

Bactericidal Effect of H;0,. E. coli (5 X 10%mL) was incubated with increasing
concentrations of H;0; (0-102 mM) for 2 h. Samples were removed at 2 b, and
the bactericidal assay was performed as described above.

Superoxide Release from Neutrophils. Superoxide production was assessed by
the SOD-inhibitable reduction of ferricytochrome c as described (28).

Flow Cytometric DHR Assay. Neutrophils (5 % 102 celis) were loaded with 2 1M
DHR for 5min at 37 °C. After that, the cellswere stimulated with 50 ng/mi PMA
for 15minat37 °Cand analyzed by flow cytometry. As a negative control, the
pretreatment of neutrophils from a healthy control with 10 uM DPI, an
inhibitor of NADPH oxidase, was performed betore DHR loading.

Chemiluminescence Assay. The productions of superoxide and singlet oxygen
of neutrophils stimulated with PMA were examined by using chemilumines-
cence with an 03 -specific probe, CLA, and an 'Os-specific probe, MVP,
respectively. After mixing the neutrophils (2 < 10%cells) with 2.5 sM CLA or 40
M MVP, the mixture was mounted on a luminescence reader (Aloka BLR-
301), and the luminescence was monitored every 30 s for 30 min. Asa negative
control, the pretreatment of neutrophils from a healthy. control with 10 xM
DPI or 100 :M ABAH, an inhibitor of MPO, was performed.

Ozone Production of CGD Neutrophils. Indigo carmine (30 xM) was incubated
with unstimulated or PMA (50 ng/mL)-stimulated CGD neutrophils (1. 108/
ml)inthe presence or absence of tmM Trp for 2 h at 37 °C. Edaravone (40 pM)
was added to the reaction to examine the effect onozone production. The joss
of indigo carmine was monitored as described above. Vinylbenzoic acid (100
#M) was incubated with unstimulated or PMA (50 ng/mL)-stimulated CGD
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neutrophils (1 * 108/mL) in the presence or absence of 1 mM Trp for 2 h at
37 °C. The samples were subjected to HPLC analysis as described above.

Bactericidal Assay of Human Neutrophils. Bactericidal activity of human neu-
trophils was determined by a standard technique (29). Briefly, the reaction
mixture contained 2.5 » 108 neutrophils, 2.5 % 108 (PMN:E. coli = 1:1), or
1.25 » 107 (1:5), or 2.5 » 107 (1:10) E. coli cells, 10% human AB serum, 0.1%
gelatin, and HBSS. The mixture was incubated with or without 1 mM Trp at
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37 °C. Samples were removed at 60 and 120 min, and the bactericidal assay was
performed as described above.

Statistical Analysis. Data are expressed asthe mean + SD. P <0.05 by the paired
Student's t test was considered significant.
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Abnormal cytoplasmic dyslocalisation and/or reduction of
nucleophosmin protein level rarely occurs in myelodysplastic syndromes
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Abstract

The Nucleophosminl (NPM1) gene located in chromosome 5q35 is affected by chromosomal translocation, mutation and
deletion in myelodysplastic syndrome (MDS) and acute myeloid leukemia (AML).: NPM1. haploinsufficiency reportedly
causes MDS-like disorders in knockout mice. Here, we studied mRNA and protein expression in bone marrow (BM)
samiples from 36 patients with MDS. The NPMI expression levels of mRNA and protein were not related to chromosome 5
abnormalities and were almost the same as those in normal BM and AML cells. However, the protein levels in AML cells
with NPMI mutations were slightly lower than in those without mutation. Immunochemical studies showed no difference in
the staining intensity and subcellular localisation between MDS: and normal BM cells. It was' concluded that abriormal
cytoplasmic localisation and/or significant reduction of NPM1 protein level rarely occurs in MDS. The increase in' the

number of nuclear NPM1-positive cells may be related to the progression of MDS.

Keywords: Nucleophosmin, myelodysplastic: syndrome, tmmunohistochemical staining

Introduction

Nucleophosminl (NPM1) is a nucleolar phospho-
protein.. with - multiple . biological roles ' [1-5]. In
hematological malignancies; the NPM]I is affected
by chromosomal translocation; mutation and déle-
tion [6=8]. The NPMI on 5q35 is translocated with
the ALK in' anaplastic: large cell lymphoma with
t(2;5) [9]. The MLFI and RARA genes are fused
with: NPM1 . in myelodysplastic syndrome (MDS)/
acute myeloid leukemia (AML) with t(3;5) [10] and
acute promyelocytic: leukemia ‘with t(5;17) [11],
respectively. Most ' importantly, ‘mutations in - exon
12 have been found in a significant proportion of
de novo AML cases; especially in those with a normal
karyotype - [12-16].  Mutant -NPM - isaberrantly

localised ' in ' the cytoplasm, but" the molecular
mechanisms associated with leukemia remain. un-
clear. The knockout mice model of the NPM]I gene
suggests thar NPMI™'~ haploinsufficiency causes
hematological disorders like MDS [17]. Because the
NPM]1 gene locus on 5g35 is often deleted in MDS
and AML, loss-of-heterozygosity rand/or ‘mutation
have been studied in human MDS samples [18].
According to previous reports, however, mutation of
the NPMI exon 12 is very rare in MDS either in
combination with' 5q abnormality. or not. Further-
more, the ‘promoter region of NPMI is rarely
methylated '[19], suggesting that NPAMI may not
simply have a role as a tumor Suppressor gene in
MDS. To further clarify the involvement of NPM1 in
MDS, we generated a new antibody to NPM and
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analysed the expression levels and subcellular loca-
lisation of NPM in MDS.

Materials and methods
Patient samples

NPM]1 expression and mutation were: analysed in
bone marrow: (BM): cells and specimens. from: 36
patients with newly diagnosed: MDS' at the Nagoya
University Hospital.: Diagnosis was: made” according
to.the FAB classification:: MDS patients consisted of
24 men and 12 women with a median:age of 58 years
(range,; 28-89 years). Four secondary AML. patients
with MDS were also studied. BM mononuclear cells
were harvested by standard - Ficoll/Paque density
gradient centrifugation (Amersham Pharmacia Bio-
sciences, Roozendaal, The Netherlands) and were
suspended ' in° RPMI1640 medium supplemented
with. 10%  fetal  bovine  serum, 100 IU/mL  of
penicillin. G and 100 pg/mL of streptomycin. In-
formed consent was obtained from all patients to use
their samples for banking and molecular analysis, and
approval was obtained from the ethical committee of
Nagoya University School of Medicine for: these
studies.

Antibodies

Anti-NPM mouse monoclonal antibody (NPM9.2.6)
specific for bacterially expressed NPM1 was gener-
ated, then; purified from BL21 transformed with
pGEX 4T-2 carrying full-length human NPM1. To
determine the epitope of this antibody, Hela cells
were  transfected for 48 h with human NPMI,
NPM1.2 and their truncated mutants were tagged
with EGFP. Celis were then Iysed with SDS-sample
buffer followed by sonication.. Western blot analysis
was performed with anti-NPM 9.2.6 and anti-EGFP
rabbit polyclonal antibody (MBL). To characterise
the : cross-reactivity - between species,: lysates were
prepared from Hela and NIH3T3 cells: Western
blot analysis was performed with anti-NPM 9.2.6,
anti-B23 mouse monoclonal antibody (B0556,
Sigma) and anti-ztubulin mouse monoclonal anti-
body (16199, Sigma).

Characterisation of anti NPM 9.2.6 monoclonal
antibody

Anti-NPM mouse monoclonal antibody 9.2.6 can
recognise both human NPM1 and NPML1.2; the
epitope of which is located in the region of 170-189
aa (Supplement Figure 1A). However, this antibody
cannot: - recognise . mouse NPM - (Supplement
Figure 1B, upper panel) despite the expression level

being comparable between the cell lines (Supplement
Figure 1B, middle panel).

Real time quantitative PCR

Total RNA was extracted from the samples by
using a QIAamp RNA Blood Mini Kit (Qiagen,
Chatsworth, CA). ¢DNA was synthesised from
each RNA using a random primer and Moloney
murine leukemia virus reverse transcriptase: (Super-
Script - Iy Invitrogen): according: to. the manufac-
turer’s ‘recommendations: The expression level of
NPMI transcripts: were quantified using a real-time
fluorescénce detection method on an ABI prism’7000
sequence -detection system following the manufac-
turer’s recommendations (Applied Biosystem, Foster
City; CA). PCR procedures were carried outat 50°C
for 2 min, 95°C for 10 min, followed by 40 PCR
cycles at 95°C for 15 s and 60°C for 1 min. The
housekeeping gene, GAPDH, served as a control for
cDNA quality.  Each gene expression  level was
analysed in duplicate and the expression level was
calculated as previously described {20].

Screening for mutation of the NPM1 gerie

For the screening of NPMI mutations, we amplified
genomic DNA corresponding to exon:12 of NPAM1
by PCR using the primers NPMI-F, 5'-
TTAACTCTCTGGTGGTAGAATGAA-3' and
NPMI-R, 5-CAAGACTATTTGCCATTICC
TAAC-3/; as previously reported [6]. Amplified
products were separated through agarose gel, pur-
ified using a QIAquick gel extraction kit (Qiagen)
and directly sequenced on a DNA sequencer (310;
Applied Biosystems) using a BigDye terminator cycle
sequencing kit: (Applied Biosystems).. If ‘mutations
were found by direct sequencing, the fragments were
cloned into- a pGEM-T  Easy vector (Promega,
Madison, WI), then transfected into: Escherichia coli
strain DH5a. "At least four recombinant colonies
were - selécted  and plasmid DNA ' was prepared
using a QIAprep Spin Miniprep Kit (Qiagen) and
sequenced:

Imimunohistochemical staining

Samples were fixed with ice-cold 4% paraformaldehyde
for 16-24 h, embedded in paraffin, sectioned transver-
sely (thickness, 3. ym) and processed so that immuno-
histochemical techniques could be used to determine
the localisation of NPM. After removal of paraffin with
xylene and dehydration with a series of ethanol
solutions, the tissue sections were subjected to micro-
wave irradiation (750 W) for 15 min in 0.01 mol/L
citrate buffer (pH 6.0). The sections were then placed in
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an automated immunostainer (Ventana Medical Sys-
tems, Tucson, AZ) as described. [21]. For negative
controls, primary antibodies were replaced with mouse
IgG. We investigated a single case twice for NPM
expression. The entire section was screened to find the
region with the highest immunostaining.

Immunoblotting

A-total of ' 1=5%10% fresh or frozen cells were
directly lysed in sample buffer and then subjected to
SDS-polyacrylamide gel electrophoresis on a 10%
gel and the separated proteins were then: transferred
to a polyvinylidene difluoride membrane (Millipore
Corp., ‘Bedford, : MA; USA). The membrane was
incubated at room temperature first for I h with 5%
non=fat milk and 0.1% Tween-20 in Tris-buffered
saline and then kept overnight with the appropriately
diluted: mouse ‘monoclonal antibodies in the same
solution. After washing; the membrane was incu-
bated for 1 h with diluted horseradish peroxidase—
conjugated mouse antibody to mouse IgG (MBL)
and immune complexes were then detected: with
ECL. reagents (Amersham).

Results

The expression level of the: NPMI transcripts in
MDS cells was studied and compared with those in
normal and AMIL. cells (Figure 1). In normal
peripheral blood, the median expression level of the

NPM1 transcripts was 8.0 (range; 3.2-9.5) x 10%, 9.4
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Figure 1. Real-time quantitative PCR of NPMI  transcripts.
Distribution: of the expression level of the. NPM1 mRNA in
AML, MDS and normal samples are indicated, the arrowed dots
indicate that the patents carrying a 5q- abnormality. There were
no significant differences in the sequence of exon12 of NPM{, the
FAB type and normal samples.
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(range, 1.6-12) x 10°, 10.8 (7.2-22) x 10° copies/pig
RNA in normal peripheral blood cells, cord blood
cells and BM cells, respectively. The median expres-
sion levels in MDS cells was 2.0 (range, 0.2-83) x 10°
copies/ug RNA, which was-a lower level than that
those of normal cells, but the expression levels of
NPM]I transcripts were not statistically different
between -MDS: samples- and ‘normal: BM: samples
(p=0.163, by Mann-Whitney test). In two' patients
with: secondary AML carrying a 5q abnormality; the
mRNA level: was not Iower.: Mutations in exon 12 of
the NPM1 gene were analysed in 36 patients with RA,
RAEB ‘and ‘RAEB-T. In two ' (5%) patients with
RAEB; 4-bp was inserted into the common site-of
exon 12, and mRNA levels in both cases were the
same as for those without the mutation.

B-Actin

NPM1/B-Actin: 100 087100 111075 079 112 123 093 075

Figure 2. NPM1 protein detected: by immunoblotting. 'The
expression level of NPMI protein in clinical samples and cell
lines was analysed by immunoblotting. Protein signal intensities
were measured and normalised with the signal intensities of f-
acrin. The normalised NPM1 f-actin ratio is indicated below, the
ratio of MOLM14 cell is used as a control. (A) In AML cell line;
the expression level of NPMI1 in HL60 cell carrrying 5q deletion
was almost equally to that of MOLMI4 cell carrving intact
chromosome: 5, ‘each cell linés possesed wild-type NPML.
Although ' in” OCI-AML3 cell' carrying  NPMI mutadon; the
slightly lower ¢xpression of NPM1 protein leve] was observed. In
AMLI. samples, immunoblotting analysis of M2, M4 with and M5
according to FAB classification samples with wild-type NPM!
revealed that the expression level of NPMLI protein was almost at
the same: level as the FAB type: In' AML samples. with mutated
NPMI, the expression level of NPM1 protein was slightly lower
than that in AML cells without NPAI mutation; in spite of the
same FAB type. (B) The expression level of NPMI protein was
compared in MDS samples according to FAB type and normal
bone marrow mononuclear cells. There was no significance in the

difference in expression level of NPMI protein: between MDS
samples with or without 5g- and normal BM samples:
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To study the levels of NPM1 protein expression, a detected bands at a molecular weight of 37 kDa,
total of 21 samples from healthy volunteers, AML corresponding. to NPM, in all samples. The NPM
patients: and: MDS_ patients - were subjected to level in AML cells with NPMI murtation was slighty

immunoblot: analysis. Anti-NPM. antibody. (9.2.6) lower  than = that  in AML cells” without NPMI

o e

A, AML, 46XX, NPM1 VMugatlon of Exoni2 B, AML, 46,%X; t{11;19){q23;p13)

S S N

C, Normal D, MDS, RA, 46XY

RA, 46,XX.del(20)(q11013) F, RAESB, 46,XYt(7:12)(a22:q13)

e e G R A

G, RAEB, 44,XY,-5,del(7), complex H, RAEB, 45,XY,add(5)(q13),-7,add(12)(p11)

Figure 3. Immunohistochemistry of NPMI. The immunohistochemical studies of the NPMI in AML, MDS and normal samples are
indicated with karyotype. (A) In AML with NPA/I mutation, NPM was diffusely stained in a microgranular pattern in the cytoplasm as well
as the nucleus, as reported previously. (B) In AML without NPM{ mutation, nuclear and nucleolar staining was clearly detected in leukemia
cells: (C) In Normal BM cells, nuclear and nucleolar staining was detected in a part of lymphoid and myeloid cells. (D-H) In MDS; positive
nuclear staininig was observed in relatively: large myeloid cells; which was similar to- the staining pattern in normal BM:
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mutation (mean relative intensity: 0.85 ws.  1.08,
p=0.01, Figure 2A). In MDS; the expression levels
variedamong samples bt the expression level was
similar to that of AML cells without NPMI mutation
(0.93 vs. 1.08, p=0.13, Figure 2A). No aberrant
bands were detected in these samples (Figure 2B).

Using newly generated anti-NPM monoclonal
antibody (NPM 9.2.6), both- NPM1.1 and NPM1.2
proteins were detected by immunoblot analysis and
immunohistochemical - techniques. In normal BM
cells, NPM1 was clearly detected in mononuclear
myeloid cells.but not in polymorphonuclear cells and
erythroblasts. Lack of NPMI1 expression in the
polymorphonuclear cells was confirmed using normal
peripheral blood ' by immunoblot  analysis = and
immunohistochemical techniques ' (Supplement
Figure 2). In AML. specimens with NPMI mutation
(Figure 3A) as a control; diffusely stained NPM1
could be observed as a microgranular pattern in the
cytoplasm: as well as the nucleus, as reported pre-
viously: In'AML. specimens without NPM1 mutation
(Figure 3B) as another control, nuclear and nucleolar
staining was clearly detected in leukemia cells.

In. MDS  specimens (Figure 3D-H), positive
nuclear staining was observed in: relatively large
myeloid cells, which was fundamentally similar to
the ‘staining pattern in normal BM (Figure 3C).
However, the percentage of NPM-positive cells in
the specimen was significantly decreased, which
is explained by the percentage of mature cells such
as- polymorphonuclear cells and lymphocytes; as
well as erythroblasts. There are no specimens in
which. NPM showed subcellular ‘localisation which
was: different from normal BM cells.

Discussion

MDS is a clonal hematopoietic stem cell disorder
characterised by multi-lineage dysplasia and pancy-
topenia in which the molecular mechanism is still
mainly unclear, and even that which is understood is,
quite heterogeneous [22]. Recently, it was suggested
that NPM1 might play the role of a tumor-suppressor
gene in-MDS in light of findings that NPMI'
heterozygous mice develop a hematologic syndrome
with features of human MDS {17]. During a long-
time observation, NPMIY" mice developed lym-
phoid malignancies and solid tumors, in addition to
myeloid malignancies [23]. Malignant cells displayed
multiple - centrosomes: and retained the wild-type
allele and NPMI protein with normal subcellular
localisation and expression level. If this haploinsuffi-
ciency model is applicable to human MDS, the
expression level of NPMI1 must be critical for
development or suppression of MDS. According to
Knudson’s two-hit model, two successive ‘events,
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such as a deletion, mutation or methylation, in both
alleles of a tumor-suppressor gene are required to
turn a normal cell into a cancer cell [23]. In this case,
the tumor-suppressor protein almost:loses its func-
tion entirely. Because NPMT1 has a critical role in
ribosome biogenesis and cell proliferation, a haplo-
insufficiency model rather than Knudson’s two-hit
model may fit better with the above mice model. So
far no study has carefully investigated the expression
of NPMIl 'in human MDS samples. Here, we
indicated = that. NPMI1  protein levels were not
significantly decreased in MDS cells irrespective of
the presence of a 5q abnormality. Although accurate
quantification 'of  protein expression is difficult in
clinical samples; our study showed that NPM1 levels
in AML, cells with NPM 1 mutation were lower than
that in AML, cells without NPM [ mutation. Mutated
NPM protein might have a shorter half-life than wild-
type NPM as well as being localised in the cytoplasm.
Bat, it is needed to study more samples to elucidate
the differences of NPM protein levels in AML cells
with or without NPMI mutation.

The immunohistochemical study clearly showed
that NPM was expressed scarcely in granulocytes,
moderately in lymphocytes and erythroblasts: and
abundantly  in myeloblasts; supporting the role of
NPMI in proliferation and differentiation. Because
the amount of NPMI transcripts are decreased but
still expressed in granulocytes, the NPM protein level
may be controlled by a post-transcriptional manner.
In MDS specimens, the staining pattern: and
intensity were almost similar to the normal- BM.
Accordingly, low expression levels in immunoblots
might reflect the increased mature fractions in the
BM cells. In conclusion; cytoplasmic localisation
and/or significant reduction of NPM1 protein level
rarely occur in MDS. The expression level of NPM1
should be further studied in the stem/progenitor cell

“fraction of MDS.
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PML is a potent tumor suppressor and proapoptotic factor
and is functionally regulated by post-translational modifica-
tions such as phosphorylation, sumoylation, and ubiquitina-
tion. Histone deacetylase (HDAC) inhibitors are a promising
class of targeted anticancer agents and induce apoptosis in
cancer cells by largely unknown mechanisms. We report here
a novel post-transcriptional ‘modification, acetylation, of
PML. PML exists as an acetylated protein in HeLa cells, and
its acetylation is enhanced by coexpression of p300 or treat-
ment with a HDAC inhibitor, trichostatin A, Increased PML
acetylation is associated with increased sumoylation of PML
invitroand invivo. PMLisinvolved in trichostatin A-induced
apoptosis and PML with an acetylation-defective mutation
shows an inability to mediate apoptosis, suggesting the
importance of PML acetylation. Our work provides new
insights into PML regulation by post-translational modifica-
tion and new information about the therapeutic mechanism
of HDAC inhibitors.

The promyelocytic leukemia protein PML controls cell cycle
progression, senescence, and cell death (1,2). Wild-type PML is
a potent growth suppressor that, when overexpressed, can
block cell cycle progression in a variety of tumor cell lines (1);
conversely PML™/~ mouse embryo fibroblasts (MEFs)? repli-
cate significantly faster than their PML*/* MEFs (3). PML also
plays an essential role in DNA damage or stress-induced apo-
ptosis, and PML™/" cells are resistant to a variety of apoptotic
signals (4). In normal cells, the PML protein is localized in, and
essential for the biogenesis of, discrete subnuclear compart-
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ments designated as nuclear bodies (NBs): (5). In'NBs, PML
coaccumulates with more than 70 kinds of proteins that are
involved in tumor suppression, apoptosis; regulation of gene
expression, anti-viral response, and DNA' repair. PML is
thought to exert its function by regulating the function of bind-
ing partnersasacore of NBs (6). Intriguingly, NBsare disrupted
inhuman acute promyelocytic leukemia cells by PML-RARq, a
oncogenic fusion protein of PML, and RAR-w, which is thought
to.be the mechanism: of anti-apoptotic effect of PML-RAR«x
(7-9).

It has been reported that NB formation requires PML to be
conjugated to SUMO-1 (5, 10). SUMO-1 is an 11-kDa protein
that is structurally homologous to ubiquitin (11). Sumoylation
is thought to regulate the subcellular localization, stability;
DNA binding, and/or transcriptional ability of its target pro-
teins such as PML, Ran GTPase-activating protein (RanGAP)1,
IkBa, and heat shock transcription factor 2 (11). Virtually
As,O3, a chemotherapeutic agent clinically used in the treat-
ment of acute promyelocytic leukemia cells, induces PML
sumoylation. Increased PML sumoylation induced by As,O,
treatment leads to the restoration of NBs disrupted by PML-
RARa and then is followed by apoptosis in acute promyelo-
cytic leukemia cells, which results in prolonged remission of
the disease (12-15). These findings underscore the impor-
tance of PML sumoylation and the integrity of NBs to tumor
suppression.

Histone deacetylase (HDAC) inhibitors, a promising class of
targeted anticancer agents, can block proliferation and induce
cell death in a wide variety of transformed cells (16). HDAC
inhibitors block the activity of class I and I HDACs and induce
histone acetylation, which leads to the relaxation of chromatin
structure, enhanced accessibility of transcription machinery to
DNA, and increased gene transcription (17). HDAC inhibitors
also induce acetylation of transcription factors, which alters
their activities and the expression of their target genes (18).
Recent studies demonstrated that p53 acetylation induced by a
HDAC inhibitor leads to expression of proapoptotic proteins
such as Bax, PIG3, and NOXA (19, 20). However, the mecha-
nisms of p53-independent apoptosis by  HDAC - inhibitor
remain fargely unknown.

Here; we report PML acetylation as its novel post-transcrip-
tional modification. PML acetylation is induced by trichostatin
A (TSA), a HDAC inhibitor, This enhanced acetylation leads to
increased PML sumoylation and may play-a key role in TSA-
induced apoptosis. This work: provides new: insights into the
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functional regulation of PML and the therapeutic mechanisms
of treatment with HDAC inhibitors.

EXPERIMENTAL PROCEDURES

Antibodies, Plasmids, and Cell Culture—The sources of anti-
bodies and plasmids and the cell culture conditions are detailed
in the supplemental data.

Transient Transfection, Immunoprecipitation, Immuno-
blotting, Immunofluorescence, and in Vitro and in Vivo
Acetylation Assays—These were performed as described
previously (21, 28). except transient transfections. into
PML ™/~ MEFs were performed by nucleofection using the
Nucleofector system (Amaxa Biosystems) according to the
manufacturer’s instructions.

Apoptosis—These are also detailed in the supplemental data.
I Vitro Sumoylation Assay—The in vitro sumoylation assay
was performed essentially as described previously (21), except
recombinant SUMO E1 ligase purchased from BIOMOL Inter-
national was used instead of HeLa cell lysate.

Cell Sorting—Cell sorting was performed using BD FACSAria
Cell Sorter (BD Biosciences) according to the manufacturer’s
instructions.

RESULTS

PML Exists as an Acetylated Protein in HeLa Cells Treated
with Trichostatin A—HDAC inhibitors including TSA induce
differentiation, growth arrest, and apoptosis of cancer cells, In
addition to their effects on histones, HDAC inhibitors increase
the acetylation level of several non-histone proteins, such as
transcription factors; cytoskeletal  proteins, and molecular
chaperones, which are important for their effects ‘on cancer
cells (18). These observations prompted us to screen new acety-
lation targets of TSA with an antibody array assay combined
with in vivo labeling of acetylated proteins with ['*CJacetate.
Seven spots indicating possible targets of TSA-induced acety-
lation were detected (supplemental Fig. S1 and Fig. 14). We
focused on one of these targets, PML, a multifunctional pro-
tein that is involved in apoptosis, tumor suppression, and
cell cycle regulation (2). We set out to confirm whether PML
was acetylated in vivo. The same anti-PML antibody as used
in the antibody array assay immunoprecipitated an ~79-kDa
acetylated protein from lysates of TSA-treated Hela cells
(Fig. 1B), suggesting that PML existed as an acetylated pro-
tein in them. Of note, the antibody we used detected only a
single band of PML, although PML has seven isoforms. The
antibody was confirmed to be able to detect all PML iso-
forms, suggesting that this PML was the main one expressed
in Hela cells (supplemental Fig. S1).

PML Is Acetylated by p300 and GCNS in Vitro—To test
whether known histone acetyltransferases (HATs), p300 and
GSN5, can acetylate PML, we performed an in vitro acetylation
assay using GST-PML as a substrate. Both HATSs acetylated
PML in vitro (Fig. 2A), and we focused on the acetylation by
p300 that occurred with higher efficiency. Use of a series of
PML subdomains in the in vitro p300 acetylation assay indi-
cated that PML would be acetylated on the C-terminal domain,
amino acids 448560 (supplemental Fig. S2). Inspection of the
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FIGURE 1. PML exists as an acetylated protein in Hela cells treated with
TSA. A, screening for acetylation targets of TSA by antibody array. Lysate from
Hela cells pulse-labeled with ['*Clacetate and treated with TSA was incu-
bated with a nitrocellulose array comprising 113 antibodies. After extensive
washes; the array was subjected to autoradiography. Similar results were
obtained from duplicated experiments. Representative spots are shown. The
antibodies used for f-1 to -6 are anti-MEK1/2 antibody, anti-phospho-MEK1/2
antibady, anti-MKP-1 (V-15) antibody, anti-PML (PG-M) antibody, anti-PML
{H-238) antibody, and anti-acetylated lysine antibody, respectively. 8, PML
exists as an acetylated protein in TSA-treated Hela cells. Pulse-labeled Hela
cells with TSA treatment were lysed as in A The lysates were immunoprecipi-
tated (IP) with PML antibody (ab) or control rabbit IgG. 90% of the immuno-
precipitates were subjected to SDS-PAGE, autoradiography, and detection
with phosphorimaging (upper panel). 10% of the immunoprecipitates were
subjected to SDS-PAGE and immunoblotting with PML antibody (fower
panel). Theé positions of PML and nonspecific band are indicated by an arrow,
and an asterisk, respectively. WB, Western blotting.
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PML sequerce in this region revealed the presence of 7 lysine
residues (supplemental Fig. S2); therefore, we introduced a
series of arginine substitutions to map the acetylation sites.
Within the C-terminal domain of PML, only the substitution of
arginine for lysine 487 (K487R) measurably reduced acetylation
of PML by p300 among all the individual substitutions (Fig. 2B;
mutations are designated by the codon number between Lys
and Arg). When arginine substitutions for other lysines were
combined with K487R, a further reduction of acetylation was
observed with K515R (Fig. 2C). Acetylation of full-length PML
was impaired by substitutions of K487R and K487R/K515R
similarly to that of the C-terminal domain of PML (Fig. 2D).
Our results indicate that the principal sites of p300 acetylation
in PML will be lysines 487 and 515.

PML Acetylation Is Increased in Response to. TSA Treatment—
We examined whether PML acetylation by p300 occurred in
vivo at the same sites as identified in vitro. Wild-type PML and
PML with the K487R/K515R mutations were designated as
PML W and PML M, respectively. Coexpression of p300
enhanced PML W acetylation, whereas acetylation PML M was
weak in the basal state and showed no significant response to
p300 coexpression (Fig. 34, top panel). The efficiency ofimmu-
noprecipitation was the same for all samples (Fig. 34, middle
panel), and the increase in acetylation of a 17-kDa protein by
coexpression of p300, which suggested the induction of histone
acetylation, was equal between transfectants with PML W and
PML M (Fig: 34, bottom panel). These results suggest that p300
acetylates PML in vivo at the same sites as identified in vitro.
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