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FIGURE 3. Expression level of p53-72R protein is higher than p53-72P protein. 4, indicated amounts of pMX-p53-72P or -72R expression plasmids
were introduced into H1299 cells (4.4 X 10° cells/10-cm dish). Cells were harvested 27 h post-transfection and analyzed by Western blotting. Experiments were
performed in triplicate, and representative images are shown. The levels of p53 and p-actin were quantified using Image J software, and p53 levels were
normalized by B-actin levels. The mean = S.D. of relative p53-72R/p53-72P levels was calculated and is shown in the bottom column. vec, vector. B, p53 protein
and mRNA levels were analyzed by Western and Northern blotting. The levels of p53 protein (normalized by B-actin levels) and mRNA (normalized by 28 S
levels) were quantified using Image J software. Panel a, pMX-p53-72P or -72R (0.2 ug) was introduced into H1299 (4.4 X 10° cells/10-cm dish). Cells were
harvested 27 h post-transfection. Panel b, pMX-p53-72P or -72R (0.9 g) was introduced into Saos2 cells (4.4 X 10° cells/10-cm dish). Cells were harvested 24 h
post-transfection. G, indicated amounts of pMX-p53-72P or -72R expression plasmids were introduced into p53/mdm2 DKO (4.4 X 10° cells/10-cm dish) and
analyzed as in A. D, expression plasmids (cloned in pMX vector) of wild-type or mutant (S20A) p53-72P or -72R were introduced into H1299 (in panel a, 4.4 X 10°
cells/10-cm dish, 500 ng transfected) or p53/mdm2 DKO (in panel b, 4.4 X 10° cells/10-cm dish, 200 ng transfected) cells. Cells were harvested 21 h (panel a) or
27 h (panel b) post-transfection. Experiments were performed in duplicate, and the mean values of relative p53-72P and -72R levels are presented.

shown in Fig. 44, although p53-72P was efficiently degraded
under the conditions tested, p53-72R was resistant to degrada-
tion. We further analyzed the ubiquitination of both variants by
Mdm2. His-tagged ubiquitin was co-expressed with p53 and
Mdm?2 in H1299 cells. Cell lysates were prepared, and p53 was
immunoprecipitated by anti-p53 antibody. Immunoprecipi-
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tates were analyzed by Western blotting using anti-His tag anti-
body. As shown in Fig. 4B, it was shown that His-tagged ubiq-
uitinated p53 was more prominent in p53-72P than p53-72R.
We also performed a nickel pulldown assay under denaturing
conditions to purify His-tagged ubiquitinated proteins. The
samples were then analyzed by Western blotting using anti-p53
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FIGURE 4. Degradation of p53-72P by Mdmz2 is accelerated compared with p53-72R. A, pcDNA3-p53-72P or-72R together with N-terminally c-Myc-tagged
Mdm2 (pCMV-Myc-Mdm2; Mdm2 expressed from a CMV promoter) or control empty vector were introduced into H1299 cells (4.4 X 10° cells/10-cm dish) and
analyzed by Western blotting. 0.44 ug of p53 and 4 ug of Mdm?2 were transfected. Cells were harvested 21 h post-transfection. Levels of p53 (normalized by
B-actin) were quantified and are shown below the panels. B, pcDNA3-p53-72P or -72R (0.35 ug) together with Hisg-tagged ubiquitin (2.2 ug) and N-terminally
FLAG-tagged Mdm2 (pSG-FLAG-Hdm2, 1.42 ug) or control empty vector (vec) (1.42 ug) were introduced into H1299 cells (6 X 10° cells/10-cm dish), and cells
were harvested 27 h post-transfection. To detect ubiquitinated p53 efficiently, Mdm2 was expressed at a low level using expression plasmid pSG-F-Hdm2
(Hdm2 is under the control of SV40 promoter, which is much weaker than CMV promoter). p53 was immunoprecipitated (iP) with anti-p53 polyclonal antibody
(FL393), and immunoprecipitated samples and whole cell lysates (WCL) were analyzed by Western blotting. Western blot analyses of immunoprecipitates were
performed with the anti-His antibody to detect ubiquitinated p53 (upper panel) or with FL393 antibody to detect nonubiquitinated p53 (lower panel). Levels of
ubiquitinated p53 {normalized by nonubiquitinated p53) were quantified and are shown below the panels. C, pMX-p53-72P or -72R (0.5 1.9) together with
pCMV-Myc-Mdm2 (4.5 pg) or control empty vector (4.5 uug) were introduced into H1299 cells (4.4 X 10° cells/10-cm dish). Where indicated, cells were treated
with LLnL (50 um) 16 h post-transfection. Cells were harvested 21 h post-transfection and analyzed by Western blotting. Experiments were performed in
triplicate, and representative images are shown. Levels of p53 were quantified (normalized by B-actin) and the relative p53-72P and -72R levels are shown
belowthe panel. D, pcDNA3-p53-72P or-72R (0.4 ug) together with pCMV-Myc-Mdm2 (3.6 ug) were introduced into H1299 cells (4 X 10° cells/10-cm dish). Cells
were pulse-labeled 20 h post-transfection for 30 min and then cultured in chase medium for 1.5 h. Following incubation, cells were harvested at the indicated
time points. p53 was immunoprecipitated, and the levels of labeled p53 were detected by autoradiography. Total p53 protein levels were analyzed by Western
blotting. Experiments were performed in triplicate, and representative images are shown. Levels of p53 were quantified (normalized by total p53) and the
relative p53-72P and -72R levels are shown below the panel. £, immortalized peripheral lymphocytes from healthy donors were subjected to LLnL treatment.
Cells derived from 10 homozygotes each for p53-72P and -72R were subjected to analysis. Each sample was run in triplicate and analyzed by Western blotting
(supplemental Fig. $3). Quantification was performed using Image J software. Fold accumulation of p53 protein after LLnL treatment was calculated for each

sample and shown as a box plot.

antibody to detect the amount of His-tagged ubiquitinated ~some inhibitor. As shown in Fig. 4C, the p53-72P level was
p53s. Again, ubigitination was more prominent in p53-72P  significantly increased by LLnL treatment compared with p53-
than p53-72R (supplemental Fig. S2). 72R, showing that p53-72P is more susceptible to degradation

“To further test whether the variants differ in degradation by the proteasome pathway. In addition, both variants were
levels mediated by the proteasome pathway, we treated cells expressed at similar levels after LLnL treatment, supporting the
co-expressing Mdm?2 and p53-72R or -72P with LLnL, aprotea-  idea that differences in the expression levels of both variant
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TABLE 1

Over-representation of p53-72P homozygotes in lung cancer cases
with gains of the mdm2 gene in their tumors

No. of cases

MDM2 MDM2
p53 genotype normal  gain”

QOdd ratio (95% p value by
confidence interval) Fisher’s exact test

¢

% %
R/R + R/P 48 (94) 19 (79)  Reference
P/P 3(6) 5(21)  4.21(0.94-22.2) 0.101

“ Copy number ratio >1.25 in tumors by array comparative genomic hybridiza-
tion analysis using MCG Cancer array-800.

proteins were the result of proteasomal degradation. We also
performed [**S)methionine pulse-chase experiments to deter-
mine the half-lives of p53 variant proteins. Cells co-expressing
Mdm?2 and p53-72R or -72P were pulse-labeled, and p53 pro-
tein levels were monitored for 4.5 h. As shown in Fig. 4D, the
half-life of p53-72R was significantly longer than p53-72P,
demonstrating that p53-72R is more resistant to Mdm2-medi-
ated degradation.

We next utilized peripheral lymphocytes immortalized using
Epstein-Barr virus to analyze the degradation of endogenously
expressed p53 proteins. We selected 10 cells each that were
homozygous for p53-72P or -72R. To minimize the difference
between cell lines, they were also selected based on the criteria
that they were derived from healthy donors who were Japanese,
male, nonsmoking, and aged 3050 years old. As shown in sup-
plemental Fig. S3 and Fig. 4E, when cells were treated with
LLnL, accumulation of p53 protein was more pronounced in
cells with p53-72P, confirming the result obtained for exoge-
nously expressed p53 proteins. Collectively, it was shown that
ubiquitination by Mdm?2 and subsequent degradation is more
enhanced in p53-72P than -72R.

Cancer Patients Carrying p53-72P Are Over-represented in
Patients with Gain in the mdm2 Gene—The nature of p53-72P
being more sensitive to degradation by Mdm2 than p53-72R
raises the possibility that homozygotes for the p53-72P allele
are more susceptible to developing cancer by up-regulation of
Mdm?2 expression. We therefore analyzed the copy number of
the mdm2 gene in tumors in combination with genotypes for

the p53 polymorphism at codon 72 in the germ line. Seventy:

five lung cancer cases, consisting of 39 adenocarcinomas, 2
bronchioalveolar carcinomas, 25 squamous cell carcinomas, 2
small cell lung carcinomas, 7 large cell neuroendocrine carci-
noma cases, that were available for information both on p53
genotypes in their peripheral blood cells and the mdm2 gene
copy numbers in their tumor cells were subjected to analysis
(Table 1). These cases were selected from a Japanese population
of lung cancer cases that showed a frequency of the p53-72P
allele higher than control individuals in a previous case-control
study based on the criterion that information on the mdm2
gene copy numbers in their tumor was available (19). In fact, the
frequency of the p53-72P allele in these 75 cases (i.e. 0.41) was
higher than that of controls (i.e. 0.33), although the difference
did not reach statistical significance (p = 0.070 by Fisher’s exact
test). Among the 75 cases, 24 (32%) showed gain of the mdm2
gene {ratio of test signal/reference signal >1.25) in their
tumors. The fraction of p53-72P homozygotes was notably
higher in patients with mdm2 gains in their tumors than with-

A EVEN

MAY 20,2011 +VOLUME 286+ NUMBER 20

out (21 versus 6%, p = 0.101 by Fisher’s exact test). Although
further study is required with more test cases, these data sug-
gest that p53-72P individuals develop lung cancer at a higher
frequency upon increase of the mdm?2 gene copy number and
support our results showing that p53-72P is more susceptible to
Mdm?2-mediated degradation.

Phosphorylation of Ser-6 Is More Enhanced in p53-72R than
-72P under Basal and Damaged Conditions—Ser-6, Ser-15. and
Thr-18 are the phosphorylation sites within the N-terminal
transactivation domain that are conserved among vertebrates.
Phosphorylation of Ser-15 and Thr-18 plays important roles in
the regulation of p53 activity; however, although it has been
reported that Ser-6 is phosphorylated under damaged or basal
conditions, the biological significance of Ser-6 phosphorylation
remains elusive (6). Because we found that Ser-6 is strongly
phosphorylated in p53-72R compared with p53-72P in Saos2
cells (Fig. 2), we further analyzed under which conditions Ser-6
is phosphorylated. As shown in Fig. 54, upon y-ray irradiation,
the Ser-6 phosphorylation level is increased, and p53-72R is
phosphorylated at a higher level than p53-72P in Saos2 cells. In
this experiment, the difference in Ser-6 phosphorylation with-
out DNA damage was also confirmed. Under the same condi-
tions, phosphorylation of Ser-15 was induced upon y-ray irra-
diation, but no difference was detected between variants with
or without y-ray irradiation. To further analyze p53 phosphor-
ylation under damaged conditions, we obtained cell lines stably
expressing both p53s in HCT116 p53(—/—) cells. As shown in
supplemental Fig. S44, both cell lines expressed p53-72R or
-72P at similar levels and induced p21 upon DNA damage,
showing a normal p53 response in these cell lines. Using these
cell lines, phosphorylation of Ser-6 under basal conditions and
upon DNA damage was analyzed. As shown in Fig. 5B and sup-
plemental Fig. 54, B and C upon +y-ray or UV irradiation, adria-
mycin or 5-fluorouracil treatment resulted in increased Ser-6
phosphorylation, and under all conditions, p53-72R showed
elevated phosphorylation levels compared with p53-72P.
Again, phosphorylation of Ser-15 was induced upon <y-ray irra-
diation, but no difference was detected between variants (Fig.
5B).

Phosphorylation of Ser-6 Is Required for p53 Transactivation
under Basal Conditions and upon Activation of TGF-B Sig-
naling—To analyze the biological function of Ser-6 phosphor-
ylation, we constructed p53 mutants carrying Ser to Ala con-
versions at codon 6. Wild-type‘as well as mutant p53s were
expressed in H1299 cells, and the induction of representative
p53 target gene products (p21, Bax, PIG-3, and Mdm2) were
analyzed by Western blotting. As shown in Fig. 5C, all four p53
target gene products were induced by wild-type p53 as
expected. Interestingly, wild-type p53 induced p21 more effec-
tively than S6A mutant, demonstrating the involvement of
Ser-6 phosphorylation in p21 induction. In addition, as shown
in Fig. 5D, p53-72R induced p21 more strongly than p53-72P,
likely reflecting the difference in Ser-6 phosphorylation levels
between proteins. The elevated expression of p21 in p53-72R-
expressing cells was also demonstrated in HCT116 p53(—/—)
cells stably expressing p53-72P or -72R and in immortalized
human peripheral lymphocytes (supplemental Figs. S44 and
S54).
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FIGURE 5. Phosphorylation of p53 at Ser-6 was enhanced in p53-72R compared with -72P, and p53-dependent p21 expression was enhanced in cells
expressing p53-72R. A, phosphorylation of p53 at Ser-6 and Ser-15 in Saos2 cells expressing p53-72P or -72R was analyzed by Western blotting. Cells (2.2 X
108 cells/10-cm dish) were transfected with pMX-p53-72P or -72R, treated with y-ray (20 gray) 24 h post-transfection, and harvested 50 h post-transfection. As
inFig. 2, p53 proteinswere immunoprecipitated and analyzed using anti-phospho-Ser-6 p53 antibody (upper panel) and anti-p53 antibody (lower panel). Levels
of phospho-Ser-15 are shown for comparison. To detect phospho-Ser-15 and total p53 in right panels, whole cell lysates were analyzed by Western blotting.
Relative phosphorylation levels (normalized by total p53 levels) are shown below the panels. B, HCT116 p53(—/—) cells stably expressing p53-72P or-72R (6.7 X
106 cells/10-cm dish) were treated with y-ray (20 gray), and cells were harvested 2 h post-irradiation. Levels of phospho-Ser-6 and -15 were analyzed asinA.C,
H1299 cells (4 X 10° cells/10-cm dish) were transfected with pMX-p53-72R or 72R-56A mutant (0.3 ug) together with pcDNA3 (2.7 ug). Cells were harvested
26 h post-transfection, and analyzed by Western blotting. D, wild-type or mutant (S6A) pMX-p53-72P or -72R (1.63 pg) was introduced into H1299 cells (2.4 X
10° cells/10-cm dish), and cells were harvested 29 h post-transfection. Expression of p53, p21, and cytoskeletal CRP1 (as a loading control) was analyzed by
Western blotting. The experiment was performed with p53-72P and -72R expressed at similar levels. The levels of p21 and 23-kDa CRP1 were quantified using
Image J software, and p21 levels were normalized by CRP1 levels. £, H1299 cells (2.4 X 10° cells/10-cm dish) were transfected with pMX-p53-72P or 72R (1.63
wg) and ca. TGF-BR (6.54 pg). Cells were harvested 29 h post-transfection. Expression of ca. TGF-BR was detected by anti-FLAG antibody. Experiments were
performed in triplicate, and representative images are shown. The levels of p21 (normalized by B-actin) were quantified using Image J software. The mean =

S.D. of p21 levels was calculated and is shown in the bottom column.

It has been reported that the activation of MAPK promotes
the phosphorylation of p53 at Ser-6 and Ser-9 (25). Phosphor-
ylation at these sites facilitates the interaction of p53 with acti-
vated Smad2 or Smad3 and the subsequent recruitment of p53-
Smad2/3 complexes to TGF-B-responsive target promoters
(25). As shown in supplemental Fig. 54D, we also have con-
firmed MAPK-dependent phosphorylation of p53 at Ser-6. It
has also been shown using H1299 cells that the expression of

18258 JOURNAL OF BIOLOGICAL CHEMISTRY

p53 with amino acid conversions from Ser to Ala at codon 6 or
9 impaired the ability of p53 to enhance TGF-B-mediated
expression of the p21 gene (25). Because we detected a signifi-
cant difference in Ser-6 phosphorylation between the variants,
we analyzed whether TGF-B-mediated expression of the p21
gene differs between them. We analyzed TGF- B-dependent up-
regulation of p21 by introducing constitutively active TGF-B
receptor I (ca. TGF-BR) with p53 variants. It was confirmed
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that introduction of ca. TGF-BR results in activation of the
TGEF-B pathway in H1299 cells, as judged from Smad2 phos-
phorylation (supplemental Fig, S5B). As shown in supplemental
Fig. S5B and Fig. 5E, without TGF-B signaling, p53-72R
induced p21 more efficiently than p53-72P, confirming the
results shown in Fig. 5D. When ca. TGF-R was co-transfected
with p53s, TGEF-B-dependent up-regulation of p2l was
observed, and this induction was significantly stronger in cells
expressing p53-72R. Enhanced induction efficiency of p21 in
p53-72R-expressing cells with or without ca. TGF-SR was also
confirmed by quantitative real time PCR (supplemental Fig.
S5C). The difference between variants was abolished when Ser
to Ala conversions were introduced at Ser-6, showing that the
difference in p21 induction was brought about from differences
in Ser-6 phosphorylation levels (Fig. 5E). Collectively, these
results indicate that Ser-6 phosphorylation is important for p53
transactivation activity under basal conditions and upon acti-
vation of TGF-f signaling, and enhanced Ser-6 phosphoryla-
tion in p53-72R results in stronger induction of p21.

DISCUSSION

The polymorphism of p53 at codon 72 is unique to humans
and is very common. For example, 44% of Japanese are homozy-
gous for p53-72R and 11% are homozygous for p53-72P (19).
Cancer susceptibility and clinical outcome differ among indi-
viduals having the two variants; therefore, the impact of under-
standing the molecular basis for the difference between p53-
72P and -72R is huge. Recently, using chimeric p53 protein
containing N-terminal mouse p53 (amino acids 1-34) and
human p53 (amino acids 32—-393), it was shown that codon 72
polymorphism-specific effects of human p53 require N-termi-
nal 31 amino acids of human p53 (26). In addition, we found
that p53-72R and -72P proteins differ in structure, especially in
the N-terminal region, by partial proteolytic digestion of the
proteins. We speculated that differences in the protein struc-
ture may change the affinity of p53 variants with kinases that
modify p53, especially in the N-terminal region, and we found
that the variants differ in phosphorylation levels at Ser-6 and
-20. We actually found that strength of association with Chk2
kinase differs between p53-72P and p53-72R (supplemental Fig.
S6). We do not know the precise mechanism of the differential
association of the variants with Chk2, and it is an interesting
issue to clarify in future research.

It has been reported that p53 phosphorylated at Ser-20
escapes from degradation by Mdm?2, leading to stabilization of
the protein (6), whereas phosphorylation of Ser-6 is required
for TGE-B-dependent induction of p21 and p15INK4b (25). We
found that phosphorylation of these sites is enhanced in p53-
72R, and consequently, the two p53 polymorphic variants differ
in the stabilization of proteins and TGF-B-dependent and -in-
dependent induction of p21, both of which are important for
the tumor-suppressive function of p53 (Fig. 6).

In this study, we have shown for the first time that the mdm2
gene gain in tumors is more frequent in lung cancer cases
homozygous for the p53-72P allele than with other genotypes.
Although this association should be further validated in other
sets of lung cancer cases, the present result demonstrates the
possibility that p53-72P homozygotes develop lung cancer at a
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FIGURE 6. Common polymorphism of p53 affects phosphorylation and
degradation of p53 protein. Phosphorylation of Ser-6 and -20 is enhanced
in p53-72R compared with p53-72P. Difference in protein structure and phos-
phorylation of Ser-20 affects Mdm2-mediated degradation of p53 protein,
whereas phosphorylation of Ser-6 affects transactivation ability of p53
protein. :

higher frequency upon gain of the mdm?2 gene and supports our
data showing that p53-72P is more susceptible to Mdm2-me-
diated degradation. It will be interesting to determine whether
such an association is also observed in patients with other types
of cancer.

Previously, it was shown that the expression of p21 mRNA
was altered by p53 codon 72 polymorphism, and the Pro allele
variant was associated with decreased p21 mRNA levels com-
pared with Arg allele (27). In this study, we have also shown that
p21 expression was decreased in p53-72P compared with -72R
and was dependent on p53 Ser-6 phosphorylation. The physio-
logical relevance of Ser-6 phosphorylation remains unknown;
however, it was shown recently to be required for TGF-8 sig-
naling. TGF-$ is a potent growth inhibitor with tumor sup-
pressing activity, and TGF-B-mediated growth suppression is
mediated by p53 (28). TGF-f3 cooperates with p53 to induce
p21, and this induction requires p53 to be phosphorylated at
N-terminal Ser residues, including Ser-6 (25). We have shown
that p53-72P was less phosphorylated at Ser-6 compared with
p53-72R under all conditions studied, and TGF-B-dependent
and -independent induction of p21 was attenuated in p53-72P-
expressing cells. Previously, we have shown that phosphoryla-
tion of Ser-6 does not affect binding of p53 to p21 promoter (8).
Therefore, Ser-6 may affect other aspects of p21 promoter acti-
vation, such as cofactor recruitment to the promoters.

The results shown in this study collectively reveal a novel
difference in p53 polymorphic variants at codon 72. Although
several molecular mechanisms to explain the difference in
tumor suppression function of the variants have been reported,
our results also reveal a novel difference in the variants through
differences in protein structure and phosphorylation levels at
Ser-6 and -20, Understanding the molecular mechanism lead-
ing to differences in the tumor suppression potential of the two
variants is very important for cancer prevention and therapy.
Our results may provide basic knowledge to develop novel can-
cer therapy or prevention strategies on the basis of the genotype
of p53.
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Missense mutations in PML-RARA are critical for the lack of responsiveness to

arsenic trioxide treatment

Emi Goto,! Akihiro Tomita,! Fumihiko Hayakawa,! Akihide Atsumi,! Hitoshi Kiyoi," and Tomoki Naoe!

iDepartment of Hematology and Oncology, Nagoya University Graduate School of Medicine, Nagoya, Japan

Arsenic trioxide (As,03) is a highly effec-
tive treatment for patients with refractory/
relapsed acute promyelocytic leukemia
(APL), but resistance to As;O3 has re-
cently been seen. In the present study,
we report the findings that 2 of 15 patients
with refractory/relapsed APL treated with
As,0; were clinically As,O; resistant.
Leukemia cells from these 2 patients
harbored missense mutations in pro-
myelocytic leukemia gene-retinoic acid
receptor-a gene (PML-RARA) transcripts,
resulting in amino acid substitutions of

A216V and L218P in the PML B2 domain.
When wild-type or mutated PML-RARA
(PR-WT and PR-B/L-mut, respectively)
were overexpressed in Hela cells, immu-
noblotting showed SUMOylated and/or
oligomerized protein bands in PR-WT but
not in PR-B/L-mut after As,0; treatment.
Protein-localization analysis indicated
that PR-WT in the soluble fraction was
transferred to the insoluble fraction af-
ter treatment with As,03, but PR-B/L-mut
was stably detected in fractions both
with and without As,0;. Immunofluores-

cent microscopy analysis showed PR-WT
localization as a microgranular pattern
in the cytoplasm without As,0; and as
a macrogranular pattern with As,0;.
PR-B/L-mut was diffusely observed in
the cytoplasm with and without As,0;.
Nearly identical localization patterns
were observed in patients’ primary cells.
Therefore, B2 domain mutations may
play an important role in aberrant molecu-
lar responses to As,03; and may be criti-
cal for As,0; resistance in APL. (Blood.
2011;118(6):1600-1609)

Introduction

Acute promyelocytic leukemia (APL) is characterized by the recip-
rocal chromosomal translocation t(15:17)(q22:;q21). leading to fusion of
the promyelocytic leukemia gene (PML) on chromosome 15 and the
retinoic acid receptor-a gene (RARA) on chromosome 17.' PML-RARA
fusions are detectable in > 95% of patients with APL. In 1985, all-trans
retinoic acid (ATRA) was introduced for the treatment of APL as a
differentiation therapy, and a dramatic improvement in the overall
survival of patients with APL has been obtained.** However, approxi-
mately 10%-30% of patients eventually relapse after treatment with
combination chemotherapies with ATRA.*7

Arsenic trioxide (As,O3) is a critical drug for the treatment of APL
and is clinically effective even in ATRA-resistant patients.® As,Os is a
natural substance that has been used medically for over 2400 years. In
the 1970s, a group in China identified As,O; as a component of an
anticancer reagent. Over the last 18 years, clinical trials conducted
worldwide have demonstrated the efficacy of As,O; for the treatment of
relapsed patients with APL.!%!! Recently, it was also reported that As,O3
improves event-free survival and overall survival of adult APL when
As,0; is used as a consolidation treatment after obtaining the first
remission.!? Currently, the role of As,O; in frontline therapy is under
investigation, 1013

Rapid degradation of PML-RARA via targeting of PML has
been reported as a molecular mechanism for the effectiveness of
As,03."4 Furthermore, As;O; induces postiranslational modi-
fications of PML-RARA with small ubiquitin-related modifier
(SUMO) and ubiquitin, resulting in the transfer of PML-RARA
from the soluble fraction to the insoluble nuclear matrix'4 and the
degradation of both PML and PML-RARA.'!7 In addition to the
significant clinical effectiveness of As;O; for patients with APL,
acquired resistance to As,O; therapy has been recognized in

clinical practice.!® Several studies have indicated that arsenic-
resistant NB4 cells in vitro show higher glutathione levels than in
parental cells.’-2! However, the detailed molecular mechanisms of
resistance to As,0O; remain unclear.

Very recently, 2 studies reported that As,O; binds directly to cysteine
residues in zinc fingers located within the RBCC motif that contains
3 cysteine-rich zinc-binding domains, a RING-finger (R), 2 B-box
motifs (B1 and B2), and a coiled-coil (CC) domain,?2% in PML-RARA
and PML.2#25 An intriguing hypothesis is that impairment of As,O3
binding to PML-RARA due to conformational changes may result from
genetic mutations and/or abnormal posttranslational modifications.
These events may be related to resistance to As,O; therapy.

We report the clinical significance and frequency of As,Os
resistance in patients with APL. Fifteen patients with APL were
treated with As,0O; after combination chemotherapy with ATRA,
and 2 patients showed clinical As,05 resistance. Interestingly, in
both of these As,Os-resistant patients, missense genetic mutations
in the PML-RARA fusion transcript were observed in the leukemia
cells. We demonstrated that the mutations, which were located in
the PML RBCC region, were critical for PML localization and
As,05 responsiveness in vitro. Our observations suggest that
acquired genetic mutations in the PML-RARA transcript may be a
critical molecular mechanism of resistance to As,O5 therapy.

Methods

Patients

From January 2000 to December 2008 at Nagoya University Hospital.
Japan, 15 patients with APL who showed relapse or disease progression
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Table 1. APL patients treated with As,0; at Nagoya University Hospital

Treatments Disease status Treatments after Survival after As;03
No. Age,y Sex Diagnosis prior to As,0O3 at As;03 Qutcome As,0; resistance
2 35 ) M 3y,8mo -
3 et Coeweme -
4 41 M
5 Le M CT, HD-Ara-C"..
6 F A+CT, aPBSCT
71 & LT o
8 F
9

~ A+CT,UR-BMT
AsCT
A+CT, HD-Ara-C

-
- O

auto-PBSCT

12

137 S A$CT, UR-BMT: CBT ..y Smo

14 A+CT auto-PBSCT 4y,9mo

s o _wopssoT A aveEm

Fifteen patients were treated with As,Og at Nagoya University Hospital during the period of January 2000-December 2008. Outcomes were confirmed on December 1,
2009. Patients 5, 6, and 13 received cord blood transplantation after As;O5. Patients 5 and 13 died of complications of transplantation without any relapse sign. Patient 6 died of
relapse just after transplantation. Patient 11 died of brain bleeding due to APL relapse with disseminated intravascular coagulation.

Rel1 through 3 indicates the first to third relapse; A+CT, ATRA with combination chemotherapy; PBSCT, peripheral blood stem cell transplantation; CBT, cord blood

transplantation; BMT, bone marrow transplantation; D, dead; and A, alive.

after treatment with chemotherapy with ATRA were treated with As>O3
(Table 1). The diagnosis of APL and its relapse were confirmed by bone
marrow morphology according to the FAB classification, chromosomal
abnormality t(15;17) in peripheral blood and/or bone marrow cells, positive
RT-PCR assay for PML-RARA transcripts, and/or FISH analysis of PML
and RARA. As,O; was diluted in 500 mL of 5% dextrose and administered
intravenously over 2 hours at a dose of 0.15 mg/kg daily for a cumulative
maximum of 60 days.

Patient 1 (Table 1 and Figure 1A) was diagnosed with APL (the micro-
granular variant M3v) in October 1998 (Figure 1A), and complete re-
mission (CR) was obtained after combination chemotherapy with ATRA
(45 mg/m?/d). However, relapse with insufficient response to ATRA was
observed (Figure 1A) after the end of consolidation therapy in August
1999. As,O3 (0.15 mg/kg/d) was started as a salvage chemotherapy, and a
molecular response was obtained. The effectiveness of As;O3 gradually
decreased during the patient’s 7-year clinical course. Am80 (6 mg/m?%d)
was started in July 2005 in addition to As,Oj3 therapy. However, the
effectiveness was poor, and Am80 was discontinued in October 2005. There-
after, only As,O3 was used. At the terminal stage of his clinical course
(Figure 1A), As;O3 was administered under the condition that > 90% of his
peripheral blood cells were considered APL blast cells, but no response to
the elevated blast count was observed. We diagnosed this condition as
secondary As,O; resistance. The patient died of disease progression in
January 2006. During his 7-year clinical course, clinical samples from his
bone marrow and/or peripheral blood were obtained repeatedly (Figure 1A).

Patient 6 was diagnosed with APL in January 2000, and CR was
obtained after combination chemotherapy with ATRA. Relapse was ob-
served in February 2002. After obtaining a second CR with combination
chemotherapy, autologous peripheral blood stem cell transplantation was
performed in October 2002. An early relapse was observed after trans-
plantation in February 2003, and then As,O3 (0.15 mg/kg/d) was started.
Partial cytoreduction was confirmed, but CR was not obtained. We
diagnosed this condition as primary refractory disease to As;O3. As;O3 was
used for 42 days and then discontinued. Cord blood transplantation was
performed during non-CR, but the patient died of relapsed disease in July
2003. Genomic DNA was obtained from leukemia cells harvested 27 days
after starting As,Os therapy. Although the patient’s bone marrow showed
hypocellularity at this time, 97.1% of her marrow cells were positive for the
PML-RARA fusion gene with FISH analysis.

Cell preparation from patients

After obtaining informed consent from each patient in accordance with the
Declaration of Helsinki, the patients’ primary cells were obtained from their

peripheral blood and/or bone marrow. All experiments were conducted
with institutional review board approval from the Nagoya University
School of Medicine. Mononuclear cells were separated with Ficoll Paque
(GE Healthcare) and preserved with CP-1 (Kyokuto Pharmaceutical
Industrial) in liquid nitrogen until further analysis.

RNA extraction and RT-PCR

Total RNA was isolated from each sample using TRIzol (Invitrogen).
cDNA was synthesized from 5 p.g of total RNA using Superscript Il reverse
transcriptase (Invitrogen) as described previously.202’ PCR was performed
using LA-Taq polymerase (Takara) under the following conditions: one
cycle of 95°C for 4 minutes, followed by 40 cycles of 95°C for 30 seconds,
55°C for 30 seconds, and 72°C for 60 seconds. PCR primers for am-
plification of the coding sequences of PML-RARA are as follows: forward
PR-U619: 5'-TGT TCC AAG CCG CTG T-3', reverse PR-L.2189: 5'-CAT
CTT CAG CGT GAT CA-3'. Amplified PCR fragments were purified
with a Wizard PCR prep DNA purification kit (Promega) and cloned into
the pCR2.1-TOPO cloning vector (Invitrogen). At least 20 clones were
sequenced with an ABI 310 automated DNA sequencer (Applied Biosys-
tems). Genetic mutations were confirmed using MacVector Version 10.5.1
software.

Expression vectors

The coding sequence of PML-RARA was amplified with PCR, and the Flag
sequence was added with the forward primer as described previously.26.28
The PCR fragmient was cloned into the pcDNA4-His-Max-TOPO mamma-
lian expression vector (Invitrogen) to generate the following expression
vectors: pcDNA4-XF-PR-WT for Xpress-tagged wild-type PML-RARA,
pcDNA4-XF-PR-B/L-mut for Xpress-tagged PML-RARA with mutations
resulting in A216V and G391E substitutions, pcDNA4-XF-PR-B2-mut for
PML-RARA with the A216V substitution, and pcDNA4-XF-PR-L-
B2-mut2 for the long-form PML-RARA with the L.218P substitution. To
express the long form of the wild-type PML-RARA protein, pcDNA4-XF-
PR-L was used as described previously.?® Expression vectors pcDNA-F-
Ubc9, pcDNA-F-SUMO, and pcDNA-HA-PML for Flag-tagged Ubc9 and
SUMOI, and HA-tagged PML, respectively, have also been described
previously. ™

Cell culture

Cells of the human cervical cancer cell line HeLLa were cultured in DMEM
containing 10% FCS. U937 cells, a human monocytic lenkemia cell line,
were cultured in RPMI containing 10% FCS.
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Protein extraction and antibodies for immunoblotting

HeLa cells (1.0 X 10%/well) were cultured in a 12-well plate for 12 hours
before transfection. Transfection of the expression vectors was carried out
using Effectene (Invitrogen) according to the manufacturer’s instructions.
The cells were washed with DMEM 24 hours after transfection, and then
incubated for 8 hours with or without 10uM As,O; (Sigma-Aldrich) until
protein extraction. Whole-cell protein samples for immunoblotting were
obtained using 250 pL of Laemmli sample buffer (200mM Tris-HCI, pH 6.8,
49 SDS, 20% glycerol, 10% 2-mercaptoethanol, and 0.004% bromophenol
blue). After boiling for 5 minutes, samples were subjected to SDS-PAGE.

1937 cells were cultured in a 12-well plate for 12 hours before
transfection. Transfection of the expression vectors pcDNA4-XF-PR-WT
and pcDNA4-XF-PR-B/L-mut was carried out using Nucleofector Kit C
(Lonza) according to the manufacturer’s instructions. After 12 hours,
immunofluorescent analysis was performed.

To separate PML-RARA protein into soluble and/or insoluble frac-
tions, cells were lysed in 200 pL of RIPA lysis buffer (50mM Tris-HCl,
pH 7.5, 150mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS,
0.2mM PMSF, and a complete mini protease inhibitor tablet [Roche]). After
centrifugation at 10 000g for 10 minutes, the supernatants were placed into
new tubes, and 200 pL of 2X SDS sample buffer was added (soluble
fraction). PBS (20 wL) and 200 L of 2X SDS sample buffer were added to
the pellets (insoluble fraction). After boiling for 5 minutes, samples were
analyzed by SDS-PAGE followed by immunoblotting. Antibodies used in
this assay are as follows: rabbit anti-hemagglutinin (anti-HA; Sigma-
Aldrich), mouse anti-Xpress tag (Invitrogen), and mouse anti-FLAG-M2
(Sigma-Aldrich).

Immunofluorescence microscopy

HeLa cells expressing Flag- and Xpress-tagged PML-RARA and its
mutated proteins were cultured on Chamber Slides (Lab-Tek) with or
without 10uM As,Os. U937 cells expressing Flag- and Xpress-tagged
PML-RARA and its mutated proteins and the primary leukemia cells were
placed on slide glasses using Cytospin (Shandon Southern Products), air
dried, and fixed in acetone/methanol for 10 minutes at —20°C. Cells were
then blocked with 1% BSA (Sigma-Aldrich) in PBS for 1 hour, incubated
with primary antibodies for 3 hours, and incubated with Alexa Fluor 488
(green)- or 568 (red)-conjugated secondary antibodies for 1 hour at room
temperature. Antibodies used in this assay are as follows: rabbit anti-human
PML (Santa Cruz Biotechnology), mouse anti-FLAG-M2 (Sigma-Aldrich),
rabbit Alexa Fluor 488 (Invitrogen), and mouse Alexa Fluor 568 (Invitro-
gen). The slides were examined with an Axioskop 2 fluorescence micro-
scope (Carl Zeiss), photos were taken and analyzed with AxioVision FRET
Release 4.5, and images were processed with Adobe Photoshop CS3
software.

Results
Two of 15 patients showed clinical As,0; resistance

From January 2000 to December 2008 in Nagoya University
Hospital, 15 relapsed patients with APL, including 3 with M3v,*!
were treated with As,O; (Table 1). As a first-line treatment,
combination chemotherapies with ATRA were administered to all
patients. Thirteen patients received autologous or allogeneic stem
cell transplantation after treatment with As;Os, and long-term
remission (range, 44-81 months) was confirmed in 10 patients.
One patient (patient I; see also “Patients”) showed resistance
to As,O; after repeated therapy. Another patient (patient 6; see
also “Patients™) showed resistance to the first course of As)O;
therapy. Disease progression (elevation of the blast count in the
peripheral blood) was observed in patient 1 after long-term
treatment with As,Os, and primary refractory disease that was
resistant to As,Os was confirmed in patient 6. Both patients died
after disease progression.

personal use only.
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Acquired missense mutations in PML-RARA transcripts
observed in the 2 patients with As,0; resistance

To determine the molecular mechanisms of the resistance to As,Os,
we first focused on patient 1 who had a long clinical course and
whose clinical samples had been preserved several times at each
disease stage.

Total RNA was extracted from each sample, and RT-PCR for
PML-RARA transcripts was performed. DNA sequencing analysis
using the sample obtained from the terminal stage was performed
first (Figure 1A sample 5). The PML-RARA transcript was a
short-form type (bcr3%?) that lacked the nuclear localizing signal
(NLS) in PML. Missense mutations resulting in the A216V
substitution in the PML-B2 domain and the G391E substitution in
the RARA ligand-binding domain (LBD; Figure 1B) were de-
tected. The predicted mutated PML-RARA protein resulting from
these mutations is shown in Figure 2A.

We then determined the sequence of PML-RARA in patient #6,
who showed primary refractory disease to As;Os. Only a limited
clinical sample obtained at 27 days after starting the As,O3
treatment was available for genomic analysis. A missense mutation
resulting in an L218P substitution in the PML-B2 domain was
confirmed in 2 of 20 clones with PCR cloning using genomic DNA
PCR (Figure 1C). The mutations in the PML-B2 domain are
indicated as B2-mut and B2-mut2 in Figure 1D. The predicted
mutated PML-RARA protein designated as PR-L-B2-mut2 is also
shown in Figure 2A. The location of these mutations is very close
to the As,Os-binding cysteine-cysteine (CC) motif reported by
Jeanne et al.

Clonal expansion of PR-B/L-mut at the terminal stage
of APL disease progression

To confirm the clonal expansion of the genetic mutations in
PML-RARA, we performed sequencing analysis using the RT-PCR
fragments of PML-RARA transcripts from the serial clinical
samples obtained from patient 1 (samples 1-5 in Figure 1A). PCR
fragments were cloned into the vector, and at least 20 clones were
picked for sequencing analysis. Genetic mutations resulting in
PR-B2-mut, PR-LBD-mut, and PR-B/L-mut (Figure 2A) were
confirmed in samples 4 and 5 obtained at this patient’s terminal
stage when As,O; resistance and the expansion of the blast count
were clinically observed (Figure 2B). These clones were not
confirmed in samples 1-3, and the partial response to As;O;
treatment was confirmed at the periods 2-3. The samples 2 and
3 had blasts showing FISH-positive PML-RARA clones (33.9% and
74.0%, respectively). This result strongly suggests that these
mutations were closely related to disease progression during
As,03 treatment.

Lack of multimerization of PR-B/L-mut with and without As,0;

Posttranslational modification of PML, including SUMOylation,
is reported to be critical for the responsiveness to As;03242533
To confirm the functional difference between PR-WT and its
mutant, we performed an in vitro SUMOylation assay in HeLa
cells. HA-tagged PML, Xpress-tagged PR-WT, PR-B/L-mut,
and SUMO1/Ubc9 were expressed in HeLa cells with or without
10M As,0; (Figure 3A-B). PML, PR-WT, and PR-B/L-mut were
detected with immunoblotting. SUMO1/Ubc9 is coexpressed with
PML, and therefore, SUMOylated PML bands were observed
(indicated with black triangles in Figure 3A lane 2). The intensity
of the mobility-shifted bands was increased with As,0O5 treatment
(Figure 3A lane 3). When using PR-WT, multimerized/SUMOylated
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Figure 1. Additional genetic mutations in PML-RARA in patients showing an
As,0; refractory/resistant phenotype. (A) Clinical course of patient 1, who showed
As203 resistance in the terminal stage of disease progression. The total clinical
duration of the patient was almost 7 years. Detailed information is described in
“Methods.” Black and gray arrows indicate the course of chemotherapies with ATRA,
As,03, and Am80. The letters A-C enclosed in circles indicate clinically important time
points: Alindicates diagnosis with APL, B indicates relapse with inadequate response
to ATRA, and C indicates confirmation of clinical As,Oj resistance. This patient died
of disease progression. Leukemia cells from the bone marrow and peripheral blood
were obtained at time periods 1-5. Genetic mutations in PML-RARA were confirmed
in patients 1 (B) and 6 (C). Missense point mutations in the PML B2 domain and
RARA LBD domain were confirmed in the leukemia cells from time point 5. DNA
sequences and the genetic code are indicated in capital letters. Bold letters indicate
mutations. (D) The zinc finger motif of the PML-B2 domain. Amino acid substitutions

_in patients 1 and 6 are depicted. The CC motif critical for AspO3 binding® is also
indicated. The “C” and “H" in red are the cysteine and histidine, respechvely‘ which
are important for zinc finger formation.

PR-WT bands were confirmed with and without As§O3 (FigmfééB
lanes 4-6 black triangles). However, when using PR-B/L-mut;

oligomerized/SUMOylated PML-RARA protein was not observed

with SUMO1/Ubc9 with or without As,Os (Figure 3B lanes 8 and
9). When PR-B2-mut was used in the same assay system, nearly the
same result was obtained (Figure 3B Ianes 11 and 12): These results
indicate that the genetic mutation leading to amin ;
of the PML-B2 domain is critical for the approprlaté posttransla-
tional modification of the PML-RARA protein, mcludmg SUMOy-
lation and oligomerization.

Distinct cellular localization of PR-WT and PR-B/L-mut in
solublefinsoluble fractions

Recently, it has been reported that As,O; promotes PML-RARA
multimerization via disulfide-mediated covalent binding, leading
to formation of PML nuclear bodies; these multimers are subse-
quently SUMOylated.?® To confirm the cellular localization (soluble/
insoluble fractions, see also “Methods™) of PML, PR-WT, and
PR-B/L-mut with or without As,03, we performed immunoblotting
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using Hel a cells that were transiently overexpressing each protein.
Cells were lysed using RIPA buffer, as described previously,!424
and the whole-cell lysate was separated into 2 fractions, soluble
(supernatant) and insoluble (pellet). In the absence of As,Os, PML
was localized in both the soluble and insoluble fractions (Figure 4A
lanes 1 and 3). With As,O3;, PML was detected mostly in the
insoluble fraction (Figure 4A lanes 2 and 4). Nearly the same
results were obtained with PR-WT (short form of PML-RARA,
Figure 4B lanes 5, 6, 11, and 12) and PR-long (long form of
PML-RARA, Figure 4B lanes 9, 10, 15, and 16). Conversely,
PR-B/L-mut was localized in both the soluble and insoluble
fractions with and without As,Os, and protein modification includ-
ing multimerization was not observed with this assay system
(Figure 4B lanes 7, 8, 13, and 14). Protein expression levels were
quantitated with BioMax software, and the relative intensity is
depicted in Figure 4C. These findings indicate that As,O; did not
affect PR-B/L-mut compared with PML and PR-WT in this assay
system, and this phenomenon was closely related to insufficient
SUMOylation (Figure 3).

Distinct cellular localization of PR-WT and PR-B/L-mut with or
without As,0; in Hel.a and U937 cells

We then performed immunofluorescent (IF) staining to examine
the cellular localization pattern of wild-type PML, PR-WT, and
PR-B/L-mut in HeLa cells (Figure 5). Wild-type PML was
overexpressed in HeLa cells, which were incubated with or without
As;03. PML localization was confirmed by IF staining using an
anti-PML antibody. PML was localized in PML nuclear bodies
showing a speckled pattern without As,0s (Figure 5Ai,iii). In the
presence of As,Os, the localization pattern was clearly altered to a
macrogranular pattern (Figure SAiv,vi).

Similar analyses using PR-WT- and PR-B/L-mut-expressing
HeLa cells were also performed (Figure 5B-C). Anti-PML anti-
body was used to detect endogenous PML, overexpressed PR-WT,
and PR-B/L-mut, and anti-Flag antibody was used to detect
PR-WT and PR-B/L-mut. In the absence of As,03;, PR-WT, a
PML-RARA short form without an NLS, was detected around
the nucleus as a microgranular pattern (Figure 5Bi,ii,iv),
and as a macrogranylar pattern in the presence of As,03 (Figure
5Bv,vi, and viii). Surprisingly, PR-B/L-mut was localized differ-
ently in the cytoplasm as a diffuse pattern without As,05 (Figure
5C,i,ii,iv), and the localization of PR-B/L-mut was not altered in
the presence of As;O; (Figure 5Cv,vi,viii). With As,O; treat-
ment, endogenous PML was confirmed in the nucleus with the
macrogranular pattern (Figure SCv,viii). Transfected PR-B/L-mut
(red fluorescence) could not be confirmed in the nucleus (Figure
5Cvi). The localization of PR-B2-mut showed almost the same
pattern as PR-B/L-mut (data not shown). These data strongly

uggest that the point mutation in the PML-B2 domain dis-
rupts or inhibits PML body foxmatlon and the responsiveness to
A5203 treatment.

Nearly identical analyses usmff U937 cells were performed to
confirm the significance in hematopoietic cells. As indicated in
Figure 5D, PR-WT was observed in the cytoplasm with the micro-
granular pattern (Figure 5Diii,iv), and PR-B/L-mut showed a
diffuse pattern, as observed in HeLa cells (Figure 5Dv,vi,viii).

Distinct cellular localization of PR-L and
PR-L-B2-mut2 with or without As,0; in Hela cells

We also performed a similar analysis using PR-L and PR-L-
B2-mut2 to show the molecular significance of the L218P mutation
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Figure 2. Clonal expansion of PML-B2 and RARA-LBD ions during di progression. (A) Schematic representation of PML, RARA, and its fusion proteins with or without
rmutations. Functional domains are indicated. Gray arrowheads indicate the break points of the fusion proteins. Black asterisks depict amino acid substitutions resulting from genetic
mutations. Black arrows indicate the positions of the PCR primers for amplifying PML-RARA fusion transcripts. RING indicates the RING finger; B1 and B2, B-box motifs; C-C, coiled-coil;
and DBD, DNA-binding domain. (B) Clonal expansion of PML-RARA mutants. Using the clinical samples obtained at time points 1-5 in Figure 1A, RT-PCR using PCR primers (PML-U and
RARA-Lin Figure 1A)followed by cloning was performed. At least 20 clones were sequenced for each sample. The percentages of the clones are depicted in the bar graph.

in the B2 domain confirmed in patient 6 (Figure 6). PR-L, a macrogranular pattern with As,O5 (Figure 6Av,vi,viii). In contrast,
PML-RARA long form with an NLS, was detected in the nucleusas  PR-L-B2-mut2 was localized in the nucleus as a diffuse pattern
a microgranular pattern without As,O; (Figure 6Ai,ii,iv) and as a  without As;O; (Figure 6Bi,ii,iv). The localization was not altered in
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Figure 3. Posttranslational modification of PML, PR-WT, PR-B/L-mut, and
PR-B2-mut induced by SUMO1/Ubc9. (A) HA-tagged PML and SUMO1/UbcS
(SUMO) expression vectors were transfected into Hela cells as indicated and
incubated with or without As,O5 (101.M) for 8 hours. Immunoblot analysis using an
anti-HA antibody was carried out. Black arrowheads indicate SUMO-modified PML.
(B) Xpress-tagged PR-WT, PR-B/L-mut, or PR-B2-mut was overexpressed in HeLa
cells with or without SUMO1/Ubc8 and incubated with or without As;O3 (10pM) for
8 hours. Black arrowhead indicates SUMO-modified/dimerized PR-WT (lanes 4-6).
Note that the modified bands of PR-B/L-mut and PR B2-mut were barely detected
(lanes 7-12).

the presence of As,O; (Fxgure 6Bv,vi vm) These data strongly
suggest that the L218P mutation in the PML- B2 domain contrib-
utes to the aberr ant PML body formation and dxsrupts responsive-
ness to As;04 treatment

Cellular localization of endogenous PR-B/L-mut without
As,0; in primary cells from a patient

To show the localization of PR-WT and PR-B/L-mut protein
in primary leukemia cells, IF staining using an anti-PML anti-
body was performed (Figure 7). Primary leukemia cells from
patient 1 obtained at diagnosis and at the terminal stage were used
to defect PR WT and PR B/L-mut, respectlvely Nearly the same
localization pattem as seen in Figure 5 was conﬁrmed in this assay.
The PML bodles were observed asa granular pattern at diagnosis
(PR- WT), but ‘the. pattem was sxgmﬁcantly altered ‘to become
diffuse at the-terminal stage (PR~B/L-mut) These data strongly
suggest that PR-B/L-mut protein was expressed and functional in
primary Teukemia cells, and may contribute to different responsive-
ness to As,05 treatment.

Discussion

In the present study, we have shown acquired missense muta-
tions in PML-RARA that are closely related to resistance to
As,04 treatment. In 2 patients, we detected A216V and L218P sub-
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stitutions in the B2 domain of PML. The B2 domain is part of the
RBCC motif, which is thought to be critical for PML homo/
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Figure 4. Protein localization of PML and its fusion proteins in soluble and/or
insoluble fractions with or without As;0;. (A) HA-PML was overexpressed in
Hela cells with or without As;Oq (10pM for 2 hours), and the whole-cell lysate
(soluble) and pellets (insoluble fraction) were obtained for immunoblotting. Black and white
arrowheads indicate modified/oligomerized and degraded PML, respectively. (B) The
same assay described in panel A was performed using PR-WT, PR-B/L-mut, and the long
form of PML-RARA (PR-long). White circles indicate PR-WT or PR-B/L-mut and white
squares indicate PR-long protein. Black and white arrowheads indicate modified/
oligomerized and degraded fusion proteins, respectively. Note that neither protein transpor-
tation from the soluble to insoluble fraction (lanes 7 vs 8 and 13 vs 14) nor modified/
oligomerized or degraded proteins after treatment with As;O, (lanes 8 and 14) were
observed with PR-B/L-mut. (C) Protein expression levels in panel B were measured using
BioMax 1D software, and the relative intensity is depicted as a bar graph.
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Figure 5. Analyses of the protein localization of PML, PR-WT, and PR-B/L-mut
using IF staining. (A) Hela cells were incubated with or without As;O3 (10pM) for
8 hours, and endogenous PML was detected with an anti-PML antibody. PML nuclear
bodies were detected in green. The nuclei were stained with 4,6 diamidino-
2-phenylindole (DAPI; blue). Note that the microgranular pattern of NBs without
As03 (i and iii) was altered to become a macrogranular pattern with As,O3 (iv and vi).
(B) Flag-tagged PR-WT was used for the same assay as described in panel A.
Anti-FLAG and anti-PML antibodies were used to detect PR-WT and endogenous
PML, respectively. PML bodies were confirmed in the cytoplasm with a microgranular
pattern without As,Ojs (i,il, and iv) and a macrogranular pattern with As;O3 (v,vi, and
vili). (C) When using Flag-tagged PR-B/L-mut, localization showed a diffuse pattern
mostly in the cytoplasm with and without As,Os. (D) Flag-tagged PR-WT or
PR-B/L-mut was overexpressed in U937 cells without AsyO3, and the same IF
staining was performed. Note that PR-B/L-mut localization was confirmed in the
cytoplasm as a diffuse pattern. Magnification is 800x.
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heterodimerization, oligomerization, and As,Os binding.2*23* Re-
cent studies have indicated that As,O; binds directly to cysteine
residues in zinc fingers in the RBCC domain, especially C77/80 and
C88/91 in the RING domain?* and C212 and C213 in the B2 domain.?®
Binding of As,0O5 in the RBCC domain appears to be critical for
the effect of As,O; on PML-RARA.?4% Interestingly, the muta-
tions described herein were located just adjacent to the CC motif
(C212/213) in the B2 domain, which is thought to be critical for
As,0, binding (Figure 1D). These findings suggest that substitu-
tions at A216 and L218 may affect proper As,O; binding, resulting
in aberrant responsiveness to As,O; through aberrant subcellular
localization, insufficient SUMOylation, and/or multimerization.
The in vitro SUMOylation assay indicated that PR-B/L-mut and
PR-B2-mut mostly lack SUMO1-Ubc9-induced SUMOylation and
dimerization/multimerization (Figure 3B), and this was not changed
in the presence of As,0s. It has been suggested that degradation of
the PML-RARA protein with As,0s, followed by SUMOylation
and oligomerization,??5 may also be inhibited by mutations in
the B2 domain. Furthermore, PR-B/L-mut was localized in both
the soluble and insoluble fractions, and the localization was
not changed in the presence of As;Os. Nearly the same result
was obtained with IF staining, indicating that PR-B/L-mut and
PR-B2-mut were localized in the cytoplasm with a diffuse pattern
that was not altered in the presencek of As;O; (Figure 5C).
Furthermore, PR-L-B2-mut2 was localized in the nucleus as a
diffuse pattern with or without As,O3 (Figure 6B). These results
strongly suggest that amino acid substitution in the B2 domain is

A
PR-L As203 [-] PR-L As203 [+]
. .PML . DAPI PML. DAPI
Flag merge Flag merge
(PR-long) o “ (PR-long) ‘
B

PR-L-B2-mut2 As;0; [-]
DAPI

PR-L-B2-mut2 As0s [+]
. DAPI

Flag
(PR-L-B2-mut2)

merge
(PR-L-B2-mut2)

Figure 6. Analyses of the protein localization of PR-L and PR-L-B2-mut2 using
IF staining. (A) Flag-tagged PR-L was overexpressed in Hela cells with or with-
outAsOz. Anti-FLAG and PML antibodies were used to detect PR-L and endogenous
PML, respectively. PML bodies were confirmed in the nucleus with a microgranular
pattern without As,Og (i,ii, and iv) and a macrogranular pattern with As,Oj (v,vi, and
viii). (B) A similar assay was performed using PR-L-B2-mut2. Note that the
localization of PR-L-B2-mut2 was confirmed in the nucleus as a diffuse pattern with or
without AspQO3.
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Figure 7. Protein localization of PML and its fusion proteins in primary leu-
kemia cells from patient #1. May-Giemsa (MG) staining (A) and IF staining (B) are
shown. The primary leukemia cells from patient 1 were obtained at diagnosis and at
the terminal stage (shown as 1 and 5, respectively, in Figure 1A) and were used in this
assay. PML nuclear bodies can be observed in the cells at diagnosis (i and iii), but at
the terminal stage, PML and its fusion proteins were observed in the cytoplasm
showing a diffuse pattern (iv and vi).

critical for the aberrant responsiveness in vitro, and the mutations
may be critical for the resistance to As,Os therapy in vivo.

In patient 6, only 2 of 20 clones (10%) contained a genetic
mutation resulting in an L218P substitution in the B2 domain of
the PML region. The genetic mutation was theoretically present in
20% of bone marrow cells, and the remaining 77% of leukemia
cells (PML-RARA-positive cells [97.1%] in FISH analysis in-
cluded PML-RARA-mutated cells [20%]) harbored wild-type PML-
RARA according to the FISH analysis. Careful evaluation of
whether the mutation contributes to clinical resistance to As,O3
therapy should be performed. Because clinically refractory disease
against As,O; was confirmed after the bone marrow aspiration,
clonal expansion of PML-RARA with the L218P substitution may
have been related to the insufficient responsiveness to As,Oj
therapy. Another question is when the mutated clone appeared in
this patient. One possibility is that the mutated clone was already
present at the early stage of the disease. Genetic analysis using
DNA obtained at the disease onset may be useful for clarifying this.
Unfortunately, DNA obtained at the disease onset and the terminal
stage of this patient was not available, and clarifying these issues is
not currently possible. Further examination of additional patients
and genetic analyses of samples obtained at several time points
during the disease progression are required.

Interestingly, PR-B/L-mut was localized in the cytoplasm
(Figures 5C and 6B), not in the nucleus. As reported previously, an
NLS on the PML C-terminus is critical for transport into the
nucleus.?** The absence of an NLS motif in the short form of
PML-RARA (bcr3)323738 may explain the cytoplasmic localization
of PR-WT and PR-B/L-mut in our study. Furthermore, PR-B/L-
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mut and -B2-mut showed a diffuse pattern (Figures SC-D, 6B, and
7B). Borden et al* reported that substitution of conserved zinc
finger domains in B1 and/or B2 distupts PML nuclear body
formation in vivo, and they also suggested that B1/B2 domains
may be involved in the homo/hetero-oligomerization process via
protein-protein interactions. Other studies have indicated that
PML-RARA with mutations in B2 show a diffuse cytoplasmic
pattern, perhaps because the mutated proteins cannot bind to
nuclear body—forming proteins such as Daxx, Sp100, and SUMO-1,
resulting in a failure to accumulate in the nuclear body.24253940

- Amino acid substitution near the zinc finger motif in the B2 domain

may lead to conformational changes in the PML protein. Further
analyses are needed.

PR-B/L-mut also contains a mutation in the LBD of RARA
(G391E). Previous studies have indicated that the LBD mutation is
closely related to ATRA resistance,*** and patient 1 in this study
also showed a clinically refractory response to ATRA in the late
stage of his disease progression and resistance to Am80 in the
terminal stage. The LBD mutation G391E was detected only in the
terminal stage (Figure 2B lanes 4 and 5). Therefore, an APL variant
phenotype with ber3 of the PML-RARA protein may be related to
a poor prognosis,®¥:3 showing that insufficient ATRA effective-
ness-and the LBD mutation are related to a consistent pheno-
type of ATRA resistance.*® PR-B/L-mut is localized mainly in
the cytoplasm, and the effectiveness of ATRA may not be
anticipated. The function of PR-WT and PR-B/L-mut as transcrip-
tion factors to control activation and/or repression by recruiting
coregulators,: such as p300/CBP, SMRT/N-CoR-TBLI1/R1, and
histone deacetylases,?2%4647 should be analyzed to confirm the
responsiveness to ATRA. Conversely, the probability of the effects
of the LBD mutation on As,O; resistance may be relatively low
based on our experiment, because the diffuse localization pattern in
the cytoplasm of PR-B2-mut without an LBD ‘mutation in the
presence or absence of As,O; showed nearly the same pattern as

" PR-B/L-mut (data not shown). Furthermore, a previous study

indicated that ATRA-resistant NB4 clones with mutations in the
PML-RARALBD dormain were fully sensitive to As,O5 treatment.*8

Interestingly, leukemia cells from patient 1 contained minor
clones of PR-B2-mut and PR-LBD-mut in addition to the major
clone of PR-B/L-mut at the terminal stage (Figure 2B time points 4
and 5), which is difficult to explain. One possibility is that one
allele of the wild-type PML and RARA genes originally had genetic
mutations in the B2 and LBD domains, and PR-WT, PR-B2-mut,
PR-LBD-mut, and PR-B/L-mut were generated at the early stage of
disease progression. Another explanation is that the PML-RARA
fusion gene with mutations in the B2 and LBD domains translo-
cated again with wild-type PML or RARA genes during the disease
progression. Further analyses are required using several strategies
including - allele-specific PCR, FISH and/or single nucleotide
polymorphism analysis.

Mutations in the B2 domain that result in insufficient responsive-
ness to As;Oj therapy were confirmed in 2 of 15 (13%) patients
with APL treated with As,0;. Recently, As,O; was introduced as a
consolidation treatment, and the event-free survival at 3 years
was significantly improved compared with conventional consolida-
tion treatment with ATRA and daunorubicin (80% vs 63%).1
However, almost 5% of patients with APL treated with As,0O5 show
As,O; refractory disease.* Because it is possible that a PML B2 mu-
tation may be partly related to the As,O; refractory phenotype,
repeated genetic analyses at several time points of the clinical
course may be useful for predicting patients at high risk for a poor



response to As,O; therapy. Further investigation is required to
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SUMMARY

Acute myeloid leukemia (AML) originates from self-
renewing leukemic stem cells (LSCs), an ultimate
therapeutic target for AML. Here we identified T cell
immunoglobulin mucin-3 (TIM-3) as a surface
molecule expressed on LSCs in most types of AML
except for acute promyelocytic leukemia, but not
on normal hematopoietic stem cells (HSCs). TIM-3*
but not TIM-3~ AML cells reconstituted human AML
in immunodeficient mice, suggesting that the TIM-3*
population contains most, if not all, of functional
LSCs. We established an anti-human TIM-3 mouse
1gG2a antibody having complement-dependent and
antibody-dependent cellular cytotoxic activities.
This antibody did not harm reconstitution of normal
human HSCs, but blocked engraftment of AML after
xenotransplantation. Furthermore, when it is admin-
istered into mice grafted with human AML, this
treatment dramatically diminished their leukemic
burden and eliminated LSCs capable of reconstitut-
ing human AML in secondary recipients. These data
suggest that TIM-3 is one of the promising targets
to eradicate AML LSCs.

INTRODUCTION

Acute myeloid leukemia (AML) is a clonal malignant disorder
derived from a small number of leukemic stem cells (LSCs).
LSCs self renew and generate leukemic progenitors that actively
divide to produce a large number of immature clonogenic
leukemic blasts (Bonnet and Dick, 1997; Hope et al., 2004;
Lapidot et al., 1994). This hierarchical stem cell-progenitor-
mature cell relationships in AML appears to simulate normal
hematopoiesis that originates from hematopoietic stem cells
(HSCs) with self-renewal activity. We have shown that like
normal HSCs, AML LSCs are quiescent in vivo and appear to
reside at the endosteal “osteoblastic” niche in the bone marrow
based on our analysis in a xenograft model (Ishikawa et al.,

2007). AML LSCs are resistant to chemotherapeutic reagents
that usually target cycling malignant cells. In the majority
(~90%) of AML patients, the conventional chemotherapies can
diminish the leukemic clones to achieve remission. However,

~B0% of such remission patients still relapse, and the recur-
rence of AML in these patients should originate from LSCs that
survive the intensive chemotherapies. Therefore, the LSC should
be the ultimate cellular target to cure human AML.

To eradicate the AML LSC without killing normal HSCs, it is crit-
icaltoisolate a mo!eculé that is expressed or functions specifically
at the AML LSC stage (Krause and Van Etten, 2007). It has been
shown that the AML LSCs mainly reside within the CD34*CD38™~
fraction of leukemic cells and can reconstitute human AML in
immunodeficient . mice (Lapidot et al., 1994), although recent
studies have suggested that L. SCs can exist also in CD34*CD38"*
(Taussig et al., 2008) or CD34~ blastic fractions at least in some
types of AML (Martelli et al., 2010; Taussig et al., 2010). Normal
HSCs with long-term reconstitution activity also have the CD34*
CD38~ phenotype (Bhatia et al., 1997; Ishikawa et al., 2005).
However, the expression pattem of other surface molecules in
the CD347CD38™ fraction of AML cells is different from that of
normal controls. For example, CD34"CD38™ AML. cells possess
many phenotypic characteristics analogous to normal granulo-
cyte/macrophage progenitors (GMPs) (Yoshimoto et al., 2009).
Previous studies have reported molecules preferentially
expressed in AML cells. Such molecules include CLL-1 (van Rhe-
nen et al., 2007), CD25, CD32 (Saito et al., 201 0), CD33 (Florian
et al., 2006; Hauswirth et al., 2007), CD44 (Florian et al., 2006;
Jin et al., 2008), CD47 (Jaiswal et al., 2009; Majeti et al., 2009),
CD96 (Hosen et al., 2007), and CD123 (Jin et al., 2009; Yalcintepe
et al.,, 2006). However, in our hands, some of these molecules are
expressed in LSCs ata level insufficient for clear distinction, are ex-
pressed also in normal HSCs at a considerable level, or are found
only inafraction of AML cases. It is therefore critical to isolate ideal
targets for AML LSCs with sufficient specificity and sensitivity.

Here we report a new surface molecule that might be useful to
eradicate AML LSCs leaving normal HSC intact. We performed
differential transcriptional profiling of AML LSCs and HSCs and ex-
tracted the T cell immunoglobulin mucin-3 (TIM-3) as a promising
AML LSC-specific target surface molecule. TIM-3 is originally
found as a surface molecule expressed in CD4* Th1 lymphocytes
in mouse hematopoiesis and is an important regulator of Th1 cell
immunity and tolerance induction (Monney et al., 2002; Sabatos
et al., 2003; Sanchez-Fueyo et al., 2003). Murine TIM-3 is also ex-
pressed in CD11b* macrophages and CD11¢* dendritic cells and
recognizes apoptotic cells’ phosphatidylserine through its IgV
domain to mediate phagocytosis (Nakayama et al., 2009).

We found that human TIM-3 was expressed in the vast
majority of CD347CD38~ LSCs and CD34*CD38* leukemic
progenitors in AML of most FAB types, except for acute

708 Cell Stem Cell 7, 708-717, December 3, 2010 ©2010 Elsevier Inc.
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Figure 1. The Expression of LSC-Specific Surface Molecules in AML
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The CD34*CD38~ adult bone marrow HSCs and CD34*CD38~ AML LSCs were purified and tested for their surface molecule expression.

(A) Results of cDNA microarray analysis of HSCs and AML LSCs. Representative genes coding surface molecules that are expressed highly in AML LSCs are
shown. TIM-3 is expressed specifically in LSCs at high levels in the majority of AML patients. Patient numbers correspond to those in Table S1.

(B) The expression of representative surface proteins in HSCs and AML LSCs on FACS.

promyelocytic leukemia (M3). TIM-3 was not expressed in
CD34*CD38~ normal HSCs or the vast majority of CD34*
CD38* normal progenitors. Administration of anti-human TIM-3
mouse antibodies with a complement-dependent cytotoxicity
(CDC) and an antibody-dependent cellular cytotoxicity (ADCC)
selectively inhibited engraftment and development of human
AML in xenograft models. Our data strongly suggest that the
use of TIM-3 to target AML LSCs is a promising approach for
the improvement of leukemia therapy.

RESULTS

TIN-3 Is Expressed in the CD34*CD38™ Fraction of AML
Patients’ Bone Marrow Celis

In most types of AML, LSCs are concentrated in the CD34"
CD38~ fraction of AML cells (Ishikawa et al., 2007; Lapidot
et al., 1994), whose phenotype is common to normal adult
HSCs. Patients’ characteristics are shown in Table S1 available
online. To search for the AML LSC-specific molecules, 10,000
each of purified CD347CD38~ AML cells and CD34°CD38~
normal HSCs were subjected to cDNA microarray analysis. We
extracted 256 genes with >4-fold change between normal

HSCs and CD34*CD38~ AML cells and then selected 197 differ-
entially expressed genes with <0.01 of a cut-off p value
(Table S2). Genes coding surface molecules that are expressed
highly in CD34*CD38~ AML cells were selected for this study.
Figure 1A shows the mRNA levels of candidate LSC-specific
surface molecules in purified CD34*CD38~ AML cells and
normal HSCs. The molecules expressed in CD34*CD38~ AML
cells at levels >8-fold higher as compared to normal HSCs
included TIM-3 and previously identified LSC-specific molecules
such as CLL-1 (van Rhenen et al., 2007), CSF1R (Aikawa et al.,
2010), and CD96 (Figure 1A; Hosen et al., 2007). As shown in
Figure 1B, TIM-3 protein was highly expressed in CD34"CD38™
AML cells but not in normal HSCs. We focused on TiM-3 not only
because it is expressed specifically in CD34*CD38~ AML cells at
high levels, but also because it is expressed in the majority of
patients with most AML types.

We evaluated the TIM-3 protein expression on cell surface of
AML cells by FACS analysis. As shown in Figure 2, the vast
majority of the CD34*CD38~ LSCs as well as CD34*CD38"
progenitor fractions in AML MO0, M1, M2, and M4 types
expressed TIM-3 ata highlevel in virtually all cases studied. InAML
M5, M6, and M7, a considerable fraction of CD34*CD38™ cells

Cell Stem Cell 7, 708-717, December 3, 2010 ©2010 Elsevier inc. 709
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Figure 2. The Expression of TIM-3 in Stem and Progenitor Populations of AML of Each FAB Type
Expression of TIM-3 in each FAB type of AML. The representative expression pattern of TIM-3 in the CD34*CD38~ LSC fraction (top) and distribution of TIM-3 in
CD34*CD38™ LSCs, CD34*CD38* leukemic progenitors, and CD34~ leukemic blasts (bottom) are shown.

expressed TIM-3. TIM-3 was, however, not expressed in the
CD34*CD38~ population in all five M3 cases tested. In general,
TIM-3 was expressed in both CD34*CD38~ LSCs and
CD34*CD38"* leukemic progenitor fractions, but its expression
tended to decline at the CD34~ leukemic blast stage (Figure 2,
bottom).

The TIM-3-Expressing of AML Fraction Contains the
Vast Majority of Functional LSCs in a Xenograft Model
Recent studies have suggested that at least in some AML cases,
LSCs that are capable of initiating human AML in xenograft
models reside not only within the CD34*CD38~ fraction but

also outside of this population including CD34"CD38™ (Taussig
et al, 2008) or CD34~ (Martelli et al, 2010; Taussig
et al., 2010) AML cells. To evaluate whether functional AML
LSCs express TIM-3, 10° cells of human TIM-3* and TIM-3~
AML populations were transplanted into sublethally irradiated
immunodeficient mice. We used NOD.Cg-Rag1™Mem
H2rg™"¥il/SzJ (NRG) mice for the xenogeneic transplantation
experiments, by which higher chimerism of human hematopoi-
etic cells was observed in xenotransplantation assays (Pearson
et al., 2008). Recipients transplanted with TIM-38* and TIM-3~
AML cells were sacrificed 8-10 weeks after transplantation.
As shown in Figure 3, human CD45*CD33*" AML cells were
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Figure 3. The TIM-3" AML Population Contains the Vast Majority of Functional LSC Activity
(A) A representative analysis of xenotransplantation of purified TIM-3* or TIM-3~ AML cells from patient 27 into NRG mice. Only TIM-3* cells reconstitute hCD45*

AML cells after transplantation.

(B) Summarized data of four independent experiments. Only TIM-3" (not TIM-37) AML cells reconstituted human AML cells in xenotransplantation experiments in
all experiments, suggesting that most functional LSCs reside in the TIM-3* AML fraction.
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