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TABLE 5
Observed and Fitted Background and Excess Cases of Acute
Myeloid Leukemia by Weighted Bone Marrow Dose Category

Fitted cases®

Person Observed
Dose (Gy) years cases Background Excess
<0.005 2,039,093 77 75.6 0.0
-0.1 957,889 36 377 0.2
-0.2 201,935 9 8.2 0.6
-0.5 206,749 12 8.4 2.7
-1 117,855 11 49 6.9
-2 64,122 18 2.8 14.0
2+ 25,761 13 1.0 13.0
Total 3,613,404 176 138.6 374

1 Estimates based on the preferred quadratic ERR model described
in the text and Table 6 with additional details in supplementary Table
S2 (http://dx.doi.org/10.1667/RR2892.1.51).

current model together with using lighter lines, the pattern
from an EAR model of the form used in the 1994 report.
The new model predicts somewhat lower excess rates
shortly after the bombings for those exposed as children,
and somewhat higher rates throughout the follow-up for
those exposed at age 50.

The fitted models illustrated in Fig. 2f reveal an upward
trend in the AML excess rates in recent years, suggesting
that excess risks have persisted throughout the entire follow-
up period. Categorical analyses based on a simple model
with main effects for three age-at-exposure and six period
effects were used to assess the persistence of the risk. As
seen in Table 7, there was evidence of increased risks in the
last 12 years of follow-up with a significantly elevated ERR
at 1 Gy of 1.5, representing about 6 excess cases during this
period.

Acute Lymphoblastic Leukemia (ALL)

There were 43 eligible ALL cases. This relatively small
number of cases, coupled with a large proportion (about
half, described below) being associated with radiation
exposure, makes it difficult to make precise inferences
about the baseline rates. However, it appeared that ALL
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baseline rates increased with attained age (P = 0.01). This
increase was estimated to be proportional to attained age to
the power 1.70 (95% CI 0.34-3.36) (supplementary Table
S2; http://dx.doi.org/10.1667/RR2892.1.S1), and allowing
for more complex age patterns did not improve the fit.
Population data for Japan and other countries (34) suggest
that ALL baseline rates have a U-shaped pattern in which
the rates reach a minimum in the 3040 age range and
increase at older ages. We did not find evidence for such a
pattern in our data, most likely reflects the limited power
due to the small number of cases in the cohort. There was no
evidence of gender differences in either the level of risk (P
> 0.5) or the age pattern (P > 0.5), nor were there any
indications of a trend in the baseline rates with birth cohort
(P = 0.17) or of city differences (P = 0.43). Figure 3a
illustrates how the fitted baseline ALL rates vary with
attained age. The ALL baseline rate model and parameter
estimates are given in supplementary Table S2 (http://dx.
doi.org/10.1667/RR2892.1.S1).

Dose response and effect modification. There was a
significant linear dose-response relationship (P < 0.001)
with some indication of upward curvature (P = 0.05), much
of which was influenced by 4 cases with unweighted
shielded kerma estimates in excess of 4 Gy. After adjusting
for the high-dose cases by including a dichotomous
indicator, there was no evidence of significant curvature
(P = 0.13). Figure 3b shows the estimated linear dose
response. In our preferred ALL model (described below),
the number of radiation-associated ALL cases was estimat-
ed to be 21.6 (Table 8). About 67% of the cases among
cohort members with doses in excess of 5 mGy were
associated with radiation exposure.

The ERR for ALL decreased markedly over time (P <
0.001). This decrease was described as proportional to
attained age to the power —3.51 (Table 9). The ERR for
women was about 40% of that for men. This gender- and
attained-age-dependent ERR model (AIC = 496.4) de-
scribed the data better than a model that included joint
effects of age at exposure (higher for younger ages) and
time since exposure (decreasing with time) (AIC = 502.7).
As illustrated in Fig. 3c, this model predicted extremely

TABLE 6
Preferred Model, Excess Risk Parameter Estimates for Acute Myeloid Leukemia

Attained age

Age at exposure

Risk model Quadratic dose coefficient (at 1 Gy) Linear Quadratic Linear Quadratic
ERRf} 1.11 (0.53, 2.08) -0.89 (—2.29, 0.41) 0.17 (—0.15, 0.50)  0.25 (0.09, 0.41)
EAR? 1.59 (0.95, 2.41) 2.59 (0.90,4.26) 1.43 (0.44,2.32)

" The preferred ERR model is quadratic in dose with log-linear effect modification depending on log(attained age) and a linear-quadratic
function of age at exposure. The baseline model parameters and explicit details about the dose effect modification term are given in supplementary
Table S2 (http://dx.doi.org/10.1667/RR2892.1.S1). Supplementary Table S7 (http://dx.doi.org/10.1667/RR2892.1.S2) presents information on
alternative ERR models. The dose coefficients describe the ERR at 1 Gy at age 70 after exposure at age 30.

# The preferred EAR model is quadratic in dose with log-linear effect modification depending on a linear-quadratic function of log(attained
age). The baseline model parameters and explicit details about the dose effect modification term is given in supplementary Table S2 (http://dx.doi.
org/10.1667/RR2892.1.51). Supplementary Table S7 (http://dx.doi.org/10.1667/RR2892.1.S2) presents information on alternative EAR models.
The dose coefficients describe the excess cases per 10,000 person years at 1 Gy at age 70.
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TABLE 7
Observed and Fitted Excess Cases of Acute Myeloid Leukemia by Time Period and Age at Exposure with Category-Specific ERR

Estimates

Age at exposure
0-19 20-39 40+ Total

Period Obs Exct Obs Exc Obs Exc Obs Exc ERR* (95%CI)
1950-1955 4 3.1 3 0.7 4 2.5 11 6.4 3.6 (0.7 to 10.2)
1956-1959 7 1.3 3 0.7 8 2.2 18 4.2 9.0 (3.5t019.2)
1960-1969 7 2.1 7 1.7 10 39 24 7.7 3.1 (1.1 t0 6.7)
1970-1979 7 2.3 21 2.1 13 24 41 6.8 1.9 (0.4 to 4.7)
19801989 12 3.0 20 2.2 7 1.1 39 6.3 1.8 (0.6 to 4.0)
1990-2001 19 39 23 1.9 1 0.3 43 6.1 L5 (04 t034)
Total 56 15.7 77 93 43 12.2 176 374

ERR* (95% CI) 23(1.0to 4.5) 2.0 (0.9 to 3.8)

3.4 (1.5 to 6.6) 2.4 (1.5 to 3.7)

" Excess cases based on preferred ERR model described in the text and Table 6 with additional details in supplementary Table S2 (http://dx.doi.

org/10.1667/RR2892.1.51).

*ERR at 1 Gy for a quadratic dose response model with categorical period and age-at-exposure effects.

large ERRs for those exposed as children. Virtually all of
the 22 cases among those exposed before age 20 could be
attributed to radiation exposure.

The radiation effect on the ALL risk could be described
equally well (AIC = 496.4) using an EAR model, as
illustrated in Fig. 3e. In our preferred EAR model, the
excess rate decreased in proportion to age to the power
—1.81 (Table 9). There was a significant gender difference
(P =0.05) with an estimated female:male EAR ratio of 0.40.
The gender-averaged EAR at age 70 was 0.16 radiation-
associated cases per 10,000 person years per Gy (95% CI
0.05— 0.38). Parameter estimates with confidence intervals
for the preferred ALL ERR and EAR models are given in
Table 9. The precise form of this model is given in
supplementary Table S2 (http://dx.doi.org/10.1667/
RR2892.1.81) and information on the fit of alternative
models is given in supplementary Table S8 (http://dx.doi.
org/10.1667/RR2892.1.52). The ALL EAR could be
described almost as well using a combination of age-at-
exposure and time-since-exposure effects in place of the
attained age effect (supplementary Table S8; http://dx.doi.
org/10.1667/RR2892.1.52).

Both the ERR and EAR results indicated that the
radiation-associated risks have decreased over time, but
also suggested that dose-related increased risks may persist
for many years after exposure. Using a simple ERR model in
which the dose response was allowed to differ for the three
periods of October 1950 through December 1952, 1953—
1965 and 1966-2001, we found statistically significant
dose-related increases in the risk for each period. Although
the ERR decreased over time, the ERR for the last period
was statistically significant and had a population average 3.1
(95% C10.6-10.4, P =0.001) (results not shown).

Chronic Myeloid Leukemia (CML)

There were 75 eligible CML cases (63 in Hiroshima, 12 in
Nagasaki) including 13 cases that occurred after 1987. The

CML baseline rate increased with attained age (P < 0.001)
with a significant difference in the age pattern for men and
women (P = 0.004) (Fig 4a). Baseline rates for men were
higher than those for women prior to age 75, but women
had higher rates later in life, because the rates for women
rose more rapidly than those for men. There was no
indication of a birth cohort effect (P > 0.5). After allowing
for a city difference in the dose response (described below),
the baseline rates did not differ significantly by city (P >
0.5). The CML baseline rate model and parameter estimates
are given in supplementary Table S2 (http://dx.doi.org/10.
1667/RR2892.1.81).

Dose response and effect modification. CML rates
exhibited a statistically significant (P < 0.001) linear dose-
response relationship that was not improved by the addition
of a quadratic term (P > 0.5). The dose-response curve is
shown in Fig. 4b. In our preferred ERR model for CML, the
ERR was dependent on city and both time since exposure
and attained age. As shown in Table 11, the estimated ERR
was 5.24 per Gy standardized to attained age 55 and 25 years
after exposure, and the ERR in Nagasaki was estimated to be
22% of that in Hiroshima (P =0.01). There was no indication
that the ERR differed by gender (P > 0.5).

The ERR decreased significantly in proportion to time
since exposure to the power —1.59 at any attained age. The
ERR decreased significantly in proportion to attained age to
the power —1.42. Using the preferred ERR model the
observed number of radiation-associated cases was estimat-
ed to be 33.4 with the attributable fraction among those
exposed to 5 mGy or more estimated to be 64% (Table 10).
Parameter estimates with confidence intervals for the
preferred CML ERR and EAR models are given in Table
11, respectively. The precise form of this model is given in
supplementary Table S2 (http://dx.doi.org/10.1667/
RR2892.1.51). Figure 4c and d illustrate the temporal
pattern for the Hiroshima ERR for this model as a function
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FIG. 3. LSS acute lymphoblastic leukemia risk summary plots. Panel a: shows age-specific Hiroshima baseline rate for I.SS cohort members.
Panel b: illustrates the radiation dose response based on the ERR model with gender average risks standardized to attained age 70. The solid-black
line illustrates the fitted linear dose response. The points are based on a nonparametric dose response model, while the middle-dashed-gray line is a
smoothed version of the dose category-specific estimates from the nonparametric fit. The upper- and lower-dashed-gray lines are plus and minus
one standard error from the smoothed fit. Panels ¢ and d: exhibit the temporal patterns for men (black line) and for women (gray line) in either city
based on the preferred ERR model. Plots () and (f) present the temporal pattern for males (black) and females (gray) based on the preferred EAR
model. In panels e and f: different line patterns are shown for ages at exposure of 10 (solid line), 30 (dash line) and 50 years (dash-dot line).

of attained age and time since exposure for exposure ages of
10, 30 and 50 years, respectively.

A model in which the ERR varied jointly with age at
exposure, time since exposure and city (AIC = 777.7)
described the data as well as the attained age, time since
exposure and city model described above (AIC = 776.4).
However, a model in which the ERR varied with attained
age, age at exposure and city fit less well (AIC = 782.0).
Parameter estimates and AIC values for these and other
alternative models for the CML excess risk are given in
supplementary Table S9 (http://dx.doi.org/10.1667/
RR2892.1.52).

In our preferred EAR model, the excess rate depended
on city, time since exposure and a gender-dependent
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attained age effect. The gender-averaged EAR at age 55
after exposure at age 30 was 0.62 cases per 10,000 PY per
Gy (95% CI 0.27-1.15). Excess rates for Nagasaki were
about 23% of those in Hiroshima (P =0.01). Figure 4e and
f show the CML EAR temporal trends by gender and
different age-at-exposure groups based on the preferred
EAR model. For a given age at exposure, the decrease in
the EAR was proportional to time since exposure to the
power —1.63 (P < 0.001). The attained age effect differed
significantly for men and women (P =0.01). For any given
time since exposure, the EAR for men exhibited little
variation with attained age, decreasing in proportion to
attained age to the power —0.20 (P > 0.5). Conversely, for
women the EAR increased significantly (P = 0.009) with
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TABLE 8
Observed and Fitted Background and Excess Cases of Acute
Lymphoblastic Leukemia by Weighted Bone Marrow Dose

Category
Observed Fitted cases’
Dose (Gy) Person years cases Background  Excess
<0.005 2,039,093 11 12.0 0.06
0.1 957,889 8 57 1.6
-0.2 201,935 4 1.2 1.6
-0.5 206,749 2 1.3 34
-1 117,855 5 0.7 4.0
-2 64,122 5 0.4 4.5
2+ 25,761 8 0.1 6.4
Total 3,613,404 43 21.4 21.6

T Estimates based on the preferred linear ERR model described in
the text and Table 9 with more details in supplementary Table S2
(http://dx.doi.org/10.1667/RR2892.1.51).

increasing attained age. This increase was proportional to
attained age to the power 2.10. The preferred EAR (AIC =
779.7) and ERR model (AIC = 776.4) described the data

about equally well.

Joint Analysis of AML, ALL and CML Dose Response

The results described provide clear evidence of a time-
varying radiation dose response for AML, ALL and CML.
As noted in the text and illustrated in Figs. 2, 3 and 4, the
temporal patterns and shapes of the dose response appear to
differ for these three broad leukemia subgroups. We carried
out a joint analysis using the methods described in refs. (4)
and (35) to formally examine the evidence for differences in
the nature of the temporal patterns and shapes of the dose
response for these three subgroups.

When the subgroups are fit with group-specific baseline
rates and the linear-quadratic ERR model developed for all
leukemias other than CLL or ATL (*‘common model”’), the
AIC was 2,848.8. This is considerably larger than the AIC
of 2,825.0 obtained using the preferred subgroup-specific

models described above. For EAR models, the AIC using
the common EAR model was 2,858.1, while the AIC based
on the preferred subgroup-specific EAR models was
2,827.5. Although a formal test of statistical significance
is not possible, based on a comparison of the differences
between the AICs for the common and group-specific
models, there is a clear indication of subgroup differences
for both the ERR and EAR models.

In the ERR model, there is evidence of significant
heterogeneity relative to the common model with regard to
variation in the risk with attained age (P =0.01), time since
exposure (P = 0.004) and city (P = 0.03). When the effect
modification was allowed to have the form of the preferred
model in each subgroup, there was little evidence of
significant inter-subgroup variability in the dose-response
curvature (P = 0.14).

Test for heterogeneity in EAR effect modification relative
to the common EAR model indicates some evidence of
heterogeneity with regard to gender (P = 0.04). After
allowing for gender variation, there is evidence of hetero-
geneity with regard to time-since-exposure (P=0.01) or age-
at-exposure (P =0.04) effects. As with the ERR model, there
was little evidence of significant inter-subgroup variability in
the dose-response curvature (P =0.17).

Table 12 contains estimates of the possible number of
radiation-associated excess cases by time period (for all age-
at-exposure groups together) based on the preferred ERR
models for AML, ALL and CML. The largest number of
excess cases was seen during the first 5 years of follow-up.
Table 12 also provides information on the within-period
distribution of the excess over the three subtypes considered
here. It can be seen that, while most of the excess cases in
the 1950-1955 period are CML, as time has gone on AML
has come to account for most of the excess.

Chronic Lymphocytic Leukemia (CLL)

CLL is rare in Japan. In the previous report, there were
only four CLL cases, which were analyzed with the other
leukemias. With additional follow-up time, 12 CLL cases

TABLE 9
Preferred Model, Excess Risk Parameter Estimates for Acute Lymphoblastic Leukemia

Risk model Linear dose coefficient (at 1 Gy)

Gender ratio (F:M) Attained age (power)

ERR' Female 0.95 (0.23, 3.37)

Male 2.40 (0.63, 7.90)
EAR' Female 0.09 (0.03, 0.25)
Male 0.23 (0.07, 0.58)

0.40 (0.14, 0.99) -3.51 (=5.29, —1.92)

0.40 (0.14, 0.99) -1.81 (-2.56, —1.08)

 The preferred ERR model is linear in dose with log-linear effect modification depending on log (attained age) and gender. The baseline model
parameters and explicit details about the dose effect modification term are given in Table S2 in the supplementary material (http://dx.doi.org/10.
1667/RR2892.1.51). Supplementary Table S8 (http://dx.doi.org/10.1667/RR2892.1.S2) presents information on alternative ERR models. The
dose coefficients describe the ERR at 1 Gy at age 70. ‘

! The preferred EAR model is linear in dose with log-linear effect modification depending on log (attained age) and gender. The baseline model
parameters and explicit details about the dose effect modification term are given in Table S2 in the supplementary material (http://dx.doi.org/10.
1667/RR2892.1.521). Supplementary Table S8 (http://dx.doi.org/10.1667/RR2892.1.S2) presents information on alternative EAR models. The
dose coefficients describe the excess cases per 10,000 person years at 1 Gy at age 70.
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FIG. 4. LSS chronic myeloid leukemia risk summary plots. Panel a: shows age-specific Hiroshima baseline rate for LSS cohort members for
men (black line) and women (gray line). Panel b: illustrates the radiation dose response based on the ERR model with gender average risks
standardized to time since exposure at 235 and at attained age 55. The solid-black lines illustrates the fitted linear dose response. The points are
based on a nonparametric dose response model, while the middle-dashed-gray line is a smoothed version of the dose category-specific estimates
from the nonparametric fit. The upper- and lower-dashed-gray lines are plus and minus one standard error from the smoothed fit. Panels ¢ and d:
illustrate the temporal pattern and age-at-exposure effects for our preferred ERR model. Curves are shown for ages at exposure 10 (solid curve), 30
(dash line) and 50 years (dash-dot line) in Hiroshima. The ERR does not depend on gender. Panels e and f: present the temporal pattern and age-at
exposure effects by gender based on the preferred EAR model in Hiroshima. Curves are shown for age at exposure 10 (solid line), 30 (dash line)
and 50 years (dash-dot line) with black and gray lines for men and for women, respectively.

were identified including 10 cases classified as chronic
lymphocytic leukemia and 2 as hairy cell leukemia. The
newly identified cases included only one case among the
not-in-city cohort members and 7 cases diagnosed after
1987. Using a simple age- and gender-adjusted baseline
model, a significant linear dose response was detected,
which suggested that CLL risk might be increased at higher
doses (P < 0.05).

Adult T-Cell Leukemia (ATL), Nagasaki Only

There were a total of 47 eligible ATL cases. Due to the
fact that there were only 5 ATL cases in Hiroshima, the
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analyses were limited to Nagasaki. The background rate
exhibited a rapid increase with attained age that was
proportional to the power 4.07 (95% CI 2.59-5.74, P <
0.001). Age-specific ATL rates in Nagasaki have changed
significantly over time (P = 0.01), with rates estimated to
have increased by about 34% for each decade increase in the
year of birth (95% CI 7-71%). There were no statistically
significant gender differences in the ATL baseline rates (P
> 0.5). Figure 5 shows the increasing rates of ATL by age.
The ATL baseline rate model and parameter estimates are
given in supplementary Table S2 (http://dx.doi.org/10.1667/
RR2892.1.51).
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TABLE 10
Observed and Fitted Background and Excess Cases of
Chronic Myeloid Leukemia by Weighted Bone Marrow Dose

Category
Observed Fitted casest
Dose (Gy) Person years cases Background Excess
< 0.005 2,039,093 22 22.5 0.1
0.1 957,889 17 11.6 2.9
0.2 201,935 2 2.5 - 3.0
0.5 206,749 11 2.6 6.5
1 117,855 6 14 7.5
2 64,122 9 0.7 7.5
2+ 25,761 8 0.3 5.9
Total 3,613,404 75 41.6 334

¥ Estimates based on the preferred linear ERR model described in
the text and Table 11 with more details in supplementary Table S2
(http://dx.doi.org/10.1667/RR2892.1.51).

Dose response and effect modification. There was no
evidence of a dose response for ATL (P > 0.5) and the
ERR/Gy in a linear model was estimated as 0.05 (95% CI
—0.51-1.54). Because of a lack of cases among women
who received high doses, the ERR/Gy for women was
estimated to be les than zero. After restricting the excess
risk for women to be zero, the fit of the model was
improved and the ERR/Gy estimate for men was 0.88
(95% CI —-0.60-4.52, P = 0.28), which was not statistically
significant.

Lymphoma

The 437 eligible lymphoma cases include 402 NHL and
35 HL cases with 143 of these cases diagnosed since 1987
among cohort members who were in the cities at the time of
the bombings. Another 102 cases were among cohort

members who were not in the cities at the time of bombings.
NHL and HL risks were analyzed separately.

Non-Hodgkin lymphoma (NHL). Background rates for
NHL increased rapidly with attained age. While this
increase was roughly proportional to attained age to the
fourth power, the fit was significantly improved when the
nature of the increase was allowed to vary with increasing
age, with knots at age 40 and 70 (P = 0.007, with 3 df).
Age-specific rates for women were 58% of those for men
(95% CI 48-72%, P < 0.001) with no significant (P > 0.5)
gender difference in the nature of the increase with attained
age. NHL baseline rates also exhibited a complex nonlinear
birth cohort effect (P << 0.001) with the highest age-specific
rates for cohort members born around 1940 and lower age-
specific rates for people born in earlier or later years. As
shown in Fig. 6a, the age-specific baseline rates for the 1935
birth cohort were at least twice those for the 1895 birth
cohort. This pattern was similar to that seen for the LSS
leukemia baseline rates and for Japanese national NHL rates
(33). There was no indication of a city difference in the
baseline rates (P > 0.5). The NHL baseline rate model and
parameter estimates are given in supplementary Table S2
(http://dx.doi.org/10.1667/RR2892.1.51).

Dose response and effect modification. There was no
evidence of a significant dose response in the ERR (P =
0.23) in a simple linear dose-response model. However,
when the ERR was allowed to differ for men and women,
there was a suggestion of an elevated risk in men (ERR/Gy
=0.46; 95% CI —0.08 to 1.29, P =0.11), but no indication
of an effect for women (ERR/Gy = 0.02; 95% CI <-0.44 to
0.64, P > 0.5). Allowing the ERR for men to vary with
attained age led to a significant improvement in the fit
relative to a model with no radiation effects (P = 0.005, with
2 df). Thus, while there was some evidence of a statistically

TABLE 11
Preferred Model, Excess Risk Parameter Estimates for Chronic Myeloid Leukemia

Linear dose coefficient (at 1 Gy) City ratio (N:H) Gender ratio (F:M) Attained age (power) Time since exposure (power)
5.24 (1.92, 11.8) 0.22 (0.03, 0.75) -1.42 (-3.04, 0.01) -1.59 (-2.34, -0.95)

Risk model
ERRY Hiroshima

Nagasaki 1.17 (-0.10, 4.71)
EAR}  Female 0.57 (0.23, 1.10) 0.23 (0.03, 0.76) 0.84 (0.34, 2.21) 2.10 (0.48, 4.21) —1.63 (—2.38, —0.97)
Hiroshima
Nagasaki 0.13 (<0, 0.47)
Male 0.68 (0.24, 1.49) -0.20 (—1.03, 0.66)
Hiroshima
Nagasaki 0.15 (<0, 0.60)

T The preferred ERR model is linear in dose with log-linear effect modification depending on log (attained age), log (time since exposure) and
city. The baseline model parameters and explicit details about the dose effect modification term are given in Table S2 in the supplementary
material (http://dx.doi.org/10.1667/RR2892.1.521). Supplementary Table S9 (http://dx.doi.org/10.1667/RR2892.1.52) presents information on
alternative ERR models. The dose coefficients describe the ERR at 1 Gy at age 55 after exposure at age 30.

t The preferred EAR model is linear in dose with log-linear effect modification depending on city, sex, log(time since exposure) and
log(attained age) with the attained age effect differing in the two cities. The baseline model parameters and explicit details about the dose effect
modification term is given in Table S2 in the supplementary material (http://dx.doi.org/10.1667/RR2892.1.S1). Supplementary Table S9 (http://
dx.doi.org/10.1667/RR2892.1.52) presents information on alternative EAR models. The dose coefficients describe the excess cases per 10,000
person years at 1 Gy at age 55 after exposure at age 30.
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TABLE 12
Radiation-Associated Excess Leukemia Cases by Subtype and Period

Leukemia subtypet

AML ALL CML
Period Excess? Percent§ Excess Percent Excess Percent Total
1950-1955 6.3 20% 8.3 27% 16.3 53% 30.9
1956-1960 4.3 29% 4.1 28% 6.2 43% 14.6
1961-1970 7.6 43% 4.5 25% 5.7 32% 17.8
1971-1980 6.8 57% 2.4 20% 2.7 23% 11.9
1981-1990 6.2 68% 1.4 15% 1.5 17% 9.1
1991-2001 6.1 78% 0.8 10% 0.9 12% 7.8
Total 373 41% 21.5 23% 333 36% 92.1

T The subtypes considered here are acute myeloid leukemia (AML), acute lymphoblastic leukemia (ALL), and chronic myeloid leukemia

(CML).

t Radiation-associated excess case estimates based on the preferred ERR models described in the text and in Tables 6, 9 and 11 with additional
details given in supplementary Table S2 (http://dx.doi.org/10.1667/RR2892.1.S1).
¥ Percentage of radiation associated excess cases within the time period.

significant radiation effect in men, there was no indication
of a radiation effect in women.

As indicated by the dose-response curves in Fig. 6c, the
ERR/Gy for men (dark solid curve) was large at younger
ages, but declined dramatically and approached 0 by age 40.
It is difficult to interpret the large ERRs for the very young
since baseline rates are highly variable and imprecise due to
the small number of children and young adults at risk for
developing NHL. The EAR model provided a more simple
and perhaps more useful description for small excess risks
when baseline rates are low. There was a suggestion of a
dose response (P = 0.10) in a simple constant EAR model.
Letting the EAR depend on gender led to a significant
improvement in the fit (P = 0.048). The estimated EAR for
men was 0.54 (95% CI 0.09-1.32, P = 0.003) while that for
women was essentially 0 (95% CI —0.02-0.31, P > 0.5).
There was no indication that the EAR varied with attained
age (P = 0.3), time since exposure (P = 0.46), or age at
exposure (P =0.15). Supplementary Table S2 (http://dx.doi.
org/10.1667/RR2892.1.521) contains information on the
form of the final model than the parameter estimates for this
model.

Figure 6d presents the fitted constant EAR for men (dark
solid line) and the EAR estimate derived from the age-
dependent ERR model (lighter dashed line) described
above. While the EAR model suggested a persistent
increase in risk, the ERR model suggested that the excess
rate peaked around age 20 and that there was little excess
after age 30, which also implies that the radiation effects
were seen primarily among those exposed as children or
young adults. Despite striking differences in the pattern of
the excess risk, the goodness of fit of the ERR (AIC =
2,374.8) and EAR (AIC =2,378.8) models was comparable.
Based on the time-constant EAR model, the estimated
number of radiation-associated cases over the follow-up
period was estimated to be 7.8 for men and O for women
(Table 13), with about 10% of the cases among men with
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doses in excess of 5 mGy attributable to the radiation
exposure. The time-dependent ERR model predicts about
half the number of excess cases as does the EAR model.

Hodgkin Lymphoma (HL)

There were only 35 eligible HL cases in the cohort. Age-
and birth-cohort adjusted baseline rates in women were
about 40% of those in men (95% CI 21-82%, P = 0.01).
Baseline rates tended to increase with increasing attained
age, but the increase was not statistically significant (P =
0.35). However, age-specific rates in later birth cohorts were
significantly lower than those for earlier birth cohorts (P =
0.003). There was no indication of a city difference in the
baseline rates (P = 0.16). HL baseline rates are plotted in
Fig. 7. The HL baseline rate model and parameter estimates
are described in supplementary Table S2 (http://dx.doi.org/
10.1667/RR2892.1.51).

ATL Baseline Rate

cases per 10,000PY

20 40

attained age

FIG. 5. LSS adult T-cell leukemia risk summary plots. The plot
shows age-specific Nagasaki baseline rates (zero dose) for LSS cohort
members born in 1895 (dash-dot line), 1915 (dash line) and 1935
(solid line). There is no significant dose response.
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FIG. 6. LSS non-Hodgkin lymphoma risk summary plots. Panel a: shows age-specific Hiroshima baseline rates for LSS cohort members.
Curves are shown for birth cohorts 1895 (dash-dot line), 1915 (dash line) and 1935 (solid line) model with black and gray lines for men and for
women, respectively. Panel b: illustrates the radiation dose response based on the EAR model with black and gray lines for men and for women,
respectively. Panel c illustrates the ERR temporal pattern for men. The solid line shows the predicted ERR based on our preferred ERR model, and
the dotted line is the ERR derived from our preferred EAR model. Panel d: presents the EAR temporal pattern for men. The dotted line shows the
predicted EAR based on our preferred EAR model and the solid curve is the EAR derived from our preferred ERR model.

Dose response and effect modification. No significant
dose response was found for HL. (ERR/Gy = 0.20; 95% CI
—1.03-2.63, P > 0.5). Allowing the dose response to
depend on gender did not improve the fit of the model (P >
0.5), nor was there any indication of statistically significant
variation in the ERR with age (P > 0.5). The estimated time
constant EAR was essentially 0 (P > 0.5).

Multiple Myeloma (MM)

Among the 181 cases of MM identified in this study, 136
were eligible for use in the risk analyses including 36 cases
diagnosed in survivors after 1987 and 31 cases diagnosed
among cohort members who were not in the cities at the
time of the bombings.

Baseline rates varied significantly with both attained age
(P < 0.001) and birth cohort (P < 0.001). The birth cohort
effect appeared to be non-monotonic, with the largest age-
specific rates seen for people born around 1920 and
decreasing by about 35% per decade for earlier and later
birth cohorts. This pattern was generally similar to that
seen in leukemia other than CLL or ATL in this cohort.
The increase in rates was roughly proportional to attained

age to the power 5.45 (95% CI 4.41-6.55, P < 0.001).
However, the model was significantly improved (P =0.01)
when the baseline rate was allowed to increase to about
age 80 and level out, or even decrease later in life (Fig. 8).

TABLE 13
Observed and Fitted Background and Excess Cases of Non-
Hodgkin Lymphoma Cases by Weighted Bone Marrow Dose

Category
Observed Fitted casest
Dose (Gy) Person years cases Background Excess
<0.005 2,039,093 226 221.6 0.02
-0.1 957,889 99 104.2 0.6
-0.2 201,935 21 22.7 0.6
-0.5 206,749 28 22.9 1.3
-1 117,855 13 132 1.7
-2 64,122 14 7.1 2.0
2+ 25,761 1 2.5 1.6
Total 3,613,404 402 394.2 7.8

 Estimates based on the preferred linear EAR model described in
the text with additional details in supplementary Table S2 (http://dx.
doi.org/10.1667/RR2892.1.S1). This is gender-dependent, time-con-
stant linear EAR model with an EAR of 0.54 cases per 10,000 PY at 1
Gy and no excess risk for women.
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FIG. 7. LSS Hodgkin lymphoma. The plot shows age-specific
baseline rates (zero dose) for LSS cohort members born in 1895 (dash-
dot line), 1915 (dot line) and 1935 (solid line). The black lines are for
men and the gray lines are for women. There is no significant dose
response.

The background risk did not vary significantly with either
gender (P =0.16) or city (P =0.12). Supplementary Table
S2 (http://dx.doi.org/10.1667/RR2892.1.S1) contains in-
formation on the form of the final baseline rate model with
the associated parameter estimates.

Dose response and effect modification. The ERR/Gy
estimate of 0.38 from a linear dose-response model was not
statistically significant (95% CI —0.23-1.36, P =0.21) The
fit was not improved by the addition of a quadratic term (P
= 0.44). There was no evidence of statistically significant
variation in the ERR with gender (P > 0.5), attained age (P
=0.31) or age at exposure (P > 0.5).

When the data were described using a constant linear
EAR model, the estimated EAR was 0.07 cases per 10,000
PY per Gy (95% CI <-0.05-0.29, P = 0.25), with no
indication of variation with gender (P =0.5), attained age (P
= 0.33) or time since exposure (P > 0.5). This point
estimate of the EAR is almost identical to that reported 15
years ago. As in the previous report, we conclude that there
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is no evidence of a statistically significant radiation-
associated excess risk of incident MM in the atomic bomb
survivors.

DISCUSSION

Our study extends the follow-up 14 years beyond that
used in the last major report on hematological malignancies
in the LSS cohort (4), providing incidence follow-up for 55
years. This has been made possible because of the active
ascertainment and review of hematopoietic malignancies
already in place when the cohort was established in late
1950, together with the subsequently established tumor
registries in Hiroshima and Nagasaki. Due to incomplete
ascertainment of incident cases among cohort members who
moved away from Hiroshima or Nagasaki, a probabilistic
adjustment for migration was included in the analyses as
with all other major LSS incidence reports. Diagnostic
criteria and type definitions for hematopoietic malignancies
have evolved and been refined over time, but the
reclassification of leukemia types for cases diagnosed
before the mid-1980s using the recent classifications has
enabled us to use diagnostic categories that are consistent
with and generally as detailed as those used in other studies
of radiation effects on these malignancies.

In contrast to the earlier report (4) that focused
exclusively on time-since-exposure dependent EAR models
with, in most cases, categorical age-at-exposure effects, we
assessed excess risk in this report using ERR and EAR
models with simple continuous functions of age at exposure
and either attained age or time since exposure. We found
that those smooth models describe the data as well as the
partially categorical models used in ref. (4). We also found
that while both ERRs and EARs for leukemia other than
CLL or ATL as a group have declined over the follow-up
period for all ages at exposure (Fig. 1d and f), the excess
risks do not appear to have fallen to zero by the end of the
follow-up—55 years after exposure. The temporal variation
of either the ERR or EAR as described in terms of (post-
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FIG. 8. LSS multiple myeloma summary plots. Panel a: shows age-specific baseline rate (zero dose) for LSS cohort members born in 1895
(dash-dot line), 1915 (dash line) and 1935 (solid line). Panel b: shows the baseline rate by birth year at attained age 70.
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TABLE 14
Comparison of Risk Estimates to Selected Cohort Studies

ERR: Leukemia

Cancer Average dose Dose response excluding CLL
Study cohort end point Follow-up Cases (range) model 95% CID
3rd NRRW incidence 1955-2001 234 0.025 Sv (>0, 0.14) Linear 1.78 (0.17, 4.36)
A-bomb LSS cohortt (males, incidence 1950-2001 93 0.50 Gy (0, 3.16) Linear 2.04 (0.33, 6.85)
20<=age at exposure <60)
Techa River cohort incidence 1953-2005 70 0.3 Gy (0, 2.0) Linear 4.9 (1.6, 14.3)
A-bomb LSS cohortf incidence 1950-2001 312 0.64 Gy (0, 4.54) Linear 2.78 (1.84, 4.01)

* The analysis is restricted to men who were exposed to A-bomb radiation at age 20-60 with weighted bone marrow dose <4 Gy. The ERR
coefficient describes the excess RR at 1 Gy at age 50 after exposure at age 25.
+ This analysis is for the full LSS cohort excluding unknown dose. The ERR coefficient describes the excess RR at 1 Gy at age 60 after

exposure at age 25.

exposure) attained age highlights that, while highest excess
risks are seen shortly after exposure for those exposed as
children, at any given attained age the excess risks are
generally higher for those exposed later in life (Fig. 1c¢ and
e). In addition, the NIC group was used in this study to
augment the information on the variation in baseline rates.
When all leukemias (or subtypes) other than CLL/ATL
were examined, the inclusion or exclusion of the NIC group
did not substantially change the risk estimates.

Richardson et al. (7) recently considered an ERR model
for the LSS leukemia mortality in which the temporal
variation was described in terms of an age-at-exposure
dependent log cubic spline in time since exposure. That
model (AIC = 2,445.6) did not describe the leukemia
incidence data as well as did our preferred ERR model (AIC
=2,431.9).

In the BEIR VII study (36) and some other recent work on
the LSS leukemia mortality data (7), the age-at-exposure
effect on the excess risks was not allowed to vary among
people who were more than 30 years old at the time of
exposure. Imposing this constraint on our models resulted in
a markedly poorer fit (AIC = 2,438.4 for the constrained
model versus 2,431.89 for our preferred leukemia other than
CLL or ATL model).

A major focus of this report was on the leukemia other
than CLL or ATL as a group, which includes data on
several different types of leukemia. To the extent that the
cell-type distribution of the cases in this group in the LSS
resembles that of many non-Japanese populations, the LSS
risk data for this group can be useful for prediction or
comparison with the radiation-related risk of leukemia other
than CLL in other irradiated populations. Carrying out such
additional analyses, we found that the predicted ERRs in the
LSS cohort are consistent and comparable to those
estimated in the studies of the National Registry of
Radiation Workers (37) and the Techa River Cohort (38).
Table 14 gives the comparison of risk estimate of the LSS
cohort based on a relevant subset to the aforementioned
cohorts.

Another focus was to characterize the radiation-related
risk for specific types of leukemia. Leukemias other than

CLL or ATL as a group, as well as ERRs for AML, ALL
and CML considered separately, declined over time for all
age groups. The temporal patterns in the type-specific EAR
estimates are more complicated. Our analyses suggested
that AML excess rates may have increased slightly over
time, especially among people exposed after about age 30,
while the EARs for ALL and CML have decreased over
time. Those declines have often been interpreted as
suggesting that the leukemia excess rates among the
exposed returned to baseline levels 10-20 years after
exposure. However, the analyses in this paper indicated that
this is not the case for AML and ALL, as there was evidence
of persistent risks 30 to 50 years after exposure for each of
these types.

Cell-type specific leukemia risks and especially how they
are modified by age and time, may be more useful in
considering possible biological mechanisms for radiation-
associated leukemogenesis than from analyses of a
heterogeneous group of several types of leukemia com-
bined. Some striking contrasts were noted between the type-
specific excess rates. First, while AML exhibited a
nonlinear upward-curving dose response, there was no
evidence against linearity for either ALL or CML. Also, as
noted above, AML excess rates tended to increase with
increasing attained age for those exposed as adults, while
ALL and CML excess rates appeared to decrease over time.
While the radiation-related risk of CML seemed to decline
with both age at exposure and time since exposure, the ALL
excess rates decreased with attained age, but did not vary
with either age at exposure or time since exposure.

The data suggest that the radiation associated excess rates
for AML follow a U-shaped pattern in age, with excess rates
falling for the youngest cohort members (who had to have
been exposed early in life) and then increasing with attained
age regardless of age at exposure. Although the current
preferred EAR model for AML is much more simple than
the 1994 model that involved complex interactions between
age at exposure and time since exposure, the variation in the
fitted excess rates with age are quite similar as shown in Fig.
2e and f. The temporal patterns for the ALL and CML
excess rates differ significantly from those seen for AML. In
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particular, excess rates for both ALL and CML, which were
considerably greater than those for AML in the period
shortly after the bombings, have decreased markedly over
time. Thus, as indicated in Table 12, ALL and CML cases
were the most common radiation-associated types and
account for about 75% of the excess cases during the first 5
years of follow-up, i.e., years 5-10 after radiation exposure.
If radiation markedly increased leukemia risks prior to
1950, as seems especially likely for ALL and CML, then the
proportion of the radiation-associated excess ALL and CML
cases in the first decade after exposure is likely to be even
more striking than that which was suggested by the
available data.

As the cohort members have aged, AML has become the
predominant radiation-associated leukemia, accounting for
over 80% of excess leukemia cases during the last 15 years
of follow-up. It has been suspected that leukemia may be
induced by specific translocations caused by radiation.
However, spontaneous translocations specific to ALL are
much more frequent than AML cases bearing the translo-
cations. In addition, radiation-induced DNA damage is
essentially random in the genome. Based on these
observations, Nakamura (39) recently speculated that the
radiation-related ALL risk in a population is almost entirely
attributable to a small number of predisposed individuals in
whom translocation-carrying pre-ALL cells have accumu-
lated. He suggested that the short latency period for
radiation-related ALL risk at young ages may be due to
the small number of events needed for the conversion of
pre-ALL cells present in newborns to full malignancy.
Although CML occurs primarily in the elderly, the temporal
risk pattern for CML is similar to that of ALL. BCR/ABL
fusions have been linked to the majority of CML cases, but
are also common in the general population (40). It may be
that a very few additional mutations are required to convert
the translocation-bearing pre-leukemic cells to tumor cells.
Nakamura suspected the possibility of two different
mechanisms: one for young-onset AML, which is clonally
expanded similar to ALL, and the other for non-transloca-
tion-type AML, which like solid cancers, predominates in
middle- and older-aged individuals, requiring a multi-step
leukemogenesis process. The temporal patterns that we find
for these three leukemia subtypes are generally consistent
with Nakamura’s hypothesis.

A recent study of myelodysplastic syndrome (MDS) risks
among Nagasaki survivors for the period from 1985-2004
(41) showed a significant excess risk of MDS with an ERR/
Gy estimate of 4.3 (95% CI 1.6-9.5), which is about twice
the AML ERR estimate for the post-1986 period. People
with MDS are known to have a higher risk of developing
AML. However, it is of interest to note that the ERR for
MDS after 1985 is larger than that for AML and that the
shape of the dose response is quadratic for AML, but
approximately linear for MDS. Further data on MDS
incidence among LSS Nagasaki survivors and among
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Hiroshima survivors would help to better understand the
relationship between MDS and AML excess risks.

It is likely that some cases identified as AML in the early
years would have been classified as MDS if they were
diagnosed with modern criteria. However, we feel that such
misclassification is unlikely to have much impact on the
inferences about AML risk estimates in the LSS, since (1)
AML cases prior to the mid-1980s identified as MDS in the
FAB review (/8) were not used in the current analyses, (2)
misclassification is less likely in the more recent years since
MDS was recognized as a distinct condition, and (3) the
AML baseline risk model includes a birth cohort effect that
reduces the impact of period-specific misclassification. Any
misdiagnosis of MDS as AML cases is likely to be
independent of dose in which case it would not affect the
ERR estimate of AML risk, though it would tend to increase
the EAR estimate.

Chronic lymphocytic leukemia is very rare in Japan. Due
to the small number of CLL cases in the LSS, radiation
effects on CLL have not been considered in previous LSS
reports. Although there were only 12 eligible cases, four of
which occurred among survivors with doses in excess of 0.2
Gy, a simple trend test suggested a statistically significant
dose response. Our results are consistent with findings of
some, though not all, studies in the literature. A recent case-
control study of leukemia in Chernobyl clean-up workers in
Ukraine (29) and another such study in Belarus, Russia and
Baltic countries (42) have shown increased risk of both CLL
and leukemia other than CLL associated with radiation
exposure. Similarly, a significantly increased risk of CLL as
well as non-CLL leukemia was associated with radon and/or
gamma radiation exposures in uranium miners (2§).
Conversely, no evidence of radiation-associated increases
in the risk of CLL were seen in various other studies
including the 15-country nuclear worker study (43), the
Techa River cohort (38), the Mayak worker cohort (44), or
UK radiation workers (37). The suggestion of a radiation
effect on CLL risks in the LSS should be interpreted with
caution and generalization to other populations may be
unwarranted. In most Western populations, CLIL. accounts
for 20% or more of all leukemia cases and an even higher
proportion of leukemias seen late in life, but accounts for
only about 3% of the LSS cases. Clinical data suggest that
Japanese CLLs are largely dormant and genetically and
biologically different from nonsmoldering CLLs seen in
Western populations.

The large proportion of ATL in Nagasaki is not
surprising. As reported in a nationwide study on ATL in
Japan, ATL is endemic in Nagasaki (45). In the Nagasaki
LSS, 42 out of 66 leukemia incident cases (63.6%) were
diagnosed with ATL. There is no evidence of a radiation
effect for ATL among Nagasaki LSS subjects, which may
be due to the unusually high HTLV-I infections in the
region.

The evidence for radiation effects on the risks of the other
types of hematopoietic malignancies considered was less
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clear cut. While there is no evidence of a radiation effect or
dose response for HL. or MM, the finding of a significant
radiation-associated increase in NHL risks for men with no
evidence of a radiation effect for women is similar to what
has been reported in earlier analyses of NHL incidence (4)
and mortality in the LSS (46). In the recent mortality
analysis, Richardson et al. (46) considered ERR models for
NHL mortality among LSS men who were 15-64 years old
at the time of exposure and found a significant association
that was most prominent 35 or more years after exposure.
This is quite different than what is seen for the incidence
data in which the ERR declines markedly with age (and
hence time since exposure) whether or not the analysis is
restricted to working age males. In our view, at best the LSS
incidence data provide rather weak support for an NHL dose
response among men with no evidence to support the idea
that the risks are increasing with attained age or time since
exposure.

Some early reports on myeloma mortality and incidence
in the LSS have shown a statistically significant dose
response for MM. The reasons for the differences between
the findings of the incidence analyses and these earlier
analyses were discussed in (4). To understand the
difference, we also carried out an analysis of MM mortality
in the cohort used for the current study. There were 111
MM deaths during the follow-up period including 86 MM
cases used in the incidence analyses, and another 19 cases
that were not used in the incidence analyses because they
were either second primaries (10 cases) or not resident in the
catchment area at the time of diagnosis (9 cases). Four of the
remaining 6 cases had been rejected by the registries, while
the other 2 cases had reports of solid cancers (both reported
as renal cell carcinoma) with no indication of MM or any
other hematopoietic malignancies. There was no evidence
of statistically significant increases in either the ERR (P =
0.12) or the EAR (P = 0.3) with dose. The ERR and EAR
point estimates were similar to those given above for the
incidence data. This difference is largely due to uncertain-
ties about the diagnosis of a small number of high-dose
cases for which MM reported as the cause of death was not
confirmed by the in-depth hematological review conducted
for the incidence study. Taken together, the data provide
little, if any, evidence of a radiation effect on MM.
Although some worker studies including the most recent
analysis of UK National Registry for Radiation Workers
(37) and a study based on records from the National Dose
Registry of Canada (47) provide some suggestion of a dose
response for MM, the dose-response trends seen in those
studies were not statistically significant. Results for MM
mortality using extended follow-up are discussed in the
latest LSS mortality report (48).

Increases in leukemia risks were one of the earliest
significant long-term health effects detected among the
atomic bomb survivors. However, in view of the declining
radiation-related risk over the years, it has been thought that
the radiation-associated excess risks would disappear over

time. The present analyses that included information on
cases diagnosed 4356 years after exposure have provided
important new insights into the persistent nature of the
leukemia risks. The data suggest that, while radiation-
associated excess risks for ALL and CML among the
exposed have essentially returned to baseline levels by the
end of follow-up, AML risks have persisted with excess
rates that appear to be increasing with attained age (albeit
not as rapidly as the baseline rates). It seems likely that the
excess AML risks will persist throughout lifetime for people
exposed at any age. This is similar to the temporal pattern
for solid cancers. Since 40% of the cohort including most of
those exposed as children, were still alive at the end of
follow-up in this study, with continued follow-up of the
LSS and evolving analytical methods, we expect that further
insights will be gained into radiation effects on the leukemia
and other hematopoietic malignancies.

APPENDIX

The online appendix tables include a listing of the morphological codes
for the subtype groups and detailed descriptions of the parameterizations
and parameter estimates for the preferred baseline and excess rate (ERR
and EAR) models along with tables that describe (1) the impact of
migration adjustment on person years (by city, gender, birth cohort and
time period), (2) crude rates (by birth cohort, time period and dose
category) and (3) alternative models for leukemia other than CLL or ATL,
AML, ALL and CML (http://dx.doi.org/10.1667/RR2892.1.83).
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Promote the Expression of the Oncogenic Transcription
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Background: MEF/ELF4 can function as an oncogene. We demonstrated the role of MEF/ELF4 in acute myeloid leukemia.
Results: NPM1 inhibited the DNA binding and transcriptional activity of MEF/ELF4 on the HDM2 promoter, whereas NPM1

mutant protein enhanced these activities of MEF/ELF4.

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

Myeloid ELF1-like factor (MEF/ELF4), a member of the ETS
transcription factors, can function as an oncogene in murine
cancer models and is overexpressed in various human cancers.
Here, we report a mechanism by which MEF/ELF4 may be acti-
vated by a common leukemia-associated mutation in the
nucleophosmin gene. By using a tandem affinity purification
assay, we found that MEF/ELF4 interacts with multifactorial
protein nucleophosmin (NPM1). Coimmunoprecipitation and
GST pull-down experiments demonstrated that MEF/ELF4
directly forms a complex with NPM1 and also identified the
region of NPM1 that is responsible for this interaction. Func-
tional analyses showed that wild-type NPM1 inhibited the DNA
binding and transcriptional activity of MEF/ELF4 on the HDM2
promoter, whereas NPMI1 mutant protein (Mt-NPM1)
enhanced these activities of MEF/ELF4. Induction of Mt-NPM1
into MEF/ELF4-overexpressing NIH3T3 cells facilitated malig-
nant transformation. In addition, clinical leukemia samples
with NPM1 mutations had higher human MDM2 (HDM2)
mRNA expression. Our data suggest that enhanced HDM2
expression induced by mutant NPM1 may have a role in MEF/
ELF4-dependent leukemogenesis.
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Myeloid ELF1-like factor (MEF/ELF4), a member of the ETS
family of transcription factors, is characterized by an 85-amino
acid ETS domain that recognizes a core sequence of GGAA or
TTCC (1). MEF/ELF4 is expressed in various normal and
malignant hematopoietic cells and regulates the expression of
various cytokines (interleukin-3 (1), granulocyte-macrophage
colony-stimulating factor (1), and interleukin-8 (2) as well as
the cytolytic perforin molecule (3) and antibacterial peptides
lysozyome and human B-defensin2 (4)) and matrix metallopro-
teinase-9 expression (5). Furthermore, analyses of MEF/ELF4-
deficient mice have revealed the essential role of MEF/ELF4 in
the development and function of NK (natural killer) cells and
NK-T cells (3). Recently, Smith et al. (6) have shown that
repression of Elf-4 by transcriptional repressor Gfilb is impor-
tant for the maturation of primary fetal liver erythroid cells.
MEF/ELF4 also regulates the key aspects of hematopoietic stem
cell behavior by controlling movement through the cell cycle
from quiescence (G,) to G; and from G; to S as well as resist-
ance to myelosuppression (7, 8).

MEF/ELF4 is expressed in cancers such as leukemia (9), lym-
phoma, and ovarian cancer (10). Recently, Totoki et al. (11)
identified an intrachromosomal inversion (Xq25) in hepatocel-
lular carcinoma that generated a BCORL1-MEF/ELF4 fusion
transcript. Experiments in several mouse models have sug-
gested that MEF/ELF4 plays a role in tumorigenesis. For exam-
ple, models of retrovirus-induced insertional mutagenesis have
identified MEF/ELF4 as a gene that is involved in leukemic
transformation (12). Sashida et al. (13) have shown that over-
expression of MEF/ELF4 enhances the expression of Mdm?2,
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leading to decreased p53 expression and enhanced transforma-
tion. In experiments with MEF/ELF4-overexpressing cells, they
demonstrated that Ets1-induced p16 induction is suppressed,
resulting in senescence suppression and tumor promotion.

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

In the present study, we found that wild-type NPM1 (Wt-
NPM1) down-regulates, whereas mutated NPM1 (Mt-NPM1)
up-regulates, the transcriptional activity of MEF/ELF4 on
the human MDM2 (HDM2) promoter. The expression of Mt-
NPM1 in MEF/ELF4-overexpressing NIH3T3 cells resulted in
enhanced malignant transformation. We also found that
HDM?2 mRNA expression in primary AML cells with NPM1
mutations is significantly higher compared with AML cells
without NPMI mutations. Taken together, our data suggest
that NPM I mutations may promote transformation by enhanc-
ing the oncogenic functions of MEF/ELF4.

EXPERIMENTAL PROCEDURES

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

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

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

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

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

Immunoprecipitation and Immunoblotting—MEF/ELF4 was
cloned into p3xFLAG-CMV (Sigma) (FLAG-MEF/ELF4) from
PCR products generated from pcDNA/MEF/ELF4 (1).
Wt-NPM1 and Mt-A-NPM1 were cloned into pcDNA3.1/
V5-His (pcDNA/V-Wt-NPM1 and Mt-A-NPM1, respectively)
(Invitrogen) from PCR products generated from pcDNA/Wt-
NPM1 and pcDNA/Mt-A (21). 293T cells were transfected with
each plasmid by using Effectene transfection reagent (Qiagen,
Berlin, Germany). After 48 h, cells were lysed by using the Uni-
versal Magnetic co-immunoprecipitation kit (Active Motif,
Carlsbad, CA) following the manufacturer’s instructions for
nuclear extraction. Lysates were centrifuged at 15,000 rpm for
10 min at 4 °C to remove the resin. The resulting supernatants
were incubated for 4 h at 4 °C with 5 ug of antibodies against
FLAG (Sigma), 5 ug of antibodies against V5 (Invitrogen), or
normal mouse IgG (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA).

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

GST and His Pull-down Assay—Fusion protein of GST and
Wt-NPM1 (GST-NPM1) and GST-NPMI1 deletion mutant
constructs (Fig. 1C) were generated by PCR with
pcDNA/Wt-NPM1 as a template. PCR products were cloned
in-frame into bacterial expression vector pGEX-T4. Plasmids
that express GST fusion protein (GST-NPM1, GST-NPM1
deletion mutants) and His-MEF/ELF4 protein (pET/MEF/
ELF4) or their controls were transfected into E. coli. Bacterial
pellets were lysed in 1 ml of phosphate-buffered saline (PBS)
with sonication. His-MEF/ELF4 or His alone was incubated
with an equivalent amount of GST, GST-Wt-NPM1, or GST-
Wt-NPM1 deletion mutants for 1 h at 4 °C. Proteins were puri-
fied by using GST columns (MicroSpin GST Purification Mod-
ule, GE Healthcare) or His columns. Bound proteins were
analyzed by using SDS-PAGE/immunoblot.

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

RNA Interference—siRNA for NPM1 was transfected into
293T cells by using the GeneClip U1 hairpin cloning system
(Promega) according to the manufacturer’s instructions. The
siRNA sequence-targeting NPM1 gene corresponded to nucle-
otides 103125 of the coding region relative to the first nucle-
otide of the start codon, as described previously (22).

Luciferase Assay—A 0.5-ug aliquot of pcDNA/MEF/ELF4,
pcDNA/Wt-NPM1, pcDNA/Mt-A-NPM1, pcDNA/Mt-I-
NPM1, or pcDNA/Mt-J-NPM1 was transfected into U937,
293T, and COS?7 cells seeded in 6-well dishes by using Nucleo-
fectin (Qiagen) together with 0.1 ug of pGL4 reporter plasmid
(pGL4/APET (1), pGL4/ETSm-APET (1), pGL4/HDM?2, or
pGL4/HDM2mut) and 0.05 pg of pLR-Bact vector. pGL4/
ETSm-APET contains a mutation in the ETS binding site
(ETSm-APET, 5'-CCTCAGTGAGCTGAGTCAGGCTgagC-
CTcgacGCCACAGGG-3'). pGL4/HDM2 contains a wild-type
hdm?2 (P2) promoter sequence from bp —82 to —122 (Wt-Ets,
CAGGTTGACTCAGCTTTTCCTCTTGAGCTGGTCAAG-
TTCAG), and pGL4/HDM2mut contains an hdm2 (P2) pro-
moter sequence with a mutated ETS site (Mt-Ets, CAGGTTG-
ACTCAGCTTTTaCTCTTGAGCTGGTCAAGTTCAG) (23).
Cell lysates were prepared 48 h after transfection, and luciferase

MARCH 29, 2013 +VOLUME 288+NUMBER 13

activity was determined by using the Dual-Luciferase reporter
assay system (Promega).

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

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

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

Clinical Samples—Informed consent for sample collection
was obtained according to protocols approved by the Interna-
tional Review Board of Nagasaki University, Nagasaki, Japan
(approval number 33-3). Bone marrow aspirates were collected
from 22 AML patients before the initiation of chemotherapy.
CD34-positive cells were isolated by using Ficoll density gradi-
ent centrifugation and magnetic beads (CD34 Isolation Kit,
Miltenyi Biotec, Auburn, CA) to minimize the confounding
effect of MEF/ELF4 and NPM1 expression by mature myeloid
cells. For the screening of NPM 1 mutations, genomic DNA cor-
responding to exon 12 was amplified by using forward primer
5-TTAACTCTCTGGTGGTAGAATGAA-3" and reverse
primer 5-CAAGACTATTTGCCATTCCTAAC-3', as reported
previously. Amplified products were separated by agarose gel
electrophoresis, purified by using a QIAquick gel extraction kit
(Qiagen), and directly sequenced by using a DNA sequencer
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(3100, Applied Biosystems) with the BigDye terminator cycle
sequencing kit (Applied Biosystems). When mutations were
found by direct sequencing, the fragments were cloned into a
pTOPO vector (Invitrogen) and then transfected into the E. coli
strain DH5A. At least four recombinant colonies were selected,
and plasmid DNA samples were prepared by using the QIAprep
Spin Miniprep kit (Qiagen). Cloned fragments were sequenced
to confirm the mutation of the NPM1I gene.

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

RQ-PCR—RQ-PCR was performed by using a LightCycler
TagMan Master kit (Roche Applied Science) following the
manufacturer’s instructions. Twenty microliters of Universal
ProbeLibrary probes (Exiqon, Vedbaek, Denmark) were added
in the final reaction. Primers designed by using the Universal
ProbeLibrary Assay Design Centre (available on the Roche
Applied Science Web site) were synthesized by Sigma. PCR
amplification was performed by using a LightCycler 350S
instrument (Roche Applied Science). Thermal cycling condi-
tions comprised 2 min at 40 °C and 10 min at 95 °C, followed by
45 amplification cycles at 95 °C for 10's, 60 °C for 30's, and 72 °C
for 1 s and then a 40 °C cooling cycle for 30 s. Specific primers
and probes were as follows: for HDM2, forward (5'-TCTGAT-
AGTATTTCCCTTTCCTTTG-3'), reverse (5'-TGTTCACT-
TACACCAGCATCAA-3'), and probe (5'-CGCCACTTTTT-
CTCTGCTGATCCAGG-3'); for human MEF/ELF4, forward
(5'-TGGAGACTCTCAGGGTCGAAA-3'), reverse (5'-AAG-
CAACGGGATGGATGAT-3'),and probe (5'-TCACAGCTG-
GGAACACAGAG-3'); and for human G6PDH, forward (5'-
AAGCAACGGGATGGATGAT-3'), reverse (5'-TCACAGC-
TGGGAACACAGAG-3'), and probe (5'-CGCCACTT-
TTTCTCTGCTGATCCAGG-3').

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

RESULTS

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

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

To characterize the region of Wt-NPM1 that binds MEF/
ELF4, five distinct GST-NPM1 proteins were prepared (Fig.
1C). GST pull-down assays (Fig. 1D (4)) and His tag pull-down
assays (Fig. 1D (b)) revealed that the N-terminal region of
NPM1 (the F1, F2, and F3 fragments that contain the oligomer-
ization domain) bound to His-MEF/ELF4, unlike the C-termi-
nal region of NPM1 (F4 and F5).

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

Wt-NPM1 Inhibits, whereas Mt-NPM1 Enhances, MEF/
ELF4-dependent Transcriptional Activity—To study the func-
tional relevance of the physical interaction between MEF/ELF4
and Wt-NPM1, we transfected pcDNA/MEF/ELF4 in combi-
nation with pcDNA/Wt-NPM1 and examined the activity of
the APET promoter construct (1) in 293T cells (Fig. 34). As
reported previously, MEF/ELF4 activated the APET promoter
by ~159-fold. Co-expression of Wt-NPM1 with MEF/ELF4 led
to a significant decrease in luciferase activity. Similar data were
obtained by using COS?7 cells (Fig. 38) and a human leukemia
cell line, U937 (Fig. 3C).

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

Mutated nucleophosmin (Mt-NPM1) has been found in 50%
of adult AML patients with normal karyotypes (15). It has been
suggested that the mutation is a critical event for leukemogen-
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FIGURE 1. NPM1 interacts with MEF/ELF4. A, 293T cells were transfected with the indicated expression plasmids. After 48 h, cell lysates were immunopre-
cipitated (/P) with anti-FLAG and anti-V5 antibodies. Immunoprecipitates were analyzed by 10% SDS-PAGE and subjected to immunoblotting (WB) with anti-V5
antibody (top row) or anti-FLAG antibody (bottom row). B, MEF/ELF4 interacts directly with NPM1 in vitro. In vitro association assays were undertaken by
incubating His-MEF/ELF4 fusion protein immobilized by using a His-column with biotin-labeled MEF/ELF4 (lane 7). His alone was incubated with biotin-labeled
NPM1 (lane 2) as a control. C, NPM1 structure and the relative binding of MEF/ELF4 (schematic). HomoD, homodimerization domain, residues 1-117; AD/NLS,
acidic domain/nuclear localization sequence, residues 117-187; HeteroD, heterodimerization domain, residues 187-259; NBD, nucleic acid binding domain,
residues 259-294. D, the N-terminal portion of NPM1 is the MEF/ELF4-interacting domain. Bacterially expressed and purified GST, GST-NPM1, and GST-NPM1
mutants with deletions were mixed with bacterially expressed and purified His or His-MEF/ELF4 protein. Recombinant proteins were subjected to His or GST
affinity columns, followed by immunoblotting with anti-GST or anti-His antibodies. g, the reactive samples were subjected to analyses on a His affinity column
followed by immunoblotting with anti-His antibodies (bottom left) or with anti-GST antibodies (top left). b, the reactive samples were subjected to GST affinity
columns, followed by immunoblotting with anti-GST antibodies (top right) or with anti-His antibodies (bottom right).

APET + o+ 4+ o+ 4+ o+ obtained with COS7 (Fig. 3G) and U937 (Fig. 3H) cells. To show
ES;Q“NEJ,{EL“ g * i E i the effect of the coexistence of both Wt- and Mt-NPM1, we
gissT i i t -t - transfected 293T cells with various amounts of plasmids that
APET-competitor - - - = + + expressed Wt-NPM1 and Mt-A-NPM1. The expression of Mt-
NPM1 enhanced MEF/ELF4-dependent APET promoter acti-
- - vation in a dose-dependent manner, even in the presence of
Wt-NPM1 (Fig. 31). Taken together, our results suggest that
' Wt-NPM1 has an inhibitory effect, whereas Mt-NPM1 has

enhancing effect, on the function of MEF/ELF4.
Mt-NPM1 Does Not Interact with MEF/ELF4 in Vivo—Be-
cause the mutated region of Mt-NPM1 was located outside the

T domain responsible for interaction with MEF/ELF4, we
FIGURE 2. EMSA with recombinant His- MEF/ELF4, His, GST, and GsT.we. | yPOthesized that MCNPML might bind to MEF/ELF4. To test
NPM1. His-MEF/ELF4 was incubated with GST and GST-Wt-NPM1 at room  this hypothesis, we transfected 293T cells with FLAG-MEF/
temperature prior to EMSA by using a biotin-conjugated APET probe (lanes  ELF4 and V5-Mt-A-NPM1 expression plasmids and performed
1-4). An excess amount of unlabeled APET competitor was added to the . o nm g% . i
reaction mixtures (fanes 5 and 6). immunoprecipitations with mouse monoclonal anti-FLAG or
anti-V5 antibody. Contrary to our expectations, as shown in
esis. To determine the effect of Mt-NPM1 on the transcription- ~ Fig. 4, FLAG-MEF/ELF4 protein and V5-Wt-A-NPM1 did not
activating properties of MEF/ELF4, we transfected pcDNA/ co-precipitate with each other (Fig. 4). These results showed
MEF/ELF4 in combination with pcDNA/Mt-A-NPM1, thatthere s little in vivo interaction between Mt-A-NPM1 and
pcDNA/Mt-I-NPM1, or pcDNA/Mt-]-NPM1 and then exam- MEF/ELF4.
ined the activity of the APET promoter construct in 293T cells Localization of MEF/ELF4 Is Unaffected by Mt-NPMI—Hav-
(Fig. 3F). Co-expression of Mt-NPM1 with MEF/ELF4 led toa ingshown that Mt-NPM1 enhances the transcriptional activity
315-fold increase in luciferase activity. Similar data were of MEF/ELF4, we next assessed whether Mt-NPM1 dislocates
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FIGURE 3. Wt-NPM1 inhibits, whereas Mt-NPM1 enhances, MEF/ELF4-de-
pendent APET promoter transactivation. 293T human kidney (4), COS7
monkey kidney (B), and U937 human hematological (C) cell lines were co-
transfected with the luciferase reporter gene of an artificial MEF/ELF4 target
promoter (APET) and effector genes. The target promoter and effector genes
were as follows: pGL4/APET (lane 1); pGL4/ETSm-APET (lane 2); pGL4/APET
and pcDNA/MEF/ELF4 (lane 3); pGL4/APET, pcDNA/MEF/ELF4, and
pcDNA/Wt-NPM1 (lane 4); pGL4/ETSm-APET and pcDNA/MEF/ELF4 (lane 5);
and pGL4/APET and pcDNA/Wt-NPM1 (lane 6). Luciferase activity by pGL4/
APET alone was assigned a value of 1.0. The analysis was performed in tripli-
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FIGURE 4. Mt-A-NPM1 does not interact with MEF/ELF4 in vivo. 293T cells
were transfected with the indicated expression plasmids. After 48 h, cell
lysates were immunoprecipitated (/P) with anti-FLAG and anti-V5 antibodies.
Immunoprecipitates were analyzed by 10% SDS-PAGE and subjected to
immunoblotting (WB) with anti-V5 antibody (top row) or anti-FLAG antibody
(bottom row).

aFlag Flag-ELF4/MEF

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

cate assays, and the results were reproducible. The results are shown as the
mean = S.D. (error bars). *, p < 0.05. D, 293T cells transduced with siRNA
encoding vector (siWt-NPM1) were harvested 72 h after transduction for
Western blotting. Hsp90 is shown as a control. sicNPM1, control siRNA non-
relevant to the expression of NPM1; Wild, without transduction. E, 293T cells
were co-transfected with the luciferase reporter plasmid (pGL4/APET),
expression plasmid (pcDNA MEF/ELF4), and siWt-NPM1 gene (pcDNA/
siRNA-Wt-NPM1) or control. Luciferase activity by pGL4/APET alone was
assigned a value of 1.0. The analysis was performed in triplicate assays, and
the results were reproducible. The results are shown as the mean = S.D.*, p <
0.05. F, 293T cells were co-transfected with the luciferase reporter gene of an
artificial MEF/ELF4 target promoter and effector genes. Target promoter and
effector genes were as follows: pGL4/APET (lane 1); pGL4/APET and
pcDNA/MEF/ELF4 (lane 2); pGL4/APET, pcDNA/MEF/ELF4, and Wt-NPMT1 (lane
3); pGL4/APET, pcDNA/MEF/ELF4, and Mt-A-NPM1, Mt-I-NPM1, or Mt-J-NPM1
(lanes 4-6, respectively); and pGL4/APET and pcDNA/Wt-NPM1, Mt-A-NPM1,
Mt-I-NPM1, or Mt-J-NPM1 (lanes 7-10, respectively). Luciferase activity by
pGL4/APET alone was assigned a value of 1.0. The analysis was performed in
triplicate assays, and the results were reproducible. The results are shown as
the mean = S.D. *, p < 0.05. G, COS7 cells were co-transfected with the lucif-
erase reporter gene of an artificial MEF/ELF4 target promoter and effector
genes. The target promoter and effector genes were as follows: pGL4/
APET (lane 1); pGL4/APET and pcDNA/MEF/ELF4 (lane 2); pGL4/APET,
pcDNA/MEF/ELF4, and Wt-NPM1 (lane 3); pGL4/APET, pcDNA/MEF/ELF4, and
Mt-A-NPM1 or Mt-I-NPM1 (lanes 4 and 5, respectively); and pGL4/APET and
pcDNA/Wt-NPM1, Mt-A-NPM1, or Mt-I-NPM1 (lanes 6 -8, respectively). Lucif-
erase activity by pcDNA/APET alone was assigned a value of 1.0. The analysis
was performed in triplicate assays, and the results were reproducible. The
results are shown as the mean * S.D. (¥, p < 0.05). H, U937 cells were co-
transfected with the luciferase reporter gene of an artificial MEF/ELF4 target
promoter and effector genes. Target promoter and effector genes were as
follows: pGL4/APET (lane 1); pGL4/APET and pcDNA/MEF/ELF4 (lane 2);
pGL4/APET, pcDNA/MEF/ELF4, and Wt-NPM1 (lane 3); pGL4/APET,
pcDNA/MEF/ELF4, and Mt-A-NPM1 (lane 4); and pGL4/APET and
pcDNA/Wt-NPM1 or Mt-A-NPM1 (lanes 5 and 6, respectively). Luciferase
activity by pcDNA/APET alone was assigned a value of 1.0. The analysis was
performed in triplicate assays, and the results were reproducible. The results
are shown as the mean = S.D. *, p < 0.05./, 293T cells were co-transfected
with 0.1 ug of the luciferase reporter gene of an artificial MEF/ELF4 target
promoter (lanes 1-9) and 0.1 pg of effector genes (pcDNA/MEF/ELF4) (lanes
1-6). The effector genes were as follows: 0.2 ug of Mt-A-NPM1 (lane 1); 0.16
g of Mt-A-NPM1 and 0.04 g of Wt-NPM1 (lane 2); 0.1 g of Mt-A-NPM1 and
0.1 ug of Wt-NPM1 (lane 3); 0.04 g of Mt-A-NPM1 and 0.16 g of Wt-NPM1 or
0.2 ng of Wt-NPM1 (lanes 4 and 5, respectively); none (lane 6); pGL4/APET and
0.2 ng of Mt-A-NPM1 (lane 7); pGL4/APET and 0.2 g of Wt-NPM1 (lane 8); and
pGL4/APET (lane 9). Luciferase activity by pGL4/APET alone was assigned a
value of 1.0. The analysis was performed in triplicate assays, and the results
were reproducible. The results are shown as the mean = S.D. *, p < 0.05.
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