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RESPIRATORY INFECTIONS

Serum Indicators for the Diagnosis of
Pneumocystis Pneumonia*
Sadatomo Tasaka, MD, FCCP; Naoki Hasegawa, MD; Seiki Kobayashi, MD;

Wakako Yamada, MD; Tomoyasu Nishimura, MD; Tsutomu Takeuchi, MD; and
Akitoshi Ishizaka, MD

Background: The diagnosis of pneumocystis pneumonia (PCP) is difficult because it requires
microscopic examination to identify pneumocystis from induced sputum or BAL fluid.

Study objective: To evaluate the usefulness of four serum markers—lactate dehydrogenase (LDH),
(1-3) B-D-glucan (B-D-glucan), KL-6, and C-reactive protein (CRP)—in the diagnosis of PCP.
Design: Case-control retrospective study. v
Patients and measurements: We reviewed the medical records of 295 consecutive patients who
underwent BAL for the diagnosis of PCP. Differential cell counts in BAL fluid and serum levels of
LDH, B-D-glucan, KL-6, and CRP were examined. Oxygenation index was determined using arterial
oxygen tension and inspiratory oxygen concentration.

Results: Based on the microscopic examination of BAL fluid, 57 patients were PCP positive and 238
patients were PCP negative. There were no significant differences in cell count or differentials in BAL
fluid between the positive and negative cases. Serum levels of LDH, B-D-glucan, and KL-6 were
significantly higher in PCP-positive patients (p < 0.01). Receiver operating characteristic curves
suggest that B-D-glucan was the most reliable indicator. The cut-off level of B-D-glucan was estimated
to be 31.1 pg/mL, with which the positive and negative predictive values were 0.610 and 0.980,
respectively. In PCP-positive patients, the oxygenation index was decreased and correlated with
LDH. Both LDH and B-D-glucan levels were correlated with the proportion of neutrophils in BAL
fluid.

Conclusions: Serum $-D-glucan is a reliable marker for the diagnosis of PCP. Since BAL procedure
is invasive, measuring B-D-glucan should be considered as a primary modality for a diagnosis of PCP,
especially for patients with severe respiratory failure. (CHEST 2007; 131:1173-1180)

Key words: BAL; (1—3)-B-D-glucan; KL-6; lactate dehydrogenase; pneumocystis pneumonia

Abbreviations: B-D-glucan = (1—3) B-D-glucan; CRP = C-reactive protein; FI0, = fraction of inspired oxygen;
GMS = Grocott-Gomori  methenamine stain; LDH = lactate dehydrogenase; NPV = negative predictive value;
PCP = pneumocystis pneumonia; PCR = polymerase chain reaction; PPV = positive predictive value; ROC = receiver
operating characteristic

Pneumocystis pneumonia (PCP) remains one of

the most frequent opportunistic infections in
immunocompromised patients, including those with
HIV infection.! PCP may be difficult to diagnose
owing to nonspecific symptoms and signs, concur-
rent use of prophylactic drugs, and simultaneous
infection with various organisms. Since pneumocys-
tis cannot be cultured, the diagnosis of PCP requires
microscopic examination in order to identify Pneu-
mocystis firovecii from a clinically relevant source
such as specimens of induced sputum, BAL fluid, or
lung tissue.

Reprinted from CHEST
Vol. 131, p. 1173-1180, April 2007 Issue

Sputum induction with hypertonic saline solution
should be the initial procedure to diagnose PCP,
especially in patients with AIDS. The induced spu-
tum has a diagnostic yield of 50 to 90%. However,
the diagnostic yield is unsatisfactory, particularly in
the case of a non-AIDS immunocompromised pa-
tient. If the initial specimen of induced sputum is
negative, then bronchoscopy with BAL, which is
invasive particularly for those with respiratory fail-
ure, should be performed.2

Serum testing for the diagnosis of PCP has not yet
been established. Although an elevated serum lactate
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dehydrogenase (LDH) level has been noted in pa-
tients with PCP, it is likely to be a reflection of the
underlying lung inflammation and injury rather than
a specific marker for the disease.?

(1-3) B-D-glucan (B-D-glucan), which is known
to compose a portion of the cell wall of most fungi,
has been used as a serologic marker for the diagnosis
of organic mycosis, such as candidiasis and aspergil-
losis.* There have been several reports56 describing
the usefulness of B-D-glucan for the diagnosis of
PCP based on data from small numbers of patients.
KL-6 antigen, a high-molecular-weight mucin-like
glycoprotein, is strongly expressed on type 2 alveolar
preumocytes and bronchiolar epithelial cells, and
the serum KL-6 level is a sensitive indicator of
various types of interstitial pneumonitis.? KL-6 levels
in both plasma and epithelial lining fluid appear to
be elevated in patients with acute lung injury.8 There
have been two reports®!© describing increased se-
rum KL-6 levels in patients complicated with PCP.
The usefulness of these newly identified serum
markers in the diagnosis of PCP remains to be
evaluated in a larger cohort of patients.

The primary goal of the present study was to
evaluate the sensitivity and specificity of the serum
markers LDH, B-D-glucan, KL-6, and C-reactive
protein (CRP) in the diagnosis of PCP. We also
examined whether the serum markers reflect oxy-
genation impairment and activity of lung inflamma-
tion during PCP.

MATERIALS AND METHODS

Patient Selection

We retrospectively evaluated data from 295 consecutive pa-
tients who underwent BAL for the diagnosis of PCP at Keio
University Hospital (Tokyo, Japan) during the period from April
1998 until October 2005.

Data Collection

We reviewed the medical records of all the patients evaluated
for demographic, BAL, and serum data. The following data were

*From the Departments of Medicine (Drs. Tasaka, Hasegawa,
Yamada, Nishimura, and Ishizaka) and Tropical Medicine and
Parasitology (Drs. Kobayashi and Takeuchi), Keio University
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collected: age, sex, and underlying disease. The BAL data
included the recovery of the fluid, which is the volume ratio of
the saline solution recovered to the saline solution instilled, the
cell count and differentials, plus lymphocyte surface markers. In
sera, the levels of LDH, B-D-glucan, KL-6, and CRP were
examined. B-D-glucan was measured with a kinetic turbidimetric
assay using B-glucan test WAKO (Wako Pure Chemical Indus-
tries; Tokyo, Japan). KL-6 was measured by electrochemilumi-
nescence immunoassay using KL-6 antibody, which recognizes a
sialylated sugar chain on the KL-6 molecule. The oxygenation
index was determined from the arterial oxygen tension and
fraction of inspired oxygen (F10,) values. Serologic and blood gas
data were subjected to analysis only when obtained within 24 h
prior to BAL.

BAL Procedure

The diagnosis of PCP was established by the identification of
organisms in BAL fluid. Informed consent to conduct BAL was
obtained from either the patient or surrogate. In most cases, BAL
was targeted toward affected lung segments as noted on chest CT
and performed with 50 mL of 0.9% saline solution per lavage.
Usually, three lavages were performed, and the lavage fluid was
immediately placed on ice.

BAL Fluid Processing for Analysis

The BAL fluid was pooled, filtered through sterile gauze to
remove mucous strands, and centrifuged at 200g for 5 min at
4°C. The cell pellets were used for the differential counts on
Wright-Giemsa-stained preparations. For the detection of P
Jjirovecii, a 10-mL aliquot of BAL fluid was centrifuged at 1,875g
for 10 min, and a smear was microscopically examined for the
presence of P jirovecii with Grocott-Gomori methenamine stain
(GMS) and Calcofluor white stain (Fungifluor; Polysciences;
Warington, PA), following the recommendations of the manufac-
turer.!!

Statistical Methods

Data are presented as the median score with interquartile
range in parentheses. Differences in variables between the
PCP-positive and PCP-negative patients were compared by the
nonparametric Mann-Whitney U test since the data were not
normally distributed. Box-and-whisker plots represent the 10th,
25th, 50th, 75th, and 95th percentile of values. To evaluate the
sensitivity and specificity of each serum marker, receiver operat-
ing characteristic (ROC) curves were constructed for each
marker. The areas under the ROC curves were compared in a
nonparametric approach.!? The relationships between variables
were analyzed by the Spearman rank-order correlation test.
Statistical significance was defined as p < 0.05.

RESULTS

During the study period, PCP was diagnosed in 57
patients based on microscopic findings in BAL spec-
imens. A total of 238 patients were PCP negative, 16
of whom were empirically treated with tri-
methoprim/sulfamethoxazole or pentamidine due to
persistent suspicion about PCP or failure of the
preceding treatment. Data from these 16 patients
were excluded from the analysis because it was
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Table 1—Patient Characteristics*

PCP Positive PCP Negative
Characteristics (n =57) (n = 222) p Valuet

Age, yr 42.5 (34.0-58.0) 58.0 (47.0-68.0) < 0.0001
Male/female gender, No 36/21 117/105
Underlying disease, No

Hematologic malignancy 14 88

HIV 13 3

Collagen vascular disease 11 40

Interstitial lung disease 5 32

Organ transplantation 5 11

Lung cancer 4 19

Other 5 29
Paoy/F10,} 241.5 (143.2-323.4) 311.0 (207.6-376.4) 0.009

*Data are presented as median (interquartile range) unless otherwise indicated.

tMann-Whitney U test.
{Oxygenation index.

thought that they may have had PCP. All of the
PCP-positive patients were treated initially with
trimethoprim/sulfamethoxazole, and 13 of them sub-
sequently received pentamidine due to failure or
adverse effects of the trimethoprim/sulfamethox-
azole treatment.

The background characteristics and oxygenation
indices of the patients analyzed are shown in Table 1.
The patients with PCP were significantly younger
than those without PCP (p < 0.0001). The common
underlying diseases of the patients with PCP in-
cluded hematologic malignancy, HIV infection, and
collagen vascular disease. The oxygenation index in
the patients with PCP was significantly lower than in
those without PCP (p = 0.009).

The underlying diseases of the 16 patients ex-
cluded from analyses include hematologic malignan-
~ cies (n = 6), collagen vascular diseases (n = 4), lung
cancer (n = 3), other malignancies (n=2), and
Crohn disease (n = 1). Most of these 16 patients

were immunocompromised due to preceding anti-
neoplastic or corticosteroid therapy. No evidence of
PCP was observed in any of these patients. The most
probable diagnoses of those 16 patients include
alveolar hemorrhage (n = 3), radiation pneumonitis
(n = 2), drug-induced pneumonitis (n = 2), pneu-
monia due to Pseudomonas aeruginosa (n = 2), cy-
tomegalovirus pneumonia (n = 2), and invasive pul-
monary aspergillosis (n = 1). The rest of the patients
were treated as having pneumonia due to an uniden-
tified pathogen. Even if the 16 patients were in-
cluded in the analysis, the results were not changed
(data not shown).

The recovery rate, cell counts, and differentials of
BAL fluid are summarized in Table 2. Neither the
recovery rate nor total cell count of BAL fluid were
different between the PCP-positive and PCP-nega-
tive patients. There were no differences in the
proportions of macrophages, lymphocytes, neutro-
phils, and eosinophils in BAL fluid between the

Table 2—BAL Cell Counts and Differentials*

PCP Positive

PCP Negative

Parameters (n =57) {n = 222) p Valuet
BAL
Fluid recovery, % 45.0 (32.3-54.5) 40.0 (30.0-50.0) 0.13
Cell concentration, X 10°/mL 5.9 (3.0-11.9) 8.7 (4.4-15.0) 0.054
Macrophages, % 36.5 (18.3-57.0) 39.8 (22.6-60.5) - 0.52
Lymphocytes, % 285 (13.5-53.0) 32.1 (13.2-56.9) 0.73
Neutrophils, % . 9.0(3.0-35.1) 6.7 (1.8-26.7) 041
Eosinophils, % 0.4 (0.0-1.8) 0.5 (0.0-2.1) 0.33
CD4*/CD8" ratio 0.53 (0.33-1.45) 1.00 (0.54-1.80) 0.039
Peripheral blood
WBC count, X lOa/pL 6.7 (3.6-9.3) 6.6 (4.2-9.9) 0.64
Neutrophi]s, % 88.0 (76.9-94.0) 79.0 (64.9-89.4) 0.003
Lymphocytes, % 6.0 (3.8-11.3) 10.0 (4.0-18.9) 0.011

*Data are presented as median (interquartile range).
tMann-Whitney U test.
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PCP-positive and PCP-negative patients. The
CD47/CD8" ratio of the lymphocytes in the BAL
fluid was significantly decreased in patients with
PCP compared to those without PCP (p = 0.039).
Peripheral leukocyte counts are also shown in Table
2. In peripheral blood, WBC counts did not differ
between the PCP-positive and PCP-negative pa-
tients. However, in patients with PCP, the propor-
tion of neutrophils in circulating WBC was greater
than in those without PCP (p = 0.003). The propor-
tion of lymphocytes in peripheral blood was de-
creased in the PCP-positive patients compared to
that in the PCP-negative patients (p = 0.011; Ta-
ble 2).

We measured serum markers (LDH, B-D-glucan,
KIL-6, and CRP) and compared the levels between
the PCP-positive and PCP-negative patients. The
serum LDH levels were significantly higher in the
PCP-positive patients than in the PCP-negative pa-
tients, despite the underlying disease (p < 0.0001;
Fig 1, top left, A). Serum B-D-glucan levels were also
significantly increased in the PCP-positive patients
(p < 0.0001; Fig 1, top right, B). Figure 1, bottom
left, C shows that the serum KL-6 levels were
significantly increased in the PCP-positive patients
compared to the PCP-negative patients (p = 0.004).
Among the PCP-negative patients, there were 19
patients with serum KL-6 levels > 1,000 U/mL, and
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17 of these patients had either idiopathic interstitial
pneumonia or interstitial lung disease associated
with collagen vascular disease. In addition, the me-
dian KL-6 level in the PCP-negative patients was 543
U/mL, which was higher than the normal limit
(< 500 U/mL). This suggests that the highly elevated
KL-6 in these patients could be associated with the
underlying disease rather than being a false-positive
finding. There was no significant difference in serum
CRP levels between the PCP-positive and PCP-
negative patients (p = 0.70; Fig 1, bottom right, D).

ROC curves constructed for each serum marker
are presented in Figure 2. The areas under the curve
values were 0.935 for B-D-glucan, 0.730 for KL-6,
and 0.704 for LDH. The area under the ROC curve
for B-D-glucan was significantly larger than that for
the other two markers (p < 0.001), suggesting that
B-D-glucan should be the most reliable for the
diagnosis of PCP among the serum markers evalu-
ated. Based on the ROC curves, the cut-off levels of
B-D-glucan and LDH were estimated as 31.1 pg/mL
and 268 IU/L, respectively. With this cut-off point,
the sensitivity and specificity of B-D-glucan were
92.3% and 86.1%, respectively. The positive predic-
tive value (PPV) and negative predictive value (NPV)
of B-D-glucan were 0.610 and 0.980, respectively.
The sensitivity of LDH was 86.0%, and the specific-
ity was 45.3%. The PPV and NPV of LDH were
0.237 and 0.942, respectively.

There were 14 PCP-negative patients with serum
levels of B-D-glucan > 31.1 pg/mL, the cut-off level;
because of elevated serum Aspergillus galactoman-

p-D-glucan

10

08}

06}

Sensitivity

>L-6

04}

0.2

0 0.2 0.4 0.6 0.8 1.0
1-Specificity

Ficure 2. ROC curves for LDH, B-D-glucan, and KL-6. The

areas under the curve values are 0.935 for B-D-glucan, 0.730 for

K1-6, and 0.704 for LDH. There were significant differences in

the area under the curve value between for B-D-glucan and for
the other two markers (p < 0.01).
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nan antigen levels, deep-seated aspergillosis was
diagnosed in 7 of them. Although it was not clear
whether the rest of the PCP-negative patients with
elevated B-D-glucan had deep-seated mycosis, cyto-
megalovirus pneumonia was diagnosed in three pa-
tients and alveolar hemorrhage in two patients. We
concluded that latent deep-seated mycosis, espe-
cially aspergillosis, could be the main cause of the
false-positive finding.

We evaluated the correlation between the markers
in sera that were sampled from the patients with
PCP. There was a significant correlation between
B D- glucan and LDH levels in serum (p = 0.014,
R*® = 0.180; Fig 3, top left, A). No significant corre-
lation was observed between the serum levels of
LDH and KL-6 (p = 0.11). There was no significant
correlation between the levels of KL-6 and B-D-
glucan (p = 0.13).

In PCP-positive patients, we also examined the
correlation between the oxygenation index and the
levels of serum markers. Figure 3, top right, B shows
a significant inverse correlation between the oxygen-
ation index and serum LDH level (p = 0.001,
R® = 0.244). Neither KL-6 nor B-D-glucan were
correlated with the oxygenation index (data not
shown). Serum LDH might reflect lung tissue injury,
which resulted in a statistical correlation between
serum LDH and oxygenation impairment during
PCP.

The correlation between serum markers and dif-
ferential cell counts in BAL fluid was evaluated as
well. The proportion of neutrophils in BAL fluid did
not differ between the patients with and without
PCP; however, in the PCP-positive patients, the
serum LDH level was significantly correlated with
the neutrophil proportion in BAL fluid (p = 0.004,
R% = 0.175; Fig 3, center left, C). In the patients with
PCP, the proportion of neutrophils in BAL fluid was
also correlated with the serum level of B-D-glucan
(p = 0.008, R = 0.216; Fig 3, center right, D). No
correlation was observed between the neutrophil
proportion in BAL fluid and other serum markers
examined (data not shown). The neutrophil propor-
tion in BAL fluid was 51gmﬁcantly correlated with
the oxygenation index (p = 0.001, R*> = 0.235; Fig 3,
bottom, E). Neither lymphocyte nor eosinophil pro-
portions were correlated with any of the serum
markers examined (data not shown).

DiscuUssION

In the present study, we evaluated the roles of the
serum markers LDH, B-D-glucan, KL-6, and CRP
in the diagnosis of PCP. Although there have been

several reports!-3569.10.13 describing the levels of
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FIGURE 3. Relationships between the parameters evaluated. Top left, A: Serum levels of LDH and
B-D-glucan are positively correlated (p < 0.02). Top right, B: Serum LDH level is inversely correlated
with oxygenation index (p < 0.01). Center left, C: Serum LDH level is significantly correlated with
neutrophil percentage in BAL fluid (p < 0.01). Center right, D: Serum B-D-glucan level is significantly
correlated with neutrophil percentage in BAL fluid (p < 0.01). Bottom, E: The proportion of
neutrophils in BAL fluid is inversely correlated with oxygenation index (p < 0.01).

serum markers in PCP patients, the diagnostic sig-
nificance of serum markers, including the newly
identified B-D-glucan and KL-6, remains to be
evaluated in a larger cohort of patients with a variety
of underlying diseases. :

The results of this study revealed that B-D-glucan
is the most reliable indicator for detecting P jirovecii
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infection, whereas only the LDH level was corre-
lated with oxygenation impairment. Although these
two serum markers correlate to each other, the
findings suggested that LDH might be a good
marker for organ damage rather than a specific
marker for the disease. This result is compatible with
the report by Quist and Hill® that described elevated
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serum LDH levels in all the PCP patients examined,
although it is likely to be a reflection of the under-
lying lung inflammation.

B-D-glucan is one of the major components of the
yeast cell wall and has been used for the diagnosis of
invasive deep mycosis, such as candidiasis and as-
pergillosis.# Matsumoto and colleagues'* reported
that a major component of the cyst wall of Pneumo-

stis carinii is B-D-glucan. Yasuoka and coworkers®
reported that significant levels of B-D-glucan were
detected in sera from six of seven patients with PCP.
Shimizu and colleagues® evaluated B-D-glucan levels
in 15 PCP patients and found that 13 exhibited a
significant increase in serum B-D-glucan. In the
present study, we observed significantly elevated
serum levels of KL-6 in the patients in whom P
Jjirovecii was identified.

We observed significantly elevated serum levels of
KL-6 in the patients with PCP. The serum KL-6
level is known to be a sensitive indicator of various
interstitial lung diseases and acute lung injury.”8
There have been reports®1® describing elevated se-
rum KL-6 in a small number of patients with PCP. In
this study, we observed that the KL-6 level was
increased in the patients with PCP. KL-6 may not be
as reliable as B-D-glucan for the diagnosis of PCP,
possibly because KL-6 is too sensitive to underlying
interstitial lung disease. Thirty-two of the PCP-
negative patients had interstitial lung disease as an
underlying disease, and 40 patients had collagen
vascular disease. Since the median KL-6 level in the
PCP-negative patients was also higher than the
normal limit, we speculate that, in most cases, the

increased KL-6 levels in the patients without PCP -

may have been due to an underlying lung disease,
including interstitial lung disease, that was either
idiopathic or associated with collagen vascular dis-
ease. :
In the patients with PCP, whereas the proportion
of neutrophils in BAL fluid was not increased com-
pared with that in PCP-negative patients, it was
significantly correlated with serum levels of LDH
and B-D-glucan. It has been reported that P carinii
enhances tumor necrosis factor-a release from alve-
olar macrophages through a PB-glucan-mediated
mechanism.!5 In this study, the neutrophil propor-
tion in BAL fluid was also correlated with the
oxygenation index, which is compatible with the
findings of a previous report.16 It is conceivable that
B-D-glucan released from pneumocystis might cause
subsequent neutrophil accumulation in the lung,
leading to lung tissue damage and oxygenation im-
pairment.

The limitation of this study is that we were unable
to follow the time course of the serum markers after
the diagnosis, partly because the chest radiographs
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and arterial blood gases were usually referred for
evaluation of the disease course or treatment effect.
Since most of the patients with PCP fortunately
responded to the treatment with trimethoprim/sul-
famethoxazole or pentamidine and recovered, it also
remains uncertain whether these serum markers are
predictive of a prognosis in patients with PCP.
Another limitation is the number of AIDS patients
included was small. Since the induced sputum has a
high diagnostic yield in patients with AIDS, the
importance of B-D-glucan and other serum indica-
tors in patients with AIDS still remains to be eluci-
dated. We believe that, except for these limitations,
the results of the present study could be generalized.

Differences in the levels of three serum markers
were found between the patients with PCP and those
without PCP, although each marker reflects a differ-
ent phenomenon. Whereas KL-6 responds to dam-
age of type 2 pneumocytes and bronchial epithelium,
B-D-glucan is a marker for a deep-seated fungal
infection. In addition, an elevated serum LDH level,
which we observed in PCP-positive patients, gener-
ally indicates damage in various organs. Although
serum B-D-glucan appears to be the most reliable
marker for P jirovecii infection, combined measure-
ment of these three parameters may enable the rapid
and noninvasive diagnosis of PCP, considering that
most PCP patients have a variety of underlying
diseases and simultaneous infections.

In the present study, GMS and Calcofluor white
stain were used for P jirovecii detection, whereas
polymerase chain reaction (PCR) assays have been
shown to have greater sensitivity and specificity. It
has been reported that PCR of BAL fluid can detect
asymptomatic colonization of P jiroveci particularly
in patients receiving corticosteroid therapy or immu-
nocompetent patients with lung disease.}™8 Al-
though PCR assay may have an advantage in diag-
nostic sensitivity, we were concerned that positive
PCR findings may indicate asymptomatic coloniza-
tion of P jirovecii rather than clinically significant
PCP, because most of the patients we evaluated
were immunocompromised or had lung disease.
Both GMS and Calcofluor white stain have been
reported to have PPV and NPV > 90%.1° Direct
fluorescence monoclonal antibody stain was another
sensitive method, although it has been shown that
Calcofluor white stain has equal sensitivity in the
detection of P jirovecii especially in BAL speci-
mens.!! We concluded that the microscopic method

‘used to detect P jirovecii should have sufficient

sensitivity and specificity.

In conclusion, after analyzing the diagnostic sig-
nificance of serum markers in a larger group of
patients, we found that B-D-glucan is a reliable
marker for the diagnosis of PCP. Serum LDH, which
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may not be as dependable as B-D-glucan in terms of
the diagnosis of PCP, reflects lung tissue injury,
resulting in its statistical correlation with oxygenation
impairment during PCP. Since the BAL procedure is
invasive, especially for patients with severe respira-
tory failure, measuring B-D-glucan should be con-
sidered as a primary modality for a noninvasive and
accurate diagnosis of PCP.
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PROFILES OF A PATHOGENIC ENTAMOEBA HISTOLYTICA-LIKE
VARIANT WITH VARIATIONS IN THE NUCLEOTIDE SEQUENCE
OF THE SMALL SUBUNIT RIBOSOMAL RNA ISOLATED FROM A
PRIMATE (DE BRAZZA’S GUENON)

Jun Suzuki, Seiki Kobayashi, Ph.D., Rie Murata, Yoshitoki Yanagawa, D.V.M., Ph.D., and

Tsutomu Takeuchi, M.D., Ph.D.

Abstract: A pathogenic Entamoeba histolytica-like variant (JSK2004) with genetic variations and a novel isoenzyme
pattern was isolated from a De Brazza’s guenon. A homology of 99.1% was found between the clones of E. histolytica
(HM-1:IMSS) and JSK2004 in the 1,893 nucleotide bases of the small subunit rRNA (SSU-rRNA) gene. The DNA of
the pathogenic amoeba species was also extracted from two sterile liver abscesses during the autopsies of an Abyssinian
colobus and a Geoffroy’s spider monkey occurring in the same institution in which JSK2004 was isolated, and the
homology of the nucleotide sequences in the SSU-rRNA gene of the DNAs was identical to that of JSK2004.

Key words: Entamoeba histolytica-like variant, pathogenic isolate, primate, SSU-TRNA gene, De Brazza’s guenon.

BRIEF COMMUNICATION

Entamoeba histolytica (pathogenic) and Ent-
amoeba dispar (nonpathogenic) are parasitic amoe-
bic species in humans and nonhuman primates, and
they show significant genetic similarity.>!? Since it
is difficult to morphologically differentiate the lat-
ter from the former, the detection of species-specific
hexokinase (HK) and phosphoglucomutase (PGM)
isoenzyme bands®; the detection of proteins by
monoclonal antibodies®; and the detection of DNAs
by a polymerase chain reaction (PCR)*!® have been
used for identification. Previously, a pathogenic E.
histolytica variant was detected with isoenzyme
bands characteristic of both E. histolytica PGM and
E. dispar HK. This exceptional isoenzyme pattern
[zymodeme XIII (Z-XII)] was detected in human
cases in South Africa and Tanzania; however, the
genetic profile of this variant has not been de-
scribed.® In this study, we isolated a pathogenic E.
histolytica-like strain (JSK2004) from a De Braz-
za’s guenon (Cercopithecus neglectus). This strain
did not satisfy the criteria for zymodeme classifi-
cation; however, the isoenzyme bands were char-
acteristic of both E. histolytica HK and E. dispar
PGM that were inverse patterns of Z-XIII.

Prior to the isolation of JSK2004, the DNA of
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the pathogenic amoeba species was extracted from
two sterile liver abscesses during the autopsies of
an Abyssinian colobus (Colobus guereza) and a
Geoffroy’s spider monkey (Ateles geoffroyi). DNA
was also extracted from the feces, including cysts,
of a De Brazza’s guenon without distinct symptoms
and was identified as that of E. histolytica by using
the E. histolytica II kit (TechLab, Blacksburg, Vir-
ginia 24060, USA); JISK2004 was isolated from the
same individual. The above-mentioned three pri-
mate species were born and bred for several gen-
erations in Japan. The infection source could not be
definitively identified. The specimens were sub-
jected to PCR and multiplex PCR by using two
primer sets targeting the 30-kDa proteins!® and the
small subunit fRNA (SSU-rRNA) genes* of E. his-
tolytica and E. dispar, respectively. The expected
101-base pair (bp) fragments of the E. histolytica
gene were produced by PCR. However, no frag-
ment was produced by the multiplex PCR (data not
shown).

A JSK2004 axenic culture was established in
TYI-S-33 medium!; subsequently, four clones
(JSK2004 cl1 to cl4) were obtained by the classical
methods of Diamond.! Each clone was confirmed
to possess the same genetic polymorphism® and
zymodeme® profiles. We sequenced 1,893 bases of
the SSU-rRNA gene of one clone (JSK2004 cl2).
The gene was PCR-amplified using the Entamoeba
species-specific primer set [Entaml (forward: 5'-
GTT GAT CCT GCC AGT ATT ATA TG-3') and
Entam?2 (reverse: 5'-CAC TAT TGG AGC TGG
AAT TAC-3")]" and two primer sets [Ent2F (for-
ward: 5'-GTA ATT CCA GCT CCA ATA GTG-3')
and Ent2R (reverse: 5’-ACA CCA CTT ACT ATC
CTT AAT-3'), Ent3F (forward: 5'-GTT ATC TAA
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TTT CGG TTA GAC-3'), and Ent3R (reverse: 5'-
ATC CTT CCG CAG GTT CAC CTA-3')] that
were designed from the SSU-rRNA gene sequence
of an E. histolytica reference strain [HM-1:IMSS
cl6 (HM-1)] (GenBank accession no. X64142). The
amplification was performed in a reaction mixture
(50 pl) containing 100 ng DNA, 1.0 U LATagDNA
polymerase (Takara Bio, Inc., Shiga, Japan), 0.4
M of each primer, and 0.25 mM dNTPs. The fol-
lowing cycling parameters were used: 1) Tag acti-
vation at 94°C for 3 min; 2) 35 cycles of denatur-
ation at 94°C for 40 sec, annealing at 51°C for 40
sec, and extension at 72°C for 1 min; and 3) exten-
sion at 72°C for 5 min. The PCR products were
sequenced using the ABI PRISM BigDye Termi-
nator Cycle Sequencing Ready Reaction Kit (Ap-
plied Biosystems, Foster City, California 94404,
USA) on an ABI PRISM 310 Genetic Analyzer.
A comparison of the SSU-rRNA sequences of
JSK2004 cl2, HM-1, and SAWI1734R clAR
(SAW1734; an E. dispar reference strain; GenBank
accession no. Z49256) indicated that 14 nucleotide
bases of the SSU-TRNA sequence of JSK2004 ci2
differed from those of HM-1, and of these 14 bases,
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seven were similar to those of SAW1734 (Fig. 1).
Similarly, the SSU-rRNA gene sequences of
JSK2004 cll, clI3, and cl4 corresponded to that
of JSK2004 cl2. The SSU-rRNA sequences of
the three other E. histolytica axenic strains with
different zymodemes [Z-Ila-(SAW1627), Z-XIV
(SAW755R cIB), and Z-XIX (KU-2)]° and two E.
dispar axenic strains (CYNO 09:TPC and AS16IR)
(Z-1)® corresponded to those of HM-1 (Z-1I) and
SAW1734 (Z-1), respectively.

The total DNA from the liver abscess of the
Abyssinian colobus and Geoffroy’s spider monkey
were PCR-amplified using two primer sets, (Ent2F
and Ent2R) and [Ent4F (forward: 5’-ATG GCC
AAT TTA TTT AAA TGA-3') and Ent4R (reverse:
5'-CAG ATT AAG AAA CAA TGC TTC-3'), de-
signed from the SSU-rRNA gene sequence of
JSK2004 c12], for identifying the E. histolytica-like
variant (JSK2004). The PCR was performed as fol-
lows: 5 min at 94°C; 35 cycles of 40 sec at 94°C,
40 sec at 55°C, 1 min at 72°C; and a final step of
5 min at 72°C. The PCR products from the total
DNA from the liver abscesses of an Abyssinian co-
lobus and Geoffroy’s spider monkey were obtained
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Figure 1.
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Profile of the nucleotide sequence of the small subunit rRNA of the Entamoeba histolytica~-like variant

(JSK2004 c12) from a De Brazza’s guenon. E. histolytica: Entamoeba histolytica (HM-1:IMSS cl6); E. dispar: Ent-

amoeba dispar (SAW1734R clAR).
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Figure 2.
(JSK2004) where ME: malic enzyme; GPI: glucose phosphate isomerase; HK: hexokinase; and PGM: phosphogluco-
mutase. Lane 1: a clinical isolate (xenic) (Z-II); Lane 2: HM-1:IMSS cl6 (axenic) (Z-II); Lane 3: SAW 1453 (xenic)
(Z-XIV); Lane 4: SAW1734R clAR (axenic) (Z-I); Lane 5: JSK2004 (axenic); Lane 6: JSK2004 (xenic); Lanes 1, 2,
and 3: Entamoeba histolytica (E.h); Lane 4: Entamoeba dispar (E.d); Lanes 5 and 6: JSK2004; «, B, and v: «, B, and
v bands.

using two primer sets [(Ent2F and Ent2R) and
(Ent4F and Ent4R)]. The authenticity of the PCR
products was confirmed by nucleotide sequencing
of the 878-bp and 1,088-bp fragments, and the
SSU-rRNA gene sequences corresponded to that of
JSK2004 cl2 (data not shown).

The isoenzyme patterns of four enzymes of the
JSK2004 strain and its four clones were identical
and novel and showed the following bands: 1) ma-
lic enzyme (ME), band with the same mobility as
those of E. histolytica and E. dispar; 2) HK, fast-
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Isoenzyme patterns of four enzymes in the freeze-thawed lysate of the Entamoeba histolytica-like variant

running double bands with the same mobility as
those of E. histolytica HK; 3) PGM, band (a band)
of E. dispar-PGM type; and 4) glucose phosphate
isomerase, a previously unidentified band that cor-
responded to the v band (Fig. 2).

The ability of the axenic-cultured JSK2004 to
form liver abscesses and its infectious capacity in
the large intestine were examined by inoculating 1
X 10% amoebae/head into the left hepatic lobes of
female Syrian hamsters (3—4 wk old)® and the cec-
ums of female C3H/HeJ mice (5—-6 wk old).” Liver
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abscess formation was confirmed in all of the three
examined hamsters; JSK2004 established persistent
infection in three mice for more than 6 mo. The
homologies of 1,893 nucleotide bases of the SSU-
RNA gene between JSK2004 cl12 and E. histolytica
and E. dispar were 99.10% and 98.47%, respec-
tively. Hence, the genetic homology between E.
histolytica and E. dispar was 98.10%; JSK2004 cl2
is located at a position that is intermediate between
the two species. The pathogenic E. histolytica-like
variant (JSK2004) that is located at an intermediate
position between E. histolytica and E. dispar and
contains an E. dispar-PGM type isoenzyme and

variations in the SSU-TRNA gene is expected to be .

a useful reference for phylogenetic studies.
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SUMMARY

Many microRNAs (miRNAs) are evolutionarily
conserved and have intriguing expression pat-
terns. Tissue and/or time-specific expressions
of some miRNAs are presumably controlled by
unique cis-acting regulatory elements that co-
evolved with the miRNA sequences. Exploiting
bioinformatics, we identified several miRNAs
whose primary transcripts could be regulated
by conserved genomic elements proximal to
their transcription start sites. Such miRNAs in-
clude microRNA-223 (miR-223), which is report-
edly controlled by a unique regulatory mecha-
nism during granulopoiesis. Here, we define a
mechanism distinct from that previously pro-
posed to regulate miR-223 expression. We find
that the mir-223 gene resembles a “myeloid
gene” and might be driven by the myeloid tran-
scription factors, PU.1 and C/EBPs. This mech-
anism is specified by the conserved proximal
cis-regulatory element and might be common
among different species. Hence, it needs to be
considered that two distinct mechanisms that
would play critical roles in myeloid functions
and differentiation are actually concerned with
the regulation of miR-223.

INTRODUCTION

The miRNAs are a growing class of tiny noncoding RNAs
(Lagos-Quintana et al., 2001; Lau et al., 2001; Lee and
Ambros, 2001) that regulate the expression of genes
by hybridizing the target sites with complementary se-
quences that are followed by translational repression,
mRNA cleavage, or destabilization (Bartel, 2004; Yekta

et al.,, 2004). Hundreds of miRNAs have been found in
various organisms, and many miRNAs are evolutionarily
conserved, suggesting their potential roles in essential
physiological events (Bartel, 2004). Some miRNAs have
limited expression patterns with strict tissue, cell, and
temporal specificities, while others demonstrate ubiqui-
tous or constitutive expression (Pasquinelli et al., 2005).
Therefore, studies of regulatory mechanisms governing
expression of specific miRNAs would contribute to better
understanding of their physiological roles.

Despite growing knowledge on miRNA biology, little is
known about the transcriptional regulation of miRNAs.
However, cumulative evidence suggests that many
miRNAs are transcribed by RNA polymerase 1l (Lee et al.,
2004). This is consistent with spatiotemporally limited
expression of miRNAs and indicates that numerous
lineage-specific transcription factors would take part in
transcriptional regulaﬁon of miRNAs. It is now widely ac-
cepted that most miRNAs are transcribed from their own
promoters, even though a few primary transcripts have
been fully defined to date. These primary miRNA tran-
scripts, called pri-miBNAs, are generally thought to be
much longer than.the conserved stem loops currently
used to define miRNA genes, as suggested by several ob-
servations. For example, clustered miRNAs are generated
from a single primary transcript (Lagos-Quintana et al.
2001; Lau et al. 2001). Furthermore, some RT-PCR exper-
iments amplified large fragments of the pri-miRNAs (Lee
et al. 2002). Identification of full-length primary transcripts
with regulatory genomic elements would therefore be
a critical step for studying the transcriptional mechanisms
for every single miRNA.

The hematopoietic system is a paradigm for the differ-
entiation of distinct cell lineages from multipotent progen-
itors (Orkin and Zon, 2002). Although lineage commitment
decisions in hematopoiesis involve a variety of modulators
that are influenced by each other in an unusually complex
manner, the central role of transcription factors in this bio-
process has been highlighted to date (Sieweke and Graf,
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1998; Zhu and Emerson, 2002). The current concept fa-
vors the emerging hematopoietic lineages being con-
trolled by a unique combination of transcription factors,
each of which may appear singly in different lineages (Sie-
weke and Graf, 1998), rather than the lineages being
regulated by single master transcription factors. Thus,
diverse combinations of transcription factors specify the
fate of distinct cell types by selection and maintenance
of a lineage-specific gene-expression program.

Previous studies demonstrated that some miRNAs,
such as miR-142, miR-181, and miR-223, are preferentially
expressed in the hematopoietic system (Chen et al., 2004;
Chen and Lodish, 2005). For example, miR-181 is highly
expressed in lymphoid tissues and cells (Chen et al.,
2004). Ectopic expression of miR-181 in murine hemato-
poietic progenitors resulted in significant increase of B
lineage fraction, underscoring possible miRNA involve-
ment in lymphopoiesis (Chen et al., 2004). Furthermore,
a very recent study demonstrated the mechanism that
specifies myeloid expression of miR-223 and proposed
a unique “minicircuitry” comprised of miR-223 and tran-
scription factors, NFI-A and CAAT enhancer-binding pro-
tein a (C/EBPa; Fazi et al.,, 2005). As shown previously,
miR-223 is highly conserved, and its myeloid-specific
expression is also well characterized in both human and
mouse (Chen et al., 2004; Fazi et al., 2005), suggesting
that the regulatory system is expected to be phylogeneti-
cally conserved.

Here, we demonstrate a comprehensive strategy for un-
derstanding miRNA gene expression and make use of
transcriptome data, an integrated database of genome
sequences or transcription factors, and bioinformatics;
in addition, we follow experimental validation. With this
approach, we identified dozens of cDNAs encoding
miRNA precursor sequences. These cDNAs are actually
considered as pri-miRNAs, and some of them are charac-
terized with genomic information that implicates for their
regulatory mechanisms.

As a result of this screening, we defined a regulatory
mechanism for myeloid expression of miR-223, which is
distinct from the previously proposed machinery but
would be common among different species. We thus
found that miR-223 originates in a relatively long noncod-
ing RNA (pri-miR-223) driven by the conserved proximal
genomic element in which possibie binding sites for mye-
loid transcription factors, PU.1 and C/EBP, are present.
Our analyses revealed an essential role of PU.1 in tran-
scription of pri-miR-223. Moreover, C/EBP was shown
to strongly enhance the promoter activity, especially in
combination with PU.1. Therefore, the conserved proxi-
mal cis-acting regulatory element of pri-miR-223 shows
general myeloid promoter characteristics, consistent
with preferential expression of miR-223 in the myeloid lin-
eage. This evolutionarily conserved promoter is distinct
from the previously characterized promoter (Fazi et al.,
2005). Importantly, our reassessment revealed that this
conserved promoter is probably active in the induction
of miR-223 during All-trans retinoic acid (ATRA)-induced
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differentiation of the APL cell line, NB4 cells, which is the
main experimental system adopted in the previous study
(Fazi et al., 2005). As a result of our study on miR-223 reg-
ulation and our reassessment of some parts in the previ-
ous report, it needs to be considered how two distinct
mechanisms regulate the expression of miR-223.

RESULTS

Genome-Wide Screening and Characterization

of Primary miRNA Transcripts

It is now widely accepted that many miRNAs are tran-
scribed by RNA polymerase 1l (Lee et al., 2004; Kim,
2005). Therefore, we hypothesized that primary transcripts
of some miRNAs could appear as mRNA-like RNAs.
Recent fruits of FANTOMS3, the project of mouse transcrip-
tome analyses, published approximately 103,000 non-
redundant cDNA sequences from various tissues (Caminci
et al., 2005). Based upon the above hypothesis, we made
use of this library for genome-wide screening of mRNA-like
primary miRNAs. As an initial approach, we searched for
cDNAs encoding full-length miRNA precursor sequences
and reasoned that such cDNAs represent primary tran-
scripts of “exonic” miRNAs (Kim and Nam, 2006).

Based on the homology, 102,802 cDNAs of the
FANTOMS3 database were exhaustively aligned with the
337 registered murine miRNA precursor sequences by
BLASTN program (Figure 1A). We identified 42 pairings
of cDNA-pre-miRNAs with a perfect match (Table 1). The
majority of these miRNA precursors is present on paired
cDNAs with +/+ direction, while a few miRNA precursors
are on paired cDNAs with opposite direction (+/—; Table
1). Although these antisense transcripts could be involved
in important gene-regulatory events as reported recently
(Katayama et al., 2005), we excluded them from the candi-
dates for this round of screening.

As is well known, 5’ genomic regions proximal to tran-
scription start sites often act as critical cis-regulatory
elements for gene transcription (Lipman, 1997; Venkatesh
and Yap, 2004). Moreover, such proximal cis-acting regu-
latory elements are often highly conserved among differ-
ent species. To identify 5 proximal cis-regulatory ele-
ments for each pri-miRNA candidate, we then extracted
upstream genomic regions of 38 cDNAs paired with pre-
miRNAs with a +/+ direction (Figure 1A). A BLAT search
of a 250 bp upstream sequence of each cDNA screened
out 12 pri-miRNA candidates whose 5’ proximal genomic
regions are highly conserved among mouse, rat, dog, and
human (Table 2). Putative binding motifs for transcription
factors of these 12 regions were then explored by con-
ducting the TESS program (Table 2).

Our screening strategy here demonstrated that availabie
cDNA libraries might be sources of information on mRNA-
like primary transcripts of miRNAs. Furthermore, subse-
quent genome-based profiling of pri-miRNA indicated
that some miRNA sequences might have coevolved with
genomic elements residing close to their transcription start
sites. Such genomic elements contain several consensus
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Figure 1. Mouse Pri-miR-223 Identified by Genome-Wide Screening of Pri-miRNAs

{A) Schematic for identification of cDNAs encoding known pre-miRNA sequences with conserved upstream genomic regions in FANTOM3,

(B) Two cDNAs, AK036748 and AK170206, encoding murine miR-223 precursor sequences (upper panel) and their gene structures (lower). The num-
bers denote the corresponding position at the Mus musculus genomic clone, RP23-23B17.

(C) Conservation of pri-miR-223 &' proximal genomic region (upper). A luciferase reporter assay was performed in RAW264.7 cells with indicated
reporters (lower). 1 indicates ppri-mmiR-223"75%-Luc, 2 indicates ppr-mmiR-223"*"%-Luc, 3 indicates ppri-mmiR-223-2%_Luc, 4 indicates
ppri-mmiR-223~"%4-Luc, 5 indicates ppri-mmiR-223-""-Luc, and 6 indicates pGL3 basic.

(D) Upper panel: The §' proximal promoter region of mouse pri-miR-223 with putative binding motifs for several transcription factors. The transcription
start site of AK036748 is fixed as +1. Lower panel: Highly conserved genomic site that contains PU.1- and C/EBP-binding motifs.

motifs for intriguing transcription factors (Table 2), sug-
gesting that these conserved genomic regions would act
as cis-acting regulatory elements for pri-miRNAs and
that miRNA expression might be regulated by such tran-
scription factors.

Identification of Pri-miR-223 Candidates

in FANTOM3

Of particular interest, AK170206 screened out as pri-miR-
223 is derived from the cDNA library of CD11c+ dendritic
cells (Table 1), consistent with previous studies reporting
myeloid-specific expression of miR-223 (Chen et al.,
2004). Furthermore, AK170206 could be regulated by
myeloid transcription factors, PU.1 and C/EBP, as the
conserved upstream genomic region contains binding
motifs for these transcription factors (Table 2). Thus, this
case may represent consistency between the tissue spec-
ificity and potential regulatory transcription factors.

Although another cDNA clone, AK036748, is also a can-
didate of pri-miR-223 (Table 1), we found that this clone is
practically transcribed from the same gene locus for
AK170206 (Figure 1B). Of note, the AK036748 clone is
actually expressed in vivo with strict myeloid specificity,
and ectopic expression of its splicing variant resulted in
the generation of functional mature miR-223, indicating
that AK036748 and AK170206 are probably mouse pri-
miR-223 in vivo (Figures S1 and S2).

Since the conserved genomic region found by our ge-
nome profiling was supposed to be included in the proxi-
mal promoter of pri-miR-223, the 5 flanking genomic
region was amplified from mouse genome, which was
followed by progressive deletions, and a set of reporter
vectors was generated as shown in Figure 1C. Relative re-
porter activity in miR-223-expressing monocytic cell line,
RAW264.7, was examined for each reporter vector using
a luciferase reporter assay (Figure 1C). Transcriptional
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Table 1. Murine cDNA Clones Encoding Known miRNA Precursors
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Table 1. Continued

miRNAs Length®

Tissue Origin
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The method used for extraction of these pre-miRNA/cDNA pairings is described in Experimental Procedures.

&L ength of each predicted miRNA precursor in miRBase is shown.

® Coding direction of miRNA: cDNA pairing is shown as miRNA strand/cDNA strand.
¢ Position of each pre-miRNA sequence is shown as corresponding nucleotide numbers of pairing cDNA sequence.

activity was readily detected in the presence of regions
that had been deleted for up to —146 bp of mouse pri-
miR-223, although significant reduction was observed
when the region from -233 bp to —146 bp was removed
(Figure 1C). Strikingly, the promoter activity was com-
pletely abolished to the basal level when the region from
—146 bp to —77 bp was deleted (Figure 1C), indicating
that this region contains the essential promoter domain
for mouse pri-miR-223 transcription. Notably, this region
is actually the highly conserved region identified in the ini-
tial genome profiling and contains two binding motifs for
PU.1: one nonconventional binding site for C/EBP (Grove
and Plumb, 1993) and one site for GATA-1 (Figure 1D).

Together, our data suggest that the highly conserved
genomic region that contains consensus motifs for hema-
topoietic transcription factors is probably the core pro-
moter of mouse pri-miR-223.

Myeloid Transcription Factors Act on the Conserved
Promoter of Pri-miR-223

To examine whether the myeloid transcription factors
physically interact with the conserved promoter region
in vivo, we performed chromatin immunoprecipitation
(ChIP). DNA fragments containing mouse pri-miR-223 pro-
moter as well as mouse Cathepsin C promoter were immu-
noprecipitated from genomic DNA of WEHI-3 by a-PU.1
and a-C/EBPB antibodies, suggesting that these myeloid
transcription factors are actually interacting with the corre-
sponding promoter sites (Figure 2A).

The action of those transcription factors on the promoter
was then examined. Single expression of PU.1 weakly
activated mouse pri-miR-223 promoter in miR-223-nega-
tive NIH3T3 (Figure 2B). C/EBPp alone stimulated mouse
pri-miR-223 promoter activity, but such activation was
weakened in a dose-dependent manner (Figure 2B). How-
ever, coexpression of PU.1 and C/EBPB induced potent
promoter activity, and C/EBPB enhanced it in a dose-
dependent manner (Figure 2C), indicating that the combi-
natorial action of PU.1 and C/EBP confers stable and
high-level activity of mouse pri-miR-223 promoter.

We also examined action of GATA-1 on mouse pri-
miR-223 promoter and observed a repression of the
endogenous activity of pri-miR-223 promoter by this
transcription factor (Figure 2D). Notably, however, such
repression was observed even in the absence of the

consensus-binding motif (data not shown), implying that
GATA-1-mediated suppression of mouse pri-miR-223
promoter activity would be due to mechanisms without
its DNA binding, as previously reported elsewhere (Nerlov
et al., 2000).

Together these data suggest that the activity of mouse
pri-miR-223 promoter is highly induced in the presence
of myeloid transcription factors, PU.1 and C/EBP, whereas
the erythroid transcription factor GATA-1 represses it,
which is consistent with myeloid-specific expression of
miR-223.

Critical Roles of Myeloid Transcription Factors

in Mouse Pri-miR-223 Transcription

To test whether the putative binding sites for myeloid tran-
scription factors in pri-miR-223 promoter are essential for
its transcriptional activity, we introduced various muta-
tions into those binding motifs (Figure 3A) and examined
effects of those mutations on the transcriptional activity
using a luciferase reporter assay in the RAW264.7 cell
line. Although the promoter activity declined significantly
with every single mutation (mutations 1, 2, and 3; Fig-
ure 3A), the mutation in the downstream PU.1-binding
motif (mutation 2) resulted in a drastic decrease of tran-
scriptional activity (Figure 3A), suggesting a dominant
role of the corresponding site in transcriptional control of
mouse pri-miR-223. Nonetheless, the most striking effect
was observed when mutations were introduced in both of
the two binding sites for PU.1 (mutation 4) and the tran-
scriptional activity was completely abolished by this com-
bination of mutations (Figure 3A), indicating that these two
PU.1-binding sites are essential for induction of mouse
pri-miR-223 promoter activity. Mutations in all three sites
(mutation 7) logically resulted in the complete extinction
of promoter activity, too (Figure 3A). Of note, physical
binding of PU.1 to those putative binding sites was also
confirmed (Figures S3A and S3B).

These results demonstrate that transcription of mouse
pri-miR-223 is optimally induced in the presence of both
of two PU.1-binding sites in- the conserved promoter,
therefore implying a critical role of PU.1 in pri-miR-223
transcription.

To further confirm the role of PU.1 in pri-miR-223 tran-
scription, we investigated the effect of dominant-negative
PU.1 (DN-PU.1) expression on pri-miR-223 promoter
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Table 2. miRNA-Containing cDNAs with Conserved Upstream Genomic Elements
Chromosome, Strand,

cDNAs (miRNAs) Position® Transcription Factors and Consensus Sequences
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Table 2. Continued

Chromosome, Strand,

cDNAs (mlRNAs) Position® Transcription Factors and Consensus Sequences
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Predicted transcription factors that bind to highly conserved, upstream regions of cDNA sequences.

2The position of conserved genomic regions.
® Denotes number of binding sites.

activity. Two kinds of DN-PU.1 constructs with deletions
of distinct regions in the transactivation domain were pre-
pared (Figure S3C). We then examined actions of DN-
PU.1 on mouse pri-miR-223 promoter activity using a lucif-
erase reporter assay and observed that the expression of

PU.12%°, but not PU.14%P, significantly repressed the pro-
moter activity, demonstrating that PU.1 plays a significant
role in mouse pri-miR-223 transcription and that the acidic
domain of PU.1 is critical for transcriptional control of
mouse pri-miR-223 (Figure 3B).
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Figure 2. PU.1 and C/EBPB Activate Mouse Pri-miR-223 Promoter

(A) Interactions of PU.1 and C/EBP with the core promoter region of mouse pri-miR-223 were examined in WEHI-3 cells using ChiP assay as de-
scribed in Experimental Procedures. As controls, Cathepsin C promoter (positive controi) and c-Myc promoter (negative control) were assayed.
Two percent of input DNA was used as a positive control of PCR. The antibody against MKP-1 was used as negative control for ChiIP.

(B) A graded amount {1[0.5 ug], 1/3, and 1/9) of each expression vector together with reporter vectors (Firefly Luc (FL): 0.2 pg; Renilla Luc (RL): 0.05 pg)
was transfected into NIH3T3 cells and assayed for a luciferase reporter assay.

(C) A graded dose (1]0.3ug], 1/3, and 1/8) of C/EBPB expression vector together with PU.1 expression plasmid (0.2 pg) and reporter vectors (FL:
0.2 ug; RL: 0.05 ng) were transfected in NIH3T3 and examined for the pri-miR-223 promoter activity by a luciferase reporter assay.

(D) A graded amount (1{0.5ug], 1/3, and 1/9) of mouse GATA-1 expression vector together with reporter vectors (FL: 0.2 pg; RL: 0.05 pg) was trans-
fected into RAW264.7 cells and examined for pri-miR-223 promoter activity by a luciferase reporter assay. All data are represented as mean + stan-

dard deviation (SD) from triplicate assays.

Cell 129, 617-631, May 4, 2007 ©2007 Elsevier Inc. 623



