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Granulocyte–macrophage colony-stimulating factor (GM-CSF) is a
major regulator of monocyte to macrophage differentiation. In
both humans and mice, the main phenotype of decreased GM-CSF
function is pulmonary proteinosis due to aberrant function of
alveolar macrophages. Recently, this cytokine has been shown to
up-regulate a cyclic nucleotide phosphodiesterase, PDE1B. Two
PDE1B variants with unique N-terminal sequences, PDE1B1 and
PDE1B2, have been identified. Here, we report that the previously
uncharacterized PDE1B2 is selectively increased by GM-CSF by
stimulation of transcription at a previously unknown transcrip-
tional start site. Analysis of the exon and intron organization of the
PDE1B gene reveals that PDE1B2 has a different N-terminal se-
quence because of a separate first exon that is located 11.5 kb
downstream from the PDE1B1 first exon. By using 5�-RACE, align-
ment of EST sequences, and a luciferase-reporter system, we
provide evidence that PDE1B2 has a separate transcriptional start
site from PDE1B1 that can be activated by monocyte differentia-
tion. Furthermore, IL-4 treatment in the presence of GM-CSF, which
shifts the differentiation from a macrophage to a dendritic cell
phenotype, suppresses the up-regulation of PDE1B2. Induction of
PDE1B2 is also found in T cells upon activation by PHA. Therefore,
PDE1B2 may have a regulatory role in multiple immune cell types.
Last, characterization of the catalytic properties of recombinant
PDE1B2 shows that it prefers cGMP over cAMP as a substrate and,
thus, is likely to regulate cGMP in macrophages. Also, PDE1B2 has
a nearly 3-fold lower EC50 for activation by calmodulin than
PDE1B1.

cAMP � cGMP � phosphodiesterase

Monocytes are circulating peripheral blood cells that can be
differentiated by cytokines into macrophages of different

phenotypes as well as into dendritic cells. The resulting pheno-
type of differentiated monocytes is determined by the cytokine
or combination of cytokines and other local stimuli to which the
cell is exposed. One of the principal promoters of monocyte
differentiation is the cytokine granulocyte–macrophage colony-
stimulating factor (GM-CSF) (1, 2). The phenotype of mono-
cytes differentiated in culture with GM-CSF alone resembles
alveolar macrophages (1, 3). Moreover, GM-CSF deficiency in
both mice (4–6) and humans (7, 8) is manifest by pulmonary
alveolar proteinosis that is linked to alveolar macrophage dys-
function. Alternatively, monocytes treated with GM-CSF in the
presence of IL-4 differentiate into dendritic cells (9, 10) instead
of macrophages. Dendritic cells are professional antigen-
presenting cells that have some of the same functional capabil-
ities as alveolar macrophages but are especially adept at acti-
vating naive T cells. Hence, the combination of cytokines and
other local stimuli can have selective effects on expression of
genes that, in turn, determine the resulting phenotype of the
differentiated monocyte.

Cyclic nucleotide phosphodiesterases (PDEs) regulate the am-
plitude and duration of cAMP and cGMP signals by controlling
their rates of degradation. The expression patterns of PDEs change
with monocyte differentiation (11–13) and the resulting PDE-
expression profiles vary with the cytokine used for differentiation
(14). So far, 11 families of PDEs have been identified that have

different tissue and cellular expression, enzymatic characteristics,
specificities for cAMP or cGMP, cellular localization, and regula-
tion by allosteric inhibitors and activators, as well as different
profiles of pharmacological inhibition (15–17). Most PDE families
contain several different isoforms that are products of separate
genes. Also, many of these genes encode several variants that are
the products of different mRNAs formed by use of alternative start
sites or alternative splicing.

Previous characterization of the changes in PDE expression with
GM-CSF treatment of monocytes has shown that PDE1B expres-
sion is increased significantly by differentiation (14). However, the
identity of the PDE1B variant that was induced was not determined.
This issue is significant because different PDE variants can have
disparate properties. For example, variation in the first 18–34 aa of
PDE1A determines the affinity of the isozyme for Ca2��calmod-
ulin (18–20), whereas the first 17–25 aa of PDE2A determine
whether the enzyme will be localized to the cytosol (PDE2A1) (21)
or membrane [PDE2A2 (22) and PDE2A3 (23)]. Thus, expression
of variants of different PDE isoforms can provide a mechanism for
imparting highly specific properties to individual PDEs.

Two PDE1B variants (PDE1B1 and PDE1B2) that possess
different N-terminal sequences have been identified. PDE1B1 has
a unique 38-aa N-terminal sequence, whereas PDE1B2 has 18 aa
that are unique to its N terminus. PDE1B1 was identified �10 years
ago (24, 25), and it has been characterized extensively (26, 27).
However, only one article concerning PDE1B2 has been published
(28). This article showed strong expression of PDE1B2 mRNA in
the spinal cord and weak expression in thyroid, thymus, uterus,
small intestine, putamen, and caudate nucleus (28). The tissue
expression of PDE1B2 protein has not yet been demonstrated, nor
have the kinetic properties of PDE1B2 been reported.

Here, we report that the PDE1B2 mRNA, protein, and activity
are up-regulated upon monocyte differentiation. Furthermore, we
elucidate a mechanism for the differential up-regulation of
PDE1B2 expression and also present kinetic constants for enzy-
matic activity. Our results suggest that PDE1B2 is important for
regulation of macrophages by GM-CSF and possibly also for the
function of other immune cells. This work is significant because it
characterizes a previously undefined enzyme and suggests that
targeting of PDE1B2 activity may have clinical usefulness for
treatment of inflammatory diseases.

Experimental Procedures
Cell Culture and Differentiation. Monocytes and T cells were purified
from buffy coats obtained from human donors by the Red Cross
(Portland, OR) as described (14). Monocytes were purified by using
density-gradient centrifugation with Ficoll-Paque Plus (Amersham
Pharmacia Biotech), followed by positive selection with magnetic
CD 14 microbeads (Miltenyi Biotec, Auburn, CA). T cells were
purified by negative selection using a pan T cell isolation kit
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(Miltenyi Biotec). Monocytes were differentiated in RPMI medium
1640 supplemented with penicillin, streptomycin, and 10% FBS and
buffered with 10 mM Hepes. Monocytes were differentiated at a
concentration of 5 � 105 cells per ml with 100 ng�ml GM-CSF in
the absence or presence of various concentrations of IL-4. T cells
were activated in RPMI medium 1640 supplemented with penicil-
lin, streptomycin, and 10% FBS at a concentration of 1 � 106 cells
per ml with 10 �g�ml PHA. The HL-60 cell line was purchased
from the American Type Culture Collection and maintained in the
same media as primary monocytes. For HL-60 cell differentiation,
cells were incubated at 7 � 105 cells per ml with 50 nM phorbol-
12-myristate-13-acetate (PMA). HEK 293T cells were maintained
in MEM with 10% FBS.

Cytosol Preparation and PDE-Activity Assay. Cells were harvested,
washed once in cold PBS, and suspended in lysis buffer containing
50 mM Tris, pH 7.5�100 �M EDTA�1 mM benzamidine�0.1 mM
sodium orthovanadate�1 mM DTT and supplemented with a
protease inhibitor mixture (Sigma). Cells were ruptured by soni-
cation, and PDE activities were measured in the cell homogenates
as described (14, 29). Calmodulin-stimulated PDE1 activity was
determined by subtracting cGMP PDE activity in the presence of
1 mM EGTA from activity in the presence of 1 mM CaCl2 and 4
�g�ml calmodulin.

Preparation of PDE1B1 and PDE1B2 Expression Constructs and Trans-
fection in HEK Cells. Sequences encoding the PDE1B1 and PDE1B2
proteins were inserted into the pcDNA3.1�V5-His-TOPO vector
from Invitrogen. However, a stop codon sequence was added to
prevent expression of the V5-His tag. The sequences for PDE1B1
and PDE1B2 were amplified from a human brain cDNA library
(Clontech) and HL-60 cell cDNA, respectively. The plasmids were
sequenced and verified to match earlier sequences reported for
PDE1B1 and PDE1B2 (GenBank accession nos. NM�000924 and
AJ401609, respectively). Recombinant PDE1B proteins were ex-
pressed in HEK 293T cells. Cells were transfected with the PDE1B
expression plasmids, and after 48 h, cells were harvested, and lysate
was prepared as described above. Cytosol was obtained by centrif-
ugation at 16,000 � g for 10 min. Both PDE1B1 and PDE1B2 were
found in the cytosol, and cytosolic fractions were used for deter-
mination of kinetic constants.

Immunoprecipitation and RT-PCR. PDE1B was immunoprecipitated
by using the ACC-1 mAb, as described in ref. 29 and explained in
detail in Supporting Materials and Methods, which is published as
supporting information on the PNAS web site. Total RNA was
isolated from 5 � 106 cells, and RT-PCR was performed as
described (14).

PDE1B2 5�-RACE. The 5�-UTR sequence of PDE1B2 mRNA was
determined by 5�-RACE using the First-Choice RLM-RACE kit
from Ambion (Austin, TX). Total RNA from HL-60 cells differ-
entiated with PMA was isolated, and cDNA with an adaptor ligated
to the 5� ends was generated by using the kit. Two PCRs were
performed to amplify a product containing the 5� end of the
PDE1B2 mRNA. The second PCR was run on an agarose gel, and
a single band was detected. The PCR product was ligated into the
pcDNA4 HisMax topo vector (Invitrogen) for sequencing.

Preparation of Luciferase Reporter Constructs and Measurement of
PDE1B Promoter Activity. Genomic DNA was isolated from HL-60
cells by using the DNeasy kit from Qiagen (Valencia, CA). The
region 2 kb directly upstream of the translational start sites for the
PDE1B1 and PDE1B2 first exons was amplified and inserted into
the pCR 2.1 topo TA vector (Invitrogen). The inserts were then cut
from the topo TA vector, purified, and ligated into the pGL3 Basic
vector (Promega) upstream of the firefly luciferase reporter gene.
The luciferase reporter plasmids were transfected into HL-60 cells
by electroporation with 10 �g of reporter plasmid by using the ECM
630 Electro Cell Manipulator (BTX, Holliston, MA) at 280 V with
a capacitance of 1,050 �F. Luciferase activity was measured by
using luficerase reagent (Promega), and activities were normalized
by protein concentration.

Results
Induction of PDE1B2 mRNA and Protein. In previous work, we found
that an undefined form of PDE1B is up-regulated upon monocyte
differentiation with GM-CSF (14). To investigate this finding
further, we sought to determine which PDE1B variant was ex-
pressed in these cells. This identification is important because PDE
variants can have significantly different properties. To address this
question, we used Abs specific to different regions of the PDE1B1
and PDE1B2 proteins (Fig. 1A). First, we wanted to determine
whether PDE1B could also be up-regulated in promyelocytic
leukemia HL-60 cells, which can be differentiated to a monocyte�
macrophage phenotype by treatment with PMA (30, 31). PMA-
induced differentiation of HL-60 cells triggered an increase in
PDE1 activity that was maximal by day 3 (see Fig. 5, which is
published as supporting information on the PNAS web site). When
PDE1 was immunoprecipitated from PMA-differentiated cells, a
single band with an electrophoretic mobility similar to recombinant
PDE1B2 (59 kDa) and not recombinant PDE1B1 (63 kDa) was
detected by using an anti-PDE1B Ab (Fig. 1B). To confirm that only
PDE1B2 protein was up-regulated, Abs against the unique N
termini of PDE1B1 and PDE1B2 were also used for Western
blotting (Fig. 1B). Induction of PDE1B2 in various cell lines by
artificial stimuli does not necessarily relate to what happens in

Fig. 1. PDE1B2 protein is up-regulated with monocyte differentiation. (A) The unique N-terminal sequences of PDE1B1 and PDE1B2 are shown as the hatched
(PDE1B1) or black (PDE1B2) areas. (B) ACC-1 was used to immunoprecipitate PDE1 from HL-60 cells (ctl), HL-60 cells treated for 3 days with 50 nM PMA (PMA),
rPDE1B1 (1B1), or rPDE1B2 (1B2). The immunoprecipitates were separated by SDS�PAGE and Western blotted by using an Ab recognizing a portion of the
common C-terminal portion of PDE1B (the epitope is indicated by the dotted region in A) or Abs recognizing either the unique N-terminal sequence of PDE1B1
or PDE1B2 shown in A. (C) The Ab recognizing the C-terminal portion of PDE1B was used to identify the PDE1B variant immunoprecipitated from monocytes
(MO) and GM-CSF-treated monocytes (GM-CSF). (D) The same �-PDE1B C-terminal Ab was used also to detect the different PDE1B variants in primary T cells (ctl)
and T cells treated with PHA. Western blots are representative of three separate experiments.
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primary monocytes exposed to physiological cytokines; therefore,
we tested primary monocytes treated with GM-CSF. The data
shown in Fig. 1C indicate that PDE1B2 protein is selectively
increased when primary human monocytes are differentiated to
macrophages with GM-CSF.

PDE1 activity has been reported to be induced in T cells upon
activation with PHA (32, 33). Furthermore, PDE1B1 mRNA has
been detected in human T cells (33, 34), and a PDE1B protein was
found in bovine mononuclear cells after PHA activation (32).
However, at the time of the publication of these reports, PDE1B2
had not been identified, and consequently, these researchers (un-
aware of the existence of PDE1B2) did not test for its presence. We
now find that both PDE1B1 as well as PDE1B2 protein (Fig. 1D)
are expressed in human T cells activated with PHA. PDE1B1 has
been implicated to be important for T cell survival because treat-
ment of lymphoblastoid cell lines with an antisense oligode-
oxynucleotide specific to PDE1B1 induced apoptosis (34). Also, it
appears that PDE1B2 may also play a role in T cell biology.

It was of interest to determine whether the changes in PDE1B2
protein that occur with monocyte differentiation were caused by
increased levels of PDE1B2 mRNA. Therefore, RT-PCR analysis
was applied to total RNA isolated from HL-60 cells or HL-60 cells
differentiated for 3 days with PMA. Different concentrations of
cDNA template were used to perform a semiquantitative measure-
ment of PDE1B mRNA levels. G3PDH was used as a control to
ensure that nearly equal amounts of cDNA template were used
from the different treatment conditions. The RT-PCR products
were quantitated by using densitometry (see Fig. 6, which is
published as supporting information on the PNAS web site). PMA
treatment of HL-60 cells was found to cause a 5-fold induction of
PDE1B2 mRNA (Fig. 2A). Somewhat surprisingly, PDE1B1
mRNA also was detected in control cells, and it was increased 2-fold
by PMA treatment. This finding is strange because PDE1 activity
in untreated cells is very low and PDE1B1 protein is not detected
in PMA-treated cells. This result suggests that the PDE1B1 message
can be regulated posttranscriptionally or that it has very poor
translational efficiency. More important, GM-CSF treatment of
monocytes was also found to substantially up-regulate PDE1B2

mRNA (Fig. 2B). These results imply that the mechanism for
increased PDE1B2 protein expression may be increased
transcription.

PDE1B1 and PDE1B2 Have Separate Transcriptional Start Sites and
Promoters. The origin of the unique N-terminal sequence of
PDE1B2 has not been elucidated. To determine the source of the
different N-terminal sequences of the two PDE1B variants, we
aligned their mRNA sequences with the PDE1B genomic sequence.
The resulting alignment reveals that the different N termini of
PDE1B1 and PDE1B2 are products of separate first exons. In Fig.
3A, the organization of the PDE1B gene is diagrammed. The
unique PDE1B1 and PDE1B2 exons are indicated, and the remain-
ing exons are common between the two variants.

Because the reported PDE1B2 sequence (28) did not contain a
5�-UTR sequence, we sought to identify this sequence to determine
whether the transcriptional start site for PDE1B2 is distinct from
that of PDE1B1. We used 5�-RACE to identify the PDE1B2
5�-UTR. The sequence obtained from PMA-differentiated HL-60
cells is shown in Fig. 3A (RACE), and the nucleotide sequence
alignment is shown in Fig. 7, which is published as supporting
information on the PNAS web site. The RACE product obtained
for PDE1B2 contained a 5�-UTR sequence that matched exactly
the genomic sequence found directly upstream of the PDE1B2
translational start site. Also, two ESTs (GenBank accession nos.
CA397265 and BG390932) were found to also contain sequences
that matched the genomic sequence directly upstream of the
PDE1B2 translational start site. We did not obtain any ESTs or
RACE products for PDE1B2 that contained sequence that
matched any regions 5� to the PDE1B1 first exon. Hence, it was
probable that the transcriptional start site for PDE1B2 is 3� of
the PDE1B1 first exon and that the two variants have different
promoters.

To demonstrate that PDE1B1 and PDE1B2 have separate
promoters, we amplified 2 kb of genomic sequence upstream of the
PDE1B1 and PDE1B2 first exons and inserted the sequences in
front of a firefly luciferase reporter gene. The constructs were
transfected into HL-60 cells to determine whether the sequences
exhibit promoter activity. We found that the 2-kb-upstream se-
quence of PDE1B1 was constitutively active (Fig. 3B) in HL-60 cells
and was activated by PMA treatment. This result is consistent with
our earlier finding of PDE1B1 mRNA expression in HL-60 cells
and primary monocytes. Because the PDE1B1 promoter is active
and PDE1B1 mRNA is present despite the absence of PDE1B1
protein, it can be inferred that the PDE1B1 mRNA is regulated
posttranscriptionally. The regulation of the PDE1B1 mRNA must
be cell-type-specific because the induction of PDE1B1 protein can
be observed with PHA treatment of T cells. In contrast to PDE1B1,
the PDE1B2 promoter sequence was minimally active before PMA
treatment and activated �20-fold after treatment with PMA.
Again, this result is consistent with our earlier discovery of in-
creased PDE1B2 mRNA and protein levels after differentiation of
HL-60 cells and primary monocytes. These results suggest that the
sequences directly upstream of the unique PDE1B1 and PDE1B2
first exons both are functional promoters but are regulated differ-
entially in monocytes. Although the 2-kb-upstream sequence tested
for PDE1B2 was found to serve as a functional promoter, it may
also be regulated in vivo by additional elements upstream in the
PDE1B1 promoter. These findings confirm that transcriptional
activation is a major mechanism for PDE1B2 up-regulation.

To explore the mechanism of the transcriptional activation of the
PDE1B2 promoter by GM-CSF further, we searched a portion of
the identified promoter sequence for potential binding sites of
transcription factors that are likely to be relevant to GM-CSF-
induced differentiation. The 2,000 bp directly upstream of the
PDE1B2 first exon were searched by using Yutaka Akiyama’s
(Kyoto University, Kyoto) TFSEARCH program with the TRANS-
FAC (35) database and the SIGNAL SCAN program with the TFD

Fig. 2. PDE1B2 mRNA is up-regulated by PMA treatment of HL-60 cells or
GM-CSF treatment of primary monocytes. (A) RT-PCR was used to detect
PDE1B1, PDE1B2, and G3PDH mRNA from HL-60 cells (Ctl) or cells treated for
3 days with PMA (�PMA). (B) RT-PCR was used to detect mRNA in monocytes
and monocytes differentiated with GM-CSF. Decreasing amounts of cDNA
template were used in the reactions to ensure a linear and semiquantitative
comparison of PDE1B2 mRNA levels. cDNA amount decreased, as shown from
left to right by the sloped line. G3PDH was used as a control to ensure that
similar amounts of cDNA were used. Data are representative of three separate
experiments.
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(36) and TRANSFAC databases. By using these tools, multiple sites
were identified, including STAT, AP-1, and PU.1 binding se-
quences that have been shown to be activated by GM-CSF (37–40).
Only sites located in the 800 bp directly upstream of the PDE1B2
translational start site are shown in Fig. 8B, which is published as
supporting information on the PNAS web site. The PU.1 site may
be especially important because PU.1 has been shown to be crucial
for GM-CSF regulated macrophage development (38, 41). For
comparison, we also analyzed the PDE1B1 first exon promoter
region for the same sites. In Fig. 8A, we show that, in the 2,000 bp
upstream of the PDE1B1 translational start site, some of the same
sites found in the PDE1B2 promoter were present but mostly in
lower abundance (for example, C�EBP and c-Ets). These differ-
ences could explain the observation that the PDE1B1 promoter is
regulated differently than the PDE1B2 promoter.

PDE1B1 and PDE1B2 Have Similar Kinetic Properties. Because
PDE1B2 has been discovered only recently and has not been
characterized previously, we analyzed its catalytic properties to
determine whether its unique N-terminal sequence imparts enzy-
matic characteristics dissimilar from PDE1B1. PDE1B1 has been
characterized previously and was found to be activated by calmod-
ulin at low concentrations and to prefer cGMP as substrate over
cAMP at low substrate levels but to have a Vmax that is approxi-
mately equal for both cGMP and cAMP (27, 42). We found
recombinant PDE1B2 has kinetic constants similar to PDE1B1
(Table 1). The Km for cGMP is nearly equal for PDE1B1 and
PDE1B2, whereas PDE1B2 has a slightly lower Km for cAMP (9.96
�M) than PDE1B1 (23.77 �M). The ratio of cGMP Vmax to cAMP
Vmax is nearly equal for the two enzymes.

The EC50 for activation by calmodulin was found to be �3-fold
lower for PDE1B2 (1.21 nM) than for PDE1B1 (3.55 nM). Fidock
et al. (28) found that the N-terminal sequences of PDE1A1 and
PDE1B2 align well, whereas the N termini of PDE1A2 and
PDE1B1 are homologous. As with the two PDE1B forms described
here, sequence variation at the N terminus of PDE1A did not affect
Vmax or Km for cAMP and cGMP (43). Because PDE1A1 had been

found to have a 10-fold higher affinity for calmodulin than PDE1A2
(18–20), the authors logically predicted that PDE1B2 might have a
higher affinity for calmodulin than PDE1B1. Confirming this idea,
we find that PDE1B2 has a higher affinity for calmodulin than
PDE1B1, although the difference between the PDE1B isoforms is
only �3-fold.

The Effect of IL-4 on PDE1 Induction and Dendritic Cell Formation.
When monocyte differentiation is initiated by GM-CSF in the
presence of IL-4, the resulting cells have a dendritic cell instead of
a macrophage phenotype (9, 10). Fluorescence-activated cell sort-
ing was used to determine expression of cell-surface proteins as
markers for differentiation. We found that IL-4 suppresses PDE1B
induction (Fig. 4A) under conditions in which it shifts the differ-
entiation phenotype to a dendritic cell, as determined by expression
of the dendritic cell marker CD1a and the macrophage marker
CD14 (Fig. 4B). This finding is consistent with an earlier study
reporting low PDE1 expression levels in dendritic cells (12). A
dose-response for IL-4 revealed that very low concentrations of
IL-4 are required to inhibit PDE1 induction (Fig. 4A). We found
that an IL-4 concentration as low as 0.1 ng�ml is sufficient for a
nearly maximal effect.

To gain further insight into the function of PDE1B in monocyte
differentiation, we followed the time course for up-regulation of

Fig. 3. PDE1B1 and PDE1B2 have separate transcriptional start sites. (A) The exon and intron organization of the human PDE1B gene is shown. The PDE1B1
and PDE1B2 variants have unique N-terminal sequences that correspond to separate exons and the remaining exons are common. The product obtained from
a 5�-RACE reaction (RACE) was found to match the PDE1B2 first exon and genomic sequence directly upstream and is shown aligned to the corresponding genomic
region. Two EST sequences (EST 1 and EST 2) that were identified by BLAST search match the PDE1B2 first exon and are shown aligned as well. (B) We inserted
2 kb of genomic sequence exactly 5� to the PDE1B1 and PDE1B2 translational start sites in front of a luciferase reporter gene in the pGL3 basic vector, and
constructs were electroporated into HL-60 cells. After 24 h, cells from each electroporation were divided into two groups and received no treatment or were
treated with 100 nM PMA. At 2 days after treatment, cells were harvested and luciferase activity was measured. Values are means � SEM and were determined
for four separate experiments.

Table 1. PDE1B1 and PDE1B2 have similar kinetic properties

Kinetic property PDE1B1 PDE1B2

Calmodulin EC50 3.55 � 0.36 nM 1.21 � 0.29 nM
Km cGMP 5.90 � 1.27 �M 4.26 � 1.32 �M
Km cAMP 23.8 � 3.87 �M 9.96 � 0.34 �M
Vmax cGMP�cAMP 1.61 � 0.29 2.37 � 0.39

PDE1B1 and PDE1B2 were expressed in HEK 293T cells, and the kinetic
constants for calmodulin-stimulated hydrolysis of cAMP and cGMP were de-
termined. Values are means � SEM, and they were determined for three
separate transfections of HEK cells.
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PDE1 activity in response to GM-CSF treatment in the absence or
presence of IL-4. The effect of IL-4 on PDE1 takes time to occur.
On day 1, the PDE1 activity seems to be increased with IL-4
treatment, and the suppressive effect of IL-4 is not seen until later
time points (Fig. 4C). It has been shown that IL-4 can alter the
differentiation of osteoclasts as well (44, 45), and prolonged IL-4
treatment was necessary for the effect (44).

Discussion
In this article, we provide evidence that the mRNA, protein and
activity of the previously uncharacterized PDE1B2 are up-
regulated with monocyte-to-macrophage differentiation. We
have explored the mechanism of the induction, and our data
strongly suggest that transcription of PDE1B1 and PDE1B2
mRNAs are regulated in vivo at different start sites by separate
promoters. Two important issues to consider based on our
findings are the rationale for PDE1B1 and PDE1B2 being
regulated independently from separate promoters and the func-
tional role of PDE1B2 in macrophage biology.

The use of separate promoters has several implications. First, it
confers a different N-terminal coding sequence to the mRNA. In
theory, this sequence difference could alter catalytic or regulatory
properties. There is some precedent that the N-terminal sequences
of PDEs make important regulatory interactions because the
UCR1 and UCR2 domains of PDE4D3 provide sites for dimer-
ization (46) and phosphorylation (47, 48). However, no regulatory
protein binding or phosphorylation sites have been demonstrated to
be exclusive to the unique N-terminal sequences of either of the
PDE1B variants.

As expected from the identical sequences in the catalytic do-
mains, the basic substrate kinetic properties of recombinant
PDE1B2 are very similar to those of PDE1B1. The lower Km for
cGMP compared with cAMP would suggest that this enzyme is
induced, at least in part, to regulate the amplitude and duration of
cGMP in the cell. PDE1B2 has a 3-fold higher sensitivity for
activation by calmodulin than PDE1B1. Although changes in
N-terminal sequence of the PDE1A variants caused large dispar-
ities in calmodulin sensitivity (18–20), PDE1C variants with differ-
ent N-terminal sequences had only small differences in calmodulin
affinity (49). The PDE1B variants seem to be most similar to the
PDE1C family in this regard. It is difficult to know whether a 3-fold
difference in calmodulin sensitivity between the PDE1B variants is
physiologically significant, but given the importance of tight regu-
lation of calcium in these cells and also the importance of cAMP
and cGMP in regulating macrophage function, it is tempting to
speculate that the differences are likely to be significant. Perhaps
the advantage of a higher calcium sensitivity is enough of a reason

for nature to have favored the development of a separate promoter
region as a mechanism of providing an altered higher-affinity
calmodulin-binding site.

A second possibility for the existence of the unique PDE1B2
promoter, in addition to its different N-terminal coding sequence,
is that it may also have evolved to allow differential regulation of
transcription in a tissue-specific manner. The two separate promot-
ers would allow the same gene (PDE1B) to be regulated by different
signals and transcription factors in different cell types. In this case,
we assume that the PDE1B2 promoter allows GM-CSF to induce
a calcium sensitive, cGMP-selective PDE in macrophages but not
in other tissues. Several binding sites for transcription factors that
have been established to be activated by GM-CSF, such as AP-1 and
STATs, were identified in the PDE1B2 promoter sequence acti-
vated by monocyte differentiation. Also present in the promoter
sequence are two canonical binding sites for PU.1, which has been
shown to be an important factor for macrophage development. The
transcriptional up-regulation of PDE1B2 is likely to occur by means
of GM-CSF-stimulated binding of some combination of factors to
these sites. The 2,000-bp PDE1B1 promoter region contains some
of the same binding sites, but in lower abundance, and it lacks a
PU.1 site. This discrepancy could explain the differential regulation
of the two promoters in monocytes and macrophages. Also, it was
discovered that PDE1B1 is regulated posttranscriptionally as well as
at the transcriptional level.

Our data do not exactly define how PDE1B2 contributes to
macrophage biology, but it is likely to be important for the
regulation of the monocyte-to-macrophage differentiation process,
the function(s) of the differentiated macrophage, or both. In this
regard, the observations demonstrating that IL-4 shifts the differ-
entiation of monocytes into dendritic cells (9, 10) and the data in
this article showing that IL-4 suppresses PDE1 induction (Fig. 4),
imply that PDE1 up-regulation may be, at least in part, responsible
for defining the characteristics of the specific macrophage pheno-
type differentiated from monocytes. It is possible that GM-CSF
up-regulates PDE1 to remove a cAMP or cGMP block on the
conversion of the monocyte to a more differentiated phenotype
because it is known that both cAMP and cGMP block this process
for dendritic cells (50). During differentiation, IL-4 could prevent
the development of the alveolar macrophage phenotype partly by
suppressing PDE1B2 induction. In addition to the ability of IL-4 to
suppress the induction of PDE1B2, it also presumably promotes the
expression of other genes that allow the cell to develop instead into
a dendritic cell phenotype. Because PDE1B2 is also up-regulated
with T cell activation, its function may be more generalized and
involved in the regulation of other immune cell types as well.

Fig. 4. IL-4 suppresses PDE1 induction. Monocytes were differentiated with GM-CSF (100 ng�ml) in the absence or presence of increasing concentrations of
IL-4. Cells were harvested after 7 days for measurement of PDE1 activity (A) or for analysis of expression of the cell surface markers mannose receptor (MR), CD14,
and CD1a by using fluorescence-activated cell sorting (B). *, P � 0.05, compared with treatment with GM-CSF alone. Values are means � SEM of four separate
donor preparations. (C) Monocytes were differentiated with 100 ng�ml GM-CSF in the absence (squares and solid line) or presence (circles and dotted line) of
25 ng�ml IL-4, and cells were harvested at different time points for measurement of PDE1 activity. *, P � 0.01, compared with treatment with GM-CSF alone.
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PDE1B2 is also likely to be important for functions of the mature
macrophage. For example, it is well known that agents such as NO
that increase cGMP will alter neutrophil chemotaxis and migration
(51–53). This effect is well established in neutrophils and has been
suggested to be the case for macrophages (54, 55). cGMP in
macrophages has been shown to modulate inflammatory processes,
such as inducible NO synthase induction (56, 57) and TNF-� release
(58–61). Also, it is known that intracellular calcium transients are
important modulators of macrophage (62–64) function. Therefore,
the marked up-regulation of PDE1B2 is likely to be critical for the
regulation of these processes in differentiated macrophages. The
kinetic and regulatory properties of PDE1B2 shown in this article
strongly suggest that this enzyme should provide a dominant
mechanism by which calcium transients can control the duration

and amplitude of the cGMP signal in these cells. This connection
could allow crosstalk between the cGMP and calcium pathways in
coordinating inflammation. Thus, it would seem prudent to develop
selective inhibitors of PDE1B and assess their effects on inflam-
mation. Low concentrations of such inhibitors may selectively target
macrophages and, perhaps, other activated immune cells such as T
cells. If a PDE1B2 selective inhibitor could be developed, it might
have fewer side effects than currently available antiinflammatory
agents.
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