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MicroRNA-181a-mediated downregulation of AC9
protein decreases intracellular cAMP level and inhibits
ATRA-induced APL cell differentiation

LK Zhuang1,2, GP Xu1,2, XR Pan1, YJ Lou1, QP Zou1, D Xia1, WW Yan1, YT Zhang1, PM Jia1 and JH Tong*,1

AC9 is one of the adenylate cyclase (AC) isoforms, which catalyze the conversion of ATP to cAMP, an important second
messenger. We previously found that the integration of cAMP/PKA pathway with nuclear receptor-mediated signaling was
required during all-trans retinoic acid (ATRA)-induced maturation of acute promyelocytic leukemia (APL) cells. Here we showed
that AC9 could affect intracellular cAMP level and enhance the trans-activity of retinoic acid receptor. Knockdown of AC9 in APL
cell line NB4 could obviously inhibit ATRA-induced differentiation. We also demonstrated that miR-181a could decrease AC9
expression by targeting 30UTR of AC9 mRNA, finally controlling the production of intracellular cAMP. The expression of
miR-181a itself could be inhibited by CEBPa, probably accounting for the differential expression of miR-181a in NB4 and
ATRA-resistant NB4-R1 cells. Moreover, we found that AC9 expression was relatively lower in newly diagnosed or relapsed APL
patients than in both complete remission and non-leukemia cases, closely correlating with the leukemogenesis of APL. Taken
together, our studies revealed for the first time the importance of miR-181a-mediated AC9 downregulation in APL. We also
suggested the potential value of AC9 as a biomarker in the clinical diagnosis and treatment of leukemia.
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The second messenger cAMP has been demonstrated to
have an important role in cell proliferation, differentiation and
apoptosis. The formation of intracellular cAMP from ATP is
catalyzed by a family of enzymes, adenylate cyclases (ACs).
Currently, nine membrane-associated members of mamma-
lian AC (AC1–9) have been identified. Most of them are widely
expressed, while AC1 and AC3 are mainly found in the brain.1

Such a broad distribution indicates that a given cell may
contain multiple AC isoforms. The alterations in the expres-
sion of AC isoforms usually affect the intracellular cAMP
concentration that controls a cascade of transcriptional events
and regulates the fate of cells. As the mechanisms underlying
the expression regulation and the activity of AC are distinct
between different isoforms, it is important to define the unique
regulatory properties of each AC family member.

Along with other groups, we previously reported that the
activation of cAMP/PKA-dependent pathway was an indis-
pensable event in the molecular mechanism of all-trans
retinoic acid (ATRA)-induced differentiation therapy for acute
promyelocytic leukemia (APL),2–5 a class of human myeloid
leukemia characterized by the differentiation block of granu-
lopoiesis at the promyelocytic stage. This point of view was

based on several evidences. First, it was found that the basal
level of intracellular cAMP was relatively higher in the retinoic
acid (RA)-sensitive APL cell line NB4 than in the RA-resistant
subclone NB4-R1.3 Second, the cAMP-elevating agents
could not only cooperate with RA to trigger the terminal
differentiation of NB4-R1 cells and overcome their resistance
to RA, but also render the NB4 cells even responsive to
physiological levels of RA.4 On the contrary, disrupting the
cAMP signaling with some cAMP antagonists could result in a
reversible resistance of NB4 cells to pharmacological levels of
RA.5 Therefore, it was concluded that the ATRA-induced
differentiation process in APL cells was associated with the
intracellular cAMP level. Further studies suggested that the
discrepancy of AC activation between NB4 and NB4-R1 may
contribute to the different cAMP levels in these two cell lines,
resulting in their different sensitivity to ATRA-induced matura-
tion.3 Nevertheless, the molecular basis involved in the control
of expression and activation of AC in NB4 and NB4-R1 cells
remained unknown.

Recently, with a survey of gene expression profile by using
whole-genome cDNA chip analysis, we found a relatively high
level of AC9 isoform in NB4 cells. Human AC9 is a particular
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member of the AC family, because of its divergent sequence
with other members and its insensitivity to forskolin.6,7 It was
indicated that AC9 was expressed in various organs,
especially in skeletal muscle, brain, lung and heart.1,6

Although great progress has been made in our understanding
of the complexity of AC signaling, AC9 is the
least characterized isoform of the family. In addition to its
activation by stimulatory G protein and its inhibition by
Ca2þ /calcineurin,6,7 little is known about the regulatory
properties of AC9. Most recently, Huang et al.8 reported that
miR-142-3p could restrict cAMP production in certain T cells
by targeting AC9 mRNA, suggesting that the microRNA
(miRNA) may control AC expression and the final level of
intracellular cAMP in various types of cells.

MiRNAs are naturally occurring, non-coding RNA
molecules of 20–25 nucleotides that mediate the expression
regulation of target genes at post-transcriptional level by
inducing translational repression or mRNA degradation.9

Over the past years, the research showing the involvement
of miRNAs as a kind of epigenetic regulation in a variety of cell
processes has been markedly increasing. Deregulation of
miRNA expression has been considered to be a key cause in
the pathogenesis of human diseases including cancer.
In hematopoietic malignancies, a number of miRNAs have
been reported to have a tumor-suppressive or oncogenic role
in leukemogenesis.10–13 For instance, miR-15/miR-16-1 was
found to be frequently downregulated in chronic lymphocytic
leukemia (CLL), which is characterized by malignant B cells
overexpressing the anti-apoptotic BCL-2 protein.14,15 The
negative regulation of BCL-2 by miR-15/miR-16-1 in B-CLL
represented the first connection between disturbed miRNA
expression and leukemia.12,16

In this study, we intensively explore the functions of AC9 in
ATRA-induced APL cell differentiation and provide evidences
supporting the critical roles of cAMP/PKA pathway in the
therapeutic action of ATRA on APL. Meanwhile, we find a
miRNA-based regulatory mechanism underlying the AC9
expression and first suggest the potential value of AC9 in the
clinical diagnosis and treatment of leukemia.

Results

AC9 protein affects intracellular cAMP level and
enhances the trans-activity of RA receptor on target
genes. Our previous cDNA chip assay (data not shown) and
RT-PCR analysis (Supplementary Figure S1) showed that
two isoforms, AC9 and AC7, were expressed in NB4 cells.
Here, we first examined by western blot the expression of
these two isoforms in NB4 and NB4-R1 cells, respectively.
We found that the level of AC9 protein was significantly lower
in NB4-R1 cells than in NB4 cells (Figure 1a). Unfortunately,
we failed to detect the AC7 protein by using the commercially
available antibodies. Therefore, we tried to focus our study
on AC9 isoform as well as its potential roles in APL cell
differentiation. The AC9 expression plasmid and two si-AC9
plasmids were then respectively transfected into 293T cells.
By using ELISA assay kit, we measured that the intracellular
cAMP content was obviously increased in AC9-transfected
cells when compared with that in control cells (Figure 1b).
In addition, this increasing effect of AC9 protein could be

suppressed by both psi-AC9-(1) and psi-AC9-(2) (Figure 1c),
strongly indicating that AC9 protein could directly affect
intracellular cAMP level.

As it has been recognized that cAMP/PKA pathway was
integrated into ATRA-induced differentiation process in APL
cells probably through promoting the transcriptional activation
of RA receptor (RAR) a-regulated genes,3 we next examined
the effect of AC9 protein on trans-regulatory activity of RARa.
Transient transfection with DR5 RARE-containing reporter
gene showed that ATRA-induced trans-activity of RARa could
be enhanced about twofold when AC9 protein was co-
expressed in the cells (Figure 1d), whereas either of the two
si-AC9 could obviously impair such enhancing effect of AC9
on transactivation of RARa (Figure 1e). These data further
supported our idea that AC9 was involved in cAMP/PKA
pathway cooperating with RARa-mediated signaling during
ATRA-induced APL cell maturation.

AC9 knockdown attenuates ATRA-induced NB4 cell
differentiation. To investigate the potential roles of AC9
protein in ATRA-induced APL cell differentiation, we gener-
ated two stable AC9-knockdown cell lines, NB4-siAC9-1 and
NB4-siAC9-2, by using the lentiviral vector-based RNA
interference approach. Western blot showed the AC9 protein
in varying degrees of decline in these two cell lines when
compared with the control cells NB4-siNC (Figure 2a).
The effects of AC9 knockdown on ATRA-induced cell
differentiation were thus evaluated according to CD11b
expression, nitroblue-tetrazolium (NBT) reduction ability
and morphological observation, respectively. As a result,
although ATRA-induced cell maturation seemed to proceed
faster in siRNA-transfected NB4 cells than in parent NB4
cells, we found a significant decrease of CD11b expression
and NBT reduction ability in AC9-knockdown NB4 cells
compared with that in the control cells NB4-siNC (Figures 2b
and c). In addition, under the same treatment with ATRA,
morphological features of typical maturation could be clearly
observed in NB4-siNC cells, but not evidently in NB4-siAC9
cells (Figure 2d), fully indicating the importance of AC9
protein in ATRA-induced NB4 cell differentiation.

miR-181a targets 30UTR of AC9 mRNA and decreases
AC9 protein level. The question was then raised: what was
it that caused the differential expression of AC9 in NB4 and
NB4-R1 cells? To answer this question, we conducted an
exploration on the molecular mechanisms underlying the
expression regulation of AC9. During the past decade,
miRNA has been found to be one of the most important
post-transcriptional regulators fine-tuning gene expression in
a sequence-specific manner. By means of three different
algorithms, including PicTar, Targetscan and microRNA.org,
we predicted several candidate miRNAs probably pairing
with the complementary sites in the 30UTR of AC9 mRNA
(Figure 3a). Meanwhile, microarray analysis showed that,
among these candidates, miR-181a exhibited about twofold
higher level in NB4-R1 cells than in NB4 cells (Figure 3b),
having an inverse relationship with the AC9 protein level in
these two cell lines. This significant differential expression of
miR-181a in NB4 and NB4-R1 cells was then verified by both
ordinary and real-time quantitative RT-PCR (Figures 3c and d),
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further implying the potential role of miR-181a in the
regulation of AC9 expression.

We then performed a detailed analysis by using a reporter
vector system to explore whether miR-181a targeted 30UTR of
AC9 mRNA. Two luciferase reporter constructs containing
predicted miR-181a-binding sequences (wild type (wt) and

mutant (mut), respectively) in AC9 30UTR were prepared
(Figure 4a). After transient transfection into 293T cells, we
found that miR-181a could significantly inhibit the expression
of the reporter gene containing wt-AC9 30UTR, but not
mut-AC9 30UTR nor the empty control (Figure 4b). Moreover,
we noted that transfection with miR-181a could decrease the

Figure 1 Effects of AC9 protein on intracellular cAMP level and transactivation of RARE-containing reporter gene. (a) Western blot analysis of AC9 expression in NB4 and
NB4-R1 cells. b-Actin expression was used as a loading control. (b) Determination on intracellular cAMP concentration and AC9 protein level in AC9-transfected 293T cells.
b-Actin expression was used as a loading control. Each value represents the mean±S.D. of three independent experiments. ***Po0.001. (c) Two si-AC9 plasmids were
respectively co-transfected with AC9 expression plasmid into 293T cells. Intracellular cAMP content and AC9 protein level were detected in these cells. psi-NC was used as a
negative control. b-Actin expression was used as a loading control. Each value represents the mean±S.D. of three independent experiments. ***Po0.001. (d and e)
RARE-TK-luciferase reporter plasmid was co-transfected with the indicated plasmids into COS7 cells. At 12 h after transfection, cells were treated with or without
1mmol/l ATRA. Luciferase activity was measured 36 h after the transfection. Each value represents the mean±S.D. of three independent experiments. ***Po0.001
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levels of both exogenous and endogenous AC9 protein, as
well as the intracellular cAMP production (Figures 4c–e).
In consistent with this, miR-181a could also abolish the
AC9-enhanced RARa trans-regulatory activity (Figure 4f),
similar with the effects of si-AC9 (Figure 1e). These results
strongly confirmed that AC9 was a target for miR-181a, and
indicated that the negative regulation of miR-181a on
AC9 protein expression should be closely related with the
intracellular cAMP level.

miR-181a expression can be repressed by CEBPa. In an
attempt to further uncover the transcriptional regulation of
miR-181a, we analyzed the sequences in miR-181a gene
promoter by using TransFac software (http://www.gene-
regulation.com/pub/programs.html). Two putative binding
sites of CEBPa were revealed upstream of the pre-miR-181a
sequences. We then constructed a series of reporter plasmids
containing different fragments within the miR-181a promoter
(Figure 5a) to determine the effect of CEBPa on miR-181a
expression regulation. Consequently, the reporter construct
without CEBPa-binding sites had no response to CEBPa,
similar to the empty pXP2 vector. By contrast, the reporter
genes, containing whether one or two CEBPa-binding sites,
all showed about 80–90% of transcriptional repression when
CEBPa was co-transfected into the cells (Figure 5b). These
results were then strengthened by quantitative RT-PCR data
that enforced CEBPa could markedly decrease the miR-181a
expression in 293T cells (Figure 5c). Chromatin immuno-
precipitation (ChIP) assay further confirmed that both of

these two CEBPa-binding sites in the miR-181a promoter
presented their effective binding abilities to CEBPa protein
(Figure 5d). Moreover, the western blot showed that the
expression of CEBPa in NB4 cells was indeed higher than
that in NB4-R1 cells (Figure 5e). All these results fully
indicated that CEBPa could negatively regulate miR-181a
expression, probably accounting for the differential levels of
miR-181a in NB4 and NB4-R1 cells.

Expression levels of miR-181a and AC9 are associated
with the leukemogenesis of APL patients. In this study,
we also detected the expression of miR-181a and AC9 in
primary bone marrow cells from APL patients. A total of 10
APL patients, including 3 newly diagnosed (patient #1, #9
and #14), 3 with complete remission (CR) (patient #15, #19
and #22) and 4 relapsed (patient #8, #13, #24 and #25), were
first collected and analyzed by RT-PCR for miR-181a and
AC9 expression, respectively. The results showed that
miR-181a expression was relatively higher in newly diag-
nosed or relapsed patients than in CR patients, whereas AC9
expression was just the opposite (Figures 6a and b). On this
basis, we increased the number of patient samples. In all, 62
APL patients (21 newly diagnosed, 19 with CR and 22
relapsed) and 15 non-leukemia patients were then evaluated
for miR-181a expression by real-time quantitative PCR.
As expected, a relatively higher expression of miR-181a was
found in newly diagnosed or relapsed patients, but a very low
expression in both non-leukemia patients and APL patients
with CR (Figure 6c). A significant inverse correlation between
miR-181a and AC9 expression was observed (Figure 6d).
However, no inverse relationship was found between
miR-181a and CEBPa expression, although the latter was
higher in newly diagnosed patients than in other three groups
(Supplementary Figure S2). Our results indicated that both
miR-181a and AC9 expression levels were correlated well
with the leukemogenesis of APL patients, implying that the
level of miR-181a or AC9 in primary bone marrow cells may
function as biomarkers for diagnosis and prognosis of APL.

Discussion

Since the characterization of a gene family encoding AC
isoforms, great advances have been made in our under-
standing of the control of intracellular cAMP concentrations,
which usually accompany different drug responses and
influence the treatment effects of diseases. Here, we provided
experimental evidences that AC9 isoform had an important
role in APL cell differentiation. Knockdown of AC9 could
significantly decrease intracellular cAMP level and inhibit
ATRA-induced NB4 cell differentiation. This finding was also
sustained by the results that the AC9 expression was
relatively higher in APL patients with CR or non-leukemia
patients than in newly diagnosed or relapsed ones, suggesting
that AC9 expression was required for the action of ATRA and
the deficiency of AC9 may be associated with leukemogenesis.

However, it should be pointed out that, inconsistent with
what we observed in NB4 and NB4-R1 cells, we did not find
any significant differences in AC9 expression level between
the newly diagnosed APL patients and the relapsed ones who
frequently resisted the ATRA treatment. Several points may

Figure 2 Roles of AC9 in ATRA-induced NB4 cell differentiation. (a) siRNAs
were stablely transfected into NB4 cell lines as indicated. Their inhibitory effects on
AC9 expression levels were analyzed by western blot. b-Actin expression was used
as a loading control. (b and c) CD11b expression and NBT reduction ability of NB4-
siNC and NB4-siAC9-2 cells following the indicated treatments were examined.
Each value represents the mean±S.D. of three independent experiments.
**Po0.01; ***Po0.001. (d) Morphological features of NB4-siNC and NB4-siAC9-2
cells were shown after exposure to 1mmol/l ATRA for 36 h
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be taken into account. First, the RA-resistant NB4-R1 cell line,
derived from the same APL patient as the RA-sensitive NB4
cell line, offers a cellular model to elucidate the molecular
mechanisms underlying RA resistance,17 but this particular
case may not reflect the whole RA-resistant group of APL
patients. Second, besides the different basal level of cAMP in
NB4 and NB4-R1 cells, we previously reported a rapid
induction of cAMP level within a few minutes after treatment
with ATRA in NB4 cells and fresh APL cells, but not in
NB4-R1 cells.3 Nevertheless, no obvious upregulation
of AC9 expression was detected in both NB4 and NB4-R1
cells after ATRA treatment (data not shown). Thus, the
resistance of NB4-R1 cells to ATRA-induced maturation
should not be simply attributed to the deficiency in AC9
expression. Whether there were some defects in the initiation
of AC9 activation in NB4-R1 cells remained to be further
explored.

In this study, we also showed the evidences for AC9
regulation by miR-181a. miR-181a was one of the first
miRNAs demonstrated to be highly expressed in hemato-
poietic tissues.12 In mice, miR-181a was detected in early

progenitor cells and dynamically upregulated during B-cell
commitment. The ectopic expression of miR-181a could lead
to a proliferation in B-lymphoid lineage.18 Afterward, increas-
ing evidences have indicated that miR-181 family could
function as both positive and negative regulators during cell
differentiation. For instance, it was reported that miR-181a
was decreased in 1,25-dihydroxy-vitamin D3 (1,25D)-induced
differentiation of HL60 and U937 cells, and transfection of
miR-181a in 1,25D-treated cells could reduce G1 block and
abrogate the expression of monocytic differentiation
markers.19 Similar downregulation of miR-181b was also
found in NB4 cells during ATRA treatment,20 suggesting that
miR-181 may contribute to the malignant phenotype in
myeloid lineage. However, in another retrospective study
conducted on cytogenetically normal AML patients, Marcucci
et al.21 showed an inverse correlation between miR-181
expression and poor clinical outcome. In addition to the
research on leukemogenesis, the opposing roles of miR-181
were also described in solid tumor development, progression
and drug response of cancer cells.22–25 Now, it is considered
that the complexity of miRNA roles in cellular processes is

Figure 3 Microarray and PCR analysis of miR-181a expression in NB4 and NB4-R1 cells. (a) Partial prediction results of miRNAs targeting AC9 by three algorithms.
(b) Partial miRNA profiles of NB4 and NB4-R1 cells by microarray. Red color indicates high expression and green color indicates low expression, according to the color bar
shown on the right in logarithmic scale. (c and d) Analysis of miR-181a expression in NB4 and NB4-R1 cells by ordinary (c) and real-time quantitative RT-PCR (d). Each value
represents the mean±S.D. of three independent experiments
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largely because of the fact that the majority of miRNAs can
downregulate large numbers of target mRNAs.26 Thus, the
involvement of miR-181 either as tumor suppressor or with
oncogenic activities should depend on the specific genes it
targeted in particular tissue or cell type. Here, we reported that
miR-181a could target 30UTR of AC9 and downregulate AC9
protein in APL cells, finally decreasing the intracellular cAMP
level (Figure 7) and being a negative regulator for APL cell
differentiation.

On the other hand, one gene could be also regulated by
multiple miRNAs.27 Bioinformatics analysis predicted
numerous potential miRNAs to be able to target AC9 mRNA.
Here, we revealed the role of miR-181a in the downregulation
of AC9 expression in APL cells. Nevertheless, we could
not eliminate the possibility that other miRNAs, including
miR-181b and miR-181c, may also participate in AC9

expression regulation. Actually, it was reported that
miR-142-3p could downregulate AC9 expression at the
translational level and functionally control the production of
cAMP in CD4þCD25� T cells and CD4þCD25þ Treg
cells.8 However, we did not find any significant difference in
the expression of miR-142-3p in NB4 and NB4-R1 cells (data
not shown). It should be therefore important to search for the
combinations of miRNAs expressed in different cell types and
focus on their coordinate regulation on cell-specific target
genes.28,29

CEBPa is considered as a key factor for normal
granulopoiesis.30 Here we found a repressive role of CEBPa
on miR-181a expression. But we do not think that CEBPa is
the only and the most important regulatory factor for
miR-181a. This view is based on the following aspects:
(1) several putative transcription factor-binding sites other

Figure 4 Effects of miR-181a on AC9 expression and intracellular cAMP content. (a) Schematic representation of wt and mut-AC9 30UTR-containing reporter constructs.
(b) Effects of miR-181a on the expression of AC9 30UTR-containing reporter genes. Luciferase activity was shown relative to the values obtained in the cells co-transfected
with empty vector and the same reporter construct. Each value represents the mean±S.D. of three independent experiments. (c) Intracellular cAMP and AC9 expression
levels were measured in 293T cells transfected with the indicated plasmids. b-Actin expression was used as a loading control. Each value represents the mean±S.D. of three
independent experiments. **Po0.01. (d) Western blot analysis of endogenous AC9 expression in HT1080 cells transfected with the indicated plasmids. b-Actin expression
was used as a loading control. (e) Effect of miR-181a on intracellular cAMP content was detected in HT1080 cells transfected with the indicated plasmids. Each value
represents the mean±S.D. of three independent experiments. ***Po0.001. (f) Effects of miR-181a on transactivation of RARa were analyzed in COS7 cells co-transfected
with RARE-TK-luciferase reporter and the indicated plasmids. Each value represents the mean±S.D. of three independent experiments. **Po0.01
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than CEBPa were found in the promoter region of miR-181a
gene. (2) Quantitative RT-PCR analysis in bone marrow
cells from patients showed no inverse correlation
between CEBPa and miR-181a expression (Figure 6c and
Supplementary Figure S2). (3) Both CEBPa and miR-181a
levels were decreased after ATRA treatment in NB4 cells

(Supplementary Figure S3),31,32 not manifesting the inverse
correlation either. Then, the molecular mechanisms underlying
the expression regulation of miR-181a should be very complex.
Our results that CEBPa negatively regulated miR-181a
expression may be associated with the differential expression
of miR-181a and AC9 in NB4 and NB4-R1 cells.

Figure 5 Negative regulation of CEBPa on miR-181a expression. (a) Schema of miR-181a promoter-containing pXP2-luciferase reporter constructs. Sites 1 and 2 are two
potential CEBPa-binding sites. (b) Effects of CEBPa on activation of different miR-181a promoter-containing reporter genes. Each value represents the mean±S.D. of three
independent experiments. (c) miR-181a was co-transfected with CEBPa expression plasmid or empty vector into 293T cells. miR-181a expression was analyzed by real-time
quantitative PCR. Each value represents the mean±S.D. of three independent experiments. (d) ChIP assay was used to test the binding of CEBPa to miR-181a gene
promoter in 293T cells transfected with CEBPa expression plasmid. (e) Western blot analysis of CEBPa expression in NB4 and NB4-R1 cells. b-Actin was used as a loading
control

Figure 6 Expression of miR-181a and AC9 in fresh APL cells. (a and b) RT-PCR analysis of miR-181a (a) and AC9 (b) expression in primary bone marrow cells from APL
patients. (c and d) Real-time quantitative PCR analysis of miR-181a (c) and AC9 (d) expression in primary bone marrow cells from APL patients. Each PCR assay was
performed in triplicate and three independent experiments were repeated. *Po0.05; **Po0.01; NS, not significant
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Finally, it was worth noting that, in addition to AC9 isoform,
AC7 was also expressed in NB4 cells. According to
the literature, AC7 is a ubiquitously expressed isoform.1 The
distinct roles of AC7 in hematopoiesis, brain and immune
responses has been widely reported.33,34 We did not get more
information in this study about the functions of AC7 in APL cell
differentiation because of the inefficiency of antibodies.

Taken together, we reported here for the first time the
implication of AC9 protein in ATRA-induced APL cell
differentiation. We also revealed the downregulation of
miR-181a on AC9 expression by targeting AC9 mRNA. Our
study not only strongly supported the indispensable role of
cAMP/PKA pathway in the therapeutic action of ATRA on
APL, but also suggested the potential value of both AC9 and
miR-181a in the clinical diagnosis and treatment of leukemia.

Materials and Methods
Cell culture. The cells NB4, NB4-R1, HT1080, COS7 and 293T were
respectively cultured in RPMI 1640 or DMEM supplemented with 10% fetal bovine
serum and 2mmol/l L-glutamine. Fresh bone marrow cells were obtained with
informed consent from APL patients. Leukemia cells were isolated and enriched
on Ficoll solution. All cell cultures were incubated at 37 1C in humidified air with
5% CO2.

Plasmids. The expression plasmids AC9 and CEBPa were constructed as
follows: full-length cDNAs were amplified by RT-PCR and then subcloned into
pcDNA3.1 vector. To generate AC9 30UTR-containing reporter construct, a
fragment of AC9 30UTR including putative miR-181a complementary sequences
was fused to a modified pcDNA3.1 vector, in which the luciferase gene had been
inserted in the upstream of cloning sites. The mut-AC9 30UTR-containing reporter
plasmid was prepared by Mutagenesis Kit (Stratagene, La Jolla, CA, USA). The
RARE-TK-Luciferase reporter plasmid was described previously.3 To prepare the
miR-181a expression plasmid, a fragment including pre-miR-181a sequences was
amplified from genomic DNA and subcloned into pcDNA3.1 vector. A series of
miR-181a gene promoter-containing reporter plasmids were produced by inserting
the different fragments from miR-181a2 gene promoter into pXP2-luciferease
vector.35 All the constructs were verified by DNA sequencing.

Transfection and luciferase reporter assay. Transfection was
performed by using SuperFect (Qiagen, Crawley, UK) or Profection Mammalian
Transfection System Calcium Phosphate (Promega, Madison, WI, USA) according
to the manufacturer’s protocols. Luciferase activity was measured by Dual-
Luciferase Assay System (Promega). pRL-TK plasmid (Promega) was used to
normalize the transfection efficiency. Data were shown as the means±S.D. of
three independent experiments.

RNA interference. To make siRNAs against human AC9 (si-AC9), two 21-bp
sequences (50-AAGGAGATGGTGAACATGAGA-30 and 50-AACATACACTTCC
CAGTGTTC-30) were selected and cloned into pSilencer3.1 vector, named as
psi-AC9-(1) and psi-AC9-(2). psi-NC from Ambion (Austin, TX, USA) was used as
a negative control. To establish AC9-knockdown stable cell lines, two si-AC9 were
subcloned into a lentivirus vector pFU-GW-009 and then transfected into NB4 cells
by lentivirus-based system. Positive clones were selected with 0.5mg/ml
puromycin (Sigma, St. Louis, MO, USA).

miRNA microarray. In all, 100 ng of total RNA, prepared with mirVana
miRNA extraction Kit (Ambion), was labeled and hybridized by using Human
microRNA Microarray (Agilent Technologies, Santa Clara, CA, USA) following the
manufacturer’s protocol. Hybridization signals were detected with a DNA microarray
scanner (Agilent Technologies) and the scanned images were analyzed using
Agilent Feature Extraction software (v10.7). Raw data were normalized by Quantile
algorithm, Gene Spring Software 11.0 (Agilent Technologies).

Reverse transcription-PCR and real-time quantitative PCR. Total
RNA was extracted with Trizol (Invitrogen, Carlsbad, CA, USA). After reverse
transcription, cDNA was amplified under the following conditions: 95 1C for 5 min;
23–33 cycles of 95 1C for 30 s, 58 1C for 30 s, 72 1C for 30 s; and 72 1C for 10min.
The primers used for RT-PCR analysis of AC isoforms (AC1–9) expression were
listed in Supplementary Table S1. Other primers included: actin: 50-CATCCT
CACCCTGAAGTACCCC-30 and 50-AGCCTGGATGCAACGTACATG-30; AC9:
50-AACAGCACCAAGGCTTCTGGAGGAC-30 and 50-TCTTGAACCTCAGCGGAA
GGAGAGC-30; miR-181a: 50-GCATCGAACATTCAACGCTGTCG-30 and 50-TGCA
GGGTCCGAGGTATT-30; U6: 50-TCGCTTCGGCAGCACATA-30 and 50-TTTG
CGTGTCATCCTTGC-30. For real-time quantitative PCR, cDNA was amplified
by using SYBR-Green Premix (Takara, Otsu, Japan) under the conditions: 50 1C
for 2 min; 95 1C for 10min; 40 cycles of 95 1C for 15 s, 58 1C for 30 s, 72 1C for
30 s. AC9 and miR-181a levels were respectively normalized to the expression of
actin and U6. The data were analyzed by deltaCt method.

Western blot analysis. Western blot was performed as described
previously.35 The primary antibodies used in this study include: CEBPa and
AC9 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), Flag and b-actin (Sigma).

Determination of intracellular cAMP content. The intracellular cAMP
content was determined by enzyme immunoassay (Assay Designs, Ann Arbor, MI,
USA). Briefly, the cells were cultured without serum for 30min, and then treated
with 0.5 mmol/l phosphodiesterase inhibitor IBMX for 10min at 37 1C. To terminate
the reaction, 300ml 7.5% trichloroacetic acid was immediately added to cell
pellets, and then 1ml ether was added. The upper ether was removed after vortex,
and the cAMP content of cell lysates were detected following the manufacturer’s
instruction.

Chromatin immunoprecipitation. ChIP was performed using EZ ChIP kit
(Millipore, Billerica, MA, USA) according to the instruction of the manufacturer.
The primers specific to miR-181a2 gene promoter were as follows: site 1:
50-GGCGTAGCAGATCCCCAATATATGTTA-30 and 50-TGATGGATGCTCTTAC
ATTCCTCTCTG-30; site 2: 50-CGACACCTCTGTGGTAACTTAGTAATG-30 and
50-CTCACTCATCATACTGCTTCTGTTGTC-30. Normal rabbit IgG (Santa Cruz
Biotechnology) was used to control the nonspecific immunoprecipitation.

Statistical analysis. Student’s t-test was used to evaluate the differences.
For the data of patients from real-time quantitative PCR measurement,
statistical analysis was performed by one-way ANOVA with the Newman–Keuls
test.
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Figure 7 Summary diagram of expression regulation of AC9 gene. miR-181a
could block AC9 expression at the post-transcriptional level through binding to the
complementary sites in the 30UTR of AC9 mRNA, and decrease the intracellular
cAMP content. The expression of miR-181a itself could be inhibited by CEBPa
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