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Lipid phosphate phosphatase 3 (LPP3), encoded by the PLPP3
gene, is an integral membrane enzyme that dephosphorylates
phosphate esters of glycero- and sphingophospholipids. Cell
surface LPP3 can terminate the signaling actions of bioactive
lysophosphatidic acid (LPA) and sphingosine 1 phosphate,
which likely explains its role in developmental angiogenesis,
vascular injury responses, and cell migration. Heritable variants
in the final intron PLPP3 associate with interindividual variabil-
ity in coronary artery disease risk that may result from disrup-
tion of enhancer sequences that normally act in cis to increase
expression of the gene. However, the mechanisms regulating
PLPP3 expression are not well understood. We show that the
human PLPP3 promoter contains three functional NF-�B
response elements. All of these are required for maximal induc-
tion of PLPP3 promoter activity in reporter assays. The identi-
fied sequences recruit RelA and RelB components of the NF-�B
transcription complex to chromatin, and these transcription
factors bind to the identified target sequences in two different
cell types. LPA promotes binding of Rel family transcription
factors to the PLPP3 promoter and increases PLPP3 gene
expression through mechanisms that are attenuated by an
NF-�B inhibitor, LPA receptor antagonists, and inhibitors of
phosphoinositide 3 kinase. These findings indicate that up-reg-
ulation of PLPP3 during inflammation and atherosclerosis
results from canonical activation of the NF-�B signaling cascade
to increase PLPP3 expression through nuclear import and bind-
ing of RelA and RelB transcription factors to the PLPP3 pro-
moter and suggest a mechanism by which the LPP3 substrate,
LPA, can regulate PLPP3 expression.

Lipid phosphate phosphatases (LPPs)2 are members of a
larger family of integral membrane proteins with a common
core transmembrane topology that comprises six � helices

linked by extramembrane sequences (1). The catalytic residues
of these proteins are related to bacterial haloacid dehydroge-
nases and are oriented close to the membrane surface (2). LPPs
are localized to both intracellular membrane compartments
and to the plasma membrane. The transmembrane topology
places the active site facing the luminal side of intracellular
membrane organelles or the extracellular face of the plasma
membrane. This enables LPPs to function as “ecto” phosphata-
ses that can dephosphorylate extracellularly presented sub-
strates (3, 4). In in vitro assays using detergent solubilized
substrates, LPPs have broad specificity for phosphate esters
of isoprenols, glycerol, and sphingophospholipids (4, 5).
Although less information is available about the physiologi-
cal substrates of these enzymes, one well-documented func-
tion is to dephosphorylate and inactivate the signaling func-
tions of lysophosphatidic acid (LPA) and sphingosine 1
phosphate (S1P) (1). These are bioactive lipids that signal
through G protein– coupled receptors to promote cellular
responses that include migration, proliferation, and survival
(6, 7). Studies using genetic loss-of-function and overexpres-
sion approaches support the idea that LPPs can function as
negative regulators of signaling responses to these bioactive
lipids (8 –10).

The mammalian genome contains three PLPP genes encod-
ing structurally related LPP enzymes, termed LPP1–LPP3 (2).
Although these enzymes exhibit broad partially overlapping
expression patterns and have essentially identical substrate
specificities and enzymatic activities in vitro, they are not func-
tionally redundant. Homozygous inactivation of one of these
genes, PLPP3, encoding LPP3, results in early embryonic lethal-
ity because of defects in embryonic patterning and vascular
development (11). This embryonic lethality is phenocopied by
inactivation of PLPP3 in vascular endothelial cells and likely
results from dysregulated migration and survival of these cells,
which normally drive development of the embryonic vascula-
ture (12). Studies of mice with tissue-specific and/or inducible
post-natal inactivation of PLPP3 have revealed essential func-
tions for LPP3 in maintenance of vascular integrity, vascular
responses to injury, immune cell trafficking between the lym-
phatic system and the circulation, and experimentally induced
atherosclerosis (9, 12–14). Although other mechanisms involv-
ing intracellular lipid metabolism and signaling cannot be dis-
counted, the most parsimonious explanation for these effects is
that LPP3 normally inactivates extracellular bioactive lipids,
including LPA and S1P, and that loss of LPP3 leads to exagger-
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ated or spatially dysregulated signaling responses to these lipid
mediators.

Although the above observations are clearly biologically
important, the need to understand the regulation and function
of LPP3 is further underscored by the observation that heritable
variants in the final intron of the PLPP3 gene associate with
significant interindividual variability in human risk of coronary
artery disease (15, 16). This effect is independent of traditional
risk factors, including elevations in low-density lipoprotein–
associated cholesterol, suggesting that PLPP3 may be a compo-
nent of a previously unappreciated coronary artery disease risk
mechanism that, if defined, might be of benefit for diagnosis
and treatment of the disease.

PLPP3 expression is strongly up-regulated by inflammatory
stimuli in multiple cell types (9, 17). The risk-associated PLPP3
genotype is associated with lower levels of PLPP3 mRNA (18).
Differentiated monocytes from subjects that are heterozygous
for the risk-associated alleles exhibit lower PLPP3 expression in
response to oxidized low-density lipoprotein, whereas these
increases in PLPP3 expression are lost in cells from individuals
that are homozygous for the risk allele (19). Although more
work is needed to understand the significance of these obser-
vations, the risk-associated PLPP3 locus contains binding sites
for the CCAAT enhancer– binding protein transcriptional
enhancer (C/EBP) that are disrupted in the risk-associated
allele, which decreases their activity in reporter gene assays
(19). However, this locus contains binding sites for other tran-
scriptional enhancers that could also contribute to variant-as-
sociated cis effects on PLPP3 gene expression. Effects of these
heritable intronic PLPP3 variants on C/EBP function were
demonstrated using minimal promoter-based reporter con-
structs and therefore need to be extrapolated to studies using
the endogenous PLPP3 gene promoter.

The work summarized above clearly establishes the impor-
tance of understanding mechanisms regulating PLPP3 expres-
sion during development and in settings of inflammation and
cardiovascular disease. To investigate this issue, we identified
and cloned the PLPP3 promoter and used bioinformatic
approaches, reporter assays, and mutagenesis and functional
genomic experiments to identify mechanisms linking activa-
tion of the promoter to cell surface receptor–initiated inflam-
matory signaling. Our studies identify an important role of the
NF-�B transcription factor complex in regulation of PLPP3
promoter activity and expression of functional LPP3.

Results

Transcription factor binding sites in the human PLPP3
promoter

We used online databases and data visualization tools (20 –
22), as detailed in the legend of Fig. S1, to examine predicted
and experimentally validated functional elements in the vicinity
of the human PLPP3 gene transcriptional initiation codon and
5� UTR. We identified predicted binding sites for multiple tran-
scription factors in active chromatin, as identified by associa-
tion with histone methylation and acetylation marks. Several of
these transcription factor– binding sites appeared to be func-
tional based on publicly accessible ChIP sequencing data from

multiple cell types (Fig. S1, A and C). Given the strong up-reg-
ulation of PLPP3 expression observed by others and ourselves
in settings of inflammation, vascular injury, and atherosclero-
sis, we were particularly interested in the presence of three dis-
tinct binding sites for cRel components of the NF-�B transcrip-
tion factor complex in the human PLPP3 promoter. These are
identified as Rel-responsive elements (ReREs) (Fig. S1D). Many
of the abovementioned observations of increased LPP3 expres-
sion in inflammation have been made in mouse models (17).
Two of these Rel-responsive element sequences (denoted sites
2 and 3) were highly conserved in multiple vertebrate species,
including mice. Site 1 was only present in human and rhesus
monkey gene sequences (Fig. S1, B and D).

Identification of functional NF-�B response elements in the
human PLPP3 promoter

We cloned the human PLPP3 promoter and used this in
reporter gene expression assays to test the hypothesis that tran-
scriptional activity of the promoter is regulated by NF-�B. We
generated two reporter constructs, one containing the core
�1-kb PLPP3 promoter and another containing this promoter
with an additional �0.5 kb upstream sequence. We did this
because the bioinformatic analysis discussed above led us to
postulate that this additional sequence might function as a
transcriptional enhancer because of the presence of a third Rel-
responsive sequence element. This third sequence element is
uniquely present in this region of the human PLPP3 promoter
but absent from the PLPP3 promoter in other vertebrate spe-
cies, including mice (Figs. S1 and S2). We also generated con-
structs for ectopic expression of epitope-tagged NF-�B com-
plex subunits: p50, p52, p65, RelB, and c-Rel/RelA. These
epitope-tagged proteins were strongly expressed after transient
transfection of the corresponding constructs into HEK293T
cells and detection by Western blotting (Fig. 1A). Overexpres-
sion of some of these proteins, particularly p50/p65RelA and
p52/RelB, significantly increased transcriptional activity of
the PLPP3 promoter. In separate experiments, these effects
appeared to be more pronounced with the �1.5-kb PLPP3 pro-
moter/enhancer construct (Fig. 1, B and C), and this difference
was confirmed in a separate experiment, suggesting that the
human PLPP3 promoter–specific Rel-responsive element pres-
ent in this promoter construct is active. (Fig. 1D). In these
experiments overexpression of c-Rel/RelA and RelB had the
strongest transcription-enhancing effect, and these subunits
were used for subsequent experiments.

Synergistic effects of Rel response elements on human PLPP3
promoter activity

The human PLPP3 promoter contains three separate pre-
dicted Rel-responsive elements (Fig. S2). To examine the rela-
tive contributions of these to activation of the promoter by
ectopic overexpression of NF-�B components, we generated a
series of variants of our 1.5-kb promoter/reporter construct in
which these sites were inactivated by mutagenesis, either sepa-
rately or in all possible combinations (Fig. 2A, see also Table
S1). Transfection of these reporter constructs with RelA or
RelB revealed that all three of these Rel-responsive elements
are functional, with the second of these (ReRE2) having the
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greatest transcription-enhancing activity. These experi-
ments also clearly showed that integrity of all three of these
Rel-responsive elements was necessary for maximal activa-
tion of the �1500-bp PLPP3 promoter by RelA and RelB.
Importantly, the human PLPP3 promoter construct in which
Rel-responsive element 1 was inactivated by mutation to
mimic the PLPP3 promoter of multiple vertebrate species,
including mice, was still strongly activated by RelA or RelB
(Fig. 2B). Taken together with the results shown in Fig. 1, this
suggests that activation of transcription by NF-�B family
transcription factors is a common property of the PLPP3
promoter in many vertebrate species.

Recruitment of RelB to the human PLPP3 promoter

The most parsimonious explanation for the data discussed
above is that NF-�B transcription factors bind directly to the
Rel-responsive elements in the PLPP3 promoter to increase
transcription. We used ChIP assays to demonstrate this
directly. In ectopic expression assays, sequences corresponding
to all three Rel-responsive elements in the human PLPP3 pro-
moter could be detected in RelB immunoprecipitates. These

sequences could also be detected at lower levels without over-
expression of RelB, presumably reflecting recruitment of en-
dogenous RelB to the PLPP3 promoter, but, as might be
expected, these interactions were more pronounced with
ectopic overexpression of RelB (Fig. 3A). To further explore the
association of endogenous NF-�B with the PLPP3 promoter,
we conducted similar experiments using differentiated THP-1
cells, which resemble human monocytes/macrophages. As
explained above, PLPP3 expression is strongly up-regulated by
treatment of differentiated human monocytes with oxidized
low-density lipoprotein, which may underlie or contribute to
the association of PLPP3 with coronary artery disease risk (19).
As with HEK293 cells, we observed physical association of all
three Rel-responsive element target sequences with RelB in
these studies using differentiated THP-1 cells. Interestingly
these associations were moderately strengthened by treat-
ment of the cells with the PLPP3 substrate 18:1 LPA, sug-
gesting that NF-�B– dependent transcriptional activation of
the PLPP3 promoter might be controlled by activation of
cell-surface LPA receptors (Fig. 3B). Although we did not
test RelA in these assays because RelA and Rel B bind to the

Figure 1. Identification and functional activity of NF-�B response elements in the human PLPP3 promoter. A, cDNAs encoding epitope-tagged forms of
five NF-�B protein subunits were overexpressed by transfection of HEK293T cells using pcDNA vectors. Cells were grown for 24 h, and recombinant proteins
were detected by immunoblotting using relevant antibodies. B, top panel, diagram of PLPP3 promoter reporter constructs containing the �1000-bp upstream
sequence of the translational start site including the 569 bp 5� UTR sequence. Bottom panel, Luciferase activity in HEK293T cells that were cotransfected with
the PLPP3 promoter reporter vector and with constructs containing a or combinations of NF-�B transcription factors, as indicated in the legend. C, top panel,
the experiment shown in B was repeated using a PLPP3 reporter constructs containing an additional �500-bp sequence upstream of the �1-kb promoter/5�
UTR which, as our bioinformatic analysis suggested, might function as a transcriptional enhancer. Bottom panel, luciferase activity after cotransfection of this
�1500-bp PLPP3 promoter/enhancer reporter vector with the indicated NF-�B transcription factors. D, the apparent functional differences between the PLPP3
promoter (�1000 bp) and the promoter/enhancer (�1500 bp) in their responses to RelA or RelB were compared directly in a single experiment. The data
shown are representative of experiments that were repeated at least three times. Luciferase activity is presented as the ratio of Firefly to Renilla luciferase
activity (Fluc/Rluc). Summarized data are means � S.D. The p values for D were calculated using two-tailed paired t tests and for B and C using one-way
ANOVA with Greenhouse–Geisser correction and Tukey’s multiple comparisons tests. *p � 0.05, **p � 0.01, ***p � 0.001.
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Figure 2. Identification and functional validation of ReREs in the human PLPP3 promoter. A, schematic of the localization of the three RelA/p50 and
RelB/p52 dimer binding sites in the PLPP3 promoter. The relative locations of binding sites are identified by their distance (in base pairs) from the transcrip-
tional start site. The core consensus NF-�B (RelA/RelB) binding sites (ReRE1–ReRE3) are indicated in blue bold (WT sequence), and changes made to generate
mutant (MT1–MT3) variants of these sites are highlighted in lowercase red bold. B, normalized luciferase activity in HEK293T cells transfected with constructs
containing mutated ReREs (either single site mutants or combination site mutants, as denoted in the right panel; WT sites are denoted by solid diamonds, and
mutant sites are denoted by open diamonds) compared with the activity of the WT promoter reporter vector. Summarized data (mean � S.D.) are shown from
three independent transfection experiments. The p values were calculated using one-way ANOVA with Greenhouse–Geisser correction and Tukey’s multiple
comparisons tests. **p � 0.01, ***p � 0.001.

Figure 3. Binding of NF-�B components to chromatin in proximity to the three Rel response element sites in the human PLPP3 promoter. A and B, ChIP
assays demonstrating interactions between the p52/RelB complex and the endogenous PLPP3 promoter in HEK293T cells after ectopic expression of p52/RelB
(A) and with endogenous p52/RelB in differentiated THP-1 cells treated with LPA18.1 (B). Bottom panels, the integrity of the nucleosome preparations used for
these experiments. Both experiments were repeated three times with similar results.
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same target sequence, we presume that similar results would
be obtained with RelA.

Overexpression of NF-�B and activation of LPA signaling
increases PLPP3 expression

The studies above largely involved ectopic expression of
reporter constructs and RelA/B and do not demonstrate func-
tional effects of NF-�B signaling on transcriptional activity of
the endogenous PLPP3 promoter. We used the differentiated
THP-1 cell model to investigate the effects of NF-�B signaling
on LPP3 mRNA and protein expression and on LPP enzymatic
activity. For these studies, cells were fractionated into cytoplas-
mic (i.e. post-nuclear supernatant) and detergent-soluble and
-insoluble total particulate fractions. As expected, RelB protein
was readily detected in these cells, predominantly present in the
detergent-insoluble total particulate fraction, and the levels
were moderately increased by 18:1 LPA treatment. LPP3 pro-
tein was also detected in this detergent-insoluble particulate
fraction. The levels of LPP3 protein and mRNA were both mod-
erately increased (�2-fold) by 18:1 LPA treatment of the cells
(Fig. 4, A–D). These results support the idea that endogenously
expressed NF-�B functions as a regulator of PLPP3 promoter
activity to increase LPP3 mRNA and protein levels. As might be
expected, when we repeated these experiments using ectopic
overexpression of RelA or RelB in HEK293T cells, we observed
similar increases in LPP3 mRNA levels and protein (Fig. 4,
E–G). To further demonstrate the functional relevance of these
observations and investigate the role of NF-�B in increases in
PLPP3 expression, we measured LPP activity in detergent-ex-
tracted membrane proteins from differentiated THP-1 cells
that were stimulated with 18:1 LPA. LPA treatment resulted in
a 1.9-fold increase in LPA or S1P phosphatase activity, mea-
sured under LPP-specific assay conditions (i.e. using Triton
X-100 –solubilized substrates in the presence of EDTA) (5).
This LPA-stimulated increase in LPP activity was blocked by
preincubation of the cells with the NF-�B inhibitor partheno-
lide, supporting a role of NF-�B in the mechanism by which
LPA increases LPP3 expression in these cells (Fig. 4H).
Increases in LPP3 expression likely account for the increase in
total LPP activity in these cells because LPA stimulated an
�2-fold increase in LPP activity recovered in immunoprecipi-
tates from these detergent extracts generated using our LPP3-
specific antibody but not an irrelevant control antibody (data
not shown).

LPA increases PLPP3 expression through an LPA receptor–
activated PI3K pathway

Well-characterized, highly selective pharmacological tools
were used to further explore the mechanisms and functional
significance of these effects of LPA on PLPP3 expression. PI3K
is well-established as an important upstream regulator of the
NF-�B pathway (23). Activation of PI3K, in turn, activates the
lipid-responsive protein kinase PDK1, which then phosphory-
lates AKT family protein kinases. This phosphorylation, cou-
pled with membrane recruitment, initiates downstream signal-
ing responses (24). These cells expressed both AKT1 and AKT2
and/or AKT3, as detected by Western blotting. AKT phosphor-
ylation and association of AKT with the detergent-insoluble

particulate fraction was increased by treatment of the cells with
18:1 LPA. Concurrently, 18:1 LPA increased LPP3 protein lev-
els in this fraction (Fig. 5, A–C). This is consistent with previous
reports that LPP3 protein is largely localized to a detergent-
insoluble membrane compartment (25). These effects of 18:1
LPA on LPP3 protein expression were attenuated by a selective
antagonist of LPA1/3 receptors, Ki6425 (26), and by treatment
of the cells with a selective PI3K inhibitor, LY294002 (27)
(Fig. 5D).

NF-�B– dependent mechanisms regulating PLPP3 expression

The data presented above support a model in which tran-
scriptional activity of the PLPP3 promoter is regulated by
NF-�B transcription factors to increase LPP3 mRNA and pro-
tein levels. LPA1/2 receptors can function as activators of this
pathway by initiating activation of PI3K-dependent signaling
pathways that likely impact the well-described canonical acti-
vation of NF-�B signaling through dissociation and degrada-
tion of the I�B inhibitor (28) (Fig. 6).

Discussion

PLPP3 is an essential gene for murine development (11).
Studies in mice and humans indicate that PLPP3 expression is
tightly regulated, with dramatic increases observed in response
to broadly pro-inflammatory signals, both in vitro and in vivo
(17, 19). Despite these observations, very little is known about
mechanisms regulating PLPP3 expression. Here we show that
the human PLPP3 promoter is highly responsive to activation
by the NF-�B pathway. The promoter contains three distinct
Rel-responsive sequence elements. Two of these sequence ele-
ments are conserved in the PLPP3 gene in multiple vertebrate
species. All three of these sequence elements are functional in
reporter gene assays, and all three sequences interact with
NF-�B transcription factor complex components in ChIP
assays. Although these observations were made using ectopic
overexpression assays, they clearly reveal a physiologically
important mechanism for regulation of PLPP3 transcription
because we were able to demonstrate interactions of en-
dogenously expressed NF-�B components with these target
sequences in two different cell types. Moreover, activation of
the NF-�B pathway increased both LPP3 mRNA and protein
and LPP enzymatic activity in these cells. These effects were
blocked by a small-molecule NF-�B inhibitor. Finally, although
more would need to be done to investigate receptor-dependent
signaling pathways controlling PLPP3 transcription, we found
that activation of LPA1/3 receptors acting through a PI3K-de-
pendent pathway increased PLPP3 expression and levels of
LPP3 protein and mRNA in a model cell type. These findings
also raise the interesting possibility that LPA, a known LPP3
substrate, could activate expression of PLPP3 to promote LPA
degradation and termination of LPA signaling through in-
creased expression of LPP3. This is an interesting possibility
because desensitization of LPA-initiated receptor signaling
pathways has been observed in a number of systems, but the
mechanisms responsible have not been completely delineated
(29). NF-�B–mediated increases in the expression of cell-sur-
face LPP3 in response to LPA might be a way to terminate LPA
signaling and down-regulate LPA signaling responses in
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inflammation or other settings where LPP3 has been shown to
have a protective role. LPP3 is not specific for LPA and can
dephosphorylate other lipid phosphate substrates, including
S1P. Increased degradation of S1P in inflammation, where
PLPP3 gene expression is increased, might down-regulate S1P
signaling responses, leading to decreases in endothelial barrier
function and attenuation of lymphocyte egress from the lym-
phatic system (7, 17, 30).

Common heritable variants in the final intron of PLPP3 asso-
ciate with interindividual variation in coronary artery disease
risk (15, 16). The risk-associated variants predict lower PLPP3
expression in vascular endothelial cells and differentiated
peripheral blood monocytes (18, 19). Two studies indicate that
sequences within the coronary artery risk–associated haplo-
type block can function as transcriptional enhancers and that
this function is disrupted or attenuated by the risk-associated
PLPP3 alleles (19, 31). Evidence of this function comes from

reporter assays using minimal promoter constructs. Clearly, it
will be very important to demonstrate that these putative cis-
acting enhancer functions are enabled by functional interac-
tions between the intronic enhancer and the authentic PLPP3
promoter under control of physiologically relevant transcrip-
tion factors.

As noted in the introduction, PLPP3 expression is dramati-
cally increased in vitro and in vivo in some settings of inflam-
mation and injury; for example, in mouse models of mechani-
cally induced vascular injury and experimentally induced
atherosclerosis (9, 12). The PLPP3 gene product LPP3 is also
prominently expressed in the core of human atheromas (19).
Activation of NF-�B is strongly associated with inflammation
and vascular injury, so our observation that PLPP3 is an NF-�B
target gene very likely accounts for these powerful increases in
PLPP3 expression (32). PLPP3 expression is necessary for
mouse development. Although NF-�B is best known as a regu-
lator of immune function and inflammation, loss of NF-�B fam-
ily members in mouse models also leads to developmental
defects during angiogenesis, including patterning defects that,
in some respects, phenocopy PLPP3 deficiency (33). However,
NF-�B deficiency does not appear to result in defects in devel-
opmental angiogenesis that characterize whole-body and vas-
cular endothelial cell–specific PLPP3 deficiency (11), suggest-
ing additional mechanisms, perhaps involving chromatin
remodeling, promoter– enhancer interactions, or some of the
other transcription factors that exhibit ChIP signals at the
PLPP3 promoter, identified in Fig. S1. In particular, LPP3
expression in cancer likely involves additional mechanisms
because levels of LPP3 have been reported to be reduced in
some cancers, even in settings where cytokine-driven inflam-
mation is high (1, 34). Given the necessary requirement for
LPP3 expression during development and the powerful role of
this gene in responses to inflammation, at least in blood and
vascular cells, it is not surprising that PLPP3 expression appears
to be tightly regulated.

Experimental procedures

Antibodies and other reagents

Specific antibodies against the following antigens were used:
Lamin A/C (sc-7293, mouse), �-actin (sc-47778, mouse), c-Rel
(C, sc-71, rabbit), NF-�B p50 (C-19, sc-1190, goat), NF-�B p65
(A, sc-109, rabbit), and RelB (C-19, sc-226, rabbit), all from
Santa Cruz Biotechnology; NF-�B p52 (05-361, mouse) from
EMD Millipore Corp.; and AKT1 (phospho-Ser-473, ab81283,
rabbit) and AKT3�AKT2�AKT1 (ab32505, rabbit), both from
Abcam. Affinity-purified rabbit polyclonal antibody raised
against residues 2–17 (QNYKYDKAIVPESKNG) of the se-
quence of human LPP3 was used for the detection of LPP3 by
Western blot analysis (35). Complete protease inhibitor mix-
ture without EDTA was purchased from Roche Applied Sci-

Figure 4. Ectopic overexpression of NF-�B component proteins and stimulation of cells with 18:1 LPA increases LPP3 protein, enzymatic activity, and
mRNA levels. A–H, LPA18:1 treatment increases the levels of RelB (A) and LPP3 protein (B) in a DISP fraction and LPP3 mRNA levels (C and D) in PMA-
differentiated THP-1 cells. Increases in LPP3 protein (D and E) and PLPP3 mRNA levels (F and G) in HEK293 cells were also observed after ectopic overexpression
of P50/RelA or P52/RelB. Quantification of mRNA expression (D and G) depicts mean normalized ratio values � S.D. from three independent experiments. LPA
18:1 treatment increases LPP activity in the detergent-extractable membrane protein fraction from PMA-differentiated THP-1 cells, and this increase is blocked
by pretreatment of the cells with the NF-�B inhibitor parthenolide (H). The p values were calculated using an ordinary one-way ANOVA with Tukey’s multiple
comparisons test where necessary. ***, p � 0.001. DSP, detergent-soluble particulate.

Figure 5. LPA increases LPP3 expression in THP-1 cells through an LPA
receptor–activated PI3K pathway. A and B, AKT1/2/3 association with the
DISP was increased in PMA-differentiated THP-1 cells after treatment with
LPA18.1. C, LPA 18:1–stimulated increases in LPP3 expression in the DISP iso-
lated from THP-1 cells were attenuated after treatment with the LPA receptor
(LPA1/3) antagonist Ki16425 or the PI3K inhibitor LY294002. D, quantification
of LPP3 protein levels after blocking LPA1/3 receptors and inhibiting the PI3K
pathway. Bars show summarized data (mean � S.D.) of normalized ratio val-
ues from three independent experiments. The p values were calculated using
an ordinary one-way ANOVA with Tukey’s multiple comparisons test. **, p �
0.01; ***, p � 0.001.

Regulation of PLPP3 gene expression

J. Biol. Chem. (2019) 294(38) 14009 –14019 14015

http://www.jbc.org/cgi/content/full/RA119.009002/DC1


ence. Phorbol 12-myristate 13-acetate (PMA), the PI3K in-
hibitor LY294002 hydrochloride (L9908), and the LPA1/3
antagonist Ki6425 (SML0971) were obtained from Sigma. LPA
(C18:1, 857230) was obtained from Avanti Polar Lipids (Alabas-
ter, AL). Parthenolide and fatty acid–free BSA were from
Sigma-Aldrich.

Cell culture and transfections

The THP-1 monocyte cell line was obtained from the ATCC
(Manassas, VA). Cells were cultured at 0.5–7 � 105 cells/ml in
RPMI 1640 medium containing 10% heat-inactivated FBS, 2
mM glutamine, 100 units/ml penicillin, and 100 �g/ml strepto-
mycin and maintained at 37 °C under 5% CO2. THP-1 mono-
cytes (1 � 106 cells) were differentiated into THP-1 macro-
phages in 10-cm dishes by directly adding 5 ng/ml PMA into
complete RPMI 1640 medium over 48 h. The differentiated
THP-1 macrophages were then used immediately. For these
experiments, THP-1 macrophages were pretreated with 10 �M

LY294002, 1 �M Ki16425, or 5 �M parthenolide for 6 h before
addition of 5 �M LPA 18:1 complexed with 0.1% (w/v) fatty
acid–free BSA in FBS-free RPMI 1640 medium (36). HEK293T
cells were cultured in DMEM following ATCC recommenda-

tions, supplemented with 10% FBS, 100 units/ml penicillin, and
100 �g/ml streptomycin. HEK293T cells were used for all
transfection experiments, including NF-�B ectopic expression
and luciferase assays, using FuGENE� HD transfection reagent
(Roche Diagnostics) according to the manufacturer’s instruc-
tions, with cells cultured in serum-free medium for the indi-
cated times or until the cells reached 95% confluence.

Expression constructs/vectors

The mammalian expression vector containing NF-�B sub-
units, RelB cFLAG pcDNA3, was a gift from Stephen Smale
(Addgene plasmid 20017). pcDNA-FLAG-REL was a gift from
Thomas Gilmore (Addgene plasmid 27253). pCMV4 p50,
pCMV4p52, and pCMV4 p65 were gifts from Warner Greene
(Addgene plasmids 21965, 23289, and 21966, respectively).

The human PLPP3 gene promoter identified by the UCSC
Genome Browser in the GRCh37/hg19 database is around 1000
bp upstream of the ATG codon (translation start site), which
corresponds with layered trimethyl lysine 4 histone H3
H3K4me3 and enhanced histone 3 lysine 3 and 27 acetylation
K3K27AC signals. The putative upstream enhancer was identi-
fied as 1000�1500 bp on the basis of the presence of multiple

Figure 6. Schematic of the pathway by which LPA increases LPP3 expression. Our data suggest that LPA activates the PI3K–AKT pathway through LPA
receptors (LPA1/3) to increase PI3K–AKT activity, which then activates NF-�B through the canonical pathway involving dissociation and ubiquitin-dependent
degradation of inhibitory I�B protein, resulting in nuclear translocation of RelA/P50 or RelB/P52 transcriptional activator complexes. These activated NF-�B
complexes then bind to the Rel response elements in the PLPP3 promoter that were identified in this study to initiate PLPP3 gene transcription. GPCR, G
protein– coupled receptors.
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H3K4me1 active enhancer marks (Fig. S1, A and C). The PLPP3
promoter sequence �1000 bp and �1500 bp with this enhancer
were PCR-amplified from normal human vascular smooth
muscle cell genomic DNA and cloned into pGL3-Basic (Pro-
mega) at the XhoI and HindIII sites to construct the pGL3-
PLPP3pro1.0k-Luc� and pGL3-PLPP3pro1.5k-Luc� report
vectors. The three putative NF-�B (RelA or RelB) response
elements present in the PLPP3 promoter/enhancer (Fig. S2A)
were mutated using the QuikChange II site-directed
mutagenesis kit (Stratagene) according to the manufactu-
rer’s instructions. The PCR primers used for cloning or
mutagenesis are listed in Table S1. All constructs were con-
firmed by sequencing.

Luciferase reporter assays

HEK293T cell lines were used for luciferase reporter assays.
The cells were seeded into 96-well plates and transfected with
the luciferase reporter DNA construct after 24 h. 1 �g of pGL3-
PLPP3pro1.0k-Luc� or pGL3-PLPP3pro1.5k-Luc� firefly
luciferase vector and 50 ng of pGL4.74[hRluc/TK] (Promega)
Renilla luciferase vectors were cotransfected into each well. In
some experiments, 500 ng of the NF-�B subunit expression
vectors (p50/RelA, p52/RelB) were cotransfected with the
reporter constructs. Transfections used FuGENE� HD trans-
fection reagent (Roche Diagnostics). Forty-eight hours after
transfection, luciferase activity was measured using the Dual-
Luciferase reporter system (Promega) and detected using the
GloMax�-Multi� Detection System with Instinct� software
(Promega), according to the manufacturer’s instructions using
a BioTek Synergy plate reader and analyzed using BioTek Gen5
software.

Subcellular fractionation

Cytoplasm, nucleoplasm, and detergent-soluble and -insolu-
ble total particulate fractions were isolated as described previ-
ously with slight modifications (37, 38). In brief, HEK293T or
THP-1 cells were washed with cold PBS and resuspended in
buffer A containing 10 mM Hepes (pH 7.8), 10 mM KCl, 0.1 mM

EDTA, 1 mM DTT, 5 mM sodium butyrate, 1 mM Na3VO4, 0.2
mM PMSF, and 1� Roche protease inhibitor mixture. Cells
were incubated on ice for 15 min. NP-40 was added (0.75%), and
cells were vortexed for 10 s. The detergent extracts were cen-
trifuged at 3000 rpm for 3 min at 4 °C in a microcentrifuge. The
supernatant (cytoplasm) was collected, and the pellet (nuclei)
was resuspended in buffer A containing 25% (w/v) sucrose and
underlaid with half a volume of 50% (w/v) sucrose in the same
buffer A. The sample was centrifuged at 10,000 rpm for 10 min
at 4 °C in a microcentrifuge, and the pellet was resuspended in
buffer A containing 1 mM CaCl2 and 0.05 units/�l micrococcal
nuclease and incubated for 5 to 30 min in a 37 °C water bath.
After addition of 0.2 mM EDTA, the samples were centrifuged
at 10,000 rpm for 10 min at 4 °C in a microcentrifuge, and the
supernatant (detergent-soluble particulate) and pellet (deter-
gent-insoluble particulate (DISP)) fractions were isolated. The
sedimented pellet was solubilized in buffer A containing 10 mM

EDTA and 500 mM NaCl and incubated for between 2 and 12 h
at 4 °C on a tube shaker/rotator. After centrifugation at 10,000
rpm for 10 min at 4 °C in a microcentrifuge, the supernatant

was collected and analyzed by Western blotting with specific
antibodies as indicated in the figure legends.

Western blotting

HEK293T or THP-1 cells were collected at 48 h after NF-�B
expression vector transfection or LPA stimulation with or
without inhibitor treatment and suspended in 100 �l (for a
6-well plate) of RPA buffer (50 mM Tris-HCl (pH 7.5), 1 mM

EDTA (pH 8.0), 150 mM NaCl, 0.5% Na-deoxycholate, and
1% Nonidet P-40) containing 1 unit/�l benzonase nuclease
(Novagen) and 1� Complete Protease Inhibitor Mixture
(Roche Diagnostics). Protein extracts were agitated at 4 °C
for 30 min and then centrifuged at 14,000 � g for 30 min
at 4 °C. 50 �g of protein-containing supernatants was ana-
lyzed on 10% SDS-polyacrylamide gels and transferred to
Hybond-C Extra membranes (GE Lifesciences). The primary
antibodies used in the study and their sources are detailed
above. Protein bands were visualized by enhanced chemilu-
minescence using Super Signal (Pierce).

ChIP assays

ChIP assays were performed with a ChIP assay kit (Upstate
Biotechnology) according to the manufacturer’s instructions.
In brief, HEK293T or THP-1 cells were cross-linked with 1%
formaldehyde for 10 min before quenching with glycine (0.1375
M) for 5 min at room temperature. The cross-linked cells were
rinsed with ice-cold PBS twice, suspended in cell lysis buffer (50
mM Tris (pH 8), 10 mM EDTA, and 1% SDS), sonicated by 10-s
pulses on ice with 2-min intervals a total of nine times, and then
centrifuged. Sonicated lysate supernatants were precleared for
1 h at 4 °C, adding Pierce ChIP-grade protein A/G magnetic
beads (Thermo Scientific) that were preabsorbed with soni-
cated single-stranded herring salmon sperm DNA and pre-
coated with BSA by the manufacturer. Soluble chromatin was
immunoprecipitated with 5 �g of rabbit polyclonal RelB
antibody or normal rabbit IgG. DNA–protein complexes
were isolated with Pierce ChIP-grade protein A/G magnetic
beads for 2 h at 4 °C. The immunoprecipitated complexes
were sequentially washed with low-salt buffer (20 mM Tris
(pH 8.1), 10 mM EDTA, 150 mM NaCl, 1.0% NP-40, and 0.1%
SDS,), high-salt buffer (20 mM Tris (pH 8.1), 10 mM EDTA,
500 mM NaCl, 1% NP-40, and 0.1% SDS), LiCl buffer (10 mM

Tris (pH 8.1), 0.25 M LiCl, 1 mM EDTA, and 0.5% NP40), and
20 mM Tris, pH8.1, 10 mM EDTA before eluting in 1% SDS in
0.1 M NaHCO3. Cross-links were reversed by heating at 65 °C
overnight in 0.3 M NaCl, and then samples were treated with
proteinase K for 2 h at 55 °C. Input samples were also simi-
larly treated with proteinase K. DNA was extracted with phe-
nol extraction and ethanol precipitation. PCR was per-
formed using specific primers designed for three RelB and/or
RelA response elements (ReRE1, ReRE2, and ReRE3) (Fig.
2A) in the human PLPP3 promoter/enhancer. Primer se-
quences are listed in Table S1.

RT-PCR

Total RNA from HEK293 or THP-1 cells was extracted using
Qiagen the RNeasy Mini Kit (Qiagen) according to the manufa-
cturer’s protocol. Before reverse transcription, the total RNA
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samples were treated with RQ1 RNase-Free DNase (Promega)
One microgram of RQ1 DNase-treated total RNA was added to
each synthesis reaction (100-�l volume containing TaqMan
reverse transcription reagent random primers (Applied Biosys-
tems). Quantitative real-time PCR reactions were performed in
a 7300 Real Time PCR System (Applied Biosystems), with
SYBR� Green PCR Master Mix (2�) kit (Applied Biosystems).
The above experiments were done by following the company
protocol (Power SYBR� Green PCR Master Mix and RT-PCR,
Applied Biosystems). Human �-actin mRNA was measured as
an internal control. All reactions were carried out in quadrupli-
cate with reference dye normalization, and the median cycle
threshold value was used for subsequent analysis. Each real-
time PCR quantification experiment was conducted in tripli-
cate. The results are presented as the relative ratios to the �-ac-
tin control, which was arbitrarily assigned a value of 1. The
hPLPP3 complementary DNA-specific primer was designed to
span two adjacent exons, exon 3 and exon 4, of hPLPP3
genomic DNA, containing a 396-bp intron 3 sequence for the
DNA template, which can distinguish PCR products from
genomic DNA contamination. Primer sequences are listed in
Table S1.

Measurement of LPP activity

Cells were cultured in 6-well plates and grown to �50% con-
fluence, and the culture medium was replaced with RPMI 1640
medium not containing FBS. Cells were cultured for 48 h in
medium containing vehicle or 5 �M parthenolamide for 12 h
and then stimulated with vehicle or 5 �M 18:1 LPA in a final
concentration of 0.1% (w/v) fatty acid–free BSA (Millipore-
Sigma) for a further 48 h, during which time the cells reached
�90% confluence. The medium was removed, the cells were
washed once in PBS, and then whole-cell lysates were prepared
as described above. Membrane proteins were extracted in lysis
buffer containing 1% Triton X-100 with mixing for 1 h at 4 °C,
and then insoluble material was removed by centrifugation.
The detergent extracted was used for measurements of LPP
activity using Triton X-100 –solubilized 16:0 LPA or S1P as
substrate, as described previously (4). The remaining substrates
and reaction products (16:0 monoacylglycerol and sphingo-
sine) were quantitated by HPLC-coupled electrospray ioniza-
tion tandem MS as described previously (39). LPP3 was immu-
noaffinity-isolated from these detergent extracts by incubation
with 1 �g of the LPP3-specific antibody described above or an
irrelevant antibody control for 1 h. Immune complexes were
captured with protein A/G–Sepharose, washed once in lysis
buffer, and then resuspended in lysis buffer for measurements
of LPP activity using the method detailed above for detergent-
extracted proteins.

Statistical analysis

All statistical assays, Student’s t test, and one-way analysis of
variance (ANOVA) were performed using GraphPad Prism 5.0
(GraphPad Software, Inc.). Statistical significance (p values) are
reported in the figure legends and in the text. Where appropri-
ate, corrections for multiple comparisons were performed as
indicated in the figure legends.
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