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ABSTRACT Star-PAP, a nuclear phosphatidylinositol (PI) signal-regulated poly(A) poly-
merase (PAP), couples with type I PI phosphate kinase � (PIPKI�) and controls gene ex-
pression. We show that Star-PAP and PIPKI� together regulate 3=-end processing and
expression of pre-mRNAs encoding key anti-invasive factors (KISS1R, CDH1, NME1, CDH13,
FEZ1, and WIF1) in breast cancer. Consistently, the endogenous Star-PAP level is nega-
tively correlated with the cellular invasiveness of breast cancer cells. While silencing
Star-PAP or PIPKI� increases cellular invasiveness in low-invasiveness MCF7 cells, Star-
PAP overexpression decreases invasiveness in highly invasive MDA-MB-231 cells in a
cellular Star-PAP level-dependent manner. However, expression of the PIPKI�-
noninteracting Star-PAP mutant or the phosphodeficient Star-PAP (S6A mutant) has
no effect on cellular invasiveness. These results strongly indicate that PIPKI� interac-
tion and Star-PAP S6 phosphorylation are required for Star-PAP-mediated regulation
of cancer cell invasion and give specificity to target anti-invasive gene expression.
Our study establishes Star-PAP–PIPKI�-mediated 3=-end processing as a key anti-
invasive mechanism in breast cancer.
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Pre-mRNA processing in the 3= untranslated region (3=-UTR) is an essential step in
eukaryotic gene expression that generates a polyadenosine tail at the mRNA 3= end

(polyadenylation) (1–3). A poly(A) tail is essential for the stability and translation
efficiency of the mRNA (4, 5). All eukaryotic mRNAs except those encoding histones
have a poly(A) tail at the 3= end. 3= polyadenylation is emerging as a crucial regulatory
mechanism in various cellular functions and diseases (6, 7). Several key oncogenes and
tumor suppressors are regulated through their 3=-UTRs (8–11). However, the role of
pre-mRNA 3=-end processing in cell invasion and migration is still underexplored.
Cellular invasiveness and migratory potential define the capability of cells to become
motile and pilot through the extracellular matrix (ECM) within the tissue or to gain
access to the adjacent tissues (12, 13). Cancer cells undergo migration and invasion that
allow them to metastasize to other organs or tissues (14). Cells become invasive and
migratory when they lose their attachment to the ECM and cell-cell junction proteins
(12, 13). This transformation involves wide molecular changes and signaling events in
the cell regulated through various mechanisms at the protein, DNA, and mRNA levels
of various regulators and effector proteins (11, 15).

Poly(A) polymerases (PAPs) are enzymes responsible for the posttranscriptional
3=-end polyadenylation of pre-mRNAs (5, 16). Canonical PAP�/PAP� are responsible for
the polyadenylation of most nuclear mRNAs (5). The recent discovery of a variant PAP,
Star-PAP (speckle-targeted PIPKI�-regulated PAP), indicates selective polyadenylation
of nuclear mRNAs (17). Star-PAP targets distinct mRNAs involved in the oxidative-stress
response, apoptosis, and cancer, and this targeting is independent of PAP� for the
reported mRNAs (17–20). We have demonstrated that Star-PAP specificity for its target
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mRNAs is driven by a recognition sequence at the 3=-UTR, followed by exclusion of the
canonical PAP via a suboptimal downstream sequence (DSE) located on its target
mRNA UTR (21). While Star-PAP functions without certain cleavage factors, such as
CstF-64, it requires additional associated proteins (17, 19, 21, 22). Moreover, as opposed
to the canonical mechanism, Star-PAP directly binds the target mRNA and plays a
structural role to help assemble the cleavage and polyadenylation complex (23).

Star-PAP activity is stimulated by the nuclear phosphoinositide second messenger
phosphatidylinositol-4,5-bisphosphate (PI4,5P2), which in turn regulates Star-PAP target
mRNA expression (17, 23). Microarray analysis after Star-PAP knockdown suggests that
multiple cellular functions and signaling pathways are regulated by Star-PAP (17), yet
the role of Star-PAP in cell invasion/migration is still undefined. Star-PAP is regulated by
multiple signaling pathways, such as oxidative stress, DNA damage, and kinases (casein
kinase I� [CKI�]/CKI� and protein kinase C� [PKC�]), and the nuclear phosphoinositide
signal that regulates Star-PAP function (17, 19, 20, 22, 24). As the name suggests,
Star-PAP interacts with and is regulated by the nuclear type I phosphatidylinositol (PI)
phosphate kinase I� (PIPKI�), which synthesizes nuclear PI4,5P2 (17, 20).

In the nucleus, there is an autonomous PI cycle distinct from that in the cytosol and
involving similar sequential phosphorylation of the PI at 3, 4, or 5 hydroxy positions of
the myoinositol ring by PI kinases into the inositol phosphate isomer PI4P or PI5P
(25–28). PI4,5P2 is generated by phosphorylation of PIP isomers by PIP kinases (29, 30).
Several nuclear PIPKs, such as PIPKI�, PIPKI�, and PIPKII�, are now reported to target
within the nucleus (25). PIPKI� is localized, along with Star-PAP, in the nuclear speckle
that harbors factors for RNA processing/splicing and regulates 3=-end processing of
mRNAs in key cellular functions (17, 26, 30, 31). Nuclear PI signaling is reported to
regulate a vast array of functions, including gene expression; nuclear transport; actin
polymerization; and chromatin remodeling, splicing, and mRNA processing (25, 27).
PI4,5P2 controls various key effectors in cell-cell adhesion, cell migration and invasion,
epithelial mesenchymal transition, and membrane transport (32, 33). However, the
mechanistic role of nuclear PI4,5P2 or PIPKI� in the process of cell invasion/migration
is unclear.

In this paper, we report novel nuclear PIPKI�-coupled 3=-end processing by the
variant poly(A) polymerase Star-PAP, which regulates cell invasion in breast cancer cells.
Star-PAP and PIPKI� together control a large subset of overlapping mRNA targets
encoding anti-invasive factors. We observed different endogenous Star-PAP levels that
correspond to variation in the invasiveness in different cell lines. Consistently, silencing
of Star-PAP or PIPKI� individually or together increased cellular invasiveness in low-
invasiveness MCF7 cells. Expression of increasing levels of Star-PAP resulted in a
progressive decrease in cellular invasiveness in highly invasive MDA-MB-231 cells.
Expression of PIPKI�-noninteracting Star-PAP mutants (ΔZF) and phosphodeficient
(serine 6-to-alanine [S6A]) mutant Star-PAP in MDA-MB-231 cells did not have a
significant effect on invasiveness, indicating the significance of Star-PAP–PIPKI� inter-
action and Star-PAP phosphorylation (serine 6) in regulation of cellular invasiveness.
Our study establishes Star-PAP–PIPKI�-mediated 3=-end processing as a key anti-
invasive regulatory mechanism in cancer metastasis.

RESULTS
Star-PAP and PIPKI� together control the expression and 3=-end processing of

key anti-invasive regulators. Previous studies reported specific sets of mRNAs regu-
lated by both Star-PAP and PIPKI� (17). We previously showed the direct interaction of
Star-PAP with PIPKI� and that it occurred in the ZF region at the Star-PAP N terminus
(20). However, this interaction needed phosphorylation of the serine 6 residue at the
Star-PAP N terminus in vivo. Serine 6-to-alanine (S6A) mutation abolished the associa-
tion between Star-PAP and PIPKI� (20). Analysis of Star-PAP- and PIPKI�-controlled
mRNAs in HEK 293 cells (17) indicated that �40% of Star-PAP targets overlapped those
of PIPKI� (Fig. 1A). Of these, �900 mRNAs were downregulated and �650 genes were
upregulated in common in both Star-PAP and PIPKI� knockdown cells. The majority of
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these overlapping mRNAs (�30%) were involved in various cellular events in cancer
(Fig. 1A). Within the set of Star-PAP and PIPKI� targets, several genes that promote
cancer were upregulated while several key antimetastatic regulators showed down-
regulation (see Table S1 in the supplemental material). The downregulated mRNAs
included those encoding key anti-invasive regulators in breast cancer, such as
E-cadherin (CDH1), metastatin/kissipetin receptor (KISS1R), cadherin-13 (CDH13), nu-
cleoside diphosphate kinase A (NME1/NME23A), WNT inhibitory factor 1 (WIF1), and
fasciculation and elongation protein zeta 1 (FEZ1) (34–36).

To investigate Star-PAP-mediated mRNA regulation, we knocked down Star-PAP and
PIPKI� in HEK 293 cells (Fig. 1C) and analyzed the mRNA and protein expression of

FIG 1 Star-PAP and PIPKI� together regulate expression and 3=-end processing of key anti-invasive factors. (A) Schematic showing the
number of genes differentially regulated on knockdown of Star-PAP and PIPKI� and genome-wide pathway/functional analysis of
Star-PAP- and PIPKI�-regulated genes. (A list of common genes significantly regulated by both Star-PAP and PIPKI� is provided in Table
S1 in the supplemental material.) (B) qRT-PCR analysis of mRNAs encoding anti-invasive factors (CDH1, CDH13, FEZ1, KISS1R, NME1, and
WIF1) with total RNA isolated from HEK 293 cells with Star-PAP and PIPKI� knockdown, and rescue with exogenous WT and S6A Star-PAP
expression after silencing endogenous Star-PAP in HEK 293 cells, as indicated. The error bars indicate standard errors of the mean (SEM).
(C) Western blot analysis of Star-PAP, PIPKI�, and target proteins as in panel B. Numbers on the right indicate molecular mass in
kilodaltons. (D) 3=-RACE assay of CDH13, NME1, KISS1R, CDH1, FEZ1, and GAPDH from total RNA isolated from HEK 293 cells after Star-PAP
or PIPKI� knockdown. � siRNA indicates that control scrambled siRNA was used. (E) Schematics of 3=-RACE (bottom) and cleavage (top)
assays. CS, cleavage site. (F and H) Measurement of uncleaved pre-mRNA levels (F) expressed relative to total mRNA (H) after Star-PAP and
PIPKI� knockdowns, as indicated. (G) RIP analysis of CDH1 and KISS1R mRNAs after immunoprecipitation (IP) with antibodies specific to
Star-PAP, PIPKI�, and control RNA Pol II and IgG from HEK 293 cells. Input, 10% of the IP lysate. M, marker lane.
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these factors by quantitative real-time PCR (qRT-PCR) and Western blotting. While we
observed downregulation of protein (KISS1R and NME1) and mRNA (CDH1, CDH13,
FEZ1, KISS1R, NME1, and WIF1) levels on either Star-PAP or PIPKI� knockdown, there was
no effect on control GCLC and �-tubulin expression (Fig. 1B, C, and H). The loss of mRNA
expression upon Star-PAP knockdown was rescued by the ectopic expression of
FLAG-Star-PAP (Star-PAPsm) with silent mutations that rendered our small interfering
RNA (siRNA)/short hairpin RNA (shRNA) ineffective (19) (Fig. 1B). However, the reduced
mRNA expression was not rescued by PIPKI�-noninteracting Star-PAP (S6A mutant) (20)
(Fig. 1B), indicating that Star-PAP–PIPKI� interaction and serine 6 phosphorylation are
required for the regulation of target mRNA expression. Consistent results were ob-
served in Western blot analysis of KISS1R and NME1 protein levels (Fig. 1C). These
results indicate that PIPKI� interaction determines Star-PAP specificity for target mRNAs
encoding anti-invasive regulators.

Further, 3=-end processing was analyzed by 3=-rapid amplification of cDNA ends
(RACE) assay (23) and by measuring the cleavage efficiency of pre-mRNA 3=-UTRs (17)
(Fig. 1E) after knockdown of Star-PAP or PIPKI�. We observed compromised 3=-end
polyadenylation, as was evident from the reduced 3=-RACE products of CDH1, NME1,
KISS1R, CDH13, and FEZ1 with knockdown of either Star-PAP or PIPKI� (Fig. 1D). We then
measured cleavage efficiency using a pair of primers across the cleavage site (21) (Fig.
1E). We detected accumulation of uncleaved pre-mRNA, while there was a reduction in
the total mRNA level (Fig. 1F and H) similar to that with control CPSF-160 knockdown
(see Fig. S1A and B and S3K in the supplemental material). Moreover, treatment with
actinomycin D or knockdown of a control CDH1 transcriptional regulator, FOXA2 (see
Fig. S3L in the supplemental material), did not affect the uncleaved RNA fractions of
CDH1 (actinomycin D treatment and FOXA2 knockdown) and CDH13 (actinomycin D
treatment) mRNAs despite a reduction in the total mRNA (see Fig. S1A and B in the
supplemental material). Consistently, treatment with a polyadenylation inhibitor,
cordycepin, did not show any effect on cleavage efficiency but reduced the total mRNA
level (see Fig. S1A and B in the supplemental material). These results indicate that the
loss of mRNA expression on Star-PAP or PIPKI� knockdown is a result of compromised
cleavage at the 3=-UTRs of target pre-mRNAs. RNA immunoprecipitation (RIP) analysis
showed association of both Star-PAP and PIPKI� on UTRs of CDH1 and KISS1R, while
there was no association on nontargets, such as the GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) mRNA UTR (Fig. 1G). Interestingly, Star-PAP S6A associated
with target mRNAs (albeit weakly) (20) but did not rescue the expression of Star-PAP
target mRNAs (Fig. 1B). Together, these results demonstrate that Star-PAP and PIPKI�
regulate the 3=-end processing of key anti-invasive factors, such as CDH1, NME1,
CDH13, FEZ1, WIF1, and KISS1R.

Star-PAP expression negatively regulates cellular invasiveness in breast cancer
cells. To investigate the role of Star-PAP in cellular invasiveness, we examined the levels
of Star-PAP in various cancer cell lines (MCF7, MDA-MB-231, HeLa, and control HEK 293
cells). MCF7, a breast cancer cell line with low invasiveness, expressed high endogenous
levels of Star-PAP, while the highly invasive MDA-MB-231 cells expressed negligible
levels of Star-PAP protein (Fig. 2A; see Fig. S1C in the supplemental material). HeLa cells
expressed Star-PAP at intermediate levels, while HEK 293 cells expressed high Star-PAP
levels (Fig. 2A) compared to MDA-MB-231 and MCF7 cells. The endogenous Star-PAP
levels in various cell lines were inversely related to the invasiveness of the cell line (see
Fig. S1F and H in the supplemental material). However, there was no significant
difference in PIPKI� levels in these cell types (Fig. 2A; see Fig. S1D in the supplemental
material). Star-PAP targets, such as KISS1R or NME1, also exhibited different expression
patterns in different cell lines proportionate to the relative Star-PAP levels (Fig. 2A; see
Fig. S1E in the supplemental material). Interestingly, another Star-PAP target, Bcl2-
interacting killer (BIK) protein (19), did not exhibit significant differences among the
different cell lines (Fig. 2A).

To further study the role of Star-PAP in cellular invasiveness, we knocked down
Star-PAP in MCF7 cells using a stable lentiviral (shStar-PAP) system (Fig. 2F) and, in
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parallel, ectopically expressed Star-PAPsm in MDA-MB-231 cells (Fig. 2I). We then tested
for invasiveness by transwell invasion assays and wound healing assays (37–39) on
collagen-coated plates after blocking cell proliferation with mitomycin C treatment
(Fig. 2B to E and H; see Fig. S2E to H in the supplemental material). While only �55%

FIG 2 Star-PAP negatively regulates the invasive potential of breast cancer cells. (A) Western blot showing endogenous levels of
Star-PAP and PIPKI�, along with Star-PAP targets KISS1R, NME1, and BIK and loading control �-tubulin from HEK 293, MCF7, HeLa, and
MDA-MB-231 cells, as indicated. Numbers on the right indicate molecular mass in kilodaltons. (Quantification of the blots is shown in
Fig. S1C to E in the supplemental material.) (B) Analysis of wound closure on collagen-treated plates after blocking cell proliferation
with mitomycin C at various time points (0 to 60 h) postscratch in MCF7 cells after lentivirus-based stable knockdown of Star-PAP and
PIPKI� and combined knockdown of both, as indicated (representative of 3 independent experiments). (Protein levels of Star-PAP and
PIPKI� at various time points are shown in panel G.) (C) Wound healing assay, as in panel B, of MDA-MB-231 cells after Star-PAP or
PIPKI� knockdown, as indicated. (D) Quantification of wound closure in panel B expressed relative to that at time zero postscratch.
(The actual measurements of wound gaps [in micrometers] are plotted in Fig. S4A in the supplemental material.) The error bars
represent SEM of 3 independent experiments. (E) Quantification of wound closure in panel C expressed relative to that at time zero. (The
actual wound gaps are plotted in Fig. S4B in the supplemental material.) The error bars represent SEM of 3 independent experiments. (F)
Western blot of Star-PAP, PIPKI�, CKI�, and Star-PAP targets KISS1R and NME1 from MCF7 cell lysates after Star-PAP or PIPKI� knockdown. �
shRNA indicates that control shRNA was used. Numbers on the right indicate molecular mass in kilodaltons. (G) Western blots of Star-PAP
and PIPKI� at various time points postscratch (in panel B). Numbers on the left indicate molecular mass in kilodaltons. (H) Wound healing
assay as in panel C with ectopic expression of FLAG epitope-tagged Star-PAPsm and -PIPKI� in MDA-MB-231 cells. (Quantification of wound
closure relative to that at time zero postwounding and actual wound gaps [in micrometers] are shown in Fig. S1G and S4C in the
supplemental material, respectively.) (I) Western blot analysis of FLAG-Star-PAP and -PIPKI� after overexpression in MDA-MB-231 cells.
Numbers on the left indicate molecular mass in kilodaltons. VC, vector control. (J) qRT-PCR analysis of various Star-PAP targets, as indicated,
after individual and combined knockdown of Star-PAP and PIPKI� (n � 3). The error bars represent SEM.
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wound closure was observed 60 h postscratch in normal MCF7 cells, Star-PAP knock-
down resulted in similar healing in �24 h postscratch, and wounds were almost
completely healed by 48 h postscratch (Fig. 2B and D; see Fig. S4A in the supplemental
material). PIPKI� knockdown (Fig. 2F; see Fig. S3E in the supplemental material), too,
resulted in a similar enhancement in healing (�36-h improvement) (Fig. 2B and D; see
Fig. S4A in the supplemental material). There was no significant difference in wound
healing times upon Star-PAP–PIPKI� combined knockdown from that after individual
knockdowns, suggesting roles of both Star-PAP and PIPKI� in the process. Star-PAP and
PIPKI� protein levels at various time points (0 to 60 h) postscratch during wound
healing are shown in Fig. 1G. Star-PAP or PIPKI� knockdown (see Fig. S3G and H in the
supplemental material) in control HeLa cells also resulted in a similar trend of acceler-
ated wound healing (see Fig. S2A to C in the supplemental material). Similar results
were obtained in transwell invasion assays (see Fig. S2E to H in the supplemental
material). There was a �30% increase in invasion upon knockdown of either Star-PAP
or PIPKI� toward the lower chamber compared to that in control cells at 48 h (see Fig.
S2E and G in the supplemental material).

Consistent with the low expression level in MDA-MB-231 cells, Star-PAP knockdown
(see Fig. S3J in the supplemental material) did not have a marked effect on wound
closure in the wound healing assay (Fig. 2C and E; see Fig. S4B in the supplemental
material). Although high endogenous PIPKI� levels were observed in MDA-MB-231 cells
(where the Star-PAP level is minimal), PIPKI� knockdown (see Fig. S3I in the supple-
mental material) did not have a significant effect on wound closure (Fig. 2C and E),
indicating the involvement of a close nexus between Star-PAP and PIPKI� in regulating
cellular invasiveness. Ectopic expression of Star-PAP in MDA-MB-231 cells delayed the
wound healing process (Fig. 2I and H; see Fig. S1G and S4C in the supplemental
material). While normal cells recovered at �24 h, Star-PAP-overexpressing cells re-
quired �60 h for total wound closure. PIPKI� overexpression had a negligible effect on
the healing process (Fig. 2H and I; see Fig. S1G and S4C in the supplemental material),
consistent with its invariant level in different cell types. Similarly, in the transwell
invasion assay, we observed a �25% decrease in invasion toward the lower chamber
upon ectopic Star-PAP expression compared to that with the vector control (see Fig.
S2F and H in the supplemental material).

Consequently, there was reduced mRNA expression of target anti-invasive factors,
such as CDH1, NME1, CDH13, FEZ1, KISS1R, and WIF1, upon Star-PAP or PIPKI� knock-
down in MCF7 cells (Fig. 2J; see Fig. S3E and F in the supplemental material). As
observed in HEK 293 cells, double knockdowns and individual knockdowns of Star-PAP
and PIPKI� exhibited similar levels of reduction of target mRNAs in MCF7 cells (Fig. 2J).
Moreover, Western blot analysis also showed reduced expression of target proteins
(KISS1R and NME1) upon Star-PAP and PIPKI� knockdown (Fig. 2F). Similarly, ectopic
Star-PAP overexpression resulted in 4- to 6-fold induction of mRNA levels of the target
mRNAs CDH13, NME1, KISS1R, and FEZ1 in MDA-MB-231 cells, which are otherwise
marginally expressed in these cells (see Fig. S2D in the supplemental material). These
results confirm that Star-PAP regulates cellular invasiveness by controlling the expres-
sion of key anti-invasive factors in breast cancer cells.

Cellular invasiveness is inversely correlated with ectopically expressed Star-
PAP protein levels in MDA-MB-231 cells. To further test the role of Star-PAP in cellular
invasiveness, we generated several cytomegalovirus (CMV) promoter mutations on the
Star-PAP construct (Fig. 3A) to express different levels of Star-PAP, as reported previ-
ously (40), in MDA-MB-231 cells (Fig. 3B; see Fig. S3A in the supplemental material).
While mutations of the CAAT box (�62 and �61) resulted in 70% and 60% Star-PAP
expression, respectively, mutations of the TAATA box (�29, �25, and �27) resulted in
40%, 20%, and 10% Star-PAP expression levels, respectively, relative to wild-type (WT)
expression (taken as 100%) (Fig. 3B, D, and G). Expression of these mutants in MDA-
MB-231 cells resulted in a progressive decline in the time taken for wound closure in a
manner inversely proportional to Star-PAP levels in the cell (Fig. 3C). While wild-type
Star-PAP expression required �60 h for wound closure, �10% Star-PAP expression
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(�27) resulted in wound closure at �24 h, similar to what occurred with the pCMV
vector control (Fig. 3C and F). Similarly, other mutants followed this increasing order of
invasiveness (WT � �62 � �61 � �29 � �25 � �27 mutations) (Fig. 3C and F; see
Fig. S4E in the supplemental material). We also observed decreased expression of the
Star-PAP targets NME1 and KISS1R with decreasing Star-PAP levels (Fig. 3G; see Fig. S3B
and C in the supplemental material). There was no difference in PIPKI� levels and
neomycin phosphotransferase II (NPTII), an expression/transfection control expressed
from an independent promoter in the same Star-PAP plasmid construct (Fig. 3E and G;
see Fig. S3D in the supplemental material). This confirms the negative role of Star-PAP
in cellular invasiveness that operates via regulation of its target mRNAs.

FIG 3 Increasing expression of Star-PAP results in a relative decrease in cellular invasiveness. (A) Schematic showing the
FLAG-tagged Star-PAP construct under the control of the CMV promoter (the CAAT box and TATATAA box are shown below).
(B) Tabular representation of wild-type CMV promoter CAAT and TATAAT sequences and various mutations generated by
site-directed mutagenesis. The position of the mutation with respect to the �1 start site is indicated (the superscript number
indicates the number of nucleotides changed). Expr, expression. (C) Wound healing assay, as in Fig. 2C, after ectopic expression
of various promoter mutant Star-PAP constructs in MDA-MB-231 cells after knockdown of Star-PAP (the image is representative
of 3 independent experiments). (D and E) Quantification of Star-PAP (D) and PIPKI� (E). The error bars represent SEM (n � 3).
(F) Quantification (wound closure relative to that at time zero postwounding) of the wound healing (in panel C) in 3
independent experiments. The error bars represent SEM. (The actual wound gap at each time point is shown in Fig. S4E in the
supplemental material.) (G) Western blot showing FLAG-Star-PAP levels expressed from various promoter mutations (shown
in panel B) after transient expression in MDA-MB-231 cells. Control PIPKI�, loading control �-tubulin, Star-PAP targets KISS1R
and NME1, and neomycin phosphotransferase II expressed from an independent promoter in the same vector as Star-PAP are
shown.
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Star-PAP requires PIPKI� interaction and S6 phosphorylation to regulate cel-
lular invasiveness. Star-PAP requires PIPKI� to regulate its subset of overlapping
target mRNAs in HEK 293 cells. Therefore, we tested cellular invasiveness in MDA-MB-
231 cells after expression of the PIPKI�-noninteracting Star-PAP (Fig. 4B). While wild-

FIG 4 Star-PAP–PIPKI� interaction and Star-PAP serine 6 phosphorylation regulate cellular invasiveness. (A) Wound healing assay (as in Fig. 2H) in the
presence of ectopic expression of Star-PAP deletion and point mutations (ZF deletion and S6A and Y573F mutant Star-PAP) after endogenous Star-PAP
knockdown. (B) Western blot analysis of WT Star-PAP and various mutants, as in panel A. Star-PAP coregulator PIPKI�, loading control �-tubulin, and Star-PAP
targets KISS1R and NME1 are indicated. Numbers on the right indicate molecular mass in kilodaltons. (C) Western blot analysis of Star-PAP; PIPKI�; Star-PAP
targets NME1, KISS1R, and CDH1; control �-tubulin; and CKI� from MDA-MB-231 cells after knockdown of PIPKI� and CKI� in the presence of ectopic
FLAG-Star-PAP expression. Numbers on the right indicate molecular mass in kilodaltons. (D) Quantification of wound closure at various time points in panel
A expressed relative to the 0-h time point postscratch. The error bars represent SEM (n � 3). (A plot of the actual wound gaps at various time points is shown
in Fig. S4D in the supplemental material.) (E) Quantification of wound closure in panel F expressed relative to the 0-h time point. The error bars represent
SEM (n � 3). (A plot of the actual wound gaps at various time points is provided in Fig. S4F in the supplemental material.) (F) Wound healing assay as in
panel A but after knockdown of PIPKI� or CKI� in the presence of ectopically expressed wild-type Star-PAPsm. (Quantifications are shown in panel E and
Fig. S4F in the supplemental material; n � 3.) (G) qRT-PCR analysis of various Star-PAP targets, as indicated, under conditions similar to those in panel B.
(H) qRT-PCR analysis of various Star-PAP targets, as indicated, under conditions similar to those in panel C.
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type Star-PAP decreased the time required for wound healing, the ZF deletion (PIPKI�
interaction domain) Star-PAP did not have any effect on the healing process (Fig. 4A
and D; see Fig. S4D in the supplemental material). A serine 6-to-alanine (S6A) mutation
that is deficient in S6 phosphorylation (required for in vivo PIPKI� association and
Star-PAP RNA binding) also showed effects similar to those with the ZF deletion (Fig. 4A
and D), suggesting a role for Star-PAP–PIPKI� interaction and Star-PAP phosphorylation
in the wound healing process. Similarly, in transwell invasion assays, wild-type Star-PAP,
but not S6A Star-PAP, showed reduction in invasiveness (see Fig. S2F and H in the
supplemental material). Mutation of yet another control putative phosphorylation site
on Star-PAP (Y573F) did not have any effect on wound closure (Fig. 4A and D). The
marginal expression of Star-PAP target proteins (KISS1R and NME1) was rescued by
wild-type Star-PAP expression but not by ZF deletion or S6A mutant Star-PAP expres-
sion (Fig. 4B). qRT-PCR analysis also showed induced mRNA levels of the Star-PAP
targets CDH1, CDH13, KISS1R, NME1, and WIF1 on wild-type Star-PAP expression and not
with either the ZF deletion or S6A mutant Star-PAP expression in MDA-MB-231 cells
(Fig. 4G).

To further confirm the requirement for PIPKI�, we knocked down PIPKI� in the
presence of ectopically expressed wild-type Star-PAP in MDA-MB-231 cells (Fig. 4C). We
observed no effect of the ectopic Star-PAP expression on wound closure when PIPKI�
was depleted in the cells (Fig. 4F; see Fig. S4F in the supplemental material). Since CKI�
phosphorylates S6 on the ZF domain in Star-PAP (20), we knocked down CKI� (Fig. 4C)
and tested the effect on wound closure. As expected, the effect of ectopic Star-PAP
expression was diminished on CKI� knockdown (Fig. 4F; see Fig. S4F in the supple-
mental material), consistent with PIPKI� knockdown, indicating the requirement for S6
phosphorylation in the wound healing process. Expression of the targets CDH1, KISS1R,
and NME1 was also reduced on CKI� knockdown despite the exogenous expression of
Star-PAP (Fig. 4C). Similar results were obtained in qRT-PCR analysis, as well, where
mRNA expression (CDH1, NME1, CDH13, KISSIR, WIF1, FEZ1, and CDH13) was reduced
even when ectopic Star-PAP was expressed in MDA-MB-231 cells (Fig. 4H). These results
reveal that S6 Star-PAP phosphorylation and the Star-PAP–PIPKI� interaction are crucial
for the regulation of cancer cell invasion.

DISCUSSION

Phosphoinositide signaling in cancer is associated primarily with the oncogenic
PI3K/Akt/mTORC1 cascade (41–43). Recent studies suggest that the lipid messenger
PI4,5P2 is not merely a substrate for phosphatidylinositol (3,4,5)-triphosphate (PI3,4,5P3)
generation but is also a key regulator of various cellular events in cancer (44). PI4,5P2

and its synthesizing enzymes, the PIP kinases, regulate cellular motility, polarity, and
invasion, which are integral to cancer progression (44, 45). However, this regulation is
mostly limited to cytosolic PI4,5P2, and the importance of its nuclear counterpart in cell
invasion or metastasis is largely undefined (25, 44). The type I PIP kinase � is a key
PI4,5P2-generating enzyme inside the nucleus that is speckle localized, along with the
noncanonical PAP Star-PAP (25, 27). Our work demonstrates a novel role of nuclear
PIPKI� in cellular invasiveness in breast cancer cells by coupling with Star-PAP-
mediated 3=-end processing to control the expression of important anti-invasive reg-
ulators, such as CDH1, KISS1R, NME1, CDH13, WIF1, and FEZ1 (35, 36). Concurrently, the
Star-PAP–PIPKI� complex was observed to elicit an anti-invasive property in the cell.
Both proteins are required in this process, and the absence of either Star-PAP or PIPKI�
resulted in loss of regulation. A model for PIPKI�-coupled Star-PAP regulation of cellular
invasiveness is shown in Fig. 5.

Cellular invasiveness is directly linked to several innate functions of a cell, such as
immune response, development, wound healing, cancer progression, and metastasis
(13). Cancer cells progress from migration and invasion and metastasize to neighboring
tissues to form secondary tumors (13). We have established Star-PAP as a negative
regulator of cellular invasiveness in breast cancer cells, indicating a putative role of
Star-PAP in preventing cancer metastasis. A recent study has shown a role of Star-PAP
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as a tumor suppressor that prevents cell proliferation by a yet undefined mechanism
(46). Star-PAP antitumor activity was implicated through a previously identified Star-
PAP target, the apoptotic BIK gene (19). This is not the case, however, in cellular
invasion, as there was no difference in the levels of BIK protein among different cancer
cell lines, while Star-PAP levels differed and corresponded to cellular invasiveness.
Moreover, BIK expression is independent of CKI� (19), which is involved in the regu-
lation of cellular invasiveness. Knockdown of PKC�, which regulates BIK expression
through Star-PAP (19), also has no effect on cellular invasiveness (data not shown). This
indicates a distinct pathway for metastasis, independent of the reported BIK-mediated
apoptotic or tumor-suppressive function. We have shown a role for Star-PAP in cellular
invasiveness occurring via control of several critical anti-invasive/metastatic factors in
the cell.

The mechanism by which Star-PAP selects target mRNAs involved in the oxidative-
stress response and apoptosis has been reported (19, 21, 23). Star-PAP recognizes an
AUA-containing motif flanked by GC-rich elements. A suboptimal downstream se-
quence (DSE) on Star-PAP target UTRs excludes recruitment of canonical PAP� via
CstF-64 (21). There are similar signature sequence elements on the UTRs of anti-invasive
factors such as CDH1, NME1, or KISS1R (data not shown). This raises important ques-
tions: is sequence-driven specificity sufficient to regulate multiple cellular functions via
Star-PAP, and what drives specificity for mRNAs in cellular invasiveness? Our data
indicate that this specificity is driven by the interaction with PIPKI� for this set of
overlapping target mRNAs. This observation is consistent with our previous report that
the Star-PAP–mRNA interaction is modulated by PI4,5P2 binding in vitro (20). On the
other hand, there are Star-PAP targets that are independent of PIPKI� (17, 20), sug-
gesting involvement of other coregulators in controlling different cellular functions. We
have identified another unique Star-PAP coregulator RNA binding protein (RBM10) that
functions with Star-PAP, and together they regulate cardiac hypertrophy (unpublished
data). Star-PAP also associates with the kinases CKI�/CKI� and PKC�, but they regulate
distinct mRNA targets (19, 22). For example, while CKI� association with Star-PAP is
involved in the oxidative-stress response, PKC� association regulates the DNA damage
pathway (19).

FIG 5 Model of Star-PAP–PIPKI� interaction-mediated regulation of cancer cell invasion.
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The Star-PAP–PIPKI� nexus in cellular invasiveness is largely similar to that of the
stress response pathway in terms of its regulation. Both require CKI�-mediated phos-
phorylation at S6 in the ZF motif. Interestingly, S6 phosphorylation is required for
Star-PAP nuclear retention, yet it is selective in regulation of Star-PAP target mRNAs
(20). It appears to function in parallel with PIPKI� (20) to regulate cellular invasiveness
or cancer. Currently, it is unclear if Star-PAP requires additional phosphorylation(s) to
regulate cellular invasiveness. Nevertheless, our results suggest that phosphorylation(s)
on Star-PAP regulates different cellular functions. While the serine 6 phosphorylation
site for CKI� is known, PKC�-targeted sites are still unidentified (19, 20). Moreover,
reports indicate that there are additional protein kinases associated with Star-PAP,
consistent with its role in Star-PAP function (22, 24). However, it is still unclear if all
functional Star-PAP molecules in the nucleus are phosphorylated. Further experiments
will reveal definitive answers to these questions. Nonetheless, our preliminary data
largely suggest that differentially phosphorylated Star-PAP is involved in signaling
regulation and cellular functions, such as invasion, in vivo (data not shown). Nonethe-
less, Escherichia coli purified recombinant Star-PAP shows polyadenylation activity in
vitro (17). This suggests that Star-PAP phosphorylation is largely signal driven and that
its cellular functions are coupled to coregulators such as PIPKI�.

MATERIALS AND METHODS
Cell culture and transfections. Human embryonic kidney (HEK 293) cells, HeLa cell lines, MCF7

(estrogen receptor (ER)/progesterone receptor (PR)-positive human breast cancer) cells, and MDA-MB-
231 (triple-negative human breast cancer) cells were obtained from the American Type Culture Collection
and maintained in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS) and
penicillin-streptomycin (50 U/ml) at 37°C in 5% CO2. Plasmid transfections were carried out using the
calcium phosphate method (HEK 293 and HeLa cells) and Lipofectamine (Invitrogen) (MCF7 and
MDA-MB-231 cells) or by siRNA using Oligofectamine (Invitrogen) according to the manufacturer’s
instructions. Cells were harvested 48 h posttransfection. The RNA oligonucleotides used for knockdown
are shown in the supplemental material. A lentiviral vector system, pLKO.1-TRC, was modified to express
an shRNA specific to Star-PAP (shStar-PAP) or PIPKI� (shPIPKI�) under the U6 promoter as described
previously (47). Lentiviral particles were generated in HEK 293 cells as described previously (48). Stable
knockdown cells were selected using 10 �g/ml of puromycin (Sigma) (49).

Immunoblotting. Immunoblotting experiments were carried out using appropriate antibodies as
described previously (20). The intensities of bands were quantified with ImageJ software. A list of
antibodies is provided in the supplemental material.

3=-RACE assay and cleavage measurement. Total RNA was isolated from HEK 293 cells using an
RNeasy mini kit (Qiagen) as described previously (21). 3=-RACE assays were carried out using the 3=-RACE
system (Invitrogen) according to the manufacturer’s instructions with 2 �g of total RNA as described
previously (21). The RACE products were confirmed by sequencing. For measurement of cleavage
efficacy, uncleaved mRNA levels were measured by qRT-PCR using a pair of primers across the cleavage
site as described previously (17). The noncleaved messages were expressed as a ratio over the total
mRNA, and all samples (siRNA Star-PAP or PIPKI� knockdowns) were expressed as the fold change from
the control for the ratio. The gene-specific primers used in 3=-RACE and cleavage assays are provided in
the supplemental material.

RIP. RNA immunoprecipitation experiments were carried out after cross-linking proteins and RNA
with 1% formaldehyde in HEK 293 cells using specific antibodies against Star-PAP, PIPKI�, and RNA
polymerase II (Pol II), as described previously (21, 50). Briefly, we cross-linked total cellular proteins with
nucleic acids in the cell with formaldehyde. Nuclear fractions were then isolated, followed by shearing
of the nucleic acids by sonication into smaller fragments (�500 nucleotides [nt]), as described previously
(21, 50). The protein bound to the RNA was immunoprecipitated using specific antibodies. The immu-
noprecipitated samples were eluted, de-cross-linked, and digested with DNase I to remove the associated
DNA. The associated RNA was then detected using RT-PCR with gene-specific primers. The gene-specific
primers used for detecting CDH1, KISS1R, and GAPDH are listed in the supplemental material.

qRT-PCR. qRT-PCR was carried out as described previously (20) in a CFX98 multicolor system
(Bio-Rad) using 2 �g of total RNA reverse transcribed with an RT-PCR kit (Bio-Rad). Single-product
amplification was confirmed by melting-curve analysis, and primer efficiency was near 100% in all
experiments. Quantifications are expressed in arbitrary units, and target mRNA abundance was normal-
ized to the expression of GAPDH by the method of Pfaffl (52). All the qRT-PCR results are representative
of at least three independent experiments (n � 3). A list of primers is provided in the supplemental
material.

Invasion assays. Invasion assays were carried out using scratch healing and transwell invasion
assays, as described previously (37–39). Briefly, monolayers of cells with knockdowns or transfections
were grown on culture plates coated with extracellular matrix (collagen). Uniform scratches were made
on the monolayers. The cells were treated with mitomycin C (10 �g/ml) to stop proliferation (51), and
phase-contrast imaging of the cells at various time intervals (0, 24, 36, 48, and 60 h) was carried out using
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an Olympus IX71 microscope. The wounds were then analyzed by calculating the distance traveled. The
distance of the wound closure was quantified by using ProgRes Capture Pro v2.8.8 (Olympus).

Transwell invasion was assayed using a modified Boyden chamber containing a polycarbonate
Transwell membrane filter (8 �m pore size; Corning Costar, Cambridge, MA, USA) coated with collagen
type I (38). Approximately 1,000 cells were seeded in the upper chamber in DMEM containing 1% FBS,
and the invasion toward the lower chamber, containing DMEM with 10% FBS, after incubation for 24
(MDA-MB-231) or 48 (MCF7) hours at 37°C in 5% CO2 was measured. The invading cells remaining on the
bottom surface of the membrane were stained with 0.5% crystal violet after scraping nonmigrated cells
from the upper surface of the membrane, and the stained insert was washed and imaged.

Microarray data analysis. Microarray data for Star-PAP and PIPKI� knockdowns in HEK 293 cells
were obtained from the NCBI Gene Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo/),
accessible through GEO series accession number GSE9361 (17). We analyzed the data in line with the
methods described previously (17) to obtain significant gene changes on the knockdowns and consid-
ered mRNAs with higher expression differences using a stringent threshold cutoff (P � 0.05; fold
change 	 2). Briefly, the data for Star-PAP and PIPKI� knockdown samples were compared with those
for the control siRNA-treated samples, taken as baseline expression. Changes in expression were
statistically analyzed using the empirical Bayes method implemented in the R package EBarrays, a
publicly available statistical analysis system (http://www.r-project.org). We used the log-normal normal
(LNN) expression model to calculate posterior probabilities of differential expression (DE). Of the �54,000
transcripts and variants, we identified �6,060 DE genes with a threshold of 0.888 to control the
conditional false-discovery rate (cFDR) at 0.01 (P � 0.05) for the Star-PAP knockdown and �6,186 DE
genes with a threshold of 0.878 to control cFDR at 0.01 (P � 0.05) using the LNN model. The fold changes
of the intensity signals were calculated in Microsoft Excel as described previously (17). The genes were
then sorted by their fold change values with a cutoff of less than or equal to 2-fold upregulation and less
than or equal to �2-fold downregulation on the knockdowns to determine the genes significantly
regulated by Star-PAP and PIPKI�.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/MCB
.00457-17.

SUPPLEMENTAL FILE 1, PDF file, 8.2 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.1 MB.
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