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Regulation of enzymatic 5’ decapping of messenger RNA (mRNA),
which normally commits transcripts to their destruction, has the
capacity to dynamically reshape the transcriptome. For example,
protection from 5’ decapping promotes accumulation of mRNAs
into processing (P) bodies—membraneless, biomolecular conden-
sates. Such compartmentalization of mRNAs temporarily removes
them from the translatable pool; these repressed transcripts are
stabilized and stored until P-body dissolution permits transcript
reentry into the cytosol. Here, we describe regulation of mRNA
stability and P-body dynamics by the inositol pyrophosphate sig-
naling molecule 5-InsP; (5-diphosphoinositol pentakisphosphate).
First, we demonstrate 5-InsP; inhibits decapping by recombinant
NUDT3 (Nudix [nucleoside diphosphate linked moiety X]-type hydro-
lase 3) in vitro. Next, in intact HEK293 and HCT116 cells, we monitored
the stability of a cadre of NUDT3 mRNA substrates following CRISPR-
Cas9 knockout of PPIP5Ks (diphosphoinositol pentakisphosphate
5-kinases type 1 and 2, i.e., PPIP5K KO), which elevates cellular 5-InsP,
levels by two- to threefold (i.e., within the physiological rheostatic
range). The PPIP5K KO cells exhibited elevated levels of NUDT3 mRNA
substrates and increased P-body abundance. Pharmacological and ge-
netic attenuation of 5-InsP, synthesis in the KO background reverted
both NUDT3 mRNA substrate levels and P-body counts to those of
wild-type cells. Furthermore, liposomal delivery of a metabolically
resistant 5-InsP; analog into wild-type cells elevated levels of NUDT3
mRNA substrates and raised P-body abundance. In the context that
cellular 5-InsP; levels normally fluctuate in response to changes in the
bioenergetic environment, regulation of mRNA structure by this ino-
sitol pyrophosphate represents an epitranscriptomic control process.
The associated impact on P-body dynamics has relevance to regula-
tion of stem cell differentiation, stress responses, and, potentially,
amelioration of neurodegenerative diseases and aging.

P bodies | cellular homeostasis | inositol | signaling

emoval (i.e., “decapping”) of the 5’-end 7-methylguanosine

(m’G) cap of messenger RNAs (mRNAs) (Fig. 14) can be a
key event for reshaping the transcriptomic landscape in response
to changing cell requirements (1). Decapping exposes the
mRNA 5’ end to exonuclease-mediated degradation; this decay
pathway plays critical roles in early animal development, cell
growth and proliferation, immune response, and mRNA quality
control (1). Among the four known classes of mammalian 5'-
decapping enzymes there is one in which the unifying feature
is the nucleoside diphosphate linked moiety X (Nudix) consensus
catalytic sequence GXsEX;REUXEEXGU, where U represents
a hydrophobic residue and X represents any amino acid; the
Nudix-type decapping enzymes are DCP2, Nudix-type hydrolase
16 (NUDT16), and Nudix-type hydrolase 3 (NUDT3) (2, 3).
Each of these enzymes preferentially decaps a subset of mRNAs.
For example, NUDT3 specifically targets a small subset of
mRNAs that are preferentially promigratory transcripts (2, 4).
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The characterization of modulatory compounds that might
control decapping could considerably illuminate our under-
standing of the regulation of gene expression. Here we describe
regulation of NUDT3-catalyzed decapping by the most abundant
member of the inositol pyrophosphate (PP-InsP) signaling fam-
ily, 5-diphosphoinositol pentakisphosphate (5-InsP;; Fig. 1B and
SI Appendix, Fig. S1). 5-InsP; has already received considerable
attention for a number of separate biological effects (5), many of
which have been interpreted as acting at the interface of sig-
naling and metabolic homeostasis (6). Consequently, 5-InsP7 is
pivotal to an organism’s ability to adapt to environmental
challenges—that is, its long-term survival—which is reliant upon
dynamic control over uptake, storage, and utilization of various
metabolic fuels (7). 5-InsP; also operates as a bioenergetic sen-
sor, with its levels responding rapidly to changes in adenosine
triphosphate (ATP) levels within the physiological range (8, 9).

NUDT3 was originally characterized (and named DIPP1)
through its ability to dephosphorylate all PP-InsPs, including
5-InsP; (10). Here we describe our evidence that competition
between 5-InsP; and 5’-capped mRNA for hydrolysis by NUDT3
impacts transcript levels in intact cells. This conclusion drew us
to reports that inhibition of 5’ decapping is associated with
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Improved understanding of the epitranscriptomic control pro-
cess will help decipher regulation of global gene expression.
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in intact cells. We further demonstrate mRNA stabilization is
paralleled by increased abundance of P bodies, which are
membraneless condensates that sequester mRNAs from the
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mRNA structure and stability, as well as P-body dynamics, il-
luminates cell-signaling oversight of cellular homeostasis.
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Fig. 1. Differential expression of selected RNA transcripts in WT and PPIP5K KO HEK293 cells, as a consequence of InsP; and the 5'-m’G cap both being
substrates for hydrolysis by NUDT3. (A and B) Graphically depicted hydrolysis by NUDT3 of phosphodiester bonds in the m’G mRNA cap and InsP5, respectively;
in the former (A), cleavage of the py-diester is shown, but the enzyme also cleaves the of-diester (relative to the 5’-terminal guanine; S/ Appendix, Fig. S2). (C)
Dose-dependent inhibition of NUDT3-catalyzed 5’ decapping by either PCP-InsP; (gray circles), or 5-InsP; (black circles) or studied in vitro; means and SEs
(when larger than the symbols) are shown for three or four biological replicates. (D) Levels of InsP; in WT cells (blue) and two independent clones (KO1 and
KO2) of PPIP5K KO cells (red). (E-J) Levels of mRNA transcripts (ITGB6, FN1, LCN2, S100A8, ITGAV, and NUDTS3, respectively) in WT cells (blue) and PPIP5K KO
cells (red) as recorded by quantitative real-time PCR. Individual data, means, and SEs are shown for three or five biological replicates, as indicated. *P < 0.05,

**P < 0.02, ***P < 0.001, compared with WT. NS, not significant.

processing (P)-body accumulation (11, 12); the latter are highly
dynamic, membraneless biomolecular condensates that seques-
ter certain mRNAs (13). While the original concept that P
bodies regulate mRNA decay continues to be pursued (12, 14),
these organelles are now recognized as important sites for se-
questration and storage of mRNAs away from the translating
pool (15). Independent of transcription, the mRNAs in P bodies
can be rapidly reintroduced into the translating pool, for exam-
ple in response to certain environmental cues (12, 16, 17).

P bodies are increasingly recognized to have other functions.
They transport mRNAs to localized sites of translation to ensure
protein compartmentalization, for example to support synaptic
plasticity in polarized neuronal cells; interest in this area extends
to exploring possible roles of P bodies in neurodegenerative
diseases (18, 19). The formation of P bodies is enhanced as part
of the adaptive response to cell stress (12), and also during aging
(20). Certain viruses manipulate P-body dynamics to counteract
mRNA decay machinery (21). Dissolution of P bodies in em-
bryonic stem cells and adult progenitors releases key fate-
instructive mRNAs to drive cellular differentiation (22). It is
therefore important to understand regulation of both the func-
tions and the turnover of P bodies. We report here that P-body
abundance parallels the 5-InsP;—modulated levels of NUDT3-
regulated mRNA transcripts.

Results and Discussion

Competition between 5-InsP; and the 5'-mRNA Cap for the Active Site
of NUDT3. The 20-kDa NUDT3 protein was originally named
DIPP1, due to its biologically relevant PP-InsP phosphatase ac-
tivity (Fig. 1B and SI Appendix, Fig. S1) (10). In separate and
more recent studies, NUDT3 was found to hydrolyze the tri-
sphosphate linker of the 5-m’G cap from a limited number of
mRNAs (4, 23). Previously published biochemical, mutagenic,
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and structural data demonstrate that the single Nudix active site
in NUDTS3 hydrolyzes both substrates (4, 10, 24). Therefore, we
anticipated these two substrates would compete for hydrolysis by
NUDTS3. This prediction was confirmed in assays performed with
recombinant NUDT3 in vitro: 5’ decapping is inhibited by
5-InsP; with a half-maximal inhibitory concentration of ~130 to
200 nM (Fig. 1C and SI Appendix, Fig. S2).

We also found that decapping in vitro is inhibited by the other
PP-InsP substrates of NUDT3 (1-InsP; and InsPs; SI Appendir,
Figs. S1 and S2C). This is an expected result, since each of these
PP-InsPs is hydrolyzed by NUDT3 with very similar kinetic pa-
rameters (25). Among the PP-InsPs, the inhibitory effect of
5-InsP; is the most likely to be physiologically relevant, based
upon its cellular levels being 10- and 50-fold higher than those of
InsPg and 1-InsP, respectively (26).

Decapping by NUDTS3 is also inhibited in vitro by InsPs (SI
Appendix, Fig. S2C), due to this inositol phosphate competitively
inhibiting substrate binding to the catalytic site (10, 24). How-
ever, it is doubtful that inhibition of NUDT3 by InsPg is im-
portant in vivo, because it seems that only a minor fraction of
total cellular InsPg is freely diffusible within the cytoplasm. For
example, radiolabeling studies have shown that InsPg is com-
partmentalized between various subcellular pools (27). It has
also been demonstrated that InsPg binds to cellular membranes
(28). A significant proportion of cellular InsPg acts as a structural
cofactor for proteins, and this immobilized ligand is not readily
exchangeable with the cytosolic pool (29, 30). There are also
indications that InsP¢ enters vesicular compartments in order to
be dephosphorylated (31, 32).

In view of these complicating factors, we set out to analyze
NUDT3 activity in intact cells, using experimental conditions in
which we could manipulate levels of individual PP-InsPs in a
controlled manner.

Sahu et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922284117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922284117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922284117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922284117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922284117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922284117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922284117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1922284117

Expression of NUDT3 mRNA Substrates in Wild-Type and PPIP5K
Knockout Cells. The knockout (KO) of PPIP5Ks (diphosphoino-
sitol pentakisphosphate 5-kinases type 1 and 2) in HEK293 cells
leads to a stable, two- to threefold increase in 5-InsP; levels
(Fig. 1D; data are shown for two clonal KO cell lines, designated
“KO1” and “KO2”; also see ref. 9). In contrast, the KO cells
cannot synthesize either 1-InsP; or InsPg, while InsPg levels in
KO cells remain at the levels observed in wild-type (WT) cells
(SI Appendix, Fig. S1) (9). Thus, among those inositol phos-
phates that we have shown to inhibit mRNA decapping by
NUDT3 in vitro (see above), 5-InsP; is the only one that shows
an increase in its levels in PPIP5K KO cells. Thus, we have used
these cells as a model for exploring if there is a role for 5-InsP; in
regulating mRNA levels.

In order to monitor NUDT3 activity in intact cells, we assayed
the levels of a cadre of its preferred substrates: mRNAs for
integrin 6 (ITGB6), fibronectin (FN1), lipocalin-2 (LCN2), and
S100 calcium-binding protein A8 (S100A8) (2, 4). These four
transcripts were identified by RNA-sequencing analysis to be
among those that were the most responsive (in terms of elevated

levels) upon stable knockdown of NUDT3 in an MCF-7 breast
cancer cell line (4). That phenotype was complemented by
overexpression of WT NUDT3 but not by the decapping-
deficient NUDT3"¥C° mutant (4). The latter work has also
contributed to the current consensus that mammalian cells
contain multiple decapping enzymes that each control the sta-
bility and expression of distinct mRNA transcripts (2, 3).

Using quantitative real-time PCR, we found elevated levels of
mRNA transcripts for ITGB6, FN1, LCN2, and S100AS8 in
PPIP5K KO HEK293 cells compared with WT cells (Fig. 1 E-H).
It is of further significance that the WT and PPIP5K KO cells
contain similar levels of the ITGAV mRNA transcript (Fig. 1]),
which is not subject to 5’ decapping by NUDT3 (4). We also
showed that the elevation in PPIP5K KO cells of the levels of
mRNAs that are NUDT3 substrates is not due to a decrease in
expression of NUDTS3 itself (Fig. 17).

These data are consistent with the hypothesis that NUDT3-
mediated decapping is inhibited by the elevated levels of 5-InsP;,
in PPIP5SK KO HEK293 cells. However, by themselves, these
data do not exclude the alternate possibility that, through some
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Effects of IP6K knockdown on levels of mRNA transcripts and P-body abundance in WT and PPIP5K KO HCT116 cells. WT cells (blue) and two in-
dependent clones of PPIP5K KO cells (KO1 and KO2; red) were each treated with either control siRNA (minus sign) or IP6K(1 + 2) siRNA (plus sign), and then
the following data were obtained from these cells. (A) Western assays of IP6Ks. (B-E) mRNA transcript levels for ITGB6, FN1, LCN2, and S100AS8, respectively,
determined by quantitative real-time PCR. (F) Representative merged, confocal wide-field images from bright-field, Hoechst staining (blue), and DCP1A
immunofluorescence to tag P bodies (red). Individual data, means, and SEs are shown for five biological replicates. (G) P-body numbers per cell; in every
biological replicate (three in total; means and SEs are shown), between 166 and 405 cells were analyzed from each of the six separate conditions. **P < 0.01,
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unknown NUDT3-independent mechanism, 5-InsP; may affect
P-body accumulation (see below) and indirectly stabilize those
mRNAs which are normally decapped by NUDT3. This possi-
bility is hard to exclude using most cell models, since NUDT3
knockdown and/or overexpression would be expected to impact
levels of both 5-InsP; levels and those mRNA transcripts that are
decapped by NUDT3. However, we have found an experimental
system in which the 5’-decapping and 5-InsP; phosphatase ac-
tivities of NUDT3 are uncoupled: the MCF-7 model in which
NUDT3-mediated 5’ decapping was first established (see above).
We used high-performance liquid chromatography analysis of
[*H]inositol-labeled WT and NUDT3 knockdown MCF-7 cells to
quantify 5-InsP; levels, and found there was not a significant
difference between the two cell lines gP > 0.4): WT cells, 5-[*H]
InsP-, 3.9 + 0.6 x 1073 (relative to ["H]InsPg) and 1.2 + 0.2 x
1075 (relative to [*H]inositol lipids), n = 4; the corresponding
data for NUDT3 knockdown cells are 4.8 + 1 x 10~ and 1.4 +
0.2 x 1075, respectively. It is also notable that the levels of
5-InsP5 in WT cells are almost 10-fold less than the usual value
for mammalian cells (i.e., the corresponding value for HEK293
cells is 3.0 + 0.2 x 1075; Fig. 1D). In this context in which 5-InsP;
levels are unchanged in MCF-7 cells upon NUDT3 knockdown,
elevation in levels of specific mRNA transcripts [as previously
reported (4)] is a phenomenon that is consistent with a reduction
in NUDT3-mediated decapping.

We next monitored the rate of decay of our selection of
mRNA substrates, by treating WT and KO cells with actinomy-
cin D (ActD) (SI Appendix, Fig. S3). Data are presented relative
to the p-actin mRNA, which was stable in all three cell lines (S
Appendix, Fig. S34). Importantly, the rate of decay for the
non-NUDT3-responsive ITGAV mRNA was comparable be-
tween KO1, KO2, and WT cell lines (SI Appendix, Fig. S3B).
Moreover, each of the four transcripts that are decapped by
NUDT3 (ITGB6, FN1, LCN2, and S100A8) were all significantly
more stable following ActD addition to the two KO cell lines, as
compared with WT cells (SI Appendix, Fig. S3 C-F). Our data
indicate increased stability of mRNA substrates for NUDT3.

The increased stability of NUDT3-hydrolyzed mRNAs was not
associated with a general, corresponding change in protein ex-
pression; only the ITGB6 and S100AS proteins were expressed at
higher levels in the KO lines (SI Appendix, Fig. S4 A-D). It is
well-known from published proteogenomic analyses that mRNA
and protein levels are often poorly correlated (33).

Our results are not specific to the HEK293 cell line. We have
previously described our creation of two independent clones of
PPIP5K KO HCT116 cells, in which levels of InsP; are also el-
evated (9). We found that these KO cells also expressed higher
levels of mRNA transcripts for ITGB6, FN1, LCN2, and
S100AS, as compared with WT cells (SI Appendix, Fig. S5 A-D).
Again, the NUDT3 “negative control” is supportive of our hy-
pothesis: PPIP5K KO did not affect levels of ITGAV mRNA (S
Appendix, Fig. S5E). As is the case with HEK293 cells, the in-
creased transcript levels in PPIP5K KO HCT116 cells were not
associated with a general elevation in the levels of expression of
the corresponding proteins, with the exception of FN1 (SI Ap-
pendix, Fig. S5 F-H). While FN1 has a role in cell migration (34),
there was not an effect of the KO upon wound healing (S Ap-
pendix, Fig. S6).

Knockdown of InsP; Synthesis Decreases Levels of NUDT3 mRNA
Substrates in PPIP5K KO Cells. To pursue the idea that it is a
higher 5-InsP; concentration that promotes increased levels of
NUDT3 mRNA substrates in PPIP5SK KO cells, we used small
interfering RNA (siRNA) to knock down IP6K-mediated 5-InsP;
synthesis (SI Appendix, Fig. S1) (9). There are three IP6K iso-
forms, but type 3 IP6K is not expressed in HCT116 cells (35), so
we knocked down IP6K1 and IP6K2 (Fig. 24). This siRNA
treatment of the KO cells reversed the elevation of levels of
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mRNA for ITGB6, FN1, LCN2, and S100A8 (Fig. 2 B-E).
IP6K1/2 knockdown had similar effects upon the same tran-
scripts in PPIPSK KO HEK293 cells (SI Appendix, Fig. S7).

P-Body Abundance Correlates with Modulation of NUDT3 Activity by
InsP;. There is increasing interest in reports that inhibition of 5’
decapping is associated with P-body accumulation (11, 12). We
therefore studied P-body dynamics: Confocal immunofluores-
cence of the P-body marker DCP1A (36) showed that individual
PPIP5K KO HCT116 cells contained ~2.5-fold more P bodies per
cell than did WT cells (Fig. 2 F and G). This increase in P-body
abundance was fully reversed upon inhibition of InsP; synthesis by
cell treatment with IP6K1/2 siRNA (Fig. 2 F and G). We also used
a pharmacological approach to reduce cellular 5-InsP; accumu-
lation (9, 37); we treated PPIP5K KO HCT116 and HEK293 cells
with an IP6K inhibitor, N2-(m-trifluorobenzyl), N6-(p-nitrobenzyl)
purine (TNP; SI Appendix, Fig. S1). TNP reduced expression of all
four target mRNAs (Fig. 3 A-D and SI Appendix, Fig. S8), and
decreased P-body abundance in both WT and PPIP5K KO cells
(Fig. 3 E and F). Thus, we conclude that P-body abundance cor-
relates with modulation of NUDT3 activity by 5-InsP.

To further pursue the role of 5-InsP; in regulating mRNA
expression and P-body dynamics, we next used a liposomal de-
livery method which we recently developed to deliver PP-InsPs
into cells (38). Here, we also investigated the efficiency of lipo-
somal delivery of PP-InsP by using a fluorescein-tagged analog of
5-InsP; (FAM-InsP;) (Fig. 44). Subsequent extraction of the
fluorescence-tagged molecule from cell lysates, and analysis by
polyacrylamide gel electrophoresis (PAGE), revealed that the
material eluted as a single band (SI Appendix, Fig. S9), indicating
it was not significantly dephosphorylated; the bulky FAM group
presumably gives protection to the normally metabolically labile
5-phosphate diester. Confocal analysis of cells loaded with FAM-
InsP; indicated it was predominantly distributed throughout the
cytoplasm (Fig. 4B). The FAM-InsP; was excluded from the
nucleus, and only a minor proportion of FAM-InsP; associated
with LysoTracker red (Fig. 4B), a marker for lysosomes/endo-
somes (weighted colocalization coefficient, 0.16 + 0.02).

We used liposomes to deliver the 5-PCP-InsP; bioisostere of
5-InsP; into WT HCT116 cells; unlike the natural pyrophosphate
bond, the methylenediphosphonate (PCP) moiety is metaboli-
cally resistant (39). 5-PCP-InsP; also closely mimics 5-InsP;—
mediated inhibition of NUDT3 activity (Fig. 1C). Delivery of
5-PCP-InsP; into HCT116 cells elevated levels of our four target
mRNA substrates for NUDT3: ITGB6, FN1, LCN2, and SI00A8
(Fig. 4C). 5-PCP-InsP; did not affect levels of our two negative-
control transcripts which are not NUDT3 substrates (mRNAs for
ITGAV and NUDTS3 itself; Fig. 4C). Finally, 5-PCP-InsP; pro-
moted a >3-fold increase in P-body abundance, compared with
cells treated with “empty” liposomes (Fig. 4 D and E). These
data consolidate our discovery of a role for InsP7 in regulating
NUDTS3 activity and P-body dynamics.

Concluding Comments. Our data, generated using a complemen-
tary series of genetic, pharmacological, and chemical tools, have
demonstrated that the small-molecule cell signal 5-InsP; modu-
lates P-body dynamics and stabilizes a subset of mRNAs that are
substrates for NUDT3-mediated mRNA 5’ decapping. To derive
these conclusions, we have studied the effects upon mRNA
turnover and P-body dynamics of two- to threefold changes in
total cellular levels of 5-InsP;. This is a biologically relevant
experimental paradigm: A quantitatively similar increase in
5-InsP; levels has been described during cell stimulation by ei-
ther insulin or insulin-like growth factor-1 (40). The levels of
5-InsP; are also >2-fold elevated in both primary hepatocytes
and primary bone marrow-derived mesenchymal stem cells pre-
pared from aged mice, as compared with corresponding cells
derived from young animals (40, 41); thus, it is particularly
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Fig. 3. Effects of TNP upon levels of mRNA transcripts and P-body abundance in WT and PPIP5K KO HCT116 cells. WT cells (blue bars) and two independent
clones of PPIP5K KO cells (KO1 and KO2; red bars) were each treated with either 10 uM TNP (plus sign) or vehicle (minus sign) and then the following data
were obtained from these cells. (A-D) mRNA transcript levels for ITGB6, FN1, LCN2, and S100A8, respectively, determined by quantitative real-time PCR. (E)
Representative merged, confocal wide-field images from bright-field, Hoechst staining (blue), and DCP1A immunofluorescence to tag P bodies (red). (F) Bar
graph of P-body numbers per cell; in every biological replicate (three in total; means and SEs are shown), between 220 and 335 cells were analyzed from each
of the six separate conditions. *P < 0.05, **P < 0.02, ***P < 0.001, compared with WT.

intriguing that aging is also associated with P-body accumulation,
as an adaptive response to maintain proteostasis (20). 5-InsP;
levels also fluctuate in response to the bioenergetic status of the
cell (i.e., ATP levels) (8); this homeostatic process underlies the
role of 5-InsP; in mediating nutrient stimulation of insulin se-
cretion from pancreatic p-cells (8). Taken together, these various
observations rationalize 5-InsP; as being a rheostatic signaling
molecule that mediates cellular adaptations to environmental
challenges (5, 6). Thus, our current study unveils an epitran-
scriptomic control process; we have shown how 5-InsP; acts in a
molecular pathway by which mRNA structure and stability can
be modified in response to fluctuations in the extracellular
environment.

Previous studies into the molecular basis for the modulation of
cellular protein functions by 5-InsP; have focused on either al-
losteric regulation or the alternative nonenzymic covalent
modification—the so-called protein pyrophosphorylation (5, 6,
42). Since metabolically resistant 5-PCP-InsP; recapitulates the
inhibition of 5" decapping and accumulation of P bodies that are
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driven by InsP; (Figs. 2 F and G, 3 E and F, and 4 D and E), it is
clear that these events do not involve protein pyrophosphor-
ylation (43). Instead, our study uncovers an alternative mecha-
nism of action of 5-InsP; that is inherently enzymatic in nature:
competition for the active site of NUDT3 (Fig. 1 A-C). It is of
further interest that substrate overlap between 5-InsP; and the
m’G cap is specific to NUDT3. The other human NUDT genes
that encode 5-InsP; phosphatase activities are NUDT4 [encodes
DIPP2a and DIPP2§ (44)], NUDTI0 [encodes DIPP3u (45, 46)],
and NUDT11 [encodes DIPP3p (45, 46)], none of which exhibit
any significant decapping activities (23). As such, our data
demonstrate that the multiple PP-InsP phosphatase activities are
not functionally redundant.

P bodies may originate from nucleation of a relatively small
number of specific, high-affinity mRNA-protein and protein—
protein interactions, which then snowball through the recruit-
ment of many additional constituents through weaker, multiva-
lent interactions (19, 47), ultimately generating mature P bodies
that can then accumulate many other mRNAs (17). We have
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Fig. 4. Liposomal loading of 5-InsP; analogs into WT HCT116 cells, and their effects upon mRNA transcripts and P-body numbers. (A) Graphic depicting the
structure of FAM-InsP; and its incorporation into biocompatible liposomes. (B) Analysis of the cellular distribution of FAM-InsP; after its liposomal loading
into cells for 4 h; separate panels are shown for LysoTracker (red), FAM-InsP; (green), DAPI (blue), and a bright-field image. A merged image is also shown,
alongside a magnified area. Data are representative of three biological replicates. (C) Levels of the indicated mRNA transcripts, normalized to p-actin, in cells
treated for 4 h with either empty liposomes or liposomes containing 5-PCP-InsP,. (D) Representative merged, confocal, and wide-field images from bright-
field, Hoechst staining (blue), and DCP1A immunofluorescence to tag P bodies (red), obtained from WT cells treated with either empty liposomes (“control”)
or liposomes containing 5-PCP-InsP. (E) Bar graph of P-body numbers per cell; in every biological replicate (three in total; means and SEs are shown), between
290 and 512 cells were analyzed from each of the two separate conditions. **P < 0.01, ***P < 0.001, compared with WT.

interrogated published datasets to classify 74 NUDT3-responsive
mRNAs as P-body constituents (SI Appendix, Table S1) that have
the potential to be permissive for nascent P-body assembly.

The possibility that 5-InsP5 has other effects that promote P-body
accumulation could be a productive direction for future research. If
such an event were to occur, it is also possible that an elevation in
the numbers of P-bodies, in which mRNAs are stabilized, itself
contributes to the elevated levels of those mRNAs that we have
utilized as a readout for NUDT3 activity. Such a scenario would
represent an indirect, NUDT3-independent effect of 5-InsP; upon
mRNA levels. Nevertheless, our assays of 5-InsP; levels in WT and
NUDT3 knockdown MCEF-7 cells (see above) support the idea that
NUDTS3 can play a direct role in mRNA decapping (4), thereby
adding plausibility to our hypothesis that, in appropriate cell types,
substrate competition for NUDT3 is permissive for 5-InsP; to di-
rectly regulate mRNA levels. It should be noted there is no evi-
dence that NUDT3 is concentrated in P bodies in either mouse
neurons (48), HEK293 cells (17), nor three other human cell lines
(https://www.proteinatlas.org/ENSG00000272325-NUDT?3). This is
not surprising since current data (18) overwhelmingly support P
bodies being mainly sites of mRNA storage, not mRNA decapping
and decay. Moreover, neither NUDT12 nor DXO decapping en-
zymes are found in P bodies (17, 49, 50).

There are emerging signs that the functions of P bodies are
more wide-ranging than stabilization and storage of mRNA.
These noncanonical activities may include mRNA transport, and
also sequestration of cell-signaling proteins, for the purposes of
their functional silencing and/or protection against proteolysis
(51) and as part of an adaptive response to aging (20). There is
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also interest in the potential therapeutic benefits, particularly
with regard to neurodegenerative disorders and stem cell dif-
ferentiation, if it were possible to intervene in the phase transi-
tions that underlie the turnover of P bodies and other
membraneless organelles (18, 19). Our data offer proof of
principle that 5" decapping and P-body fate can be manipulated
in a controlled manner by a small regulatory molecule. This is an
important step forward toward eventual therapeutic modifica-
tion of P-body dynamics.

Materials and Methods

Cell Culture. The origins and maintenance of the WT and PPIP5K KO cell lines
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) (Gemini BenchMark; 100-106) have been described
previously (9). For assays of mRNA decay, cells were switched to medium
containing 7% FBS for 24 h prior to the experiments. Unless otherwise in-
dicated, all experiments were performed on cells seeded at a density of 2 to
3 x 10° per well, in six-well dishes that each contained 2 mL medium; cul-
tures were continued for 2 to 3 d whereupon cells were ~50% confluent. In
some experiments, cells were radiolabeled with [*HJinositol to determine
intracellular levels of InsPg and the PP-InsPs, as previously described (9).

Sources of PP-InsPs and Derivatives. 1-InsP;, 5-InsP;, InsPg, and 5-PCP-InsP;
were synthesized as previously described (52-54). The synthesis of FAM-InsP;
will be described in a separate publication.

Quantitative Real-Time PCR. Cells were harvested and rinsed with ice-cold
phosphate-buffered saline (PBS), and RNA was extracted using an RNeasy
Mini Kit (Qiagen; 74104) according to the manufacturer’s protocol. After
quantitation, 2 pug of extracted RNA was used for complementary DNA
synthesis using the SuperScript Ill First-Strand Synthesis System (Invitrogen;
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18080051), and quantitative real-time PCR analysis was performed. For as-
says of mRNA decay, cells were switched to culture media containing 7% FBS
24 h prior to the addition of 5 pg/mL actinomycin D.

The following primers were used:

B-Actin: forward, 5-AGAGCTACGAGCTGCCTGAC-3,
reverse, 5'-AGCACTGTGTTGGCGTACAG-3’;

FN1: forward, 5-TGAAAGACCAGCAGAGGCATAAG-3,
reverse, 5'-CTCATCTCCAACGGCATAATGG-3;

ITGAV: forward, 5'-ATCGTGAGGTCGAAACAGGA-3’
reverse, 5-TGGAGCATACTCAACAGTCTTTG-3’;

ITGB6: forward, 5-GTGGCAAACGGGAACCAATC-3/,
reverse, 5-TCTAGCAATCTGTGGAAAGGTCT-3’;

LCN2: forward, 5-GTTACCTCGTCCGAGTGGTG-3/,
reverse, 5-TTGGTTCTCCCGTAGAGGGT-3’;

NUDT3: forward, 5-GAAGCACAGGACGTATGTCTATG-3’
reverse, 5-CTGCACGGGTTTGTGATACTG-3’;

S100A8: forward, 5-AGGGGAATTTCCATGCCGTC-3,
reverse, 5-CACGCCCATCTTTATCACCAG-3'.

siRNA Protocol. Dharmacon SMARTpool ON-TARGETplus siRNAs were added
to cells cultured in six-well plates (30 pmol IP6K1 siRNA [L-006737] and 30
pmol IP6K2 siRNA [L-006738]), using 3 uL of the transfection reagent Lip-
ofectamine 3000 (Invitrogen; L3000015) in 100 pL of Opti-MEM reduced
serum medium (Gibco; 31985070). Control cells were transfected with
Dharmacon ON-TARGETplus GAPD Control Pool (D-001830-10). The trans-
fection was repeated after 24 h, and cells were analyzed at 48 h.

Assays for 5’ Decapping In Vitro. The decapping assays were performed at
37 °Cin 20 pL of assay buffer containing 100 mM potassium acetate, 2 mM
magnesium acetate, 2 mM dithiothreitol, 10 mM Tris-HCI (pH 7.5), 0.1 pmol
mG>2pppG-RNA, plus 100 nM recombinant human NUDT3/DIPP1 (unless
otherwise stated). Assays were quenched and analyzed by thin-layer chro-
matography as previously described (23).

Western Blotting and Analysis. Cells were harvested and rinsed with ice-cold
PBS, and then a protein extract was prepared using RIPA Lysis and Extraction
Buffer (Thermo Fisher Scientific; 89901) supplemented with 1% (volume
[voll/vol) protease-phosphatase inhibitor mixture (Thermo Fisher Scientific;
78442). After quantification with a Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific; 23221), 25 pg of each protein extract was resolved by so-
dium dodecyl sulfate/PAGE, transferred to a polyvinylidene difluoride
membrane, and probed with the following primary antibodies: rabbit anti-
ITGB6 (Abcam; ab187155; 1:500), rabbit anti-FN1 (Abcam; ab2413; 1:1,000),
rabbit anti-LCN2 (Abcam; ab63929; 1:500), sheep anti-S100A8 (R&D Systems;
AF4570; 1:500), rabbit anti-IP6K1 (Sigma Prestige Antibodies; HPA040825;
1:500), mouse anti-IP6K2 (Santa Cruz; sc-373770; 1:500), and mouse anti-f-
actin (Santa Cruz; sc-47778; 1:5,000). Secondary antibodies were as follows:
anti-rabbit immunoglobulin G (IgG) (Invitrogen; 31460; 1:5,000), anti-sheep
19G (Sigma; A3415; 1:5,000), and anti-mouse IgG (Cell Signaling Technology;
7076S; 1:5,000). The immunoblots were developed using SuperSignal West
Pico PLUS Chemiluminescent Substrate (Thermo Fisher Scientific; 34580). The
blots were scanned using an Odyssey Fc imaging system and software (Li-Cor
Biosciences). Densitometric analysis of the protein bands was performed
using ImagelJ (https://imagej.nih.gov/ij).

Preparation of Liposomes Containing PP-InsP Analogs. Liposomes were pre-
pared as a lipid film inside a round-bottom glass flask, exactly as described
previously (9). As needed, the lipid film was hydrated (with vortexing) by the
addition of 2 mL 5 mM Hepes (pH 7.2 with NaOH; prepared from a 1 M stock
solution; Affymetrix; 16924), plus either 5-PCP-InsP; or FAM-InsP,. For con-
trols, a corresponding lipid film was prepared without the addition of any
PP-InsP. The liposomal dispersion was subjected to five freeze/thaw cycles:
freezing at —80 °C for 30 min and thawing at 45 °C for 5 min. The liposomes
were then sequentially extruded through two membrane filters, with pore
sizes of 0.45 pm and then 0.2 pm and stored in aliquots at 4 °C for up to 2 wk.
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P-Body Counting. Cells were grown on 1.5-cm glass coverslips in six-well dishes
to ~50% confluency (0.6 to 0.7 x 10° cells per well) in 2 mL DMEM. Where
indicated, cells were treated with either siRNA against IP6K (see above) or
10 pM TNP (9), or 2 pL liposomes containing 5-PCP-InsP;. In the latter case,
culture medium was switched to inorganic phosphate-free DMEM plus 10%
FBS immediately prior to liposome addition. Following the experimental
treatments, the medium was aspirated and cells were washed with ice-cold
PBS prior to fixation with 3.7% formaldehyde (Macron Chemicals; 5016)
dissolved in PBS plus 1 mM CaCl, and 0.5 mM MgCl, (PBS+). Fixed cells were
washed three times with PBS+/0.02% Triton X-100 followed by PBS+/0.1%
Triton X-100. After removal of the permeabilization solution, cells were in-
cubated for 30 min with blocking solution (PBS+/0.02% Triton X-100, 10%
donkey serum [Sigma-Aldrich; D9663], 1% BSA [Fisher BioReagents; BP-
9703]). Then, the cells on the coverglasses were incubated for 1 h with a
P-body marker, rabbit anti-DCP1A antibody (Santa Cruz; sc-100706; 1:200)
(12). After subsequent washing of the samples, they were treated with Alexa
Fluor 594 donkey anti-mouse secondary antibody (Invitrogen; A21203;
1:1,200) for 1 h at room temperature. After further washing, the cover-
glasses were mounted on glass slides with ProLong Glass Antifade with
NucBlue (Invitrogen; P36985) and sealed. Coverglasses were allowed to cure
overnight prior to imaging using an LSM 780 confocal microscope (Carl
Zeiss). The 594-nm laser line from an He-Ne laser was used for excitation of
the Alexa Fluor 594-conjugated secondary antibody. Fluorescence images
were captured using a 40x objective. The 405-nm laser line from a diode
laser was used for excitation of the nuclear stain. Images were merged and
processed in Zeiss Zen Black software. Both the P bodies and the nuclei were
counted using the SPOT function in Imaris software (version 9.2.0) (www.
bitplane.com). For quality control purposes, one additional set of experi-
ments (P-body counting in WT vs. KO1 and KO2 HCT116 cells; 230 to 308 cells
per condition; these data are not included in the figures) was performed by
two researchers independently. Each researcher performed P-body counts
on the other’s samples in a double blind manner, from confocal fields of
view (14 or 15 for each sample) that were selected by a third individual who
was unaware of the experimental goal. Statistically similar pairs of P-body
counts per cell were obtained: WT, 2.5 + 0.18 and 2.4 + 0.09, P = 0.54; KO1,
6.6 + 0.3and 7.2 + 0.4, P=0.28; KO2, 7.3 + 0.37 and 7.9 + 0.4, P = 0.25.

Assessment of Liposomal Delivery of FAM-InsP; into HCT116 Cells. After lipo-
somal loading of FAM-InsP; into cells (as described above for 5-PCP-InsP;),
cells were washed with PBS twice and then stained by LysoTracker red at
37 °C for 20 min. Subsequently, the cells were washed with PBS twice and
stained by Hoechst 33258 at 37 °C for 20 min. After further washing with
PBS, the cells were immediately analyzed by confocal microscopy. Images
were taken with a Zeiss LSM 780 using the following excitation/emission
pairs: 405 nm/415 to 491 nm (for Hoechst), 488 nm/491 to 571 nm (for FAM-
InsP;), and 594 nm/597 to 686 nm (for LysoTracker red). A Plan-
APOCHROMAT 63x/1.4 oil differential interference contrast objective was
used, along with a pinhole setting which yields an optical slice of 0.9 pm.
Weighted colocalization coefficients were calculated using Zeiss Zen Black
software to describe the number of green pixels (FAM-InsP;) that colocalize
with red pixels (LysoTracker), divided by the total number of red pixels.

In some experiments, FAM-InsP; loading was studied by PAGE analysis.
Here, two 150-mm plates, each containing ~2 to 3 x 107 cells, were cultured
in 8 mL medium and 240 pL FAM-InsP; liposomes was added. After 4 h, cells
were then quenched by aspiration of culture medium, followed immediately
by the addition of 2 mL of 1 M ice-cold perchloric acid; all remaining pro-
cedures were performed at 0 to 4 °C. After 45 min, samples from each cul-
ture dish were divided between two 1.5-mL tubes and centrifuged at 13,000
rpm, 4 °C for 3 min to eliminate cell debris; the supernatants were trans-
ferred to clean microcentrifuge tubes, each containing 5 mg of acid-washed
TiO, beads (GL Sciences; 5020-75000). The tubes were rotated for 1 h and
centrifuged, and the supernatants were discarded. The beads were washed
once using ice-cold water, and then the PP-InsPs were eluted with two
washes of 10% NH,4OH (55). The NH,OH was then lyophilized to a volume of
~50 pL; during the latter step, we combined supernatants derived from
samples that originated from each pair of culture plates.

For the PAGE analysis (performed at 4 °C), 31.7% polyacrylamide gels were
freshly prepared from the following: 55.5 mL 19:1 (volivol) 40% acryl-
amide:bis-acrylamide (1Bl  Scientific), 7 mL 10x Tris/borate/ethyl-
enediaminetetraacetic acid (EDTA) buffer, 7.5 mL water, 262 pL ammonium
persulfate, and 30 pL tetramethylethylene-diamine. The running buffer was
0.5x Tris/borate/EDTA. A Hoefer 660 tall standard dual-cooled vertical unit
was used as the electrophoresis system. The gel was prerun for 1 to 2 h at
200V, and then the gel lanes were loaded with cell extracts (50 pL; prepared
as described above) plus 12.5 pL 6x orange G dye. The gel was run at 300 V
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for ~1 h, until the dye front entered the gel. The gel was then run at 400 V
for 18 to 20 h. Gels were stained for 30 min with a mixture of 0.05% (weight
[wt]/vol) toluidine blue (Sigma-Aldrich), 20% (wt/vol) methanol, 2% (wt/vol)
glycerol in water, and then destained for 2 h with two or three changes of
20% (wt/vol) methanol, 2% (wt/vol) glycerol in water.

Wound Healing Assay. Cells were cultured in six-well plates and scratch-wound
healing assays were carried out as previously described, using mitomycin C
(Sigma; 1444707) to inhibit cell division (4). The wound gaps were measured
with ImageJ software and averaged from at least 15 individual wounds. The
data are presented as a percentage of gap closure over time.

Other Materials. Actinomycin D was purchased from Sigma-Aldrich and used
at a final concentration of 5 pg/mL. For the 5’-decapping assays, we pro-
duced 5’ end-capped RNA labeled at the a-phosphate (relative to the 5'-
terminal guanine; i.e., mG32pppG—RNA), as previously described (56); the
RNA was purified by passing it through a G-50 column (GE Healthcare).
Recombinant NUDT3 was prepared as previously described (57). Recombi-
nant 6xHis-tagged NUDT3 in DH5a Escherichia coli cells was expressed and
the enzyme was purified as previously described (58).
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Note Added In Proof. Consistent with our data, A. Shar and R. Bhandari have
recently described that P-body formation is stimulated by 5-InsP; (bioRxiv
doi: 10.1101/2020.07.13.199828) (59). Interestingly, in other experiments
with their model (U-2 OS cells) Shar and Bhandari show that IP6K1 partici-
pates in non-catalytic protein-protein interactions that promotes DCP-
dependent mRNA decapping, while we have shown 5-InsP; inhibits
decapping by NUDT3. In the context that the different decapping enzymes
DCP2 and NUDT3 are each believed to have their own mRNA substrate
specificities and distinct modulatory mechanisms (2), it is intriguing that
IP6K1 can regulate each mRNA processing pathway in opposite directions.

Data Availability. All data, associated protocols, methods, and sources of
materials can be accessed in the text or S/ Appendix.
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