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SUMMARY

Widespread mRNA decay, an unappreciated feature
of apoptosis, enhances cell death and depends on
mitochondrial outer membrane permeabilization
(MOMP), TUTases, and DIS3L2. Which RNAs are
decayed and the decay-initiating event are unknown.
Here, we show extensive decay of mRNAs and
poly(A) noncoding (nc)RNAs at the 30 end, triggered
by the mitochondrial intermembrane space 30-to-50

exoribonuclease PNPT1, released during MOMP.
PNPT1 knockdown inhibits apoptotic RNA decay
and reduces apoptosis, while ectopic expression
of PNPT1, but not an RNase-deficient mutant,
increases RNA decay and cell death. The 30 end of
PNPT1 substrates thread through a narrow channel.
Many non-poly(A) ncRNAs contain 30-secondary
structures or bind proteins that may block PNPT1
activity. Indeed, mutations that disrupt the 30-stem-
loop of a decay-resistant ncRNA render the tran-
script susceptible, while adding a 30-stem-loop to
an mRNA prevents its decay. Thus, PNPT1 release
from mitochondria during MOMP initiates apoptotic
decay of RNAs lacking 30-structures.

INTRODUCTION

Apoptosis plays a vital role in tissue remodeling during develop-

ment, removal of damaged cells, pathogen immune defense,

cancer surveillance, and the effectiveness of cancer therapy.

Apoptosis is a physiological program of cell suicide that elimi-

nates cells without inflammation. Classical apoptosis is triggered

by BCL-2 family-mediated mitochondrial outer membrane per-

meabilization (MOMP) and activation of caspase proteases.

Apoptosis can be triggered by cell death receptor ligands,

such as FasL and TRAIL, which activate caspases-8 and -10

(extrinsic pathway), or by internal stresses (intrinsic pathway),

which activate caspase-2, or by cytotoxic lymphocyte gran-

zymes (Gzm) that cleave Bid to truncated t-Bid to activate

MOMP (Taylor et al., 2008). Mitochondria play a central role in

apoptosis. The BCL-2 family is divided into 3 classes: multi-
domain anti-apoptotic proteins (Bcl-2, Bcl-xL, Mcl-1), proapo-

ptotic BH3-only proteins (Bid, Bad), and proapoptotic multi-

domain proteins (Bax, Bak). The BH3-only proteins activate

Bax or Bak in the mitochondrial outer membrane to form pores

that release apoptogenic factors, including cytochrome c, from

the mitochondrial intermembrane space (IMS) to the cytosol

(Green and Kroemer, 2004; Youle and Strasser, 2008). Released

cytochrome c drives apoptosome assembly to activate cas-

pase-9. Any initiator caspases (-2, -8, -9, and -10), which are

activated by dimerization and autoproteolysis, can cleave and

activate the effector caspases (-3, -6, and -7), which then cleave

hundreds of cellular proteins in an accelerating cascade to

orchestrate programmed cell death. The effector caspases

also cleave Bid, further amplifying apoptosis by increasing

MOMP. In type I cells, death does not require MOMP, while in

type II cells, death requires MOMP.

Apoptosis research has mostly focused on protein degrada-

tion by the caspases, MOMP and DNA fragmentation. Although

much is known about protein changes during cell death, little is

known about the fate of RNA (Thomas and Lieberman, 2013).

However, profound changes to RNAs and RNA biogenesis dur-

ing programmed cell death strongly promote cell death. Nuclear

export of newly synthesized RNAs and mRNA splicing are

disrupted during both classical caspase-dependent apoptosis

and caspase-independent programmed cell death, activated

by the Gzms (Rajani et al., 2012). Moreover, disruption of

mRNA splicing significantly promotes cell death. Recently, we

found that preexisting mRNAs, but not some noncoding (nc)

RNAs, are rapidly and markedly degraded during apoptosis

(Thomas et al., 2015). mRNA decay occurs early after apoptosis

triggered by diverse classical apoptotic stimuli (cytotoxic attack,

death receptor ligation, staurosporine [STS], etoposide, tunica-

mycin, and thapsigargin), before membrane lipid scrambling,

DNA fragmentation, and inactivation of translation initiation

factors. Widespread mRNA decay occurs only in classical

apoptosis, but not during oxidative stress or caspase-

independent programmed cell death. Moreover, mRNA decay

is largely responsible for apoptotic translational arrest—other

stress-induced events, such as eIF2a phosphorylation, occur

after translation is already halted.

Apoptosis-related mRNA decay depends on MOMP—it does

not occur when MOMP is blocked in BCL2-overexpressing or

BAX�/�BAK�/� cells (Thomas et al., 2015). Caspase inhibition
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only partly attenuates it. During apoptosis, mRNA decay inter-

mediates with nontemplated 30-oligouridylate additions near

the stop codon are generated by 30 terminal uridylyl transferases

(TUTase), TUT4 and TUT7. The uridylated intermediates are

further degraded by the 30-50 exoribonuclease DIS3L2, which

preferentially recognizes oligouridylated 30 ends. Knockdown

of TUT4/7 or DIS3L2 inhibits apoptotic mRNA decay, caspase

activation, and cell death by �2-fold and promotes cell survival

by colony-forming assay, suggesting that mRNA decay is

important for making sure the death program passes the

‘‘point of no return.’’ Conversely, DIS3L2 overexpression and

transcription inhibitors enhance apoptosis. In nonapoptotic

cells, the TUTases and DIS3L2 act in quality control pathways

to regulate mRNAs and non-coding RNAs (ncRNAs) (Pirouz

et al., 2016; Ustianenko et al., 2016).

Although the TUTases and DIS3L2 participate in apoptotic

mRNA decay, how MOMP triggers apoptotic decay is unknown.

Here, we show that MOMP-dependent RNA decay is indepen-

dent of translation, and both mRNAs and poly(A) ncRNAs are

decayed. Moreover, the trigger of global apoptotic RNA decay

is the mitochondrial IMS exoribonuclease, PNPT1. PNPT1

evolved from bacterial polynucleotide phosphorylase (PNPase),

an enzyme that adds adenylates to the 30 end of bacterial RNAs

and is a 30-50 exoribonuclease (Arraiano et al., 2010; Briani et al.,

2016; Grunberg-Manago, 1999; Sarkar and Fisher, 2006).

PNPase regulates bacterial mRNA half-lives and preferentially

binds to 30-adenines. Surprisingly mammalian PNPT1 localizes

to the IMS, a region not known to contain RNA (Chen et al.,

2006). PNPT1 imports chromosomally encoded RNAs that are

essential for mitochondrial respiration into the mitochondrial

matrix (Wang et al., 2010). PNPT1 may also process polycis-

tronic mitochondrial transcripts and tRNAs. PNPT1 mutation

that impairs mitochondrial import causes early embryonic

lethality. Here, we show that MOMP releases PNPT1 from the

IMS. The releasate from t-Bid-treated mitochondria and recom-

binant PNPT1 cause in vitro mRNA decay. Depleting PNPT1

from the apoptotic mitochondrial releasate blocks in vitro RNA

decay. PNPT1 causes selective in vitro decay of poly(A) RNAs

and of synthetic RNAs lacking 30 structures. Our data suggest

that the target selectivity of PNPT1 is due, at least in part, to 30

end secondary structures, such as stem-loops, present on

many ncRNAs. PNPT1 knockdown inhibits apoptotic mRNA

decay, translation arrest, caspase-3 activation, and cell death,

which is restored by ectopic expression of enzymatically

active, but not RNase-defective, PNPT1. Moreover, PNPT1

overexpression enhances apoptosis, and overexpression of

mislocalized PNPT1 in the cytosol causes apoptosis on its

own. Thus, PNPT1 initiates apoptotic RNA decay, revealing a

new pro-apoptotic role of MOMP.

RESULTS

mRNA Decay Occurs after MOMP and Requires MOMP
Previously (Thomas et al., 2015), we showed that even

abundant poly(A) RNAs rapidly decay in apoptotic cells in a

MOMP-dependent manner. mRNAs decline rapidly in STS-

treated HeLa cells, but not in HeLa cells overexpressing BCL2

or deficient in BAX and BAK, which undergo MOMP-
188 Cell 174, 187–201, June 28, 2018
independent apoptosis. We first examined whether MOMP is

required for mRNA decay in another apoptosis model—TRAIL-

treated HCT116 cells in which Bax is essential for cell death

(LeBlanc et al., 2002). If mRNA decay depends on MOMP, it

should occur after MOMP. We therefore examined mRNA decay

kinetics in HCT116 cells. MOMP, assessed by mitochondrial

release of cytochrome c by immunoblot of fractionated cells,

and mitochondrial depolarization by DiIC1(5) staining, were first

detected 65 min after adding TRAIL (Figures 1A–1C). mRNA

decay of 4 housekeeping genes was first detected 85 min after

TRAIL, indicating thatMOMPprecedesmRNAdecay (Figure 1D).

Although a small number of annexin V+ cells were detected

85 min after adding TRAIL, most cells only became annexin V+

after 125min (Figure 1E). Similar kinetics were observed in Jurkat

cells treated with anti-Fas (data not shown). Thus, mRNA decay

occurs early in apoptosis, but after MOMP. To verify that mRNA

decay also requires MOMP in this system, we used qRT-PCR to

compare the levels of four housekeeping mRNAs in TRAIL-

treated HCT116 cells that overexpressed BCL2 or were trans-

fected with a control vector. Consistent with our previous obser-

vation, BCL2 overexpression completely blocked housekeeping

gene mRNA decay and inhibited apoptosis (Figure 1F). Thus,

mRNA decay depended on MOMP.

Poly(A) RNAs Decay Preferentially, Independently of
Translation
To examine which RNAs decay, we sequenced ribosomal RNA-

depleted RNA from untreated and TRAIL-treated HCT116 cells,

harvested when several housekeeping mRNAs had declined to

approximately a third of their baseline levels (Figures 2A–2D).

The proportion of mRNAs that declined after TRAIL treatment

was significantly higher than the proportion of ncRNAs that

decreased (p = 1.9e�99, chi-square test). Compared to un-

treated samples, 5,045 mRNAs, 44% of all expressed mRNAs,

significantly decreased (false discovery rate [FDR] %0.1) in

TRAIL-treated cells. Only 2.6% of mRNAs and 5.5% of ncRNAs

were significantly upregulated by TRAIL. Many more mRNAs

were downregulated than upregulated (p = 3.0e�101, multino-

mial test). In contrast, only 153 (12%) of expressed ncRNAs

significantly declined after TRAIL treatment. Nonetheless, the

proportion of significantly downregulated expressed ncRNAs

was significantly more than the proportion that were upregulated

(p = 5.3e�8, multinomial test), suggesting that some ncRNAs

may be decayed during apoptosis. Figure 2C shows gene

browser images of the RNA sequencing (RNA-seq) data for 3

mRNAs (row 1), 3 poly(A) ncRNAs (row 2), and 6 non-poly(A)

ncRNAs (row 3 and 4, transcribed by Pol II and III, respectively).

Of note, the poly(A) ncRNAs (PKI55,RAET1K,NORAD) decayed,

while the 6 non-poly(A) ncRNAs (RN7SL1, RN7SK, RNU1-3,

RNU4-1, RMRP, MALAT1) did not. In many cases, decay was

more pronounced at the 30 end.
Because mRNAs preferentially decayed, we wanted to know

whether apoptotic RNA decay depends on translation. We

compared mRNA levels by qRT-PCR for a few housekeeping

genes in HCT116 cells, pretreated for 1 hr with cycloheximide,

puromycin, or medium and then with TRAIL for 3 hr. The

combination of TRAIL and puromycin, which causes premature

chain termination, was too toxic to evaluate RNA decay,
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Figure 1. mRNA Decay Occurs after MOMP and Requires MOMP

(A–E) TRAIL-treated HCT116 cells were analyzed by immunoblot for cytochrome c release (A), mitochondrial depolarization by DiIC1(5) staining (B, representative

experiment; C, mean data), qRT-PCR for mRNA levels (D) and annexin V staining by flow cytometry (E).

(F) HCT116 cells transfected with empty vector or BCL2 expression vector were treated with TRAIL for 1.5 hr and analyzed by qRT-PCR for indicated mRNAs

(left). BCL2 overexpression also inhibited cell death (annexin V staining, right).

Graphs show mean ± SD of 3 technical replicates and data are representative of at least 3 independent experiments. *p < 0.05; **p < 0.01.
but cycloheximide pretreatment, which blocks protein transla-

tion elongation, did not inhibit TRAIL-mediated mRNA decay

(Figure 2E). Pretreatment of HeLa cells with cycloheximide or

puromycin also did not inhibit mRNA decay (Figure S1A). Thus,

translation is not required for mRNA decay during apoptosis.

We also confirmed by qRT-PCR that 4 ncRNAs whose abun-

dance was significantly reduced in the RNA-seq experiment

were degraded to a similar extent as SDHA in TRAIL-treated

HCT116 cells (Figure 2F). The 5 ncRNAs that we experimentally
validated that decayed during apoptosis (SNHG11, PA2G4P4,

RAET1K, RP9P, SNHG1), but not the 3 ncRNAs that did not

decay (28S, RPPH1, U1), in Figures 2E, 2F, and S1A were

poly(A), suggesting that poly(A) ncRNAs might be decayed like

mRNAs. To confirm that poly(A) RNAs decay in apoptosis, we

also examined by qRT-PCR 1 mRNA, 2 poly(A) ncRNAs

(SNHG11, HOTAIR) and 1 non-poly(A) ncRNA (RPPH1) in

HCT116 cells treated with the killer lymphocyte cytotoxic pro-

teins, perforin (PFN) and GzmB, which cause t-Bid-dependent
Cell 174, 187–201, June 28, 2018 189
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MOMP and apoptosis (Sutton et al., 2000) (Figure S1B). Poly(A)

RNAs, but not non-poly(A) ncRNAs, decayed significantly in

response to this other MOMP inducer.

Because many ncRNAs are in the nucleus, we looked at

whether subcellular localization affects apoptotic RNA decay in

TRAIL-treated HCT116 cells. Three of four nuclear-retained

poly(A) ncRNAs tested (HOTAIR, H19, LincRNA-p21, LincRNA-

PINT) were not degraded, the exception being HOTAIR that

also decayed after GzmB treatment (Figures S1B and S1C). We

also compared the nuclear and cytoplasmic decay of 4 poly(A)

ncRNAs (NORAD, DANCR, OIP5-As1, PANDAR) found in both

compartments. The cytoplasmic ncRNAs declined dramatically

after TRAIL, but their nuclear levels did not change significantly

(Figure S1D). Thus, cytosolic poly(A) ncRNAs and mRNAs decay

after MOMP, but nuclear poly(A) ncRNAs mostly do not. More-

over, translation does not determine which RNAs decay.

Decay Begins at the 30 End
To examine which RNA end is first digested, we compared the

relative sequencing coverage of each coding and ncRNA. In

both mRNAs and ncRNAs considered separately, the relative

abundance of 50 end sequences increased, while the abundance

of 30 end sequences decreased after TRAIL (Figure 2G, p =

2.7e�77 and p = 7.6e�15, respectively, Kolmogorov-Smirnov

test). The loss in 30 end ncRNA coverage, although significant,

was modest compared to mRNAs, presumably because poly(A)

ncRNAs are a minority of the total pool. When we restricted our

analysis to reads in the 30-most exon or the last ¼ of intron-less

gene transcripts, the proportion of mRNAs and ncRNAs that had

significantly lower levels increased, compared to the number of

reads across the entire gene body—from 44% to 51%ofmRNAs

and from 12% to 20% of ncRNAs. The fold change of mapped

reads of all coding genes significantly decreased in the

50-UTR, CDS, and 30UTR, but the strongest decrease in gene

body coverage with TRAIL occurred in the 30UTR (p < e�307),

followed by the CDS (p < e�263) and 50-UTR (p < e�30), (Fig-

ure 2H, paired t test between regions, p < e�200). These data

confirm our previous cRACE cloning and sequencing data

(Thomas et al., 2015) that mRNA decay begins at the 30 end.
To investigate whether polyadenylation distinguishes the

ncRNAs that decayed from the ncRNAs that did not, we sepa-

rated ncRNAs based on whether or not they are poly(A), using
Figure 2. Widespread mRNA Decay and Limited ncRNA Decay in Apop

(A–D) RNA changes in TRAIL-treated and untreatedHCT116 cells analyzed in dupl

of expressed coding genes (A) and nc genes (B) analyzed by DESeq2. Diagonal

sentative coding (row 1) and nc genes (row 2: Pol II poly(A) ncRNA, row 3: Pol II no

RNA changes. Numbers indicate number of genes in group, and % indicates the

(E) Blocking translation does not inhibit decay. HCT116 cells were pretreatedwith

by qRT-PCR. ACTB, GAPDH, and SDHA are mRNAs; SNHG11, a poly(A) ncRNA

(F) qRT-PCR validation of TRAIL-induced change in 4 ncRNAs (PA2G4P4, RAET1

did not decrease by RNA-seq.

(G) Gene body coverage, normalized to gene length, in RNA-seq data of HCT11

(H) Log2-fold changes in normalized mapped reads in each coding gene region.

(I) Fold change in TRAIL-treated HCT116 cells in reads of ncRNAs that were mo

(J) Changes in reporter RNAs, terminated by either poly(A) (PAS) or hammerhead

with TRAIL and analyzed 90 min later by qRT-PCR.

Bar graphs show mean ± SEM of 3 biological replicates. *p < 0.05; **p < 0.01; **

See also Figure S1 and Table S1.
data from a previous study of HeLa cells that measured the pro-

portion of transcripts for each gene that contain a poly(A) tail

(Yang et al., 2011), and compared the sequencing profile of

ncRNAs that were mostly poly(A) (poly(A)/non-poly(A) ratio R2)

with those that were mostly not poly(A) (poly(A)/non-poly(A) ratio

%0.5). Focusing on decay at the 30 end, we analyzed changes af-

ter TRAIL in coverage of the 30-most exon or the 30-most quarter

of unspliced genes for each ncRNA (Figure 2I; Table S1). The

non-poly(A) ncRNA transcripts showed little change after TRAIL,

while most poly(A)-tailed ncRNAs decreased. The fold-change

distributions were significantly different with respective median

fold changes of 0.95 (non-poly(A) ncRNAs) and 0.64 (poly(A)

ncRNAs) (Mann-Whitney U test, p = 1.7e�05). To confirm that

decay was specific for poly(A) RNAs, we examined the effect

of TRAIL on a Pol II-driven EGFP reporter RNA terminated by a

poly(A) tail or a self-cleaving hammerhead ribozyme (HR) in

HCT116 cells. Only the reporter with a poly(A) tail declined in

TRAIL-treated cells (Figure 2J). Thus, TRAIL causes selective

decay of mRNAs and poly(A) ncRNAs, beginning at the 30 end.

Cell-free Assay to Monitor RNA Decay
We hypothesized that MOMP initiates RNA decay by releasing a

mitochondrial IMS factor. To identify such a factor, we devel-

oped an in vitro assay to test putative RNA decay triggers. First,

we incubated the S100 cytosolic fraction from HCT116 cells,

treated or not with TRAIL for 65 min (first detection of MOMP)

or 85min, for 30min with in vitro transcribed and uniformly radio-

labeled 50-capped and 30-poly(A) ACTB mRNA and control 7SL

ncRNA (RN7SL1), and visualized the remaining radiolabeled

RNAs on polyacrylamide gels. Cytosolic extracts from TRAIL-

treated cells selectively degraded ACTB mRNA, but not 7SL,

but only if cold poly(A) RNA was added (Figures 3A–3C). ACTB

mRNA decay was significant at both time points, but increased

with the later S100 fraction, when cytochrome c release and

MOMP were greater (Figures 1A–1C and 3B). Thus, cytosol

from cells undergoing MOMP selectively degrades an mRNA

in vitro. Moreover, because addition of cold poly(A) RNA was

needed, it is likely that a cytosolic poly(A) binding protein

(PABP) inhibits mRNA decay. In fact, immunodepletion of the

dominant cytosolic PABP (PABPC1) from the S100 fraction of

TRAIL-treated cells caused in vitro ACTB mRNA decay in the

absence of cold poly(A) RNA (Figure 3D).
totic HCT116 Cells

icate by RNA-seq 2 hr after treatment. Scatterplots showdifferential expression

line indicates no change after TRAIL. (C) Gene browser alignments for repre-

n-poly(A) ncRNA; row 4: Pol III non-poly(A) ncRNA transcripts). (D) Pie chart of

proportion of all genes (coding and noncoding) that fall within that group.

cycloheximide (CHX) for 1 hr and then treated or not with TRAIL. RNAmeasured

and 28S, a non-poly(A) ncRNA.

K, RP9P, SNHG1) and 1 mRNA (SDHA) that decreased and 1 ncRNA (U1) that

6 cells, treated or not with TRAIL.

Boxplot with whiskers representing 5 and 95 percentiles.

stly poly(A)+ (poly(A) RNA/unadenylated RNA R2) or poly(A)� (ratio %0.5).

ribozyme (HR), in transfected HCT116 cells that were untreated (Unt) or treated

*p < 0.001.
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Figure 3. Apoptotic Mitochondrial Releasate Triggers In Vitro mRNA Decay

(A) HCT116 mitochondrial and cytosolic fractions (fractionation scheme, left) analyzed by immunoblot (right).

(B andC)ACTBmRNA, but not 7SL, decays in a cell-free system after incubation with apoptotic cytosol in the presence of cold poly(A)+ RNA. Radiolabeled RNAs,

incubated for 30 min with the S100 fraction of TRAIL-treated HCT116 cells, were analyzed by autoradiography (B, left, representative blot; C, mean data).

S100 fractionation was monitored by immunoblot (B, right).

(D) The apoptotic S100 fraction, depleted of PABPC1, degradesACTBmRNAwithout added cold poly(A) RNA. The S100 fraction, immunodepleted of PABPC1 or

incubated with anti-FLAG, was added to radiolabeled ACTB and 7SL RNAs, analyzed by autoradiography (right). Depletion confirmed by immunoblot (left).

(E and F) Cytochrome c has no effect on RNA stability. (E) Adding cytochrome c and dATP to the S100 fraction of untreated HCT116 cells causes caspase-9

cleavage, assessed by immunoblot. (F) Radiolabeled RNAswere analyzed by autoradiography 30min after incubationwith the S100 fraction of untreatedHCT116

cells containing added cytochrome c and dATP and/or cold poly(A) RNA, as indicated.

(G and H) ACTBmRNA, but not 7SL, is degraded by the releasate frommitochondria undergoing MOMP. Supernatants from isolated mitochondria, treated or not

with t-bid, were added to radiolabeled ACTB and 7SL RNAs, analyzed by autoradiography (H). Fractionation and MOMP were verified by immunoblot (G).

(I and J) In vitro mRNA decay kinetics. Autoradiography of radiolabeled ACTB and 7SL RNAs incubated with the t-Bid-treated mitochondrial releasates as

indicated. A representative experiment (I) and the results of 3 independent experiments (J) are shown.

(K) Radiolabeled linear or circularized ACTB and 7SL RNAs incubated with the supernatants from t-bid-treated or untreated mitochondria were analyzed by

autoradiography.

(legend continued on next page)
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The Mitochondrial Releasate Contains an Active RNase
MOMP releases cytochrome c and dATP, which activate

caspase-9. As cytochrome c is the mitochondrial factor released

during MOMP most strongly known to promote apoptosis, we

first tested whether cytochrome c (±dATP) might initiate

apoptotic RNA decay. Although adding cytochrome c and

dATP to the S100 fraction of untreated non-apoptotic HCT116

cells activated caspase-9 (Figure 3E), they did not alter RNA

levels even when cold poly(A) was added (Figure 3F). To examine

whether an unknown mitochondrial factor released during

MOMP triggers in vitro mRNA decay, supernatants were

collected from isolated HCT116 cell mitochondria treated with

recombinant t-Bid (Figure 3G). As expected, the releasate from

t-bid-treated mitochondria contained cytochrome c, but not

VDAC (mitochondrial outer membrane) or COX IV (mitochondrial

inner membrane). When the releasate was added to radiolabeled

ACTB mRNA and 7SL ncRNA, only the mRNA was degraded,

and decay did not require S100 or cold poly(A) RNA (Figure 3H).

In fact, mRNA cleavage by the mitochondrial releasate was

reduced in the presence of the nonapoptotic S100 fraction,

confirming that a cytosolic protein (possibly PABPC1) inhibits

mRNA decay. ACTB mRNA began to decline in vitro within

10 min of adding mitochondrial releasate (Figures 3I and 3J).

These results suggest thatmitochondria release an active RNase

during MOMP. To begin to characterize the released RNase, we

tested whether the mitochondrial releasate degraded circular-

ized ACTB mRNA, but found it was not degraded, suggesting

that the apoptotic mitochondrial RNase is an exonuclease

(Figure 3K). Releasate exposure to heat, proteinase K, or phenol

all blocked in vitro mRNA decay, indicating that the mitochon-

drial RNase is a protein (Figure 3L).

PABPC1 Binding to mRNAs Is Reduced after TRAIL
Treatment before Deadenylation
The requirement for adding cold poly(A) RNA to the apoptotic

S100 fraction, which was eliminated by depleting PABPC1, sug-

gested that PABPC1 inhibits mRNA decay. This possibility led us

to investigate changes in PABPC1 and mRNA polyadenylation

during apoptotic decay. However, there was no gross TRAIL-

induced change in the level, apparent molecular weight, isoelec-

tric point, or cytosolic localization of PABPC1 (Figures S2A and

S2B), suggesting that PABPC1was not post-translationallymodi-

fied. Next, we looked at the effect of TRAIL on loss of the poly(A)

tail of 3 mRNAs and 2 poly(A) ncRNAs by comparing their PCR

amplification using random hexameric 30 primers or an oligo(dT)

30 primer (Figure S2C). No significant change in amplification

was observed for all 5 genes with either primer set until 85 min,

when we first detected changes in RNA abundance. However,

the binding of these transcripts to PABPC1 was significantly

reduced beginning at 65 min, coincident with our first detection

ofMOMP (Figure S2D). By 85min, the amount of PABPC1-bound

mRNA was reduced by >80% compared to baseline values

before TRAIL treatment at a timewhen the overall level of the tran-
(L) Supernatants from untreated or t-bid-treated mitochondria were untreated (Un

ACTB and 7SL RNAs, analyzed by autoradiography.

Graphs show mean ± SEM of 3 biological replicates. *p < 0.05; **p < 0.01.

See also Figure S2.
script had only declined by �50% and the amount of poly(A)

transcript was reduced by 60%–70%. These data suggest that

mRNAs dissociate from PABPC1, perhaps providing access to

the MOMP-induced 30-exoribonuclease, before deadenylation.

However, PABPC1 does not appear to be post-translationally

modified, degraded, or relocalized from the cytoplasm, making

it unlikely that a direct alteration of PABPC1 is responsible for

reducing PABPC1 binding to RNAs about to be degraded.

PNPT1 Is Released during MOMP and Triggers
mRNA Decay
The IMS proteome has been defined using a peroxidase

targeted to the IMS to tag its constituents (Hung et al., 2014).

Of 127 candidate IMS proteins, only one is known to act on

RNA, PNPT1, themitochondrial polynucleotide nucleotidyltrans-

ferase, which is a 30-50 exoribonuclease. PNPT1 is an obvious

candidate for the apoptotic RNase. We first confirmed that

PNPT1 localizes to mitochondria and found that PNPT1 is

released from t-bid-treated isolated mitochondria by immuno-

blot (Figure 4A). Antibody depletion of PNPT1, but not cyto-

chrome c, from the t-bid-treated mitochondrial releasate

blocked in vitro ACTB mRNA decay (Figure 4B), which was

restored by adding excess PNPT1 (Figure 4C).

PNPT1 imports chromosomally encoded RNAs needed for

mitochondrial metabolism to the mitochondrial matrix (Wang

et al., 2010). The mitochondrial import and RNase functions of

PNPT1 can be disrupted by distinct mutations. The S484A

mutant lacks poly(A) polymerase and RNase activities, but func-

tions normally in import. To determine whether PNPT1 on its own

triggers mRNA decay, we added nanomolar concentrations of

recombinant wild-type (WT) and RNase-defective S484A

PNPT1 to the in vitro decay assay (Figures 4D and 4E). WT, but

not mutant, PNPT1 degraded ACTB mRNA, but not 7SL. The

kinetics of in vitro mRNA decay by recombinant PNPT1 (Figures

4F and 4G) and t-bid treated mitochondrial releasate (Figures 3I

and 3J) were similar. These data suggest that MOMP-released

PNPT1 initiates RNA decay.

PNPT1 Is Released from Mitochondria during Apoptosis
and Binds to Poly(A) RNAs
PNPT1’s IMS localization (Chen et al., 2006; Hung et al., 2014) is

surprising because the IMS is not known to contain RNA.We first

verified the mitochondrial localization of endogenous (Figure 5A)

and ectopically expressed (Figure 5B) PNPT1 by visualizing

PNPT1 with MitoTracker in HeLa cells by immunofluorescence

microscopy. Ectopically expressed PNPT1 without its N-termi-

nal mitochondrial targeting sequence (PNPT1-dSP) localized to

the cytosol (Figure 5B). After STS treatment, PNPT1 translocated

to the cytosol and possibly, to a lesser degree, to the nucleus

(Figure 5C). Similarly, cytochrome c or PNPT1 were not detected

by immunoblot in the cytosol of fractionated HCT116 cells that

were untreated or exposed to TRAIL for 45min, but both proteins

were detected in the cytosol beginning 65 min after adding
t) or treated with heat, proteinase K, or phenol and then added to radiolabeled
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Figure 4. The IMS Exoribonuclease PNPT1

Initiates Apoptotic mRNA Decay

(A) PNPT1 is in the apoptotic mitochondrial relea-

sate. Mitochondria, isolated from HCT116 cells as

in Figure 3A, were treated or not with t-bid and the

supernatants immunoblotted. WCL, whole cell

lysate.

(B) PNPT1 depletion removes the RNase from

t-bid-treated mitochondrial releasates. Mitochon-

drial releasate, immunodepleted of PNPT1 or cy-

tochrome c, was added to radiolabeled ACTB and

7SL RNAs, analyzed by autoradiography (upper).

Depletion was confirmed by immunoblot (bottom).

(C) Adding recombinant PNPT1 to PNPT1-

depleted apoptotic mitochondrial releasate re-

stores RNA decay. Immunodepleted t-bid-treated

mitochondrial releasate was supplemented as

indicated with recombinant PNPT1 before incu-

bation with radiolabeled ACTB and 7SL RNAs,

analyzed by autoradiography.

(D–G) Wild-type PNPT1, but not RNase defective

S484A PNPT1, degrades ACTB mRNA. Radio-

labeled ACTB and 7SL RNAs were treated with

indicated concentrations of recombinant protein

for 30 min (D and E) or with 100 nM recombinant

PNPT1 for indicated times (F and G) before auto-

radiography. Representative experiments (D and

F) and the results of 3 independent experiments

(E and G) are shown.

Graphs show mean ± SEM of 3 biological repli-

cates Data are representative of at least 3 inde-

pendent experiments. *p < 0.05; **p < 0.01.
TRAIL and progressively increased in the cytosol over the next

40 min. (Figure 5D). To determine whether any PNPT1 traffics

to the nucleus after TRAIL treatment, we separated nuclear

and post-nuclear fractions of untreated and TRAIL-treated

HCT116 cells and analyzed PNPT1 localization by immunoblot

(Figure 5E). No PNPT1 was detected in the nucleus of untreated

cells, but a faint band was detected in the nuclear fraction

following TRAIL. The weak PNPT1 nuclear signal likely explains

why nuclear HOTAIR decayed (Figure S1). Thus, PNPT1 is

released from mitochondria coordinately with cytochrome c

during MOMP and mostly traffics to the cytosol.

If released PNPT1 causes apoptotic RNA decay, we might be

able to detect PNPT1 binding after MOMP selectively to RNAs

that decay. When we immunoprecipitated PNPT1 from cytosolic

fractions of HCT116 cells before and 85 min after adding TRAIL

and used qRT-PCR to amplify 2 housekeeping gene mRNAs

(ACTB, GAPDH), 1 poly(A) ncRNA (SNHG11) and 2 non-poly(A)

ncRNAs (RPPH1, 5S), the mRNAs, and poly(A) ncRNA, but not

the non-decaying non-poly(A) ncRNAs, bound to PNPT1, but
194 Cell 174, 187–201, June 28, 2018
not to control antibody, only after TRAIL

treatment (Figure 5F), further supporting

released PNPT1 as the apoptotic RNase.

Cytosolic PNPT1 Causes mRNA
Decay and Apoptosis on Its Own
To evaluate the effect of cytosolic PNPT1

on mRNA stability and cell death, we
ectopically expressed PNPT1 and PNPT1-dSP in HCT116 cells.

As expected, ectopic PNPT1 localized only to mitochondria and

PNPT1-dSP localized exclusively to the cytosol in untreated

HCT116 cells (Figure 5G). Moreover, ectopic expression of

PNPT1-dSP, but not S484A PNPT1-dSP, on its own caused sig-

nificant mRNA decay relative to 7SL (Figure 5H). Ectopic expres-

sion of PNPT1-dSP, but not RNase-deficient PNPT1-dSP, also

enhanced TRAIL-induced mRNA decay (Figure 5H). Moreover,

ectopic expression of enzymatically active, but not RNase-

deficient, PNPT1-dSP on its own significantly increased cell

death under basal conditions in both HeLa (Figure 5I) and

HCT116 cells (Figure 5J) and enhanced TRAIL-mediated death

(annexin V staining) in HCT116 cells (Figure 5J). PNPT1-dSP

overexpression also enhanced 2 other measures of TRAIL-

induced apoptosis in HCT116 cells—7-AAD staining and sub-

diploid DNA (Figures 5K and 5L). Ectopic PNPT1-dSP also signif-

icantly reduced the clonogenic survival of HCT116 cells basally

and after TRAIL (Figure 5M). Ectopic expression of mislocalized

enzymatically active PNPT1-dSP on its own at best weakly
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(legend on next page)
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activated caspase cleavage, but it greatly increased caspase-3

cleavage and activation by TRAIL (Figures 5N and 5O). Thus,

cytosolic PNPT1 on its own can cause mRNA decay and

caspase-independent death, consistent with a previous report

(Sarkar et al., 2007). Moreover, cytosolic PNPT1 also enhances

apoptosis by extrinsic stimuli.

RNAs with 30-Stem-Loops Resist MOMP-Induced Decay
Human PNPT1 forms a homotrimer in which six RNase PH

domains, two from each subunit, assemble to form a ring with

a tight central channel through which its RNA substrate threads

(Lin et al., 2012). The ring resembles the structure of the exosome

core, but the RNA channel of the PNPT1 holoenzyme is much

narrower. In fact, only RNAs with unstructured 30 ends of R15

nt fit in the channel and are good substrates of human PNPT1.

The RNAs that PNPT1 imports into mitochondria are believed

to be resistant to degradation because they have structured 30

ends (Wang et al., 2010). Most non-poly(A) RNAs contain 30

end structures, which would have difficulty fitting into this chan-

nel, while mRNAs are generally less structured. To explore why

mRNAs, but not many ncRNAs, are degraded, we used the

in vitro decay assay to assess whether a 50-cap or 30-polyadeny-
lation are needed for accelerated mRNA decay (Figures 6A–6C).

The t-bid mitochondrial releasate degraded a transcribed, radio-

labeled, capped, and poly(A) ACTB mRNA fragment as well as

the same mRNA lacking a 50-cap or 30-polyadenylation. Thus,
neither the 50-cap nor 30-poly(A) tail is required for decay.

Conversely, full-length 7SLRNA, which is not degraded, was en-

gineered to contain a 50-cap or 30-poly(A) tail. Adding a 50-cap to

7SL did not cause it to decay, but adding a 30-poly(A) tail acti-
vated its decay by the releasate. 7SL is predicted to fold into a

secondary structure with a stem-loop at its 30 end (Figure 6D).

In the signal recognition particle, the 50 and 30 ends of 7SL hy-

bridize to form a double-stranded RNA that would also be pre-

dicted to resist PNPT1 cleavage (Halic et al., 2004). Mutations

in the 30-arm of the stem-loop that abolish the stem loop caused
Figure 5. PNPT1 Is Released from Mitochondria to the Cytosol during

(A) PNPT1 localizes to mitochondria in untreated HeLa cells stained with anti-

microscopy.

(B) Overexpressed PNPT1-Myc localizes to mitochondria, but ectopic PNPT1 la

express Myc-tagged PNPT1 (upper) or PNPT1-dSP (lower), were stained with a

microscopy.

(C) PNPT1 is released from mitochondria in STS-treated HeLa cells. Untreated (

PNPT1 (green), MitoTracker (red), and DAPI (blue) and imaged by confocal micro

(D) TRAIL releases PNPT1 to the cytosol of HCT116 cells. Cells were fractionated

protein; tubulin is cytosolic.

(E) SomePNPT1 is transported into the nucleus during apoptosis. HCT116 cells, tr

and analyzed by immunoblot. Lamin A/C and tubulin were probed as nuclear an

(F) Decaying RNAs (ACTB, GAPDH, SNHG11) precipitate with anti-PNPT1, but

captured with anti-PNPT1 or anti-FLAG from HCT116 cells that were TRAIL-treat

untreated anti-FLAG sample. Shown are mean ± SEM of 3 biological replicates.

(G–O) Expression of Myc-tagged PNPT1-dSP, but not RNase-dead S484A PNP

mediated mRNA decay and apoptosis. (G) Immunoblot of whole cell lysates (WC

with Myc-tagged PNPT1 or PNPT1-dSP. (H) mRNAs, assessed by qRT-PCR 90 m

express Myc-tagged PNPT1, PNPT1-dSP, or empty vector (EV). (I) HeLa cells, tra

death by annexin V staining. (J–O) HCT116 cells, transfected to express Myc-tagg

analyzed for cell death by annexin V staining (J), 7-AAD staining (K), sub-diploid

activation by immunoblot for caspase-3 cleavage (N) and caspase activity (O).

Scale bar, 10 mm. Graphs show mean ± SD of 3 technical replicates. Data are re
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7SL to be degraded by the t-bid mitochondrial releasate (Fig-

ure 6D). Compensatory mutations in the 50-arm of the stem

that restored the stem-loop also restored resistance to degrada-

tion. Similarly, adding the 7SL stem-loop sequence to the 30 end
of ACTBmRNA blocked its degradation, while adding this stem-

loop to the 50 end of ACTB mRNA had no effect (Figure 6E). We

also tested whether inserting the 7SL stem loop 10, 30, or 50 nt

from the 30 end of the ACTB mRNA altered its cleavage (Fig-

ure 6F). Adding the stem-loop 10 nt from the 30 end blocked

decay, while inserting the stem-loop further away from the 30

end did not block decay. These findings are expected based

on the length and narrow diameter of the RNA channel in the

PNPT1 trimer. Thus, 30 end structures, features ofmany ncRNAs,

block PNPT1 degradation and likely contribute to the relative

resistance of non-poly(A) ncRNAs to accelerated decay during

apoptosis.

PNPT1 Knockdown Inhibits mRNA Decay and Cell Death
To verify PNPT1’s role in apoptotic mRNA decay, we transfected

HCT116 cells with a control small interfering RNA (siRNA) or

siRNAs targeting PNPT1 or the exosome RNases DIS3 or

DIS3L1 and examined RNA decay after TRAIL treatment (Figures

7A and 7B). PNPT1 knockdown inhibited TRAIL-mediated decay

of four housekeeping genes, while DIS3 or DIS3L1 knockdown

had no effect. PNPT1 knockdown also specifically reduced an-

nexin V staining by 2-fold (Figure 7C) and caspase-3 cleavage

became barely detectable (Figure 7D). Similar results were ob-

tained using another PNPT1 siRNA (Figures S3A–S3D). More-

over, PNPT1 knockdown inhibited apoptotic RNA decay in

HCT116 cells after exposure to TRAIL given in different doses

or for different times (Figures S3E and S3F). To verify that

changes in PNPT1 were responsible for the strong effects of

knockdown on mRNA decay, we expressed siRNA-resistant

PNPT1 or RNase-deficient PNPT1 in PNPT1-silenced HCT116

cells and analyzed their response to TRAIL (Figures 7E–7K).

The siRNA-resistant PNPT1 constructs contained synonymous
MOMP

PNPT1 (green), MitoTracker (red), and DAPI (blue) and imaged by confocal

cking its signal peptide (PNPT1-dSP) is cytosolic. HeLa cells, transfected to

nti-Myc (green), MitoTracker (red), and DAPI (blue) and imaged by confocal

Unt, top) or STS-treated (bottom) HeLa cells were stained after 3 hr with anti-

scopy.

and analyzed by immunoblot. COXVI is an unreleased integral mitochondrial

eated or not with TRAIL, were separated into nuclear and post-nuclear fractions

d cytosolic controls, respectively.

not control anti-FLAG, while non-decaying RNAs (5S, RPPH1) do not. RNA

ed or not (Unt) for 85 min was analyzed by qRT-PCR, relative to 7SL and to the

T1-dSP, causes RNA decay and cell death on its own and enhances TRAIL-

L), mitochondria (P7) or cytosolic (S100) fractions of HCT116 cells transfected

in after no treatment (Unt) or TRAIL treatment of HCT116 cells transfected to

nsfected to express Myc-tagged PNPT1 or PNPT1-dSP or EV, analyzed for cell

ed PNPT1 or PNPT1-dSP or EV, were treated or not with TRAIL for 90 min and

DNA content (L); cell survival by clonogenic survival assay (M); and caspase

presentative of at least 3 independent experiments. *p < 0.05; **p < 0.01.
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Figure 6. 30-Stem-Loops Prevent mRNA

Decay

(A and B) A 50-cap or poly(A) tail are not required

for MOMP-mediated RNA decay. Supernatants

collected from t-bid-treated or untreated mito-

chondria were added to radiolabeled RNAs con-

taining or lacking 30-polyadenylation (A) or a 50-cap
(B) and analyzed by autoradiography.

(C) A poly(A) tail at the 30 end of 7SL activates decay

by the t-bid-treated mitochondrial releasate.

Autoradiography of radiolabeled 7SL containing a

poly(A) tail and U2 incubated with supernatants

from t-bid-treated or untreated mitochondria.

(D) Disruption of the 7SL 30-stem-loop makes it

decay. 7SL was mutated to remove its 30-stem-loop

(Mut 1) or to reinstate it with complementary muta-

tions (Mut 2) (left). Autoradiography of radiolabeled

ACTB, 7SL, and mutant 7SL incubated with t-bid-

treated or untreated mitochondrial releasate (right).

(E) Adding the 7SL stem-loop (SL) to the 30-, but not
50-, end of ACTB blocks decay by t-bid-treated

mitochondrial releasate. Autoradiography of radio-

labeled ACTB RNA, modified with the 50- or 30-SL,
and 7SL after incubation with t-bid-treated or un-

treated mitochondrial supernatants.

(F) Adding the 7SL SL to the 30 end or 10 nt from the

30 end of ACTB RNA blocks ACTB RNA decay by the t-bid-treated mitochondrial releasate, while a SL R30 nucleotides from the 30 end has no effect.

Autoradiography of radiolabeled ACTB RNA, modified to contain the 7SL SL at the indicated distances from the 30 end, after incubation with supernatants from

t-bid-treated or untreated mitochondria.

Data are representative of at least 3 independent experiments.
mutations in the targeted sequence. siRNA-resistant WT

PNPT1 in PNPT1-silenced cells fully restored mRNA decay,

cell apoptosis, and caspase-3 cleavage and activation. How-

ever, expression of siRNA-resistant S484A PNPT1 did not

reverse any of the anti-apoptotic effects of PNPT1 knockdown,

confirming the importance of PNPT1RNase activity for apoptotic

mRNA decay and apoptosis. To verify that the reduction in

RNA levels by PNPT1 in apoptosis was due to RNA decay rather

than a change in transcription, HeLa cells, transfected with CTL

or PNPT1 siRNA, were treated with STS and a-amanitin, and

changes in ACTB, GAPDH, and 7SL were measured over 4 hr

by qRT-PCR (Figures S3G and S3H). Without STS, these house-

keeping gene mRNAs did not change over 4 hr relative to 7SL. In

the control siRNA-treated samples exposed to STS, the half-life

of the housekeepingmRNAs was reduced to a little over an hour.

PNPT1 knockdown in the presence of the transcription inhibitor

significantly increased mRNA half-lives in STS-treated HeLa

cells almost 2-fold, confirming that decay rather than a transcrip-

tional change was responsible for reduced mRNAs in apoptosis.

To verify that PNPT1’s role in mRNA decay was not limited to

TRAIL-treated HCT116 cells, we also knocked down PNPT1 in

STS-treated HeLa cells (Figures 7L and 7M), etoposide-treated

HeLa (Figures S3I–S3K), thapsigargin-treated HCT116 (Figures

S3L–S3N), and STS-treated primary mouse bone-marrow-

derived macrophages (BMDM) (Figures S3O–S3Q). In all these

classical apoptosis models, housekeeping mRNAs were

strongly reduced. Moreover, PNPT1 knockdown significantly

increased mRNA levels and reduced apoptosis, assayed by

annexin V staining and effector caspase activation by �2-fold.

Thus, RNA decay potently affects whether cells live or die
when subjected to apoptotic stimuli. The knockdown results

further support PNPT1’s role as the mitochondrial RNase.

RNA Decay Does Not Enhance Fas-Mediated Apoptosis
of MOMP-Independent Type I Cells
Apoptosis triggered by extrinsic signals occurs independently of

MOMP in type I cells, while it is MOMP-dependent in type II cells.

Because MOMP is critical for apoptotic RNA decay, we exam-

ined whether RNA decay might be less important during

MOMP-independent cell death. We compared Fas-mediated

cell death and the effect of PNPT1 knockdown in representative

type I H9 and type II Jurkat cells (Figures S4A–S4F). Significant

mRNA decay occurred in both cell lines, but was more pro-

nounced in MOMP-dependent Jurkat cells. However, PNPT1

knockdown significantly affected cell death (annexin V staining)

and effector caspase activation only in MOMP-dependent

Jurkat, but not in H9. Thus, RNA decay is a key event only in

MOMP-dependent apoptosis, as might be anticipated because

RNA decay is triggered by MOMP.

We also examined whether PNPT1 might have a role in resid-

ual caspase-independent cell death that occurs when caspase-

inhibited HeLa cells are treated with STS (Figures S4G and S4H).

PNPT1 knockdown had no effect on caspase-independent cell

death, which may not be surprising because MOMP is often

caspase-dependent.

DIS3L2 and PNPT1 Play Nonredundant Roles in
MOMP-Mediated RNA Decay
This study suggests that PNPT1 triggers RNA decay, while previ-

ously (Thomas et al., 2015) we identified another exoribonuclease
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(DIS3L2) in a later step of RNAdecay. Toprobe thismodel and the

relative roles of DIS3L2 and PNPT1 in apoptotic RNA decay,

we knocked down DIS3L2 and PNPT1 individually or together

in TRAIL-treated HCT116 cells (Figures S4I and S4J). Knocking

down either RNase significantly reduced apoptotic mRNA

decay to a similar degree. However, no increased effect was

observed when DIS3L2 and PNPT1 were knocked down

together, indicating that DIS3L2 and PNPT1 both play non-

redundant roles in apoptotic RNA decay and act sequentially in

the same pathway.

Histone mRNAs Are Degraded during Apoptosis
Independently of PNPT1
We next investigated whether histone mRNAs, containing 30 end
stem-loops, are subject to apoptotic decay via PNPT1. Although

histone mRNAs were rapidly downregulated after apoptosis

induction in both the RNA-seq data (Figure S5A) and by qRT-

PCR (Figure S5B), their decay started before MOMP (Figures

S5B and S5C) and was unaffected by PNPT1 knockdown (Fig-

ure S5D). siRNA knockdown of DIS3L2, however, rescued his-

tone mRNA depletion, suggesting that DIS3L2, but not PNPT1,

contributes to histone mRNA depletion.

DISCUSSION

Widespread mRNA decay is a previously unappreciated, central

feature of classical apoptosis that depends on MOMP and the

RNA quality control enzymes, TUTases and DIS3L2 (Thomas

et al., 2015). In multiple cell death models, knocking down any

of these enzymes inhibited RNA decay and had a strong effect

(�2-fold) on whether cells survive apoptotic insults. Our goal

here was to understand how MOMP triggers mRNA decay and

understand which RNAs are degraded. RNA-seq of apoptotic

cells showed that both mRNAs and poly(A) ncRNAs decay, while

non-poly(A) RNAs were largely not degraded, and RNA decay

begins at the 30 end. The 30-50-ribonuclease PNPT1 is released

from the IMS with cytochrome c during MOMP and triggers

RNA decay. The role of PNPT1 and its RNase activity in initiating

RNA decay was confirmed by knockdown and, in some cases,

ectopic expression in 6 models of apoptosis triggered by

extrinsic and intrinsic stimuli. Moreover, PNPT1 knockdown

strongly inhibited cell death by �2-fold, confirming the impor-

tance of RNA decay in classical apoptosis.
Figure 7. PNPT1 Knockdown Inhibits mRNA Decay and Apoptosis

(A) Specific gene knockdown in HCT116 cells 72 hr after transfection with control

loading control.

(B–D) PNPT1 knockdown reduces apoptotic mRNA decay and apoptosis in TR

HCT116 cells were treated with TRAIL and analyzed 90 min later for mRNA decay

immunoblot for activated caspase-3 (D).

(E–K) Overexpression of siRNA-resistant WT, but not RNase-defective, PNPT1 r

with control or PNPT1 siRNA and the indicated siRNA-resistant PNPT1 expressio

were assayed by qRT-PCR (E). Cells were analyzed for cell death by annexin V

clonogenic survival assay (I); and caspase activation by immunoblot for caspase

(L andM) PNPT1 knockdown reduces apoptotic mRNA decay and apoptosis in st

siRNAs, HeLa cells were treated with STS and analyzed 5 hr later for mRNA decay

In (B), (E), and (L), mRNAs were normalized to 7SL in the same sample and then

replicates and data are representative of at least 3 independent experiments. *p

See also Figures S3–S5.
Knockdown experiments in this paper suggest that both 30-50

exoribonucleases, PNPT1 and DIS3L2, are nonredundant and

act in the same pathway (Figures S4I and S4J). Our model is

that during apoptosis, first PNPT1 and then DIS3L2 degrade

RNAs, independently of the exosome. The 30 end of cytosolic

poly(A) RNAs become accessible to PNPT1 attack when

PABPC1 is released concurrently with MOMP through an un-

known mechanism. Possibly nonpoly(A) cytosolic ncRNAs that

lack 30 end structures also decay. When PNPT1 encounters an

obstacle in the transcript, such as a structured sequence, ribo-

some, or RNA-binding protein, the partially degraded fragment

disengages from PNPT1 and is further degraded by the TU-

Tase-DIS3L2 quality control pathway. How the TUTases recog-

nize the partially degraded fragment is unclear. In our previous

paper (Thomas et al., 2015), mRNA decay intermediates were

uridylated just 30 of the stop codon. Ribosome binding might

impede PNPT1, stopping its digestion, which is continued by

DIS3L2 after uridylation. The partially degraded fragment is likely

also decapped and degraded from the 50 end, but this needs to

be confirmed and the mechanism defined.

PNPT1 evolved from the cytosolic bacterial PNPase, which

controls bacterial RNA half-life by its 30-50 RNase activity. In

mammalian cells, PNPT1 is located in the IMS, where it is

responsible for importing some chromosomally encoded RNAs

and possibly post-transcriptionally processing them (Wang

et al., 2010). PNPT1’s import function is essential for mitochon-

drial respiration and cellular viability, because its knockdown or

mutations that inactivate its import, but not its RNase, function,

cause early embryonic lethality (Wang et al., 2010). However,

what RNAs PNPT1 imports and what determines import are un-

known. Stem-loop structures (but not at the 30 end) have been

shown to be important in mitochondrial import of a few RNAs

(Wang et al., 2010). It is possible that structured sequences

near the 30 end of imported RNAs protect them from being

degraded during import. Despite its localization to the IMS,

which is devoid of RNA, PNPT1 maintains the RNase activity of

its bacterial ancestor. Overexpression of PNPT1, which misloc-

alizes to the cytosol, was previously shown to cause growth ar-

rest and apoptosis, which was attributed to PKR induction and

downregulation of BCL-xL (Sarkar et al., 2007). Our study sug-

gests that RNA degradation by PNPT1 may be a key feature of

apoptosis. The identification of PNPT1 as the triggering RNase

also explains why poly(A) RNAs, whether coding or not, are
(CTL), PNPT1, DIS3, or DIS3L1 siRNAs, assessed by immunoblot. Tubulin is a

AIL-treated HCT116 cells. 48 hr after transfection with the indicated siRNAs,

by qRT-PCR (B) and apoptosis by annexin V staining by flow cytometry (C) and

estores apoptotic mRNA decay and apoptosis. HCT116 cells, co-transfected

n plasmids, were treated or not (Unt) with TRAIL. After treatment, mRNA levels

staining (F), 7-AAD staining (G), sub-diploid DNA content (H); cell survival by

3 cleavage (J) and caspase activity (K). EV, empty vector.

aurosporine (STS)-treated HeLa cells. 48 hr after transfection with the indicated

by qRT-PCR (L) and for apoptosis by annexin V staining by flow cytometry (M).

to the ratio in untreated (Unt) cells. All graphs show mean ± SD of 3 technical

< 0.05; **p < 0.01.
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apoptotic substrates, while most non-poly(A) ncRNAs are not.

Because PNPT1 substrates must thread through an extremely

narrow channel to reach the active site (Lin et al., 2012), RNAs

with 30 end structures, like many nonpoly(A) ncRNAs, are not

PNPT1 substrates. The poly(A) tail provides a long unstructured

30 end, which is a perfect PNPT1 substrate, especially because

PNPT1 preferentially binds adenines. However, poly(A) tails are

not required, because the mitochondrial releasate degraded an

mRNA without its poly(A) tail (Figure 6A).

Proteins that bind and cover RNA 30 ends likely also limit

PNPT1 access and decay. Indeed, our data suggest that

PABPC1 needs to disengage from poly(A) RNAs for decay to

begin. We needed to add cold poly(A) RNA, which presumably

competed for PABPC1, to detect in vitro mRNA decay by the

S100 fraction of apoptotic cells (Figures 3B and 3C). Added

poly(A) RNA was no longer required if PABPC1 was depleted

(Figure 3D). These findings suggest that cytosolic PABPC1 in-

hibits mRNA decay and needs to be removed from the poly(A)

tail of mRNAs before degradation. In fact, PABPC1 binding to

mRNA substrates was reduced before we detected significant

mRNA decay (Figure S2D), suggesting that PABPC1 was

removed before PNPT1 could degrade the RNA. However,

PABPC1 levels and localization did not change, and PABPC1

was not post-translationally modified early in apoptosis. Thus,

we do not know how PABPC1 disengages. Further experiments

are needed to identify how MOMP and/or another early event in

apoptosis frees up the 30 end of mRNAs. Many ncRNAs are

found in ribonucleoprotein complexes, which may also restrict

PNPT1 access. Another factor that may limit apoptotic decay

of nonpoly(A) ncRNAs is nuclear localization. Although some

PNPT1 trafficked to the nucleus after MOMP, most nuclear

ncRNAs we examined were not decayed.

Histone mRNAs, which contain a 30-stem loop, also rapidly

declined after TRAIL or STS-mediated apoptosis (Figure S5).

However, their decay began before MOMP and depended on

DIS3L2, but not PNPT1. The PNPT1-independent mechanism

responsible for initiating apoptotic histone mRNA decay remains

to be identified.

Widespread loss ofmRNA appears to be incompatible with cell

survival. We previously showed that inhibiting pol II with

a-amanitin triggers cell death on its ownand synergizeswith other

apoptotic stimuli (Thomas et al., 2015). Here, we found that simi-

larly overexpressing mislocalized cytosolic PNPT1 on its own

causes some cell death, as previously reported (Sarkar et al.,

2007), and enhances death from apoptotic stimuli (Figures 5J–

5O). Why does widespread RNA decay enhance apoptosis and

increase MOMP and effector caspase activation? Is the decay

of specific RNAs responsible? Many mRNAs and proteins that

regulate cell proliferation and survival and inhibit apoptosis have

very short half-lives. Thus, decay of the corresponding mRNAs

might lead to cell-cycle arrest and/or apoptosis. Supporting this

idea, in a human melanoma cell line (Sarkar et al., 2007), PNPT1

overexpression reduced expression of short-lived c-myc and

BCL-xL, which regulate the G1 checkpoint and block apoptosis.

In our previous study (Thomas et al., 2015), the apoptotic effect

of RNA decay in STS-treated HeLa cells was largely mediated

by degradation of BCL2L3 mRNA (encoding MCL-1). Decay of

specific short-lived anti-apoptotic mRNAs, especially BCL-2
200 Cell 174, 187–201, June 28, 2018
family members, on which a particular cell depends for survival

maybeespecially important.ReducedantiapoptoticBCL-2 family

members would also explain increased MOMP and effector

caspase activation, because these proteins raise the threshold

for MOMP, which in turn amplifies caspase activation. Although

which RNAs are critical will vary (i.e., MCL-1 is only expressed

and important in some cancers), decay of anti-apoptotic BCL2

family mRNAs may be especially important in promoting

apoptosis. Theeffect of apoptoticRNAdecay is not limited tocan-

cer cells or rapidly dividing cells, becausePNPT1 knockdownand

rescue of RNA decay also protected nondividing primary macro-

phages fromSTS (Figures S3O–S3Q). HowRNA decay promotes

apoptosis in different settings merits further exploration.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-Actin Developmental Studies

Hybridoma Bank

Cat#JLA20-c; RRID: AB_528068

Goat polyclonal anti-VDAC1 Santa Cruz Cat#sc-8828; RRID: AB_793935

Mouse monoclonal anti-Cytochrome c BioLegend Cat#612504; RRID: AB_2292697

Rabbit polyclonal anti-Caspase 3 Cell Signaling Cat#9661; RRID: AB_2341188

Rabbit polyclonal anti-Caspase 9 Cell Signaling Cat#9502; RRID: AB_10693286

Mouse polyclonal anti-DIS3L1 Abcam Cat#ab89042; RRID: AB_2040576

Rabbit polyclonal anti-DIS3L2 Novus Cat#NBP1-84740; RRID: AB_11038956

Mouse monoclonal anti-PABPC1 Sigma Cat#P6246; RRID: AB_2251741

Rabbit polyclonal anti-PABPC1 Abcam Cat#ab21060; RRID: AB_777008

Rabbit polyclonal anti-PNPT1 Abcam Cat#ab96176; RRID: AB_10680559

Mouse Anti-Cleaved PARP (Asp214) BD PharMingen Cat#552597;

Mouse monoclonal anti-Fas antibody (clone CH11) Millipore Cat#05-201; RRID:AB_309653

Chemicals, Peptides, and Recombinant Proteins

Superkiller TRAIL Enzo Life Sciences Cat#ALX-201-115-C010

Staurosporine Cell Signaling Cat#9953

Thapsigargin Sigma Cat#T9033-.5MG

Etoposide Sigma Cat#E1383-25MG

a-amanitin Sigma Cat#A2263-1MG

Cycloheximide Sigma-Aldrich Cat#C104450

Puromycin Sigma-Aldrich Cat#P9620

z-VAD-fmk BD Cat#550377

M-CSF R&D Systems 416-ML-010

t-Bid ProSpec Cat#pro-644

Complete Protease Inhibitor Cocktail Sigma-Aldrich Cat# 04693159001

RNaseOUT ThermoFisher Scientific Cat#10777019

RNase A ThermoFisher Scientific Cat#EN0531

100x Halt Phosphatase Inhibitor Cocktail ThermoFisher Scientific Cat#78420

100x ReadyStrip pH 7-10 buffer Bio-Rad Cat#1632093

7cm pH 3-10 ReadyStrip IPG strips Bio-Rad Cat#1632000

MitoTracker Red Invitrogen Cat#M22426

Critical Commercial Assays

Lipofectamine RNAiMAX Life Technologies Cat#13778-075

Lipofectamine 2000 ThermoFisher Scientific Cat#11668019

NEBNext Ultra RNA Library Prep Kit NEB Cat#E7530S

Ribo-Zero Illumina Cat#MRZH116

CellTiter-Glo Luminescent Cell Viability Assay Promega Cat#G7570

SP6 mMESSAGE mMACHINE kit Ambion Cat#AM1340

SP6 MEGAscript kit Ambion Cat#AM1330

Protein G Dynabeads ThermoFisher Scientific Cat#10003D

DNA-free kit Life Technologies Cat#AM1906

iScript RT reagent BioRad Cat#1708841

SuperScript III ThermoFisher Scientific Cat#18080044

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

SsoFast reagent BioRad Cat#172-5204

SilverQuest Silver Staining Kit ThermoFisher Scientific Cat#LC6070

2-D Clean-Up Kit GE Healthcare Cat#80648451

Deposited Data

Data reported in this paper This paper GEO: GSE104602

Experimental Models: Cell Lines

Human: HCT116 ATCC Cat#CCL-247

Human: HeLa ATCC Cat#CCL-2

Human: YT Indy Montel et al., 1995 N/A

Human: Jurkat ATCC Cat#TIB-152

Human: H9 ATCC Cat#HTB-176

Experimental Models: Organisms/Strains

C57BL/6J The Jackson Laboratory Cat#000664

Oligonucleotides

Silencer Negative Control No. 1 ThermoFisher Scientific Cat#4390843

PNPT1 siRNA ThermoFisher Scientific Cat#s40091

PNPT1 siRNA ThermoFisher Scientific Cat#s40092

Pnpt1 siRNA ThermoFisher Scientific Cat#S232318

DIS3 siRNA ThermoFisher Scientific Cat#s229659

DIS3L1 siRNA ThermoFisher Scientific Cat#s41866

DIS3L2 siRNA ThermoFisher Scientific Cat#s43419

poly(A) oligonucleotide GE Healthcare Cat#27411001

qRT-PCR primers, see Table S2 This paper N/A

Recombinant DNA

pSP64poly(A) Promega Cat#P1241

Software and Algorithms

RSeQC Wang et al., 2012 RRID: SCR_005275;

https://sourceforge.net/projects/rseqc/

TopHat2 Kim et al., 2013 RRID: SCR_013035;

http://tophat.cbcb.umd.edu/

HTSeq Anders et al., 2015 RRID: SCR_005514;

http://htseq.readthedocs.io/en/release_0.9.1/

DESeq2 Love et al., 2014 RRID: SCR_015687;

https://bioconductor.org/packages/release/

bioc/html/DESeq2.html

SAMtools Li et al., 2009 RRID: SCR_002105;

http://samtools.sourceforge.net/

R R Development Core Team, 2016 RRID: SCR_001905;

http://www.r-project.org/

Python Python Software Foundation RRID: SCR_008394;

https://www.python.org/
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents should be directed to, and will be fulfilled by the Lead Contact, Judy Lieberman (Judy.

Lieberman@childrens.harvard.edu).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
HCT116 (male), HeLa (female), Jurkat (male) andH9 (male) cells were obtained fromATCC. YT-Indy (male) was a kind gift of Z. Brahmi

(Indiana University School of Medicine, Indianapolis, IN). HCT116 and HeLa cells were cultured in DMEM (Invitrogen), and Jurkat, H9

and YT-Indy cells were cultured in RPMI-1640 (Corning). Both media were supplemented with 10% heat-inactivated fetal bovine

serum, 100 U/ml penicillin G, 100 mg/ml streptomycin sulfate, 6 mMHEPES, 1.6 mM L-glutamine, and 50 mM2ME. Cells were verified

to be free of mycoplasma contamination.

Mice
Healthy, 8-week-old female C57BL/6 wild-type mice were purchased from The Jackson Laboratory and maintained under specific-

pathogen-free (SPF) conditions under the supervision of veterinarians, in an AALAC-accredited facility following AALAC guidelines.

Thesemice were not used in any other experiments. All mouse experiments were conducted using protocols approved by the Animal

Care and Use Committees of Boston Children’s Hospital and Harvard Medical School.

Bone marrow-derived macrophages
Bone marrow cells were isolated from the femurs of 8-week-old female C57BL/6 mice using a protocol approved by the institutional

Animal Care and Use Committee. Aseptically dissected femurs were cut at both ends, and bone marrow cells were flushed out with

10 mL RPMI-1640 medium using a syringe with a 27-gauge needle. Cell suspensions were filtered through a 70-mm cell strainer.

Isolated bone marrow cells were cultured in RPMI-1640 medium supplemented with 20 ng/ml M-CSF (R&D Systems, 416-ML-

010). The medium was changed every other day and the bone marrow cells differentiated into bone marrow-derived macrophage

(BMDM) after 7 days.

METHOD DETAILS

Cell treatment
To induce apoptosis, HCT116 cells were treated with 100 ng/mL superkiller TRAIL (Enzo Life Sciences ALX-201-115-C010) or 1 mM

thapsigargin (Sigma, T9033-.5MG), and HeLa cells were treated with 500 nMSTS (Cell Signaling #9953) or 500 mMetoposide (Sigma,

E1383-25MG). Jurkat and H9 cells were treated with 1:1000 aFas antibody (Millipore, clone CH11). Native human GzmB and PFN

were purified from isolated YT-Indy cytotoxic granules as previously described (Thiery et al., 2010). A titrated sublytic concentration

of PFN and 250 nMGzmBwere used to induce apoptosis. In experiments with translation inhibitors, 50 mg/ml cycloheximide (Sigma-

Aldrich) or 5 mg/ml puromycin (Sigma-Aldrich) were added 1 hr before apoptosis induction. To inhibit transcription, HeLa cells were

treated with 20 mg/mL a-amanitin (Sigma, A2263-1MG). To inhibit caspase activity, cells were treated with 40 mM z-VAD-fmk

(BD 550377). Thapsigargin, etoposide and z-VAD-fmk were dissolved in DMSO; an equivalent amount of DMSO (Sigma D2650)

was added to all control treatments to equalize the final DMSO concentration.

Plasmids
Human PNPT1 and BCL2 were amplified by PCR from a thymus cDNA library (Clontech) and cloned into mammalian expression

vectors (pcDNA3 and pcDNA3-C-5xMyc). cDNAs encoding human ACTB and 7SL RNA generated by PCR from the human cDNA

library, were inserted into the cloning vector pSP64poly(A) (Promega) for in vitro transcription. All point mutations were generated

using QuikChange XL site-directed mutagenesis (Stratagene). All plasmids were verified by sequencing.

Transfections
HCT116 and HeLa cells were transfected with siRNAs in suspension using Lipofectamine RNAiMAX (Life Technologies 13778-075)

according to the manufacturer’s instructions. Jurkat, H9, BMDM were transfected by nucleofection (Amaxa) using the Amaxa

Nucleofector kit V. Control and targeting siRNAs were obtained from ThermoFisher Scientific: Silencer Negative Control No. 1 siRNA,

#4390843; PNPT1 siRNA, #s40091; PNPT1 siRNA, #s40092 (used only in Figure S3A-3D); Pnpt1 siRNA, #s232318; DIS3 siRNA,

#s229659; DIS3L1 siRNA, #s41866; DIS3L2 siRNA, #s43419. Plasmids were transfected using Lipofectamine 2000 (ThermoFisher

Scientific) following the manufacturer’s instructions.

RNA-seq preparation and differential expression analysis
Biological duplicate unstranded RNA-seq libraries were prepared using the NEBNext Ultra RNA Library Prep Kit (#E7530S) after initial

RNA isolation by TRIzol (ThermoFisher Scientific) and Ribo-Zero (Illumina, #MRZH116) rRNA removal kit. RNA and DNA purity and

concentrations were monitored using an Agilent 2100 Bioanalyzer in the BCH IDDRCMolecular Genetic Core, supported by National

Institutes of Health award NIH-P30-HD 18655. Libraries were pooled and sequenced on an Illumina NextSeq 500, yielding around 20

million mapped 50 bp single-end reads per sample. Sequences were aligned to the GENCODE v23 GRCh38 human genome anno-

tation by TopHat2 (Kim et al., 2013). Alignment output BAM files were sorted and indexed by SAMtools (Li et al., 2009). After counting

reads by HTSeq (Anders et al., 2015) with the options ‘‘-s no –m union –nonunique none –I gene_name,’’ DESeq2 (Love et al., 2014)
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was used for differential expression analysis and fold change estimation. A set of control genes, RN7SL1, RPPH1, RMRP, RNU4-1,

RNU4-2, RN7SK, SNORA33, SNORD83A, MT-RNR2, RNU1-1, RNU1-2, SNORD15B, SNORD104, SNORA2B, that were stable

during apoptosis as verified by qRT-PCR, were used to estimate size factors for normalization. DESeq2 automatically implements

independent filtering to filter out genes with low mean expression (in this case, the cut-off was 26.6 reads). Only genes that pass

filtering were used for dispersion estimation, negative binomial GLM fitting, and Wald test. For analysis of poly(A) versus non-poly(A)

ncRNAs, sequence alignment was restricted to the final exon of intron-containing genes or the 30 quarter length of intron-lacking

genes by using a GTF annotation generated by custom python code.

RNA-seq coverage analysis
Gene body coverage was analyzed by RSeQC (Wang et al., 2012), using the GENCODE v23 reference gene model. For detailed

analysis of sequencing coverage of 50UTR, CDS, and 30UTR regions, custom python code was used to generate 3 separate GTF

annotation files, and supplied to the same pipeline for alignment and coverage calculations. Coverage was then normalized to the

percentage of reads mapped to the specific region of each sample.

Cell fractionation, mitochondrial isolation and t-Bid treatment
Cells were washedwith PBS and harvested by scraping in PBS on ice. Cells were thenwashed once in PBS and resuspended in 5 cell

volumes of buffer A (20 mM Tris-HCl, pH 7.5, 10 mMKCl, 1.5 mMMgCl2, and 250mM sucrose). Cells were then incubated for 30 min

on ice in buffer A, and lysed by homogenizing with a Dounce homogenizer using a type-B pestle with 25 strokes. Lysateswere spun at

1000 3 g for 10 min to remove unbroken cells and nuclei. The post-nuclear supernatant was spun at 7,000 3 g for 10 min to pellet

mitochondria (P7), and the supernatant (S7) was re-spun at 100,0003 g for 1 hr and the resulting supernatant (S100) was harvested,

while themitochondrial pellet was washedwith buffer A and resuspended in the same volume of buffer A. Isolatedmitochondria were

incubated with 1 mM t-Bid (ProSpec) for 30 min at 30�C in buffer A, and pelleted at 18,0003 g for 20 min. The supernatant is referred

to as mitochondrial releasate. Cytochrome c and PNPT1 released into the supernatant were assessed by immunoblot. For isolating

nuclear and cytoplasmic extracts, cells were harvested, washed once in PBS and resuspended in ice-cold 0.05% IGEPAL CA-630

(Sigma). Samples were homogenized by gently pipetting 3-4 times and then immediately spun at 3000 rcf. for 15 s at room temper-

ature. The resulting supernatants (cytoplasmic extracts, CE) were harvested and transferred to new tubes. The remaining pellet was

resuspended in ice-cold 0.05% IGEPAL CA-630 by pipetting until it became homogeneous. Samples were spun at 3000 xg for 15 s at

room temperature and the supernatant was discarded. Nuclear pellet was lysed in RIPA buffer (50mMTris-HCl pH 7.4, 150mMNaCl,

1 mM EDTA, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS) supplemented with protease inhibitors to obtain the nuclear

extract (NE).

Immunoblot
Protein samples were resolved by SDS-PAGE and transferred to a PVDF membrane (Millipore). All primary antibodies were used at

1:1000 and secondary antibodies at 1:5000. The following antibodies were used: ACTB (Developmental Studies Hybridoma Bank,

#JLA20-c); VDAC1 (Santa Cruz, sc-8828); cytochrome c (Biolegend, 612504); Caspase-3 (Cell Signaling, 9661); DIS3L1 (Abcam,

ab89042); DIS3L2 (Novus, NBP1-84740); Caspase-9 (Cell Signaling, 9502); PABPC1 (Sigma, P6246); PNPT1 (Abcam, ab96176);

anti-Mouse HRP (GE Healthcare, NA931V); anti-Rabbit HRP (GE Healthcare, NA934V); anti-Goat HRP (Santa Cruz, sc-2020). Protein

bands were visualized using a SuperSignal West Pico chemiluminescence ECL kit (Pierce).

Assessment of apoptosis
Cells were stained for annexin V-APC (Life Technologies A35110), 7-AAD (BD PharMingen 559925) or DiIC1(5) (1,1’,3,3,3

0,30-hexam-

ethylindodicarbocyanine iodide, Life Technologies M34151) according to the manufacturer’s instructions. Stained cells were

analyzed on a FACSCalibur flow cytometer using FlowJo software.

Sub-diploid DNA content analysis
Cells were trypsinized, washed with PBS and fixed in ice-cold 70% (v/v) ethanol at 4�C for 1 hr. After being washed with cold PBS

twice, cells were stained with 50 mg/mL propidium iodide (Sigma-Aldrich) in the presence of 200 mg/mL RNase A (ThermoFisher

Scientific) at 37�C in the dark. 0.5 hr later, cells were analyzed using FACSCalibur (BD Biosciences).

In vitro caspase-9 activation
Aliquots (50 mg) of the S100 fraction fromHCT116 cells, incubated at 37�C for 0.5 hr alone or in combination with 0.2 mg cytochrome c

(Sigma) in the presence or absence of 1 mM dATP, in a final volume of 25 mL reaction buffer (20 mM Tris-HCl, pH 7.5, 10 mM KCl,

1.5 mM MgCl2, and 1 mM DTT), were analyzed by immunoblot with an anti-caspase-9 antibody.

Clonogenic survival assay
Cells transfected with the indicated siRNAs or plasmids were re-plated on 6-well plates at a density of 300 cells/well. 24 hr later, cells

were treatedwith TRAIL or STS for 2 hr and thenwashed oncewith PBS before culture in freshmedium. The colonies were grown until
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each colony reached �50 cells. Cells were fixed in 10% formalin for 5 min, washed once with PBS, and then stained for 15 min with

crystal violet (20% methanol, 0.1% crystal violet). Cells were then rinsed in water; colonies were counted manually.

In vitro RNA decay assay
In vitro transcription of linearized plasmids was used to synthesize RNA of the inserted ACTB or 7SL sequences that lacked or

contained a 30 poly(A) tail of 60 residues. Capped or non-capped RNAs were synthesized using the mMESSAGE mMACHINE kit

(Ambion) or MEGAscript kit (Ambion), respectively, according to themanufacturer’s instructions. [a-32P]UTPwas included as a tracer

in the in vitro transcription reaction. To generate circularized RNAs, 50-terminal triphosphates of linear RNAs were first removed by

treating with FastAP thermosensitive alkaline phosphatase (ThermoFisher Scientific) in the presence of RiboLock RNase Inhibitor

(ThermoFisher Scientific) at 37�C for 1 hr. Then, RNAs were extracted with phenol/chloroform/isoamyl alcohol (P/C/I) followed by

ethanol precipitation. A phosphate groupwas then added to the 50 end hydroxyl terminus of RNAby reactingwith ATP in the presence

of T4 Polynucleotide kinase (ThermoFisher Scientific). RNAs were recovered by P/C/I extraction and ethanol precipitation, prior to

incubation at 75�C for 5 min in the presence of DMSO (NEB). To obtain circularized RNAs from linear precursors by 50-30 end joining,

a ligation reaction was performed with T4 RNA Ligase 1 (NEB) in 100 mL reaction volumes with linear precursors and ATP at 16�C for

16 hr. The circularized RNAs were identified and confirmed by RNase R treatment analysis and purified by polyacrylamide gel

electrophoresis. For in vitro RNA decay analysis, 32P-labeled RNAs were incubated with the S100 fraction, t-Bid-treated

mitochondrial releasate or the indicated recombinant protein in a reaction buffer containing 10 mM Tris-HCl pH 7.6, 100 mM KCl,

1 mM MgCl2, 5 mM KH2PO4, 2 mM DTT, 1 mM ATP, 0.4 mM GTP, 0.1 mM spermine, and 40 units of RNasin with or without

500 ng of poly(A) oligonucleotide (GE Healthcare). RNA decay reactions were incubated at 37�C for the indicated times and stopped

by adding an equal volume of stop buffer (400 mM NaCl, 25 mM Tris-Cl pH 7.6, 0.2% SDS). RNAs, recovered by P/C/I extraction,

were resolved on TBE-Urea gels (ThermoFisher Scientific) before autoradiography. Signal intensities of bands were quantified using

ImageJ software.

RNA immunoprecipitation
Cells harvested from a 10 cm plate were washed with ice-cold PBS and incubated in 400 mL hypotonic gentle lysis buffer (10 mM

Tris-HCl pH 7.5, 150 mM NaCl, 2 mM EDTA, 0.5% Triton X-100, 200 U/ml RNaseOUT (ThermoFisher Scientific), 1x Complete

Protease Inhibitor Cocktail (Sigma-Aldrich)) for 15 min on ice. After a 15 min 14000 rpm centrifugation, 10% of the supernatants

was set aside as input, and the rest was added to pre-washed Protein G Dynabeads (ThermoFisher Scientific, #10003D) to rotate

at 4�C for 2 hr. Beads were then washed 6 times in ice-cold NET2 (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.05% Triton X-100),

and eluted in TRIzol for RNA or 2 3 SDS loading buffer for protein. In experiments where the cytosolic fraction was first extracted,

fractionation was done in the presence of RNaseOUT, and 2 3 volume hypotonic gentle lysis buffer was mixed with the cytosolic

fraction before incubation with beads.

qRT-PCR
RNA was harvested and extracted with TRIzol reagent (Life Technologies 15596018) according to the manufacturer’s instructions.

Total RNAwas first treated with the DNA-free kit (Life Technologies AM1906), and then subjected to reverse transcription with iScript

RT reagent (BioRad 1708841) according to the manufacturer’s instructions. In experiments where the poly(A) tail status of RNA was

assessed, DNase-treated RNA was split into two samples, used for reverse transcription by SuperScript III (ThermoFisher Scientific,

#18080044) with either oligo dT or random hexamers, respectively. qRT-PCR was performed with SsoFast reagent (BioRad

172-5204) in 20 mL reaction volumes with 1 mL of cDNA and 500 nM primers, using a BioRad CFX96 PCR machine with the

recommended cycling parameters for the Ssofast reagent.

Immunostaining and confocal microscopy
Cells grown on coverslips were fixed for 15 min with 4% paraformaldehyde in PBS, permeabilized for 20 min in 0.1% Triton X-100 in

PBS and blocked using 5% BSA for 1 hr. The fixed cells were stained with the indicated primary antibodies, followed by

incubation with fluorescent-conjugated goat anti-mouse IgG (Invitrogen). Nuclei were counterstained with DAPI (Cell Signaling).

For mitochondrial staining, living cells were incubated with 300 nM MitoTracker Red (Invitrogen) for 30 min at 37�C. Slides were

mounted using Fluorescence Mounting Medium (Dako). Images were captured using a confocal microscope (Olympus Fluoview

FV1000 Confocal System) with a 63 3 water immersion objective and Olympus Fluoview software (Olympus, Hamburg, Germany).

2D-gel analysis
PABPC was immunoprecipitated with the polyclonal rabbit antibody from a 15 cm plate of HCT116 cells, in the presence of 50 mg/ml

RNase A and 1 x Halt Phosphatase Inhibitor Cocktail, following the steps described above for general immunoprecipitation. Protein

samples were eluted by 150 ml pH 2.6 glycine, neutralized with pH 8.0 Tris buffer, and then precipitated with the GE 2-D Clean-Up Kit.

Pellets were dissolved in rehydration solution, as described in the Clean-Up Kit manual, supplemented with 13 Bio-Rad ReadyStrip

pH 7-10 buffer. Dissolved samples were added to Bio-Rad 7 cm pH 3-10 IPG strips. 12 hr active rehydration and isoelectric focusing

were performed on a Bio-Rad PROTEAN IEF system, following the manufacturer’s instructions. Washed IPG strips were then
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inserted into 1 mm thickness SDS-PAGE gels, alongside Unstained Precision Plus Protein Standard Plugs, for second dimension

separation. After SDS-PAGE run, gels were stained with SilverQuest Staining Kit.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification
For in vitro decay assays, signal intensities of bands were quantified by ImageJ software.

Statistics
RNA-seq coverage distributions were compared using the 2 sample Kolmogorov-Smirnov test. Fold-change distributions of poly(A)

and non-poly(A) ncRNAs were compared using the non-parametric Mann-Whitney U test, as sample size was limited by ncRNA

poly(A) status measurements of a previous study. Hypothesis testing of RNA-seq differential gene expression results was performed

with either chi-square test of independence or multinomial test, when appropriate. Kolmogorov-Smirnov test, Mann-Whitney U test,

and chi-square test of independence were performed with the scipy package of Python. Multinomial testing was done with the

XNomial package in R.

Student’s t test (2-tailed) was used for the statistical analysis of pairwise comparisons. Unless otherwise indicated in the figure

legends, 3 or more replicates were used for t test analysis.

For all tests, P values < 0.05 were considered significant. Graphs were plotted using GraphPad Prism.

DATA AND SOFTWARE AVAILABILITY

Data Resources
The accession number for sequencing data reported in this paper is GEO: GSE104602.
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Figure S1. Poly(A) RNAs Are Efficiently Degraded in the Cytoplasm, Independently of Translation, during Apoptosis, Related to Figure 2

(A) Blocking translation does not inhibit apoptotic RNA decay. HeLa cells, pretreated with cycloheximide (CHX) or puromycin (puro), were treated or not with

staurosporine (STS). RNA levels measured by qRT-PCR relative to 7SL. ACTB, GAPDH and SDHA are mRNAs; SNHG11 is a poly(A) ncRNA and RPPH1 is a non-

poly(A) ncRNA.

(B) HCT116 cells were treated or untreated with perforin (PFN) and granzyme B (GzmB) for indicated times. RNAwas measured by qRT-PCR relative to 7SL (left),

and apoptosis wasmeasured by annexin V staining (right). (C-D) Nuclear ncRNAs are not usually degraded during apoptosis. (C) HCT116 cells were treated or not

with TRAIL for 85 min and ncRNA levels were measured by qRT-PCR, comparing TRAIL-treated and untreated cells. (D) Poly(A) ncRNAs are more efficiently

degraded in the cytoplasm than the nucleus during apoptosis. HCT116 cells, treated or not with TRAIL for 85 min, were separated into nuclear and post-nuclear

fractions and RNA from nuclear (NE) and cytosolic (CE) extracts was measured by qRT-PCR, comparing TRAIL-treated and untreated cells.

All graphs show mean ± s. d. of 3 technical replicates and data shown are representative of at least 3 independent experiments. *p < 0.05; **p < 0.01.
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Figure S2. PABPC1 Does Not Undergo Post-translational Modification during Apoptosis but Is Released from Target RNAs before RNA

Decay, Related to Figure 3

(A) PABPC1 immunoblot of whole cell lysate or cytosol of HCT116 cells, treated or not with TRAIL for indicated times. Tubulin is blotted as loading control.

(B) Immunoprecipitated PABPC1 samples from HCT116 cells, treated or not (Unt) with TRAIL for 85 min, were analyzed by isoelectric focusing on pH 3-10 IPG

strips and second dimension SDS-PAGE electrophoresis, and silver staining. Approximate molecular weights were estimated from protein markers (M) on the

same gels.

(C) RNAs from HCT116 cells treated with TRAIL for indicated times were reverse transcribed by random hexamer or oligo(dT) priming, and PCR amplified.

Changes in RNA levels were normalized to 7SL in the same sample and then normalized to the untreated control sample. At 85 min, the oligo(dT) amplified RNA

declined significantly more than the random hexamer amplified RNA, suggesting that deadenylation was an early event.

(D) RNA immunoprecipitated with anti-PABPC1 or anti-FLAG from TRAIL-treated or untreated HCT116 cells was analyzed by qRT-PCR using random hexamer

priming. Changes in RNA levels were normalized to 7SL in the same sample and then normalized to the untreated control sample. PABPC1 binding declinedmore

rapidly and more extensively than mRNA decay, which was not significant until 85 min.

Graphs show mean ± SEM of 3 biological replicates. *p < 0.05; **p < 0.01, ***p < 0.001.
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Figure S3. PNPT1-Mediated RNA Decay Plays a Key Role in Apoptotic Cell Death, Related to Figure 7

(A–D)PNPT1 knockdown using a secondPNPT1 siRNA reduces apoptoticmRNA decay and apoptosis in TRAIL-treated HCT116 cells. (A) Immunoblot confirmed

siRNA knockdown of PNPT1 in HCT116 cells using a different siRNA sequence than was used elsewhere in the paper (seemethods). (B-D) 48 hr after transfection

with the indicated siRNAs, HCT116 cells were untreated (Unt) or treated with TRAIL and analyzed 90 min later for mRNA decay by qRT-PCR (B) and for apoptosis

by annexin V staining by flow cytometry (C) and by luminescent caspase activity assay for activated caspase-3 (D).

(E and F) PNPT1 knockdown blunts apoptotic mRNA decay across a range of doses of TRAIL and over different time points. HCT116 cells were transfected with

the indicated siRNAs, then treated with the indicated dose of TRAIL (E) or 100 ng/mL TRAIL for the indicated times (F). mRNA levels were assayed by qRT-PCR.

The effect of PNPT1 knockdown on the concentration of TRAIL that caused 50%RNA decay (IC50) and the half-life of the analyzedmRNAs (T1/2) is indicated. The

half-liveswere calculated after a lag time of 65min, whenMOMPandPNPT1 release are first detected after TRAIL treatment andmRNA decay begins (Figures 1A,

1D, and 5D).

(G and H) Knockdown of PNPT1 increases mRNA half-life after STS treatment. HeLa cells were transfected with the indicated siRNA and RNA was analyzed by

qRT-PCR relative to 7SL at the indicated times after adding a-amanitin ± STS (G). The mRNA half-lives in STS-treated HeLa cells were determined using the one-

phase exponential decay equation (H).

(I–K) PNPT1 knockdown reduces apoptotic mRNA decay and apoptosis in etoposide-treated HeLa cells. 48 hr after transfection with the indicated siRNAs, HeLa

cells were treated with etoposide and analyzed 8 hr later for mRNA decay by qRT-PCR (I) and for apoptosis by annexin V staining by flow cytometry (J) and by

luminescent caspase activity assay for activated caspase-3 (K).

(L–N) PNPT1 knockdown reduces apoptotic mRNA decay and apoptosis in thapsigargin-treated HCT116 cells. 48 hr after transfection with the indicated siRNAs,

HCT116 cells were treated with thapsigargin and analyzed 12 hr later for mRNA decay (L) and for apoptosis by annexin V staining (M) and caspase activity assay

(N) as described above.

(O–Q) Pnpt1 knockdown reduces apoptotic mRNA decay and apoptosis in STS-treated primary bone marrow-derived macrophages (BMDMs). 48 hr after

transfection with the indicated siRNAs, BMDMswere treated with STS and analyzed 5 hr later for mRNA decay (O) and for apoptosis by annexin V staining (P) and

caspase activity assay (Q) as described above.

In (B), (E)–(G), (I), (L), and (O) mRNAs were normalized to 7SL levels in the same sample and to the level in untreated (Unt) cells. All graphs show mean ± s. d. of 3

technical replicates and data shown are representative of at least 3 independent experiments. *p < 0.05; **p < 0.01.



Figure S4. PNPT1-Mediated RNA Decay Plays No Role in MOMP-Independent Cell Death, Related to Figure 7

(A–C) PNPT1 knockdown reduces apoptotic mRNA decay, but has no effect on Type I (MOMP-independent) apoptosis in anti-Fas-treated H9 cells. 48 hr after

transfection with the indicated siRNAs, H9 cells were treated with anti-Fas antibody and analyzed 4 hr later for mRNA decay by qRT-PCR (A) and for apoptosis by

annexin V staining by flow cytometry (B) and luminescent assay for activated caspase-3 (C).

(D–F) PNPT1 knockdown reduces apoptotic mRNA decay and Type II (MOMP-dependent) apoptosis in anti-Fas-treated Jurkat cells. 48 hr after transfection with

the indicated siRNAs, Jurkat cells were treated with anti-Fas antibody and analyzed 4 hr later for mRNA decay by qRT-PCR (D) and for apoptosis by annexin V

staining by flow cytometry (E) and luminescent assay for activated caspase-3 (F).

(G and H) PNPT1 knockdown has no effect on caspase-independent cell death. (G) Immunoblot of caspase-mediated PARP cleavage confirmed caspase in-

hibition by z-VAD-fmk in STS-treated HeLa cells. (H) PNPT1 knockdown did not block residual cell death in the presence of the pan-caspase inhibitor. 48 hr after

transfection with the indicated siRNAs, HeLa cells were pretreated with z-VAD-fmk for 0.5 hr and then treated with STS for 4 hr. Cell death was assessed by

annexin V staining.

(I and J) PNPT1 andDIS3L2 play important, but non-redundant, roles inmediating apoptotic mRNA decay. (I) Immunoblot confirmed siRNA knockdown ofPNPT1

and DIS3L2 in HCT116 cells. (J) Knocking down PNPT1 or DIS3L2 alone or together similarly inhibited apoptotic mRNA decay in TRAIL-treated HCT116 cells.

48 hr after transfection with the indicated siRNAs, HCT116 cells were treated with TRAIL and analyzed 90 min later for mRNA decay by qRT-PCR.

In (A), (D), and (J) mRNAs were normalized to 7SL levels in the same sample and to the level in untreated (Unt) cells. All graphs show mean ± s. d. of 3 technical

replicates and data shown are representative of at least 3 independent experiments. **p < 0.01.
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Figure S5. Histone mRNAs Decay Rapidly after Apoptosis Induction Independently of PNPT1, Related to Figure 7

(A) Most histone mRNAs are reduced within 120 min of TRAIL treatment of HCT116 cells. Scatterplot of normalized histone gene reads based on RNA-seq

analysis of TRAIL-treated and untreated HCT116 cells. Diagonal line indicates no change after TRAIL. 30 of 42 histone genes were significantly downregulated,

which was significantly greater than non-histone mRNAs (p = 1.2e-3, Chi Squared test of independence).

(B and C) Histone mRNAs begin to decay even before MOMP is detected. HeLa cells were harvested at various times after STS treatment. RNA levels were

measured by qRT-PCR (B) and cytochrome c release to the cytosol was monitored by immunoblot (C).

(D) Histone mRNA decay is not affected by PNPT1 knockdown, but is reduced after DIS3L2 knockdown. HCT116 cells, 48 hr after transfection with the indicated

siRNAs, were untreated (Unt) or incubated with TRAIL, andmRNA levels were measured by qRT-PCR 85min later. AlthoughACTBmRNA decay was inhibited by

PNPT1 or DIS3L2 knockdown, histone mRNA decay was insensitive to PNPT1 knockdown.

All graphs show mean ± SEM of three biological replicates. *p < 0.05; **p < 0.01.
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