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A B S T R A C T

The endonucleolytic cleavage step of the eukaryotic mRNA 3′-end processing is considered imprecise, which
leads to heterogeneity of cleavage site (CS) with hitherto unknown function. Contrary to popular belief, we show
that this imprecision in the cleavage is tightly regulated, resulting in the CS heterogeneity (CSH) that controls
gene expression in antioxidant response. CSH centres around a primary CS, followed by several subsidiary
cleavages determined by CS’s positions. Globally and using reporter antioxidant mRNA, we discovered an inverse
relationship between the number of CS and the gene expression, with the primary CS exhibiting the highest
cleavage efficiency. Strikingly, reducing CSH and increasing primary CS usage induces gene expression. Under
oxidative stress (we employ three conditions that induce antioxidant response, tBHQ, H2O2, and NaAsO2) con-
ditions, there is a decrease in the CSH and an increase in the primary CS usage to induce antioxidant gene
expression. Key oxidative stress response genes (NQO1, HMOX1, PRDX1, and CAT) also show higher CSH
compared to the non-stress response genes and that the number of CSs are reduced to impart cellular response to
oxidative stresses. Concomitantly, ectopic expression of one of the key antioxidant response gene (NQO1) driven
by the primary CS but not from other subsidiary CSs, or reduction in CSH imparts tolerance to cellular oxidative
stresses (H2O2, and NaAsO2). Genome-wide CS analysis of stress response genes also shows a similar result.
Compromised CSH or CSH-mediated gene control hampers cellular response to oxidative stress. We establish that
oxidative stress induces affinity/strength of cleavage complex assembly, increasing the fidelity of cleavage at the
primary CS, thereby reducing CSH inducing antioxidant response. Together, our study reports a novel cleavage
imprecision- or CSH-mediated anti-oxidant response mechanism that is distinct and operates downstream but in
concert with the transcriptional pathway of oxidative stress induction.

1. Introduction

Processing at the 3′-end of a precursor messenger RNA (pre-mRNA)
plays a pivotal role in gene expression[1,2]. The processing reaction
involves two steps: cleavage and polyadenylation (CPA). These steps
require cleavage and polyadenylation specificity factor (subunits
CPSF160, WDR33, CPSF100, hFIP1, CPSF73, and CPSF30), cleavage
stimulation factor (subunits CstF77, CstF64, and CstF50), cleavage fac-
tor (CFIm and CFIIm), scaffolding protein symplekin, poly(A) binding
protein (PABPN1), and poly(A) polymerase (PAP) as core components
[1,3,4]. While CPSF, CstF, PAP, CFIm, and IIm are involved in the
cleavage reaction, polyadenylation requires PAP, CPSF, and PABP[5–8].
CPSF subunits WDR33 and CPSF30 recognises the poly(A) signal
(PA-signal) hexamer (AAUAAA) to assemble the CPA complex at the

poly(A) site (PA-site)[9–11]. CPSF160 cooperates with CstF64 that
binds the downstream sequence element (DSE, GU/U-rich ~15–30 nu-
cleotides downstream of the PA-signal)[6,12,13]. Along with CFIm,
CFIIm, and other core components, CPSF assembles the CPA complex
[14–16]. CPSF73 then cleaves the pre-mRNA at the cleavage site (CS),
followed by PAP-mediated PA-tail addition and PABPN1 coating of the
PA-tail[17–20]. Canonical PAPα/γ is the primary PAP for mRNA poly-
adenylation in the nucleus[21–24]. The discovery of a variant PAP,
Star-PAP, has revealed alternative PAPs for nuclear polyadenylation[25,
26].

CPA has a crucial role in gene expression primarily through 1. con-
trol of mRNA metabolism and translation, 2. co-ordination with tran-
scription and other RNA processing events, and 3. alternative
polyadenylation[1,27–31]. The PA-tail serves at least three functions:
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first, PA-tail, through its coating with PABP, protects the mRNA from 3′-
to 5′-exonucleases along with the 5′-end m7G cap; second, it serves as the
initiation site for mRNA turnover by deadenylation; and third, PA-tail
shortening precedes decapping for mRNA decay[31–33]. In addition
to the stability, PA-tail coating by PABP facilitates mRNA nuclear exit
and also acts as an enhancer of mRNA translation initiation by associ-
ation with transcription initiation factors[34–37]. Additionally, many of
the core CPA components are detected at the promoter along with PolII
and also couple with cap-binding protein, forming a closed loop to co-
ordinate with transcription initiation[38–41]. Furthermore, several CPA
components assemble with spliceosomal components, which stimulates
intron splicing[42–46]. Apart from these mechanisms, CPA also regu-
lates gene expression through alternative polyadenylation (APA), where
a gene encodes for more than one transcript with different lengths due to
the presence of more than one PA-site[47–49]. APA alters the primary
structure of a protein or transcript length, affecting stability, translation,
localisation, and encoded protein interaction[47–49].

While cleavage and polyadenylation are two coupled steps in the 3′-
end processing, the cleavage step is considered imprecise and typically
occurs within 10–25 nucleotides downstream of the PA-signal [50,51].
The positioning of the PA-signal and the DSE limits the region where
cleavage can occur [51]. Nevertheless, the predominant nucleotide at
the CS appears as adenosine followed by uridine, cytosine, and guano-
sine (A > U > C ≫ G), and the dinucleotide composition at the CS (CA >

AA > TA ≫ GA) in the order[50]. Intriguingly, the imprecision in the
cleavage leads to multiple cleavage events instead of cleaving at only
one CS between the PA-signal and the DSE, resulting in cleavage site
heterogeneity (CSH) [50,52,53]. Unlike in APA, where more than one
PA-site is alternatively used at the 3′-UTR leading to distinct mRNA
isoforms with different UTR lengths, in CSH, cleavage occurs at multiple
nucleotide sequences between the PA-signal hexamer and the DSE of a
single PA-site [50,53](Schematics to clarify CSH, APA and PA-site is
shown in Supplementary Fig. 1A). CSH neither leads to discernible dif-
ference in the UTR length nor generate significant mRNA isoforms[50,
52,53]. It is considered stochastic, and its mechanism, regulation, or
cellular ramifications of the imprecision in cleavage is unclear. Never-
theless, both gain and loss of function mutations of CS are reported in
various diseases[54–56]. Therefore, we investigate the cellular and
mechanistic implications of CSH in gene expression.

Global analysis shows a tight regulation of CSH wherein cleavage
centres around a primary CS followed by several subsidiary CSs. This
CSH is linked with the fidelity of cleavage such that mutation of sub-
sidiary CSs increases cleavage at the primary CS. In a global analysis of
total cellular mRNAs and reporter mutational analysis of an antioxidant
mRNA (NQO1), we discovered an inverse relationship between the
number of CS and the gene expression. The primary CS shows the
highest cleavage efficiency, such that reducing CSH and increasing
primary CS usage induces gene expression. Cleavage at the primary CS,
and hence, cleavage efficiency is determined by the position of the CS
downstream of the PA-signal and not by the sequence composition. This
mechanism regulates oxidative stress response where increased antiox-
idant protein expression involves a reduction in the CSH and an
enhanced primary CS usage. Strikingly, key oxidative stress response
genes (NQO1, HMOX1, PRDX1, and CAT) show higher CSH compared to
the non-stress response genes and that the number of CSs are reduced to
impart cellular response to oxidative stresses. In the cellular assays, cells
expressing one of the key antioxidant response gene (NQO1) driven by
the primary CS but not from other subsidiary CSs, or with reduced CSH
imparts cellular tolerance to H2O2 and NaAsO2 stress. We then gener-
ated a CSH-mutant in the poly(A) polymerase, Star-PAP that compro-
mises cellular CSH or CSH-mediated gene control, and demonstrated
that compromised CSH hampers cellular response to oxidative stress. We
show that oxidative stress induces affinity/strength of cleavage complex
assembly, increasing the fidelity of cleavage at the primary CS, thereby
reducing CSH-inducing antioxidant response. The CSH-mediated stress
response mechanism is distinct but operates downstream and in concert

with the transcriptional pathway of oxidative stress induction. Thus, our
study reports a novel mechanism of cellular oxidative stress response
that operates through the regulated imprecision of the endonucleolytic
cleavage reaction at the mRNA 3′-end. To our knowledge, this is the first
example of a biological significance of CS imprecision or heterogeneity
that regulates gene expression in antioxidant response.

2. Results

2.1. Global cleavage site analysis reveals the existence of cleavage site
heterogeneity in a majority of the cellular mRNAs covering nearly half of
the PA-sites genome-wide

To understand the regulation and ramifications of imprecisions in
the endonucleolytic cleavage step leading to CSH in gene expression, we
first analysed the global 3′-READS (3′-Region Extraction and Deep
Sequencing) data (Accession Number: GSE84461) for the CS selection in
each PA-site genome-wide in HEK293 cells [57]. It was also confirmed in
Jurkat cells (GSE138290) and NIH3T3 cells (GSE101851). We define a
PA-site as a region at the 3′-UTR where cleavage and polyadenylation
occur, encompassing the PA-signal and other cis-elements required for
CPA reaction; CS is defined as the actual nucleotide where cleavage
occurs, and PA-tail is added such that a transcript from a particular a
PA-site can have either one or more CS (Supplemental Fig. 1A). For
clarity, schematics of CSH and comparison with that of APA is shown in
Fig. 1A and Supplemental Fig. 1A. In CSH, cleavage of a PA-site occurs at
more than one CS within 10–30 nucleotides downstream of the AAUAAA
PA-signal resulting in heterogenous cleavages. Thus, a single PA-site
exhibits multiple CSs with no significant difference in the apparent
mRNA length. Whereas, in APA, different PA-sites at the 3′-UTR are
alternatively used, which leads to distinct mRNA isoforms with differ-
ences in the UTR lengths [48]. Each PA-site in APA can exhibit CSH.
Altogether, our analysis obtained >175,000 CSs clustered across >70,
000 PA-sites on 12,000 genes, indicating the existence of CSH globally.

Our analysis revealed two classes of PA-sites on mRNAs, the first
having only one CS and the other mRNAs having more than one CS
(confirming the occurrence of CSH). Circos plot of three experimental
replicate datasets showed the genome-wide presence of CSH on
numerous PA-sites (Fig. 1B). The outermost track of the plot represents
the chromosome ideogram showing the physical location of each gene
on the chromosome. The second track represents the location and the
number of PA-sites of different mRNAs from the PolyA DB database
corresponding to respective chromosomal locations. The three inner
tracks correspond to the CSs on respective PA-sites from three replicate
datasets plotted against the genomic locations of the outer tracks. Each
line in the plot represents a PA-site and the radial length of the line in
each track corresponds to the number of CS, thus representing hetero-
geneity. We observed that the position and length of the lines from
various replicates occurred (overlapped) at similar chromosomal posi-
tions (Fig. 1B). Similarly, a jitter plot also showed distribution of CSH
across different chromosomes of the same datasets. In this plot, each dot
represents a PA-site with distinct number of CSs, and the size and the
density of the dot shows the number CSs associated with different PA-
sites on each chromosome (X-axis shows the chromosome number
while Y-axis represents the number CSs detected on each PA-site). There
was a decrease in the number of PA-sites associated with increasing
number of CS on different chromosomes (three different datasets are
shown in different colours) (Supplemental Fig. 1B). CS clusters ranged
primarily from 1 to 20 on different PA-sites, where a majority of the PA-
sites had 3 to 6 CS with a median of ~2.8 CS per PA-site (Fig. 1C,
Supplemental Fig. 1B). The number of CSs determine the degree of
heterogeneity of cleavage. We observed more PA-sites with low het-
erogeneity (fewer CS) than those with higher heterogeneity (more CS)
(Fig. 1C, Supplemental Fig. 1B). Overall, CSH was observed on 10944
mRNAs (majority of mRNAs) at different PA-sites of which around half
(~40 %, 30,500 out of 70,000 PA-sites on different mRNAs) exhibited
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CSH (Fig. 1D). Existence of global CSH was also confirmed in two
additional cells: Jurkat cells and NIH3T3 cells and is detailed in the
oxidative stress response section below. Intriguingly, PA-sites of alter-
natively polyadenylated mRNAs (APA-dependent) showed more het-
erogeneity than that of the APA-independent mRNAs (Fig. 1E). The

median number of CS (cleavage per PA-site) of the APA-dependent
mRNAs was 3.4 compared to the median CSH of 2.6 of the non-APA
independent mRNAs (Fig. 1E). While 60 % of the PA-sites on the APA-
dependent mRNAs exhibited CSH, only around ~45 % of the PA-sites
on non-APA mRNAs showed CSH (Fig. 1F and G). As an example of

Fig. 1. Global cleavage site analysis reveals heterogeneity in the majority of the cellular mRNAs, covering nearly half of the PA-sites genome-wide (A)
Schematics illustrating cleavage site heterogeneity (CSH) of a particular PA-site. Various cis-elements in the 3′-UTR of RNA [PA-signal, downstream sequence element
(DSE), and cleavage site (CS), upstream elements (USE) are shown]. A zoomed-in view highlights different CSs that exhibit CSH. (B) Circos plot to visualise the
genome-wide distribution of CSH of different PA-sites against the chromosomal locations. This plot examines the chromosomal positions of the PA-sites and the
corresponding CSs across three different replicate 3′-READS datasets (materials and methods). The plot consists of five concentric tracks: outermost track of the plot
shows the chromosome ideogram with the physical location of each gene across the genome; the second track represents the location and the number of PA-sites from
the PolyA DB database corresponding to respective chromosomal locations of each gene; and the remaining three inner tracks represent experimental data of CSs
from three datasets that are plotted against the genomic location of the outer tracks. Each line in the three inner tracks represents each PA-site and the length of the
line corresponds to the number of CSs, thus representing heterogeneity. The circumference (X-axis) shows the location of the PA-site and the radial length (Y axis)
represents the number of CS on respective PA-sites. (C) Box plot showing the distribution pattern of number of CS clusters (>175,000) across total PA-sites (>70,000)
genome-wide. The median number of CS is indicated at the top. (D) Half donut plot showing % of the total number of PA-sites that show CSH (having more than one
CS) (blue) versus those that do not show CSH (having only one CS) (yellow). (E) Box plot, as in C, comparing the CS distribution pattern on PA-sites of APA-dependent
and -independent mRNAs. The median number of CS of PA-sites from APA-dependent and-independent mRNAs is indicated. (F) Half donut plot of PA-sites from APA-
dependent mRNAs. Blue and yellow colours represent the percentage PA-sites that show CSH and that do not show CSH (non-CSH), respectively. (G) Half donut plot
of PA-sites from non-APA-regulated mRNAs. Blue and yellow colours represent the % of PA-sites with CSH and non-CSH, respectively. (H) Dot plot showing usage
distribution pattern of different CSs (ranked from 1 to 20 based on the percentage usage of each CS relative to the total reads from all CSs of each PA-site) (materials
and methods). The CS with the highest usage is assigned 1st (primary CS) followed by CS numbers based on their decreasing usage (2nd to 20th) (subsidiary CS). (I-J)
Box plot of % usage of different CS of terminal PA-site of NQO1 mRNA (chromosomal locations of each CS are P: 69709403, S1: 69709401, S2: 69709407, S3:
69709409 and S4: 69709417) and PSMD13 mRNA (chromosomal locations of each CS are P: 252984, S1: 252979, S2: 252980, S3: 252981 and S4: 252982). (K)
Stacked column plots showing the percentage usage of primary versus subsidiary CSs of 10 select mRNAs (CDC42, ANKS6, EXTL2, EPG5, IDH1, PDP1, LATS2,
KCTD13, DTX4, DDX31). The primary CS is indicated in black, and the different subsidiary CS are shown in various shades of grey.
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CSH, EXOC3 mRNA with nucleotide details and the number of CSs is
shown in Supplemental Fig. S1C. Further, we examined the heteroge-
neity pattern of target PA-sites of two major PAPs in the nucleus (ca-
nonical PAPα and the non-canonical Star-PAP) that polyadenylate
distinct target mRNAs. We did not see any significant difference in the
CSH pattern between the PA-sites regulated by Star-PAP and that of
PAPα (Supplemental Figs. S1D–E). The median CS among the targets of
the two PAPs was ~2.8, indicating a similar CSH pattern between the
target PA-sites of the two PAPs. Together, these results reveal a global
CSH with a higher CSH of PA-sites of APA-dependent than non-APA-
dependent mRNAs.

2.2. Cleavage site heterogeneity is tightly regulated and prefers one
primary site over other subsidiary sites

Strikingly, among the heterogeneous CS, cleavage occurs predomi-
nantly at a single CS that surpasses cleavages at other sites genome-wide
(Fig. 1H). We refer to this preferential CS as the “primary CS” and the
other lesser-used CS of a PA-site as the “subsidiary CS” such that a PA-
site can have a primary site and several subsidiary sites. Dot plot anal-
ysis of CSs ranked according to their usage shows a predominance of the
primary CS site over other subsidiary sites, with a marked decrease in
the usage from primary CS to various subsidiary sites (Fig. 1H). The
distribution of primary CS usage ranged from ~20 % to 99 % with a
median usage of 65 %. In contrast, the subsidiary CS usage ranged from
1 % to 50 % with an overall median usage of ~14 % for the subsidiary
CS. Analysis of the CSH on individual genes also showed similar ob-
servations. For example, on NQO1 mRNA 3′-UTR, the terminal PA-site
has five major CSs, one primary and four subsidiary sites (Fig. 1I). The
primary CS was cleaved >40 % on average, while the cleavage on the
other subsidiary sites was <5 % each. Similarly, PSMD13 mRNA showed
40 % primary CS usage among the total 5 CSs (Fig. 1J). CSH analysis of
10 select mRNAs (CDC42, ANKS6, EXTL2, EPG5, IDH1, PDP1, LATS2,
KCTD13, DTX4, and DDX31) also showed similar preferential cleavage
at the primary CS over the subsidiary sites (Fig. 1K). Further, we vali-
dated our genome-wide data of CSH by 3′-RACE assays of 3 genes
(HMOX1, NQO1, and PRDX1) followed by Sanger sequencing of the PA-
tailed mRNA (Supplemental Fig. S1F). We observed a similar CSH
pattern with consistent primary and subsidiary CS positions in both 3′-
RACE and 3′-READS data (Supplemental Fig. S1G). Together, these re-
sults confirm that CSH is tightly regulated for CS selection in the cell.

2.3. Cleavage site heterogeneity on target PA-sites is closely linked with
the expression of the corresponding mRNA

To understand the significance of CSH, we analyse the relative gene
expression from each CS. We assessed the total read counts per million
(CPM) of each CS-specific transcript of a PA-site relative to constitutive
GAPDH level and expressed over the total expression level of the
particular mRNA. Remarkably, we observed an inverse correlation be-
tween CSH and gene expression. There was a gradual decrease in the
expression with an increase in the number of CS (Fig. 2A). There was a
higher relative expression from mRNA isoforms with lower heteroge-
neity (<10 CS per PA-site) than that of higher heterogeneity, and the
expression from the PA-sites with CS beyond 15 were marginal relative
to total mRNA expression (Fig. 2A). A plot of average relative expression
per PA-site also showed the highest expression with mRNAs with lower
CSH (2–6 CS), a moderate expression with medium CSH (7–15 CS) and
lowest expression with highest CSH (>18 CS) (Fig. 2B). Consistently, we
observed a higher relative expression from transcripts with no CSH
(having one CS) compared to those transcripts with multiple CSs
(Fig. 2C). Further, randomly selected mRNA isoforms with different CSH
level showed a linear decrease in the expression with the increasing
number of CS (Supplemental Fig. S2A). Additionally, since primary CS is
predominantly used, we then analysed the expression from the primary
CS of different PA-sites. The expression from the primary CS of PA-sites

having low CSH was higher than that of PA-sites having high CSH, and a
gradual decrease in the expression was observed with increasing number
of CS (Fig. 2D). Analysis of individual genes (NQO1,HMGA2, and EIF3A)
also showed overwhelmingly higher expression from the primary CS
compared to the subsidiary CS (Fig. 2E, Supplemental Figs. S2B–C).
Together, these results reveal an inverse correlation between CSH and
gene expression.

2.4. Mutational analysis of heterogeneous cleavage sites confirms an
inverse correlation between the cleavage site heterogeneity and protein
expression

To understand the effect of CSH on gene expression, we analysed the
expression of NQO1 mRNA (that encodes an essential antioxidant pro-
tein) and specific CSs. There are five major CS (one primary, P, and four
subsidiaries, S1 to S4) on the terminal PA-site of NQO1 pre-mRNA. The
primary CS usage was >55 %, and there was a corresponding higher
expression from the primary CS (Fig. 2E). We employed a reporter mini
gene construct of FLAG-tagged NQO1 CDS under the constitutive CMV
promoter and driven by the NQO1 3′-UTR with the terminal PA-site as
described earlier[58]. We first introduced mutations in each CS (CS was
mutated from CA to GG, the least efficient sequence for cleavage) [56]
individually by site-directed mutagenesis (Fig. 2F, top panel). The list of
mutations and sequences of mutations are listed in Supplemental
Table S1. Reporter expression in HEK293 cells was then analysed by
Western blotting using an anti-FLAG antibody and qRT-PCR using a pair
of primers (a forward primer from the FLAG-coding sequence and an
NQO1 CDS-specific reverse primer). To our surprise, individual muta-
tions of each subsidiary CS (S1

m to S4
m) induced the reporter NQO1 pro-

tein and mRNA expressions (Fig. 2G–I). However, there was no marked
induction of NQO1 reporter expression after the mutation of the primary
CS (Pm). Next, we analysed the reporter NQO1 expression from the
combination of mutations with an increasing number of subsidiary CS
mutations (1S, 2S, 3S, and 4S) (Fig. 2F bottom left panel). Strikingly, we
observed a gradual increase in the reporter NQO1 protein and mRNA
expression with the increasing number of subsidiary CS mutations
(Fig. 2J–L). Mutation of all five sites, including the primary CS, resulted
in the insignificant expression of the NQO1 reporter construct (Fig. 2J–L,
Supplemental Fig. S2D). Further, to assess the expression from primary
CS versus subsidiary CS, we generated CS mutants that have only one
active CS where the other four CSs were mutated [reporter driven by
only one CS, either primary CS (P) or individual subsidiary CS (S1–S4)]
(Fig. 2F bottom right panel, Supplemental Table S1). We saw the highest
reporter NQO1 protein and mRNA expression from the primary CS
driven NQO1 reporter construct, whereas the expressions from other
subsidiary CS-driven constructs were minimal (Fig. 2M–O). Consis-
tently, there was no discernible induction of the reporter NQO1
expression with an increasing number of subsidiary CS mutations after
the primary CS was mutated (Supplemental Figs. S2D–E). Together,
these results confirm an inverse correlation between the number of CS
and the gene expression and the predominance of primary CS for the
gene expression.

2.5. A decrease in the cleavage site heterogeneity and a concomitant
increase in cleavage at the primary cleavage site induces gene expression

To understand the mechanism of the inverse correlation between the
gene expression and the CSH, we analysed the cellular cleavage of the
reporter NQO1 pre-mRNA construct. We saw an increase in the cleavage
efficiency with each subsidiary CS mutation when the primary CS was
active in agreement with the increased reporter expression (Fig. 3A).
Moreover, there was a gradual decrease in the uncleaved pre-mRNA on
increasing number of subsidiary CS mutations (Fig. 3B). However, in the
presence of the primary CS mutation, subsidiary CS mutations did not
show significant effect on the cleavage efficiency (Supplemental
Figs. S2D–E). Moreover, we also observed the highest cleavage
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efficiency from the primary CS compared to the other subsidiary CS
(Fig. 3C). Concomitantly, wherever primary CS is present, predominant
cleavage was observed from the primary CS irrespective of the number
of subsidiary CS mutations (Supplemental Fig. S2F). Without the pri-
mary CS, there was no predominant CS among the subsidiary CSs. There
was a gradual increase in the cleavage at the primary CS with an increase
in the number of subsidiary CS mutations (Supplemental Figs. S2G–H).
However, when primary CS was mutated, there was no marked increase
in the cleavage at any subsidiary CS, indicating that primary CS essen-
tially drives the cleavage at the 3′-end. Together, these results reveal that
an increase in the primary CS usage and a decrease in subsidiary CS
induce cleavage efficiency and, subsequently, the NQO1 reporter
expression.

To confirm this finding, we then carried out an in vitro cleavage
assay using 5′-capped NQO1 3′-UTR RNA encompassing the sequences
required for cleavage and polyadenylation (~120 nucleotides upstream
and downstream of the CS of the terminal PA-site) and HeLa nuclear
extract as reported earlier[25,58]. Consistently, we observed the highest
cleavage efficiency from the primary CS containing NQO1 3′-UTR RNA,
whereas the cleavage from the subsidiary CS was negligible in vitro
(Fig. 3D, Supplemental Fig. S3A). Akin to that in cellular assays, we also
saw a gradual increase in the cleavage efficiency with a decreasing
number of subsidiary CS (Fig. 3E, Supplemental Fig. S3B). Since cleav-
age is coupled with polyadenylation, we assessed the downstream pol-
yadenylation efficiency using in vitro transcribed cleaved templates
with each CS. We found the highest polyadenylation efficiency from the
templates cleaved at the primary CS than the other subsidiary CS that
showed negligible polyadenylation efficiency in vitro (Fig. 3F, Supple-
mental Fig. S3C). To confirm this, we then performed 3′-RACE to mea-
sure the 3′-end formation with wild-type and mutant NQO1 reporter
constructs (Fig. 3G–I). We saw the highest polyadenylation efficiency of
the primary CS-driven NQO1 reporter transcript with a gradual
enhancement of polyadenylation with each subsidiary CS mutations
(Fig. 3G–I). However, we did not see any significant difference in the
length of the PA-tail addition on the primary and subsidiary CS-specific
transcripts (Supplemental Fig. S3D). These results confirm that primary
CS exhibits the highest cleavage and polyadenylation efficiency that
drives gene expression.

2.6. The position of the CS downstream of the PA-signal, but not the
sequence composition, determines the primary CS

Next, we investigated what determines the primary CS; we looked
into two critical determinants: sequence composition and the nucleotide
position from the PA-signal. Earlier studies established the predominant
nucleotide at the CS (A > T > C ≫ G) and the dinucleotide (CA > AA >

TA ≫ GA) in the order[50]. We first analysed the terminal nucleotide
sequence of primary and subsidiary CS genome-wide (Fig. 3J). We
observed a similar occurrence of the terminal nucleotide and the dinu-
cleotide at the CS as shown earlier for general CS (terminal nucleotide:
A > T > C > G, dinucleotide CA > AA > TA > GA) in both primary and
subsidiary CS (Fig. 3J, Supplemental Fig. S3E). Therefore, sequence
composition is unlikely to determine the primary versus subsidiary CS.
Consistently, when we mutated the primary CS dinucleotide (-CA-) to
other dinucleotide combinations (CA to -TA-, -GA-, and -AA-), there was
no significant difference in the reporter NQO1 protein and mRNA ex-
pressions between the wild-type sequence and the mutant sequences of
the primary CS (Fig. 3K and L). Likewise, there was no change in the
3′-end formation and the cleavage between the wild-type and mutant
sequences in the reporter analysis (Supplemental Figs. S3F–G). We then
analysed the position of occurrence of the primary CS and subsidiary CS
for all the PA-sites genome-wide. We observed primary CS largely
clustered between positions 12 to 18 nucleotides downstream of the
PA-signal, whereas subsidiary CS did not show any specific clustering
and were randomly distributed (Fig. 3M). In the majority of the PA-sites,
the primary CS was located between 14 and 18 nucleotides (a median
value of ~15.6 nucleotides) downstream of the PA-signal (Fig. 3M),
showing a positional bias for the occurrence of primary CS relative to the
PA-signal. To confirm this positional bias of the primary CS, we
employed NQO1 reporter construct with only the primary CS at the
3′-UTR. We introduced mutations to alter the position of the primary CS
by moving the CS region (a sequence of 5 nucleotides, two nucleotides
flanking the CS, CCACT where the CS is italicised) to a different position
from the original position (16 nucleotides downstream of the PA-signal).
We moved the CS sequence to 10 nucleotides upstream in one construct
and 10 nucleotides downstream of the original position in another
construct (Fig. 3N) (Supplemental Table S1). Surprisingly, we saw a

Fig. 2. Cleavage site heterogeneity at the target PA-site regulates gene expression exhibiting an inverse correlation between the number of CS and gene
expression (A) Dot plot showing relative expression from different PA-sites versus the number of CSs on respective PA-sites. Gene expression from each PA-site is
obtained from the total read counts per million (CPM) of CS-specific transcripts for all CSs associated with a PA-site normalised to the CPM value of the internal
GAPDH control. Relative expression from each PA-site is then calculated by dividing the CPM value of a PA-site by the total CPM values of the corresponding mRNA
accounting for all PA-sites associated with the gene. Here, the relative expression from each PA-site is plotted against an increasing number of CSs on respective PA-
sites. (B) Plot showing average expression per PA-site versus the number of CSs on the respective PA-sites. The mean relative expression from all the PA-sites (total
relative CPMs of all PA-sites divided by the number of PA-sites) is plotted against the increasing number of CSs. (C) Relative expression, as in A, from PA-sites that
show CSH versus those that do not show CSH. (D) Relative expression from the primary CS plotted against the increasing number of CSs on different PA-sites. Relative
expression level from a CS is determined by dividing the CPM value of a CS-specific transcript normalised to GAPDH by the total CPM value of all CSs of the
corresponding PA-site-specific mRNA isoform. Then, the relative expression values of the primary CS is plotted against the increasing number of CSs associated with
respective PA-sites. (E) Pie chart showing relative usage of different CS (primary versus subsidiary CS) of NQO1 mRNA (left) and the bar chart of expressions from
different NQO1 CSs relative to total NQO1 expression as indicated (right). (F) Schematics of NQO1 terminal PA-site region showing different CSs and individual and
combination mutations (see Supplemental Table S1). Mutant sequences are written below the WT sequence. The dot (•) represents an unchanged sequence. Active CS
is represented in red, and mutated CSs are represented in black. Mutant nomenclatures are highlighted in blue. (G) Immunoblotting of the NQO1 reporter expression
from HEK293 cells using anti-FLAG-antibody with individual mutation of the primary and different subsidiary CSs as indicated. Control β-Actin is shown below. (H)
Quantification of the NQO1 blot in G. Relative intensities of FLAG-NQO1 bands in the blot is quantified using Image J software in arbitrary units and normalised with
control β-Actin blot and expressed as fold-change relative to wild-type. (I) qRT-PCR analysis of NQO1 reporter expression using a pair of primers (forward from the
FLAG-epitope tag coding region and a reverse primer specific to NQO1 CDS) from HEK293 cells after overexpression of wild-type and different individual CS
mutations as in G. mRNA levels are expressed as fold-change relative to wild-type. The error bar represents the standard error mean (SEM) of n = 3 independent
experiments. (p values * <0.05, ** <0.01, *** <0.001, ns - non significant; p-values are relative to control). (J) Immunoblotting of the NQO1 reporter expression
from HEK293 cells using anti-FLAG-antibody with the CS combination mutations as indicated (also see Supplemental Table S1). Control β-Actin is shown below.
Quantification of the blot in arbitrary units normalised with control β-Actin and expressed as fold-change over wild-type is shown in K. (L) qRT-PCR analysis of NQO1
reporter expression using a pair of primers as in I from HEK293 cells after overexpression of wild-type and different combination CS mutations. mRNA levels are
expressed as fold-change relative to the wild-type. The error bar represents the standard error mean (SEM) of n = 3 independent experiments. (p values * <0.05, **
<0.01, *** <0.001, ns - non significant; p-values are relative to control). (M-O) Immunoblotting followed by quantification and qRT-PCR analysis as in G-I of NQO1
reporter expression from primary and different subsidiary sites (only one CS present; p - only primary site is present and other subsidiary sites are mutated, S1 to S4 –
only one respective subsidiary CS is active as indicated and other CSs are mutated) in HEK293 cells. The error bar represents the standard error mean (SEM) of n = 3
independent experiments. (p values * <0.05, ** <0.01, *** <0.001, ns - non significant; p-values are relative to control).
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Fig. 3. Decrease in cleavage site heterogeneity and a concomitant increase in the cleavage at the primary CS induces gene expression. (A-C) Measurement
of in vivo cleavage efficiency of NQO1 reporter expression from HEK293 cells after the overexpression of wild-type and different CS mutants as in Fig. 2I–L, and O.
Cleavage efficiency is measured by analysis of the uncleaved pre-mRNA level expressed over total mRNA level after normalising with internal control GAPDH. The
error bar represents the standard error mean (SEM) of three independent experiments. (p values * <0.05, ** <0.01, *** <0.001, ns - non significant; p-values are
relative to control). (D) In vitro cleavage assay of radiolabelled NOQ1 3′-UTR substrates (different mutants with primary or individual subsidiary sites as in Fig. 2M)
with active HeLa nuclear extracts. The control-cleaved template (CT) is shown on the right. (U - uncleaved, C - cleaved fragment). (E) In vitro cleavage assay of
radiolabelled NOQ1 3′-UTR substrates (wild-type and different combination mutants as in Fig. 2J) with active HeLa nuclear extracts. The control-cleaved template
(CT) is shown on the right. (U - uncleaved, C - cleaved fragment). (F) In vitro polyadenylation assay of different NQO1 cleaved templates (different mutants having
either primary or individual subsidiary sites as in D) using active HeLa nuclear extract and α-32P radiolabelled ATP. (G-I) 3′-RACE assays of NQO1 reporter expression
from HEK293 cells after overexpression of wild-type and different CS mutants as in A-C, respectively. (J) Percent sequence composition and frequency of occurrence
of the terminal CS nucleotide (A, T, G, C) of primary and subsidiary CSs genome-wide. Four nucleotides are represented with four different colours. (K) Immuno-
blotting of the NQO1 reporter expression after overexpression of the CS sequence mutants (PCA, PAA, PGA, PTA) in HEK293 cells. (L) qRT-PCR analysis of NQO1
reporter expression after overexpression of the CS sequence mutants (PCA, PAA, PGA, PTA) in the HEK293 cell. mRNA levels are expressed as fold-change relative to
wild-type (PCA). The error bar represents the standard error mean (SEM) of three independent experiments. (p values * <0.05, ** <0.01, *** <0.001, ns - non
significant; p-values are relative to control). (M) Distance of the primary versus subsidiary CS occurrence relative to the PA-signal on each PA-site. The primary and
subsidiary CSs are indicated. (N) Immunoblotting of the NQO1 reporter expression (wild-type and position mutations of the primary CS) and control β-Actin from
HEK293 cells after overexpression of the respective mutants. The original position of the primary CS (Ori) was moved 10 nucleotides upstream (Up) or downstream
(Dn) as indicated. Quantification of the blots with mutants relative to the original is shown in Supplemental Fig. 3F. (O) qRT-PCR analysis of NQO1 reporter
expression (with forward primer from the FLAG-epitope tag coding region and a reverse primer specific to NQO1 CDS) from HEK293 cells after overexpression of
wild-type and position mutations as in L. mRNA levels are expressed as fold-change relative to wild-type (original, Or). The error bar represents the SEM of three
independent experiments. (p values * <0.05, ** <0.01, *** <0.001, ns - non significant; p-values are relative to control).
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drastic reduction in the NQO1 reporter expression when the position of
CS was changed to upstream and downstream positions relative to the
original position (Fig. 3N and O, Supplemental Fig. S3H). There was a
>5-fold difference between the reporter expression from the original
primary CS position and the newly changed positions. Consistently, we
saw an increased accumulation of uncleaved pre-mRNA and compro-
mised 3′-end formation when the position of the primary CS was altered
from its original position (Supplemental Figs. S3I–J). Together, these
results demonstrate that the position of the CS relative to the PA-signal

and not the sequence composition determines the primary CS of a
PA-site.

2.7. Reduced cleavage heterogeneity is directly associated with oxidative
stress response gene expression

To understand the biological relevance of CSH, we first performed
enrichment analysis of genes that show CSH in different cellular path-
ways in silico (Metascape). Interestingly, we observed gene enrichment

Fig. 4. Reduced cleavage heterogeneity regulates increased antioxidant gene expression during oxidative stress response (A) Pie chart showing fraction of
mRNAs with CSH and non-CSH among genes encoding oxidative stress response proteins. (OSR - Oxidative stress response genes) (B) Box plot showing the dis-
tribution of number of CS clusters on respective PA-sites from oxidative stress-related (OSR) and random (non-oxidative stress-related, non-OSR) genes. Median CS on
PA-sites of OSR and non-OSR genes is indicated. (C) Relative expression from PA-sites from OSR and non-OSR genes as in Fig. 2C. (D-E) Box plot showing a reduction
in the CSH and increase in % usage of the primary CS of stress response genes in the presence of H2O2 induction. Data was analysed from earlier sequencing data
(GSE138290)[60]. (F-G) Box plot showing reduction in the CSH and increase % usage of primary CS as in E-F but in the presence of NaAsO2 treatment. Data was
analysed from earlier sequencing data (GSE101851)[61]. (H) qRT-PCR analysis of stress response mRNAs HMOX1, CAT, PRDX1, and NQO1 in HEK293 cells in the
presence and absence of oxidative stress induction in HEK293 cells with different stressors (tBHQ, H2O2, NaAsO2 as indicated). mRNA levels are expressed as
fold-change relative to the control condition for each gene. (p values * <0.05, ** <0.01, *** <0.001, ns - non significant; p-values are relative to control). (I)
Immunoblotting of the HMOX1, CAT, PRDX1, NQO1, and control β-Actin under the conditions as indicated. (J) Measurement of in vivo uncleaved pre-mRNA levels of
stress response mRNAs from HEK293 cells expressed over total mRNA after normalisation with internal control GAPDH as in Fig. 2A. Cleavage efficiency is expressed
as fold-change relative to control condition. (p values * <0.05, ** <0.01, *** <0.001, ns - non significant; p-values are relative to control). (K) Stacked column plot of
% usage of primary versus subsidiary CS of stress response mRNAs HMOX1, CAT, PRDX1, NQO1 in the presence and absence of oxidative stress induction (similar
results were obtained for all stressors tBHQ, H2O2, NaAsO2). Primary CS is indicated in black and different subsidiary CS are indicated in different shades of grey.
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in pathways directly or indirectly involved in the cellular response to
various stresses, including oxidative stress, ER stress, chemical-induced
stress, mitochondrial stress, nutrient stress, unfolded protein response,
etc. (Supplemental Fig. S4A) (Supplemental Dataset 2). Next, we
checked important genes related to oxidative stress response (>800
genes detected in earlier studies) (Supplemental Table S2) [59]. Strik-
ingly, >90 % of the PA-sites of these genes showed heterogeneity
(Fig. 4A). The median number of CS of the oxidative stress response
genes was 4.5 compared to the 1.5 of the randomly selected equivalent
number of non-stress response genes (Fig. 4B). Eighteen key oxidative
stress response genes, along with their number of CSs are shown in
Supplemental Fig. S4B. Concomitantly, mRNA isoforms of stress
response genes showed lower relative expression than that of non-stress
response genes under normal conditions (Fig. 4C) consistent with the
higher CSH. To understand the implication of CSH in oxidative stress
response gene expression, we then analysed gene expression versus CSH
after treatment with two stressors that induces antioxidant response -
hydrogen peroxide (H2O2) and sodium arsenite (NaAsO2) from earlier
studies [60,61](Fig. 4D–G). There was a global induction of oxidative
stress response genes under the two stress conditions. Consistently, we
observed a global decrease in the CSH and an increase in the primary CS
usage on both H2O2 and NaAsO2 treatment (Fig. 4D–G). Under H2O2
treatment, the median number of CS was reduced from 6.8 to 1.5. In
contrast, the primary CS usage was increased from 50 % average usage
to >80 % average usage after treatment with H2O2 (Fig. 4D and E).
Likewise, under NaAsO2 treatment, there was a similar decrease in the
CSH from 4.5 median CS to 2.2 median CS, whereas the primary site
usage was increased from 55 % to 75 % (Fig. 4F and G), indicating that
CSH and primary CS usage is directly linked with the oxidative stress
response gene expression. Concomitantly, when we look at the indi-
vidual stress response genes (PRDX1, GSTCD, HMOX1, and ALDH3A2),
we see an equal reduction in the CSH and an increase in the primary CS
usage on stress (NaAsO2) treatment (Supplemental Fig. S4C). Together,
these results reveal that induction of antioxidant gene expression is
associated with decreased CSH and increased primary CS usage.

2.8. Cleavage heterogeneity regulates the expression of antioxidant
response proteins under oxidative stress

Next, to further assess the role of CSH in antioxidant gene expression,
we employed three stressors: H2O2, NaAsO2, and the oxidative stress
agonist tert-butyl hydroquinone (tBHQ), which induced antioxidant
response in HEK293 cells. We then analysed the expression and CS usage
of four key oxidative stress response genes (HMOX1, CAT, PRDX1, and
NQO1). We consistently observed induced protein and mRNA expres-
sions of the four-stress response regulator after treatment with the three
stressors (Fig. 4H and I). Analysis of uncleaved pre-mRNA over total
mRNA also showed increased cleavage efficiency of the selected four
stress response pre-mRNAs on treatment with the three different
stressors (Fig. 4J). In agreement with this, we also saw a reduced CSH of
the four genes on stress induction (Fig. 4K). The number of CS was 6 for
HMOX1, 8 for CAT and PRDX1, and 5 for NQO1, respectively, under the
normal conditions that was reduced to 2 CS forHMOX1 andNQO1, and 3
CS for CAT and PRDX1 under all the three stress conditions (Fig. 4K).
Concomitantly, there was also an increase in the primary CS usage from
~45 to 50 % under normal conditions to >70 % under all stress con-
ditions (Fig. 4K, Supplemental Fig. S5A), confirming the association of
CSH with antioxidant gene expression.

Next, we used NQO1 reporter mini gene construct in the presence
and absence of three stressors (H2O2, NaAsO2, and tBHQ). First, we
validated the induced NQO1 reporter expression by Western blot and
qRT-PCR analysis along with in vivo cleavage after treatment with the
three stressors (Fig. 5A, Supplemental Figs. S5B–C). All three stressors
showed stimulations of NQO1 reporter expression and cleavage effi-
ciency. Moreover, we saw a similar reduction in the CSH and increased
primary CS usage on treatment with the three stressors (Supplemental

Fig. S5D). To confirm the role of CSH in the stress response gene
expression, we employed the wild-type reporter construct that shows
CSH and the mutant construct that lacks heterogeneity (having only the
primary CS and other subsidiary sites mutated). Strikingly, we observed
no induction of the reporter NQO1 expression from the mutant construct
that lacks CSH, whereas there was an induced expression from the wild-
type construct on stress treatment (Fig. 5B). Similarly, no induction of
NQO1 expression was seen from the reporter construct that has only one
individual subsidiary CS on stress treatment in Western and qRT-PCR
analysis (Supplemental Figs. S5E and F) indicating that CSH is
involved in the antioxidant gene expression. Consistently, expression
from the primary CS was highest compared to the subsidiary CSs under
all three stress conditions (Supplemental Fig. S5G). To further assess the
role of CSH, we checked the reporter expression using NQO1 constructs
with an increasing number of subsidiary CS mutations. We observed a
gradual increase in the induced NQO1 protein expression with
increasing subsidiary site mutations on stress treatment (Fig. 5C and D,
Supplemental Figs. S5H–I). Likewise, there was an increase in the mRNA
level and cleavage efficiency from the reporter expression with the
subsidiary CS mutations (Fig. 5E and F). However, the highest difference
in the expression level between control and stress treatment was seen
from the wild-type reporter construct (having four subsidiary CSs), and
least when all subsidiary CSs were mutated (Supplemental Figs. S5J–K).
Together, these results showed that stress response gene expression in-
volves a reduction in the CSH and an increase in primary CS usage. And
that when only primary CS is present, the expression becomes
constitutive.

2.9. Cleavage site heterogeneity versus primary cleavage site usage
regulates cellular tolerance to oxidative stress induction

Since NQO1 is a crucial antioxidant response protein, we tested the
effect of NQO1 expression from reduced CSH in cellular oxidative stress
tolerance in HEK293 cells using two stressors, H2O2 and NaAsO2. We
first knocked down NQO1 in HEK293 cells, then treated cells with H2O2,
and rescued them with wild-type and NQO1 CS mutant constructs that
are insensitive to the NQO1 siRNA employed. Treatment with H2O2
resulted in a significant cellular sensitivity with around 40 % cell death
in control cells in the MTT assay (Fig. 5G). NQO1 knockdown resulted in
further sensitivity with an overall >60 % cell death compared to control
cells on the H2O2 treatment (Fig. 5G). Intriguingly, NQO1 expression
from the primary CS but not the other subsidiary CS rescued the cell
death from the knockdown of NQO1 on H2O2 treatment (Fig. 5H).
Expression from the wild-type NQO1 construct also increased the stress
tolerance, yet the highest tolerance to cellular stress was obtained from
the primary CS (Fig. 5H). Similarly, the rescue of the H2O2 sensitivity
gradually increased with an increasing number of subsidiary CS muta-
tions on stress treatment (Fig. 5I) in agreement with the increased NQO1
expression. Further, we overexpressed NQO1 from different ectopic
constructs with individual and combination of subsidiary CS mutations
and assessed the cellular tolerance to H2O2 treatment. Akin to earlier
results, ectopic overexpression of NQO1 from the wild-type construct
increased cellular tolerance to H2O2 stress with the highest tolerance
from NQO1 expression from the primary CS. NQO1 expression from
subsidiary CS did not affect the tolerance to H2O2 stress (Fig. 5J). We
also saw a gradual increase in the cellular H2O2 tolerance with more
subsidiary CS mutations (Fig. 5K). Similar cell sensitivity was also scored
on trypan blue staining after H2O2 treatment in the presence and
absence of ectopic NQO1 expression from wild-type and mutant CS
constructs. There was a similar higher cell survival from NQO1 expres-
sion from the primary CS, and a gradual increase in the stress tolerance
with decreasing CSH (Supplemental Figs. S6A–B). Moreover, the
assessment of catalase activity after H2O2 treatment also showed higher
catalase activity on NQO1 expression from the primary CS having no
CSH compared to the control cells (Fig. 5L), revealing the role of CSH in
the cellular antioxidant response.
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Concomitantly, stress tolerance was tested after NaAsO2 treatment in
the presence of ectopic NQO1 expression from individual CS and com-
bination CS mutations that showed a gradual decrease in the CSH. We
found a similar increase in the stress tolerance with NQO1 expression
from the primary CS-driven construct than the other subsidiary CS-
driven constructs in the MTT assay (Fig. 5M). There was a >1.8-fold
increase in cell survival in the MTT assay from NQO1 expression from
the primary CS relative to the control cells. Moreover, there was a
gradual increase in the NaAsO2 stress tolerance with an increasing
number of mutations of the subsidiary CS (Fig. 5N), as seen in H2O2
treatment. Similar results were obtained in the trypan blue staining after
NaAsO2 treatment, as in the case of the MTT assay. There was a >2.5-
fold increase in the cell survival on NQO1 expression compared to the
control cells with no ectopic expression. The tolerance was highest with
the NQO1 expression from the primary CS compared to other individual
subsidiary CSs (Supplemental Fig. S6C). Moreover, there was also a
gradual increase in the NaAsO2 tolerance with NQO1 expression with
decreasing CSH (Supplemental Fig. S6D). Furthermore, we also
measured the catalase activity after NaAsO2 treatment, and we observed
the highest catalase activity in the presence of NQO1 expression from
the primary CS compared to the wild-type or other subsidiary CSs
(Fig. 5O). Together, these results demonstrate a correlation between
CSH and cellular tolerance to oxidative stress. The antioxidant response
involves a decrease in the CSH and an increase in the primary CS usage.

2.10. Increased affinity of cleavage complex assembly stimulates fidelity
of cleavage and reduces cleavage heterogeneity to regulate anti-oxidant
gene expression

Earlier studies showed that oxidative stress response gene expression
is regulated by the non-canonical PAP, Star-PAP, and not by the ca-
nonical PAPα and that Star-PAP activity is induced during oxidative
stress through phosphorylation [26,62]. We also confirmed the expres-
sion of critical oxidative stress response regulators (NQO1, HMOX1,
PRDX1, CAT) by qRT-PCR and Western blot. We observed loss of both
protein and mRNA expressions on Star-PAP knockdown but not on PAPα
knockdown (Supplemental Figs. S6E–F). To understand the mechanism
of CSH and how CSH is reduced and the primary CS usage is stimulated
during oxidative stress, we analysed the Star-PAP cleavage complex
assembly in the presence and absence of oxidative stress agonist, tBHQ
treatment. We first immunoprecipitated (IP’ed) Star-PAP and examined
the association of crucial CPA components (CPSF subunits 73, 30, 100,
and 160). Intriguingly, we observed an induced association of Star-PAP
with CPSF30, CPSF73, CPSF100, and CPSF160 suggesting an increased

affinity of Star-PAP CPA complex under oxidative stress (Fig. 6A).
However, the assembly of the 3′-end processing complex occurs on the
target RNAs where CPA components are associated. Moreover, Star-PAP
is known to bind target mRNAs and help recruit cleavage components
CPSF73 and CPSF160 through direct interaction to assemble a stable
CPA complex [25,63]. Therefore, to verify the involvement of RNA in
the induced association of Star-PAP CPA complex, we carried out IP of
Star-PAP after RNaseA digestion of the cellular lysates from the
tBHQ-treated and -untreated cells. Intriguingly, there was no longer
induction in the association of the CPA components (CPSF30, CPSF73,
CPSF100, and CPSF160) with Star-PAP in the stress treated cell lysates
after RNaseA digestion (Fig. 6B). This indicates stimulation of Star-PAP
CPA complex assembly on the target mRNA and not merely
protein-protein interactions of the CPA components during stress
response. Further, the assembly on target mRNA 3′-UTR was assessed by
RNA immunoprecipitation (RIP) of Star-PAP and another key CPA
component CPSF73. We found a heightened association of Star-PAP and
CPSF73 on mRNAs encoding key antioxidant response protein (NQO1,
HMOX1, PRDX1) upon oxidative stress induction (Fig. 6C). There was 3-
to 5-fold increase in the association of Star-PAP and CPSF73 on the
target mRNAs on tBHQ treatment (Supplemental Figs. S6G–H) revealing
that oxidative stress induces the affinity of the Star-PAP cleavage com-
plex assembly on mRNA target 3′-UTRs. To confirm this, we prepared a
biotinylated NQO1 3′-UTR RNA template by in vitro transcription. We
then incubated the biotinylated 3′-UTR RNA with active nuclear extract
and pulled down the associated proteins on the biotin-NQO1-3′-UTR
RNA using streptavidin beads followed by analysis of the associated CPA
components by Western blotting. We consistently observed an increased
association of CPSF160, CPSF100, CPSF73 and Star-PAP with the NQO1
3′-UTR RNA on tBHQ treatment (Fig. 6D). Finally, Star-PAP complex
assembly on target RNA 3′-UTR was directly assessed by an in vitro
RNA-EMSA experiment using FLAG-purified Star-PAP complex and
florescent labelled NQO1 3′-UTR RNA. We saw a mobility shift of the
NQO1 3′-UTR RNA in the presence of FLAG-purified Star-PAP complex
that was markedly induced with Star-PAP complex from tBHQ treated
cells compared to the control untreated cells (Supplemental Fig. S6I).
Together, these results demonstrate that Star-PAP-mediated CPA com-
plex assembly is stimulated by oxidative stress treatment of the cell.

Furthermore, to understand the link between the increased affinity of
CPA complex assembly with CSH, we then employed the NQO1 reporter
construct with the wild-type and CSH mutant (having only the primary
CS that does not show CSH) and analysed the association of CPSF73 and
Star-PAP by RIP experiment. Consistently, we saw an increased associ-
ation of Star-PAP and CPSF73 with the NQO1 with the wild-type 3′-UTR

Fig. 5. Cleavage heterogeneity regulates cellular oxidative stress response (A) Immunoblotting of the wild-type FLAG-NQO1 reporter expression and control
β-Actin in HEK293 cell after induction of oxidative stress using tBHQ, H2O2, and NaAsO2. (B) Immunoblotting of wild-type and mutant NQO1 reporter (having only
the primary CS) expression and control β-Actin in HEK293 cell after treatment with tBHQ. (C-D) Immunoblotting of the NQO1 reporter expression and control β-Actin
after overexpression of reporter constructs with increasing subsidiary CS mutations as indicated in HEK293 cell in the presence of induction of oxidative stress using
tBHQ and H2O2 respectively. A blot of untreated control is also indicated. (E) qRT-PCR analysis of induced NQO1 reporter expression relative to uninduced expression
from HEK293 cells with WT and increasing subsidiary site mutations (1S to 4S) upon H2O2 treatment. mRNA levels are expressed as fold-change relative to control
untransfected cells (− ). The error bar represents the SEM of n = 3 independent experiments. (p values * <0.05, ** <0.01, *** <0.001, ns - non significant; p-values
are relative to control). (F) In vivo cleavage assay of the NQO1 reporter expression from HEK293 cells as in E. Cleavage efficiency is expressed as uncleaved pre-
mRNA level over total mRNA and expressed as fold change relative to control untransfected cells (− ) as in E. Error bar represents standard error mean (SEM) of
n = 3 independent experiments. (p values * <0.05, ** <0.01, *** <0.001, ns - non significant; p-values are relative to control). (G) MTT assays to assess cell viability
in HEK293 cells after H2O2 treatment in the presence and absence of knockdown of NQO1. Cell survival is expressed as fraction relative to control cells. We have used
control scrambled siRNA wherever (− ) siRNA is indicated. (H) MTT assays as in G after the knockdown of NQO1 and rescue with wild-type and different NQO1 CS
mutants that have only primary or individual subsidiary sites, as indicated. Cell survival is expressed as fraction survival relative to control cells. We have used
control scrambled siRNA wherever (− ) siRNA is indicated. (I) MTT assays as in H but in rescue with wild-type and NQO1 CS mutants with increasing subsidiary site
mutations as indicated. (J) MTT assay in HEK293 cells after overexpression of wild-type and different NQO1 CS mutants having only primary or individual subsidiary
sites as indicated after induction of oxidative stress by H2O2. Cell survival is expressed as fold difference relative to control untransfected cells (− ). (K) MTT assay in
HEK293 cells after overexpression of wild-type and different NQO1 CS mutants with increasing subsidiary CS mutations as indicated after induction of oxidative
stress by H2O2. Cell survival is expressed as fold-difference relative to control untransfected cells (− ). (L) Catalase assay from HEK293 cells under the similar
conditions as in J. Activity is expressed as fold-difference relative to control untransfected cells (− ). (M-N) MTT assay as in J-K respectively but after induction of
oxidative stress with NaAsO2 treatment. Cell survival is expressed as fold-change relative to control untransfected cells (− ). (O) Catalase assay as in L after induction
of oxidative stress with NaAsO2. For all MTT and catalase assays, the error bar represents the standard error mean (SEM) of n = 3 independent experiments (p values
* <0.05, ** <0.01, *** <0.001, ns - non significant; p-values are relative to control).
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(that shows CSH) on tBHQ treatment (Fig. 6C, Supplemental
Figs. S6G–H). However, in the presence of CSH mutant, there was no
further induction in the association ofNQO1 3′-UTR with CPSF73 and/or
Star-PAP in the reporter RNA, indicating that CSH is linked with the
increased affinity of the CPA component assembly with the target
mRNA. To further evaluate this, we employed a biotinylated NQO1 3′-
UTR RNA template with the CSH mutant 3′-UTR (having only primary
CS, other subsidiary sites were mutated) and analysed the associated
CPA factors after the pulldown. Unlike the wild-type RNA, there was no
further increase in the association of CPSF73, CPSF100, CPSF30 or Star-
PAP with the mutant NQO1-UTR on tBHQ treatment (Fig. 6E) con-
firming a direct link between CPA complex assembly and the CSH.
Together, these results suggest that increased affinity of the CPA com-
plex assembly increases the fidelity of cleavage at the primary CS, thus
reducing CSH. To test this, we first looked for Star-PAP deletion muta-
tions that will compromise the stimulated association of the CPSF
components with Star-PAP. We employed deletion mutations of several
Star-PAP domains that were earlier linked with oxidative stress covering
most of the Star-PAP CDS region [ZF-RRM deletion (ΔZF-RRM), proline-
rich region in the PAP domain deletion (ΔPRR), and C-terminal deletion
(ΔCTD)]. Strikingly, we observed a loss of induced association of
CPSF73, CPSF30, and CPSF100 with Star-PAP on tBHQ treatment on
PRR deletion (Supplemental Fig. S6J). Star-PAP PRR region and its
phosphorylation have established roles in the oxidative stress response
[26,62]. Our data indicate that Star-PAP ΔPRR is compromised for
induced CPA complex assembly under oxidative stress conditions.
Assessment of the CSH of reporter NQO1 3′-UTR showed no change in
the CSH in the presence of ΔPRR mutation. Contrary to this, the
wild-type Star-PAP showed reduction in the CSH during oxidative stress
response (Supplemental Fig. S6K). There was ~60 % decrease in the
heterogeneity in the presence of the wild-type Star-PAP on stress in-
duction, there was no significant reduction in the CSH in the presence of
ΔPRR mutant Star-PAP. Moreover, while there is a ~40 % increase in
the reporter NQO1 3′-UTR primary CS usage in the presence of wild-type
Star-PAP, there was no increase in the primary usage in the presence of
ΔPRR mutant Star-PAP (Supplemental Fig. S6J). Therefore, Star-PAP

ΔPRR mutant acts as the CSH-mutant Star-PAP that is compromised
for CSH and CSH-mediated gene control.

We then tested the oxidative stress response gene expression with the
wild-type and CSH-mutant Star-PAP (ΔPRR Star-PAP) transfection in
HEK293 cells after endogenous depletion of Star-PAP. Strikingly, ΔPRR
Star-PAP failed to show induced expression of oxidative stress response
proteins (NQO1, HMOX1, PRDX1, and CAT) and the respective mRNA
expressions on tBHQ treatment. In contrast, wild-type expression
showed induced levels on stress treatment (Fig. 6F, Supplemental
Fig. 7A). Together, these results reveal that oxidative stress induction
stimulates the affinity of CPA assembly thereby increasing the fidelity of
cleavage at the primary CS and reducing the CSH upon oxidative stress
treatment. Therefore, we then assessed the effect of CSH-mutant Star-
PAP on the anti-oxidant response gene expression and cellular sensi-
tivity to two different stresses (H2O2 and NaAsO2). In Western analysis,
we observed no induction in the expression levels of anti-oxidant pro-
teins (HMOX1, NQO1, PRDX1, and CAT) upon H2O2 and NaAsO2
treatment as opposed to the wild type Star-PAP (Fig. 6G and H). qRT-
PCR analysis also showed similar results that CSH-mutant Star-PAP
failed to induce the mRNA levels upon stress treatment (Fig. 6I).
Concomitantly, in the presence of CSH-mutant Star-PAP, we observed
increased cellular sensitivity (>2-fold cell death) compared to wild type
under stress conditions (H2O2 and NaAsO2) relative to untreated cells in
both MTT assay and trypan blue staining experiments (Fig. 6J, Supple-
mental Fig. 7B). Together, these results establish the involvement of
CSH-mediated gene control in the stimulation of anti-oxidant response
protein expression under stress.

2.11. CSH-mediated anti-oxidant response mechanism at the 3′-end is
distinct and operates in concert with the NRF2-mediated transcriptional
control at the 5′-end

Cleavage and polyadenylation at the 3′-end endows mRNA stability,
controls turnover, and is essential for efficient translation[2,29]. This
processing step at the 3′-end is closely coupled with transcription from
the promoter at the 5′-end to prevent a futile cycle of transcriptional

Fig. 6. Increased affinity of cleavage complex assembly on oxidative stress stimulates fidelity of cleavage at the primary site, reducing the CSH (A)
Immunoprecipitation of Star-PAP from HEK293 cell lysate in the presence and absence of oxidative stress induction by tBHQ treatment followed by Western blot
analysis of Star-PAP, CPSF30, CPSF73, CPSF100 and CPSF160 as indicated. Input is equivalent to 10 % of the total protein of the IP lysate used. (B) Immunopre-
cipitation of Star-PAP HEK293 cell lysate as in A but after digestion of the cell lysate with RNaseA. Input is equivalent to 10 % of the total protein of the IP lysate used.
(C) RNA immunoprecipitation (RIP) analysis of Star-PAP and CPSF73 along with control RNA pol II (PolII) from HEK293 cells in the presence and absence of tBHQ
treatment and the analysis of association with oxidative stress response genes (NQO1, HMOX1, PRDX1); and also association with reporter WT and mutant NQO1
RNA as indicated. Input is equivalent to 10 % of the total protein of the IP lysate used. (D) Streptavidin pulldown (Pull-Dn) of biotin labelled wild-type NQO1 from
cell extracts followed by Western analysis of Star-PAP, CPSF73, CPSF100, and CPSF160 in the presence and absence of tBHQ induction. Biotinylated and non-
biotinylated RNA templates are shown below. Input (In) is equivalent to 10 % of the total protein of the pulldown cell lysate used. CB - control pulldown of the
streptavidin beads from the cell lysates. (E) Streptavidin pulldown (Pull-Dn) of biotin labelled mutant NQO1 from cell extracts followed by Western analysis of Star-
PAP, CPSF160, CPSF100, and CPSF73 in the presence and absence of tBHQ induction. Biotinylated and non-biotinylated RNA templates are shown below. Input (In)
is equivalent to 10 % of the total protein of the pulldown cell lysate used. CB - control pulldown of the streptavidin beads from the cell lysates. (F–H) Immunoblotting
analysis of oxidative stress response proteins (NQO1, HMOX1, PRDX1, CAT) from HEK293 cells after Star-PAP knockdown and rescue with wild-type (WT) and PRR
deletion (ΔPRR) Star-PAP in the presence and absence of tBHQ, H2O2, and NaAsO2 treatment as indicated. (I) qRT-PCR analysis of NQO1, HMOX1, PRDXI and CAT
from HEK293 cells in the presence and absence of H2O2 treatment after Star-PAP knockdown and rescue with wild type (WT) and PRR deletion (ΔPRR) Star-PAP. The
error bar represents the standard error mean (SEM) of n3 independent experiments. (p values * <0.05, ** <0.01, *** <0.001, ns - non significant; p-values are
relative to control). (J) MTT assay in HEK293 cells after Star-PAP knockdown and rescue with wild type and PRR deletion (ΔPRR) Star-PAP in the presence of
induction of oxidative stress by H2O2 and NaAsO2 as indicated. Cell survival is expressed as fold difference relative to control cells. (K) Western blot analysis of
reporter FLAG-NQO1 expression (NQO1) from a reporter NQO1 mini-gene construct with an NRF2-independent promoter and the NQO1 3′-UTR (indP); and another
with endogenous NRF2-dependent NQO1 promoter and NQO1 3′-UTR (depP) in the presence and absence of inhibition of NRF2 (NRF2Inh), Star-PAP depletion
(siSPAP), and wild type (WT) and CSH-mutant Star-PAP (ΔPRR) expression in the HEK293 cells as indicated. Control Star-PAP and GAPDH blots are shown below. (L)
Western blot analysis of reporter FLAG-NQO1 (NQO1) expression as in K (top 2 panels) from NRF2-independent promoter and the NQO1 3′-UTR, and endogenous
NRF2-dependent promoter and NQO1 3′-UTR (depP) in the presence and absence of NRF2 inhibition (NRF2Inh), and Star-PAP depletion (siSPAP), and wild type (WT)
and CSH-mutant Star-PAP (ΔPRR) expression as indicated. Bottom panels show Western blot analysis of anti-oxidant response proteins (HMOX1, PRDX1, and CAT)
from HEK293 cells in the presence and absence of NRF2 inhibition (NRF2Inh), Star-PAP depletion (siSPAP), or wild type (WT) and CSH-mutant Star-PAP (ΔPRR)
expression after NRF2 inhibition (NRF2Inh). Control Star-PAP and GAPDH blots are shown. (M) qRT-PCR analysis of the HMOX1, PRDXI and CAT from HEK293 cells
under the conditions as in L in the presence and absence of NRF2 inhibition (NRF2Inh), Star-PAP depletion (siSPAP), or wild type (WT) and CSH-mutant Star-PAP
(ΔPRR) expression after NRF2 inhibition (NRF2Inh). The error bar represents the standard error mean (SEM) of n = 3 independent experiments. (p values * <0.05, **
<0.01, *** <0.001, ns - non significant; p-values are relative to control). (N) MTT assay and trypan blue staining of HEK293 cells in the presence and absence of NRF2
inhibition (NRF2Inh), Star-PAP depletion (siSPAP), or wild type (WT) and CSH-mutant Star-PAP (ΔPRR) expression after NRF2 inhibition (NRF2Inh). Cell survival is
expressed as fold difference relative to control cells.
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stimulation that is countered by turnover/destabilisation at the 3′-end
[41,64]. Stress response genes such as NQO1, HMOX1, PRDX1 and CAT
are transcriptionally regulated at the 5′-end by NRF2, a master tran-
scriptional regulator of anti-oxidant response [65,66]. A coordinated
regulation at both 5′-and 3′-ends are required to obtain inductions in
these proteins under stress. Therefore, we analysed the interplay be-
tween the CSH-mediated mRNA 3′-end processing and NRF2-mediated
transcriptional mechanism in the induction of stress response gene
expression. First, to assess a potential NRF2-mediated transcriptional
effect on the CSH-controlled stimulation of stress response gene
expression, we employed a reporter NQO1 mini-gene construct driven
from an NRF2-independent promoter (a constitutive CMV promoter) at
the 5′-end along with the NQO1 3′-UTR at the 3′-end and compared with
expression from wild type endogenous NRF2-dependent NQO1 pro-
moter and NQO1 3′-UTR. We observed an induction in the NQO1
expression from the reporter construct driven from NRF2 independent
promoter and the NQO1 3′-UTR on stress treatment (Fig. 5A, Supple-
mental Fig. 5B) indicating a non-transcriptional effect of CSH-mediated
mechanism. Further, inhibition of NRF2 did not have any effect on the
induced NQO1 reporter expression from the same reporter construct,
whereas the induced expression was diminished on Star-PAP knock-
down or in the presence of CSH-mutant Star-PAP that compromises CSH
(Fig. 6K, Supplemental Fig. 7C). On the other hand, NQO1 expression
from the endogenous NRF2-dependent promoter and NQO1 3′-UTR was
lost on NRF2 inhibition, similar to that of siRNA depletion of Star-PAP or
in the presence of CSH-mutant Star-PAP (Fig. 6K, Supplemental
Figs. 7C–D). These results reveal that the CSH-mediated induction of
antioxidant response gene expression is distinct and is independent of
the NRF2-mediated transcriptional pathway. However, in the presence
of NRF2 inhibition, there was no significant effect of Star-PAP depletion
or of CSH-mutant Star-PAP on the diminished NQO1 expression from
endogenous NRF2-dependent promoter (Fig. 6L, Supplemental
Figs. 7C–D). Similarly, compromised inductions of stress response gene
expression (HMOX1, CAT, PRDX1) after NRF2 depletion was not
markedly affected by Star-PAP depletion or with CSH-mutant Star-PAP
on stress treatment (Fig. 6L and M). Consistently, the increased cellular
sensitivity to oxidative stress on NRF2 inhibition was not affected
significantly by Star-PAP depletion or CSH-mutant Star-PAP expression
(Fig. 6N). The loss of expression of antioxidant genes and cellular stress
sensitivity on NRF2 inhibition was further confirmed by siRNA knock-
down of NRF2 in the presence and absence of siRNA depletion of
Star-PAP, or wild type and CSH-mutant Star-PAP expression
(Supplemental Figs. 7E–H). These results reveal that CSH-mediated
3′-UTR regulation is downstream of the NRF2-mediated transcriptional
mRNA synthesis. Together, our data establish that the CSH-control at the
3′-end cooperates with the NRF2-transcriptional control at the 5′-end to
yield an overall induced anti-oxidant protein expression in the cell.

3. Discussion

3′-end polyadenylation involves two distinct yet coupled steps - en-
donucleolytic cleavage and polyadenylation [67–69]. Cleavage reaction
influences the efficiency of mature mRNA template generation for the
downstream polyadenylation. Consequentially, mutation in the CS
compromises the overall 3′-end processing reaction, and such mutations
are known in human genetic diseases[54,56]. Yet, cleavage reaction is
considered stochastic, occurring downstream of the PA-signal, that can
result in heterogeneity in CS[50,52,53]. Contrary to this, we demon-
strated that cleavage reaction is tightly regulated through CSH to control
gene expression and that the heterogeneity is not a result of imprecision
or random cleavage events. In the CSH, cleavage occurs predominantly
at a primary CS, followed by cleavages at different subsidiary sites. We
demonstrated an inverse relationship between the number of CS and the
gene expression that regulates cellular antioxidant gene expression.
During the antioxidant response, there is a decrease in the cleavage at
the subsidiary CS. At the same time, there is an increase in the usage of

the primary CS that stimulates the expression of antioxidant response
proteins. This mechanism is shown in Fig. 7. This mechanism accounts
for almost all mRNAs related to stress response gene expression,
inducing cleavage and polyadenylation efficiency. Therefore, it is likely
that the imprecision of cleavage reaction occurs typically in the cell and
that the precision is improved under oxidative stress, leading to reduced
CSH and induced gene expression. Interestingly, while the
CSH-mediated stress response mechanism is distinct, it operates in
concert with the NRF2-mediated transcriptional induction from the
promoter. Controlling 3′-end processing is an efficient way to regulate
mRNA stability and translation [1,30]. Stabilising mRNA at the 3′-end
will prevent a futile cycle of transcriptional stimulation and degradation
[29,64]. In addition, stability of an mRNA determines the steady state
level affecting its cellular availability for translation [70,71]. Moreover,
processing at the 3′-end has distinct roles in the translation efficiency of
an mRNA [30,31]. Thus, CSH-mediated stress response pathway will
function downstream but cooperatively with the NRF2-mediated tran-
scriptional pathway to ultimately generate an increase and rapid pro-
duction of stress response proteins.

Star-PAP is the primary PAP involved in regulating oxidative stress
response gene expression[26,62]. The antioxidant response dramati-
cally stimulates Star-PAP polyadenylation activity[26]. Therefore, the
increase in the polyadenylation activity will complement the increased
cleavage efficiency, thus yielding a stimulated and rapid production of
mature mRNAs that encode antioxidant response proteins. Moreover,
Star-PAP has a direct role in the cleavage step that recruits the endo-
nuclease CPSF73 in addition to acting as a structural protein to assemble
the cleavage complex on target mRNAs [25,63]. Our reporter analysis
reveals that the mechanism of CSH is distinct from other transcriptional
mechanism of stress response gene expression[72,73]. And,
CSH-mediated gene regulation will have ramifications in the disease
pathogenesis, such as cardiovascular, cancer, inflammation, pathogen-
esis, neurodegeneration, aging, or diabetes, where the antioxidant
response is critical[74–78].

Next is the mechanism of CSH and its regulation. We have answered
this question regarding oxidative stress response gene expression.
Antioxidant response involves both a reduction in the CSH and an in-
crease in the primary CS usage. We have shown that the affinity of the
CPA complex is induced under oxidative stress, which increases the
strength of the CPA complex assembly. We propose that an increase in
the CPA complex assembly’s strength induces cleavage fidelity at the
primary CS, thus reducing the suboptimal heterogenous cleavages. Our
study directly links the affinity of CPA complex assembly with CSH. It
shows tight regulation of CSH where cleavage occurs mainly at the
primary CS, followed by several random suboptimal cleavages at nearby
sites. Earlier studies had shown lower cleavage efficiency with
compromised cis-elements at the 3′-UTR [79,80]. In light of our new
finding, it is likely because of the lower affinity/strength of CPA as-
sembly, which results in increased CSH and reduced cleavage efficiency.
Moreover, a recent study also suggested a potential relationship between
the strength of the CPA complex assembly and CSH, where a decrease in
the strength of cleavage on mRNAs with overly distant PA-signal can
induce CSH[53]. Additionally, emerging evidence indicates a direct
association of APA with CSH and gene expression[53]. Further analysis
is required to shed light on the aspect of APA with CSH and its cellular
implications.

Furthermore, the signals for regulating CSH during oxidative stress
response relay through Star-PAP in the CPA complex. Yet, the mecha-
nism of how PAP regulates cleavage reaction is still unclear. In vitro
studies have shown the requirement of PAP in the fractionated CPA
components to reconstitute cleavage reaction [81–83]. In the case of the
Star-PAP-mediated cleavage complex, Star-PAP directly binds the target
mRNA and helps recruit CPSF components, including CPSF73[25,63].
Nevertheless, cleavage efficiency was affected by the addition of PAP in
the in vitro cleavage reaction [81]. Moreover, addition of a PAP activity
inhibitor (cordycepin) in the in vitro reconstitution experiment reduces
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cleavage efficiency[83]. However, the exact mechanism of how poly-
adenylation activity affects cleavage is still unclear. Our study suggests a
potential relationship between the cleavage efficiency and the poly-
adenylation activity through CSH. The PRR region of Star-PAP splits the
PAP domain and regulates Star-PAP polyadenylation activity through
phosphorylation, particularly during the antioxidant response[62].
Deletion of PRR on Star-PAP will compromise Star-PAP’s
antioxidant-mediated stimulation of cleavage complex assembly
inducing CSH. This induction in the CSH will inhibit the stimulation of
cleavage and polyadenylation of target mRNAs. However, further
studies are required to understand the role of the PRR region in regu-
lating the fidelity of cleavage and how it transduces the stress signal via
CSH of target mRNAs. It is likely mediated through phosphorylation by
different kinases, CKIα or PKCδ, that phosphorylates Star-PAP[62,84].

4. Materials and methods

4.1. In silico cleavage site analysis

We used 3′-READS sequencing data (GSE84461) to analyse global CS
usage on each PA-site in HEK293 cells [57]. Additionally, RNA-seq
datasets were employed to investigate oxidative stress responses: H2O2
treatment in Jurkat cells (GSE138290) and sodium arsenate treatment in
mouse samples (GSE101851) [60,61]. Raw sequencing data (~7,000,
000 reads per replicate) were retrieved from the GEO database. The raw
data generated was checked for quality using FastQC (http://www.
bioinformatics.babraham.ac.uk/projects/fastqc). RNA 3′-adapter se-
quences were identified using FastQC and were further trimmed using
the cutadapt tool (https://doi.org/10.14806/ej.17.1.200). This
pre-processing step yielded approximately ~3,000,000 trimmed reads.
The trimmed reads were aligned to the human genome (hg38) using

Bowtie2 in local mode [85]. The sodium arsenate-treated mouse data
was aligned against the mouse genome (mm9). The MAPQ score (in
Bowtie2) was set at 10, and a single read in the alignment file should
map to a single locus in the genome [57]. The total number of reads
mapped to human and mouse genomes was determined using samtools
[86]. The alignment outputs in SAM/BAM formats were used for
downstream analyses [86]. The uniquely mapped reads were then
identified using the criteria for unique mapping with a MAPQ score
exceeding 10, and at least two unaligned 5′ Ts indicative of the PA-tail as
described earlier [57]. There were altogether ~1725768 uniquely
mapped reads with a mapping score of >10, with a minimum of two 5′ Ts
not aligned to the genome as described earlier [57]. Aligned data were
refined by extracting information based on CIGAR strings using custom
Python scripts. PA-sites were defined following previously established
criteria requiring support from a minimum of two PA-site reads and
contributing to over 5 % of a gene’s expression [57]. Filtered reads that
met these thresholds were localised within a 25-nucleotide range of the
cleavage site downstream of the PA-signal hexamer and were clustered
for CS analysis. Cleavage events occurring within 25 nucleotides
downstream of a PA-signal hexamer were clustered as part of the same
PA-site if they accounted for >5 % of the total transcript abundance in at
least one replicate [57]. CSs were considered valid if supported by at
least five reads converging at the 3′-end of a transcript. Altogether, we
obtained >175,000 CSs clustered across >70,000 distinct PA-sites on
~12,000 assigned genes. The final tab-separated text file consisted of
gene names, the location of each PA-site detected, the corresponding CS,
and the number of reads of the respective CS-specific transcripts.
Chromosomal locations of different CSs across mRNAs were visualised
using the Integrative Genome Viewer (IGV) [87]. As described below,
data formatting and processing were further performed using Python
and Perl scripts to generate different plots.

Fig. 7. Schematics of cleavage site heterogeneity and its regulation in oxidative stress response. Model depicts a reduction in the CSH where the number of
subsidiary CSs are decreased while increasing the usage of the primary CS. This induces both cleavage and polyadenylation efficiency thereby stimulating stress
response protein expression downstream of oxidative stress signal.
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4.2. Plots for data visualisation

Circos Plot: Data formatting and processing for generating a Circos
plot was performed using Perl scripts. CS data, including their chro-
mosomal locations and frequency of occurrence, was taken from the
final tab-separated text file from the 3′-READS analysis above. Perl script
was used to integrate chromosome locations with each CS following the
Circos software to visualise the genome-wide CSH distribution from the
3′-READS datasets (Krzywinski et al., 2009). Circos plot integrates
chromosomal structure in a circular format and displays the distribution
of CSs mapped to their respective PA-sites on corresponding chromo-
somal locations. The plot consists of five concentric tracks: the outer-
most track represents the chromosomal ideogram marking the physical
arrangement of genes across the genome; the second track represents the
location and the number of PA-sites from the PolyA DB database cor-
responding to respective chromosomal locations[88]; and the remaining
three inner tracks display experimental data of CSH plotted against the
genomic locations in the outer tracks from three replicate datasets. Each
line in the plot represents a PA-site and the radial length of the line in
each track corresponds to the number of CS of that PA-site representing
heterogeneity. Thus, the circumference (X axis) in the plot shows the
location of the PA-site and the length (Y axis) represents the number of
CSs on respective PA-sites. The plot compares the distribution of the
number of CSs on different PA-sites and their chromosomal locations of
three different replicate 3′-READS datasets, highlighting the overlap of
the CS and PA-site distribution in the datasets.

CS usage distribution: The SAM files from the 3′-READS analysis of
the clustered CS on respective PA-sites and their read counts were pro-
cessed using Python scripts, and dot plots were generated using Mat-
plotlib to visualise the usage distribution pattern of different CSs. For
this purpose, the CSs were ranked from 1st to 20th based on the number
of supporting reads of the respective transcripts, and the percentage
usage of each CS was calculated relative to the total reads across all CSs
of a PA-site. The CS that was used maximally (highest number of sup-
porting reads) was assigned 1st (primary CS) followed by CS numbers
based on the rank of CS usage (2nd to 20th) (subsidiary CS). Dot plots
were then generated using Matplotlib to display the percentage usage of
CSs ranked from 1st (the primary CS) to 20th (in blue dots) alongside the
median usage values (in red dots). Here, the X-axis represents the
number of CSs ranked from 1st to 20th, plotted against their % usage
pattern on different PA-sites in the Y-axis. This plot provides insights
into the overall distribution and variability of CS ranked according to
their usage, and a predominance of the primary CS site over the sub-
sidiary sites.

Further, stacked column plots were generated to analyse the
different CS usage patterns on distinct PA-sites of individual mRNAs.
Here, the % of primary CS usage is depicted in black, while the other
subsidiary site usage is shown in different shades of grey.

Half Donut Plots: From the filtered 175,000 CSs clustered across
70,000 distinct PA-sites on ~12,000 assigned genes obtained from our
3′-READS analysis, the PA-sites with one CS and those with multiple CSs
were separated. The number of PA-sites with only one CS (non-CSH)
versus the number of PA-sites with more than one CS (showing CSH) was
compared using a half donut plot in Excel 2019. Similarly, the number of
PA-sites on mRNAs that show alternative polyadenylation and that do
not show alternative polyadenylation were also plotted in half donuts to
compare the number of PA-sites that have only one CS versus the
number of PA-sites that show CSH in both the cases.

Relative gene expression analysis: For relative gene expression
analysis, we used the final tab-separated text file that consists of infor-
mation on each gene along with respective PA-sites detected for each
gene, and the corresponding CSs and the number of associated reads.
Processing of these data to analyse relative gene expression was carried
out using Python scripts. The analysis involved the assessment of the
total read counts per million (CPM) of each CS-specific transcript of a
PA-site that was normalised against the CPM values of the internal

control geneGAPDH. The expression from each PA-site was calculated as
the sum of the CPM values from all CSs associated with that PA-site. The
relative expression from each PA-site was calculated by dividing the
CPM value of a PA-site by the total CPM value of the corresponding
mRNA, which accounts for all PA-sites associated with the gene. Then,
the relative expression from each PA-site was plotted against the number
of CSs associated with each PA site using the Matplotlib library.

For the average expression per PA-site, we determined the mean
value of relative expressions from all PA-sites as in Fig. 2A having
different numbers of CS (total relative CPMs of all the PA-sites divided
by the number of PA-sites in each group) and plotted against the
increasing number of CS.

Further, relative expression level from a CS was determined by
dividing the CPM value of a CS-specific transcript normalised to GAPDH
by the total CPM values from all CSs of the corresponding PA-site-
specific mRNA isoform. Then, the relative expression values of the pri-
mary CSs were plotted against the increasing number of CSs associated
with each PA-site.

Jitter Plot: To visualise the distribution of CSH across different
chromosomes in the three datasets, we used the final tab-separated text
file from the analysis of the 3′-READS datasets above. A jitter plot was
generated using the matplotlib library in Python that shows PA-sites
associated with an increasing number of CSs on different chromo-
somes (the X-axis shows the chromosome number while the Y-axis
represents the number of CSs detected on each PA-site). CS data from
three different replicate datasets are indicated with three different col-
ours (green, yellow, and purple). In this plot, each dot represents PA-site
with a distinct number of CS, and the size and intensity of the dot show
the number of CSs associated with respective PA-sites on different
chromosome.

4.3. Cell lines, transient transfections, and cellular treatments

Human Embryonic Kidney 293 (HEK293) and HeLa cells were ob-
tained from the American Type Culture Collection. Cells were then
cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Himedia, IN)
supplemented with high glucose in the presence of 10 % foetal bovine
serum and a mix of 50 IU/ml penicillin and streptomycin (Gibco, USA).
Cell cultures were maintained in a CO2 incubator at 37 ◦C (Thermo
Scientific, USA).

For transfection, cells were cultured until they reached approxi-
mately 60 % confluency, and transfections of siRNA oligos and plasmid
DNA were carried out using a chemical method (calcium phosphate), as
described earlier[58]. About 1.5 μg of plasmid DNA per 0.5 × 106 cells
or 80 nM of siRNA oligos (Eurogentec, Belgium) were used for trans-
fection. Transfection was repeated 24 h later. Cells were collected 48 h
after transfection for downstream analysis of RNAs and proteins.

4.4. Induction of antioxidant response

HEK293 cells were grown to ~70 % confluency. To induce an anti-
oxidant response, cells were treated with 100 μM tert-Butyl Hydroqui-
none (tBHQ), an oxidative stress agonist in DMSO (Sigma, St. Louis,
Missouri, USA) for 4 h. DMSO was used as the vehicle control[58]. To
induce cells with peroxide stress, 50 μM of H2O2 was added to the cul-
ture media, then incubated for 2 h, followed by harvesting as per the
protocol described earlier[60]. Heavy metal-mediated oxidative stress
was induced by treatment with 250 μM NaAsO2 in the cell culture media
for 6 h, followed by harvesting the cells for further processing[61].

The antioxidant pathway mediated by NRF2 was blocked using
Bexarotene (a potent NRF2 inhibitor). 100 nM of Bexarotene in HEK293
was treated on 60 % confluent HEK293 cells for 24 h [89]. The cells were
then harvested and processed for downstream experiments.
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4.5. DNA constructs

FLAG-tagged pCMV Tag2a reporter construct used in this study
consists of an NQO1 coding sequence under the control of the pCMV
promoter. Additionally, this construct is driven by the full-length NQO1
3′-UTR region, approximately 1950 nucleotides long, as described
earlier[58]. The distal NQO1 PA-site was used for the mutational anal-
ysis; this PA-site has five major cleavage sites that are consistently
observed (namely P, S1, S2, S3, S4) downstream of which was mutated by
site-directed mutagenesis individually and in combination (see Supple-
mental Table S1). In the first batch of mutants, one CS was mutated at a
time: Pm (primary CS), Sm1 to Sm4 (subsidiary CS site S1 to S4). The next
batch of mutants have combinations of subsidiary CS mutations. To
understand the characteristics of the primary CS sequence and position,
corresponding mutations of the CS (CA to GA, TA, AA) and the position
of the CS (− 10 bp upstream and downstream from the original CS po-
sition) were introduced(see Supplemental Table S1). Silent mutations to
make the FLAG-NQO1 construct insensitive to the siRNA sequence
employed for the NQO1 knockdown were introduced using a pair of
primers bearing three different mutations on the targeting sequence of
the siRNA.

For the synthesis of in vitro transcribed NQO1 3′-UTR RNA, a 3′-UTR
region (~250 nucleotide) around the distal PA-site region of NQO1
encompassing the sequences required for both cleavage and poly-
adenylation were cloned in pTZ vector [58]. Mutations of the CS were
introduced in the pTZ19R construct, individually and in combination, as
described above. Primer sequences for the site-directed mutagenesis are
shown in the Supplemental data.

4.6. Site-directed mutagenesis

Site-directed mutagenesis of the CS or siRNA insensitive mutation
was carried out as described earlier [58] using a pair of primers incor-
porating the changed nucleotides. Briefly, around 50 ng of parent
plasmid was taken, and mutations were introduced by inverse PCR re-
action using Pfu Ultra II polymerase (Agilent, cat no. 600674) enzyme
using primer pairs having the respective mutations. The PCR reaction
was digested using Dpn1(NEB, cat no. R0176L) to remove the template
plasmid treatment for 1 h at 37 ◦C, then transforming DH5α competent
cells with the in vitro amplified plasmid. Mutated plasmids were then
confirmed by Sanger sequencing. Primers used to introduce mutations
are listed in the Supplemental data.

4.7. RNA immunoprecipitation

RNA IP was carried out as described earlier [90]. HEK293 cells
transfected with wild-type FLAG-tagged NQO1 or various mutant vari-
ants were crosslinked with 1 % formaldehyde for 10 min, followed by
quenching with 0.125 M glycine for 5 min. Cells were washed in 1 x PBS
followed by lysis in 300 μl of cell lysis buffer (10 mM Tris-HCl pH 8.0, 10
mM NaCl, 0.2 % NP-40, 1 × EDTA-free Proteinase Inhibitor, and 1000 U
RNase I, Promega, Madison, WI, USA). The crude nuclei were pelleted
and resuspended in 400 μl nuclei lysis buffer (50 mM Tris-HCl pH 8.0,
10 mM EDTA, 1 % SDS, 1 × EDTA-free Proteinase Inhibitor, and 1000 U
RNase I Promega, Madison, WI, USA). The supernatant obtained after
sonication and centrifugation steps was digested with DNase I for 20 min
at 37 ◦C. The digestion was stopped by the addition of 20 mM EDTA.
Monoclonal antibodies against CPSF73, Star-PAP, and IgG control were
added to the supernatant and incubated overnight at 4 ◦C. Subsequently,
Sepharose A beads equilibrated with IP dilution buffer were added, and
the mixture was incubated for 2 h at 4 ◦C. The formed complexes were
then pelleted and washed in wash buffer 3 times for 5 min each at 3500
rpm. It was then eluted with elution buffer (1 % SDS and 100 mM So-
dium bicarbonate and proteinase K). Crosslinking was reversed by
incubating the mixture at 67 ◦C for 4 h. RNA was isolated using Trizol,
and cDNAs were synthesised using random hexamers and MMLV-RT

(Invitrogen, Waltham, MA, USA). PCR amplification was carried out
with gene-specific primers, and products were visualised on an agarose
gel.

4.8. In vitro RNA synthesis

NQO1 RNA substrate was derived from the plasmid pTZ-NQO1,
which harbours the NQO1 3′-UTR under the T7 promoter. This plasmid
includes a segment of the NQO1 3′-UTR containing the PA-signal,
spanning from 120 bp upstream to 122 bp downstream of the cleav-
age site, inserted into the PstI and BamHI sites of the pTZ19R vector
(Fermentas)[58]. Radiolabelled RNA substrates were uniformly pre-
pared through in vitro transcription of linearised plasmid templates
using the T7 Transcription Kit (Invitrogen). A typical 20 μl reaction
consisted of 1x reaction buffer (supplied in the kit), 20 units of RNase
inhibitor, 1 μg of DNA, 500 μM each of ATP and CTP, 50 μM UTP, and
100 μM GTP, supplemented with 50 μCi of α-32P-UTP and 400 μM m7G
cap analogue, along with 40 units of T7 RNA polymerase. Following
transcription, RNA was purified using the Qiagen Mini RNeasy Kit for
subsequent experimentation.

Fluorescent RNA was prepared by a similar in vitro transcription
reaction using a pTZ19R plasmid construct expressing pTZ19R NQO1 3′-
UTR as described above in the presence of Fluorescein-12-UTP (Sigma
cat no.11427857910). The reaction mix consisted of 1x reaction buffer,
20 units of RNase inhibitor, 1 μg of DNA, 500 μM each of ATP and CTP,
50 μM UTP, and 100 μM GTP, supplemented with 50 μМ Fluorescein-12-
UTP, along with 40 units of T7 RNA polymerase as described above.

4.9. In vitro pre-mRNA cleavage assay

Cleavage experiments were carried out as described earlier[25].
Each reaction included a32P-labelled pre-mRNA substrate in a 25 μl
volume of cleavage buffer. The buffer contained 20 mM creatinine
phosphate, 0.5 mM MgCl2, 10 % glycerol, 10 mM HEPES (pH 7.9), 50
mM KCl, 0.05 mM EDTA, and 1 % polyvinyl alcohol (PVA), supple-
mented with 0.8 mM 3′-dATP and 5 μl of HeLa nuclear extract. Reactions
were incubated at 30 ◦C for 2 h and stopped by adding a proteinase K
mixture comprising 2 % sarcosyl, 100 mM Tris-Cl (pH 7.5), 20 mM
EDTA, and 400 mg/ml proteinase K, followed by an additional incuba-
tion at 30 ◦C for 10 min. RNA extraction was performed using
phenol-chloroform, followed by precipitation with absolute alcohol in
the presence of 3 M ammonium acetate and 1 μg carrier tRNA. The
extracted RNA was then analysed on a 6 % urea-denaturing gel.

4.10. In vitro polyadenylation assay

In vitro polyadenylation assay was carried out as described earlier
[58]. Briefly, DNA templates with the forward T7 promoter and reverse
primer ending with a CS were amplified from the pTZ19R NQO1 3′-UTR
vector. The amplified templates were then subjected to in vitro RNA
transcription using T7 RNA polymerase generating cleaved RNA tem-
plates, ending at different cleavage sites, either the primary or the
subsidiary sites of NQO1. RNA templates were incubated in an equiva-
lent of ~10 μg of HeLa nuclear extract prepared using the NEPER nu-
clear extraction kit (ThermoScientific) with α-32P ATP in a PAP assay
buffer (250 mM NaCl, 50 mM Tris-HCl, and 10 mM MgCl2, pH 7.9) at
37 ◦C for 1 h. Then, the polyadenylated RNA was precipitated and
washed with 75 % ethanol. RNA products were then analysed on a 6 %
urea-denaturing polyacrylamide gel and visualised by phosphor
imaging.

4.11. RNA EMSA

EMSA experiments were carried out as described [91] in a 20 μl
EMSA-binding buffer (10 mM Tris-HCl, pH-7.5, 1 mM EDTA, 50 mM
NaCl, 0.5 mM MgCl2, 1 mM DTT) in the presence of 1 μg/ml bovine
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serum albumin, 50 % glycerol with 0.1 nM fluorescent RNA templates.
The rection mixture was incubated in the presence of control and tBHQ
treated FLAG purified Star-PAP protein complex (30 nM) respectively at
room temperature for 30 min. The RNA-Protein complex was analysed
on a native polyacrylamide gel and visualised on an iBright FL1500
platform (Invitrogen).

4.12. Immunoblotting experiment

For immunoblotting, cells were lysed in a cell lysis buffer comprising
0.06 M Tris-HCl (pH 7.4), 25 % Glycerol, 2 % SDS, 0.002 % Bromo-
phenol blue, and 1 % β-mercaptoethanol (1 × SDS-PAGE loading buffer)
as described earlier [92]. The lysed samples were denatured by heating
at 95 ◦C for 20 min and then analysed on an SDS-PAGE gel in 1 × Tris
Glycine Buffer (25 mM Tris pH 8.0, 190 mM Glycine, 0.1 % SDS).
Following separation, the proteins were transferred onto a PVDF mem-
brane using a transfer buffer (25 mM Tris-Cl pH 8.0, 190 mM Glycine,
20 % Methanol) at 110 V for 90 min. The PVDF membrane was blocked
in 5 % skimmed milk in 1 × TBST (20 mM Tris pH 7.4, 150 mM NaCl,
0.1 % Tween-20) for 45 min at room temperature (RT). Blots were
subsequently incubated with primary antibodies at a dilution of 1:3000
in TBST. After three washes in TBST for 10 min each, blots were incu-
bated with HRP-conjugated secondary antibody (Jackson Immuno
Research Laboratory, West Grove, PA, USA) at a dilution of 1:5000.
Finally, blots were imaged using a chemiluminescent substrate (Bio-Rad,
Hercules, CA, USA) on an iBright FL1500 platform (Invitrogen, Wal-
tham, MA, USA). A list of antibodies employed in the study is shown in
Supplemental data.

4.13. Immunoprecipitation experiment

For immunoprecipitation, cell lysates were sonicated (28 % ampli-
tude for 5 s on and 5 s off pulse for 5 min) in a cell lysis buffer as
described earlier [92] containing 100 mM KCl, 50 mM Tris-HCl (pH 7.4),
0.5 % Nonidet NP-40, 5 mM EDTA, 200 mM NaVO4, 50 mM NaF, 50 mM
L-glycerophosphate, and 1 × EDTA-free protease inhibitor, supple-
mented with 100 μg/ml RNaseA depending on the reaction conditions.
Following sonication, lysates were centrifuged at 12,500 rpm for 15 min
at 4 ◦C to collect the cellular lysates. FLAG-tagged Star PAP expressing
lysates were incubated in the IP buffer, where FLAG M2 beads were
equilibrated overnight at 4 ◦C. The following day, beads were centri-
fuged and precipitated, and the supernatant was discarded and washed
three times with IP buffer for 10 min each. Finally, an SDS loading buffer
was added to the beads, and the mixture was loaded onto an SDS-PAGE
gel after denaturation at 95 ◦C for 5 min. The input loaded on the gel
corresponded to 10 % of the total protein utilised in each immunopre-
cipitation experiment[92]. Antibodies used for immunoblotting are lis-
ted in the Supplemental data.

4.14. Real-time qPCR

The quantitative real-time PCR (qRT-PCR) experiments were con-
ducted using the CFX98 multi-color system (Bio-Rad). iTaq universal
SYBR Green Supermix was utilised for the PCR reactions with cDNA
synthesised by reverse transcription using MMLV-RT from 2 μg total
RNA samples as described earlier[92]. Melt curve analysis was per-
formed for each qRT-PCR experiment to verify single-product amplifi-
cation. To ensure the specificity and accuracy of the PCR reaction,
primer efficiency was maintained close to 100 % in all experiments.

For quantification of the real-time experiments, target mRNA levels
were normalised to GAPDH levels, and changes in expression levels were
expressed as fold-change relative to the control samples using the Pfaffl
method. Three independent experiments were conducted for each qPCR
experiment (n > 3). Primers employed in the qRT-PCR are shown in the
Supplemental data.

4.15. 3′-RACE and pre-mRNA cleavage assay

3′-RACE assays were conducted using 2 μg of total RNA extracted
from HEK293 cells using an RNA isolation kit (Promega) following
established protocols [92]. An engineered oligodT reverse primer
(comprising 16 oligo dT nucleotides preceded by a 20-nucleotide engi-
neered sequence at the 5′-end) was employed, and a reverse transcrip-
tion reaction was performed with 100 units of MMLV-RT (Invitrogen,
cat. 28,025–013) at 42 ◦C for 1 h, followed by inactivation at 70 ◦C for
15 min. Subsequently, 250 ng of cDNA was amplified using a
gene-specific forward primer (specific to each gene) and an AUAP
reverse primer (specific to the engineered region of the oligo dT primer).
The 3′-RACE products were then validated through sequencing.

For the in vivo cleavage assay, cleavage efficacy was evaluated by
measuring the uncleaved pre-mRNA level by using a pair of primers
across the CS by qRT-PCR and expressed as fraction cleavage relative to
the total mRNA level using a pair of primers on an upstream exon. Total
mRNA was isolated from HEK293 cells in the presence and absence of
WT or different CS mutants of NQO1, and qRT-PCR was carried out as
described above to measure the uncleaved pre-mRNA levels and the
total mRNA levels. The levels of uncleaved pre-mRNAs were normalised
to internal control GAPDH levels, and then fraction cleavage was ana-
lysed relative to total mRNA levels. The relative cleavage was then
expressed as fold change relative to respective controls in different plots.
Primers used for 3′-RACE and pre-mRNA cleavage assay are listed in the
Supplemental data.

4.16. MTT assay

The MTT assay was carried out to assess cell viability as described
earlier[90]. Transfected cells were seeded onto a 96-well plate at a
density of 1 × 104 cells per well. Following a 48-h incubation period in a
humidified incubator at 37 ◦C with 5 % CO2, 3-(4,
5-dimethylthiazolyl-2-yl)-2–5 diphenyl tetrazolium bromide (MTT,
Sigma, St. Louis, Missouri, USA) was introduced. Subsequently, the
plates were further incubated for 3 h, followed by the addition of iso-
propanol after removing the culture medium. The resultant formazan
crystals were resuspended, and absorbance was measured at 570 nm
utilising a Varioskan LUX multimode microplate reader
(ThermoScientific).

4.17. Trypan blue staining

Trypan blue solution was prepared by mixing equal parts of 0.4 %
trypan blue solution and cell suspension, followed by incubation for 3
min at room temperature. Then, a drop of the trypan blue/cell mixture
was applied onto a hemocytometer and the unstained (viable) and
stained (nonviable) cells were separately counted. To determine the
total number of cells in the aliquot, viable and nonviable cells were
added together, and the dilution factor was multiplied. Finally, the
percentage of viable cells was calculated in each treatment condition
[93].

4.18. Catalase activity assays

Catalase activity was determined using Catalase Assay Kit (Cayman
chemical cat no. 707002). Briefly, cells were collected by cell scrapper
and then homogenised in 1 ml cold lysis buffer (50 mM potassium
phosphate, pH 7, containing 1 mM EDTA). Then, the cell suspension was
centrifuged at 10,000 g for 15 min at 4 ◦C, and the supernatant was
collected. Further, a series of catalase standards were prepared with
known concentrations (from 0 to 10 nmol/ml) using a catalase standard
solution. Samples were transferred to a microplate well, and then 20 μl
hydrogen peroxide solution was added to all wells, including standards,
to initiate the reaction. The microplate was incubated at room temper-
ature for 20 min to allow the catalase enzyme to react with hydrogen
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peroxide. Then, 30 μl of potassium hydroxide was added to each well to
terminate the reaction, followed by 30 μl of chromogen. The plate was
further incubated for 10 min at room temperature in a shaker, and then
10 μl of catalase potassium periodide was added to each well, followed
by an additional incubation in the dark for 5 min, and absorbance was
measured at 540 nm using a spectrophotometer.

4.19. RNA biotinylation and pulldown

Biotinylated RNA was prepared by in vitro transcription on the
pTZ19R plasmid template with Biotin UTP in the in vitro RNA synthesis
method as per the manufacturer’s instruction (Thermo scientific Cat no.
EP0112). For biotinylation pull down, HEK cell lysates were prepared
from 90 % confluent 10 cm dish in lysis buffer (10 mM HEPES, pH-7,
200 mM NaCl, 1 % Triton-X 100, 10 mM MgCl2, 1 mM DTT and prote-
ase inhibitor) as described earlier[91]. Briefly, 30 μg of biotinylated
RNA were incubated with 60 μl of pre-washed avidin-agarose beads at
4 ◦C for 1 h. Agarose beads were washed three times with RNA binding
buffer (10 mM Tris HCl, 0.1 M KCl, and 10 mM MgCl2) and incubated
with 5 mg total protein equivalent cell lysates overnight at 4 ◦C. Agarose
beads were collected and washed, and proteins were eluted using an SDS
loading buffer after boiling for 10 min at 95 ◦C. Associated proteins were
analysed by Western blotting using specific antibodies.

4.20. Blot quantification

Quantification of blots was performed using Image J software (NIH)
[94]. Three replicates of blots were analysed to quantify relative in-
tensities. Bands were quantified in arbitrary units and expressed relative
to a reference protein. In the case of immunoprecipitation, bands were
normalised to IgG and expressed relative to the Input sample.

4.21. Statistics

Statistical significance was determined using ANOVA to analyse the
differences in the means of experimental replicates from each experi-
ment using GraphPad Prism 10. A minimum of three independent ex-
periments were utilised to quantify each experimental dataset. All data
are presented as mean ± standard error mean (SEM). Differences were
considered statistically significant at a p-value <0.05.
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