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ABSTRACT Our body responds to environmental stress by changing the expression
levels of a series of cytoprotective enzymes/proteins through multilayered regulatory
mechanisms, including the KEAP1-NRF2 system. While NRF2 upregulates the expres-
sion of many cytoprotective genes, there are fundamental limitations in short-read
RNA sequencing (RNA-Seq), resulting in confusion regarding interpreting the effec-
tiveness of cytoprotective gene induction at the transcript level. To precisely delin-
eate isoform usage in the stress response, we conducted independent full-length
transcriptome profiling (isoform sequencing; Iso-Seq) analyses of lymphoblastoid
cells from three volunteers under normal and electrophilic stress-induced conditions.
We first determined the first exon usage in KEAPT and NFE2L2 (encoding NRF2) and
found the presence of transcript diversity. We then examined changes in isoform us-
age of NRF2 target genes under stress conditions and identified a few isoforms
dominantly expressed in the majority of NRF2 target genes. The expression levels of
isoforms determined by Iso-Seq analyses showed striking differences from those de-
termined by short-read RNA-Seq; the latter could be misleading concerning the
abundance of transcripts. These results support that transcript usage is tightly regu-
lated to produce functional proteins under electrophilic stress. Our present study
strongly argues that there are important benefits that can be achieved by long-read
transcriptome sequencing.
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he KEAP1-NRF2 system is a master regulatory system regulating the cytoprotective
response upon exposure to oxidative or electrophilic stress (1). Nuclear factor
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5’ structures is often coupled to promoter choice. The promoters that contain different
regulatory elements corresponding to tissue-specific and/or developmental stage-
specific regulation allow diverse regulation of gene expression in various environments
(14-16). Structural changes in mRNA give rise to modifications of the reading frame,
resulting in multiple protein isoforms with diverse functions, and affect gene expression
by altering the efficiency of mRNA translation. One salient example of this phenome-
non is known in the KEAP1-NRF2 system; in lung cancers and head-and-neck cancers,
aberrant NFE2L2 (NRF2) transcript variants missing exon 2, which encode NRF2 protein
isoforms lacking the KEAP1 interacting domain, have been identified (17). This exon
skipping results in aberrant NRF2 stabilization and accumulation, leading to the aber-
rant induction of NRF2 target genes.

To date, the sequences of over 80,000 protein-coding transcripts expressed from
approximately 20,000 protein-coding genes have been deposited in public databases,
such as GENCODE (18). It has been estimated that more than 90% of multiexon genes
undergo alternative splicing, and approximately 60% of genes in humans have at least
one alternative TSS (19-21). However, while there are ample lines of evidence for the
expression of multiple transcripts from a single gene, it is less clear whether these
transcripts are expressed equally abundantly or one or a few transcripts are expressed
predominantly from the gene. For instance, human KEAP1 has been reported to have
10 transcript isoforms, but the usage of the isoforms remains to be clarified (21).

This question becomes more important with the growth in numbers of alternative
transcripts annotated in databases following the development and expansion of high-
throughput technologies, including RNA sequencing (RNA-Seq). In combination with
the development of whole-genome sequencing analysis, RNA-Seq analysis brought
about the delineation of precise gene structures, and RNA-Seq analysis further realized
good quantifications of gene expression across the genome. To date, RNA-Seq analysis
using short-read sequencers (short-read RNA-Seq) has become a standard method to
detect and quantify gene expression; short-read RNA-Seq generates comprehensive
and high-quality data to evaluate the expression levels of genes. However, it is
important to note that there is a fundamental limitation in short-read RNA-Seq analysis
of transcript levels, as accurate allocation of sequence reads to specific isoforms and
precise estimation of transcript abundance are challenging by short-read RNA-Seq
analysis (22).

Recent developments in several long-read sequencing technologies have given rise
to a new approach for transcriptome analysis. One is single-molecule real-time (SMRT)
sequencing, which is also referred to as isoform sequencing (Iso-Seq), and was gener-
ated by Pacific Biosciences (PacBio) (23). The other is nanopore sequencing, which was
introduced by Oxford Nanopore Technologies (24, 25). Both technologies are expected
to provide promising breakthroughs in transcriptome analysis, especially to solve the
bottleneck problem of short-read RNA-Seq. These technologies enable the production
of much longer sequence reads than those produced by short-read RNA-Seq. Maximum
lengths of the reads will reach over tens to hundreds of thousands of base pairs (23, 25).
We surmise that this progress will realize accurate assignments of transcript isoforms as
the long lead sequence ensures the determination of full-length transcripts as a single
read.

NRF2 regulates a subset of cytoprotective genes in an inducible manner. The
expression of NRF2 target genes increases substantially upon exposure to oxidative or
electrophilic stress (26). Therefore, we hypothesize that there are alternative uses of
exons or generated transcript isoforms, which produce diverse transcript isoforms that
are utilized specifically in various stress-mediated contexts. To the best of our knowl-
edge, while numerous studies have been executed to characterize many NRF2 target
genes, investigations focused on the molecular basis for producing transcriptional
diversity as well as posttranscriptional regulation, including transcript isoform usage of
the NRF2 target genes, have not been conducted.

Therefore, in this study, we decided to apply Iso-Seq technology to analyze the
transcriptome of human cells to determine the transcript isoforms of NRF2-regulated
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cytoprotective genes expressed in response to stress. We found that the transcription
of KEAP1 and NFE2L2 mRNA was initiated from two distinct first exons. We also found,
through the evaluation of the expression levels of NRF2 target gene transcripts, that a
few isoforms are dominantly expressed from the genes regulated by NRF2, suggesting
the presence of posttranscriptional regulatory mechanisms to express specific isoforms
in response to stress. Of note, we found evident discrepancies in the assignment of
isoform abundance between Iso-Seq and short-read RNA-Seq. There is a possibility that
on certain occasions, the estimation of the expression level of transcript isoforms by
short-read RNA-Seq produces misleading information on the abundance of isoforms.
We conclude with the benefits of long-read sequencing to address the inherent
limitations of short-read RNA-Seq.

RESULTS

Inducible expression of NRF2 target genes in response to electrophilic stress in
LCLs. To analyze the transcript usage of KEAPT and NFE2L2 (encoding NRF2) genes and
NRF2 target genes in the electrophilic stress response, in this study, we utilized
Epstein-Barr virus (EBV)-transformed lymphoblastoid cell lines (LCLs) as a model system.
Our concurrent (65) and previous studies on the environmental stress response in
human cells (27, 28) have revealed that LCLs retain their response to electrophilic stress.
We independently established LCLs from three healthy volunteers and treated the cells
with an electrophilic agent, diethylmaleate (DEM), to induce the activation of the NRF2
pathway (Fig. 1A). Showing very good agreement with a previous study (27), immu-
noblot analysis revealed that under the DEM-treated (stress) condition, the NRF2
protein accumulated comparably in the nucleus of LCLs from all three participants (Fig.
1B), indicating that the stress responsiveness of each LCL is comparable in terms of
intercellular NRF2 localization and abundance.

We next conducted RNA-Seq analysis using a short-read sequencer to estimate
transcriptional changes between normal and DEM-treated (stress) conditions. We found
that the expression levels of 4,100 genes were significantly changed upon DEM
stimulation in LCLs, in which 2,013 genes were upregulated and 2,087 genes were
downregulated among the 58,721 genes in the GENCODE database (Fig. 1C). Since the
NRF2 protein was induced by the DEM challenge, in this analysis, we examined how
NRF2 target genes were upregulated. Gene set enrichment analysis (GSEA) showed that
the gene set including the canonical target genes of NRF2 was significantly more
enriched under the stress condition than under the normal condition, and the majority
of the genes in this category were upregulated by DEM treatment (Fig. 1D). Of the
upregulated genes, we found the expression levels of prototype NRF2 target genes,
which are shown in green characters in Fig. 1E. This group of genes includes those
related to heme metabolism (heme oxygenase 1 [HMOXT], ferritin heavy chain 1 and
light chain [FTHT and FTL, respectively], and ferrochelatase [FECH]), quinone detoxifi-
cation [NAD(P)H quinone oxidoreductase 1 and 2 (NQOT and NQO2, respectively)],
glutathione metabolism (glutamate-cysteine ligase modifier subunit and catalytic sub-
unit [GCLM and GCLC, respectively] and glutathione-disulfide reductase [GSR]), tran-
scription factor (v-maf avian musculoaponeurotic fibrosarcoma oncogene homolog G
[MAFG]), autophagy (sequestosome 1 [SQSTM1]), and pentose phosphate pathway
(transaldolase 1 [TALDO1], malic enzyme 1 [MET], transketolase [TKT], and phosphog-
luconate dehydrogenase [PGD]) (9, 29-32). These results demonstrate that the NRF2
pathway was successfully induced by the DEM treatment in LCLs.

Detection and quantification of transcript isoforms using Iso-Seq. Currently, in
transcriptome analysis, quantification of the read abundance for individual transcript
isoforms relies on counting of sequence reads that overlap known isoforms defined by
transcript annotation, such as GENCODE. As shown in Fig. 2A, one of the limitations
inherent to this approach is that, in the case of short-read RNA-Seq, it is difficult to
accurately allocate a read to a specific isoform (22). Substantial proportions of the reads
appear to be mapped ambiguously, as an exon or an exon-exon junction are often
shared by multiple isoforms (see isoforms A and B in Fig. 2A). Therefore, to overcome
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FIG 1 DEM treatment-activated NRF2 target genes in LCLs established from three healthy donors. (A) Scheme for the establishment
of LCLs and the induction of the electrophilic response. The LCLs were established from three healthy volunteers (named no. 1, no.
2, and no. 3) and treated with DEM to induce electrophilic stress. (B) The accumulation of the NRF2 protein in the nucleus of LCLs
under normal (N) and stress (S) conditions. Lamin B was used as a loading control. (C) MA plot representing differentially expressed
genes. The x axis represents the mean read count among all samples, and the y axis represents the log,(fold change) in gene
expression under the stress condition compared to that under the normal condition. Each dot represents one gene, with red, blue,
or brown dots representing genes with significantly upregulated expression values, those with downregulated expression values, or
other genes, respectively. (D) GSEA enrichment plot of NRF2 target genes. The normalized enrichment score (NES) and the false
discovery rate (FDR) are shown. (E) Heat map representing the expression level of NRF2-related genes. The genes were significantly
upregulated in the NFE2L2.V2 gene set. The values are shown by the z-score of normalized counts. The values of each sample (no.
1, no. 2, and no. 3 shown in panel A) are shown. Prototype NRF2 target genes are indicated in green.

this difficulty, we decided to adopt an approach utilizing long-read RNA-Seq, as this
approach has the potential to identify and quantify isoforms by determining the
end-to-end cDNA sequence. To this end, in this study, we conducted Iso-Seq analysis
developed for the PacBio sequencer and quantified the expression levels of each
isoform in LCLs under normal and/or oxidative stress conditions.
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FIG 2 Assessment of expression at the isoform level using Iso-Seq. (A) Isoform detection by short-read RNA-Seq or
Iso-Seq technologies. A gene structure is represented with black boxes and lines representing exons and introns,
respectively, and structures of transcript isoforms expressed from the gene are shown (isoform A and isoform B are
in red and blue, respectively). While the sequence reads ambiguously annotated to isoforms A and B are shown
in brown, those unambiguously annotated to isoform A or B are shown in red or blue under the transcript models.
(B) The workflow of data analysis of Iso-Seq data. Software used in the analysis is shown in parentheses. (C) Number
of reads annotated to each novelty category of transcripts under normal conditions. The criteria used for the
classification of the reads into the four categories (FSM, red; ISM, blue; NIC, green; and NNC, navy) are provided in
the main text. The results of each sample (no. 1, no. 2, and no. 3 shown in Fig. 1A) under normal conditions are
represented. (D) Saturation curve for the number of genes (top) and transcripts (bottom) identified using Iso-Seq
analysis under normal conditions. The numbers of FSM reads are on the x axis, and the numbers of genes and
transcripts detected are on the y axis. The results of each sample (no. 1, no. 2, and no. 3 shown in Fig. 1A) under
normal conditions are shown. (E) Venn diagram showing the common annotated isoform detected by short-read
RNA-Seq and Iso-Seq. The transcripts in the GENCODE database with a read under any condition for short-read
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TABLE 1 Number of reads obtained for Iso-Seq analysis

Library size at:

Sample and condition 1-2 kb 2-3 kb 3-5kb 5-10 kb Total
CCS reads
1
Normal 694,795 655,375 558,807 329,294 2,238,271
Stress 622,425 431,778 530,784 410,958 1,995,945
2
Normal 643,199 610,078 553,821 333,271 2,140,369
Stress 687,545 659,969 504,990 301,612 2,154,116
3
Normal 731,989 641,458 504,138 358,635 2,236,220
Stress 722,501 631,056 509,231 477,734 2,340,522

Full-length reads
1

Normal 559,255 509,878 425,131 233,893 1,728,157

Stress 513,991 326,149 402,070 244,230 1,486,440
2

Normal 427,826 416,115 407,569 220,104 1,471,614

Stress 537,162 487,284 361,156 218,634 1,604,236
3

Normal 546,215 476,120 396,482 243,908 1,662,725

Stress 523,360 462,530 381,939 325,133 1,692,962

As shown in Fig. 2B, the Iso-Seq protocol includes constructing a library, selecting
the cDNA size, sequencing the cDNA, and processing the data. One of the critical points
is the size selection of cDNAs to avoid any loading biases. Therefore, during these
processes, cDNAs were fractionated based on their length to produce four libraries in
size ranges of 1 to 2 kbp, 2 to 3 kbp, 3 to 5 kbp, and 5 to 10 kbp. We prepared libraries
from LCLs of three individuals with and without DEM treatment (i.e., a total of six sets
of 4 size-selected libraries). Each library was sequenced independently by the PacBio
RSII system, and 2,184,241 = 106,718 (means * standard deviations [SD]) circular
consensus sequence (CCS) reads were obtained (Table 1). We further selected the CCS
reads to 1,607,689 * 98,355 full-length reads, which had both 5’ and 3’ barcoded
primers and poly(A) tails. We then employed the LoRDEC algorithm (33) to correct
errors by employing short-read RNA-Seq data that were independently determined for
each sample. Following mapping of the long-read sequence to the reference genome,
reference-based error correction was conducted to remove microinsertions, microde-
letions, mismatches, and noncanonical splice junctions (34, 35).

To obtain sequence reads that are unambiguously annotated to unique isoforms, we
annotated and quantified the mapped sequence reads to GENCODE version 29 refer-
ence transcripts using the TALON pipeline, which is an official ENCODE pipeline for
long-read data analysis (36). This pipeline annotates full-length reads to known or novel
isoforms, as shown on the right of Fig. 2C, and reports the abundance of isoforms. If a
query read had a set of splice junctions that perfectly matched the reference annota-
tion, the read was categorized as full splice match (FSM). The FSM reads can be
recognized as reads unambiguously assigned to unique isoforms. In cases where a read
matched a subsection of a known transcript model and had a novel putative TSS or TTS,
it was categorized as incomplete splice match (ISM). ISM reads can be a combination

FIG 2 Legend (Continued)

RNA-Seq and with a read in any sample for Iso-Seq were considered to be the detected transcripts. (F) Box plot
showing the expression level of the unique isoforms in short-read RNA-Seq (short-read RNA-Seq only; red) and the
common isoforms (short-read RNA-Seq and Iso-Seq; green) under the normal condition. The expression levels were
estimated by the log,(TPM value) of short-read RNA-Seq. (G) Box plot showing the expression level of the unique
isoforms in Iso-Seq (Iso-Seq only; blue) and the common isoforms (short-read RNA-Seq and Iso-Seq; green) under
the normal condition. The expression levels were estimated by the log,(count value) of Iso-Seq. (H) Scatterplot
showing the expression level of each isoform estimated by short-read RNA-Seq [x axis; mean log,(TPM value)] and
Iso-Seq [y axis; mean log,(count value)] under normal conditions.
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of potentially real shorter versions of long reference transcripts as well as partial
fragments resulting from artifacts reflecting mRNA decay. The transcripts with known
splice donors and acceptors but new combinations between them were categorized as
novel in catalog (NIC), and transcripts that contained at least one novel splice donor or
acceptor were referred to as novel not in catalog (NNC). Following these categoriza-
tions, we found that between 790,758 and 1,087,493 reads obtained from each sample
from the three volunteers under the normal condition were categorized as FSM, while
a relatively small proportion of reads (from 204,535 to 216,257) were categorized as ISM
(Fig. 2C, left). Three samples with the DEM treatment showed almost similar results
(data not shown). Thus, these results demonstrate that our Iso-Seq analysis successfully
captured full-length transcripts.

To assess how many genes and transcripts expressed in LCLs were detected by our
Iso-Seq analysis, we next plotted the number of individual genes and transcripts as a
function of the sum of FSM reads (Fig. 2D). We found that the number of genes reached
a plateau of approximately 10,000 detected genes at approximately 300,000 reads.
Interestingly, whereas the number of detected transcripts started saturating, we still
observed a steady increase in detected transcripts as the sequence depth increased to
a million FSM reads. These results suggest that deeper sequencing is required for a
comprehensive viewing of the transcripts, especially for detecting rare transcripts.

Of the annotated transcripts obtained from the Iso-Seq data, we found 42,736
transcripts that were expressed one or more times in any of the six samples. Comparing
this number of Iso-Seq transcripts to those detected in short-read RNA-Seq (56,959
transcripts), we found that 25,714 transcripts were detected by both short-read RNA-
Seq and Iso-Seq, 31,245 transcripts were detected only by short-read RNA-Seq, and
17,022 transcripts were detected only by Iso-Seq (Fig. 2E).

It should be noted that the expression levels of transcripts uniquely detected by
short-read RNA-Seq were lower than those of transcripts commonly detected by
short-read RNA-Seq and Iso-Seq (Fig. 2F), and this correlation was similar for those of
transcripts detected by Iso-Seq (Fig. 2G), indicating that in both techniques, it was
difficult to precisely detect the transcripts with lower expression levels. To further
address how widely the expression level of each transcript can be quantified by Iso-Seq
and whether the extent correlates with that quantified by short-read RNA-Seq, we
compared the expression levels of each transcript quantified using Iso-Seq to those
using short-read RNA-Seq. While there was a limited correlation between the results of
two techniques in the transcripts with very low expression levels, transcripts with
moderate to high expression levels showed substantial levels of correlations (Fig. 2H).
These results support our belief that the Iso-Seq approach provides high-quality
full-length transcripts with a reasonable level of quantitative assessment.

Multiple first-exon usage in NFE2L2 and KEAP1 genes encoding regulators of
stress response. We next evaluated the transcript isoform usage of electrophilic stress
response and antioxidant genes, along with NFE2L2 and KEAPT genes encoding their
regulators, by employing Iso-Seq data. We first examined NFE2L2 and KEAPT genes by
aligning the Iso-Seq reads (Fig. 3A and C, middle) to the reference genome and by
annotating them using the reference transcripts in the GENCODE database (Fig. 3A and
C, top). These alignments revealed that the NFE2L2 and KEAP1 loci were mostly fully
covered with single continuous Iso-Seq reads, indicating that our Iso-Seq strategy
successfully captured the full-length transcripts of the NFE2L2 and KEAP1 genes.

Closer inspection of the data revealed that among 13 transcript isoforms of the
NFE2L2 gene that appeared in the GENCODE database, the Iso-Seq reads showed only
five corresponding isoforms based on the positions of the splice junctions, namely,
ENST00000397062, ENST00000397063, ENST00000448782, ENST00000421929, and
ENST00000423513. While the latter four transcripts shared a common sequence at the
3’ portion of the first exon, the first transcript (ENST00000397062) used an alternative
first exon, which was transcribed from an area upstream of that used for the other
transcripts.
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FIG 3 Identification of alternative TSS usage in NFE2L2 and KEAP1 genes. (A and C) Representative Iso-Seq reads aligned to NFE2L2 (A) and KEAPT (C) genes.
The transcript structures in the GENCODE database are represented with black (GENCODE transcripts). The reads of Iso-Seq analysis are shown in purple (Iso-Seq

reads). The transcript models made from Iso-Seq data are shown in green (Iso-Seq transcripts). The dist

al and proximal first exons are highlighted in red and

blue, respectively. The ensemble IDs (with prefix of ENST) for transcripts annotated in the GENCODE database or the temporary IDs (with prefix of TALONT) for
transcripts not annotated in the database are shown on the transcript models. (B and D) Expression levels of transcript isoforms of NFE2L2 (B) and KEAPT (D)

genes detected by Iso-Seq (left) and/or short-read-based RNA-Seq (right). The expression levels under nol
are shown as the means = SD.

To determine the most abundant isoform transcribed from the NFE2L2 genes, we
quantified the expression of these transcript isoforms using the read count data of
Iso-Seq. We found that ENST00000397062 and ENST00000397063 were the isoforms
with the highest and second highest expression levels, respectively, in the transcript
isoforms of the NFE2L2 gene (Fig. 3B, left). ENST00000393062 and ENST00000397063
utilize alternative first exons (highlighted in red and blue in Fig. 3A) but commonly
share four downstream exons (exons 2 to 5). The rest of the transcript isoforms showed
much lower expression levels than those of these two isoforms. These expression levels
of the NFE2L2 transcript isoforms did not change significantly when challenged with
the DEM-treated stress (blue and red bars in Fig. 3B).

To validate the observation in Iso-Seq analysis, short-read RNA-Seq data were used
to quantify the abundance of the transcript isoforms. Showing very good agreement,
the short-read RNA-Seq data revealed the ENST00000397062 and ENST00000397063
transcripts as the primary and secondary transcript isoforms, respectively (Fig. 3B, right).
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There were some minor discrepancies between the quantification using Iso-Seq and
short-read RNA-Seq data (for instance, the detection of the ENST00000464747 isoform).
Nonetheless, these results indicate that Iso-Seq analysis successfully captured full-
length transcripts and determined the primary transcript isoform expressed in LCLs
under both normal and DEM-treated stress conditions.

In the case of the KEAPT gene, Iso-Seq analysis identified ENST00000393623 and
ENST00000171111 as the transcript isoforms with the highest and second highest
expression, respectively. ENST00000393623 and ENST00000171111 shared five exons
(exons 2 to 6) but possessed alternative first exons (highlighted in red and blue in Fig.
3C). While both transcript isoforms were expressed under the normal and stress
conditions, ENST00000393623 was significantly upregulated under the DEM-treated
stress condition compared to expression under the normal condition (Fig. 3D). The
relative abundances of the KEAP1 transcript isoforms and their order were not changed
between the normal and the stressed conditions. This increase may be because the
KEAP1 gene is under NRF2 regulation (37). We conclude based on these results that the
quantification of isoform expression using Iso-Seq is a promising strategy for deter-
mining the transcript isoforms dominantly expressed under normal and stress-induced
conditions. In this regard, we found one ISM isoform that was not annotated in
GENCODE, so we named it TALONT000863285. We surmise that TALONT000863285 is
a novel shorter version of the KEAPT transcript.

Expression of isoform transcripts of the NQO7 gene quantified by Iso-Seq and
short-read RNA-Seq. Since we successfully determined the primary transcript isoforms
of the NFE2L2 and KEAP1 genes by Iso-Seq analysis, we extended the analysis to
evaluate the isoform usage of NRF2 target genes. To this end, we first focused on the
NQOT gene, one of the prototypical target genes of NRF2 (38). As seven transcript
isoforms expressed from the NQO7 gene by alternative first exons or alternative splicing are
annotated in the GENCODE catalog (Fig. 4A, top), we considered that the NQO7 gene may
be a good target for transcriptome analysis using Iso-Seq. The Iso-Seq analysis identified
five transcript isoforms of the NQO7 gene expressed in the LCLs: ENST00000320623,
ENST00000379047, ENST00000379046, ENST00000439109, and ENST00000569118 (Fig. 4A,
middle and bottom). Inspection of the locus indicated that ENST00000320623 was a
full-length isoform of the NQO7 gene, but ENST00000379047, ENST00000379046, and
ENST00000439109 were alternative splicing isoforms in which exon 4, exon 5, or both of
them were skipped (Fig. 4A, bottom).

We next quantified the abundances of these isoforms using Iso-Seq reads and
determined that ENST00000320623 was the most abundant isoform transcript ex-
pressed from NQOT gene transcripts under both normal and stress conditions and was
significantly upregulated under the stress condition compared to that under the
normal condition (Fig. 4B). In stark contrast, quantification of short-read RNA-Seq data
using the RSEM algorithm showed that the ENST00000564043 isoform, but not the
ENST00000320623 isoform, was the most abundant isoform. Iso-Seq reads were not
annotated for ENST00000564043. The ENST00000320623 and ENST00000564043 iso-
forms were generated by alternative first-exon usage (Fig. 4C). To delineate the details,
we further examined the short-read RNA-Seq data, and, interestingly, we observed that
although the short reads were successfully aligned to the splice donor junction of the
first exon of ENST00000320623, the short-read RNA-Seq data incorrectly assigned the
transcript reads for ENSTO0000564043.

We also directly determined that three alternative splicing isoforms, ENST00000379047,
ENST00000379046, and ENST00000439109, were expressed from the NQOT gene using
Iso-Seq analysis, and all of them were induced in an electrophilic stress-dependent
manner (Fig. 4B). Since the domains encoded by exon 4 (residues 102 to 139 of the
full-length protein) and exon 5 (residues 140 to 173) are the binding sites of FAD
and NAD(P)H, respectively (Fig. 4D), skipping of these exons destroys the enzymatic
activity of the NQOT1 protein (39, 40). The Iso-Seq data indicated that the transcript
isoforms lacking exon 4 and/or exon 5 were minor transcripts whose expression
levels were less than 10% of the expression level of the full-length transcript
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FIG 4 Estimation of transcript isoforms of the NQOT gene. (A) Representative Iso-Seq reads aligned to the NQOT gene. The transcript structures
in the GENCODE database are represented with black (GENCODE transcripts). The reads of Iso-Seq analysis are shown in purple (Iso-Seq reads).
The transcript models made from Iso-Seq data are shown in green (Iso-Seq transcripts). The ensemble IDs are shown on the transcript models.
(B) Expression levels of transcript isoforms of the NQO1T gene detected by Iso-Seq (left) and short-read-based RNA-Seq (right). The expression levels
under normal (blue) and stress (red) conditions are shown. Data represent the means = SD. (C) Representative sequence reads aligned to the
NQOT gene. The transcript structures in the GENCODE database are represented with black boxes and lines representing exons and introns,
respectively. The short reads aligned to the NQOT locus are shown with pink and purple, indicating reads aligned to the plus strand and the minus
strand, respectively. The ensemble IDs are shown on the transcript models. (D) Mapping of skipped exons on the protein structure of NQO1. Exons
4 and 5 are shown in purple and green, respectively. (E) RT-qPCR validation of transcript isoforms of the NQOT gene identified by the Iso-Seq
analysis. The full-length transcript and transcript isoforms with exon skipping of exon 4, exon 5, or both are shown. RT-qPCR analysis for the
detection of NQO1 isoforms was performed using primers in exon 3 and exon 6 (triangles). The expected amplicon sizes obtained from each
transcript isoform are shown in parentheses. (F) The relative abundance of the NQO7 isoforms. Representative electrophoresis image obtained
from the RT-qPCR analysis is shown on the left. Relative abundance of the isoforms under normal and stress conditions is shown on the right.
Data represent the means = SD. (G) Quantification of transcript isoforms of the NQOT gene using StringTie, Kallisto, and Salmon software under
normal and stress conditions. The values are shown as the means * SD.
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isoform (ENST00000320623) (Fig. 4B), which is consistent with the results of previous
biochemical assays (41). To validate the relative abundance of the transcript isoforms,
we next conducted a reverse transcription-quantitative PCR (RT-gqPCR) analysis. We
designed PCR primers on exon 3 and exon 6 to detect full-length isoforms (the
expected amplicon size of 271 bp) and splicing isoforms with exon skipping of exon 5
(AE5; 169 bp), exon 4 (AE4; 157 bp), or exon 4 and exon 5 (AE4 and E5; 55 bp) (Fig. 4E).
Showing very good agreement with the Iso-Seq data, we found that the full-length
isoform was expressed abundantly, but the latter isoforms with exon skipping were the
minor components compared with the full-length isoform under the normal and stress
conditions (Fig. 4F).

To address the discrepancy in the quantification of isoform abundance between
Iso-Seq and short-read RNA-Seq in more detail, we exploited three transcript abun-
dance estimation algorithms for short-read RNA-Seq, StringTie, Kallisto, and Salmon
(42-44), in addition to RSEM (45). While the assessment by Kallisto and Salmon (Fig. 4G)
showed a tendency similar to that by RSEM, in which ENST00000564043 was identified
as the primary isoform, StringTie identified ENST00000439109, ENST00000379047, and
ENST00000320623 as the abundantly expressed isoforms. Importantly, none of the
algorithms for short-read RNA-Seq identified ENST0000032623 as the most abundantly
expressed isoform, even though the short reads aligned to the position of the first exon
of ENST0000032623 (Fig. 4C and G). These findings clearly demonstrate that accurate
quantification of transcript isoforms by a short-read transcriptome approach is still a
challenging project despite continuous improvements in the computational tools.

Identification of the primary isoforms of NRF2 target genes. We next extended
the Iso-Seqg-based approach of evaluating the transcript usage to other NRF2 target
genes. To this end, we selected several NRF2 target genes, including multiple transcript
isoforms cataloged in the GENCODE database; we selected FTH1, TXNRD1, SQSTM1, and
TALDOT1 (Fig. 5). The FTH1 gene is a canonical NRF2 target gene to which 12 transcript
isoforms are annotated in the database. Among them, Iso-Seq identified
ENST00000273550 as the primarily expressed transcript isoform that was upregulated
under the stress condition (Fig. 5A). In contrast, short-read RNA-Seq reported
ENST000000620041 (by RSEM) and ENST00000534719 (by StringTie) generated by
alternative splicing in the 5" untranslated region and by retention of the third intron,
respectively, as the most abundant transcripts. All of the algorithm software for
short-read RNA-Seq, including Kallisto and Salmon, failed to detect ENST00000273550
as the primary isoform (Fig. 5A).

The SQSTM1 gene encodes the SQSTM1 protein (also referred to as p62), which
is an important autophagy chaperone protein (11, 32). Iso-Seq analysis and short-
read RNA-Seq analysis using StringTie concordantly identified ENST00000389805 as
the most abundant isoform. However, the other algorithms for short-read RNA-Seq
estimated that the isoforms with an alternative first exon (ENST00000360718), a
fragmented transcript (ENST00000626660), and the seventh exon skipped
(ENST00000510187) abundantly exist in LCLs (Fig. 5B).

In contrast, the assignment of the primary transcript isoform of TXNRD1 (Fig. 5C)
and TALDO1, which encode thioredoxin reductase 1 (46) and transaldolase 1 (9),
respectively, by Iso-Seq and short-read RNA-Seq showed good agreement (Fig. 5D).
Even in these cases, short-read RNA-Seq showed that the expression levels of
ENST00000526691 of TXNRD1 and ENST00000528097 of TALDO1, which contain an
alternative first exon and alternative donor site in intron 6, respectively, existed
substantially in LCLs. It seems that the latter transcript of each gene may not be
abundant within LCLs. These results support our contention that Iso-Seq analysis is
powerful in determining the primary transcript isoform of the cytoprotective genes that
are dominantly expressed within cells under normal and stress conditions.

Relative transcript usage of NRF2 target genes under normal and stress con-
ditions. To address how environmental stress influences transcript isoform utilization
and whether there is a selective usage of specific isoforms in response to the electro-
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FIG 5 Identification and quantification of primary isoforms of NRF2 target genes using Iso-Seq and short-read RNA-Seq data. Quantification of
transcript isoforms of the FTHT (A), SQSTM1 (B), TXNRD1 (C), and TALDO1 (D) genes using Iso-Seq and short-read RNA-Seq, including RSEM,
StringTie, Kallisto, and Salmon software. Data represent the means = SD. The transcript models are shown in black. The ensemble IDs (with prefix
of ENST) for transcripts annotated in the GENCODE database or the temporary IDs (with prefix of TALONT) for transcripts not annotated in the

database are also shown.

philic stress, we extended our examination of transcript isoform usage in response to
stress. For this purpose, we examined the relative abundance of transcript isoforms
under normal and stress conditions. We categorized transcript isoforms into three
groups: primary transcript (the most abundantly expressed), secondary transcript (the
second most abundantly expressed), and other transcripts, based on the expression

levels under the normal condition (Fig. 6A).

We found that the expression levels of the primary transcript accounted for the
majority of transcripts expressed from a single gene under both normal and stress
conditions (Fig. 6A). These results indicate that in the electrophilic stress response, a
specific transcript isoform (or a few varieties of transcript isoforms) of NRF2 target
genes that are expressed under the normal condition are upregulated under the stress
condition and expressed dominantly without any switching of the isoform usage (Fig.
6B). In some genes, the secondary and other transcripts were expressed substantially
under the normal condition, but the proportions of these transcripts did not change
much in response to the challenge with electrophilic stress (Fig. 6A).
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FIG 6 Relative transcript usage of NRF2 target genes under normal and stress conditions. (A) The relative
abundance of transcript isoforms under normal and stress conditions. The relative expression levels of the primary
transcript with the highest expression in the gene under normal conditions (primary transcript), the second highest
expression (secondary transcript), or the other transcripts are shown. (B) Schematic model of transcript isoforms
expressed under normal (left) and stress (right) conditions. The primary and secondary isoforms expressed under
the normal condition are shown. Although the transcript level of each isoform is upregulated under the stress
condition, the proportion of the transcript isoforms is not changed.

In conclusion, in this study, we determined the dominantly expressed transcript
isoforms of cytoprotective genes, including the multiple first exon usage in KEAPT and
NFE2L2 genes. The expression of the primary isoform is tightly regulated under normal
and electrophilic stress conditions, and we have clarified the limitation of short-read
RNA-Seq technology and benefits of long-read technology in the quantification of
transcript isoform abundance.

DISCUSSION

While hundreds of NRF2 target genes have been identified and multiple transcript
isoforms expressed from these genes have also been identified, it is uncertain whether
these genes regulated by NRF2 express multiple transcript isoforms with almost equal
abundance per gene or whether a single transcript is produced predominantly per
gene. We surmise that this is due to technical limitations inherent to the short-read
RNA-Seq technology, in which precisely allocating a read to a specific transcript is
technically not feasible. Therefore, to address this issue utilizing more advanced
technology, we conducted transcriptome analysis by means of long-read technology
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FIG 7 Schematic model of transcript isoform usage in the electrophilic stress response. Our study
identified the transcript isoform that is dominantly or alternatively expressed in the electrophilic stress
response (red or gray, respectively) using long-read RNA-Seq analysis, which can identify and quantify
isoforms by sequencing cDNA molecules end to end. Our assignment indicates that in the NRF2 target
genes, a few isoforms are expressed dominantly, and the others are alternatives.

and examined transcript isoforms expressed under electrophilic stress response. As
summarized in Fig. 7, in this study, we determined primary transcript isoforms of
cytoprotective genes, including NFE2L2, KEAP1, NQO1, FTH1, TALDO1, TXNRD1, and
SQSTM1. We found through this analysis that in all cases, a single or a few transcript
isoforms per gene were expressed predominantly, while expression levels of the other
isoforms are negligible or much lower than that of the primary isoform. In addition, we
found that short-read RNA-Seq tends to overestimate the expression levels of the
alternative isoforms. We conclude, based on these results, that transcript usage is
tightly regulated to produce functional proteins from cytoprotective genes. There are
substantial benefits of long-read transcriptome analysis in the identification of tran-
script isoforms and quantification of their expression levels.

Many eukaryote genes have multiple transcript isoforms (19-21). These isoforms are
produced from different TSSs and TTSs or as a consequence of alternative splicing.
These transcriptional or posttranscriptional regulatory mechanisms of gene expression
are able to change the abundance, function, cellular localization, and stability of the
corresponding RNA and protein products. Therefore, differential usages of transcript
isoforms under different conditions, which are often referred to as isoform switching,
seem to have a substantial biological impact (47-49). As a salient example for the
transcript isoform usage responsible for the specialized expression of genes in unique
cells, we have identified the utilization of multiple TSSs of GATAT and GATA2 genes, i.e.,
first exons IT (testis) and IE (erythroid) for the GATAT gene (16) and first exons IS
(specific) and 1G (general) for the GATA2 gene (15). Regulatory elements in the
proximity of these exons are responsible for cell type-specific expression of these genes
(50). Similarly, we hypothesized that there are specific first exons for the expression of
inducible genes that respond to environmental stress. To address this hypothesis, in
this study, we selected the KEAP1-NRF2 system as a model system and examined KEAP1
and NFE2L2 genes along with a number of NRF2 target genes. We identified two first
exons in the KEAPT and NFE2L2 genes and the inducible expression of the KEAPT gene
under electrophilic stimulus. However, the utilization of these distinct transcript iso-
forms does not change during the inducible expression. The other genes examined in
this study unfortunately do not harbor the alternative first exon system, so this
hypothesis remains to be clarified in future studies.

Recent developments in high-throughput technologies, including RNA-Seq, have
accelerated the identification of transcript isoforms annotated in databases. Under this
circumstance, it becomes important to determine the primary transcript isoform ex-
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pressed from the gene in a cell lineage or a condition-specific manner. In this study,
Iso-Seq analysis revealed that cytoprotective genes under NRF2 regulation often ex-
press one or a few dominant isoforms under stable conditions, which remain dominant
under stress conditions. Showing very good agreement, a recent proteome analysis
suggests that a multi-isoform gene expresses only one predominant isoform at the
protein level in a given tissue (51). We surmise that the transcriptional and posttran-
scriptional regulatory mechanisms act to converge the expression of stress-responsive
genes into the expression of proper transcripts that produce functional proteins to
effectively counteract stress conditions.

To our surprise, there are notable discrepancies in the quantification of the tran-
script expression between short-read RNA-Seq and Iso-Seq. There are substantial
differences, even among the algorithms developed for the transcript quantification of
the short-read RNA-Seq. We have used a typical design for short-read RNA-Seq analysis,
in which 76 bp are sequenced from both ends of the libraries, but we surmise that an
analysis using longer reads (e.g., 150 bp) will improve the accuracy of the estimation
(52). We feel that accurate transcript reconstruction and estimation of transcript
abundance remain challenging for short-read RNA-Seq despite the development of
sophisticated algorithms (53). Whereas the long-read transcriptome brings about ac-
curate transcript isoform information, the read counts obtained from the Iso-Seq
experiment are limiting compared to those obtained from the short-read RNA-Seq
experiment, partly because of the sequencing cost. Therefore, hybrid approaches that
use long reads to define the isoforms expressed in the samples and short reads to
obtain enough counts for well-powered differential expression seem to be necessary
for the increase of the long-read analysis throughput and the decreases of its sequenc-
ing cost.

In summary, in this study, we challenged the determination of transcript isoform
usage in electrophilic stress genes regulated by NRF2 using long-read technology. The
results demonstrate that there are strict regulatory mechanisms over transcript isoform
usage in stress-responsive cytoprotective genes to warrant the efficient production of
functional proteins. The study also revealed important benefits of long-read sequenc-
ing in the field of gene expression research.

MATERIALS AND METHODS

Establishment of human LCLs. Three adult male Japanese volunteers, who are the same individuals
asjgla, jg1b, and jg1c reported by Takayama et al. (54), were recruited and participated in this study with
written informed consent. They were self-reportedly healthy without genetic diseases. LCLs were
established from the volunteers and cultured as previously described (55, 56).

Immunoblot analyses. Nuclear lysates for immunoblotting were prepared from LCLs treated with
DEM for 6 h using NE-PER nuclear and cytoplasmic extraction reagents (Thermo Fisher Scientific). The
nuclear lysate was subjected to immunoblotting using anti-NRF2 (57) and anti-lamin B (D4Q4Z) (number
12586S; Cell Signaling Technology) antibodies.

Short-read RNA-Seq library preparation and sequencing. For transcriptome analysis, the LCLs
were treated with 100 wM DEM for 8 h. Total RNA was prepared by using an RNeasy minikit (Qiagen).
Isolation of poly(A)-tailed RNA and library construction were performed using the SureSelect strand-
specific RNA sample preparation kit (Agilent Technologies). The libraries were sequenced using HiSeq
2500 (Illumina) for 76 cycles of paired-end reads, and more than 40 million reads were generated for each
sample.

Short-read RNA-Seq data analysis. The sequence reads were aligned to the human genome
(GRCh38) using STAR (version 2.6.1) (58). Quantification of genes and transcripts annotated in the
GENCODE comprehensive annotation (version 29) was performed using RSEM (version 1.3.1) (45) with
default parameters. The DESeq2 package (version 1.22.2) (59) was used for differential expression
analysis. An adjusted P value cutoff of 0.05 was applied to identify the differentially expressed genes. For
comparison analyses, StringTie (version 2.1.1) (43), Kallisto (version 0.46.1) (42), and Salmon (version 1.2.1)
(44) were used to quantify expression levels with default parameters. Gene set analysis was conducted
using GSEA software (60, 61). The gene set of NFE2L2.V2 (M2870) was downloaded from the Molecular
Signatures Database (MSigDB; https://www.gsea-msigdb.org/gsea/msigdb/cards/NFE2L2.V2).

PacBio Iso-Seq library preparation and sequencing. The same RNA aliquots prepared for short-
read RNA-Seq analysis were subjected to library preparation for Iso-Seq analysis. The Iso-Seq library was
prepared according to the Iso-Seq protocol using the Clontech SMARTer PCR cDNA synthesis kit and the
BluePippin size selection system protocol as described by PacBio. Briefly, 2 ug of total RNA was used for
input into the Clontech SMARTer reaction. Amplification of cDNA was performed using the KAPA HiFi
HotStart ReadyMix PCR kit (KAPA Biosystems). The amplicons were then size selected using BluePippin
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(Sage Science) with the following bins for each sample: 1 to 2 kb, 2 to 3 kb, 3 to 6 kb, and 5 to 10 kb. After
size selection, large-scale PCR was performed using the eluted DNA from the previous step to generate
more double-stranded ¢cDNA for SMRTbell library construction. The amplified and size-selected cDNA
products were subjected to SMRTbell template libraries according to the Iso-Seq protocol. The libraries
were prepared for sequencing by annealing a sequencing primer and binding polymerase to the
primer-annealed template. Each library was sequenced independently using 234 SMRT cells of a PacBio
RSII system.

Iso-Seq data analysis. We used the SMRT Link 6.0.0 software provided by PacBio to obtain the CCS
reads from Iso-Seq raw reads. Next, we determined full-length transcripts using the poly(A) tail and 5'/3'
primer information from the c¢cDNA kit and provided them for downstream analysis. To improve the
accuracy of the CCS reads, we performed error correction using LoRDEC (33). The corrected full-length
transcripts were mapped to the human reference genome (GRCh38) using minimap2 (version 2.7-654)
with “-ax splice -uf -secondary=no -C5 -06,24 -B4” options by following the manufacturer’s recommen-
dations. By following the ENCODE guidelines, we then performed reference-based error correction using
TranscriptClean software (35) and the quantification of transcripts in the GENCODE comprehensive
annotation (version 29) using the TALON (version 5.0) pipeline (36). For transcript-level quantification,
post-TALON filtering was performed to remove novel transcripts that were not reproducibly detected
across biological replicates.

Protein structure analysis. Structural analyses of NQO1 were performed by using PDB (62) entry
ID4A (chain A). Isoform sequences were taken from UniProt (NQO1_HUMAN, full-length, P15559;
isoform-2, P15559-2; and isoform-3, P15559-3) (63), and missing regions were identified. Visualization was
performed by using jV (64). The missing region in isoform-2 (139-172 in ID4A) and that in isoform-3
(101-138 in ID4A) are colored green and purple, respectively.

RT-qPCR analysis. RNA was reverse transcribed with a SuperScript VILO cDNA synthesis kit (Thermo
Fisher Scientific). RT-gPCR analysis for the detection of NQO1 isoforms was performed using a sense
primer (GCC GCA GAC CTT GTG ATA TT) in exon 3 and an antisense primer (GAA GCC ACA GAA ATG CAG
AA) in exon 6. A TapeStation gel electrophoresis system (Agilent Technologies) was used for the
measurement of amplicon size and quantification of their molarity.

Data availability. The transcriptome data are available at the jMorp website: https://jmorp
.megabank.tohoku.ac.jp. The raw sequence data are available upon request after approval of the Ethical
Committee and the Materials and Information Distribution Review Committee of Tohoku Medical
Megabank Organization.
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