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and interpretable deep learning model
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SUMMARY

Alternative splicing is crucial for a wide range of biological processes. However,
limited by the availability of reference genomes, genome-wide patterns of alter-
native splicing remain unknown in most nonmodel organisms. We present an
attention-based convolutional neural network model, DeepASmRNA, for predict-
ing alternative splicing events using only transcriptomic data. DeepASmRNA con-
sists of two parts: identification of alternatively spliced transcripts and classifica-
tion of alternative splicing events, which outperformed the state-of-the-art
method, AStrap, and other deep learning models. Then, we utilize transfer
learning to increase the performance in species with limited training data and
use an interpretation method to decipher splicing codes. Finally, applying Ambor-
ella, DeepASmRNA can identify more AS events than AStrap while maintaining
the same level of precision, suggesting that DeepASmRNA has superior sensi-
tivity to identify alternative splicing events. In summary, DeepASmRNA is scal-
able and interpretable for detecting genome-wide patterns of alternative
splicing in species without a reference genome.

INTRODUCTION

Alternative splicing (AS), generating multiple isoforms from a single gene (Lee and Rio, 2015), has a crucial
role in increasing the biological complexity and diversity of the transcriptome and the encoded proteome
(Barash et al., 2010). AS is involved in many biological processes, including development, growth, and
stress responses (Staiger and Brown, 2013). It also amplifies evolutionary differences between vertebrates
(Gueroussov et al., 2015), and mistakes in splicing may be associated with various diseases, such as cancers
(Cherry and Lynch, 2020; Oka et al., 2021; Xiong et al., 2015).

RNA sequencing (RNA-Seq) (Wang et al., 2009) and single-molecule real-time (SMRT) long-read isoform
sequencing (Iso-Seq) (Sharon et al., 2013) have greatly extended our knowledge of AS at the genome-
wide scale. To date, most genome-wide AS detection methods are based on a reference genome, such
as SUPPA2 (Trincado et al., 2018) and AStool (Qi et al., 2022). Applying these methods, researchers found
that AS is ubiquitous and tissue specific in eukaryotes (Chen and Manley, 2009; Marquez et al., 2012; Pan
etal., 2008; Thatcher et al., 2014; Wang et al., 2008). These studies significantly expanded knowledge of AS
in model organisms with a reference genome, and multiple databases of AS events have been set up (Sun
etal., 2020). However, itis challenging to detect AS events when a reference genome is not available, which 'MOE Key Laboratory for
limits our understanding of AS in nonmodel organisms lacking a reference genome. Eg?g;g%igiﬁeﬁigdand
Beijing Key Laboratory of
To explore AS in species without a reference genome, several algorithms have been designed for detecting SAZTSCEEOS:VZZ”dmem
AS at the genome-wide scale. The pattern of AS transcripts is that these transcripts share common coding College of Life Scﬁsnces:
regions but differ in the alternatively spliced regions. Thus, Liu et al. (2017) utilized the insertions and de- Beijing Normal University,
letions (indels) flanking perfectly aligned regions from all-versus-all BLAST to identify AS transcripts from Beijing 100875, China
transcriptomic data without a reference genome. IsoSplitter used SIM4 (Florea et al., 1998) to align the se- ?Lead contact

quences and identify AS transcripts from the transcriptome (Wang et al., 2021). However, the sensitivities of
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of AS events using a machine learning framework. However, the recall of AStrap was only 34.50% (553/1603) https://doi.org/10.1016/} isci.
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Compared with classical machine learning, deep learning eliminates the requirement of manual feature en-
gineering by automatically extracting useful information from sequences (Eraslan et al., 2019). Importantly,
deep neural networks can discover a hierarchy of vectors to dramatically improve prediction accuracy
(Minar and Naher, 2018). Therefore, various applications of deep learning have been reported in genomics
(Eraslan et al., 2019). For example, a sequence-based deep learning model was used to predict the RNA
splicing branchpoint (Paggi and Bejerano, 2018). Splice junctions were also accurately predicted from pri-
mary pre-mRNA sequences by deep learning (Jaganathan et al., 2019). Despite the success of deep
learning in genomics, previous studies have not used deep learning to classify the types of AS events
from transcriptomic data.

Here, we introduce an approach called DeepASmRNA to identify AS transcripts and classify AS events from
isoform-level transcriptomic data without a reference genome. Our method outperformed the state-of-the-
art methods in both AS transcript detection and AS event classification. In addition, our method is interpret-
able and makes use of transfer learning to improve AS event prediction in species with limited training data.

RESULTS

A framework for reference-free prediction of AS events

To explore AS in species without a reference genome, we proposed DeepASmRNA to predict AS from only full-
length transcripts. DeepASmRNA only takes transcript sequences as input and is composed of two parts (Fig-
ure 1). For the first part, we used the results of all-versus-all BLASTN (Altschul et al., 1990) for recognition of AS
patterns for identifying alternatively spliced transcripts. For the second part, we used an attention-based CNN
model to classify four basic types of AS: exon skipping (ES), alternative acceptor site (AA), alternative donor site
(AD), and intron retention (IR). Therefore, DeepASmRNA outputs AS transcript pairs and the corresponding
probabilities of ES, AA, AD, and IR for each AS event of a transcript pair. As the sum of four probabilities is
one, the final prediction is the AS type with the maximum probability. To assess DeepASmRNA, we trained
three models for human, Arabidopsis thaliana, and rice. Moreover, to apply our model to other nonmodel spe-
cies with limited training data, we provided a transfer learning method based on our pretrained model.

Accurate identification of alternatively spliced transcripts from transcriptomes

To verify the flexibility of DeepASmRNA in different species, the transcripts of human, A. thaliana, and rice,
respectively, were used as the input of DeepASmRNA. To obtain the transcripts and the labeled AS events
of the three species, we downloaded the full-length transcripts and gene annotation files of human
(GRCh38.p13, v37) (Frankish et al., 2021), Arabidopsis thaliana (Araport11) (Cheng et al., 2017; Arabidopsis
Genome Initiative et al., 2000), and rice (MSU7) (Kawahara et al., 2013) (Table S1). Then, 159,505; 48,358; and
66,338 transcripts were obtained for human, Arabidopsis thaliana, and rice, respectively. Next, SUPPA2 (Trin-
cado etal., 2018) guided by gene structures was applied to obtain AS events and AS transcript pairs. For human,
79,320 AS events, including 40,055 ES, 16,727 AA, 15,209 AD, and 7,329 IR, were identified in 232,908 AS tran-
script pairs; for Arabidopsis thaliana, 14,415 AS events, including 1,051 ES, 4,211 AA, 3,161 AD, and 5,992 IR,
were identified in 24,964 transcript pairs; and for rice, 7,542 AS events, including 788 ES, 2,472 AA, 1,336 AD,
and 2,946 IR, were identified in 10,389 transcript pairs. These datasets were used as labeled data (Table 1).

Applying the first part of DeepASmRNA, the identification of alternatively spliced transcripts (see method
details), we predicted 204,910; 21,747; and 8,873 AS transcript pairs for human, Arabidopsis thaliana, and
rice, respectively (Table S2). Using the AS transcript pairs obtained by SUPPA2 (Table 1) as the ground truth,
we found that the precisions of DeepASmRNA were 91.30% (187,083/204,910), 94.70% (20,595/21,747), and
93.19% (8,269/8,873) in human, Arabidopsis thaliana, and rice, respectively, whereas the recalls were
80.32% (187,083/232,908), 82.50% (20,595/24,964), and 79.59% (8,269/10,389) (Figure 2 and Table S2).
Moreover, we examined existing mRNAs from the gene locus to verify the AS events, and the accuracies
were 98.33%, 99.63%, and 99.23% in human, Arabidopsis thaliana, and rice, respectively. In addition, we
compared the performance of DeepASmRNA with those of AStrap and IsoSplitter by applying them to
the same datasets. The results (Figure 2) suggest that the recalls of DeepASmRNA are significantly higher
than those of AStrap and IsoSplitter, whereas precision remains comparable.

A highly accurate landscape of AS classification

Applying the first part of DeepASmRNA, the identification of alternatively spliced transcripts from tran-
scriptomes, we can obtain all the AS events of each AS transcript pair. To further predict whether an AS
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Figure 1. The workflow of DeepASmRNA

DeepASmRNA is composed of two parts: identification of alternatively spliced transcripts and classification of AS events.
For identification, identifying AS patterns was based on the results of all-versus-all alignment transcripts obtained by
BLASTN. For classification, an attention-based CNN model was used to classify the AS events into 4 types. HSP: high-
scoring segment pairs in BLAST, which indicated constitutive region. Indels: insertion and deletion, which indicated the
alternative region.

eventis ES, AA, AD, or IR between the AS transcript pair without a reference genome, in the second part of
DeepASmRNA, we further constructed an attention-based CNN classification model (Yin et al., 2015), using
only the mRNA transcript sequences as input (Figure 3). The one-hot encoding of transcript sequences
from four fragments was put into the model (see method details) (Figure 3A). Then, high-level sequence
information was extracted by two attention-based CNN layers followed by a global CNN layer. Finally,
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Table 1. Labeled datasets obtained by SUPPA2

Features Human Arabidopsis thaliana Rice
ES 40,055 1,051 788
AA 16,727 4,211 2,472
AD 15,209 3,161 1,336
IR 7,329 5,992 2,946
Total AS events 79,320 14,415 7,542
AS transcript pairs 232,908 24,964 10,389

the model mapped learned key information to final outputs (i.e., ES, AA, AD, or IR) using two fully con-
nected layers (Figure 3B). The model outputs the probabilities of ES, AA, AD, and IR for each AS event.
The sum over all four AS types of each AS event was always one, thus, the max probability was taken as
the final prediction. In contrast to the previous machine learning method, AStrap, which requires manual
feature engineering, our CNN automatically learns predictive key information from raw transcript se-
quences. In addition, our method utilizes a self-attention mechanism to learn long-range interactions be-
tween vectors and perform word sense disambiguation (Tang et al., 2018).

Our model was trained on the three labeled datasets from human, Arabidopsis thaliana, and rice, which were
obtained from SUPPA2. To examine whether the length of the input sequence impacts the accuracy of our
model, we compared the performance of models trained on N bp (N ranges from 10 to 60, steps by 10). As
shown in Figure 4A, with the increase in input sequence length, the accuracy of the model increases gradually,
suggesting that a long sequence context can capture more information than a shorter context. However, as the
length reached 50 bp, the accuracy tended to be stable (Table S3). Based on the accuracies of different input
lengths, we chose DeepASmRNA-50bp as the final model (Table 2). In addition, the area under the curve (AUC)
of our method was consistently higher than 0.97 in each dataset (Figures 4B, S1A, and S1B), highlighting that
our model has a strong ability to distinguish between the positive and negative datasets in a variety of species.

Because AStrap, a machine learning method based on hand-crafted features (Ji et al., 2019), is the only
method performing the classification of AS events, we only compared the performance of our models
with those of AStrap. Without the model of Arabidopsis thaliana in AStrap, we only compared the human
and rice models. We used two datasets to compare our models with those of AStrap. First, we tested
DeepASmRNA based on AStrap’s dataset. DeepASmRNA outperformed AStrap in both human and rice
(87.8% versus 86.5% and 91.2% versus 88.3%, respectively) (Figure 4C and Table S4). Second, we tested AS-
trap based on our dataset. Similar performance was observed in rice (90.02% versus 90.11%), whereas sig-
nificant improvement was observed in human (88.49% versus 81.44%), indicating that an attention-based
CNN model is more effective than machine learning for AS event classification without a reference
genome.

Comparison with other deep learning models

We also compared the performance of our model with those of other widely used deep learning models,
including LeNet (Lecun et al., 1998), ResNet (Kaiming et al., 2016), and LSTM (Greff et al., 2017). We used
the same training, validation, and test sets for these models.

As shown in Figure 4D, the accuracy of our model was 88.49% in human, which was the highest among the
four models. The accuracies of DeepASmRNA were 90.73% and 90.02% in Arabidopsis thaliana and rice,
respectively, which were also higher than those of other deep learning models (Table S5). These findings
show that DeepASmRNA generally outperformed the other deep learning models regarding the three
metrics (accuracy, precision, and recall) when using similar hyperparameter settings. These results suggest
that deep learning models, especially our proposed method, are powerful in the classification of AS events.

Transfer learning further improves the performance of DeepASmRNA

In the previous section, we demonstrated the high performance of DeepASmRNA in three model organ-
isms, human, Arabidopsis thaliana, and rice. Here, we explored how to apply our model to other non-
model species with limited training data. To this end, an increase in the generalizability of the model
is needed, i.e., DeepASmRNA must be able to be applied efficiently to unseen data from other species.
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Figure 2. Performance of DeepASmRNA in the identification of AS transcript pairs in human, Arabidopsis
thaliana, and rice

(A) Precision.

(B) Recall. The x axis presents species, and the y axis shows the value of precision or recall. See also Table S2.

Transfer learning, which attempts to transfer the knowledge from related tasks to a target task when the
latter has little or no labeled training data (Sinno Jialin and Qiang, 2010), can solve the task by training a
base model (pretrained model), copying its first n layers to the first n layers of a target model (Yosinski
et al., 2014), and training the remaining layers of the target model on a small number of labeled data for
the target task.

We used the datasets and models of the three species to verify the transfer learning effects of our models.
We first used Arabidopsis thaliana and rice to verify the efficacy of transfer learning between relatively
close species. When we tested the Arabidopsis thaliana model on the rice dataset, the overall accuracy of
the model reached 89.67%, and after fine-tuning learning, the accuracy of the model was increased to
90.44% (Table S6). When the rice model was applied to the Arabidopsis thaliana dataset, the accuracy of
the model reached 88.50%; after fine-tuning learning, the accuracy of the model increased to
88.69% (Table S6). The results suggest that in relatively closely related species such as rice and Arabidopsis
thaliana, a model without fine-tuning learning has achieved good performance, in which fine-tuning plays a
small role.

For distantly related species for transfer learning, such as human and Arabidopsis thaliana, when we
transferred the Arabidopsis thaliana dataset to the human model, the overall accuracy of the model
was 72.13% (Table Sé). After fine-tuning learning, the accuracy of the model reached 84.96%, significantly
improving the performance of the model. Thus, fine-tuning learning may be critical for the application of
our model to distant species. However, when the Arabidopsis thaliana model was applied to the human
dataset, the accuracy was only 66.50%, and it moderately increased to 66.82% after transfer learning or
fine-tuning. This might be because human AS events are more complex, and key sequence information in
human is absent in Arabidopsis thaliana. According to the above performance, we suggested using our
model directly without fine-tuning when applying it to relatively close species. However, when applying it
to distantly related species, we suggest utilizing fine-tuning to achieve better performance based on a
human model whose AS event is more complex.

Interpretation of DeepASmRNA

Because we directly used exon sequences as model inputs, we sought to examine key information the model
learned to predict each type of AS event. We chose human and Arabidopsis thaliana as representatives of an-
imals and plants, respectively. In the model for each species, we selected the top ten samples with the smallest
prediction loss in each type of AS event, which may best represent key information learned by the model. To
search for the key information in the DNA sequence, we masked different parts of the sequence to observe the
change in the loss function. The larger the change is, the more important the masked part is. Specifically, we
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¢? CellPress

OPEN ACCESS

A
[alelelr]. [afci]e]r].[cef[alr].[a[e][i]c]c].[afc]c]T]
A 1 ojofo 1 ojofofo ojof1|o 1 ojofofo 1 ojofo
T ojofo]1 ojofojof1 ojofo}|1 oJofoJofoO ojofo]1
— C ojof|1 0 oj1(0fo0]o0 1 ojofo ojofofjo]1 ol]1 1l 0
G 0o]1 0o|o0 ojofofl1]o0 oj1]0]o0 oJ1|o0o|1]|o0 ojofoj]o
| ojofo]o oJof1]o0foO ojofo]o oJof1]o0|oO ojofo]o
u F J J
Y b4 Y Y
N bp N bp N bp N bp
B Cc
Transfer Learning
Trainable Layers
s
i § 2 § HEEIRE 3
2 Z 3 £ HAEHRE £
2 2 o 2 ) c 3] S
& b b < 7181712 g
2 < % o 2] [ >
L [ @ 3 3
L = L = 3 w w target dataset
(U]

=

Figure 3. The workflow of the attention-based convolutional neural network for the classification of alternative
splicing events

(A) One-hot encoding of the mRNA transcript sequence, taking intron retained events as an example. The blue parts on
the sequence represent constitutive regions, and the gray parts represent alternatively spliced regions. The yellow parts
are the sequence we selected to encode the AS event.

(B) The architecture of the attention-CNN model.

(C) Transfer learning workflow.

used a sliding window with a window size of 12 bp and a step size of 1 bp to mask transcript sequences, where
the window size matched the kernel size of the first convolution layer. We changed all the one-hot encoding to
either 0 or 1in a window; thus, we generated a series of values along the input sequence, in which each value
represented the change in loss function after masking a sliding window. Similar patterns were observed for the
human and Arabidopsis thaliana models (Figures 5A and 5B). Specifically, the loss value significantly increased
near 50 bp and 150 bp, which are proximal to exon junctions. For AD events, in both O-masked and 1-masked
data, models focused more on the former exon junctions, whereas the AA events focused on the later exon
junctions. For ES and IR events, both exon junctions were the focus. Interestingly, there is a difference between
the Arabidopsis thaliana and human data in ES and IR, implying the two species may have focused on different
positions. To further explore which positions and which bases are critical for distinguishing different types of
AS events, a more precise mask of each base type at each position was carried out, and TF-MoDISco (Shriku-
mar et al., 2018) was used to determine the pattern of sequence based on the importance score of the precise
mask. Unfortunately, we did not find out any patterns in the sequences. However, using the visualization tools
in TF-MoDISco, we visualized the mean importance score of the top 10 sequences with the lowest loss in each
type of AS event. The ‘GT'-like pattern after the AD event donor and 'AG’-like pattern before the acceptor
were highlighted in the 0-mask approach (Figure S2), which is consistent with the sequence patterns around
splice sites for four types visualized by sequence logo (Omar, 2017) (Figure S3). In addition, compared with
AStrap, our interpretation can not only find that the pattern has a positive contribution to a specific type of
AS but also determine some patterns that significantly reject a certain type of AS. For example, the donor
of AD should not be ‘CG’ or ‘AG’ in Arabidopsis thaliana.

Implementation of DeepASmRNA model in the Iso-Seq data from Amborella

To observe the robustness of our method, we used Iso-Seq data (Sharon et al., 2013) from Amborella to identify
AS transcripts and classify AS events (Amborella Genome Project et al., 2013). Overall, we obtained 8,918 full-
length transcripts (Table S7). Next, considering the high errors of Iso-Seq, we used the same parameters as
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Figure 4. Performance of DeepASmRNA in AS classification

(A) The accuracy of training on different input lengths. The line plot illustrates the accuracy of DeepASmRNA with the different input segment lengths.
(B) The receiver operating characteristic (ROC) curves of DeepASmRNA in human. AUCs are listed at the bottom right of each subplot. Solid lines of different
colors represent four types of AS events, whereas dotted lines represent micro- and macro-average ROC curves. Micro-average regards each instance
equally, whereas macro-average considers each class equally.

(C) The accuracy compared with AStrap. The x axis shows the different datasets, which consist of two species from two dataset sources. Human_AStrap:
human from AStrap’s dataset; Rice_AStrap: rice from AStrap’s dataset; Human_DeepASmRNA: human from DeepASmRNA's dataset; Rice_DeepASmRNA:
rice from DeepASmRNA's dataset. The different colors represent the different models. Blue represents the performance of AStrap, whereas orange
represents DeepASmRNA.

(D) The accuracy compared with the other deep learning model; each color represents a model. See also Figure S1 and Tables S3-S5.
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Table 2. Performance of DeepASmRNA-50bp in AS classification

Metrics Human Arabidopsis thaliana Rice
Overall Accuracy (%) 88.49 90.73 90.02
ES Precision (%) 90.61 91.99 88.22
Recall (%) 90.52 87.68 88.48
F1-score 0.91 0.90 0.88
AUPRC 0.97 0.96 0.96
AA Precision (%) 83.93 90.99 93.07
Recall (%) 83.01 91.31 88.07
F1-score 0.83 0.91 0.91
AUPRC 0.91 0.97 0.97
AD Precision (%) 85.45 92.16 90.70
Recall (%) 87.29 82.53 78.00
F1-score 0.86 0.87 0.84
AUPRC 0.94 0.94 0.91
IR Precision (%) 91.16 89.53 88.50
Recall (%) 90.54 95.79 97.63
F1-score 0.91 0.93 0.93
AUPRC 0.97 0.96 0.97

rice except for 90% identity for each high-scoring segment pair (HSP) when identifying alternatively spliced tran-
scripts, which resulted in 1,676 identified transcript pairs. Then, we extracted the sequences involved in AS
events and encoded them into one-hot coding. Finally, we inputted them into the rice-based DeepASmRNA
model because rice is the most closely related species of Amborella among the three species with trained
models. In all, we obtained 3,058 AS events classified into 372 ES, 1,014 AA, 484 AD, and 1,188 IR (Table S8).

To observe the performance of our method in Amborella, we assessed our results at two levels: alterna-
tively spliced transcripts and AS events. PASA (Campbell et al., 2006) was applied to obtain the evaluation
set of AS events. Overall, PASA generated 1,973 alternatively spliced transcript pairs and 3,312 AS events,
including 325 ES, 1,236 AA, 444 AD, and 1,307 IR (Table S8).

To compare our model with AStrap, the 8,918 full-length transcripts were also used as inputs to apply AS-
trap based on the rice model with default parameters. A total of 760 AS events, including 139 ES, 66 AA, 90
AD, and 465 IR events in 688 transcript pairs were detected by AStrap (Table S8).

The performance of DeepASmRNA and AStrap in Amborellais compared attwo levels. At the transcript-pair
level, in the 1,676 transcript pairs identified by DeepASmRNA, 1,577 pairs overlapped with the results of
PASA, suggesting that the precision of the identification of alternatively spliced transcripts was 94.09%
and the recall was 79.92%. For AStrap, the precision was 98.17%, whereas the recall was 34.21%. At the
AS event level, in the transcript pairs shared by PASA, we predicted 2,813 AS events in which 2,628 AS events
were the same as the results of PASA, suggesting that the precision was 91.01% (2,613/2,871), which was
higher than that of AStrap (87.67% = 654/746).

Combining the results of AS transcript identification and AS event classification, the precision of our
method reached 85.74% (Figure 6), which is similar to the 86.05% precision of AStrap (Ji et al., 2019),
whereas the recall of our method was higher than that of AStrap (79.17% versus 22.95%), suggesting
that our model can identify significantly more AS events while maintaining the accuracy. We observed
that DeepASmRNA could find four types of events, and the proportions of the four types were similar to
those of the four types in PASA, whereas AStrap only found more IR events and only small amounts of
the other three types (ES, AA, and AD) (Figure S4 and Table S9). The Venn diagram and confusion matrix
of prediction results from DeepASmRNA and AStrap are shown in Figure S4 and Table S9. In the first part,
AStrap used GMAP for sequence alignment. GMAP is a program for aligning cDNA sequences to a
genome by searching for GT and AG pairs in the 5 and-3’ end surrounding the intron (Wu and Watanabe,
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Figure 5. Visualization of the mRNA transcript sequence interpreting DeepASmRNA

The results on the left are from the human model, whereas the results on the right are from Arabidopsis thaliana.

(A) Cross entropy loss values of DNA sequences using 0 masked windows.

(B) Cross entropy loss values of DNA sequences using 1 masked window. The y axis indicates the top ten sequences with the smallest prediction loss in each
class of AS events. The x axes represent the start position of the masked window, and the brightness levels show the loss values. See also Figures S2 and S3.

2005). Only the IR event contains GT-AG at both ends. On contrary, for most of the ES, AA, and AD events,
there is no complete intron and thus no GT-AG boundary (Figure S3). Therefore, many ES, AA, and AD
events were missed by AStrap.

We also compared the runtime and memory among DeepASmRNA, AStrap, and IsoSplitter, using the full-
length transcripts of Amborella. Lacking the AS classification of AS events in IsoSplitter, we only listed its
runtime and memory in the identification of AS transcript pairs. As shown in Table 3, both runtime and the
memory of DeepASmRNA outperformed than AStrap and IsoSplitter.

DISCUSSION

Inthe current study, we developed DeepASmRNA, a computational approach to identify AS transcripts and
classify AS events from an isoform-level transcriptome without a reference genome. Our method outper-
formed the state-of-the-art method, AStrap, in both AS transcript identification and AS event classification.

iScience 25, 105345, November 18, 2022 9
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Figure 6. The distribution of each type of AS event in Amborella

(A) Precisions of AS events predicted by DeepASmRNA and AStrap. Overlapping: the AS events identified by DeepASmRNA
or AStrap are also in PASA; nonoverlapping: the AS events identified by DeepASmRNA or AStrap are not in PASA.

(B) Recalls of AS events predicted by DeepASmRNA and AStrap. Overlapping: the AS events identified by DeepASmRNA
or AStrap are also in PASA; nonoverlapping: the AS events are included in PASA but are not identified by DeepASmRNA
or AStrap. See also Table S8.

In the identification of AS transcripts, we found that the precisions of our method were 91.30%, 94.70%, and
93.19% for human, Arabidopsis thaliana, and rice, respectively, higher than those of AStrap. In the classi-
fication of AS events, the overall accuracies of our method for human, Arabidopsis thaliana, and rice were
88.49%, 90.73%, and 90.02%, respectively, which are higher than those of AStrap and other deep learning
models. In addition, DeepASmRNA could utilize transfer learning to improve its performance in nonmodel
organisms and was interpretable. Applying DeepASmRNA to Iso-Seq data from Amborella, the perfor-
mance of our method was also better than that of AStrap.

The main factor affecting the identification precision of alternatively spliced transcripts is the ability to
distinguish between alternatively spliced transcripts and paralogous transcripts. In general, variants result-
ing from AS are indels, whereas variants resulting from gene duplication are indels and single nucleotide
variants. In this study, a variety of parameters were designed to capture the differences between tran-
scripts, but limited by the local alignment of BLASTN, the global difference between two transcripts
may not be fully illuminated. In particular, the uncertainty of the boundaries of HSPs may affect the extrac-
tion of AS regions, which may reduce the accuracy of the classification of AS events to a certain degree. It is
tempting to address these problems in future studies.

In AS event classification, due to the extreme imbalance of the classes of AS in labeled data, the training
may decrease the performance of rare classes to improve the overall performance of DeepASmRNA. How-
ever, because DeepASmRNA inputs are exon sequences, we cannot use the oversampling method to bal-
ance data. Inspired by the image data augmentation method (Cao and Zhang, 2019), we use the reverse
complement (RC) augmentation trick as they did in DNA sequence, which adds the reverse complementary
strand of the least common class to mitigate label imbalance. We augmented the ES class in Arabidopsis
thaliana and rice as well as IR in the human dataset. For ES and IR events, such data augmentation is bio-
logically logical; that is, these events are expected to occur in both the original sequence and its reverse

Table 3. Runtime and memory comparison between DeepASmRNA, AStrap, and IsoSplitter in Amborella

Methods Parts Runtime Memory
DeepASmRNA Identification 32s 282 M
Classification 9s 378 M
AStrap Identification 3min16s 460 M
Classification 31s 1240 M
IsoSplitter Identification 67 minuts 2662 M
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complement. Furthermore, we augmented and balanced the dataset after it was divided into training, vali-
dation, and test sets to avoid data leakage. After data augmentation, although the overall performance of
DeepASmRNA did not improve much, DeepASmRNA has a significantly better power to predict the
augmentation class (Table S10). For example, in Arabidopsis thaliana, before data augmentation, the pre-
cision and recall of ES events were only 83.33% and 71.82%, respectively, whereas after data augmentation,
they were 91.99% and 87.68%, respectively. As the performance of the augmented class was enhanced and
the performance of the remaining classes remained constant, our data augmentation strategy might be a
solution for dealing with the unbalanced labels in AS classification.

Using the masked input methods, we explored what useful information has been learned from mRNA tran-
script sequences. We observed that DeepASmRNA has learned different sequences of useful information
for different AS event classes, and this key information is in line with domain knowledge in biology. The
interpretability of DeepASmRNA shows that deep learning is not merely a black box.

The rapid increase in the number of sequenced transcriptomes without reference genomes has empow-
ered the investigation of AS events in nonmodel organisms. Here, we present DeepASmRNA, an
accurate, scalable, and biologically interpretable tool for predicting AS events using the transcriptome
alone, which is a step toward investigating AS genome-wide in species without a reference genome.
We expect that DeepASmRNA will greatly empower the studies of alternative splicing in nonmodel
species.

Limitations of the study

We note that DeepASmMRNA still has some limitations. First, DeepASmRNA can only classify the 4 basic
classes of AS events considered in this study. Second, the performance of DeepASmRNA depends heavily
on accurately identifying exon boundaries. Because BLAST may not be able to accurately identify exon
boundaries, we used Chambon’s (GU-AG) rule to adjust exon boundaries in HSPs. In the future, we will
explore novel methods to improve the identification of exon boundaries.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Deposited data

transcripts and structural annotations of human

transcripts of Arabidopsis thaliana

structural annotations of Arabidopsis thaliana
transcripts and structural annotations of rice
Iso-Seq data of Amborella

genome sequence of Amborella

AStrap transcripts dataset

Frankish et al. (2021)

Arabidopsis Genome
Initiative et al. (2000)

Cheng et al. (2017)
Kawahara et al. (2013)
Sharon et al. (2013)

Amborella Genome
Project et al. (2013)

Jietal. (2019)

https://www.gencodegenes.org/human/release_37.html

https://bar.utoronto.ca/thalemine/dataCategories.do

https://bar.utoronto.ca/thalemine/dataCategories.do
http://rice.uga.edu/downloads_gad.shtml
https://www.ncbi.nlm.nih.gov/bioproject/PRINA374048

https://www.ncbi.nlm.nih.gov/genome/
12031?genome_assembly_id=225336

https://github.com/BMILAB/AStrap

Software and algorithms

PacBio’s SMRT analysis Liu et al. (2017) https://www.pacb.com/products-and-services/
analytical-software/smrt-analysis/

BLASTN Altschul et al. (1990) https://blast.ncbi.nlm.nih.gov/Blast.cgi

SUPPA2 Trincado et al. (2018) https://github.com/comprna/SUPPA

PASA Campbell et al. (2006) https://github.com/PASApipeline/PASApipeline

Python Python Software Foundation https://www.python.org

Tensorflow Abadi et al. (2016) https://tensorflow.google.cn

AStrap Jietal. (2019) https://github.com/BMILAB/AStrap

Isosplitter Wang et al. (2021) https://github.com/Hengfu-Yin/IsoSplitter

DeepASmRNA This study https://github.com/CMB-BNU/DeepASmRNA
or http://cmb.bnu.edu.cn/DeepASmRNA/index.php/download

RESOURCE AVAILABILITY

Lead contact

Further information and requests should be directed to the Lead Contact, Dr. Erli Pang (pangerli@bnu.edu.

cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

e All original code has been deposited at https://github.com/CMB-BNU/DeepASmRNA or http://cmb.
bnu.edu.cn/DeepASmRNA/index.php/download and is publicly available as the data of publication.

® All processed data to reproduct the results in DeepASmRNA has been deposited at https://data.
mendeley.com/datasets/r5ccsé67jhd/draft?a=03c273e2-55b6-44d6-8557-29777a2a1bb.

® Any additional required to reanalyze the data report in this paper is available from the lead contact upon

request.

METHOD DETAILS

Overview

To detect AS from full-length transcripts without a reference genome, we developed DeepASmRNA
including the identification of alternatively spliced transcripts by alignments between two transcripts
and the classification of AS events from primary transcript sequences by an attention-based CNN model
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(Figure 1). For the identification of alternatively spliced transcripts, there are two steps needed: sequence
alignment and recognition of AS patterns. For the classification of AS events, two steps are also needed: AS
flanking sequence encoding and deep learning model training. The four basic types of AS events are
included in our model: ES, AA, AD, and IR.

Data preparation

To train and verify DeepASmRNA, full-length transcripts and structural annotations of the three well-anno-
tated species including human (GRCh38.p13, v37) (Frankish et al., 2021), Arabidopsis thaliana (Araport11)
(Chengetal., 2017; Arabidopsis Genome Initiative et al., 2000), and rice (MSU7) (Kawahara et al., 2013) were
downloaded from GENECODE (https://www.gencodegenes.org/), Araport (https://www.araport.org/),
and the Rice Genome Annotation Project website (http://rice.plantbiology.msu.edu/), respectively
(Table S1). Additionally, the Iso-Seq data (Sharon et al.,, 2013) from Amborella obtained by Pacific
BioSciences (PacBio) single-molecule real-time (SMRT) Iso-Seq and the genome sequence (AMTR1.0) of
Amborella (Amborella Genome Project et al., 2013) were downloaded from NCBI (https://www.ncbi.nlm.
nih.gov/, accession: PRINA374048), including three samples from leaves and three samples from flowers.
Full-length transcripts of Amborella were detected by PacBio SMRT analysis (https://www.pacb.com/
support/software-downloads/) with default parameters (Table S7). To compare with AStrap (Ji et al.,
2019), we also obtained the datasets used in AStrap.

Identification of alternatively spliced transcripts

To detect potentially alternatively spliced transcripts, we first performed all-versus-all alignments between
full-length transcripts using BLASTN (v2.10.1) (Altschul et al., 1990) with the arguments “-evalue 1E-10" and
"-ungapped”. The transcript pairs with more than 70% reciprocal overlap and all HSP identities greater
than 99% were retained for downstream analysis. The criteria were chosen by the grid search approach
(Table S11). The transcript pairs were considered alternatively spliced transcripts, and only the HSPs and
indels simultaneously met the following criteria: 1) the number of HSPs was more than one, 2) the number
of mismatched bases in all HSPs was less than 3, and 3) the length of indels between two adjacent HSPs
used a different strategy; for human data, it was longer than 1 and simultaneously shorter than 2000 bp,
and for Arabidopsis thaliana and rice data, it was longer than 1 and simultaneously shorter than 400 bp,
based on the distribution of lengths of introns in the respective species.

Evaluation of alternatively spliced transcripts

To verify the performance of detecting alternatively spliced transcripts, four basic types of AS events of hu-
man, Arabidopsis thaliana, and rice were obtained by SUPPA2 with the default parameters (Trincado et al.,
2018) guided by their structural annotation of the genome. Meanwhile, we examined existing mRNAs from
the gene locus to verify the AS events. For Amborella, the AS events were obtained by ALT_SPLICE function
in PASA (Campbell et al., 2006) with default parameters. A pair of transcripts were considered alternatively
spliced transcripts if there was an AS event between them. The alternatively spliced transcripts obtained by
SUPPA2 and PASA were considered positive datasets. Our prediction was compared with the ground truth.
The precision and recall were measured by the following formulas.

Precision = L
= (TP+FP)

TP
Reca” = m

where TP is true positive, FP is false positive, and FN is false negative.

Extracting and encoding AS flanking sequences

DeepASmRNA predicted AS events from mRNA transcript sequences, so we first obtained the mRNA tran-
script sequences involved in each AS event. For each type of AS event from the above SUPPA2 results, we
extracted the sequences of the alternatively spliced region and N (ranging from 10 to 40, steps by 10) bp
flanking exon sequences in constitutive regions (Figure S5). Thus, an AS event was represented by alterna-
tive region sequences and a pair of flanking sequences in constitutive regions.

¢? CellPress

OPEN ACCESS

iScience 25, 105345, November 18, 2022 15



https://www.gencodegenes.org/
https://www.araport.org/
http://rice.plantbiology.msu.edu/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.pacb.com/support/software-downloads/
https://www.pacb.com/support/software-downloads/

¢? CellPress

OPEN ACCESS

Next, we encoded the alternative region sequences and a pair of flanking sequences in constitutive regions
into a tensor that can be used for the deep learning model. For the alternatively spliced regions with varying
lengths, only the sequences near the AS sites had a great influence on the AS event classification, so we
retained N bp sequences upstream and downstream of splicing sites and combined them. For sequences
less than N bp, we used 0 to pad the positions far from AS sites to ensure equal length. Thus, an AS event is
represented by a 4N+2 bp sequence, which is composed of four sequence fragments, and the character ‘|’
was used to indicate the splicing sites (Figure 3A). Then, we utilized the most common method for encod-
ing mRNA sequences, one-hot encoding (Jing et al., 2020). A, T, C, G, and '|" were represented by a five-
dimensional binary vector. The four bases and ‘| were fixed in a specific order, and then the i" (i e
1,..,AN+2}) position was represented by five binary bits with the jth (je€ 1,.5) bit set to “1” and others to
"0" (Figure 3A) (Eraslan et al., 2019). After the encoding, each AS event was transformed into a tensor
with the shape of (4N+2)*5.

DeepASmRNA architecture

Recently, attention mechanisms developed to improve the performance of encoder-decoder models have
achieved successful applications in many fields (Vaswani et al., 2017). This approach overcomes the word
sense disambiguation limitation, which may help CNN focus on positions where sequences are similar
(Tang et al., 2018). Considering its efficiency and precision in machine translation, we also attempted to
use the self-attention mechanism to enhance the CNN performance.

The complete architecture of DeepASmRNA (Figure 3B) is composed of the following parts: a multi-layer,
self-attention-based CNN for extracting efficient information from raw data, a global convolution layer for
summarizing the key information and generating vectors, and two layers of fully connected neural network
layers with a dropout layer as the output layer.

The basic element of the DeepASmRNA architecture is a self-attention layer (Figure 3B). First, the one-hot
encoding of a transcript sequence was inputted, and three one-dimensional convolution layers scanned
information in the sequence to generate query (Q), key (K), and value (V) vectors for each base. Next, we
used the Q, K, and V vectors to generate dot-product attention; thus, each base of the sequence obtained
global information of the sequence in the first layer. Then, we concatenated the vectors extracted by atten-
tion and the Q tensor, which was regarded as the output of self-attention (Yin et al., 2015). Finally, a max-
pooling layer was used to downsample and shorten the sequence.

Overall, we designed multiple architectures, namely, DeepASmRNA-Nbp, which used N (N ranges from 10
to 60, steps by 10) nucleotides on each side of splicing sites as input. Our model took one-hot coded tran-
script sequences of an AS event as input. After the multiple layer neural network, the output of the model
consisted of four scores that sum to one, corresponding to the probabilities of different types of AS events
(ES, AA, AD, and IR).

Classification model training and tuning

We used TensorFlow 2.1 (Abadi et al., 2016) as the basic framework to build and train our models. All
models were trained on servers with NVIDIA Tesla P100 dual GPUs. The AS events obtained by SUPPA2
from human, Arabidopsis thaliana, and rice data were used to train and test the models. Because the
numbers of different types of AS events were very different, which may significantly affect the multiclass
classification performance, we balanced the AS events. We used the reverse complementary strand of
ES events in the Arabidopsis thaliana and rice as well as IR events in the human dataset to augment the
unbalanced data (Cao and Zhang, 2019). The datasets were divided into training, validation, and testing
sets at a ratio of 6:2:2, and then each set was balanced according to the reverse complementary metrics.

For each model, we tuned multiple hyperparameters, including the number of convolution kernels, the
length of convolution kernels, the number of hidden layers, and the dropout rate. Finally, the hyperpara-
meters of each model were determined according to model performance in the validation sets
(Table S12). Since our study is a multiclass classification problem, we used softmax as the activation function
of the output layer, ReLU (Nair and Hinton, 2010) as the activation function of hidden layers, cross entropy
as the loss function, and Adam (Kingma and Ba, 2014) as the optimizer with a learning rate of 0.001. To avoid
overfitting, we adopted early stopping and dropout strategies. A dropout rate of 0.6 was settled after a few
attempts.
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Evaluation of AS event classification

We used several evaluation metrics to assess the performance of the DeepASmRNA models. For each
model, we computed the precision, recall, accuracy, and area under the curve (AUC). For each type of
AS event, we used precision, recall, F1-score, and area under precision-recall curve (AUPRC) as evaluation
metrics. The receiver operating characteristic (ROC) curves of the models for classification were plotted,
and the AUCs were calculated. Accuracy was used to assess the overall performance of the
DeepASmRNA model. The accuracy and F1-score formulas are:

_ (TP+TN)
Accuracy = (5 TN+ FP + FN)
F1 — score — 2 X precision X recall

precision + recall

where TP is true positive, TN is true negative, FP is false-positive, and FN is false negative.

Comparison to other universal deep learning models

To find the most suitable model for our problems and goals, we also tried several models that are widely
used in deep learning, including LeNet (Lecun et al., 1998), ResNet (Kaiming et al., 2016), and long short-
term memory (LSTM) (Greff et al., 2017). The input layer, output layer, and final fully connected layer of all
models were consistent with the DeepASmRNA architecture, but the difference was the structure of the
information extraction layer. For LeNet, a one-dimensional convolution layer and a maximum pooling layer
were used as convolution units. After two convolution units, a global convolution layer summarizes the in-
formation. For ResNet, we used a one-layer convolution and two-layer residual blocks to extract informa-
tion. For LSTM, we used one-layer convolution, one-layer pooling, and three layers LSTM. All models used
the same training, validation, and test datasets, and the training environment was the same as that of
DeepASmRNA.

Transfer learning

Scalability applied efficiently to external data is another model requirement in addition to accuracy and
generalizability. Transfer learning is a technique for solving tasks with a small labeled dataset by using a
pre-trained model for another task, which breaks the assumption that the test set and training set have
the same distribution to some extent (Sinno Jialin and Qiang, 2010). One of the most common methods
of transfer learning is fine-tuning learning, which uses a very small number of training sets to train only a
few layers of the model to fine-tune the model for better performance on new problems (Sinno Jialin
and Qiang, 2010). In the process of fine-tuning learning, the information extracted from the first few layers
is usually more basic, while the later layers are more likely to be task-related (Yosinski et al., 2014). There-
fore, in fine-tuning learning, we freeze all the convolution layers and train only the last two fully connected
layers (Figure 3C). However, because the fine-tuning set was very small and seriously biased, the overfitting
of the model was serious. With the increase in training epochs, the performance of the validation set
decreased rapidly (Yosinski et al., 2014). Considering that there is no good validation set in practical appli-
cation, we only trained two fully connected layers for 20 epochs to ensure the fine-tuning effect. In addition,
we found that the epochs of re-train influence the performance of fine-tune learning, Here, we used 20
epochs to calculate the result while a smaller value should carry out when applied to closely related species.

We chose human and Arabidopsis thaliana as well as Arabidopsis thaliana and rice to represent distant spe-
cies and closely related species, respectively. A fine-tuning set was composed of 2 samples for each type of
AS event which was 8 samples for each species, while the test set was the above test set.
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