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Abstract

The technique of CRISPR-Cas9 gene editing has been widely used to specifically delete the
selected target genes through generating double strand breaks (DSBs) and inducing insertion
and/or deletion (indel) of the genomic DNAs in the cells. We recently applied this technique to
disrupt mineral dust-induced gene (mdig), a potential oncogene as previously reported, by single
guide RNA (sgRNA) targeting the third exon of mdig gene in several cell types, including human
bronchial epithelial cell line BEAS-2B, lung cancer cell line A549, and human triple negative
breast cancer cell line MDA-MB-231 cells. In addition to the successful knockout of mdig gene in
these cells, we unexpectedly noted generation of several alternatively spliced mdig mRNAs.
Amplification of the mdig mRNAs during the screening of knockout clones by reverse
transcription-polymerase chain reaction (RT-PCR) and the subsequent sanger sequencing of DNA
revealed deletion and alternative splicing of mdig mRNAs induced by CRISPR-Cas9 gene editing.
The most common deletions include nine and twenty-four nucleotides deletion around the DSBs.
In addition, interestingly, some mdig mRNAs showed skipping of the entire exon 3, or alternative
splicing between exon 2 and exon 8 using the new donor and accept splicing sites, leading to
deletion of exons 3, 4, 5, 6, and 7. Accordingly, cautions should be taken when using CRISPR-
Cas9 strategy to edit human genes due to the unintended alterative splicing of the target mMRNAs. It
is very likely that new proteins, some of which may be highly oncogenic, may be generated from
CRISPR-Cas9 gene editing.
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Introduction

Results

CRISPR-Cas is a sequence array from prokaryotes, which contains CRISPR associated
genes (Cas) followed by several repetitive sequences interspaced with variable sequences
(spacers) [1, 2]. The application of CRISPR-Cas9 to edit genome is a great revolution in
biology, life sciences and possibly, medicine [3-5]. The S. pyogenes Cas9 is guided by a co-
expressed single guide RNA (sgRNA) to cleave the gene of interest, leaving a double strand
breaks (DSBs), which triggers nonhomologous end-joining (NHEJ) or homology directed
repair (HDR) to induce insertion/deletion (indel) or precise repair [6]. The sgRNA is a 20
nucleotides sequence that can be easily customized, and binds to genome vie complementary
base pairing [6], which renders more flexibility over the DNA-protein recognition of other
gene editing tools, such as zinc fingers (ZFs) [7-10] and transcription activator-like effectors
(TALEs) [10-14]. However, concerns, such as the off-target effect of CRISPR-Cas9 [15-17]
still remains, especially when it is used in biomedical and clinical areas [18]. Meanwhile, the
outcome of CRISPR-Cas9 in transcriptional level has not been fully investigated yet.

In this report, we provide evidence showing that gene editing by CRISPR-Cas9 can induce
alternative splicing of the target mRNASs. In the case of CRISPR-Cas9-based knockout of the
mdig gene, in addition to cause deletion at the DSB site, several types of alternative splicing
of the mdig mRNA were noted. Mdig encodes a JmjC-domain protein, which plays
important role in cell proliferation, lung fibrosis, and tumor metastasis [19-24]. At the
MRNA level, CRISPR-Cas9 editing causes deletion of 9—24 nucleotides at the DSB sites.
These deletions resulted in a complete loss of mdig protein expression. Unexpectedly, this
CRISPR-Cas9-based gene editing also induced alternative splicing of the mdig mRNAs due
to exon skipping and the use of new donor and accept splicing sites. Thus, in addition to the
widely concerned off-targeting, additional cautions should be taken on the alternative
splicing of the target mMRNASs resulted from CRISPR-Cas9 gene editing. It is very likely that
some of these alternatively spliced mMRNA may generate new proteins that are even more
oncogenic or potentially harmful to the normal function of the cells.

Disruption of mdig by targeting the third exon using CRISPR-Cas9 system

We recently depleted mdig gene by CRISPR-Cas9 in three human cell lines: bronchial
epithelial cell line BEAS-2B, lung tumor cell line A549, and triple negative breast cancer
cell line MDA-MB-231. The sgRNA-1 and sgRNA-3 were designed to target the third exon
of mdig gene (Fig 1A). We isolated the single clones after transfection of the CRISPR-Cas9
vector, and screened for mdig protein expression by Western blotting using anti-mdig
antibody purchased from Invitrogen (Cat.# 39-7300). The clones with no mdig expression
were designated as knockout (KO) cells (Fig. 1B). Clones with normal mdig expression
were used as wild type (WT) control (Fig 1B). In the transcription level, the normalized
mdig mRNA level in KO were similar, or even slightly increased than that in WT as
determined by RNA sequencing (RNA-seq) (Fig. 1C and 1D). In exon three, there were no
transcript containing 5’-CCTGCGGGA-3’, reverse complementary to 5’-TCCCGCAGG-3’,
around the DSBs, which confirmed mdig’s knockout by CRISPR-Cas9 (sFig. 1). In A549
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cells, this deletion caused a notable retention of intron 3 in some mdig transcripts (pointed
by arrow head, Fig. 1D, and sFig.1).

CRISPR-Cas9 induces small deletions

In general, sgRNA-guided Cas9 endonuclease cleavages the nucleotides before NGG,
leaving a double strand breaks (DSBs) [6]. Without a repair template, some nucleotides are
randomly inserted or deleted around the DSBs, which may or may not cause frameshift of
the open reading frame [6]. To understand the mutations in transcriptional level, we
performed RT-PCR followed by sanger sequencing on these clones. We found two forms of
small deletion in mdig mRNA. The most common form is the deletion of nine nucleotides
(5’-TCCCGCAGG-3’) (Fig. 2A), as confirmed by the transcripts of exon 3 from RNA-seq
(Fig. 1s), which resulted in three amino acids, Pro-Ala-Gly, deletion in mdig protein. We
also detected a deletion of a twenty-four nucleotides (5°-
TGTACATAACTCCCGCAGGATCTC-3’) in exon three (Figs. 2A and 2B). This deletion
causes omission of eight amino acids, Tyr-l1le-Thr-Pro-Ala-Gly-Ser-Gln, and Val to Glu
conversion in mdig protein, if this MRNA can be translated. Fig. 2C depicts typical RT-PCR
product of mdig mRNAs in different KO clones.

Deletion of mdig by CRISPR-Cas9 gene editing causes alternative splicing of mdig mRNAs

In reverse transcription of mdig mRNA, we frequently noted presence of two major cDNA
fragments in KO-3 BEAS-2B clones (Fig. 3A). The density of the large size product is
comparative to that in the WT cells, but the size is marginally smaller than the band in WT
cells. There is a smaller size product, around 800 bp, that was detected in the KO cells only
(Fig. 3A). DNA sequencing of the retrieved cDNA fragments revealed that the third exon
was completed spliced out in the larger size fragment (Fig. 3B and Table 1). This fragment
was also identified in other KO clones, including KO-4 BEAS-2B clone, KO-3 A549 clone,
and 3B-1 A549 clone (Fig. 3B and Table 1). Interestedly, the smaller fragment contained
only exon one, 5’-309nt of exon two (missing 3’-123nt), 3’-67nt of exon eight (missing
5’-22nt), exon nine, and exon ten (Fig. 3C, and Table 1), indicating that multiple exons were
skipped out due to alternative splicing caused by CRISPR-Cas9 gene editing. This skipping
of multiple exons caused frameshift and generated a premature stop codon in exon eight
(Fig. 4 and Table 1). This unique alternative splicing uses the conserved intronic “GT” donor
site and a non-canonical intronic “GT” acceptor site.

Identifying single nuclear polymorphisms (SNPs) of mdig gene

In addition to the deletion and alternative splicing of mdig mRNA that resulted from
CRISPR-Cas9 gene editing, analysis of the RNA-seq data from both WT and KO cells, we
also noted three previously unreported SNPs of the mdig gene in both BEAS-2B cells and
Ab549 cells (Fig. 5). Both BEAS-2B and A549 cells exhibit 1330T to G SNP at exon 5
(reference sequence NM_032778). This SNP does not change the encoded amino acid. In
BEAS-2B cells, there is a 626G to C SNP in exon 2, which results in a substitution of Ala
with Pro at amino acid 17 of the mdig protein. In A549 cells, a SNP of 1730G to A in exon 9
was observed, which leads to replacement of Ala with Thr at amino acid 385 of the mdig
protein. It is unknown at the present whether these amino acid substitutions due to SNPs
affect the structure and function of mdig protein.
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Discussion

In the current report, we provided evidence showing deletion and alternative splicing of
mdig mRNA after CRISPR-Cas9 mediated-gene knockout for mdig. As expected, the
deletion occurs at the sgRNA targeting region of exon 3 of the mdig gene. The most
common deletions at the MRNA levels of mdig are 9 and 24 nucleotide deletion,
respectively, in both BEAS-2B cells and A549 cells. In addition, we also revealed that gene
editing by CRISPR-Cas9 approach induces alternative splicing of the mdig mRNA,
including complete skipping out of entire exon 3 and alternative splicing between exon 2
and exon 8, leading to omission of exons 3, 4, 5, 6, and 7.

CRISPR-Cas9 is the most precise and simplest method used for genetic manipulation by
removing, adding, or altering the genomic sequence. A tide of excitement had been achieved
in the past few years because of its faster, cheaper and easy to perform in laboratories and
potential applications in clinics for a number of single gene disorders, such as sickle cell
disease [25-27] and cystic fibrosis [28, 29], and even some complex human diseases,
including cancer [30-32], heart diseases [33, 34], or viral infection [35-38]. Some concerns
had been raised in CRISPR-Cas9 technology due to possible off-target mutation that may
result in unpredicted consequences. This is the main reason at the present why this
technology is prohibited in germline or embryonic gene editing.

The results from the present report suggest that in addition to the uncontrollable size of
indels on the genome created by CRISPR-Cas9 cleavage and the NHEJ repair, different
patterns of alternative splicing of the target mMRNA may be warrant for an additional layer of
cautions when applying this technology for disease-related gene editing. Physiological
alternative splicing is considered as an evolutional advantage allowing human cells to
generate more proteins than would be expected from the given number of genes in the
genome. It is estimated that more than 90% human multi-exonic genes are alternatively
spliced with different degrees [39, 40]. For the mdig gene we studied in the present report,
we had previously detected an alternative splicing of mdig that lacks the entire exon two
(exon 3), but contains a new alternative exon between exon five and exon six in a cancer cell
line [19]. However, alternative splicing induced by the non-physiological conditions, such as
CRISPR-Cas9 gene editing, may be harmful due to the generation of proteins that may be
pathogenic or carcinogenic. Although we did not detect new mdig proteins resulted from
alternative splicing, possibly because of the limitation of the currently available antibodies
that can recognize these new isoforms, our proteomic analysis of the triple negative breast
cancer cell line MDA-MD-231 cells did detect some peptides derived from exon 3 and exon
7 (data not shown).

It will be interesting to understand how gene editing by CRISPR-Cas9 causes alternative
splicing of the targeting mMRNA, a phenomenon that hadn’t been well documented at the
present. In a study to establish cyclin B3 (Ccnb3) knockout mice through CRISPR-Cas9-
based gene editing, alternative splicing of the target gene Ccnb3 was noted and believed as a
result of deletion of the exon-intron boundary sequences [41]. Similarly, knockout of FLOT1
gene by CRISPR-Cas9 approach also induced alternative splicing of FLOT1 mRNA in Hela
cells [42], and was speculated the indels created by CRISPR-Cas9 might disrupt the exonic
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regulatory element for splicing. Accordingly, despite CRISPR-Cas9 is a major breakthrough
in genome editing and very likely to be applied for the treatment of certain human diseases,
some risks remain and new risks, such as alternative splicing of the target genes, need to be
recognized.

Material and methods

Cell culture

The human bronchial epithelial cell line BEAS-2B, lung adenocarcinoma epithelial cell line
Ab549, and breast cancer cell line MDA-MB-231 were purchased from America Type
Culture Collection (ATCC, Manassas, VA). BEAS-2B and A549 were cultured in DMEM-
high glucose with 5% FBS, 1% penicillin-streptomycin (Gibco, cat.no. 15140122), and 1%
L-Glutamine (Gibco, cat.no. 25030164). MDA-MB-231 cells were maintained in DMEM
F-12 with 10% FBS, 1% penicillin-streptomycin, and 1% L-Glutamine.

CRISPR constructs

To generate the CRISPR-Cas9 plasmids, sgRNA-1(5’-AATGTGTACATAACTCCCGC-3")
and sgRNA-3 (5’-CATCATCATAATGGGGCGGC-3") were selected. Single-stranded top
and bottom primers for each SgRNA were annealed to be double-stranded. Double stranded
sgRNAs were cloned into vector pSpCas9(BB)-2A-Puro (Addgene plasmid ID: 48139) or
pSpCas9(BB)-2A-Blast as the standard procedure described [24].

Plasmid transfection and colonies selection

Cells (2.5 x 10°) were transfected with Lipofectamine 2000 (Thermo fisher scientific)
according to the manufacturer’s protocol. 48h after transfection, cells were split into 10 cm
dish for Blasticidin or puromycin (Thermo fisher scientific) selection. BEAS-2B, A549, and
MDA-MB231 cells were cultured in 2ug/ml, 4ug/ml, and 4ug/ml Blasticidin respectively for
selection until single colonies were formed. Colonies were collected and subjected for
western blotting to screen mdig protein expression.

Western blotting

RT-PCR

Total protein lysis was prepared in 1x RIPA buffer (Cell signaling) supplemented with
PMSF and phosphatase and protease inhibitors cocktail (Thermo Fisher Scientific). Protein
concentration were measured using Micro BCA Protein Assay Reagent kit (Thermo Fisher
Scientific). 30 ug of total protein were separated into 10% SDS-PAGE gels, and transferred
on PVDF membranes (Millipore). Membranes were probed with1:1000 anti-mdig primary
antibody (Invitrogen Cat.no. 39-7300) or 1:5000 GAPDH (Cell signaling).

Total RNA was isolated by RNeasy plus mini kit (QIAGEN) according to manufacturer’s
protocol. Total 1 ug RNA were converted to cDNA using High-Capacity RNA-to cDNA kit
(Applied Biosystems) according to manufacturer’s protocol. PCR were performed to
amplify mdig cDNA using primers as follow: forward primer, 5’-
TCATGTCGGGCCTAAGAGAC-3’; and reverse primer, 5°-
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GGCATTTGATTCTGCAAAGG-3’. PCR products were run in 1% agarose gels. The
alternative isoforms were extracted from gel and then purified by QIAquick gel extraction
kit (QIAGEN). The purified PCR products were sent directly or cloned into pJET1.2/blunt
cloning vector (Thermo fisher scientific) for sanger sequencing.

RNA sequencing

RNA-seq was performed as described [24]. Data was visualized by Integrative Genomics
Viewer (IGV).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Page 9

Highlights
. Successful knockout (KO) of mdig gene in lung cells by CRISPR-Cas9 gene
editing;
. DNA sequencing revealed multiple alternative splicing of mdig mRNA in the
KO cells;
. In addition to indel, skipping of single and multiple exons were noted in KO
cells.
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Fig 1.

Kr?ockout of mdig by sgRNAs. A. Sequence and schematic of sgRNASs targeting the third
exon of Mdig gene. The red arrow indicated the sgRNA-1, and the green arrow pointed
SgRNA-3. B. Western blotting showing the mdig protein expression in BEAS-2B clones and
Ab549 clones. C. Normalized mdig value from RNA sequencing (RNA-seq) of WT (red) and
KO (blue) of BEAS-2B and A549 clones. D. RNA-seq showing the reads of mdig in WT
(red) and KO (blue) of BEAS-2B and A549 clones.
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A.

lle Thr Pro Ala Gly Ser GIn lle Thr Ser GIn

ATAAGTCCCGCAGBATCTCAG ATAACATCTCAG

B2B KO-2

Asn Val Tyr lle Thr Pro Ala Gly Ser GIn Gly

Fig 2.
CI%ISPR-CasQ induces small deletions. A. Chromatograms showing the exon 3 sequence of
mdig from sanger sequencing. B. Typical RT-PCR product of mdig in BEAS-2B and A549
clones. C. Agarose gel electrophoresis showing mdig cDNAs from RT-PCR of the BEAS-2B
cells (upper panel) and A549 cells (bottom panel).
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A. BEAS-2B clones B.
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Fig 3.
CI%ISPR-CasQ causes alternative splicing of mdig mRNAs. A. RT-PCR product of mdig in
BEAS-2B and A549 clones. B. Chromatograms showing the missing of the third exon of
mdig in mdig mRNA from BEAS-2B and A549 clones. C. Chromatograms of the new
alternative spliced form of mdig in KO-3 BEAS-2B clone compared to Mdig WT.
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Exon 2
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Fig 4.

Sugmmary of the deletion and alternative splicing in mdig mRNA from KO clones. A.
Schematic of deletions and alternative splicing in KO clones. White bars represent exons and
blank lines are introns. Red slash bars represent deletion or alternative spliced nucleotides.
The red and green arrow indicate where the sgRNA-1 and sgRNA-3 are targeted
respectively. B. Corresponding protein sequence. Mdig protein sequence is in black. The
third exon protein sequence is shaded in pink. The nine and twenty-four nucleotides are
corresponding to amino acids shown in black underlines or red underlines respectively. The
amino acid substitute in KO cells are marked with bold. The sequence in red is the new
alternative spliced form with new stop codon (*).
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A. BEAS-2BExon5 AtoC(NM_032778, 1330T to G)
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B. A549 Exon 5 Ato C(NM_032778, 1330T to G)
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D. A549Exon9 CtoT(NM_032778 1730G to A)
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Single nuclear polymorphisms (SNPs) of mdig gene identified from RNA-seq. A. and B.
The SNP of A to C of the exon 5 of mdig in both WT and KO of BEAS-2B and A549 cells.
This is comparable to the exchange of 1330T to G in reference sequence NM_032778. C.
The substitution of C to G of the exon 2 in WT and KO BEAS-2B cells which is equal to the
substitution of 626G to C in NM_032778 sequence. D. The SNP of Cto T inexon 9 in WT
and KO A549 cells. This is equal to the exchange of 1730G to A in NM_032778 sequence.
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