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Identification and interpretation of TET2 noncanonical splicing
site intronic variants in myeloid neoplasm patients
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in Ten-eleven translocation 2 (TET2) is a key biomarker of hematological malignan-
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cies. This study aims at characterizing two intronic noncanonical splice-site variants,
¢.3954+5_3954+8delGTTT and c.3954+5G>A.
Methods: We used in silico prediction tools, reverse transcription (RT)-PCR, and Sanger

splicing.
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1 | INTRODUCTION

Ten-eleven translocation (TET) is a three-member family of genes,
located on chromosome 4q24, that encodes for enzymes Tet methyl-
cytosine deoxygenate. TET2 are key epigenetic modifiers and tumor
suppressor genes, crucial in hematological malignancies as well as
normal hematopoiesis, immune cell activation, and clonal expansion
[1-3]. TET2 loss of function and deletion leading to the hyperme-
thylated state of the genome is frequently detected in myeloid and
lymphoid malignancies and clonal hematopoiesis of indeterminate
potential. In high throughput genome-wide studies, somatic deletion
and loss of function TET2 mutations are detected in 7-23% of acute
myeloid leukemia (AML), 10%-20% of myelodysplastic syndrome
(MDS)/myeloproliferative neoplasms (MPN), and 40%-50% chronic

myelogenous leukemia patients [2, 4-6]. TET2 regulates gene expres-

deletion at the exon 7, producing a frameshift mutation, p.Cys1298*
Conclusion: This study provides functional evidence for two intronic TET2 variants that
cause alternative splicing and frameshift mutation.

in silico prediction, myeloid neoplasm, next-generation sequencing (NGS), noncanonical splicing
site, ten-eleven translocation 2, TET2, tumor suppressor

sion primarily through the demethylation of DNA 5-methylcytosine
(5mC) to 5-hydroxymethyl cytosine (5hmC), requiring Fe?* and a-
ketoglutarate (a-KG) for their activity. Subsequently, TET2 converts
5hmC to 5-formylcytosine (5fC) and 5-carboxy-cytosine (5caC), facil-
itating the removal of 5fC and 5caC through the base-excision repair
pathway and playing a key role in DNA demethylation and transcrip-
tion regulation [7]. TET2 deoxygenase domain resides in its exons
4 through 11, which consists of a cysteine-rich domain, a double-
stranded $-helix (DSBH) domain, and a low-complexity linker region
[4, 8]. The DSBH domain harbors binding sites for Fe(ll) and «-
ketoglutarate that help TET2 binding to carry out the 5mC oxidation
process.

The majority of inactivating or loss-of-function TET2 variants are
exonic and located throughout the coding exons, including 76.7%

truncating, 17.4% missense and 4.8% splice sites as reported in the
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TABLE 1 Clinical characteristics and variant information.

Characteristics

Tumor type

Specimen source

TETZ2 intronic variants

Patient 1

Acute myeloid leukemia

Peripheral blood
¢.3954+5_3954+8delGTTT

Patient 2

Chronic myelomonocytic
leukemia

Bone marrow

c.3954+5G>A
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Patient 3

Acute myeloid leukemia (with a history of
chronic myelomonocytic leukemia)

Peripheral Blood
¢.3954+5G>A
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(A and B) Inssilico splicing prediction of TET2 intronic variants of (A) c¢.3954+5_3954+8del, and (B) c.3954+5G>A. Variants are

indicated by red lines. Four splicing predictors were used; the impact on gene splicing is indicated with vertical blue bars. The predicted strength of
canonical splice donor signals at the splicing junctions is reduced in both variants compared to the wild-type reference transcript. The gains of

splicing signals were observed at an internal cryptic splice donor site.

cBioportal database (on 02/05/2023). However, the lack of study in
TET2 noncanonical splicing site intronic variants has made it very chal-
lenging to interpret these variants for clinical usage. In fact, most
clinical laboratories will either choose not to report these variants
or classify them as unknown clinical significance. In a combination of
in silico prediction, RT-PCR, and Sanger sequencing analysis here we
show the impact of two noncanonical splicing site intronic variants of
TET2, a deletion c.3954+5_3954+8delGTTT and a recurrent substitu-
tion ¢.3954+5G>A, in producing frameshift mutations that expected
toyield truncated, dysfunctional TET2 gene products.

2 | MATERIALS AND METHODS

2.1 | Patient samples, DNA and RNA extraction,
next-generation sequencing

Genomic DNA and total RNA were extracted from either bone
marrow or peripheral blood of the same specimens. A nonleukemic
patient was used as the negative control. Two TET2 intronic vari-
ants ¢.3954+5_3954+8delGTTT (present in one patient) and
c.3954+5G>A (present in two patients) were identified from a
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(A) Graphic representation showing TET2 splicing products with or without TET2 intronic variants (c.3954+5_3954+8delGTTT,

c.3954+5G>A). Breakpoints at the cryptic and original 5’ splice site junctions are shown with blue triangles. The primer binding sites and
subsequent PCR products in WT and mutant TET2 spliced mRNA are also shown. (B) RT-PCR analysis on RNA from a negative control patient and a
patient with TET2 ¢.3954+5_3954+8del variant. Gel electrophoresis image showing PCR products amplified using specific primers binding to Exé
(forward) and Ex8 (reverse). Fragment size of 246 bp indicates TET2 wild-type sequences (ex6+ex7+ex8) and fragment of 185 bp size (exé6+ partial
ex7+ex8) indicates the TET2 splicing variant. Only wild-type product was identified in the negative (WT) control. No visible product is shown in no

template control (NTC).

63-gene hematologic neoplasm next-generation sequencing (NGS)
panel. For a given sample, the NGS minimum coverage requirement
of targeted regions was >100X. Variants with variant allele fractions
(VAFs) as low as 4% were identified. The study was conducted accord-
ing to the approved protocols of Cleveland Clinic’s Institutional Review
Board (17-177 and 19-329).

2.2 | Insilico splicing prediction, RT-PCR and
Sanger sequencing

In silico splice prediction tools, including SpliceSiteFinder-like, Max-
EntScan, NNSplice, and GeneSplicer, integrated into the Alamut Visual
Plus (Version v1.3, SOPHIA GENETICS), were used in this study [5].
PCR was performed using a forward primer specific to TET2 Exon 6,
5'-CCGAGACGCTGAGGAAATAC-3' and a reverse primer specific to

TET2 Exon 8, 5'-TGGACAGGTTTTGCAAATGA—3'. Sanger sequencing
was conducted using BigDye Terminator 1.1 kits.

3 | RESULTS

3.1 | Identification of two intronic TET2 variants in
hematoneoplasm patients

Two novel TET2 (NM_001127208.2) intron 7 variants with high
VAFs were identified in three patients (Table 1). Patient 1 was
diagnosed with acute myeloid leukemia, carried 4-bp deletion,
¢.3954+5_3954+8delGTTT, with 42.5% VAF. Patient 2 and patient 3
with chronic myelomonocytic leukemia carry the substitution muta-
tion, ¢.3954+5G>A, with 77.31% and 97.68% VAFs, respectively. As

these variants are located very near to the intron 7 canonical splice
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FIGURE 3 Sanger sequencing of the 185 bp size PCR products obtained from a polyacrylamide gel. Nucleotide sequences of wild-type TET2
transcript are shown at the bottom of each chromatogram. The coding exon sequences were highlighted in blue. The splicing junctions connecting

exon 7 and exon 8, leading to partial depletion of exon 7, are indicated with black arrows. (A) Chromatogram of patient 1 fragment of TET2
€.3954+5_3954+8del. (B) Chromatogram of patient 2 fragment of ¢.3954+5G>A substitution.

donor sequence (GT) and within the 5’ splice site (5’ss) consensus
sequence [6], we conducted an in silico splicing analysis to predict the
impact of splicing. Our analyses showed a drastic decline of splicing
strength at the TET2 intron 7 splicing donor site in both variants,
€.3954+5_3954+8delGTTT and ¢.3954+5G>A, in compared with the
TET2 wild-type transcript (Figure 1A,B).

3.2 | Confirmation of impact in splicing in two
novel TET2 variants

The two intronic variants’ impact on TET2 gene splicing was further
characterized by RT-PCR and Sanger sequencing at the RNA level. As
shown in Figure 2A,B, a band at approximately 246 bp region corre-

sponding to the wild-type sequence was seen in the negative (WT) con-

trol. However, for the patient with deletion mutation (patient 1), two
bands were seen; one was at 246 bp, and the other appeared just below
200 bp. This ~200 bp RT-PCR product was also obtained for patients 2
and 3 (data not shown) along with 246 bp WT product. Sanger sequenc-
ing of the extracted 246 bp band from the WT control consists of all
expected exonic sequences, including partial exon 6, full exon 7, and
partial exon 8. Interestingly, sequencing of the ~200 bp products from
both cases of c.3954+5G>A and c.3954+5_3954+8delGTTT variants,
as shown in Figure 3, revealed a 62-bp deletion at the 3’ portion of the
exon 7. This deletion used an exon 7 internal cryptic splicing site ¢.3892
(g.106180864) to produce an alternative splicing product that is pre-
dicted to cause a protein reading frameshift mutation, p.Cys1298*
These results demonstrate that both variants lead to the same pre-
mature termination codon that is expected to result in a truncating

protein.
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(A and B) Examples of in silico splicing prediction of TET2 canonical splice donor variants of (A) ¢.3954+1G>A, and (B)

¢.3954+2T>A substitutions. Four splicing predictors were used; the impact on gene splicing is indicated with vertical blue bars. The predicted
strength of canonical splice donor signals at the splicing junctions is reduced in both variants compared to the wild-type reference transcript. The
gains of splicing signals were observed at the same internal cryptic splice donor site as shown in Figure 1.

4 | DISCUSSION

TET2 is an epigenetic modifier; its mutations commonly occur along-
side other driver mutations across AML, MPN, and MDS malignancies.
Mutations of TET2 are usually observed before the acquisition of
other driver mutations contributing to genome instability and clonal
evolution. Therefore, to understand the clonal structure, prolifera-
tive, and differentiation capacity of neoplastic cells in the hematologic
neoplasm, and identification of loss-of-function variants in TET2 is cru-
cial. We have shown two intronic variants, c.3954+5_3954+8delGTTT
and ¢.3954+5G>A, allow the splicing machinery to bypass the canon-
ical 5’ splice donor site and activate a cryptic splicing sequence
within exon 7, leading to exclusion of a portion of exon 7. This
results in a frameshift mutation expected to produce a Tet2 truncat-
ing protein (p.Cys1298*) devoid of the majority of Tet2 oxygenase
domain and the downstream amino acids. In addition, this study
warrants the adoption of follow-up confirmatory steps when TET2
intronic variants are detected for accurate variant interpretation and

classification.

The activation of 5’ cryptic or generation of de novo splice sites
is mostly due to alteration in the first intron nucleotide (+1) or +5
position [9]. Position +5 in the intron is required for base pairing
with U1 and U6 snRNA components of spliceosomes during the splic-
ing process [10]. Since both variants, c.3954+5_3954+8delGTTT and
¢.3954+5G>A, in our study encompass the +5G intron position, our
finding of the splicing product with a 62-bp deletion of exon 7 corrob-
orates with our understanding of pre-mRNA splicing mechanism and
demonstrates the usefulness of in silico prediction tools.

Sequence changes at the TET2 intron 7 canonical splice donor site
have been widely documented in the COSMIC database, includ-
ing ¢c.3954+1G>A (COSV54396751) [11, 12], c.3954+1G>T
(COSV54397716) [13], ¢.3954+2T>G (COSV54429204),
¢.3954+2T>A (COSV105020527) [14, 15]. Because TETZ2 is a tumor

suppressor gene, splicing site variants are predicted to cause gene

and

inactivation and oncogenic events [13, 16]. In fact, shown in Figure 4,
in silico predictions indicate that all the above-mentioned COSMIC
variants (positioned at ¢.3954+1 and c.3954+2) activate the identical
exon 7 cryptic internal splicing site at ¢.3892 (g.106180864) shown in
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this study and are expected to produce the same truncating protein
product, p.Cys1298* The fact that the presented two TET2 intronic
variants and the exon 7 canonical splice donor site variants, all result
in the same truncating gene product, highlights the importance of
classifying both ¢.3954+5G>A and ¢.3954+5_3954+8delGTTT vari-
ants as potential clinical significance. It is worth mentioning that the
€.3954+5G>A variant (rs575928986, dbSNP151) has a relatively rare
minor allele frequency of 0.0032% (gnomAD v2.1) in the general popu-
lation. However, in the disease cohort of our study, we have identified
three such cases in a total of 2164 myeloid neoplasm patients, equating
to a 0.139% instance rate. This increase of two orders of magnitude
in mutation rate in the disease cohort and the evidence of producing
a truncating protein strongly suggest that these two intronic variants
are highly associated with the pathogenicity of myeloid neoplasms.

Due to a lack of functional evidence TETZ2 intronic variants were not
reported for the diagnosis and management of the patients’ disease.
However, it is very likely that the TET2 intronic variants contributed to
the myeloid clonal evolution in these patients and provided a persistent
mutational burden. These variants were detected at very high vari-
ant allele frequency (Table 1). Additionally, follow-up sequencing for
patients 2 and 3 detected the TETZ2 intronic variants (c.3954+5G>A)
at increased variant allele fractions with persistent disease phenotype.
In addition to the TET2 variants, all patients carried other known driver
mutations in either FLT3, KRAS, JAK2, or CBL genes. Since the sequenc-
ing test was not performed at the early stages of disease manifestation,
one cannot say for certain that TETZ2 intronic variants alone acted as a
founder mutation.

Altogether, this study identifies two TET2 intronic variants that
are potentially pathogenic. We present a cost-effective approach, by
combining the in silico prediction, RT-PCR, and Sanger sequencing to
determine the significance of potential splicing site variants. A clin-
ical laboratory may adopt this approach to the standard operating
procedure to improve the variant triage process.
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