Received: 20 February 2021

Revised: 30 March 2021

Accepted: 12 May 2021

DOI: 10.1002/mgg3.1729

ORIGINAL ARTICLE

Molecular Genetics & Genomic Medicine

WILEY

A novel pathogenic splice site variation in STK11 gene results in
Peutz—-Jeghers syndrome

Na Zhao' | Huizhi Wu' | Ping Li

Changxin Wu'

nstitutes of Biomedical Sciences,

Key Laboratory of Chemical Biology

and Molecular Engineering of National
Ministry of Education, Shanxi University,
Taiyuan, China

2Department of Obstetrics and
Gynecology, The First Affiliated Hospital
of Shanxi Medical University, Taiyuan,
China

Correspondence

Han Xiao and Changxin Wu, Institutes of
Biomedical Sciences, Shanxi University,
92 Wucheng Road, Taiyuan, Shanxi
030006, China.

Email: hanxiao @sxu.edu.cn; cxw20@
sxu.edu.cn

Funding information

Shanxi “1331 Project” Collaborative
Innovation Center, Grant/Award Number:
206541001

| Yuxian Wang2 | Li Dong1 | Han Xiao' |

Abstract

Background: Peutz—Jeghers syndrome (PJS) is a rare autosomal dominantly in-
herited disease resulting in multiple gastrointestinal hamartomatous polyps, mu-
cocutaneous pigmentation, and an increased risk of various types of cancer, and
is caused by variations in the serine/threonine protein kinase STK11 (LKBI).
Methods: STK11 gene variations were identified by analyzing STK// cDNA and
genomic DNA. Minigenes carrying the wild-type and mutant sequences were
subjected to in vitro splicing assay to dissect the features of these mutations.
The different distribution of wild-type and mutant protein in cells were tested by
Immunofluorescence assays and the functional analysis of the variation were per-
formed using Western blot.

Results: A novel heterozygous splice-acceptor site variation (c.921-2 A>C) in in-
tron 7 of the STKII gene which is co-segregates with the PJS phenotypes in the
proband and all the affected family members and three previously reported varia-
tions (c.180C>G, ¢.580G>A, ¢.787_790del) were identified in the four families. The
¢.921-2 A>C substitution resulted in the inactivation of a splice site and the utiliza-
tion of a cryptic splice acceptor site surrounding exon 8, generating three different ab-
errant RNA transcripts, leading to frameshift translation and protein truncation. The
results of minigenes indicated that the spliceosome can use a variety of 3’ acceptor
site sequences to pair with a given 5’ donor site. The immunofluorescent visualization
showed that the distribution of mutant STK11 was different from that of wild-type
STK11, suggesting the mutation may be the causative effect on the dysfunction of
the mutant protein. The rescue experiments indicated that the failure of suppressing
mTOR phosphorylation by shRNA STK11 could be eliminated by supply of wild-
type STK11 rather than mutant STK11.

Conclusion: We identified a novel heterozygous mutation (c.921-2 A>C) in the
STK11 in a Chinese PJS family. Haploinsufficiency of STK11 might contribute to the

pathogenesis of the disease.
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1 | INTRODUCTION

Peutz—Jeghers syndrome (PJS, MIM #175200) is a rare au-
tosomal dominant inherited disease characterized by the
presence of melanocytic macules of the lips, buccal mucosa
and digits; multiple gastrointestinal hamartomatous pol-
yps (Hemminki et al., 1997; Utsunomiya et al., 1975); as
well as increased risk of various types of cancers (Hearle
et al., 2006; Hemminki et al., 1997, 1998; Jenne et al., 1998;
Kuragaki et al., 2003; van Lier et al., 2010; Mehenni et al.,
2006; Westerman, Entius, de Baar, et al., 1999; Westerman,
Entius, Boor, et al., 1999). The incidence of this disease
has been estimated to be ~1 in 8,300 to 1 in 200,000 births
(Huang et al., 2015).

Germline mutations in the gene serine/threonine pro-
tein kinase 11 (STK11, MIM *602216) have been identi-
fied thus far as the only cause of PJS (Hemminki et al.,
1998; Jenne et al., 1998). STK11 is located in chromosome
19p13 with 9 coding exons and one non-coding exon and
spans about 25 kb in the genome (Masuda et al., 2016).
STK11 haploinsufficiency contributes to the pathogenesis
of the disease (Alhopuro et al., 2005; de Leng et al., 2007;
Shorning & Clarke, 2016). STKII is a tumor suppressor
gene and acts as a master regulator in response to stress by
direct phosphorylation and activation of a family of AMP-
activated protein kinases (AMPKs), which are coupled to
nutrient sensing, cell metabolism and cell polarity (Hardie
& Carling, 1997; Hawley et al., 2003; Hong et al., 2003;
Kottakis et al., 2016; Shackelford & Shaw, 2009; Woods
et al., 2003).

The vast majority of human genes are discontinuous in
genomic DNA and contain more than one exon. Following
transcription, genes expressed as pre-mRNAs are spliced
and the intervening introns are removed by spliceosomes
with the subsequent joining of the exons to form the ma-
ture mRNA that can be translated into a functional pro-
tein. Exon recognition is guided by conserved cis-acting
elements at the exon-intron boundaries. Defects in alter-
native splicing can result in a number of human diseases
(Hastings et al., 2005).

Minigene construct is a useful and reliable tool for the
identification and assessment of the impact of sequence vari-
ation on splicing (Cooper, 2005; Li et al., 2019). Expression
of minigene pre-mRNAs by transient transfection provides
a rapid assay for loss-of-function and gain-of-function
analyses of cis-element and trans-acting factors that affect
splicing regulation (Cooper, 2005), thereby providing an al-
ternative approach to RT-PCR analysis of patient RNA for
the identification of pathogenic splicing defects.

In the present study, we identified a novel splicing
variation in a PJS patient in which the penult nucleotide
of STK11I intron 7 changed from A to C. This variation,

c.921-2 A>C, alters the splice site recognition sequence
which is crucial for splicing. The aim of this study was
to characterize the molecular effect and mechanism of
the STK11 GT-AG intron mutation that causes PJS.

2 | MATERIALS AND METHODS

2.1 | Human subjects

Four PJS patients from four unrelated Chinese families
were recruited and peripheral blood samples were col-
lected from them and their family members in EDTA tubes
and aliquoted for cryopreservation at —80°C immediately
after collection.

2.2 | Immunohistochemistry

The polyp tissue was obtained from the proband (family I)
and fixed in 10% formalin solution for 24 hr at 4°C, and then
embedded in paraffin for 0.5 hr at 65°C. FFPE samples were
prepared for hematoxylin-eosin (HE) staining as previously
reported (Chen et al., 2017).

2.3 | Cell culture

HEK293T cells and HeLa cells were purchased from the
Cell Bank of the Chinese Academy of Sciences. Cells
were cultured in Eagle's DMEM (Life Technologies) sup-
plemented with 10% FBS (BI, Cat. No. 040011A), 1 mM
glutamine, 100 U/ml penicillin and 100 pg/ml streptomy-
cin, 7.5% sodium bicarbonate and 10 mM HEPES (pH
7.5) at 37°C with 5% CO,. HEK293T cells and HeLa cells
were transfected with plasmids containing either wild-type
STK11 or mutant STK/1 cDNA using polyetherimide (PEI,
PolyScience, Cat. No. 23966-2) according to the manufac-
turer's instructions, then incubated for 24—48 hr before use.

2.4 | Detection of STKII germline mutations
Genomic DNA was extracted using the DNeasy Blood &
Tissue Kit following the manufacturer's protocol (Qiagen,
Cat. No. 69506). PCR was performed to amplify the nine
coding exons along with the flanking introns of the STK/1
gene (NC_000019.10, NM_000455.5) with specific primers
as previously described (Jenne et al., 1998). Sanger sequenc-
ing was performed using the 3730xL. DNA analyzer (Sangon
Biotech) and analyzed using the Sequencing Analysis
3.0 software (Applied Biosystems).
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2.5 | Insilico mutation analysis

We predicted the effects of STK71 variations on the protein
function using several bioinformatics tools, including SIFT
(http://provean.jcvi.org/index.php), Mutation Taster (http://
www.mutationtaster.org/), and Polyphen-2 (http://genetics.
bwh.harvardedu/pph2/).

2.6 | Analysis of cDNAs from endogenous
STK11 mRNAs

Peripheral blood samples were incubated with 200 pl
1 mg/ml puromycin for 6 hr as described previously (Chen
et al., 2017) before total RNA was isolated using Trizol
(Invitrogen, Cat. No. 15596-018). cDNA was synthesized
by reverse transcription of isolated RNA using 5x All-In-
One Mastermix Kit (ABM Cat. No. G492) for RT-PCR and
PrimeScript™ RT reagent Kit (Takara Cat. No. RR037A)
for qRT-PCR. RT-PCR was performed using primers pair
of STKI11 minigene (Table 2) to obtain the PCR products
spanning exons 6 and 8.

2.7 | Minigene construction

STK11 wild-type or mutant minigenes encompassing exon 6,
intron 6, exon 7, intron 7 and exon 8 of the STK/1 gene were
constructed by amplification with genomic DNA from the
healthy control I1I-3 or affected patient II-3 using PrimeSTAR®
GXL DNA Polymerase, respectively (Takara, Cat. No.
R050Q). The amplified fragments were digested with Xho I
(Takara Cat No. 1094S) and EcoR I (Takara Cat. No. 1040S)
and then subcloned into the multicloning sites of the pEGFP-
C3 vector using Xho I and EcoR I restriction sites. Minigene
constructs were validated (with PCR products from exon 6
to exon 8) by Sanger sequencing analysis with the universal
primer (5-TATGTTTCAGGTTCAGGG-3'; Sangon Biotech).

2.8 | Plasmid construction

The STK11 gene was constructed by amplification with
cDNA from HEK293T cell using PrimeSTAR® GXL
DNA Polymerase (Takara, Cat. No. R050Q). The am-
plified fragments were digested with Xho I (Takara Cat
No. 1094S) and EcoR I (Takara Cat. No. 1040S) and
then subcloned into the multicloning sites of the pEGFP-
C3 vector named GFP-STK11-WT. The plasmid GFP-
STK11-rWT and GFP-STK11-rMT were constructed with
site-directed mutation using the primers in Table 1 and
GFP-STK11-WT.
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2.9 | In vivo splicing analysis of
STK11 minigenes

Minigene constructs were transfected into HEK293T
cells cultured with Dulbecco's modified eagle medium
(DMEM, Cellmax Cat. No. CGM102.05) containing
10% FBS (BI, Cat. No. 040011A), 100 U/ml penicillin
and 100 pg/ml streptomycin (Transgen Biotech, Cat No.
FG101). To generate transient expression of STK/I in
HEK?293T cells, the mixture contains 3 pg wild-type or
mutated STK11 plasmids and 9 pl PEI (Polyscience, Cat.
No. 23966-2) in 200 pl serum-free DMEM medium was
transfected HEK293T cells at 50% grown confluence in
six-well plates. After 4—6 hr incubation at 37°C with 5%
CO,, the cells were subsequently cultured in DMEM sup-
plemented with 10% FBS and incubated for 24 hr in the
incubator.

2.10 | mRNA quantification

Total RNA was isolated from the HEK293T cells using
Trizol reagent (Invitrogen, Cat. No. 15596-018). cDNA
was synthesized using PrimeScript™ RT reagent Kit
(Takara Cat. No. RR0O37A). The mRNA levels of STKI1
and GAPDH were quantified by quantitative reverse tran-
scription PCR (qRT-PCR; Roche LightCycler 480 II) using
SYBR Green (Transgen Biotech, Cat. No. A6001) and the
primers are listed in Table 2. Relative expression of mRNA
level was assessed using the comparative Cq method. All of
the measurements were normalized based on the endogenous
GAPDH mRNA level.

2.11 | The plasmids for lentiviral shRNA
STK11 shRNA sequences (5'-GATCCGCCAACGTGAAG
AAGGAAATTTTCAAGAGAAATTTCCTTCTTCACGT
TGGCTTTTTGCTAGCG-3' [Pena et al., 2015], underlines
indicate complementary 21-bp stem sequences correspond-
ing to STKI11 cDNA sequence) were cloned into pSIREN-
RetroQ vector using EcoR I and BamH I sites (Addgene Cat.
No. 25788).

Lentiviruses were produced in HEK293T cells after
co-transfection of lenivirus plasmid vector, psPAX and
pMD?2.G at the ration of 5:5:1 using Polythermide (PEI;
PolyScience, Cat. No. 23966-2). After 48 and 72 hr, the
medium containing lentivirus were collected, centrifuged
at 1000xg, and filtered through a 0.22 pm filter. Cells
were transduced with the medium and normal medium at
the ratio of 3:1 and selected with puromycin (I mg/ml)
after 72 hr for 7-10 days.
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TABLE 2 Clinical manifestations of patients with PJS
Family Patient Gender Age Mucocutaneous pigmentation Distribution of polyps Laparotomy
Family-1 1I-3 M 35 Yes SB, CR Yes
Family-1 II1-5 M 5 Yes SB, CR Yes
Family-2 11-4 F 49 Yes SB, CR Yes
Family-3 I-2 M 36 Yes ST, SB, CR Yes
Family-3 1I1-2 M Yes ST, SB, CR Yes
Family-4 1I1-1 F 27 Yes ST, SB, CR Yes
Family-4 111-2 F 23 Yes ST, SB, CR Yes

Abbreviations: CR, colorectum; F, female; M, male; SB, small bowel; ST, stomach.

2.12 | Western blot analysis

Cells were washed twice with PBS and then either scraped in
RIPA lysis buffer containing protease inhibitors (Solarbio,
Cat. No. R0020) or lysed in 1x SDS loading buffer. Cell
lysates were incubated on ice for 30 min and then soni-
cated for 10 s. The soluble fraction was then isolated by
centrifugation at 13,000xg for 15 min at 4°C. Total pro-
tein concentration was measured using a PierceTMBCA
protein assay kit (Thermo). Proteins in the lysates were
separated by electrophoresis in a 10% SDS-PAGE gel and
transferred to a polyvinylidenedifluoride (PVDF; GE, Cat.
No. A10178786) membrane. The membrane was blocked
in 5% milk (BD Biosciences, 4335762) for 1 hr and then
immunoblot with antibody overnight at 4°C. After wash-
ing three times (5 min every time) with TBST buffer, the
membrane was then incubated with secondary antibody
for 2 hr at room temperature. Quantitation was performed
using Odyssey CLX (Li-COR) and Amersham Imager 600
(GE Healthcare). The following antibodies were used:
THETM GFP rabbit polyclonal antibody (GenScript, Cat.
No. A01704-100), mTOR(S2442) polyclonal antibody
(Bioworld, Cat. No. BS3611), mTOR (phospho-S2448) pol-
yclonal antibody (Bioworld, Cat. No. BS4706), Beta actin
Polyclonal antibody (Absin, Cat. No. abs132001), THETM
alpha Tubulin monoclonal Antibody (GenScript, Cat. No.
A01545), 4E-BP1 (53HI11) rabbit monoclonal antibody
(Cell Signaling, Cat. No. 9644T), Phospho-4E-BP1 rabbit
monoclonal antibody (Thr37/46; 236B4; Cell Signaling,
Cat. No. 2855T), p70 S6 Kinase (49D7) rabbit monoclonal
antibody (Cell Signaling, Cat. No. 2708T), Phospho-p70
S6 Kinaserabbit monoclonal antibody (Ser371; Cell
Signaling, Cat. No. 9208T).

2.13 | Immunofluorescence analysis

HeLa cells grown on coverslips were fixed by 4% para-
formaldehyde at 37°C for 10 min. Before staining by

DAPI (Sigma), cells were permeabilized with 0.5% Triton
and X-100 for 5 min, then mounted on glass slides using
gelvatol. Images were captured using a Delta Vision
Image Restoration Microscope with a Xx63 objective
(DeltaVisionElite, GE).

2.14 | Statistical analysis

All data are presented as the mean + SD from at least three
separate experiments. The p-values were determined by the
two-tailed Student's ¢ test. p < .05 was considered as statisti-
cally significant.

3 | RESULTS

3.1 | Family pedigree/patient information

All recruited patients (Figure 1) exhibited common signs of
PJS, including multiple gastrointestinal hamartomatous pol-
yps and mucocutaneous pigmentation. Clinical manifesta-
tions of the patients with PJS are shown in Table 2. The blood
samples from four unrelated Chinese families (Figure 1)
were obtained for genomic DNA or total RNA extrac-
tion. Sanger sequencing was performed for all the exons
and exon—intron splice junctions of the S7TKII gene
(NC_000019.10, NM_000455.5; primers shown in Table
1). Four different heterozygous mutations were identified.
Among these variations, ¢.580G>A was a missense muta-
tion in exon 4 and resulted in amino acid substitution of
Aspl194Asn, and ¢.787-790del was an indel in exon 5 caus-
ing a reading frameshift and resulted in a truncated STK11
protein (p.Phe264Argfs*22). c.180C>G was a non-sense
mutation in exon 1 and resulted in a truncated STK11 pro-
tein p.Tyr60*. A novel variation ¢.921-2 A>C is a single-
base substitution located in intron 7 that was predicted to
be the putative splicing site using Mutation Taster (http://
www.mutationtaster.org/), and we speculated it might affect
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FIGURE 1 Family pedigree of PJS. Family pedigree and Sanger sequencing analysis. Squares indicate males, circles indicate females,
blackened symbols denote affected individuals. The proband is indicated by arrows ()

the splicing of STK1I. To validate the novel mutation, we
sequenced exon 8 and the junctions of STK// in other fam-
ily members from family I. The ¢.921-2 A>C variation was
only found in affected individuals but not unaffected fam-
ily members (Figure 1). In addition, it was predicted to be
disease-causing by in silico analysis using Mutation Taster
(with a p value of 1), suggesting a high possibility of func-
tional alterations of the translated protein. Therefore, the
novel variation ¢.921-2 A>C in intron 7 is likely the cause
of PJS in family I.

3.2 | Splicing defect in STK11 ¢.921-2 A>C
PJS patients

We sought to elucidate the mechanism underlying that the
¢.921-2 A>C variation affects STK11 expression and causes
PJS. The polyp tissue (Figure 2a) from the gastrointestinal
track was obtained from the proband of family I and prepared
for hematoxylin-eosin (HE) to visualize the microstructure of
the polyps. Pathological sections displayed the muscle fibers
of the muscularis mucosae in the form of a dendritic structure
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FIGURE 2 Alternative splicing of STK/1 (NC_000019.10, NM_000455.5; ¢.921-2 A>C; a) Staining of tissue section from patient with PJS.
HE staining of a colon hamartomatous polyp obtained from the patient II-2 in Family A. (b) RT-PCR analysis of endogenous STK// RNA from
unaffected family member (I1I-3) and PJS patients (I1I-5, II-3). (c) Sanger sequencing analysis for the alternative splicing products. The sequence of
the upper band in figure B reveals two kinds of insertion and a deletion at the junction between exons 7 and 8 of the STK//cDNA compare to wild
type. (d) Statistical analysis of the numbers and types of the cDNA clones that sequenced. (¢) qRT-PCR analysis performed on total RNA obtained
from blood cells of patient II-3, III-5 and healthy control p < .001. Levels were normalized to the amount of actin. Data represent the mean + SE of
three independent measurements performed in triplicate

(Figure 2a). Splicing defect often results in the production we performed RT-PCR of the region spanning exons 6—8
of aberrant mRNA transcripts (Figure 2b). To evaluate the (Figure 2b). In the control sample from III-3, only one band
mRNA profile associated with the ¢.921-2 A>C variation, could be detected and corresponded to the full-length mRNA
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FIGURE 3 Aberrant spliced products arise from STK// ¢.921-2 A>C mutation. (a) Schematic representation of the STK// minigene
constructs, covering the region from exon 6 to exon 8. The nucleotide change in intron 7 of both wild-type and mutant STK// constructs are
highlighted. The changed nucleotide in intro 7 of both wild-type and mutant STK// minigene are labelled by underscore and capital. (b) Minigene
in vitro splicing assay. STK// minigenes harboring the wild-type or mutant STK7/ was transiently transfected into HEK293T cells. The splicing
products were visualized by RT-PCR and DNA gel electrophoresis. The aberrant transcript identity was analyzed by Sanger sequencing as
described. The aberrant transcript products generated by minigene harboring STK11 ¢.921-2 A>C variation are represented as figure B. (c) Western
blot analysis for the expression of the wild-type and mutant minigenes. Whole cell lysates were separated by SDS-PAGE and probed with GFP
monoclonal antibody
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transcript. In contrast, in patients III-5 and II-3, we detected
a major peak corresponding to the full-length mRNA and
a minor upper peak. This result indicated that the variation
¢.921-2 A>C affected the transcription of STK/1.

To clearly define the identity of the spliced transcripts,
we extracted the spliced products and amplified by RT-PCR
from the gel and subcloned them into a sequencing vector.
Twenty-three cDNA clones from the PJS patient I1I-3 were
sequenced. Among all the sequenced clones, six clones were
wild-type cDNAs, presumably originating from the normal
STK11 allele. Three different abnormal transcripts might be
caused from the variation of ¢.921-2 A>C were detected.
One deletion with 13 bp from exon 8 close to the 5’ termi-
nal (p.Ser307Argfs*24) and two insertions with 34 bp (p.Tr-
p308Leufs*20) and 87 bp (p.Ser307Argfs*19) from intron 7
respectively, were identified (Figure 2¢,d). The insertion and
deletion in cDNA could cause defected STK11 protein.

Total RNAs isolated from peripheral blood cells of pa-
tients and control subjects were quantified to evaluate the
amount of STK/! transcripts. We used qRT-PCR to quanti-
tate STK11 transcription levels in peripheral blood cells of
PJS patients and control subjects. mRNA levels of STKI]
were remarkably reduced in patient III-5 and II-3 com-
pared to the control III-3, showing that the level of nor-
mal STKI11 mRNAs in patients were lower than that in the
healthy subjects (Figure 2e).

3.3 | Splicing defect confirmation by hybrid
minigene splicing assays

To confirm that the aberrantly spliced STK/I transcripts
from patients are derived from the ¢.921-2 A>C variation,
we constructed minigenes (Figure 3a) composed of exon 6,
intron 6, exon 7, wild-type intron 7 or mutant intron 7 con-
taining ¢.921-2 A>C, and exon 8. Minigene constructs were
validated by Sanger sequencing and then transfected into
HEK?293T cells. Immunofluorescence results showed that
the plasmid transfection was successful (Figure Sla). Forty
eight hours after transfection, total RNA was extracted and
RT-PCR was performed using STK/I primers (as shown in
Table 1). PCR products were separated by DNA electropho-
resis and different isoforms were excised from 2% gel and
identified by sequencing. In control HEK293T cells, a weak
band was shown which represented the endogenous full-
length STK11 minigene mRNA (E6+E7+ES; Figure 3b). In
cells transfected with the wild-type construct, a very strong
band of 374bp in length was seen which represented the wild-
type full-length STK// minigene mRNA (E6+E7+ES8). In
contrast, a larger band arose from the ¢.921-2 A>C minigene
construct was found in the mutant transfected cells which are
consistent with the results from the patient's blood (Figure 2c,
sequencing data not shown).

Molecul . ic Medici
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Unexpectedly, we observed a weak band slightly smaller
than 374 bp band in wild-type minigene transfected cells (Figure
3b). We reasoned that it might arise as a result of polymorphism
as the minigene constructs were derived directly from genomic
DNA products. Accordingly, we sequenced the minigene con-
struct and found several polymorphic sites (Table S1). When we
reverted these sites into the respective wild-type sequences, we
still observed a weaker band smaller than the 374 bp band which
lack of exon 7 (Figure S1b). Therefore, polymorphism was not
responsible for the presence of the detected weaker band.

We further performed Western blot analysis to investi-
gate the protein expression from the minigenes. In pEGFP-
C3-transfected cells, a strong band at the molecular weight
of ~27 kD was observed, which represented GFP (Figure 3c).
In wild-type minigene-transfected cells, a band of 41 kD in
weight was seen which represented the fusion protein of GFP
with STK11 (E6 + E7 + ES8). In contrast, in ¢.921-2 A>C
mutant minigene-transfected cells, several bands of ~36 kD in
weight were seen that represented the truncated fusion protein
arising from the aberrant mRNA transcripts, which was con-
sistent with the results of our alternative transcript analysis.
Western blot of minigene showed that the mutation cannot
generate a correct STK11 protein product instead, its products
were three abnormal polypeptides, almost 9 kD. Only two ab-
normal polypeptides were observed in Western blot analysis
which might due to the difference of molecular weight is too
small to separate by 15% SDS-PAGE (Figure 3c).

3.4 | Analysis of STK11 mutation

To confirm whether variation in the STK// gene from
patient II-3 in family I has influenced the function of the
STK11 protein, we constructed two plasmids included the
whole STK11 gene and intron 7 using homologous recom-
bination (Figure 4a). Through sequence alignment, we
found the ¢.921-2 A>C variation caused a translational
frameshift, and a premature stop codon appeared down-
stream of the codon 308 of STK11 (p.Trp308Leufs*20,
p-Ser307Argfs*19, p.Ser307Argfs*24), which caused
about 102-amino-acid-residue change and partial loss of
C-terminal domain (Figure 4b). This mutation results in
three truncated proteins lacking the C-terminal, resulting
two bands of size of about 36 kD proteins. Evolutionary con-
servation analysis of amino acid residues showed that these
impaired amino acid residues were most highly evolutionary
conserved among STK11 from different species, indicating
the variation most likely predisposed to PJS (Figure 4b).
From the structure diagram (Figure 4c) of STK11 wild-type
protein and mutant protein, it showed that the mutant pro-
tein had the whole NRD domain, NLS sequence, and almost
Kinase domain, but no CRD domain. The deficiency of CRD
domain may influence the function of the STK11 protein.
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FIGURE 4 Analysis of STK11 variation (a) Schematic representation of the STK11 constructs, covering the region of the whole CDS region

and intron 7. The nucleotide change in intron 7 of both wild-type and mutant STK11 constructs are signed below. (b) Evolutionary conservation of

amino acid residues altered by ¢.921-2 A>C across different species. (c) Schematics of the secondary structure or functional domains of the STK11
protein including the wild-type and mutant (p.Trp308Leu fs*20, p.Ser307Arg fs*19, p.Ser307Arg fs*24). (d) The expression of the STK11 protein
in HEK 293T cells transfected with GFP alone, wild-type and mutant STK11. (e) HeLa cells were transfected with GFP alone, GFP-STK11-WT
and GFP-STK11-MT plasmids and the localization of wild-type and mutant STK11 were studied by immunofluorescence. Bar: 15 pm
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To understand whether the mutant can produce a normal transfected cells (Figure 4e). Under normal physiological con-
STK11 protein, we examined the protein using Western blot. ditions, STK11 is located in the nucleus but it will transfer into
The results showed that the mutation resulted in an abnormal the cytoplasm when it functions as a kinase that phosphorylate
product with the molecular weight about 63 kD compared AMPK (Lizcano et al., 2004). The alteration in the distribution of
with the wild-type about 81 kD (Figure 4d). GFP-STK11-MT may be one of the reasons for its dysfunction.

To identify whether the mutant STK11 has altered its dis-
tribution in transfected cells, we transfected STK11-wild-type
and STK11-mutant with GFP-tag into HeLa cells. In GFPalone 3.5 | Function analysis of STK11 mutation
transfected cells, GFP signal was detected in both nucleus and
cytoplasm equally, in GFP-STK11-WT transfected cells, the To further analyze whether the mutant still retained some
STK11-GFP fusion protein was expressed both in the nucleus function of the wild-type STK11 protein, we generated a
and cytoplasm, but most of the fusion protein was in nucleus and stable STK11 knockdown HEK293T cell line using trans-
less fusion protein in cytoplasm. Surprisingly, much less GFP fection and transformation of a lentiviral system encoding
fusion mutant was observed in cytoplasm of GFP-STK11-MT STK11 shRNAs. The efficiency of STK11 knockdown was
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FIGURE 5 Function Analysis of STK11 variation (A) Western blot of immortalized HEK293T cells stably transduced with lentivirus
encoding STK11shRNA and untransduced HEK293T cells show the efficiency of STK11 knockdown, and modest effects on the levels of the
phosphorylated forms of downstream mTOR-signaling components p70S6 or p4EBP1. (b) The transfection efficiency of the rescued transfection.
(c) Images taking from bright and fluorescence fields were used to show successful transfection of rescue plasmids GFP, GFP-STK11-WT or GFP-
STK11-MT plasmids in shSTK11-HEK293T cells. Bar: 50 pm (d,e) The phosphorylation of p-mTOR in transfected the STK11 knockdown cell
line with GFP alone, GFP-STK11-WT and GFP-STK11-MT rescue plasmids. The p value of shSTK11 was .042, and the p value of MT was .014
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quantified using Western blotting by comparison its STK11
endogenous expression in HEK293T cell line (Figure 5a).
As expected, STK11 knockdown resulted in high levels of
mTOR phosphorylation (at Ser2448), p-p70S6K(Ser371),
p-4EBP1(Thr37/46), which are downstream components of
the AMPK/mTOR pathway. After STK11 knocking down
in HEK293T cells, transfection with either plasmid GFP-
STK11-rWT expressing recombinant wild-type STKI11
(WT-STK11) or GFP-STK11-rMT expressing recombinant
(rMT-STK11) was performed to rescue the phosphoryla-
tion of mTOR. Flow cytometry showed that the transfec-
tion efficiency of those two plasmids was similar (Figure
5b), but the visualization of transfection showed that the
fluorescence intensity of cells expressing rtWT STK11 was
much stronger than that of the rtMT STK11 expressing cells
(Figure 5c). Western blot showed that the phosphorylation
of mTOR (at Ser2448) was rescued in rtWT STKI11 trans-
fected but not in rMT STKI11 transfected cells which were
STK 11 absent (Figure 5e). It seems that the patients cannot
produce enough amount of a normal STK11 protein due to
the mutation ¢.921-2 A>C which is a heterozygous muta-
tion causing half mRNA expression of wild-type STKI1,
and half mRNA expression of mutant STK// which yielded
STK11 with N-terminal non-catalytic domain and large
party of catalytic kinase domain, losing CRD domain, and
so dysfunctional.

4 | DISCUSSION

PJS is a dominantly inherited disorder with nearly complete
penetrance in patients with variation in the STK/7/ gene (Yoo
et al., 2002). Currently, 511 mutations in STK// have been
detected in patients with PJS or other disorders (HGMD
Professional 2019.1). The STKI11 protein is composed of
three major domains: the N-terminal non-catalytic domain
(encoded by amino acids 1-49), the catalytic kinase domain
(encoded by amino acids 49-309) and the C-terminal non-
catalytic regulatory domain (encoded by amino acids 309-
433; Hanks et al., 1988). Variations in PJS patients are mostly
located in the catalytic domain region and cause dysfunction
in kinase activity, thus disrupting the function of STKI11
(Huang et al., 2015).

The production of mature RNA requires the precise re-
moval of intervening intronic sequences by spliceosome.
Pre-mRNA splicing is mediated by conserved but yet de-
generate cis-acting signal sequences at the splicing sites
(Hastings et al., 2005). The most common results of splic-
ing variation are exon skipping, and also cryptic splice
site activation. In our study, we detected a novel variation
located in intron 7 between exon 7 and exon 8 which gene
locus (HGMD number: CS035538; ¢.921-2 A>G) had
been reported (Kottakis et al., 2016). However, in contrast

to the previous report of A>G transition, our proband
carried an A>C transversion. In our case we found the
spliceosome utilized cryptic splice acceptor site located
in intron 7. All of the aberrantly spliced products identi-
fied in our study introduce premature termination codons.
Therefore, STK11 is thought to lose its kinase activity due
to the truncated protein product, leading to the develop-
ment of the PJS.

Furthermore, in silico tool analysis showed that a cryptic
splice acceptor site located at several positions, in consis-
tence with our in vitro minigene splicing assay.

However, our minigenes were with the products from
the patients, inevitably there were some polymorphic sites
belong to the patients involved in the minigene despite in
wild-type and mutant. They were predicted to be polymor-
phic sites with a high population carriage by Mutation Taster.
After transfection with the minigene into HEK293T cells,
one or two polymorphic sites involved in the wild-type min-
igene could generate an abnormal mRNA which loses 67 bp
(data not shown here) compared with the normal. The poly-
morphic sites among the mutated minigenes may not be dis-
ease causing site because we detected no variants from the
mRNA extracted from HEK293T cells transfected with mu-
tated minigene except the variants in patients’ cDNA. This
result suggests that there was a disease-causing site among
the polymorphic sites in the wild-type minigene referred to
in this study. Further study is needed to identify the disease-
causing site.

When we analyzed the function of the mutant protein,
we found that the mutant protein cannot function as a nor-
mal one to rescue the cells knocking down an endogenous
STK11 protein. According to the results from our study,
there might be two explanations. One is that the mutation
does not influence nuclear distribution of STK11, but it re-
duces the cytoplasmic location compared to the wild-type.
The other is that the kinase domain and no CRD domain of
STK11 are defected in the mutant which might influence
the function of the STK11 protein. These results indicate
that the reduced amount of STK11 in cytoplasm might be
not enough to well perform the function even if the mutants
have partial functions of wild-type STK11, which is an-
other molecular mechanism of the ¢.921-2 A>C variation
causing PJS in the patients.

In summary, we reported a novel variation in intron
7 of the STKI11 gene which could generate aberrant tran-
scripts in the patients and confirmed this mutation is a
PJS-causative mutation. The STK/1 ¢c.921-2 A>C varia-
tion may provide us new insights into the molecular mech-
anism involved in splicing defects underlying PJS. Our
findings extend the mutation spectrum of STK// muta-
tions and emphasize the biological significance of splice
acceptor sites in the context of disease-causing splicing
variations.
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