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SYNOPSIS

LKB1 was discovered as a tumour suppressor mutated in Peutz-Jeghers syndrome and a gene
involved in cell polarity, and is an upstream protein kinase for members of the AMP-activated
protein kinase family. We report that mammals express two splice variants caused by alternate
usage of 3'-exons. LKB1, is the previously described form, while LKB1 is a novel form in which
the last 63 residues are replaced by a unique 39-residue sequence lacking known phosphorylation
(Ser-431) and farnesylation (Cys-433) sites. Both isoforms are widely expressed in rodent and
human tissues, although LKB 1y is particularly abundant in haploid spermatids in the testis. Male
mice in which expression of Lkb1g is knocked out are sterile, with the number of mature
spermatozoa in the epididymis being dramatically reduced, and those spermatozoa that are
produced having heads with an abnormal morphology, and being non-motile. These results identify
a previously undetected variant of LKB1, and suggest that it has a crucial role in spermiogenesis
and male fertility.

KEYWORDS: AMP-activated protein kinase, AMPK, LKB1, male fertility, spermiogenesis, splice
variants

Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
© 2008 The Authors Journal compilation © 2008 Biochemical Society

THIS IS NOT THE VERSION OF RECORD - see doi:10.1042/BJ20081447



Bl Biochemical Journal Immediate Publication. Published on 05 Sep 2008 as manuscript BJ20081447

Towler et al LKB]1 splice variants - role in spermiogenesis 3

INTRODUCTION

The LKBI (STK11) gene, encoding a tumour suppressor protein kinase, was discovered as the gene
mutated in human Peutz-Jeghers syndrome (PJS), a cancer predisposition that is inherited in an
autosomal dominant manner [1, 2]. PJS subjects develop numerous benign polyps in the
gastrointestinal tract and have a 20-fold increased risk of developing malignant tumours at other
sites, while mutations in the LKB/ gene are also seen in some sporadic cancers, especially
adenocarcinoma of the lung [3]. Several human tumour cell lines lack LKB1, and expression of the
protein in these cells causes a G1 cell cycle arrest. Homozygous Lkb1” knockout mice die at mid-
gestation, while heterozygous mice develop intestinal lesions similar to those found in humans with
PJS [3]. Thus, analysis of heterozygous mutations in mammalian species suggest that LKB1 has a
role in restraining cell growth and proliferation. Genetic studies in other eukaryotes such as
Caenorhabditis elegans and Drosophila melanogaster have suggested another function, i.e. that
LKB]1 has arole in the establishment and/or maintenance of cell polarity. In C. elegans, a maternal
effect lethal mutation in the LKB1 orthologue, par-4, disrupts the normal asymmetry in the first cell
cycles of embryogenesis [4]. Mutations in the D. melanogaster orthologue, dLKB1, cause defects
in cell polarity in the oocyte and the developing embryo [5, 6].

Important insights into the biochemical function of LKB1 came with the discovery that it is an
upstream kinase that phosphorylates the activation loop of protein Kinases of the AMP-activated
protein kinase (AMPK) family. These include the al and o2 isoforms of AMPK itself [7-9], as well
as at least twelve AMPK-related kinases [10, 11]. AMPK exists as heterotrimeric complexes
formed from catalytic o subunits and regulatory 3 and y subunits, each of which has multiple
isoforms encoded by distinct genes [12]. LKB1 phosphorylates Thr-172 on the catalytic o subunits
of AMPK, and the equivalent threonine on the AMPK -related kinases, causing in every case a large
activation. Whether activation of AMPK accounts for the tumour suppressor properties of LKB1
remains uncertain. However, AMPK activation inhibits the TOR pathway [13, 14], thus inhibiting
cell growth, and also causes a G1—S phase cell cycle arrest in cultured cells, an effect that involves
increased phosphorylation of p53 [15, 16]. Also consistent with the idea that AMPK mediates the
tumour suppressor functions of LKB1 are findings that the TOR pathway is hyperactive in intestinal
lesions from Lkb1*" heterozygous mice [17], and that pharmacological activators of AMPK reduce
tumour formation in a cancer-prone mouse model that is heterozygous for PTEN and has a
hypomorphic mutation in LKB1 [18].

The role of LKB1 in establishment of cell polarity may also involve activation of AMPK,
because null mutations in the LKB1 and AMPK genes in D. melanogaster cause similar defects in
polarity of epithelial cells in the developing embryo [6]. Activation of either LKB1 or AMPK in
cultured intestinal or kidney epithelial cells also triggers establishment of cell polarity [6, 19-21].
However, several of the kinases downstream of LKB1 also appear to have functions in cell polarity,
including the MARKSs [22], which are homologues of C. elegans PAR-1, and BRSK1/BRSK2
(SAD-B/SAD-A) [23], which are homologues of C. elegans SAD-1.

LKB1 exists in vivo as a complex with two accessory subunits, i.e. STRAD (Ste20-related
adaptor), which is essential for LKB1 activity, and MO25 (mouse protein 25), which appears to
stabilize the LKB1:STRAD complex [3]. At least 75 mutations affecting the amino acid sequence
of LKB1 have been found in PJS subjects and in sporadic cancers. Most either directly interfere
with the kinase activity, or abolish it indirectly by preventing interaction with STRAD. However, a
significant number (around 20%) affect the C-terminal region of LKB1 where they do not appear to
affect kinase activity or STRAD interaction [3].
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In this study, we report that the C-terminal region of LKB1 is affected by alternative splicing to
produce long and short variants of the LKB1 polypeptide (LKB1, and LKB1) that have different
C-terminal sequences. LKB 14, which lacks the Ser-431 site and the farnesylation site, is a minor
form in most tissues, but is highly abundant in haploid spermatids in the testis. Both LKB1, and
LKB1g are capable of activating AMPK and all of the AMPK-related kinases tested. However, male
mice that cannot generate Lkb1 are sterile, and produce dramatically reduced numbers of mature
spermatozoa that are non-motile and have abnormal morphology.

MATERIALS AND METHODS

Cloning and expression of rat LKB1s and LKB1,_ and other plasmids

Based on a rat EST (BF396918) that encoded the last 11 amino acids of LKB1,, followed by a 3'-
UTR and poly(A) tail, we designed a reverse primer (5'-tggcgacacactgttggtagaatg-3'), while the
forward primer (5'-gaacttgaaaagaattggcgctec-3') was based on a sequence 50 bp upstream of the
initiator ATG codon in rat, based on results of 5'-RACE. These were used to generate full-length rat
LKB1, DNA by reverse transcriptase-polymerase chain reaction (RT-PCR) using the Titan One
Tube RT-PCR kit (Roche Diagnostics) with the rat brain RNA as template. The product was gel
purified, ligated into pPGEM-T Easy (Promega), and used to transform TOP10F' E. coli. Colonies
were picked and it was confirmed that they contained the full-length rat LKB1, sequence. A 1700
bp EcoRI/Spel fragment was ligated into pcDNA3.1/Zeo. Searching of the NCBI database revealed
a rat testis EST (CK597755) that encoded the C-terminal region of LKB 14 plus 52 bp of 3'-UTR
and a poly(A) tail. This was purchased from the IMAGE consortium. The insert was =1700 bp, and
sequencing revealed that it encoded the full-length LKB 14 sequence. The insert was also sub-cloned
into pcDNA3.1/Zeo. For the glutathione-S-transferase (GST) fusions, LKB1, and LKB14 DNAs
were amplified from the pcDNA3.1 vectors for subcloning into pEBG2T as a Spel-Kpnl insert
using the forward primer 5'-cggactagtccgatggacgtggctgacccccag-3' and reverse primers
S'-cggggtaccccgtecactgetgcttgecaggecga-3' (LKB1,) and 5'-cggggtaccecgtcacagtggacaaagcetttat-3'
(LKB1y).

Antibodies

The anti-LKB1(N) antibody was raised against the peptide TFIHRIDSTEVIYQP (residues 24-36 of
human, mouse and rat LKB1) [24]. Although raised against the peptide phosphorylated on Ser-31,
the antibody was affinity purified on a column containing the dephosphopeptide (with an N-
terminal cysteine, coupled via the thiol group to CH-Sepharose 4B (Pharmacia) as described
previously [25]). The purified antibody does not appear to be dependent on the phosphorylation
state of Ser-31 because it recognizes an S31A mutant as well as wild type LKB1. The anti-LKB1;
antibody was raised 1n sheep against the peptide KIRRLSACKQQ (residues 423-436 of rat LKB1,,
with a farnesyl group on Cys-433), and was affinity purified on a column containing the
defarnesylated peptide. Although this antibody was raised in an attempt to develop an antibody that
was dependent on farnesylation status, when purified in this manner it appears to be farnesylation-
independent, because it recognizes an C433A mutant as well as wild type LKB1, . The anti-LKB 1
antibody was raised in sheep against the peptide CGLPGEEPEEGFGAVYV (residues 398-412 of rat
LKB 1 plus N-terminal cysteine) using methods described previously [25]. MARK3 antibodies
were from Upstate Biotech (#05-680) and anti-pT172 and anti-myc antibodies from Cell Signalling
Technology (#2535L and #2276). Antibodies against SIK1 (SIK), SIK?2 (QIK), SIK3 (QSK),

Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
© 2008 The Authors Journal compilation © 2008 Biochemical Society

THIS IS NOT THE VERSION OF RECORD - see doi:10.1042/BJ20081447



Bl Biochemical Journal Immediate Publication. Published on 05 Sep 2008 as manuscript BJ20081447

Towler et al LKB]1 splice variants - role in spermiogenesis 5

NUAK?2 and MARK1 [10], AMPK-al and -a2 [26], GST [27], and a monoclonal antibody against
STRADa were as described previously [28].

Bioinformatic analysis of LKB1 sequences
LKB1 peptide sequences (Q15831, human; QOWTK7, mouse; XP_234900, rat [two versions]) were
obtained from the Uniprot and RefSeq databases using a keyword search, and used as probes to
search the human, mouse and rat genome databases at ensEMBL. A strong hit was noted for LKB1
in each genome on chromosome 19 (human), 10 (mouse) and 7 (rat). Each LKB1 sequence was
aligned against the respective genomic sequence using EXONERATE
[http://www.ebi.ac.uk/~guy/exonerate/] and putative intron/exon boundaries identified for LKB1,
in rat, mouse and human. Alignment of the sequence for rat LKB1g allowed the putative intron/exon
boundaries for intron 8 to be identified in rat and mouse. The human sequence for exon 9A shows
only partial similarity to rat and mouse and was not identified by this method. Instead, rat exon 9A
sequence, as verified through EST evidence (see below) was aligned with the human genomic
sequence using TBLASTN, and the putative intron/exon boundaries identified by manual inspection
of the location of the short match in the context of three frame translations and splice sites.
Intron/exon boundaries were verified by alignment of EST sequences with the genomic sequence
for all three species. BLAST [29] searches of dbEST using the protein sequences and fragments of
the genomic sequence identified EST sequences corresponding to full coverage of all forms of the
protein in all species. At least two ESTs were found for each form of the protein in each species.
The EST sequences were manually aligned with the genomic sequence using the Jalview multiple
sequence alignment editor [30]. There is an additional intron (intron 10) in the mRNA coding for
the long form of the protein, 3' to the translation stop codon, which is conserved across all three
species.

Rapid Amplification of cDNA Ends

Rapid Amplification of cDNA Ends (3'-RACE) was carried out using the Marathon cDNA
Amplification Kit (Clontech), using as template Marathon Ready rat testis cDNA (Clontech Cat.
#639417). 3'-RACE was carried out using the forward gene-specific primer
ttgacggcctggagtacctacaca (encoding residues 161-168 in the common region). This gave rise to two
products, a major product of 830 bp and a minor product of about 560 bp. These were gel purified
and re-amplified by a second round of PCR. Sequencing of the 830 bp product using the primer
gagtacgagccagccaagag yielded a sequence encoding residues 330-412 of LKB1g. Sequencing of the
560 bp product using the primer gtcacactctacaaccatcaccacg yielded a sequence encoding residues
291-406 of LKBI,.

Immunoprecipitation of rat testis LKB1 and analysis by mass spectrometry

LKB1 was purified to the Q-Sepharose stage from rat testis as described previously for rat liver [7]
and fractions containing both LKB1, and LKB 1y identified by Western blotting. These fractions
(3.75 mg protein) were immunoprecipitated using antibody against GST-LKB1 [31] covalently
conjugated to protein G-Sepharose using dimethylpimelimidate [32]. After extensive washing,
bound protein was eluted using 1% SDS in 20 mM Tris/HCI, pH 7.5. Samples were concentrated
10-fold using a Speedivac concentrator, and protein precipitated overnight using 10 vols ice-cold
methanol. After centrifugation (16,000g, 15 min) the precipitate was resuspended in SDS sample
buffer, proteins resolved by SDS-PAGE on a 4-12% pre-cast gradient gel using the MOPS buffer
system (Invitrogen) and visualised by staining with Colloidal Coomassie Blue. Stained polypeptides
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were destained, digested with trypsin and analysed by mass spectrometry using an Applied
Biosystems 4700 Proteomics Analyser [33]. Digests were also analysed by liquid chromatography-
electrospray mass spectrometry (LCMS) using an Applied Biosystems 4000 Q-TRAP mass
spectrometer [34].

Immunoprecipitation and Western blotting of LKB1 from various tissue extracts
Male rats (Wistar) or mice were anesthetized using CO, and sacrificed by cervical dislocation. The
indicated tissues were rapidly removed, frozen in liquid N, and stored at -80°C until used. Tissue
samples were pulverised under liquid N, and homogenised in a hand held homogeniser on ice in
lysis buffer (50 mM Tris/HCI pH 7.5, 50 mM NaF, 1 mM Na pyrophosphate, 1 mM EDTA, 1 mM
EGTA, 1% Triton X-100, ImM DTT, 0.1 mM PMSF, 1 mM benzamidine and 1ug/ml soybean
trypsin inhibitor). Homogenates were centrifuged (13,000g, 15 min, 4°C), supernatants removed,
frozen in liquid N, and stored at -80°C until used. Samples (20 or 200 ug protein) were incubated at
4°C for 2 hr on a shaking platform with 5 ul of protein G-Sepharose covalently conjugated (using
dimethyl pimelimidate) to 10 ug of anti-LKB1(N) antibody. After extensive washing, the
immunoprecipitates were heated in SDS sample buffer, resolved by SDS-PAGE and blots probed
the indicated antibodies.

Human protein medleys (10 mg/ml in SDS sample buffer) from brain, heart, liver and testes were
from Clontech. They were resolved by SDS-PAGE without prior immunoprecipitation and
analysed by Western blotting with the indicated antibodies.

For Figs. 3D and 6B/C, homogenates were prepared fromi rat or mouse testis and epididymis by
grinding tissue under liquid N, and adding an equal vol. of homogenisation buffer (50 mM Tris, pH
7.3, 1 mM EDTA, 1 mM EGTA, 50 mM NaCl, 5 mM Na pyrophosphate, 50 mM NaF, 2 mM
dithiothreitol (DTT), 1 mM phenylmethane sulphonylfluoride (PMSF), 2 mM benzamidine, 1%
Triton X-100, 250 mM mannitol) and homogenising using a Dounce homogeniser. Samples were
left on ice for 30 min, followed by a second bout of homogenisation before being centrifuged at
14,000 rpm (4°C) and the supernatant used for immunoprecipitation or analysis by Western
blotting. For preparation of spermatozoa extract, the epididymis was chopped finely in PBS and
centrifuged (3,000 rpm, 2 min, 4°C). The supernatant was centrifuged again (14,000 rpm, 4°C, 5
min). The pellet containing the spermatozoa was lysed in 50 pl of homogenisation buffer and left
on ice for 30 min, followed by centrifugation (14000 rpm, 5 min, 4°C). The supernatant was
analysed by Western blotting.

Isolation of tRNA from mouse testis and RT-PCR

tRNA was extracted from LKB1"* and LKB1"" mice testis as follows: 1 ml Trizol reagent
(Invitrogen) was added to tissue in a tube containing lysing matrix D (small ceramic beads) and
placed on ice. Tissue was homogenised using the Precellys 24 machine (Bertin Technologies) at
6,000 rpm for 20 seconds, twice. Tubes were left on ice for 5 min, chloroform (200 ul) was added,
tubes vortexed for 1 min and then centrifuged (12,000 rpm, 15 min, 4°C). Isopropanol (500 ul) was
added to the supernatant and the tube inverted and left at room temp for 10 min. Tubes were
centrifuged (14,000 rpm, 10 min, 4°C), the supernatant removed, the pellet washed twice in 80%
ethanol and left to air-dry before being dissolved in diethylpyrocarbonate-treated water. tRNA was
then purified using the DNA-free kit (Ambion) and RT-PCR carried out using the Promega Access
Quick RT-PCR system.
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Expression of LKB1 complexes and activation of AMPK-related kinases in HelLa
cells

HelL a cells were cultured in DMEM containing 10% FBS and 1x penicillin/streptomycin solution
(Invitrogen). Cells cultured on 10 cm dishes were transfected with 3 ug of LKB1, or LKB 1
plasmid and 3 ug of each of FLAG-STRADo and myc-MO25a. plasmids using the
polyethylenimine method [35]. The cells were cultured for a further 36 hr and lysed in 0.5 ml of
ice-cold lysis buffer (50 mM Tris/HCL, pH 7.2, 1 mM EGTA, 1 mM EDTA, 50 mM NaF, 1 mM Na
pyrophosphate, 1% (w/v) Triton-X 100, 0.1 mM PMSF, 1 mM DTT, 0.1 mM benzamidine and 5
ug/ml soybean trypsin inhibitor) after quick rinsing in phosphate-buffered saline (PBS). The lysates
were centrifuged at 4°C for 10 min at 13,000 rpm.

For immunoprecipitate kinase assays, (0.1-1 mg protein) was incubated at 4°C for 2 hr on a
shaker with 5 ug of the appropriate antibody previously conjugated to 5 ul of protein G-Sepharose.
Kinase activity was then determined as described previously [36] using the AMARA peptide [37]
as substrate.

Bacterial expression of the kinase domains of AMPK-a1, BRSK1 and BRSK2
Plasmids encoding GST fusions of the kinase domains of rat AMPK-a1 (residues 1-312), BRSK1
[1-400] and BRSK?2 [1-400] were expressed in bacteria from pGEX vectors and purified as
described previously [10, 38].

Expression of LKB1 in HEK293 cells and activation of AMPK-related kinases in cell-
free assays

GST-LKBI1, or GST-LKB1gwith FLAG-STRADa and myc-MO25a were expressed in HEK293
cells and the complexes purified on glutathione-Sepharose as described previously [39]. GST-
AMPKal, GST-BRSKI1 or GST-BRSK?2 (1.5 pg in a final volume of 20 ul) were incubated with or
without the indicated LKB1 complexes in Buffer A (50 mM Na Hepes, pH 7.4, 1 mM DTT and
0.02% Brij-35) plus 5 mM MgCl, and 0.2 mM ATP for 15 min at 30°C. For Western blotting
analysis, the reaction was terminated by the addition of LDS sample buffer (Invitrogen). To
determine kinase activities, 10 ul was added to 15 ul of mix to give final concentrations of 5 mM
MgCl,, 200 uM [y-*P]ATP (300 cpm/pmiol) and 200 uM AMARA peptide [37] as substrate. After
incubation for 15 min at 30°C, incorporation of *’P-phosphate into the peptide substrate was
determined as described previously [40].

Preparation of germ cells from rat testis

Germ cell suspensions were prepared from 26- and 31-old-Sprague-Dawley rats by collagenase
digestion and Percoll purification by a modification of a previous method [41]. In 26-day-old rats,
spermatocytes at all phases of the long meiotic prophase are present, and only rare tubules
containing young spermatids are seen. In 31-day-old-rats, spermatids are the most prominent germ
cell population present. Testes were decapsulated and digested with 0.1% collagenase (C0130
Sigma-Aldrich) and 0.006% soybean trypsin inhibitor (T9003. Sigma-Aldrich) in Hanks’ balanced
salt solution (HBSS) for 5 min at room temp. The collagenase solution was diluted 4-fold with
HBBS and seminiferous tubules allowed to sediment for 2 min. The supernatant was discarded and
the tubular pellet was washed twice with gentle shaking. Seminiferous tubules were cut into 2 mm
segments and then digested with 0.05 % collagenase, 0.003 % soybean trypsin inhibitor and 0.003%
deoxyribonuclease (DN25, Sigma-Aldrich) for 15 min at room temp, while carefully transferring
the suspension from one tube to another with a pipette. The suspension was diluted with one vol
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HBSS and material allowed to sediment for 5 min. The supernatant was transferred to a tube
containing sufficient 2% bovine serum albumin (BSA) to make the final concentration 0.2% BSA.
The suspension was allowed to settle for 10 min. Germ cells remaining in suspension were
collected by centrifugation at 400xg for 3 min at 4°C. The resulting pellet was washed 2x with
HBSS containing 0.2% BSA and 0.003% deoxyribonuclease. The final cell pellet was resuspended
in a 1:1 mixture of Dulbecco’s Modified Eagle’s Medium-Ham’s F-12 Medium with the addition of
15 mM NaHCO3, 100 IU/ml penicillin, 2.5 mg/ml amphotericin B, 20 mM Na Hepes, pH 7.4
(DMEM-F12) and seeded on a discontinuous four-layer (20%, 25%, 32%, 37%) Percoll density
gradient. The gradient was centrifuged at 800 xg for 30 min at 4°C. Two fractions were at the 32%-
37% interface and the 25%-32% interface were collected. To remove Percoll, 4 vols of DMEM-F12
were added and centrifugation at 400 xg for 5 min at 4°C performed. Germ cells were resuspended
in DMEM-F12 supplemented with 10 mg/ml transferrin, 5 mg/ml insulin, 5 mg/ml vitamin E and 4
ng/ml hydrocortisone. Germ cell preparations were seeded at a density of 2x10° cell/ml in tissue
culture flasks and cultured at 34°C in a mixture of 5% CO,:95% air for 18 hr. During this initial
period, the few Sertoli cells contaminating the germ cell preparation attached to the plastic surface.
Purified germ cells were obtained by carefully removing the medium and centrifuging at 400 xg for
5 min at 4°C. For Western blot analysis, cells were resuspended on ice with 70 ml PBS containing
0.7 ml (per 1x10° cells) protease inhibitor cocktail (P8340, Sigma-Aldrich), 2 mM PMSF, 1 mM
EGTA, 1 mM EDTA and 1 mM NaF, and disrupted by ultrasonic irradiation. To measure the DNA
content, cells were resuspended in DMEM:F12 supplemented with 50% fetal bovine serum and
fixed in ice-cold 70% ethanol. Propidium iodide was added to fixed cells to a final concentration of
50 mg/ml. Flow cytometry was performed using a FACS Caliber (Becton Dickinson).

Isolation of Leydig cells

Testes from adult Sprague-Dawley rats were removed and placed in ice-cold PBS, pH 7.4,
containing 0.1% BSA. Leydig cells were i1solated by a modification of a previous method [42].
Testes were decapsulated and digested with a solution of 0.025% collagenase (C0130, Sigma-
Aldrich) and 0.001 % soybean trypsin inhibitor in Medium 199 containing 0.1% BSA (M199-BSA)
under constant agitation at 34°C for 15 min. The suspension was diluted 4x with cold M199-BSA.
Seminiferous tubules were allowed to sediment and the supernatant recovered. Seminiferous
tubules were washed 2x with M199-BSA and supernatants obtained after sedimentation combined
with the first supernatant. Interstitial cells were collected by centrifugation at 100 xg for 15 min at
4°C. Cells were resuspended in DMEM-F12. Leydig cells were purified using a discontinuous four-
layer (21%, 26%, 40%, 60%) Percoll gradient. The gradient was centrifuged at 800 xg for 30 min at
4°C. The interface between 40 and 60% Percoll was collected, 4 vols of DMEM-F12 added, and
centrifugation at 400 xg for 5 min at 4°C was performed. The cell pellets were resuspended on ice
with 70 ml PBS containing 0.7 ml (per 1x10° cells) protease inhibitor cocktail, 2 mM PMSF, 1 mM
EGTA, 1 mM EDTA and 1 mM NaF and disrupted by ultrasonic irradiation.

Isolation of Sertoli cells

Sertoli cells were isolated from 20-day-old Sprague-Dawley rats essentially as previously described
[43]. Testes were decapsulated and digested with 0.1% collagenase (C0130, Sigma-Aldrich) and
0.006% soybean trypsin inhibitor in HBSS for 5 min at room temp. Seminiferous tubules were
allowed to sediment, washed 2x with HBSS, cut into 2mm segments and submitted to treatment
with 1 M glycine-2 mM EDTA, 0.003% deoxyribonuclease, pH 7.4, for 10 min at room temp to
remove peritubular cells. Next, 9 vols of HBSS were added, and seminiferous tubules were allowed

Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
© 2008 The Authors Journal compilation © 2008 Biochemical Society

THIS IS NOT THE VERSION OF RECORD - see doi:10.1042/BJ20081447



Bl Biochemical Journal Immediate Publication. Published on 05 Sep 2008 as manuscript BJ20081447

Towler et al LKB]1 splice variants - role in spermiogenesis 9

to sediment for 30 min at room temp. The pellet was recovered and digested again with collagenase
under identical conditions for 10 min while carefully transferring the suspension from one tube to
another with a pipette. After this, 2 vols of HBSS were added and Sertoli cell aggregates were
collected by centrifugation at 400 xg at 4°C for 3 min. The pellet obtained was resuspended in
HBSS and submitted to sedimentation for 10 min at unit gravity (contaminating germ cells remain
in suspension, while Sertoli cell aggregates are recovered in the sediment). The supernatant was
discarded and the sediment was washed 1x with DMEM-F12, collected by centrifugation at 400 xg
at 4°C for 3 min, and finally resuspended in DMEM-F12 supplemented with 10 mg/ml transferrin, 5
mg/ml insulin, 5 mg/ml vitamin E and 4 ng/ml hydrocortisone. Sertoli cells were seeded in a culture
dish (60 mg DNA/10 cm?®) and cultured at 34°C in a mixture of 5% C02:95% air. The medium was
changed after 48 hr and cells collected on day 4, when the purity of Sertoli cells reached 90% as
judged by phase contrast microscopy. Remaining cell contaminants were of germ cell origin. The
Sertoli cells were washed once with PBS, collected on ice with 100 ml PBS containing 1 ml
protease inhibitor cocktail, 2 mM PMSF, 1| mM EGTA, 1 mM EDTA and 1 mM NaF, and disrupted
by ultrasonic irradiation.

Histology of testis and epididymis from LKB1** and LKB1"" mice

LKB1"* and LKB1"" mice were obtained by breeding and genotyping as described previously [44].
Testes and epididymal tissue were dissected out and fixed in 10% neutral buffered formalin
overnight. Tissues were embedded in paraffin and sectioned for standard Haematoxylin and Eosin
staining. Slides were viewed on a Zeiss light microscope, and 1mages taken using a Zeiss Axiocam
and processed with AxioVision software.

Sperm counts and assays of sperm motility

Spermatozoa were prepared for counting and motility analysis by macerating the epididymis from
LKB1*"* and LKB1"" mice in 200 ul of G-IVF™ PLUS buffer (Vitrolife, Sweden). Tissue was
pipetted up and down once or twice, the large tissue fragments allowed to settle and samples of the
upper suspension transferred into a clean Eppendorf tube and maintained at 37° C prior to counting
and motility assays. For sperm counts, the sample was diluted 1:5 in water, aliquots (10 ul) pipetted
onto an improved Neubauer haemocytometer, and the number of sperm counted using an Olympus
IX17 microscope. For motility measurements, 4 ul of the undiluted sample was placed on a glass
slide and motility assessed using a computer-aided semen analyser (Hamilton Thorne CEROS)
according to manufacturer’s instructions.

Microscopic analysis of spermatozoa from LKB1** and LKB1"" mice

Spermatozoa were prepared for imaging by finely chopping the epididymis in 4%
paraformaldehyde, which was transferred into a microcentrifuge tube and centrifuged (3,000 rpm, 2
min, 4°C). The supernatant containing spermatozoa was spotted onto a slide with a drop of
Vectashield mounting medium containing 4',6-diamidino-2-phenylindole (DAPI, Vector Labs Inc,
California) and a coverslip sealed on top. Images were taken using the bright field and DAPI filter
of a Deltavision microscope. Images were also taken using a Nikon Coolpix 4500 digital camera
attached to a Zeiss light microscope; sperm counts were taken from these images.

For scanning EM the epididymis was finely chopped in Peters fixative (1.25% glutaraldehyde, 1%
paraformaldehyde, 80 mM Na cacodylate pH 7.2, 0.02 % CaCl,) and left in fixative overnight.
Spermatozoa were collected on 1 wum Shandon Nucleopore membrane filters. After rinsing the
membranes 2x15 min, with 80 mM Na cacodylate pH 7.2, samples were post-fixed with 0.2% OsO,
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in water overnight. Membranes were washed 2x15 min in water and then dehydrated through a
graded ethanol series. Samples were critically point dried using a BAL-Tec CPD D30, mounted on
aluminium stubs using adhesive tabs, and coated with 20 nm Au/Pd using a Cressington 208HR
sputter coater. Specimens were examined in a Philips XL.30 ESEM operating at an accelerating
voltage of 15Kv, and images recorded using SIS XL DOCU imaging software.

Western blotting and other analytical procedures

SDS-PAGE used precast Bis-Tris 4-12% gradient polyacrylamide gels in the MOPS buffer system
(Invitrogen). Proteins were transferred to nitrocellulose membranes (BioRad) using the Xcell II Blot
Module (Invitrogen). Membranes were blocked for 1 hr in Tris-buffered saline (TBS) containing
5% (w/v) skimmed milk. The membranes were probed with appropriate antibody (0.1-1 pg/ml) in
TBS-Tween, 2% (w/v) skimmed milk. Detection was performed using secondary antibody (1
ug/ml) coupled to IR 680 or IR 800 dye, and the membranes were scanned using the Li-Cor
Odyssey IR imager. Protein concentrations were determined by Coomassie Blue binding [45] with
bovine serum albumin as standard.

RESULTS

Analysis of mMRNAs encoding LKB1 by database searching

We previously reported that, during purification from rat liver, two forms of the
LKB1:STRAD:MO25 complex could be resolved by anion exchange chromatography, which
contained forms of the LKB1 polypeptide with differing mobilities on SDS-PAGE [7]. Since there
is a single gene encoding LKB1, we suspected that the two forms might arise by alternative splicing
of the mRNA. Using the amino acid sequences for human (Q15831), mouse (Q9WTK?7) and rat
(XP_234900) LKB1, we searched the respective genome databases and located the sequences on
chromosomes 19, 10 and 7 respectively. Each amino acid sequence was aligned against the
genomic sequence and intron/exon boundaries identified. We then searched for and aligned
expressed sequence tags (ESTs) with the genomic sequences. A summary of the alignment is shown
in Fig. 1A; the full alignment is available from the authors on request. Interestingly, in all three
species a non-canonical splice site is used for exon 2. A canonical site does exist, and was used in
one incorrect prediction for the amino acid sequence of rat LKB1 (XP_234900.1), but every EST
found utilizes the non-canonical splice site, in all three species.

Our analysis suggested that there are two forms of LKBI mRNA caused by alternative splicing
after exon 8. These would give rise to two versions of the protein, designated LKB1¢ and LKB1,
for the short and long forms respectively, which have different C-terminal sequences encoded by
exons 9A and 9B. The LKBI1, mRNA also has an additional exon (exon 10) that encodes 3'-
untranslated sequence only. We also noted the use of alternate polyadenylation sites in exon 10 in
both human and mouse. ESTs corresponding to LKB 14 were particularly common in libraries
derived from rat testis. In the rat, LKB 1y is predicted to be a protein of 412 residues with a mass of
46.5 kDa, while LKB1, is predicted to be a protein of 436 amino acids with a mass of 49.2 kDa.
The first 373 residues encoded by exons 1 to 8 (MDVA... TVPG), including the kinase domain (44-
309), would be identical in both forms. LKB 14 would then have a unique, 39 residue sequence
(VEET...GAVYV) at the C-terminus encoded by exon 9A, whereas LKB1; would have a unique 63
residue sequence (QVLE...CKQQ, including the Ser-431 phosphorylation site and the cysteine
residue in the C-terminal -CAAX sequence that forms the farnesylation site) encoded by exon 9B.
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Alignments of the predicted amino acid sequences of the unique C-terminal regions of LKB1g
and LKB1,, encoded by exons 9A and 9B respectively, are shown in Fig. 1B. The unique region of
the long form is more highly conserved, being 70% identical between mouse and human, as
opposed to only 36% identity for the unique region of the short form.

Analysis of LKB1 mRNAs by 3'-RACE

To confirm the existence of two forms of LKBI mRNA, we carried out 3'-RACE (Rapid
Amplification of cDNA Ends) using cDNA from rat testis as the template, and a forward primer
(encoding residues 161-168) derived from the common region. This generated a major product of
about 830 bp and a minor product of about 560 bp (not shown). Sequencing of the 830 bp product
yielded a sequence encoding residues 330-412 of LKB1g, covering exons 8 and YA and extending
right to the C-terminus of the protein, followed by a TAG stop codon. Sequencing of the 560 bp
product yielded a sequence encoding residues 291-406 of LKB1, including about half of the unique
C-terminal region. Thus, we could distinguish two distinct mRNAs in rat testis mRNA
corresponding to LKB1g and LKBI,.

Analysis of LKB1s and LKB1_ by tryptic peptide mass fingerprinting

To confirm the structural differences between the LKB1, and LKB1g at the protein level, we
partially purified LKB1 complexes from rat testis and immunoprecipitated them using an antibody
(anti-LKB1(N)) raised against an epitope (residues 25-36) from the common N-terminal region.
SDS-PAGE analysis of the immunoprecipitate revealed five major polypeptides (labelled P1 to P5
in order of increasing mobility, Fig. 2A), which had estimated masses by comparison with marker
proteins of 50, 46, 43, 40 and 36 kDa. All five were analyzed by matrix-assisted laser desorption
ionization time-of-flight (MALDITOF) mass spectrometry of tryptic peptides. Using this method,
PS5 was identified as MO25a., and P3 and P4 as STRADa., which has previously been observed to
migrate as two or three distinct polypeptides when purified from rat liver [7]. There are two
versions of rat STRADa in the NCBI database, i.e. AH81911.1 (GI:51858665), which is predicted
to have 373 residues and a mass of 41.4 kDa, and NP_877972.1 (GI:33414519), which is predicted
to have 393 residues (including an N-terminal extension not present in AH81911.1) and a mass of
43.5 kDa. P3 and P4 may correspond to these, although we were unable to identify any peptides
from the unique N-terminal region of NP_877972.1 in P3.

P1 and P2 were both identified as LKB1. Fig. 2B shows the complete amino acid sequences of
rat LKB1g and LKB1, derived from our analysis of DNA sequences in the databases. Tryptic
peptides for which we obtained a matching mass in P1 and P2 are indicated by boxes. We identified
17 peptides of the same mass in P1 and P2, accounting for 246 out of 373 residues (64%) in the N-
terminal region common to both variants. In P1 we also identified a peptide of 4949.3 Da,
corresponding to residues 348-391 that straddle the junction between exons 8 and 9B, and one of
1504.7 Da, corresponding to residues 392-405 immediately C-terminal to that. Both of these
peptides were absent from the digest of P2. Conversely, in P2 we identified a peptide of 1829.9 Da,
corresponding to residues 394-412 of the XP_234900.2 sequence, which is the C-terminal peptide
of the protein; this peptide was not detected in the digest of P1.

Analysis of LKB1s and LKB1,_ by Western blotting

To study the tissue distribution of LKB1 isoforms at the protein level, we analyzed the
expression of LKB1g and LKB1, in extracts of rat, mouse and human tissues by Western blotting
using three different anti-peptide antibodies, i.e. anti-LKB1(N), which recognizes a common N-
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terminal epitope, and anti-LKB1g and anti-LKB1,, the latter two raised against C-terminal epitopes
that were unique to each variant. To enhance the signals obtained, for rat and mouse extracts we
first immunoprecipitated with a fourth antibody made against full-length recombinant LKB1, . Fig.
3A shows results obtained using rat tissues. If we loaded samples derived from
immunoprecipitation of 20 ug of extract protein into each lane, LKB1 polypeptides were only
clearly visible in extracts of brain (Br) and testis (Te). The brain sample exhibited just the upper
band of 50 kDa recognized by the anti-LKB1(N) and anti-LKB1, antibodies, while in the testis
polypeptides of 50 kDa (recognized by the anti-LKB1(N) and anti-LKB1, antibodies) and 46 kDa
(recognized by the anti-LKB1(N) and anti-LKB 1§ antibodies) were evident. As assessed by the
signal obtained using anti-LKB1(N), LKB 1y is more abundant than LKB1, in testis, although in a
sample of partially purified rat testis LKB1 run as a marker (RT), the LKB1, and LKB I
polypeptides were of equal intensity.

To examine the expression of the isoforms in other tissues, we ran the Western blots again with
the amount of protein increased 10-fold for all tissues except brain and testis. This revealed that
both forms were detectable in all tissues examined. Although the signals were very faint for liver
(Li) and kidney (K1), both forms are present in the former because we previously purified them
from rat liver [7]). As assessed by the signal obtained using anti-LKB1(N), LKB1, is more
abundant than LKB 1y in brain (Br), heart (He), skeletal muscle (Mu), liver (L1), kidney (Ki), lung
(Lu) and pancreas (Pa), whereas the opposite is true in testis (Te) and spleen (Sp). Using the anti-
LKB 1 antibody, we also detected an additional polypeptide of intermediate size (labelled “??” in
Fig. 3A), especially in brain and heart. On close inspection, this could also be seen in the anti-
LKB1(N) blots migrating just ahead of LKB1,, but not in the anti-LKB1, blots. Since this
polypeptide was immunoprecipitated using the antibody against full-length LKB1 and is recognized
by both anti-LKB1(N) and anti-LKB 14 on Western blots, we suspect that it may represent yet
another variant containing the exon 9A sequence. However, we were unable to obtain enough
material to confirm this by mass spectrometry.

Fig. 3B shows Western blotting of immunoprecipitates of mouse tissue extracts analyzed in the
same way. Although we did not analyze lung and pancreas, the results were very similar to those
obtained with rat extracts, including the putative third variant running between LKB1, and LKB1g
in brain and heart. Fig. 3C shows Western blots of extracts of human brain, heart, liver and testis
probed with anti-LKB1(N) and anti-LKB, , with purified rat testis enzyme (RT) run as a positive
control. Because the extracts were obtained already dissolved in SDS, for the human samples we
could not perform prior immunoprecipitation. However, the LKB1, polypeptide was clearly visible
in the brain extract, whereas both LKB1, and LKB1 were visible in testis, with LKB 14 being more
abundant as in rodents. Probably because the peptide epitope against which the LKB 14 antibody
was made is poorly conserved in humans (Fig. 1B), our anti-LKB 1 antibody did not recognize
human LKB1¢ (not shown).

To confirm that LKB1g, like LKB1,, formed a complex with STRAD and MO2S5 in testis, we
made rat testis extracts and immunoprecipitated with anti-LKB1,, anti-LKB 1, or with a control
sheep immunoglobulin. The extract and each immunoprecipitate were then analyzed by Western
blotting using antibodies against STRADa and MO25a.. The results (Fig. 3D) confirmed that both
LKB1, and LKB1 formed complexes with STRADa and MO25a in testis. Two polypeptides of 43
and 40 kDa were observed for STRADa as in Fig. 2. Although the STRAD and MO25 polypeptides
were only faintly detected in the anti-LKB1, blots due to the low expression of this variant in testis,
we have previously shown that LKB1, associates with STRADa and MO25a. in rat liver [7].
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Subcellular localization of LKB1s and LKB1,_

Since LKB 1 lacks the C-terminal -CKQQ sequence providing the cysteine that is farnesylated
on LKBI1, [31], we wondered whether the two isoforms might have different subcellular
localizations. However, after expression of LKB1, or LKB1¢ with or without STRADao and
MO25a in HeLa cells, with detection by indirect immunofluorescence using isoform-specific
antibodies, or by Western blotting after separation of extracts into soluble and membrane fractions,
we could obtain no evidence that this was the case. These data are presented in a supplementary file

(Fig. S1).

LKB1s and LKB1, activate AMPK and AMPK-related kinases

To determine whether both variants of LKB1 are capable of activating AMPK and the AMPK-
related kinases (ARKSs) in intact cells, we co-expressed LKB1, or LKB1g with FLAG-STRADa
and myc-MO250a in HeLa cells and measured the phosphorylation and activity of endogenous
kinases compared with untransfected controls. By probing blots with the anti-LKB1(N) antibody,
the expression of LKB1, was higher than that of LKB 1y in these cells (Fig. 4A). Despite this,
endogenous AMPK was activated and phosphorylated to approximately equal extents compared
with control cells treated with empty vector (Fig. 4B). Similarresults were obtained with SIK 1
(SIK), SIK?2 (QIK), SIK3 (QSK) and NUAK?2 (SNARK): in these cases the basal activity in control
cells was very low and there was a large increase on expression of either splice variant (Fig. 4C-
4F).

As the brain specific kinases BRSK1 and BRSK?2 (also known as SAD-B and SAD-A) are not
expressed in HeLa cells, we used a different approach to assess their phosphorylation and activation
by LKB1, and LKB1g complexes. We co-expressed GST-tagged LKB1, or LKB1 in HEK-293
cells with FLAG-STRAD-a and myc-MO25a: and purified the recombinant complexes using
glutathione-Sepharose chromatography. Fig. SA shows analysis of the purified complexes by
blotting with anti-GST, -FLAG and -myc antibodies. This shows that the LKB1:STRADo:MO25a
complex was highly enriched in the glutathione-Sepharose eluate. The bottom panel of Fig. SA
shows a Western blot probed with anti-GST using a lighter loading of the purified complex,
revealing that the content of LKB1, and LKB 1y in the two preparations was equivalent.

As an initial test of this method, we €xamined the ability of the purified LKB1, and LKB1g
complexes to phosphorylate and activate a GST fusion of the kinase domain from rat AMPK-a1.
Both complexes were active, but the LKB1g complex appeared to activate the a1 kinase domain,
and phosphorylate Thr-172, more effectively than the LKB1, complex (Fig. 5B, 5C). Similar results
were obtained with GST-BRSK1 and GST-BRSK?2, although there were quantitative differences,
with the LKB 14 complex appearing to phosphorylate and activate BRSK2 much more efficiently
than the LKB1, complex (Fig. SE, 5G), while this difference was less marked with BRSK1 (Fig.
5D, 5F).

A role for LKB1s in spermiogenesis

We used a mouse with a “floxed” Lkb1 gene to investigate the function of LKB1g. This mouse
carries an allele of LkbI in which exons 4 to 8 have been replaced by a cDNA-IRES NEO-loxP(3")
cassette; the cDNA encodes exons 5, 6, 7, 8 and 9b of Lkb1, [44]. Although the genome of these
mice still contains the exon 9a sequence, this was not likely to be transcribed as part of the Lkb1
transcript because the cDNA cassette is already spliced and carries polyadenylation sequences.
Therefore, these homozygous floxed mice (Lkb1™") should represent a de facto knockout of Lkb1.
To confirm this at the mRNA level, we extracted RNA from rat testis and used it as a template for
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RT-PCR using forward primers from the region common to Lkb1, and LkbI and reverse primers
from their unique 3' regions (expected size of products 592 and 609 bp respectively). We also used
primers to amplify 18S rRNA as a positive control. The results (Fig. 6A) showed that mRNA
encoding Lkb1g was completely absent in the RNA from the homozygous floxed mice, which still
contained both Lkbl; mRNA and 18S rRNA. To confirm the absence of Lkbl in the homozygous
floxed mice at the protein level, we also carried out Western blotting with increasing amounts of
testis protein (Fig. 6B).

The Lkb ™" mice have no overt phenotype, other than that the male mice are sterile [44]. Our
current findings that Lkb1g is expressed at highest levels in the testis, and is absent in the testis of
the Lkb1™ males, suggests that this variant might play a crucial role in spermatogenesis. We first
looked at the expression of Lkb1g and Lkb1, in different regions of the male reproductive system in
wild type mice. Expression of Lkblg, measured either using the antibody specific for that variant
(anti-LKB 1) or the antibody that recognizes both variants (anti-LKB1(IN)) was very high in the
testis but much lower in the epididymis and in spermatozoa derived from epididymis (Fig. 6C). By
contrast, Lkb1, appeared to be expressed at low levels in all three preparations. This suggested that
Lkb1g might have a function in developing, rather than in mature, spermatozoa.

We next examined the expression of LKB1y in testis from rats of different ages (Fig. 6D).
LKB1g expression was absent in testis from rats that were 20, 23 and 27 days old, but was evident
in 30 day rats and much stronger in 60 day rats. The expression of LKB1 therefore corresponds to
the time (day 27) when haploid spermatids begin to appear. We also examined expression in
Leydig cells (LC), Sertoli cells (SC) and three different preparations of germ cells (G1, G2, G3)
made by collagenase digestion and Percoll gradient centrifugation of rat testis (Fig. 6E). LKB14 was
clearly expressed in whole testis, with the expression being greater in 60 day rather than 30 day rats
as before. It was expressed in germ cells but not in Leydig or Sertoli cells. However, expression
varied markedly in the three different preparations of germ cells. Preparation G1 was from 26-day
old rats (32-37% Percoll interface), contained 75% tetraploid cells and 6% haploid cells and
expressed no detectable LKB1. Preparation G2 was from 26-day old rats (25-32% Percoll
interface), contained 73% tetraploid cells and 16% haploid cells and expressed low levels of
LKB1;. Preparation G3 was from 31-day old rats, contained 27% tetraploid cells and 63% haploid
cells and expressed high levels of LKB 1. Thus, the highest expression of LKB1g appears to be in
developing germ cells after meiosis. All three germ cell preparations contained small proportions of
diploid cells (10-20%) that may represent contamination with somatic cells.

We also analyzed the testis and epididymis, and the spermatozoa stored in the latter, from the
mice that lacked Lkb1g and their wild type littermates. Histological analyses using haematoxylin
and eosin staining of testis sections did not reveal any marked differences (data not shown), but
there were obvious differences in the epididymis. Whereas the caudal region (where mature
spermatozoa are stored) was distended and packed with spermatozoa in the wild type, it appeared to
be shrunken and almost empty in the Lkb ™" mice (Fig. 7). To recover the spermatozoa we finely
chopped the whole epididymis, resuspended in buffer used for motility analysis of human
spermatozoa, allowed the large tissue fragments to settle, and counted spermatozoa. This revealed
that the number of mature spermatozoa was drastically reduced in the Lkb ™" mice. In six Lkb1"™"
mice of ages ranging from 2 to 12 months, the sperm count was reduced by 98.6 = 1.0% compared
with their wild type littermates. Analysis of motility revealed that the spermatozoa from the wild
type littermates had normal motility (=67% motile with 28% progressive), but that the few
spermatozoa from the Lkb ™" mice were completely non-motile. In addition, the few spermatozoa
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that were recovered from the knockout mice had an abnormal morphology. Viewed by differential
bright field microscopy or by scanning electron microscopy, the sperm heads from the wild type
littermates had the characteristic hooked shape caused by the prominent acrosome in mouse
spermatozoa. However, the sperm heads from the Lkb ™" mice were invariably rounded and showed
no evidence of the hooked acrosome. In addition, the chromatin appeared to be less highly
condensed than in wild type sperm heads as judged by staining of DNA in fluorescence microscopy
(Fig. 7).

Discussion

The first indication that LKB1 might exist as two protein variants came from studies showing
that the LKB1 complex could be separated into two fractions during purification from rat liver [7].
When we searched cDNA databases from rat, mouse and human, we found sequences
corresponding to two distinct forms of LKB1 mRNA (Fig. 1A) with many of the cDNAs
corresponding to the short form (particularly in the case of the rat) being derived from the testis.
This is consistent with our findings that mRNAs encoding two distinct forms of LKB1 could be
cloned by a 3'-RACE procedure from rat testis cDNA and could also be detected by RT-PCR (Fig.
6A). To confirm expression of both variants at the protein level, we partially purified LKB1 from
rat testis extracts and immunoprecipitated using an antibody that recognizes both forms. This
resulted in the identification by peptide mass fingerprinting of LKB1,, LKB1g, MO250a and two
forms of STRADa.. Thus, the existence of the two splice variants of LKB1 was demonstrated
unequivocally at the protein level in rat testis.

We next examined the tissue distribution of the two splice variants in rat, mouse and human
extracts using an antibody raised against an N-terminal epitope expected to recognize both forms
(anti-LKB1(N)) and two antibodies raised against unique sequences encoded by exons 9B (anti-
LKB1,) and 9A (anti-LKB ). In most tissue extracts, LKB1; was the predominant form, although
LKB1g was always detectable if sufficient protein was loaded onto the gel. The exceptions to this
were spleen extracts from rats and mice (a human spleen sample was not available) and testis
extracts from all three species, where LKB 1§ was the predominant form. LKB 14 was much more
abundant in testis than any other tissue extract, whereas LKB1, was most abundant in brain
extracts.

We next considered the possibility that the unique C-terminal regions of LKB1, and LKB1
might provide docking sites such that they would differ in their specificity for the downstream
protein kinases. To test this, we co-expressed LKB1, and LKB1g in HeLa cells, which do not
express endogenous LKB 1, with FLAG-STRADa and myc-MO25a and assessed the activation
state of AMPK and AMPK-related kinases (SIK 1, SIK2, SIK3 and NUAK2/SNARK). We also
studied the activation of AMPK, BRSK1/SAD-B and BRSK2/SAD-A by recombinant LKB1, and
LKB1g complexes in cell free assays. Our results did not support the idea that the two splice
variants have intrinsic specificity for any of the downstream targets.

Recently, a conditional mouse model of the Lkb1 gene has been generated [44, 46]. Although
exon 9A is still present in the genome of Lkb ™" mice, it can no longer be transcribed as part of the
Lkbl mRNA, abrogating production of the LKB1 variant. This was confirmed in the present study
both by RT-PCR and by Western blotting (Fig. 6). These mice do not have an obvious
developmental phenotype, other than the sterility of the Lkb1™" male mice. In wild type mice, we
found that expression of Lkb1g was particularly high in the testis where spermatozoa are
developing, and then dropped markedly in the epididymis (where mature spermatozoa are stored) as
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well as in the mature spermatozoa themselves. By contrast, the expression of Lkb1; was low and
uniform in all stages (Fig. 6C). Analysis by Western blotting of different cell types prepared from
rat testis showed that LKB1g was expressed at high levels in germ cells but not in Leydig or Sertoli
cells. Moreover, in different preparations of germ cells, LKB 1 expression was much higher in
those that had a high proportion of cells with haploid (1n) DNA content and a low proportion of
tetraploid (4n) DNA content. These haploid cells represent early, round spermatids and have not yet
undergone the dramatic changes in cell polarity that occur during spermiogenesis, including the
formation of the acrosome body at the sperm head, growth of the sperm tail, the formation of the
mid-piece containing mitochondria, and the compaction of chromatin.

The most striking differences between the Lkb ™" mice (which are Lkb1¢knockouts) and their
wild type littermates were in the epididymis, and particularly in the caudal (tail) region where
mature spermatozoa are stored. While the tubule in the caudal region of the wild type was distended
and packed with spermatozoa, in the knockouts the tubule was shrunken and appeared to be almost
empty. Consistent with this, the numbers of spermatozoa that we could recover from the
epididymis, in mice ranging from 2 to 12 months, were reduced by >98%. In addition, those few
spermatozoa that were recovered were non-motile and had grossly abnormal morphology. Although
they still had tails, the sperm heads were rounded and lacked the characteristic hooked shape
provided by the acrosome of mouse spermatozoa. The heads were also larger and it appeared that
the chromatin was less highly condensed (Fig. 7). Although we have not established the molecular
basis for these defects, our results suggest that Lkb1y is required for the process of spermiogenesis.
This may reflect a specialized example of the role of LKB1 and AMPK in establishment of cell
polarity, since spermiogenesis is one of the most dramatic examples of cell polarisation. However,
the possibility that abnormal regulation of one of the other AMPK-related kinases may play a role
in this phenotype should also be considered.

We also addressed the question of whether our discovery of the novel splice variant had
implications for Peutz-Jeghers syndrome. Almost all of the reported PJS mutations distal to the
kinase domain (none of which appear to prevent association with STRAD or MO25 or abolish
kinase activity [47]) occur in exon &, so would affect both LKB1, and LKB1. This includes the
P324L, F354L and T367M mutations that have recently been reported to retain the ability to cause
growth arrest in G361 cells, while being impaired in activation of AMPK and inhibition of the TOR
pathway, and in the induction of polarity in intestinal cells and astrocytes [48]. One possible
exception is a mutation that converts codon 416 in exon 9B (AAG, encoding K416) to a TAG stop
codon [49], which would remove the last 18 residues of LKB1, including the Ser-431
phosphorylation site and the farnesylated cysteine. This appeared to cause classical, familial PJS
where the patient had multiple intestinal polyps, suggesting that PJS can occur with a mutation that
would not affect LKB 1. However, it has not been ruled out whether there might have been
additional mutations in exon 9A in this case. A related question is whether any PJS mutations might
occur in exon 9A. Up to 20% of subjects with PJS have no known mutation in the LKB/ gene but,
prior to this study, exon 9A had not been recognized as an important part of the gene and may not
have been sequenced in DNA from PJS subjects. However, sequencing of exon 9A in DNA from 20
individuals where no other mutations have been found did not reveal any new mutations (Virpi
Launonen and Lauri Aaltonen, personal communication).

In conclusion, we have discovered a novel splice variant of LKB1, termed LKB1g, that is
particularly expressed in early spermatids prior to spermiogenesis, the process in which the highly
polarized structures of spermatozoa are formed. Male mice that represent a de facto knockout of
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Lkb1g form very small numbers of polarized spermatozoa that have abnormal heads. Our results
suggest that LKB 14 has an essential role in spermiogenesis and male fertility.
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FIGURE LEGENDS

Figure 1:

Figure 2:

Figure 3:

(A) Exon/intron structure of the LKB1 gene and alignment of human, mouse and rat
cDNA and EST sequences; (B) alignment of amino acid sequences of the unique C-
terminal regions of the short and long forms of LKB1 from human, mouse and rat. (A)
the arrangement of exons (E1 through E10) and introns (I1 through 110) of the LKB1
gene are shown at the top, and an alignment of cDNA/EST sequences from human,
mouse and rat are shown at the bottom. The diagram is not drawn to scale. Protein
coding regions common to both isoforms are shown in grey, while the regions in exons
9A and 9B encoding the unique C-terminal regions of LKB1g and LKB1, are shown
with different cross-hatching. Database accession numbers are shown at the left. (B)
Alignment of the unique amino acid sequences of the C-terminal regions of LKB1g and
LKB1,, encoded by exons 9A and 9B, from the human, mouse and rat respectively.
Identical residues are marked with grey boxes.

(A) SDS-PAGE analysis of LKB1 purified from rat testis by immunoprecipitation; (B)
alignment of predicted amino acid sequences of LKB 14 and LKB1,; with sequence
coverage obtained by mass spectrometry. In (A), the five major polypeptides detectable
by Coomassie Blue staining were identified by MALDITOF-mass spectrometry of
tryptic peptides. In (B), the predicted amino acid sequences of LKB1g and LKB1,,
derived from the analysis shown in Fig. 1, were aligned. Boxes indicate tryptic peptides
whose masses were identified by MALDITOF-mass spectrometry.

Western blotting of LKB1 polypeptides from extracts of (A) rat, (B) mouse and (C)
human, and (D) co-precipitation of STRADo and MO25a with LKB1, and LKB1g
from rat testis. Key to tissues: RT, purified rat testis enzyme run in each gel as a
marker; Br, brain; He, heart; Li, liver; Te, testis; Ki, kidney; Mu, skeletal muscle; Sp,
spleen; Lu, lung; Pa, pancreas. For rat and mouse samples, the amount of extract protein
shown beneath each lane was immunoprecipitated using an antibody raised against full-
length recombinant LKB 1, prior to Western blotting, whereas for human samples the
amount of extract shown was analyzed without prior immunoprecipitation. Blots were
probed using an antibody against an N-terminal epitope common to both forms (anti-
LKB1(N)), or using antibodies againts epitopes in the unique C-terminal regions (anti-
LKB1g and anti-LKB1, ). The polypeptide labelled “??” is the intermediate band
mentioned in the text. For (D), immunoprecipitates were made from rat testis extracts
using anti-LKB1,, anti-LKB 14 and a control non-immune sheep serum, and analyzed by
Western blotting using anti-STRADa and anti-MO250a antibodies.
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Figure 4:

Figure 5:

Activation of endogenous AMPK and AMPK-related kinases in HeLa cells transfected
with or without LKB1, or LKB 1 plus myc-MO25a and FLAG-STRADa. (A) Cell
lysates were blotted with anti-LKB1,, anti-LKB 1, anti-myc or anti-FLAG antibodies.
(B) The activity of endogenous AMPK was assayed after immunoprecipitation with a
mixture of anti-AMPK-al and-a?2 antibodies, and the phosphorylation and expression
of AMPK determined by Western blotting with anti-pT172 and a mixture of anti-
AMPK-al and-a2 antibodies. (C-F) The activities of endogenous SIK1, SIK2, SIK3
and NUAK?2 were assayed after immunoprecipitation with anti-SIK1, -SIK2, -SIK3 and
—NUAK?2 antibodies.

Activation of purified GST fusions of AMPK (a1 kinase domain, residues 1-312),
BRSK1 and BRSK?2 by recombinant GST-LKB1:FLAG-STRADo:myc-MO25a
complexes expressed in HEK-293 cells. (A) Western blotting using the indicated
antibodies of HEK293 cell lysates, the initial wash of the glutathione-Sepharose
column, and the glutathione eluate; the bottom panel is shows a lower loading of the
glutathione eluate probed with anti-GST to show equal recovery of LKB1, and LKBI1j.
(B) Activation of bacterially expressed GST-AMPK-a1 kinase domain using various
dilutions (0.1 = 1 in 10) of the recombinant LKB1 complexes shown in (A). (C)
Phosphorylation of GST-AMPK-a1 kinasé domain using 1 in 5 dilutions of the
recombinant LKB1 complexes, assessed using anti-pT172 antibody, with anti-GST
antibody used for loading controls. (D, F) As (B, C), but using GST-BRSKI in place of
GST-AMPK-al kinase domain; (E, G) As (B, C), but using GST-BRSK2 in place of
GST-AMPK-al kinase domain. The results for B, D and E show mean + range of
duplicate observations. Where error bars are not visible they lie within the symbol.

These experiments were performed twice with very similar results.
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Figure 6:

Figure 7:

Lack of expression of LKB1 in LKB1"" mice at the (A) RNA and (B) protein level;
(C) expression of LKB1, and LKB1j in testis, epididymis and in mature spermatozoa
from wild type mice; and expression of LKB1g in whole testis (D) and different testis
cell types (E) from rats of different ages. (A) mRNAs encoding LKB1, and LKBI1g, and
18S rRNA were amplified by RT-PCR using appropriate primers from testis of wild
type (+/+) and floxed (fl/fl) mice; the left-hand lane contains molecular weight markers
(M) of the indicated size. (B) Western blots with increasing amounts of total testis
protein from wild type (+/+) and floxed (fl/fl) mice; blots were also probed with anti-
actin antibodies as a loading control. (C) Increasing loadings of extract protein from
testis and epididymis, and spermatozoa from wild type mice were analyzed by Western
blotting using anti-LKB 1, anti-LKB1(N) and anti-actin antibodies. (D) Western blots
of testis extracts (30 ug protein) from rats of different ages (d20-d60, 20, 23, 27, 30 and
60 days). (E) Analysis of purified rat testis LKB1, whole testis from 30 day old (d30)
and 60 day old (d60) rats, three different preparations of testis germ cells (G1, G2, G3),
Leydig cells (LC) and Sertoli cells (SC). Samples contained 60 ug of total protein
except for the purified rat testis LKB1, which was 20 yg. Germ cell fractions G1 and
G2 were from 26 day old rats and were recovered at the 32-37% and the 25-32% Percoll
interface respectively. Fraction G3 was from 31 day old rats and was recovered at the
25-32% Percoll interface. By flow cytometry, the proportions of cells with 4n, 2n and
1n DNA content were G1: 75%, 19%, 6% G2: 73%, 11%, 16%; G3: 27%, 10%, 63%.
The expression of LKB1 therefore correlates with the proportion of haploid cells.
Histology of the cauda of the epididymiis, and bright field (BF) microscopy and
scanning electron microscopy (EM) of spermatozoa from wild type (+/+) and LKB1
floxed (fl/fl) mice. In the panels third from top, the cells were stained with DAPI to
reveal DNA and the pictures represent merged bright field and fluorescence images.
The epididymis contains spermatozoa at different stages of maturation, and in some (see
upper scanning EM images) the cytoplasmic droplet has not been completely absorbed.
Both the histology and the scanning EM were performed with wild type and LKB1
floxed mice of various ages (2 months, n = 2; 5 months, n = 3; 12 months, n = 1). The
results were very similar in every case. The scanning EM pictures are representative of
several spermatozoa examined from each epididymis, although the number recovered

from the the LKB1 floxed animals was small.
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A) Stained gel of rat testis LKB1 preparation
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A) Western blots of rat anti-LKB1 immunoprecipitates
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B) Western blots of mouse anti-LKB1
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A) Expression of LKB1, STRAD, MO25 B) Activation/phosphorylation of AMPK
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A) Purification of LKB1:STRAD:MO25
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A) RT-PCR of testis RNA from wt and floxed mice
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B) Western blots of testis protein from wt and floxed mice
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D) Western blots of rat testis from different ages
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